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Role of HZSM-5 zeolite properties (in tandem with ZnO-ZrO,) in direct synthesis of Cs, hydrocarbons from
CO,/CO was studied. The runs were performed in fixed bed reactor at: 420 °C; 50 bar; space time, 10 g., h
mol!; H,/COy, 3; CO,/COy, 0.5. Two conventional zeolites were used (with SiO,/Al,04 ratio of 30 and
280), another one doped with Zn and one nano-sized zeolite with SiO,/Al,O5 ratio of 371. It was determined
that acidity conditions the performance of the catalyst, and the best results (yield and selectivity of Cs, of
19.6% and 78.0%, respectively, with a CO, conversion of 25.1%) were obtained with nano-sized zeolite (low
acidity). In the Cg, fraction, the major components were Cy and Cq paraffins, mostly isoparaffinic; so this
fraction (without aromatics and with RON 91) is suitable for incorporating into gasoline pool. The presence of
highly acidic sites favors secondary reactions of formation of C,-C, hydrocarbons, by cracking and hydrogen
transfer reactions, decreasing the CO, conversion by worsening the synergy between the catalysts. Results are
explained by the effect of the acidity on the extent of the stages of reaction network on ZnO-ZrO,/HZSM-5

catalyst, and on synergy between the catalysts.

1. Introduction

The increase in carbon dioxide (CO,) emissions associated with
the consumption of fossil fuels, together with nitrogen oxide (N,O)
and methane (CH,4) emissions, have resulted in the development of
phenomena such as climate change and ocean acidification, generating
serious problems for humanity [1]. To reverse this situation and meet
the growing demand for energy, high-income countries are promoting
decarbonization strategies in their industrial activities and the progres-
sive replacement of fossil fuels with renewables [2]. In this scenario,
sustainable production of fuels and chemicals from CO, through carbon
capture and utilization (CCU) technologies is receiving a great deal of
attention in the transition period towards the general use of renewable
energy [3].

CCU technologies are mainly catalytic processes using CO, as car-
bon source and oriented to the selective production of CO, methane,
different oxygenates (methanol, dimethyl ether (DME), ethanol) [4]
and hydrocarbons (olefins, BTEX aromatics, gasoline) [5]. For these
processes is key the utilization of green H, [6]. In addition to the
commercial interest in these products, which are in high demand, there
is also the incentive to avoid CO, emission taxes. Among the CCU
technologies, methanol synthesis is the most developed, using different
catalysts [7] and especially made Cu-based [8]. The industrial process
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is based on the background knowledge of the process using syngas
(derived from carbon and natural gas) as feedstock. Therefore, the co-
feeding of syngas together with CO, in CCU processes is interesting to
provide a fraction of the required H,.

The development of CCU technologies is demanding a high level
of research activity in process intensification and in the ad hoc design
of new catalysts. Thus, the direct production of hydrocarbons (fuels
and chemicals) from CO, is studied by two alternative routes [9]
both with tandem catalysts and integrating two reaction stages in the
same reactor [10]. In the modified Fischer Tropsch (MFT) synthesis, a
catalyst for FT synthesis (usually Fe- or Co-based) is combined with
a selective acid zeotype, for the in situ production of hydrocarbons,
adapting the composition of the products to the desired composition
(with an Anderson-Schulz-Flory (ASF) distribution). The properties
that affect the selectivity of the zeolite are the topology [11] and
acidity [12]. In the route of synthesis of hydrocarbons with methanol
as intermediate, the tandem catalyst (termed OX/ZEO (metallic ox-
ide/zeotype)) is the combination of a methanol synthesis catalyst and a
selective zeotype [13]. This route has as main attractions: (i) the non-
existence of the ASF distribution restrictions; (ii) the thermodynamic
advantage of shifting the equilibrium of the methanol synthesis step
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by its in situ dehydration to DME [14], which is more reactive than
methanol [15], and to hydrocarbons; (iii) the good knowledge of the
reaction mechanisms of the methanol synthesis step from CO,/CO
(with formate ions as intermediates) [16] and of the effect of the
nature of the active sites of this mechanism [17]. Likewise, it is well
established the selective conversion of methanol/DME to light olefins,
BTEX aromatics or gasoline (following the dual-cycle mechanism) over
SAPO-34 and HZSM-5 catalysts [18]. However, the utilization of the
information on these individual steps is conditioned by the different
operating conditions and reaction medium in the integrated process.
Thus, to achieve good synergy between the steps, the temperature
and pressure need to be intermediate between the optimum for each
step. Moreover, the different composition of the reactant streams has a
remarkable incidence on the yield and product distribution, and on the
deactivation of each catalysts in the tandem [19].

