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Abstract: The adequate configuration and the effect of the reduction was studied for the In,O3-
ZrO, /SAPO-34 catalyst with the aim of improving its performance (activity and selectivity in the
pseudo-steady state) for the hydrogenation of CO, CO, and CO, /CO (COy) mixtures into olefins. The
experiments were carried out in a packed bed reactor at 400 °C; 30 bar; a Hy /COx ratio of 3; CO, /COx
ratios of 0, 0.5 and 1; a space time (referred to as InyO3-ZrO; catalyst mass) of 3.35 g,z h molc~;
and a time on stream up to 24 h. The mixture of individual catalyst particles, with an SAPO-34
to InpO3-ZrO, mass ratio of 1/2, led to a better performance than hybrid catalysts prepared via
pelletizing and better than the arrangement of individual catalysts in a dual bed. The deactivation of
the catalyst using coke deposition and the remnant activity in the pseudo-steady state of the catalyst
were dependent on the CO, content in the feed since the synergy of the capabilities of the SAPO-34
catalyst to form coke and of the InyO3-ZrO, catalyst to hydrogenate its precursors were affected. The
partial reduction of the InyO3-ZrO, /SAPO-34 catalyst (corresponding to a superficial In?/In, O3 ratio
of 0.04) improved its performance over the untreated and fully reduced catalyst in the hydrogenation
of CO to olefins, but barely affected CO,/CO mixtures” hydrogenation.

Keywords: COy; InyO; catalyst; SAPO-34 catalyst; methanol synthesis; olefin synthesis; coke deactivation

1. Introduction

The production of light olefins from biomass gasification-derived syngas and CO,
receives great attention to achieve the objective of net-zero carbon emissions by 2050 [1],
and their industrial implementation is conditioned to the availability of green H, obtained
from renewable energy [2]. The increasing demand of light olefins due to their use as
key building blocks in the chemical industry justifies this initiative [3], replacing the
technologies of the steam cracking of oil fractions [4], fluidized catalytic cracking (FCC) [5]
and the conversion of methanol (MTO process) [6], which lead to large CO, emissions.

The direct conversion of CO, CO, and CO,/CO mixtures into olefins can proceed
via two different routes with tandem catalysts. In the modified Fischer-Tropsch (MFT)
route, an acid zeolite is added to the FT catalyst (based on Fe or Co) for the selective
conversion into olefins of the higher-hydrocarbon product of the FT synthesis (with char-
acteristic Anderson-Schulz-Flory (ASF) distribution) [7,8]. The route with oxygenates
(methanol/DME) as intermediates proceeds over oxide/zeotype (OX/ZEO) tandem cat-
alysts, composed of a metallic oxide for the synthesis of oxygenates and a zeotype for
their conversion into olefins. The attractiveness of these direct olefin synthesis routes lies
in the lower infrastructure requirement compared with the two-stage processes and in
the reduction of the thermodynamic limitations of the intermediates’ (methanol/DME)
formation. This advantage is a consequence of the shift in the equilibrium of their formation
(Equations (1)—(3)) due to their in situ conversion, mainly into olefins (Equation (4)).

CO +2 H, = CH;0H )

Catalysts 2023, 13, 1101. https:/ /doi.org/10.3390/ catal13071101

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13071101
https://doi.org/10.3390/catal13071101
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-9693-6433
https://orcid.org/0000-0001-9624-9932
https://orcid.org/0000-0003-2235-4187
https://orcid.org/0000-0001-7084-9665
https://orcid.org/0000-0002-3863-5808
https://doi.org/10.3390/catal13071101
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13071101?type=check_update&version=1

Catalysts 2023, 13, 1101 20f17

CO, + 3 H, = CH;OH + H,O @)
2 CH30H = CH30CH; + H,O (3)

CH3;OH/CH3OCHj3 — light olefins — light paraffins + higher hydrocarbons + coke (4)

Moreover, the thermodynamics of the direct olefin formation also depend on the
composition of the feed, being favored by co-feeding CO with CO; [9]. The concentra-
tion of both components is related by the extent of the water—gas shift (WGS) reaction
(Equation (5)).

