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A B S T R A C T   

The direct production of C5+ hydrocarbons from CO2/CO mixtures with methanol as intermediate is an attractive 
alternative for the production of gasoline from CO2 and syngas derived from biomass. With this purpose, the 
performance of CuO-ZnO-ZrO2 (CZZ), In2O3-ZrO2 (IZ) and ZnO-ZrO2 (ZZ) metallic oxides was compared by using 
them in tandem with a HZSM-5 zeolite. The catalysts were analyzed by means of N2 adsorption-desorption, XRD, 
XRF, H2-TPR and NH3-TPD. Two series of runs were performed in a packed bed reactor: (i) the methanol syn-
thesis with the metallic oxides as catalysts, at 250–430 ◦C; 50 bar; CO2/COx, 0–1; H2/COx, 3; space time 6 gcat h 
molC− 1; and (ii) the synthesis of hydrocarbons with the tandem catalysts with a metallic oxide/zeolite mass ratio 
of 1/1, at 340, 380 and 420 ◦C; 30 and 50 bar; CO2/COx, 0.5 and 1; H2/COx, 3; space time 12 gcat h molC− 1. The 
results were quantified in terms of yield and selectivity of the product fractions and CO2 and COx (CO2 + CO) 
conversion. The higher methanol yield attained with the CZZ catalyst for the CO + H2 feed and its mixing with 
CO2 was faded by the problem of its sintering above 350 ◦C (minimum temperature required for the extent of 
methanol conversion to hydrocarbons). The IZ and ZZ catalysts were active, selective to methanol and stable 
both in the methanol synthesis and when used in IZ/HZSM-5 and ZZ/HZSM-5 tandem catalysts. Excellent results 
were obtained with the latter, which resulted in a 20.7% yield of C5+ hydrocarbon fraction at 420 ◦C and 50 bar, 
with CO2 and COx conversion of 39.7% and 28.4%, respectively. This fraction corresponded to isoparaffinic 
gasoline, with isoparaffin yield (mainly C5 and C6) surpassing 20% and low concentration of aromatics (0.1%) 
that led to a Research Octane Number of 91.8. This composition results attractive for its integration into the 
refineries gasoline pool. Furthermore, the changes of the CO2/COx ratio in the feed barely affected the yield and 
composition of the gasoline obtained with the ZZ/HZSM-5 catalyst, stating its great versatility.   

1. Introduction 

The rising CO2 emissions, global warming and the risks posed by 
climate change have put the carbon dioxide capture and utilization 
(CCU) technologies in the limelight. In this scenario, the catalytic pro-
cesses, especially the catalytic hydrogenation of CO2 for the production 
of liquid fuels and bulk chemicals, receive a great deal of attention 
[1–4]. The interest of these processes leads in their contribution to the 
circular carbon economy, by replacing the fossil sources by CO2 as 
carbon source, and using green hydrogen and renewable energy for the 
products with an increasing demand in the petrochemical industry [5]. 

The processes for the direct synthesis of hydrocarbons from CO2 (in a 
single reactor) show several thermodynamic benefits as opposed to the 
indirect routes (in two stages). Moreover, lower capital investment and 
operating cost are required. Two main routes can be distinguished for 

the direct conversion of CO2 into hydrocarbons, and both of them are 
carried out by means of tandem catalysts [6–9]. In the Modified Fischer 
Tropsch (MFT) synthesis, CO2 reacts according to the Anderson-Schulz- 
Flory (ASF) mechanism, characteristic of the FT synthesis, using Fe- or 
Co-based catalysts. The products are in situ reformed over a zeotype 
providing the adequate acidity and shape selectivity to the selective 
production of the desired hydrocarbon fraction [10,11]. On the other 
hand, in the route with oxygenates (methanol/dimethyl ether (DME)) as 
intermediates, OX/ZEO (metallic oxide/zeotype) catalysts are 
employed, in which the metallic oxide is the responsible of the formation 
of the oxygenates, and the zeotype is used for the selective conversion of 
these into hydrocarbons [12,13]. In both routes, the integration of the 
two reaction stages helps to: (i) diminish the required investment and 
the operating costs in contrast to the processes with two reactors; and (ii) 
to benefit the thermodynamics, because of the shifting of the 
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equilibrium of the CO2 conversion step. Guo et al. [14] made a 
comprehensive thermodynamic study of the hydrogenation of CO2 to 
alcohols and hydrocarbons (ethylene, propylene, benzene), proving the 
thermodynamic feasibility of these processes and pointing out thermo-
dynamics as the necessary preliminary step to establish the appropriate 
reaction conditions and catalyst to maximize CO2 conversion and hy-
drocarbon yield. 

The knowledge on the catalysts and mechanisms of the routes for the 
direct conversion of CO2 into hydrocarbons is based on the prior knowledge of 
the individual stages in the indirect routes. In that way, for methanol/DME 
synthesis, Cu-based metallic catalysts (mainly Cu-ZnO-Al2O3) have been used 
in the industry (originally with syngas and more recently for CO2 hydroge-
nation), due to their low cost and high performance [15–17]. The role of the 
ZnO is key to increase the dispersion of Cu and to minimize its sintering 
[15,18]. The presence of Al2O3 as promoter provides surface area and eases 
the separation of Cu-ZnO sites, resulting in an increase of the stability as well 
as mechanical resistance [19]. The replacement of Al2O3 by ZrO2 forming Cu- 
ZnO-ZrO2 catalysts resulted to improve the stability of the catalyst, which is 
especially interesting in the CO2 hydrogenation due to the high content of H2O 
in the medium [20,21]. The hydrogenation of CO2 to methanol over Cu-based 
catalysts is considered to proceed according to the formate species (HCOO*) 
as first intermediate species and successive hydrogenations [22–24]: 
CO2 → HCOO* → HCOOH* → H2COOH* → H2CO* → H3CO* → CH3OH* → 
CH3OH. The smallest extent of the alternative route, i.e., the conversion of 
CO2 into CO by means of the reverse Water Gas Shift (rWGS) reaction and the 
hydrogenation of CO to formyl species, is explained by the instability of this 
intermediate, that is decomposed to form CO and H2. 