The metal catalysts used to configure the tandem catalysts in the
direct synthesis of hydrocarbons from CO, have traditionally been Cu-
based catalysts, since Cu—ZnO-Al,05 has been the most commercially
used in the synthesis of methanol from syngas [20] and also performs
well in the synthesis from CO, [8,21], even using different preparation
methods, such as uncalcined Cu-based catalysts [22]. However, par-
tial sintering of Cu is inevitable at the temperature of the integrated
process (above 300 °C to favor the conversion of methanol/DME into
hydrocarbons) and also with a high concentration of H,O (higher in
CO, hydrogenation compared to CO), favoring Cu sintering. To avoid
this problem, more hydrothermally stable metal oxides with different
configurations have been used as catalysts, such as ZnCr,0, [23],
In,05-Zr0, [24], PdZn/ZrO, [25], Ga,,CrO, [26], ZnO-Zr0O, [27] and
ZrO,-Cr [28]. These metallic oxides have been combined with different
zeotypes, such as SAPO-34 for the selective production of olefins (with
In,05/SAPO-34 [29], ZnZrO/SAPO-34 [30] and Ga,,,CrO, [26]) or light
paraffins (with PdZn/ZrO, [25]). The combination with HZSM-5 zeolite
has been used for the selective production of BTEX aromatics (with
ZnCr,04/HZSM-5 [23] and ZrO,-Cr/HZSM-5@SiO, [28]) or hydrocar-
bons in the range of gasoline (with ZnO-ZrO,/HZSM-5 [31]). Ghosh
et al. [32] propose a kinetic model for this hydrocarbon production
process. It should be noted that the aforementioned works correspond
mostly to CO, conversion and that studies of direct synthesis of hydro-
carbons co-feeding syngas together with CO, are limited, and oriented
to the production of olefins [29] and gasoline [33].

The stability and selectivity of the ZnO-ZrO, oxides in the CO,
hydrogenation to methanol is highlighted in the literature [34] and
it is a consequence of the formation of a ZnZrO, solid solution, with
the Zn incorporated into the ZrO, lattice matrix [35]. Ticali et al. [36]
obtained olefins or paraffins with the ZnZrO, catalyst combined with
SAPO-34 and HZSM-5, respectively. These authors explain the selec-
tive production of paraffins with the ZnZrO,/HZSM-5 catalyst from
CO, hydrogenation, rather than the production of aromatics obtained
by other authors with this combination of catalysts (with nano-sized
zeolite [37] and with hierarchical pore structure [38]), highlighting
the importance of different factors as the composition of the ZnZrO,
catalyst, the acidity of the zeolite, the OX/ZEO ratio, and the reaction
conditions.

The use of the HZSM-5 zeolite in the OX/ZEO tandem catalyst
is especially interesting for the selective production of gasoline. This
way, it was originally proposed for the selective production of gasoline
from methanol (MTG process) [39] and its selectivity and limited
deactivation by coke are explained by its moderate acidity and shape
selectivity characteristics of its MFI structure, with two intersected
channels (sinusoidal of 0.51 x 0.55 nm and straight of 0.53 x 0.56 mm),
and no cages at the intersections [40]. It is also remarkable the ability
to improve the selectivity and stability of the HZSM-5 zeolite in the
conversion of methanol into hydrocarbons through different initiatives.
Thus, increasing the SiO,/Al,O; ratio decreases the density of Brgnsted
acid sites, which favors the formation of olefins. In addition, it increases
the propylene/ethylene ratio (by favoring the olefins cycle with respect
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to the aromatics cycle [41]) and disfavors secondary reactions [42]
and coke formation, as demonstrated in the conversion of DME to
olefins [43] and methanol to hydrocarbons [44]. The decrease in
zeolite crystal size is effective for minimizing the extent of secondary
reactions [45] (dealkylation, cracking, hydrogen transfer), favoring the
selective formation of olefins as primary products [46] and minimizing
the diffusional limitations of coke precursors [47]. Metal incorporation
is also extensively used to modulate zeolite acidity and pore volume
distribution, with the intention of increasing stability and improving
product distribution. Wen et al. [48] decreased the acidic strength of
HZSM-5 zeolite with the incorporation of Ni, which also favors the
selective formation of isoparaffins from DME. However, as previously
mentioned, reaction conditions have also a strong impact on the extent
of the reaction and deactivation mechanisms in the direct conversion
of CO, into hydrocarbons. Thus, based on the results for the conversion
of methanol [49] and DME [43] to hydrocarbons, the high partial
pressure of H,, the presence of steam and an active catalyst for the
hydrogenation of coke precursors may contribute to limit the deacti-
vation of zeolite by coke. This moderate deactivation has been found
even at high pressure and with high concentration of aromatics (active
condensed-coke precursors) [50].

Nonetheless, Vosmerikova et al. [51] highlight the stability and
high selectivity of isoparaffins using a Zn-isomorphously substituted
HZSM-5 catalyst under conditions typical of DME synthesis (50-100 bar
and 300-340 °C) and co-feeding H,, CO and CO, as corresponds to
the DME synthesis stream from syngas. This performance is explained
by the hydroisomerization activity of Zn, due to its proven ability to
facilitate the H, dissociation, as demonstrated in the conversion of DME
in hydrocarbons [51] and in the selective production of isoparaffinic
gasoline [52].

In view of these antecedents, in this work the performance of
a ZnO-ZrO,/HZSM-5 tandem catalyst in the selective production of
Cs, hydrocarbons (with an isoparaffinic composition, of interest for
their incorporation into the gasoline pool) was studied. Attention was
focused on the properties (especially acidity) of the HZSM-5 zeolite cat-
alyst, using HZSM-5 zeolites with different configuration: conventional
(microsized crystals) with different SiO,/Al,05 ratio, with nano-sized
crystals, and doped with Zn. The effect of zeolite properties on the
selectivity and composition of gasoline is explained with the reaction
network of the integrated process, considering the role of the properties
in the extent of the individual reaction steps and in the synergy between
the steps of synthesis of oxygenates and their conversion into hydro-
carbons. The application of the criteria established for the conversion
of methanol to hydrocarbons over HZSM-5 zeolite, considering the
crystal size [53] and Al content [54], facilitates the explanation of the
distribution of products in the particular conditions of the integrated
process.