CO +H,O = CO, + Hy ®)

The design of new tandem catalysts that are active, selective and stable under these
conditions is of priority interest [10,11]. The suitable performance of the In,O3-ZrO, /SAPO-
34 catalyst is a consequence of the performance of each of the individual catalysts in the
reaction stages. The significant activity of InyOs for the step of methanol synthesis (Equa-
tions (1)—(2)) is related to the capacity of their surface oxygen vacancies for CO and CO,
adsorption and Hj dissociation [12,13]. The cyclic generation and annihilation of oxy-
gen vacancies and their role in the methanol formation mechanism were investigated
through density functional theory (DFT) studies on the hydrogenation of CO, over both
non-defective [14] and defective [15] InpO3 (110) surfaces. These studies emphasized the
ability of the In,O3 catalyst to suppress the reverse water—gas shift (rWGS) reaction. Experi-
mental results presented by Sun et al. [16] using a commercial In,Oj3 catalyst demonstrated
its activity in methanol synthesis, albeit with moderate yields. Martin et al. [17] showed
that the activity of the catalyst could be significantly enhanced by selecting optimal re-
action conditions, co-feeding CO and incorporating ZrO;, as later confirmed by [18-21].
According to these authors, the adsorbed CO and CO; interact with active H* species,
leading to the formation of formate (HCOO*) and methoxy (H3CO¥) intermediates, which
ultimately undergo hydrogenation steps to produce methanol [22]. Recently, an extensive
review on InyO3-based catalysts for the hydrogenation of CO, to methanol was conducted
by Cai et al. [23].

SAPO-34 silicoaluminophosphate has been ascertained as the appropriate acid cat-
alyst for the in situ selective conversion of methanol into DME (Equation (3)) and of
methanol/DME into olefins (Equation (4)) [24-26]. The dual cycle mechanism, with poly-
methyl benzenes and olefins as intermediates, is well-established [27]. The high light-olefin
selectivity obtained with this catalyst is based on its porous structure (CHA morphology,
with eight-membered ring pore openings of 0.38 x 0.38 nm and cavities of 0.67 x 0.94 nm)
and the high density of its acid sites of moderate strength [28], limiting the conversion
of light olefins to other hydrocarbons. The synergy in the In,O3-ZrO, /SAPO-34 tandem
catalyst shows promising results, attaining a CO, conversion of almost 5-fold that with the
In203-ZrOZ catalyst [19]

Gao et al. [29] studied the effect of the SAPO-34 to InyO3 mass ratio on the selectivity of
light olefins with hybrid catalysts (prepared via the joint pelletizing of InpO3 and SAPO-34
catalysts) and obtained different results for the hydrogenation of CO and CO,. These
authors also assessed the effect of the tandem catalyst’s preparation (physical mixture or
pelletizing of the individual catalysts) on olefin selectivity for CO,/H,; feeds [30].

An important challenge for the InyO3-ZrO, /SAPO-34 tandem catalyst is controlling its
deactivation, which has received minor attention in the literature. The fast coke deposition
on SAPO-34 has been ascertained to be the cause for deactivation. After this, the catalyst
acquires a pseudo-steady state of remarkable remnant activity for olefin formation [26,31].
This pseudo-steady state is interesting for the use of the catalyst at a greater scale and is
related to the activity of In,O3-ZrO, for the hydrogenation of coke precursors.
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Another challenge for the use of InyO3-ZrO,/SAPO-34 tandem catalysts relies on
determining whether a total or partial reduction of the catalyst is adequate for its optimal
performance. The reported results reveal notable discrepancies in the interest in the reduc-
tion for different authors. It improves the performance under certain reaction conditions,
either because the formation of In-H hydride is favored, which is an intermediate for
methanol formation [20], or because In,O3_ corresponds to the most catalytically active
state [12]. However, no improvement is observed under other conditions [32,33]. Indeed,
the undesired over-reduction of In, easing its sintering and causing the consequent irre-
versible deactivation of the catalyst, has also been established [12,21]. These discrepancies
in the effect of catalyst reduction can be attributed to the differences in the preparation
and composition of the tandem catalysts, but also to differences in the feed composition
and reaction conditions. Moreover, not considering catalyst deactivation may hamper the
understanding and leads to obtaining different results.