Among the catalysts developed to avoid the limitations (tempera-
ture, H2O concentration) of Cu-based catalysts in the direct synthesis of 
hydrocarbons from CO2, those based on In2O3 have received great 
attention due to their high activity for the conversion of CO2 into 
methanol and their stability at the temperature required (>350 ◦C) for 
the conversion of methanol/DME to hydrocarbons [6,25,26]. Moreover, 
In2O3 is known to suppress the rWGS reaction, avoiding the initial CO2 
to CO shift taking place over the Cu-based catalysts [27]. In In2O3 cat-
alysts, CO2 is adsorbed and activated in the oxygen vacancies, and 
produces formate species following the sequence [28,29]: CO2 → 
HCOO* → HCOOH* → H2COOH* → H2COHOH* → H2CO* → H3CO* → 
CH3OH* → CH3OH. The incorporation of ZrO2 as promoter boosts the 
formation of additional oxygen vacancies and increases the stability of 
In2O3 [27,30,31]. The properties of In2O3-ZrO2 have been improved by 
incorporating Ni [32] and noble metals such as Pd [33,34], Rh [35], Pt 
[36] or Au [37]. 

Zn containing oxides have also pointed out among methanol syn-
thesis catalysts by providing high CO2 conversion and methanol selec-
tivity, especially when combined with ZrO2 as support, which helps to 
increase methanol selectivity [38,39]. The properties of ZnO-ZrO2 cat-
alysts are enhanced with the incorporation of noble metals [40]. Wang 
et al. [41] established that the reaction mechanism of CO2 hydrogena-
tion to methanol over ZnO-ZrO2 based catalyst are both formate and CO 
reaction pathway. In addition to the great performance, this catalyst has 
shown to be highly stable, due to the formation of the ZrZnOx solid 
solution, and it does not undergo deactivation in long catalytic runs (up 
to 500 h). 

As aforementioned, in the direct synthesis of hydrocarbons from 
CO2, for the methanol/DME conversion into hydrocarbons (second re-
action stage), zeolite-based catalysts are used. The activity, selectivity 
and stability of the zeolites are a direct consequence of their properties, 
especially of the shape selectivity and the acidity [42]. It is well estab-
lished the dual cycle mechanism for the conversion of methanol/DME 
[43,44]. This mechanism takes place by the formation of light olefins as 
primary products by means of the cycles of alkylation/dealkylation of 
the intermediate polymethylbenzenes confined in the catalysts, and of 
oligomerization/cracking of the light olefins. The extent of the second-
ary reactions (alkylation, isomerization, condensation to aromatics) fa-
vors the formation of light paraffins (by hydrogen transfer and 

cracking), BTX aromatics and not aromatic C5+ hydrocarbons, especially 
interesting for their use as green gasoline. Therefore, the main challenge 
is the election of a selective catalyst for each aim. For the selective 
production of light olefins, SAPO-34 (CHA framework) is highly 
employed [42,45–47]. As an example of good results in the literature, 
Zhang et al. obtained with GamCrOx/HSAPO-34 catalyst a CO2 conver-
sion of 11.9% and a selectivity of light olefins of 87.3% (excluding CO) 
at 350 ◦C and a selectivity of 34.5% to CO, at 350 ◦C and 30 bar [48]. On 
the other hand, the drawback of the rapid deactivation by coke depo-
sition (assisted by the easy confinement of the polymethylbenzenes in 
the cages of the porous structure of SAPO-34) is lessened with the 
particular operating conditions (high H2 and H2O partial pressure) [49]. 

HZSM-5 zeolite is the most studied catalyst for the production of 
higher hydrocarbons (such as aromatics or linear paraffins in the 
gasoline-range) from CO2 [13,50,51], owing to its MFI structure, that 
eases a major extent of the dual cycle mechanism in the conversion of 
methanol/DME and also of some of the secondary reactions. Moreover, 
its versatility towards different products in the conversion of methanol/ 
DME by the generation of hierarchical porous structures, the adjustment 
of the acidity and the incorporation of metals is well established 
[52–54]. The porous structure of HZSM-5 zeolite (without cages in the 
intersections) facilitates the diffusion of the intermediate coke pre-
cursors, delaying their confinement and attenuating the deactivation 
[55]. Ticali et al. [50] related the higher interest of ZnZrO2/HZSM-5 
catalyst for the production of aliphatic compounds in contrast to 
ZnZrO2/SAPO-34 highlighting higher conversion and stability of HZSM- 
5 at lower temperature and space time. 

After the development of the direct synthesis of hydrocarbons from 
syngas, the direct conversion of hybrid feeds (H2/CO2/CO) is gaining 
awareness [46,56], on account of the interest in terms of sustainability 
and joint valorization of CO2 with syngas obtained from biomass [57,58] 
or waste [59,60]. Moreover, syngas co-feeding partially provides the 
required hydrogen. Additionally, CO co-feeding also favors thermody-
namically the production of methanol as compared to the hydrogenation 
of CO2 by attenuating the extent of the reverse Water Gas Shift reaction 
[14,61]. Moreover, the differences in the role of CO when it is formed by 
the rWGS reaction as a byproduct or when it is co-fed with CO2 has been 
assessed [14]. 