2. Material and methods
2.1. Preparation of the catalysts

The catalyst for the methanol synthesis step, ZnO-ZrO, (named ZZ
in a simplified way), was synthesized with an atomic Zn/Zr ratio of
1/2.5 by a co-precipitation method described in a previous work [31].
This catalyst was selected because of its good performance in the
tandem catalyst for the one stage conversion of CO,/CO mixtures into
gasoline-range hydrocarbons [31].

Regarding the acid catalysts, they are based on HZSM-5 with dif-
ferent properties, as described as follows with reference to its simpli-
fied designation: the named nH371 is a nanozeolite (ACS Materials,
MSZ5N522), with a SiO,/Al, 05 molar ratio of 371. H30 and H280 are
two microporous zeolites (Zeolyst International, CBV-3024E and CBV-
28014), with a SiO,/Al,05 molar ratio of 30 and 280, respectively.
ZnH30 is a Zn-modified microporous HZSM-5 zeolite with SiO,/Al,04
molar ratio of 30, which was prepared by ion exchange [55], placing
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the precursor nitrate solution (Zn(NOj),-6H,0) in contact with the
zeolite powder in a flask, under continuous stirring at 60 °C for 24 h.
The doped zeolite powder (with 2% Zn) was agglomerated by wet
extrusion in a matrix (50 wt%), using a colloidal dispersion of a-
alumina (Alfa-Aesar, 18 wt%) and pseudoboehmite (Sasol Germany, 32
wt%). All the original zeolites were provided in ammonium form and,
consequently, calcined at 575 °C for 2 h to obtain the acid form. This
calcination stage causes the conversion of the pseudoboehmite in the
ZnH30 catalyst into y-Al,05 [56].

The tandem catalysts (ZZ/nH371, ZZ/H280, ZZ/ZnH30 and ZZ/H30)
were prepared by physical mixture of the metallic oxide and the
zeolites, with a particle size in the 125-250 and 300-400 pm range,
respectively, with a ZZ/zeolite mass ratio of 1/1.

2.2. Characterization of the acid catalysts

The structural properties were determined by X-ray diffraction
(XRD) by means of a PANalyitical Xpert PRO diffractometer. The mea-
surement conditions were 40 kV/40 mA, and the pattern was recorded
in a 5°< 20 < 80° range. The textural properties (specific surface
area, pore- and micropore volume) were measured by N, adsorption—
desorption isotherms at —196 °C (Micromeritics ASAP 2010). For this
analysis, prior to the test, the sample was degassed for 8 h under
vacuum conditions to ensure the elimination of H,O and impurities
adsorbed on the sample. Afterwards, sequential equilibrium stages of
N, adsorption-desorption were performed until the complete satura-
tion of the sample. The specific surface area (Sgpp) was calculated
using the Brunauer-Emmett-Teller (BET) equation, the pore volume
was determined using the Barrett-Joyner-Halenda (BJH) method and
the micropore volume and surface were obtained by means of the t-plot
method.

The acidity of the catalysts was determined by temperature pro-
grammed desorption of NH; (TPD-NH;3) (Micromeritics Autochem
2920). Initially, the sample was swept with He (160 cm® min!) at
550 °C for 30 min, in order to eliminate impurities and H,O, and
stabilized at 150 °C with He (20 cm® min'1). Subsequently, 5 cm3® min’!
NH; injections were conducted until the saturation of the sample and
then swept with He (50 cm® min'!) to remove the physically adsorbed
NHj;. Lastly, the NH; desorption was carried out by heating the sample
up to 550 °C, following a 5 °C min’! heating rate.

The nature of the acid sites of the catalysts, Brgnsted or Lewis (BAS
and LAS, respectively), was determined by FTIR (Fourier transform
infrared spectroscopy) of adsorbed pyridine (Py-FTIR) in a Nicolet
6700 spectrophotometer (Thermo-Fisher Scientific) coupled to a Specac
high-temperature high-pressure (HTHP) cell. The vibrational bands
assigned to each type of acid sites are well known in the literature [57,
58]: 1545 cm! for Brgnsted-type sites (molar extinction coefficient of
1.67 cm pmol!) and 1445 cm™! for Lewis-type sites (molar extinction
coefficient of 2.22 cm pmol™!).

2.3. Reaction and analysis equipment

The hydrogenation reactions were carried out in a reaction equip-
ment (PID Eng. & Tech. Microactivity Reference), outlined in detail
in Figure S1. The catalyst packed bed consists of a mixture of the
catalyst diluted in SiC inert solid, in order to ensure bed temperature
uniformity, to avoid preferential paths and to ascertain a suitable bed
height when operating al low space time values. The feed and the prod-
ucts stream were analyzed on-line in a micro chromatograph (Varian
CP-4900, Agilent), equipped with three chromatographic columns: (i)
molecular sieve (MS-5) (10 m x 12 pm) to identify and quantify H,,
0,, N, and CO; (ii) Porapak Q (10 m x 20 pm) to identify and quantify
CO,, methane, H,0, C,-C4 hydrocarbons, methanol and DME; and (iii)
5 CB (CPSiL) (8 m x 2 pm) to identify and quantify Cs, hydrocarbons.
The columns are periodically calibrated with standard mixtures.
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The reaction runs were conducted under the following conditions,
established previously as optimal [31]: 420 °C; 50 bar; space time,
10 g, h mol;'; CO,/CO, molar ratio in the feed, 0.5; H,/CO, molar
ratio in the feed, 3. The catalyst was subjected to a partial reduction
prior to the reaction in a diluted H, stream (30 cm® H, min! and
30 cm® N, min™) for 1 h at 350 °C and 2 bar.