Attending to the effect of the tandem catalyst configuration [30] and its arrangement
in the reactor [34] in the synthesis of olefins from CO,/CO, in this work, different original
features regarding the InpO3-ZrO,/SAPO-34 tandem catalyst were studied, which are
important to fill a notable knowledge gap for the hydrogenation of CO,/CO into olefins.
Taking into account the rapid deactivation of the catalyst, attention has been focused
on optimizing the results in the pseudo-steady state due to its interest on a larger scale.
In different sections, the following were studied: (i) the SAPO-34 to InyO3-ZrO, mass
ratio; (ii) the adequate configuration for the tandem catalyst; and (iii) the adequacy of
the oxidation-reduction state of the InyO3-ZrO, catalyst. Thus, the topics studied seek to
improve the synergy of the reaction steps of methanol/DME synthesis and their conversion
into olefins.

2. Results and Discussion

The mass ratio between SAPO-34 and InyO3-ZrO; in the tandem catalysts, the config-
uration of the catalyst (mixed or hybrid) and of the catalytic bed (single or dual) and the
effect of the catalysts’ reduction treatment (partial or complete) were studied successively.

2.1. Optimal SAPO-34 to InyO3-ZrO; Ratio

The effect of the SAPO-34 to InyO3-ZrO;, mass ratio in the catalyst was studied for
the three representative mixtures in the feed: H;/CO (CO,/COx of 0), Hy/CO,/CO
(CO,/COy of 0.5) and Hy /CO, (CO,/COx of 1). In order to facilitate the comparison, the
same InyO3-ZrO; catalyst amount in all experiments (corresponding to a space time of
3.35 ginzr h molc 1) was used. The space time is defined as the ratio between the catalyst
mass and the CO,/CO molar flow rate in the feed. Thus, the ratio between 1.22 x 107! g
of the InyO3-ZrO; catalyst and 3.68 x 1072 mol of CO,/CO h~! was used. In Figure 1,
the effect of the SAPO-34 to InyO3-ZrO; ratio over the products’ yield is presented for the
H,/CO feed. The results correspond to 16 h on stream (that is, in the pseudo-steady state, as
shown later in the results regarding deactivation). As observed, the olefin yield boosted and
surpassed 3% for an SAPO-34 to In,O3-ZrO; ratio of 0.5 and showed a plateau for higher
SAPO-34 contents. However, an undesired increase in paraffin yield was also observed.
This result is attributable to the conversion of olefins through hydrogen transfer reactions
activated by the acid sites of SAPO-34 [35]. Consequently, the olefin yield achieved with a
SAPO-34 to InyO3-ZrO; ratio of 0.5 and a selectivity of ~60% was not improved, further
increasing the amount of SAPO-34. Similar trends of product-yield evolution with this
SAPO-34 to InyO3-ZrO; ratio were observed for ternary (Hp /CO/CO,) feeds and Hp /CO,
feeds (Figures Sla and S1b in the Supplementary Materials, respectively). Consequently,
the SAPO-34 to InyO3-ZrO; ratio of 0.5 is suitable to obtain an adequate combination of
activity, selectivity and stability of the catalyst, as a consequence of the synergy in the extent
of the stages of methanol synthesis and its conversion into olefins, and of the control of the
coke deposition on SAPO-34.
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Figure 1. Effect of SAPO-34 to InyO3-ZrO; mass ratio in the tandem catalyst on product yields.

Reaction conditions: feed, H, /CO; 400 °C; 30 bar; H, /COy, 3; CO, /COy, 0; time on stream, 16 h;
space time, 3.35 gpz; h molc 1.

2.2. Configuration of the Catalyst and Catalytic Bed

The catalyst composition selected in the previous section (SAPO-34 to InyO3-ZrO; ratio
of 0.5) was tested for different configurations (described in Figure 2): (a) a packed bed with
a physical mixture of InpO3-ZrO, and SAPO-34 particles (as described in Section 3.1); (b) a
packed bed with an InyO3-ZrO, /SAPO-34 hybrid catalyst prepared via the mortar mixing
of both catalysts and the subsequent pelletizing of the mixture (Section 3.1); (c) a dual
packed-bed configuration, placing first an In,O3-ZrO; bed and, subsequently, an SAPO-34
bed; and (d) a dual packed bed, the first with a tandem catalyst with configuration (a) and,
subsequently, an additional bed with an SAPO-34 catalyst.

v (b) v (©) v (d)

4.4

Figure 2. Different configurations of the catalytic bed for the tandem In;O3-ZrO, /SAPO-34 catalysts.
(a) Physical mixture, (b) hybrid catalyst, (c) dual bed (In,O3-ZrO, and subsequent SAPO-34), (d) dual
bed (InyO3-ZrO, /SAPO-34 in physical mixture and subsequent SAPO-34 bed).