In this context, the performance of three different metallic oxides 
(CuO-ZnO-ZrO2, In2O3-ZrO2, ZnO-ZrO2) was compared for their interest 
to activate the methanol synthesis step in the direct production of 
gasoline-range C5+ hydrocarbons from CO2 and mixtures of CO2/CO. 
The results with these catalysts in the synthesis of methanol are 
continued in this manuscript with those obtained using them in tandem 
together with HZSM-5 zeolite, aiming at selecting both the metallic 
oxide and the appropriate operating conditions for the selective pro-
duction of isoparaffinic gasoline with commercial interest as a fuel. The 
results allow to assess the prospects of a ZnO-ZrO2/HZSM-5 catalyst for 
an attractive target (gasoline production), that has received less atten-
tion in the literature, and which is complementary to other goals in the 
catalytic CO2 valorization processes, such as the production of light 
olefins or aromatics. Considering the importance of the results for the 
decarbonization objective, attention will also be paid to the CO2 and COx 
conversion results, attending to the interest of also valorizing the syngas 
obtained from biomass or wastes. 

2. Experimental section 

2.1. Preparation of the catalysts 

The metallic catalysts for the methanol synthesis step, i.e., CuO-ZnO- 
ZrO2, In2O3-ZrO2 and ZnO-ZrO2, named in a simplified way CZZ, IZ and 
ZZ, respectively, were synthesized following a co-precipitation method. 
CZZ catalyst was prepared with a Cu/Zn/Zr atomic ratio of 2/1/1 
following the method described by Sánchez-Contador et al. [20]. IZ 
catalyst, with an atomic In/Zr ratio of 2/1, was prepared following the 
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method described by Portillo et al. [30]. For the synthesis of ZZ, a metal 
nitrate solution with 6.00 g of Zn(NO3)2⋅6H2O (Sigma-Aldrich) and 
13.69 g of ZrO(NO3)2⋅6H2O (Sigma-Aldrich) was co-precipitated over 
59.12 mL of deionized water, and a (NH4)2CO3 solution (VWR Chem-
icals, 1 M) was added dropwise under continuous stirring to form a 
precipitate with an atomic Zn/Zr ratio of 1/2.5. This synthesis method 
was based on a previous work of Li et al. [62] and slight modifications 
were considered. The three catalysts were prepared at 70 ◦C and neutral 
pH. After the co-precipitation, the catalysts were aged, filtered and 
washed with deionized water. Afterwards, the catalysts were dried and 
calcined (at 300 ◦C for 10 h, at 500 ◦C for 1 h and at 500 ◦C for 5 h for 
CZZ, IZ and ZZ catalysts, respectively) in order to provide the corre-
sponding metal oxides, according to the protocols established for each 
catalyst [20,30,62]. The resulting powders were pelletized to provide 
higher mechanical resistance, and sieved to a particle size in the 
125–250 μm range. 

As acid catalyst, a commercial HZSM-5 zeolite (Zeolyst Interna-
tional) with a Si/Al ratio of 140 was used. The election of the zeolite is a 
complex decision. This Si/Al ratio was selected to minimize cracking 
reactions and to increase the gasoline yield. The zeolite, provided in 
ammonium form was calcined at 575 ◦C for 2 h to obtain the acid form, 
pelletized and sieved to a particle size between 300 and 400 μm. These 
calcination temperature is appropriate for equilibrating the catalyst, so 
that it can recover its activity when used in reaction-regeneration cycles, 
after the elimination of the coke by air combustion at 550 ◦C [63]. The 
different particle size of both catalysts was selected as to ensure the easy 
separation after the reaction, having formerly proved that no diffusional 
limitations occur with these sizes. The tandem catalysts (CZZ/HZSM-5, 
IZ/HZSM-5 and ZZ/HZSM-5) were prepared by physical mixture of both 
metallic and acid catalysts, with a metal/acid mass ratio of 1/1. 

2.2. Characterization of the catalysts 

The physical properties of the catalysts (Table 1) were determined by 
N2 adsorption-desorption isotherms (Micromeritics ASAP 2010). For 
this, the samples were degassed in vacuum conditions prior to the 
analysis, in order to remove impurities and H2O adsorbed on the surface 
of the catalyst. Afterwards, N2 adsorption-desorption equilibrium stages 
were conducted at − 196 ◦C. It is remarkable that among the metallic 
catalysts, CZZ has a more favorable porous structure for the access of the 
reactants and diffusion of the intermediates and products, with higher 
values of BET surface area (SBET), pore volume and mean size of pore 
diameter, whereas the ZZ catalyst has the lowest values of these prop-
erties. The properties of the HZSM-5 catalyst are characteristic of this 
zeolite, and correspond to a mostly microporous structure, whereas the 
presence of mesopores is due to the pelletization step. It should be noted 
that the kinetic results in Section 3.2 highlight the minor importance of 
these properties and the fundamental role of the different activity of the 
active sites of the catalysts in the corresponding reaction mechanism. 