2.4. Reaction indices
The results were quantified in terms of conversion of CO, (CO, +

CO), product yield and selectivity. The conversion of CO, was defined
as:

FO - F
Co, COx
Xco. = ———.100 €}
x FO
co,
where Fg and Fco_ are the CO, (CO,+CO) molar flow rates at the

inlet and outlet of the reactor, respectively.
Yield (Y;) and selectivity (S;) of each i carbonated product were
calculated according to the following expressions:

. F
Y, = LT 100 (2)
FO
co,
5= fi g0 &)
X F)

where n; is the number of carbon atoms in a molecule of i product, and
F; the molar rate of the i product in the product stream. All the molar
flows in Egs. (1)—(3) were quantified in content C atoms.

3. Results and discussion
3.1. Catalysts properties

The metallic ZZ catalyst was thoroughly characterized in a previous
work [31]. The most relevant properties (textural properties and chem-
ical composition) are gathered in Table S1 and Figure S2, respectively.
The results of the textural properties of the acid catalysts are listed
in Fig. 1 and Table 1. For a more detailed analysis of the isotherms,
these are shown independently in Figure S3. All the catalysts, except for
ZnH30, show a typical isotherm for microporous HZSM-5 zeolite, where
N, is adsorbed in the low relative pressure region (p/p, < 0.01) [59].
In the case of ZnH30, N, is adsorbed at higher relative pressure due to
the agglomeration with the matrix (formed by y-Al,03 and a-Al,03),
which confirms that a hierarchical porous structure is conferred [56].
Additionally, the incorporation of the metal contributes to reduce the
Sper from 391 m? g for H30 to 253 m? g for ZnH30. Comparing
H30 and H280 zeolites it is observed that increasing SiO,/Al,04 ratio
of HZSM-5 zeolites diminishes the Sgpr and micropore volume. The
smaller crystal size of the nH371 zeolite explains the slightly higher
Sger and micropore volume than that of H280 [60].

Table 1
Textural properties of the catalysts.

Catalyst Surface area (m? g!) Pore volume (m® g~1)

BET Micropore Pore Micropore
H30 391 292 0.218 0.126
ZnH30 253 107 0.260 0.050
H280 414 232 0.218 0.096
nH371 423 283 0.219 0.120

The NH;-TPD profiles are depicted in Fig. 2, and the total acidity,
temperature of the desorption peaks and the BAS/LAS ratio are sum-
marized in Table 2. The zeolites can be ranked based on their total
acidity in the following order: nH371 < H280 « ZnH30 < H30. It
should be noted that the value of the total acidity of ZnH30 considers
the incorporation of the matrix, which reduces the acidity value of
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Fig. 2. NH;-TPD profiles of the acid catalysts.

Table 2
Total acidity of the catalysts, temperature of the desorption peaks and BAS/LAS ratio.
Catalyst Total acidity First peak Second peak BAS/LAS
(pmolyy;, g C) Q) ratio
H30 759.8 212 383 4.30
ZnH30 376.5 220 342 1.10
H280 62.8 196 331 2.31
nH371 56.1 185 334 1.08

the zeolite by half. In all the NH3-TPD profiles, two distinct peaks are
observed, which help to classify acidity according to literature [61]:
one at low desorption temperature, corresponding to weak acid sites;
and, another peak at higher desorption temperature, corresponding to
strong acid sites. It is noteworthy that, as established in literature [59],
as Si0,/Al,05 ratio increases, a shift to lower desorption temperature
and a lower intensity of the peaks is observed, which indicates that the
acid strength is consequence of the Al3* content [62].

The Py-FTIR spectra obtained for all acid catalysts are depicted in
Fig. 3. As observed in Table 2, when increasing the SiO,/Al, 05 ratio of
the zeolite from 30 to 280, BAS/LAS ratio diminishes drastically from
4.30 to 2.31. Zn doping has an even higher incidence, decreasing the
ratio to 1.10. This value is similar to that of the nH371 zeolite (1.08),
corresponding to the majority proportion of weakly acidic sites.

Fig. 4 gathers the normalized XRD patterns of the catalysts. The
pattern of the different HZSM-5 zeolites are almost identical, and they

Renewable Energy 237 (2024) 121693

ZnH30—— H280

Adsorbance (a.u.)

PR IR AT S
1700 1650 1600 1550 1500 1450

Wavenumber (cm™)

Fig. 3. Py-FTIR spectra of the acid catalysts.
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Fig. 4. XRD patterns of the acid catalysts.

show two intense peaks at 20 ~ 7.9°and 20 ~ 8.8°, and three other
peaks at 20 ~ 23.1°, 20 ~ 23.3°and 20 ~ 23.7°. This diffractograms
correspond to ZSM-5, in accordance with ICDD (International Center
for Diffractional Data) #79-1638. As for ZnH30 catalyst, in addition to
ZSM-5, peaks related to ZnO are observed at 20 ~ 36.3°, 20 ~ 47.5°and
260 ~ 68.0°(in accordance with ICDD #36-1451).