¢ In,0,-ZrO,
SAPO-34

In,0,-Zr0,/SAPO-34
e |nertSiC

Attending to the results of product-yield evolution with time on stream in Figure 3
(corresponding to an equimolecular CO; and CO feed), the differences were noteworthy,
and evidenced the great relevance of the configuration of the catalyst/bed for this process.
Configuration (a) led to an outstanding olefin yield and great stability of the catalyst
(Figure 3a). The results obtained with the hybrid catalyst (Figure 3b) were remarkably
lower than those for the former configuration due to the deterioration of the individual
catalyst properties with pelletizing. In Section 3.2, the deterioration of the surface properties
and acidity in the pelletization is attributed to the partial blocking of the micropores in
the SAPO-34 catalyst by InyO3-ZrO,. According to the results in Figure 3¢, the dual-
bed configuration was not suitable for this process, because, with the separation of the
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individual catalysts, no synergy was generated between the reaction mechanisms of the
steps of the oxygenates’ synthesis and their conversion into olefins, and, consequently, the
severe thermodynamic limitations of the first step [36] were not reduced.
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Figure 3. Comparison of the evolution of product yields with time on stream for different InyO3-
ZrO, /SAPO-34 catalyst and bed configurations. (a) In physical mixture, (b) hybrid catalyst, (c) dual
bed (Inp;O3-ZrO, and subsequent SAPO-34), (d) dual bed (InpO3-ZrO, /SAPO-34 in physical mixture
and subsequent SAPO-34 bed). Reaction conditions: feed, Hy /CO/CO;,; 400 °C; 30 bar; Hy /COy, 3;
CO,/COx, 0.5; space time, 3.35 g,z h molC*1

Finally, configuration (d) was tested to pursue further improvements to the results
obtained with the best configuration, (a), by converting the oxygenates remaining with an
additional SAPO-34 bed on-line. However, as observed in Figure 3d, this configuration
was unsuccessful. The oxygenate yield was lower and the olefin yield decayed to a third.
COx conversion was also lower (4.1% and 2.6%) and olefin selectivity was penalized, with
paraffins being the main products. The activity of SAPO-34 for olefins” conversion into
paraffins can be explained by the presence of strong acid sites, active for hydrogen transfer
mechanisms [35]. Moreover, these mechanisms are relevant for olefins’ condensation
into aromatics and of the latter into polyaromatic coke structures [37], explaining the
pronounced initial deactivation which occurred in the first 4 h on stream (Figure 3d).
The extent of these undesired reactions decreased with the time on stream due to the
deactivation of the strong acid sites of SAPO-34, leading to the decay of the paraffin yield.
Hence, the relevance of the deactivation of SAPO-34 in the results and the role of SAPO-34
in paraffin formation from olefins are ratified.
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Attending to the aforementioned results, the best performance of the physical mixture
of the individual catalysts (configuration (a) in Figure 2) with respect to other tandem
catalyst configurations for the direct hydrogenation of CO,/CO mixtures into olefins is
consistent with the results reported by Gao et al. [30] for CO, feeds. It should be noted
that the results in Figure 1 correspond to 16 h on stream, when the catalyst has reached a
pseudo-steady state of almost constant remnant activity. The greater stability of this tandem
catalyst is a consequence of the positive synergy of the vicinity of In,O3-ZrO, and SAPO-34.
Thus, the active sites of InyO3-ZrO; contribute to the hydrogenation of the hydrocarbons’
precursors to coke deposition (the oligomers generated from olefins), minimizing the
blockage of acid sites and of the cages in the microporous structure of SAPO-34.