The chemical composition and atomic ratios were quantified by X- 
Ray fluorescence (XRF), by means of a PANalytical wavelength disper-
sive X-ray fluorescence sequential spectrometer (WDXRF), model 
AXIOS, equipped with a Rh tube and three detectors (gas flow, scintil-
lation and Xe sealing). Results are shown in Table S1. The structure was 
determined by X-Ray diffraction (XRD) with a PANalytical Xpert PRO 
diffractometer, equipped with copper tube (λCuKα = 1.5418 Å), a ver-
tical goniometer (Bragg-Brentano geometry), secondary 

monochromator and PixCel detector. The measurement conditions were 
40 kV/40 mA and the pattern was recorded in a 5 < 2θ < 60 range for 
CZZ catalyst and in a 5 < 2θ < 80 range for IZ and ZZ catalysts. 

The normalized XRD patterns of the three metallic catalysts are 
gathered in Fig. 1. According to the diffractograms, IZ comprises cubic 
structure for both In2O3 and ZrO2 oxides (in accordance with ICDD 
(International Center for Diffractional Data) #71–2195 and #49–1642, 
respectively), corresponding to the state with the highest catalytic ac-
tivity [64]. On the other hand, hexagonal ZnO (in accordance with ICDD 
#36–1451) and cubic ZrO2 (in accordance with ICDD #49–1642) 
structures were found in ZZ catalyst. Regarding the traditional CZZ 
catalyst, its structure was described thoroughly elsewhere [20]. Briefly, 
the characteristic peaks of CuO and ZnO oxides were visible on the 
spectra, while ZrO2 peaks were not noticeable due to the high dispersion 
and small size of the crystals. 

H2 temperature programmed reduction (H2-TPR) analyses were 
carried out (Micromeritics Autochem 2920) to study the reducibility of 
the catalysts. For this assay, 100 mg of sample were treated previous to 
the reduction by sweeping with He, to remove possible impurities and 
H2O. The H2-TPR analysis was carried out heating the sample up to 
800 ◦C at a 2 ◦C min− 1 rate in a diluted H2 stream (10% H2 in Ar). 
Attending to the TPR profiles (Fig. S1), CZZ is completely reduced at 
temperatures above 200 ◦C, whereas IZ and ZZ require higher temper-
ature, so they might be in their oxide form at the beginning of the re-
actions. The same equipment was used for measuring the acidity by 
means of NH3-TPD analyses. 50 μL min− 1 NH3 were injected at 150 ◦C 
until the saturation of the sample. The desorption step was conducted 
with a 5 ◦C min− 1 rate up to 550 ◦C in a He stream. Fig. S2 exhibits the 
NH3-TPD profile of the HZSM-5 catalyst. The total acidity of this zeolite 
accounts for 62 μmolNH3 gcat

− 1, with a peak at 190 ◦C and a higher one at 
320 ◦C, stating low total acidity but a great presence of strong acid sites 
according to the classification in the literature [65]. 

2.3. Reaction and analysis equipment 

The catalytic runs were performed in an isothermal packed bed 
reactor (PID Eng & Tech Microactivity Reference). The reactor is made 
of 316 stainless steel and has a ceramic coating to avoid the contact of 
the reactants with the steel and so, any possible side reaction. The 

Table 1 
Physical properties of the metallic and acid catalysts.  

Catalyst SBET (m2 g− 1) Vmicro (cm3 g− 1) Vp (cm3 g− 1) dp (nm) 

CZZ 115 0.0028 0.25 10.2 
IZ 80 0.0029 0.13 8.3 
ZZ 48 0.0017 0.08 5.8 
HZSM-5 414 0.0960 0.22 3.2  Fig. 1. XRD patterns of the metallic catalysts.  
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internal diameter of the reactor is of 9 mm and it has an effective length 
of 10 cm. This equipment can operate at a pressure up to 100 bar and 
temperatures up to 700 ◦C. The catalytic bed is composed of a mixture of 
the catalyst and an inert solid (SiC), in order to ensure isothermal con-
ditions of the bed, to avoid preferential flow paths and to achieve suf-
ficient bed height when operating at low space time values. 

The feed and reaction product streams were analyzed on-line in a 
micro chromatograph (Varian CP-4900, Agilent), equipped with three 
analysis modules composed of TCD detectors and the following columns: 
(i) molecular sieve (MS-5) (10 m × 12 μm) for the quantification of H2, 
O2, N2 and CO; (ii) Porapak Q (PPQ) (10 m × 20 μm) for the quantifi-
cation of CO2, methane, H2O, C2-C4 hydrocarbons, methanol and DME; 
and (iii) 5 CB (CPSiL) (8 m × 2 μm) for the quantification of C5+
hydrocarbons. 

The reaction runs of methanol synthesis (with the CZZ, IZ and ZZ 
metallic catalysts) were carried out under the following conditions: 
250–430 ◦C; 50 bar; space time, 6 gcat h molC− 1; CO2/COx molar ratio in 
the feed, 0, 0.5 and 1; H2/COx molar ratio in the feed, 3. The reactions 
for the direct synthesis of hydrocarbons (with the CZZ/HZSM-5, IZ/ 
HZSM-5 and ZZ/HZSM-5 tandem catalysts) were performed under the 

following conditions: 340, 380 and 420 ◦C; 30 and 50 bar; space time, 12 
gcat h molC− 1; CO2/COx ratio in the feed, 0.5 and 1; H2/COx ratio in the 
feed, 3. Prior to all the reaction runs, the catalysts were subjected to a 
partial reduction in a H2 and N2 stream (1 h at 350 ◦C, 2 bar and with a 
flow rate of 30 cm3

H2 min− 1 and 30 cm3
N2 min− 1). 