Fig. 5 shows the SEM images of the acid catalysts. In Fig. 5(a), flake
shaped agglomerates are observed for H30. These agglomerates are
larger in ZnH30 catalyst (Fig. 5(b)). In Fig. 5(c), H280 shows irregular
crystal shape, significantly larger than nH371, for which a polyhedral
shape is observed (Fig. 5(d)).

3.2. Performance of the catalysts

3.2.1. Yield and selectivity

In this section, the performance of the different acid catalysts, in
tandem with ZZ catalyst, was compared under the direct hydrogena-
tion of CO,/CO to hydrocarbons process conditions, with the aim of
producing gasoline-range Cs, hydrocarbons. In 6-hour runs on stream,
it was proven that catalyst deactivation with ZZ/H280 and ZZ/nH371
was insignificant, with constant values of conversion and distribution
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Fig. 5. SEM images of (a) H30, (b) ZnH30, (c) H280 and (d) nH371.
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Fig. 6. Comparison of products yield with different tandem catalysts. Reaction conditions: 420 °C, 50 bar, 10 g h molg', H,/CO, = 3, CO,/CO, = 0.5.

of products (Figure S4). Considering the slight deactivation of the other
two catalysts (ZZ/H30 and ZZ/ZnH30), in order to ensure consistency
of the results of this section, the results compared correspond to extrap-
olation at zero time on stream. Figs. 6 and 7 exhibit, respectively, the
yield and selectivity of the significant product lumps, including CHy,
C,-C, paraffins, C,-C, olefins, oxygenates (methanol and DME) and Cs .
hydrocarbons, and the CO, conversion.

Regarding the performance of ZnH30 and H30 zeolites, the results
obtained were similar, although slightly better yields were achieved
with the addition of Zn in ZnH30. The yield of C,-C; and Cs, hy-
drocarbons was nearly the same with both zeolites, reaching values
of 8.9% and 5.6%, respectively, for ZZ/H30, and 10.9% and 6.7%,

respectively, for ZZ/ZnH30. The improvement in the conversion of the
oxygenates (slight in this case) is attributed in the MTG process by
Fattahi et al. [63] to the synergistic effect between the Zn and the
acid sites of the zeolite. Additionally, the incorporation of Zn resulted
in a slight increase of Cs, selectivity from 32.7% to 33.1% (Fig. 7).
It is noteworthy that the oxygenate yield with all the zeolites was
insignificant, accounting for less than 0.2% in all cases. This feature
is indicative of practically complete conversion of oxygenates to hy-
drocarbons, and evidences the excellent synergy, under these reaction
conditions, between the metallic oxide and the zeolite in the tandem
catalyst. In terms of CO, conversion, there was also an increase (from
17% to 20%) when adding Zn to the zeolite, which is in line with results
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Fig. 7. Comparison of obtained products selectivity and CO, conversion with different
tandem catalysts. Reaction conditions: 420 °C, 50 bar, 10 g. h molgl, H,/CO, = 3,
C0O,/CO, = 0.5.

in MTG [51] and MTA [64] processes. Jin et al. [65] emphasize the
effect of the CO, content on these results.

Among HZSM-5 zeolites without metal incorporation, the SiO,/
Al,O4 ratio is one of the most important criteria for zeolite selec-
tion. The results obtained (Figs. 6 and 7) with zeolites with higher
Si0,/Al,05 ratio (Table 2), such as nH371 and H280, were more
interesting that those with a SiO,/Al,05 ratio of 30 (H30 zeolite)
for the production of gasoline-range hydrocarbons (Cs, hydrocar-
bons), suggesting that the total acidity (that diminishes with increasing
Si0,/Al, 05 ratio, Table 2) plays a crucial role in product distribution.
Thus, as well established in the MTG [42] and MTA processes [66],
the secondary reactions of cracking are favored with a low SiO,/Al,04
ratio. As a consequence of these reactions, a notable yield and selectiv-
ity of C,-C, paraffins and of CH, were obtained with both ZnH30 and
H30 zeolites. It can be also observed that catalyst with nH371 zeolite
exhibited the superior Cs, hydrocarbon yield, with a Cs, hydrocarbon
yield of 19.6%. C,-C, paraffins accounted for nearly 3.6%, and the yield
of olefins and CH, was less than 2%. Similar findings were observed for
C,-C, paraffins and for CH, with H280 zeolite, with a Cs, yield slightly
lower (16.9%) to that obtained with nH371 zeolite.

As to the selectivity and CO, conversion regards (Fig. 7), as men-
tioned above with yields, the incorporation of Zn in the zeolite did
not reveal a significant incidence. It is observed that the catalysts with
higher Si0,/Al,05 ratio zeolites (nH371 and H280) exhibited higher
CO, conversion (25.1% and 22%, respectively) and Cs, selectivity
(78% and 76.7%, respectively), with lower selectivity values of C,-C,
paraffins (14% for nH371 zeolite) and CH, (1.2% for these zeolites).
It is worth noting that, in all cases, olefin selectivity remained below
10%. This is attributed to the high partial pressure of H, in the reaction
medium and the presence of the ZZ metallic oxide, which exhibits a
significant hydrogenating capability in these conditions, leading to the
hydrogenation of olefins into paraffins [19].