2.3. Catalyst Reduction Treatment

XPS analyses were carried out with the methodology described in Section 3.2. The
results (Table 1 and Figure S2 in the Supplementary Materials) evidenced that subjecting
the catalyst (prepared through physical mixture with an SAPO-34 to In,O3-ZrO, mass ratio
of 1/2) to a H atmosphere prior to reaction influenced the In? /In,Oj ratio. The partial
reduction consisted of subjecting the catalyst to 10 cm® min~! of H, at a partial pressure
of 2 bar, at 400 °C for 2 h. This procedure reduced ~4% of the superficial In,O3 to In?,
whereas a more severe treatment with a H, partial pressure of 15 bar (also at 400 °C for 2 h)
completely reduced InyO3 (100%) to In’.

Table 1. In® /In,Oj5 ratio in the surface of the catalyst subjected to different reduction treatments.

Treatment In/In, O3 Ratio
Without treatment 0
Partial reduction 0.04
Complete reduction Infinite

To ascertain the effect of reduction, the results of the product-yields” evolution with the
time on stream of the In,O3-ZrO, /SAPO-34 tandem catalyst without reduction treatment
(Figure 4a) were compared with those of a catalyst subjected to partial reduction (Figure 4b).
The results correspond to a reaction with Hy /CO feed at 400 °C and 30 bar. As observed,
with both catalysts, the yields of olefins and paraffins decreased sharply with time on
stream until reaching constant values after 4 h on stream. This non-steady period must be
related to the deactivation of the catalyst. Moreover, oxygenates” presence in the product
stream indicates that deactivation affects the SAPO-34 catalyst. In addition, the lower
activity for olefin formation can explain the formation of methane through the parallel
methanation route, activated by the In;O3-ZrO, catalyst.

Attending to the higher olefin yield achieved in the pseudo-steady state with the
partially reduced catalysts (Figure 4b), this reduction contributed remarkably to the perfor-
mance of the catalyst in a positive way. Thus, hydrocarbon (methane + paraffins + olefins)
yield increased over 60%, and olefin yield boosted 50%, from ~ 2% for the catalyst without
reduction (without In° presence) (Figure 4a) to 3%, which is consistent with the increase in
the In®/In,Oj ratio to 0.04.

In Figure S3 (in the Supplementary Materials), the product yields of the catalysts
without and with reduction treatments are compared in the pseudo-steady state (conditions
after 16 h on stream, Figure 4). The results evidenced the great sensitivity of the active
sites in the InyO3-ZrO, catalyst, in which a partial reduction had a notable effect on
activity, boosting COy conversion and olefin yield. These findings might be in line with
the observation of Tsoukalou et al. [12]. Thus, these authors verified via in operando
analyses that partially reducing the In,O3 structure to InpO3_y, with an oxidation state
between *3 and *2, results in the better performance of the catalyst in the pseudo-steady
state. This result can be explained by the higher activity of the partially reduced catalyst
for hydrogenating coke precursors, easing the higher remnant activity of the catalyst in the
pseudo-steady state.
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Figure 4. Evolution of product yields with time on stream with catalysts (a) without treatment, and
(b) subjected to partial reduction with Hy. Reaction conditions: feed, H, /CO; 400 °C; 30 bar; Hy /COx
ratio, 3; CO,/COx, 0; space time, 3.35 g,z h molc 1.

To assess the joint effect of the feed composition and catalyst reduction intensity,
the results in Figure 5 (for the hydrogenation of an equimolecular CO; and CO mixture)
correspond to the catalyst without reduction treatments (Figure 5a), and that subjected
to partial (Figure 5b) and complete reduction (Figure 5c). The reaction conditions were
similar to those in Figure 4 and Figure S3 (in the Supplementary Materials) (for a CO
feed). Comparing the results in Figure 5a,b with those in Figure 4a,b, respectively, a
lower initial deactivation rate was observed with the co-feeding of CO;. This effect is
attributable to the higher H,O concentration in the medium, which was formed mainly by
the reverse water—gas shift (rWGS) reaction (Equation (5)). The role of H,O in attenuating
coke deactivation in this reaction was already proven and it is related to the decrease in the
extent of condensation reactions of coke precursors into polyaromatic structures that remain
retained in the micropores and block the acid active sites of SAPO-34 [38]. This effect of
H,O on attenuating coke deposition is general in acid [39] and bifunctional [40] catalysts.
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Figure 5. Evolution of product yields with time on stream with catalysts: (a) without reduction,
(b) subjected to partial reduction, (c) subjected to complete reduction. Reaction conditions: feed,
H,/CO,/CO; 400 °C; 30 bar; Hy /COy, 3; CO,/COx, 0.5; space time, 3.35 gz h molcfl.
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The different apparent effect of the reduction of the catalyst on the results at zero
time on stream (fresh catalyst) and for the pseudo-steady state of the catalyst (partially
deactivated by coke) is also observed in Figure 5. Thus, it was detected that after a partial
reduction (Figure 5b), the initial activity of the catalyst for olefin production and the initial
yield of paraffins (product of olefin hydrogenation) were slightly lower than for the catalyst
without reduction (Figure 5a). The decrease in the capacity to hydrogenate olefins was
also significant with the partially reduced catalyst, which resulted in a lower paraffin yield.
In Figure 5¢, corresponding to the catalyst with a complete reduction of InpOj3 to In’, the
reported trend of reduction on the initial yield of olefins is accentuated. A continued decay
with time on stream in the olefins’ formation reaction rate and their hydrogenation is also
observed in Figure 5c, with the presence of oxygenates and CHy in the product stream,
evidencing the activity of In sites for methanation.