2.4. Reaction indices 

The conversions of CO2 (XCO2) and of COx (XCOx) were defined ac-
cording to the expressions: 

XCO2 =
F0

CO2
− FCO2

F0
CO2

⋅100 (1)  

XCOx =
F0

COx
− FCOx

F0
COx

⋅100 (2)  

where F0
CO2 and F0

COx are the molar flow rates of CO2 and COx at the inlet 
of the reactor, respectively, and FCO2 and FCOx are the corresponding 
values at the reactor outlet stream. 

Fig. 2. Effect of temperature on COx conversion and selectivity of products with (a) CZZ, (b) IZ, (c) ZZ catalysts. Reaction conditions: 50 bar; 6 gcat h molC− 1; CO2/ 
COx, 0.5; H2/COx, 3. 
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The yield and selectivity of each i product (Yi and Si, respectively) 
excluding CO2 and CO, were calculated as: 

Yi =
ni⋅Fi

F0
COx

⋅100 (3)  

Si =
ni⋅Fi

∑

i
(ni⋅Fi)

⋅100 (4)  

where ni is the number of carbon atoms of the i compound and Fi the 
molar flow rate of the i compound in the products stream in content C 
atoms. It should be noted that with the definition of yields in Eq. (2), 
XCOx is the sum of the yields. 

3. Results and discussion 

3.1. Performance of the metallic catalysts in the methanol synthesis step 

The reactions presented in this section were conducted without 
zeolite, with the aim of testing the metallic catalysts alone in the first 
stage of the gasoline production (synthesis of methanol) in the 
250–430 ◦C range. Fig. 2 shows the effect of the temperature on the 
conversion (XCOx) of an equimolar mixture of CO2 and CO, and on the 
selectivity of methanol and other byproducts (CH4, C2-C4 paraffins and 
C2-C4 olefins) with the three catalysts. Comparing the results, notable 
differences are observed. With CZZ catalyst (Fig. 2a), high conversion 
was reached at low temperature. In fact, XCOx accounted for 19% at 
280 ◦C, which corresponds with the thermodynamics prediction 
[14,66–68]. Moreover, the selectivity of oxygenates (mainly methanol, 
with an insignificant DME content) was 100%. Nonetheless, XCOx 
decreased steadily with increasing temperature, until declining to 3.5% 
at 430 ◦C, due to the thermodynamic limitation. In addition, selectivity 
of methanol also decreased at high temperature due to the favoring of 
CO formation by the rWGS reaction. These results are in accordance 
with the prediction of thermodynamic studies in the literature 
[14,66–68]. The presence of C2-C4 paraffins is explained by the hydro-
genation of the light olefins formed from the conversion of oxygenates, 
and the presence of CH4 over 340 ◦C exposes the activity of CZZ in the 
methanation at this temperature. 

XCOx values were lower with the IZ (Fig. 2b) and ZZ (Fig. 2c) cata-
lysts. These catalysts had similar activity, lower than that of the CZZ 
catalyst. The XCOx reached a maximum value of 4.7% at 340 ◦C with IZ 
catalyst, and between 340 and 370 ◦C with ZZ catalyst, which decreased 
above these temperatures due to thermodynamic limitations, that also 
affect to the conversion of CO [14,66,67]. It is noteworthy that methanol 
selectivity was higher with IZ and ZZ catalysts than with the CZZ catalyst 
(Fig. 2a). In this sense, the best performance corresponded to the ZZ 
catalyst, with a methanol selectivity of almost 100% in the 340–370 ◦C 
range. Indeed, selectivity only decreased slightly with increasing tem-
perature up to 430 ◦C. Considering the aforementioned results, the 
higher activity of CZZ catalyst for methanol production below 300 ◦C 
(with a maximum at 280 ◦C) is of arguable interest from the perspective 
of its use in the direct conversion of CO2/CO mixtures to hydrocarbons, 
since this reaction must be performed at higher temperature to achieve 
the extent of the dual cycle mechanism to obtain C5+ hydrocarbons. In 
this regard, the reduced methanation activity of the ZZ catalyst in the 
300–400 ◦C is of particular interest. It is noteworthy that this better 
performance of the ZZ catalyst with respect to the other catalysts cannot 
be attributed to the properties of its porous structure (Table 1), because 
these are less favorable for the diffusion of the reactants and products. 
Consequently, it should be attributed to the high activity and selectivity 
of the active sites of the ZZ catalyst in the methanol formation mecha-
nism explained by Wang et al. [41] with formate ions and CO as in-
termediates in the reaction pathway. 

In Fig. 3 the effect of the feed composition (CO2/COx ratio) on 
methanol yield is shown. The results correspond to 350 ◦C, temperature 

considered as limit to avoid the sintering of the Cu on CZZ catalyst [27]. 
This catalyst is the most active for CO hydrogenation, with a methanol 
yield of 21%, higher than with IZ (4%) and ZZ (2%) catalysts. At higher 
CO2/COx ratio, methanol yield remarkably decreased with CZZ catalyst. 
This trend fits with previous findings regarding the effect of the CO2 
content in the feed [66,69] in high conversion conditions (high con-
centration of methanol), for which the presence of CO is preferable to 
CO2, as it eases the H2O removal by means of the WGS reaction. As could 
be expected, the methanol yield in the CO2 conversion is lower than that 
obtained in the literature with catalysts of similar composition under 
optimal conditions for methanol synthesis, i.e., lower temperature and 
higher pressure than those used [70]. On the other hand, the results with 
IZ and ZZ catalysts showed a similar trend. They both exhibited the 
highest methanol yield when the carbon source of the feed was 50% CO 
and 50% CO2. This concurs well with previous works in the literature 
with the IZ catalyst [25,56]. This occurs because the reaction mecha-
nism lies on the creation and eradication of oxygen vacancies, and the 
joint feed boosts this process and, additionally, favors the preservation 
of the oxygen vacancies. 