The aforementioned results show the interest of using a HZSM-
5 zeolite with a high SiO,/Al,05 ratio to favor the formation of
hydrocarbons in the range of the gasoline. However, nH371 zeolite
stands out as the most suitable candidate.

3.2.2. Role of the properties of the zeolite
The results in the previous section are consequence of the differ-
ences in the physical properties (Table 1) and acidity (Table 2) of the
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HZSM-5 zeolites utilized in the configuration of the tandem catalyst.
Considering the relevance of the catalyst acidity in the methanol/DME
conversion into hydrocarbons [67], in Fig. 8, the effect of this prop-
erty of the HZSM-5 zeolites used in tandem catalysts was studied in
selectivity terms. A clear trend between acidity and product distribution
was observed, particularly for C,-C4 paraffins and Cg, hydrocarbons.
This way, with zeolites with low acidity (< 100 pmolyy, g, nH371 and
H280 zeolites, with similar results), Cs, hydrocarbons prevailed. This
selectivity decreased with increasing acidity, and highly acidic zeolites
(> 400 pmolNH3 ~gc‘all, ZnH30 and H30 zeolites) showed a 60% decrease
in the selectivity of Cs, hydrocarbons and an increase in the selectivity
of C,-C4 paraffins. These findings are explained in the conversion
of methanol under MTG process conditions by the promotion of the
cracking reactions by means of the strong acid sites in the zeolites, with
the formation of C,-C,4 olefins, C,-C4 paraffins and CH,4 [42,68]. Thus,
the limited selectivity of C,-C, olefins in Fig. 8 is a consequence of the
hydrogenation to the corresponding paraffins.

It should be noted that the nH371 and H280 zeolites also have
the lowest density of acid sites (taking into account the values of
total acidity (Table 2) and BET surface area (Table 1)), minimizing
the extent of undesired side reactions. These findings highlight the
importance of the acidity of HZSM-5 also in the reaction conditions of
this process (remarkably different from those of the MTG process) and
suggest that zeolites with lower acidity are more suitable for producing
gasoline-range hydrocarbons (Cs,).

The higher CO, conversion with low acidity catalysts is not consis-
tent with the expected effect of acidity, whose increase was expected
to favor the displacement of the oxygenate (methanol/DME) formation
equilibrium as a consequence of the higher extent of the conversion
of the latter into primary hydrocarbons (olefins). The possible cause
of these results is the relevance of the acidity in the contact-induced
ion exchange phenomena observed in bifunctional catalysts. Thus, in
the direct synthesis of DME from CO, over hybrid catalysts formed
by CuO-ZnO-ZrO, and zeolites of different acidity, Bonura et al. [69]
justify the higher reaction rate for an intermediate acid site density
by the lower stability of the zeolite surface with increasing acidity,
facilitating the migration of Cu?* and Zn?* ions by ion exchange with
the zeolite protons. Garcia-Trenco et al. [70] verified this negative
effect of the interaction between metal oxides (Cu-ZnO-Al,03) and
the HZSM-5 zeolite of hybrids catalysts used in the synthesis of DME
from syngas, emphasizing that the migration of ions is favored by the
proximity of the acid and metallic active sites, by the presence of
H,O0 and the acidity of the zeolite [71]. Although the stability of the
tandem catalyst prepared in this work by physical mixing of the metal
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Table 3
Main Cs, compounds obtained with ZZ/nH371 catalyst.

Carbon number Main compounds

Cs 2-Methylbutane
n-Pentane
Cyclopentane

Ce Methylcyclopentane

2-Methylpentane

3-Methylpentane

n-Hexane

(N 2-Methylhexane

3-Methylhexane

Cycloheptane

Cis-1,3-Dimethylcyclopentane

Methylcyclohexane

Ethylpentane

1,3-Dimethylcyclohexane

QRO0OL 4 34

oxide catalyst and the zeolite is higher, the high reaction temperature
(420 °C, much higher than the 260 °C of the DME synthesis) will favor
this phenomenon of ion migration, justifying the convenience of using
a zeolite with reduced density of acid sites. Redekop et al. [72] studied
recently with different ex situ and in situ characterization techniques the
structure of the ZnO-ZrO, catalyst used in methanol synthesis, verify-
ing the mobility of Zn?* species in the solid solution phase with ZnO,
a phenomenon that is favored by the increase of temperature and that
is reversible, recovering the original structure after the regeneration of
the catalyst in oxidizing atmosphere. This result suggests the hypothesis
that the proximity of Brgnsted sites favors this reversible migration of
Zn®* species by decreasing the capacity of the ZnO-ZrO, catalyst in the
integrated process.

Though the results in Fig. 8 highlight the role of acidity in product
distribution, the role of zeolite porous structure in contributing to
differences in product distribution results must also be considered. In
addition to the higher SiO,/Al, 05 ratio of the nH371 (and consequent
lower acidity), the higher selectivity of Cs, hydrocarbons with this cat-
alyst (Fig. 7) is in accordance with its nano-sized crystal (57 nm), which
provides a larger surface area to the zeolite (Table 1). These properties
favor the access of reactants and the diffusion of the products, and
consequently, the extent of the oligomerization reactions of olefins,
with formation of hydrocarbons of higher molecular weight [73]. On
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the other hand, the slightly worse performance of ZnH30 with respect
to H30 (in terms of Cs, selectivity, Fig. 7) is also in line with the
lower surface area and micropore volume, facilitating the retention and
cracking of hydrocarbons.