In Figure S4 (in the Supplementary Materials), the results (product yields and CO,
and COy conversion) at 16 h on stream (pseudo-steady state of the catalysts) for the three
catalysts are compared. As observed, the partial Hy reduction treatment led to the increased
CO, conversion, slightly decreasing the conversion of COx with respect to the catalyst
without reduction, which is explained by the higher formation of CO via the riWGS reaction
(Equation (5)). The lower paraffin yield than for the catalyst without reduction indicates
a decrease in the hydrogenation activity of the catalysts, to which the increase in H,O
concentration (product of the rWGS reaction) will contribute. Thus, although the olefins’
yield decreased slightly with the partial reduction, their selectivity increased (from <70%
for the catalyst without the treatment of partial reduction to 72.5%). However, the catalyst
subjected to a complete reduction of In,O3 (Figure 5c) gave way to poor hydrocarbon yield
and lower CO; and COy conversion values due to the lower presence of active sites (oxygen
vacancies) in the catalyst. A higher yield of methane was also observed with this catalyst
(Figure 54, in the Supplementary Materials).

Attending to the aforementioned results regarding the sensitivity of the InyO3-ZrO, /
SAPO-34 tandem catalyst to the reduction prior to reaction, and to the importance of
catalyst deactivation to explain its performance in the pseudo-steady state, it must be
pointed out that these results also depend on the CO and CO, content in the feed. Thus,
while in the hydrogenation of CO a partial reduction had a favorable effect on the yield
of olefins and on catalyst activity in the pseudo-steady state, for the hydrogenation of
a CO,/CO mixture, the partial reduction barely had any effect. The difference may be
attributed to the role of the concentration of H,O in attenuating coke deposition on the
SAPO-34 catalyst in the conversion of oxygenates [41,42]. The presence of CO; in the
feed favors the formation of HyO through the rWGS reaction (Equation (4)), partially
fading the effect of the catalyst reduction. On the contrary, for the hydrogenation of CO
and CO,/CO mixtures, a more severe reduction treatment had a negative incidence over
catalyst activity in the pseudo-steady state as a consequence of the lessening of oxygen
vacancies (diminishing the activity for methanol synthesis and for the hydrogenation of
coke precursors in the SAPO-34) and selectivity (since methanation was favored).

In a previous work [31], the deactivation of the InyO3-ZrO, /SAPO-34 catalyst was
studied in detail under the reaction conditions used in this study. The results were of signif-
icant relevance to establish the optimal conditions for the process and for the configuration
of the catalyst. Coke deposition was identified as the cause for catalyst deactivation, which
mainly occurs in the SAPO-34, and barely in the In,O3-ZrO,; catalyst. In addition, the coke
deposition phenomenon is complex, given that it is affected by the concentration of H,O
(attenuating coke deposition) and oxygenates (methanol/dimethyl ether), given their role
as coke precursors. Moreover, deactivation is also attenuated by the high partial pressure
of Hy. In such an atmosphere, the InyO3-ZrO, catalyst plays a key role in activating the
hydrogenation reactions of coke precursor intermediates, thus attenuating deactivation. It
is noteworthy that the balance between coke deposition and removal in the catalyst allows
a pseudo-steady state of significant remnant activity to be reached, as confirmed in the
aforementioned results of this manuscript. Given the relevance of deactivation for the
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viability and scale-up of the process, it is an aspect that requires further attention in order
to develop new stable catalysts with an appropriate configuration.