It is also outstanding in Fig. 3 that, for the hydrogenation of CO2 
(CO2/COx of 1), the obtained methanol yield was similar with the three 
catalysts. This result evidences the aforementioned limitation of the 
equilibrium conversion, and that this conversion is low in CO2 hydro-
genation. This is in accordance with thermodynamic studies in the 
literature [14,66–68]. It is also observed that with IZ catalyst methanol 
yield was similar in CO and CO2 hydrogenation. 

3.2. Performance of the tandem catalysts in the direct synthesis of 
hydrocarbons 

With the purpose of assessing the performance of the metallic cata-
lysts used in tandem, in Figs. 4 and 5 corresponding to IZ/HZSM-5 and 
ZZ/HZSM-5, respectively, the effect of temperature (340–420 ◦C range) 
and pressure (30 and 50 bar) on the conversion of COx (sum of the 
products yields, Eq. (2)) and CO2 and on the different products yield is 
shown. The results correspond in both cases to an equimolar feed of CO2 
and CO (CO2/COx of 0.5) and hydrogen. It should be noted that the 
results for the CZZ/HZSM-5 catalyst are not shown because the sintering 
of Cu above 320 ◦C was verified. In fact, an increase of the crystal size 
from ~10 nm (fresh catalyst) to ~35 nm was determined by XRD 
analysis of the spent catalyst (Table S2). On the contrary, IZ/HZSM-5 
and ZZ/HZSM-5 spent catalysts maintained constant their properties 
in long reaction runs at these temperatures. Consequently, the attention 
was focused in these two catalysts because of their stability in the 
required temperature range. 

It is also remarkable (in Figs. 4 and 5) that the C5+ hydrocarbons are 
the main products for the two catalysts and the oxygenates are almost 

Fig. 3. Effect of the feed composition on methanol yield with CZZ, IZ and ZZ 
catalysts. Reaction conditions: 350 ◦C; 50 bar; 6 gcat h molC− 1; H2/COx, 3. 
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completely converted. At higher pressure, the results upturned, boosting 
the overall COx conversion. Regarding the IZ/HZSM-5 catalyst (Fig. 4) at 
30 bar, the influence of the temperature was more subdued. COx con-
version did not increase >2% when rising temperature from 380 to 
420 ◦C. Regarding the CO2 conversion, it was more affected by tem-
perature at the lower pressure of 30 bar, rising from 8% to 23% by 
increasing temperature from 340 to 420 ◦C. For its part, at 50 bar, the 
CO2 conversion reached 28% at 420 ◦C. At 420 ◦C and lower pressure 
(30 bar), the C5+ hydrocarbons yield was of approximately 7%, with a 
COx conversion of 22%. Nonetheless, under a pressure of 50 bar and at 
the same temperature, the obtained products were highly interesting for 
the insight into sustainable fuels production. With almost no methane 
yield (<0.5% at 30 bar), and nearly complete oxygenates conversion, 

the remaining products were composed of C2-C4 paraffins (with a yield 
of 3.5%), C2-C4 olefins (2%) and C5+ heavier compounds (17.3%) at the 
optimal conditions. The presence of olefins was not particularly 
outstanding, as they are chiefly hydrogenated due to the high H2 partial 
pressure. 

For ZZ/HZSM-5 catalyst (Fig. 5) the result of C5+ hydrocarbon yield 
was even improved compared to IZ/HZSM-5. The CO2 conversion 
boosted from 8.1% to 28.3% when increasing the temperature from 340 
to 420 ◦C (at 30 bar); and the COx conversion enhanced from 12.8% to 
28.3% when rising the operating pressure from 30 to 50 bar (at 420 ◦C). 
In addition, the CO2 conversion reached 40% under 420 ◦C and 50 bar, 
since, unlike IZ, ZZ catalyst hardly inhibits the rWGS reaction. Under 
such conditions, besides methane and methanol (whose yield did not 
exceed 1%), C2-C4 paraffins, C2-C4 olefins and C5+ hydrocarbons yields 
accounted for 5.1%, 1.5% and 20.7%, respectively. These hydrocarbons 
were mainly composed by 5 and 6 carbon number isoparaffins and some 
cyclic hydrocarbons that will be further itemized below. 