3.2.3. Product composition

Fig. 9 presents the product distribution in selectivity terms catego-
rized by groups (n-paraffin, isoparaffin, olefin, and naphthene) and by
carbon number for ZZ/H30, ZZ/H280 and ZZ/nH371 catalysts. Overall,
7Z/H280 (Fig. 9(b)) and ZZ/nH371 (Fig. 9(c)) exhibited similar results,
with minor discrepancies in Cs and Cq isoparaffins and heavy naph-
thenes. In both cases, C; and Cg branched-chain paraffins were the
predominant product, with ZZ/nH371 yielding slightly better results,
reporting a selectivity of 28.8% and 31.3% for C5 and Cg, respectively.
This is consistent with the literature’s reported isomerization capacity
of HZSM-5 [48,51,52]. It should be noted that 2-methylbutane, 2-
methylpentane, and 3-methylpentane were the prominent isoparaffins
in C5 and C4 category. ZZ/nH371 and ZZ/H280 catalysts exhibited low
levels of n-paraffins, which were mostly present as methane, ethane,
and propane, with their presence becoming less noticeable at higher
carbon numbers. With ZZ/H30 catalyst (Fig. 9(a)), the product distri-
bution is less interesting for the goal of gasoline production. C, and Cy
hydrocarbons were predominant, mainly isoparaffins, being noticeable
the selectivity of lighter n-paraffins (with a selectivity exceeding 30%
and with propane as majority). This trend can be attributed to the
promotion of the cracking reactions by highly acid zeolites, as previ-
ously mentioned, and it is well established in the MTG process [42].
It is worth noting that the presence of olefins was minimal for all
catalysts, owing to the high hydrogen pressure in the reaction. In
fact, only C4 olefins reached a selectivity of 7% with ZZ/H30 cata-
lyst (Fig. 9(a)). This insignificant olefin content in the Cs, lump and
the low aromatic content (selectivity below 0.1% and not depicted
in Fig. 9) are beneficial for the incorporation of this lump into the
gasoline pool in the refineries. This observation aligns with the previous
finding of Vosmerikova et al. [51], who revealed that isomerization and
aromatization reactions are competitive in the dual-cycle mechanism of
methanol/DME conversion into hydrocarbons in the MTG process [74].
The activity of the HZSM-5 zeolite in paraffin isomerization is well
established in literature [75], and it is favored with the accessibility
of the external acid sites by the decrease of the crystal size [73].
Therefore, increasing the selectivity towards isoparaffins (due to the
partial pressure of H, and the isomerizing activity of HZSM-5 zeolite
under these conditions) attenuates the extent of dehydrocyclization
reactions, leading to a decreased aromatic selectivity.

Table 3 shows the itemization of the main Cs, hydrocarbons ob-
tained with ZZ/nH371 zeolite. In the five carbon atom group, isoparaf-
fins were predominant, whereas also linear and naphthene compounds
were also detected. By increasing the number of carbons, branched
paraffins (2-methylpentane and 3-methylpentane) predominate, with
a very low presence of n-hexane and naphthenes. Hydrocarbons with
more than 7 carbon atoms comprised isoparaffins and naphthenes, with
negligible presence of linear paraffins, olefins and aromatics. The high
presence of isoparaffinic hydrocarbons leads to a high Research Octane
Number (RON) of the hydrocarbon product obtained, which exceeded
91, calculated according to the method proposed by Anderson, Sharkey
and Walsh [76], from the composition.

3.2.4. Discussion

The effect of the properties of the HZSM-5 in the tandem catalyst
on the conversion of CO,, yield and distribution of hydrocarbons has
been explained in the previous sections mainly using the knowledge
in the literature of the conversion of methanol to hydrocarbons. This
reaction that is performed under different conditions than those of
the integrated process studied in this work. In this section, the results
are justified considering the conditions of the integrated process, and
the role of the synergy between its two main stages. In addition, the
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effect of the particular reaction conditions in explaining the product
distribution in the methanol/DME conversion is determined.

Fig. 10 displays the proposed reaction network for the direct pro-
duction of hydrocarbons by the hydrogenation of CO,/CO mixtures
over tandem catalyst, based on previous results on the synthesis of
oxygenates over ZnO-ZrO, catalyst [34], and those shown in pre-
vious sections. The first step considers the CO,/CO hydrogenation
into methanol/DME (with relevant formation of DME by the presence
of an acid catalyst), and it also contemplates that this catalyst pro-
motes the rWGS reaction and the undesired hydrogenation of CO,/CO
into methane [31]. Methane is also formed by the decomposition of
the oxygenates (in particular from DME, which is less stable than
methanol) [77]. The first steps of methanol/DME conversion into hy-
drocarbons are those corresponding to the dual-cycle mechanism, the
extent of which is severely conditioned by the particular conditions of
this process, in particular by the high partial pressure of H,. Thus, the
primary products with a C-C bond (C,-C,4 olefins) are hydrogenated
to form the corresponding paraffins and oligomerized to Cs, olefins,
which will also be hydrogenated to the corresponding Cs, paraffins. In
addition, the olefins will form naphthenes by cyclization reactions. The
acidity of the zeolite used will play a relevant role in the extent of these
reactions, shifting the equilibrium in the synthesis of oxygenates and
promoting the formation of paraffins by hydrogen transfer reactions
(as a complementary mechanism to the hydrogenation activated by the
ZnO-ZrO, catalyst), and also the isomerization of these paraffins. In
addition, the increase in acidity and density of acid sites will favor
the extent of secondary reactions, highlighting for its importance in the
production of Cs, hydrocarbons, its cracking to C,-C, olefins and C,-C,4
paraffins. Even if its importance is relatively small (it can be relevant
at high values of time on stream), the formation of coke has been

considered in the scheme of Fig. 10, whose mechanism goes through the
conversion of methanol/DME into hydrocarbons, by the condensation
and the evolution of the aromatics towards condensed polyaromatic
structures [78]. The high partial pressure of H, and the hydrogenating
activity of the ZnO-ZrO, catalyst justify the negligible extent of the
dehydrogenation of naphthenes to aromatics and consequently, the
very limited deactivation of the catalyst by coke formation with all
zeolites studied. Thus, by means of temperature programmed oxidation
(TPO) analysis (TA Instruments TGA Q5000 thermobalance), it was
determined that the content of coke deposited in catalysts ZZ/H280 and
ZZ,/nH371, in 6-hour runs, was less than 1 wt%. On the other hand, the
coke content in ZZ/H30 and ZZ/ZnH30 catalysts was around 2 wt%,
which is in line with the aforementioned effect of acidity.

The aforementioned results of hydrocarbons distribution are condi-
tioned by the particular reaction conditions of the integrated process,
which are different to the conventional conditions of the studies of
methanol/DME conversion into hydrocarbons. Shi and Bhan [79] have
established useful metrics to assess the effect of catalyst properties and
reaction conditions on the conversion of methanol/DME into hydrocar-
bons. Given the interest of this approach, the metrics were calculated
in the particular conditions under which the conversion of oxygenates
takes place in this process. This way, the reduced olefins/paraffins
(O/P) ratio, with values between 0.06 (with ZZ/nH371 catalyst) and
0.09 (with ZZ/H30 catalyst) is explained because the reaction con-
ditions favor the hydrogenation of olefins, increasing the degree of
product saturation. Similarly, the operating conditions affect the hy-
drogen transfer index (HTI), which represents the paraffin content with
respect to the total hydrocarbons. Due to the high partial pressure and
the hydrogenating capacity of ZnO-ZrO,, the values of the HTI index
are high, between 0.92 with ZZ/H30 catalyst and 0.94 with ZZ/nH371
catalyst.
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Fig. 10. Proposed reaction network for the direct production of hydrocarbons by CO,/CO mixture hydrogenation over the ZnO-ZrO,/HZSM-5 catalysts.

The olefin/2-methylbutane ratio is proposed by the group of Bhan
to assess the relative importance of the aromatics and olefins cycles in
dual-cycle mechanism [80]. The value of this index were in the 0.8—
2.4 range in the conversion of methanol over HZSM-5 zeolite at near
atmospheric pressure and absence of H,. However, the results of this
index in the present work are very low, between 0.032 with ZZ/H30
catalyst and 0.048 with ZZ/nH371 catalyst, indicating a small relative
extent of the aromatic cycle in the conditions (high partial pressure of
H,) of the integrated process.

4. Conclusions

The interest of the ZnO-ZrO,/HZSM-5 tandem catalyst for the direct
production of hydrocarbons by hydrogenation of a CO,/CO mixture,
and the importance of the role of the zeolite properties, and in par-
ticular of the acidity, in the hydrocarbon distribution was proved. The
objective of a high production of the Cs, fraction was achieved with
a zeolite of low acidity (<100 pmolyy, g-1) as corresponds to a high
Si0,/Al, 05 ratio, and the results were further improved using nano-
sized particles. A yield and selectivity of Cs, hydrocarbons of 19.6%
and 78%, respectively, with a CO, (CO,+CO) conversion of 25.1% was
obtained with ZZ/nH371. The composition of this Cs, fraction, with Cg
and Cg paraffins (mainly isoparaffins) as major products (RON of 91)
and absence of aromatics and heteroatoms, is particularly interesting
for its incorporation into the refinery gasoline pool. A high acidity and
the presence of strong acid sites in the zeolite is not suitable, because
it favors the extent of secondary cracking reactions, with formation
of C,-C4 hydrocarbons (mostly paraffins) and CH,, appreciating also
a negative synergy with the activity of the ZnO-ZrO, catalyst.

The synergy of the reaction steps catalyzed by the ZnO-ZrO, and
HZSM-5 catalysts and the particular conditions of the integrated pro-
cess (with a high H, partial pressure) justify the results, favoring
the formation of mostly paraffins and minimizing the formation of
aromatics.

The reaction network proposed for the process facilitates the un-
derstanding of the extent of the reaction steps of the methanol/DME
conversion under the particular conditions of this process. Thus, the
high partial pressure of H, conditions the extent of these steps and
consequently the results (yield and selectivity). This different relative
importance of the reaction stages, minimizing the formation of aro-
matics and coke, and favoring the formation of mostly paraffins, must
be taken into account to interpret the evolution of the established
dual-cycle mechanism under the conditions of this process. Thus, the

metrics established in conditions of the methanol/DME conversion in
hydrocarbons (near atmospheric pressure and in the absence of H,) are
significantly modified.
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