Fig. 6 shows the CO2 conversion and the product distribution (in 
yield terms) achieved with each catalyst in the optimal conditions 
(420 ◦C and 50 bar) for the hydrogenation of CO2 and of an equimolar 
mixture of CO2 and CO. There are some remarkable aspects to highlight 
in these results that evidence the better performance of the ZZ/HZSM-5 
catalyst. As mentioned above, CZZ was not an applicable catalyst for H2 
+ CO2 valorization. At temperatures above 350 ◦C Cu sintered, because 
of both temperature and water content (especially high with CO2 con-
tent feeds). Nevertheless, the results with this catalyst are summarized in 
Fig. S3. The COx conversion at 420 ◦C and 50 bar did not reach 2.5% 
with the CZZ/HZSM-5 catalyst, since almost no oxygenates were pro-
duced at these conditions. On the other hand, with the hybrid feed (CO2/ 
COx = 0.5) there was a higher content of oxygenates, which, however, 
were not successfully converted into C5+ hydrocarbons (<3%), as 
roughly all the hydrocarbons remained as C2-C4 paraffins, due to the 
poor synergy between sintered CZZ and the HZSM-5. This poor perfor-
mance of CZZ is explained by the accumulation of unfavorable cir-
cumstances such as the sintering of Cu in the catalyst (Table S2) and the 
reduced activity of Cu catalysts for CO2 conversion. These circumstances 
further deteriorate under the used reaction conditions (unfavorable for 
the methanol synthesis step according to thermodynamics) [14,66–68]. 
With regard to IZ/HZSM-5 catalyst, as noted above, it showed better 
performance with a mixture of CO and CO2 in the feed, which is in 
agreement with the finding of Araújo et al. [56] about the better pres-
ervation of the oxygen vacancies for higher CO content in the feed than 
for a CO2 and hydrogen feed. Besides the reduced conversion, the pro-
duction of gasoline-range hydrocarbons fell sharply for the H2 + CO2 
feed, revealing that IZ might not be the best metallic catalyst for 
gasoline-range hydrocarbon production in these operating conditions. In 
fact, the conversions (XCO2 and XCOx) and C5+ hydrocarbons yield was 
higher with ZZ/HZSM-5 catalyst for both feeds. The values obtained for 
these indices with the CO2/CO mixture were of 39.7%, 28.4% and 
20.7%, respectively. Additionally, ZZ/HZSM-5 was not affected by the 
higher content of CO2 in the feed in such manner. Actually, the COx 
conversion fell merely from 28% to 26% for H2 + CO2 feed. All this 
evidences the powerful interest of the ZZ/HZSM-5 as a feasible industry 
catalyst, as it could cope adequately with the current fluctuations of the 
feed composition in this process. 

In order to assess the importance of the synergy of the tandem cat-
alysts on the reaction mechanisms, both in the synthesis of oxygenates 
and in the conversion of these into hydrocarbons, in Fig. 7 the effect of 
the temperature on the COx conversion for IZ and ZZ metallic catalysts 
and for IZ/HZSM-5 and ZZ/HZSM-5 tandem catalysts is compared. The 
results correspond to the hydrogenation of the equimolar mixture of CO2 
and CO. As aforementioned in the synthesis of methanol (Fig. 2), the 
results were similar for the two catalysts above 350 ◦C as a consequence 
of the thermodynamic constraints. These constraints are removed with 
the presence of the HZSM-5 zeolite in the tandem catalysts, due to the 
shift of the equilibrium by the immediate conversion of the oxygenates. 

Fig. 4. Effect of temperature on CO2 conversion, COx conversion (sum of the 
yields) and products yield at 30 and 50 bar with IZ/HZSM-5 tandem catalyst. 
Reaction conditions: 12 gcat h molC− 1; CO2/COx, 0.5; H2/COx, 3. 

Fig. 5. Effect of temperature on CO2 conversion, COx conversion (sum of the 
yields) and products yield at 30 and 50 bar with ZZ/HZSM-5 tandem catalyst. 
Reaction conditions: 12 gcat h molC− 1; CO2/COx, 0.5; H2/COx, 3. 
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When comparing the results of the two tandem catalysts, the benefit of 
the synergy between the two reaction steps was more remarkable with 
the ZZ/HZSM-5 catalyst. At optimal conditions for the integrated pro-
cess (420 ◦C and 50 bar), COx conversion was multiplied ~12 times 
(from 1.8% to 23%) with IZ/HZSM-5 with respect to the synthesis of 
methanol with IZ catalyst, whereas it increased a factor of >15 with the 
ZZ/HZSM-5 catalyst (from 1.8% to 28%) with respect to ZZ catalyst. 

Fig. 8 exhibits the yield of the different hydrocarbons in the products 
stream with IZ/HZSM-5 (Fig. 8a) and ZZ/HZSM-5 (Fig. 8b) catalysts. 
These results allow to compare the performance of the two catalysts 
from the perspective of product interest. Additionally, the comparison of 
the results in the hydrogenation of the equimolar mixture of CO2 and 
CO, and of CO2 was assessed. The majority of hydrocarbons produced 
with both catalysts were C6, C5 and C4 (in this order from highest to 
lowest). The highest yields (9.8%, 8.6%, and 4.1%, respectively) were 
obtained with ZZ/HZSM-5 catalyst for the equimolar mixture. In addi-
tion, with this catalyst the yield of C6 fraction was virtually the same in 
the hydrogenation of CO2 and of the CO2/CO mixture, which evidences 
that ZZ/HZSM-5 catalyst withstands in a good way the fluctuations in 
the feed. It is also remarkable that the gasoline fraction (C5+ with a yield 
of 20.7% with ZZ/HZSM-5 catalyst) was mainly isoparaffinic with both 
catalysts. This elevated isoparaffin content is in accordance with the 

well-established activity of the HZSM-5 zeolite-based catalysts for the 
isomerization of the corresponding linear paraffins [71]. In addition, 
using HZSM-5 catalysts doped with Zn (by ion exchange or isomorphi-
cally substituted) in the conversion of DME at high pressure and in the 
presence of H2, the high hydroisomerization activity of Zn, favored by its 
capacity for H2 dissociation and surface H generation, has been deter-
mined [72,73]. Because of the favorable conditions, the total yield of C5 
and C6 isoparaffins (2- methylbutane, 2-methylpentane and 3-methyl-
pentane) reached nearly 20% in these operating conditions, with 
almost no C4+ n-paraffin production. Besides, the high temperature and 
the elevated hydrogen content hinder the dehydrocyclization and 
aromatization reactions, resulting in low yield of cycloalkanes (2.6%) 
and aromatics (0.1%). On the other hand, compounds of >7 carbon 
atoms were not very significant (with a total yield of 2.3%). These re-
sults are a consequence of the properties of the metallic oxide and the 
zeolite used in the tandem catalyst. In this way, the hydrogenating ac-
tivity of the Zn-based metallic catalyst in high pressure conditions and 
with the presence of H2 hindered the formation of aromatics [73]. This 
behavior of the Zn is different from that without the presence of H2 in 
the feed, where the presence of CO2 favors the formation of aromatics 
from methanol [74]. On the other hand, the moderate total acidity and 
the Brönsted/Lewis ratio of HZSM-5 limited the extent of heavier hy-
drocarbon formation reactions [74]. Consequently, the high isoparaffin 
content and the low presence of linear paraffins resulted in a high 
Research Octane Number (RON) hydrocarbon mixture with ZZ/HZSM-5 
catalyst (RON of 91.8 determined according to the method proposed by 
Anderson, Sharkey and Walsh [75]), indicating high quality gasoline 
fraction. Its characteristic composition, without the presence of aro-
matic compounds, is of great interest for its incorporation to the refinery 
gasoline pool. 

As concluded in preceding results in Fig. 8, comparing the catalysts, 
ZZ showed better performance than IZ when operating in tandem with 
HZSM-5. Nonetheless, for each feed composition, the trend for both 
catalysts was virtually the same. However, it is observed that IZ/HZSM-5 
catalyst was more afflicted by alterations in feed compositions (Fig. 8a), 
resulting in considerably lower yield of isoparaffins with an increasing 
CO2/COx ratio, whereas ZZ/HZSM-5 catalyst withstood better the 
changes in feed, maintaining almost unchanged the production of iso-
paraffins (Fig. 8b). 
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Fig. 6. Comparison of CO2 conversion, COx conversion (sum of the yields) and products yield with IZ/HZSM-5 and ZZ/HZSM-5 tandem catalysts, for two different 
feeds. Reaction conditions: 420 ◦C; 50 bar; 12 gcat h molC− 1; H2/COx, 3. 

Fig. 7. Comparison of the evolution COx conversion with temperature in the 
synthesis of methanol (with IZ and ZZ catalysts) and of hydrocarbons (with IZ/ 
HZSM-5 and ZZ/HZSM-5 catalysts). Reaction conditions: 50 bar; 12 gcat h 
molC− 1; CO2/COx, 0.5; H2/COx, 3. 
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4. Conclusions 

The results ratify the good performance (high activity, selectivity of 
methanol and stability) of In2O3-ZrO2 and ZnO-ZrO2 catalysts in meth-
anol synthesis, especially from CO2, and also from CO2/CO mixtures, at 
appropriate conditions for the direct synthesis of hydrocarbons. More-
over, both catalysts showed great performance when used in tandem 
together with a HZSM-5 zeolite, exposing the effective synergy between 
the mechanisms of methanol formation and its conversion into hydro-
carbons, obtaining a high yield of C5+ hydrocarbons. 

It is especially significant the performance of ZnO-ZrO2/HZSM-5 
catalyst, with which at 420 ◦C, 50 bar, CO2/COx of 0.5 and H2/COx of 3, 
a yield of C5+ of 20.7% was obtained. Under such conditions, CO2 and 
COx conversions were very high, of 39.7% and 28.4%, respectively. An 
interesting advantage of this catalyst with respect to In2O3-ZrO2/HZSM- 
5 is the low dependence of the results to the CO2/COx ratio in the feed, 
which provides high versatility in the operation, combining the targets 
of valorizing CO2 and syngas derived from gasification of biomass or 
waste from the consumer society. 

The good results of gasoline production with ZnO-ZrO2/HZSM-5 
catalyst from CO2 and mixtures of CO2/CO allow to value positively the 
interest of this route as a complementary route to others studied in the 
literature for the production of other hydrocarbons, such as light olefins, 
light paraffins or aromatics. The C5+ fraction obtained consisted mainly 
of C5 and C6 isoparaffins, with a yield of isoparaffins of 20% and 0.1% of 
aromatics. With a RON of 91.8, the obtained product had a very inter-
esting composition for its incorporation into the refinery gasoline pool. 
Therefore, it can be combined with other streams which, like those 
derived from fluidized catalytic cracking (FCC), have a content of aro-
matics and olefins that exceeds legal limitations. In addition, the results 
can be considered pioneering for this purpose with this catalyst, and 
they provide good prospects for improvements in the catalyst and in the 
optimization of the reaction conditions. 
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T. Jones, E. Frei, The mechanism of interfacial CO2 activation on Al doped Cu/ 
ZnO, ACS Catal. 10 (2020) 5672–5680, https://doi.org/10.1021/ 
ACSCATAL.0C00574. 

[17] Y. Wang, X. Wang, Z. Yan, C. Xu, W. Zhang, H. Ban, C. Li, Activation reconstructing 
CuZnO/SiO2 catalyst for CO2 hydrogenation, J. Catal. 412 (2022) 10–20, https:// 
doi.org/10.1016/j.jcat.2022.06.003. 

[18] R. Dalebout, L. Barberis, G. Totarella, S.J. Turner, C. La Fontaine, F.M.F. de Groot, 
X. Carrier, A.M.J. van der Eerden, F. Meirer, P.E. de Jongh, Insight into the nature 
of the ZnOX promoter during methanol synthesis, ACS Catal. 12 (2022) 6628, 
https://doi.org/10.1021/ACSCATAL.1C05101. 

[19] M. Behrens, G. Lolli, N. Muratova, I. Kasatkin, M. Hävecker, R.N. d’Alnoncourt, 
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