3. Materials and Methods
3.1. Catalyst Preparation

Iny O3-ZrO, catalyst was synthesized via co-precipitation of In(NO3); (Sigma-Aldrich,
St. Louis, MO, USA) and Zr(NO3)4 (Panreac) (1M) in an In/Zr atomic ratio of 2 with
ammonium carbonate (Panreac, 1 M) at 70 °C and neutral pH, as described in detail in
a previous work [19]. The mixture was aged for 2 h, filtered, washed with deionized
water, dried and calcined at 500 °C for 1 h. The resulting powder was pelletized, crushed
and sieved to obtain 125400 um particle size. As acid catalyst, a commercial SAPO-34
molecular sieve (ACS Material, Pasadena, CA, USA) was used. The provided powder was
calcined at 500 °C for 1 h and pelletized into 125-400 um particles.

The InyO3-ZrO, /SAPO-34 catalyst was prepared and used with the following config-
uration (Figure 2): (i) physical mixture of SAPO-34 and In,O3-ZrO; catalysts (individually
pelletized as aforementioned) in a mass ratio within the 0 to 6 range; (ii) hybrid catalyst,
prepared via mixing and powdering SAPO-34 and In,03-ZrO; (in a 1/2 mass ratio) in a
mortar until a homogeneous mixture was obtained, and subsequent joint pelletizing in
the 125—400 um range; (iii) sequential arrangement of two catalyst beds, placing first the
InyO3-ZrO; catalyst for the hydrogenation of CO,/CO and, subsequently, the SAPO-34
catalyst for the on-line conversion of the oxygenates into hydrocarbons; (iv) likewise, two
catalytic beds in tandem, placing first a physical mixture of SAPO-34 and In;O3-ZrO,
with a 1/2 mass ratio (as in the hybrid catalyst) and, subsequently, an additional SAPO-34
catalyst bed, pursuing the conversion of the possible remaining oxygenates.

3.2. Catalyst Characterization

The textural properties of the catalysts, thus, pore distribution, pore volume and
BET specific surface area, were determined using Nj adsorption—desorption analyses in
Micromeritics ASAP 2010 equipment (Norcross, CA, USA) at cryogenic liquid N, tem-
perature (—196 °C). Prior to the analysis, the samples were subjected to 107> mm Hg
vacuum at 150 °C under He atmosphere for 8 h to remove possibly adsorbed impurities
and H,O. The resulting isotherms and the pore distribution, determined using the Barrett—
Joyner-Halenda (BJH) method and applied to the adsorption branch of the isotherm, are
shown in Figure 6. For the InyO3-ZrO, catalyst, a hysteresis typical of mesoporous ma-
terials is observed in Figure 1a at relative pressures over 0.6, whereas for the SAPO-34
catalyst, an exclusive microporous nature is observed. The isotherm of the hybrid catalyst
(mortar-mixed and subsequently pelletized) showed lower microporosity than expected
from the combination of InyO3-ZrO, and SAPO-34 catalysts. In fact, the BET surface area
of 98 m? g~! and micropore volume of 0.03 cm® g~! of the hybrid catalyst in Table 2 is
not in accordance with the InyO3-ZrO, /SAPO-34 ratio, indicating that further interactions
among both catalysts took place. As observed in Figure 6b and Table 2, the hybrid catalyst
was barely more microporous than the InyOs-ZrO, catalyst (with significant pore volume),
evidencing that a large amount of the micropores of the SAPO-34 catalyst were blocked
during the pelletizing of both catalyst powders. Consequently, the pore volume of the
Iny03-Zr0, /SAPO-34 hybrid catalyst was 0.13 cm® g~1, due to the presence of mesopores
of InpO3-ZrO,, although the blockage of these in the pelletizing stage was also remarkable.
Likewise, the average diameter of the pores of the hybrid catalyst (32 A) is a consequence
of the contribution of In;O3-ZrO; catalyst mesopores, the size of which reduced in the
pelletizing stage. The average pore diameters follow the expected order: In,O3-ZrO; >
Hybrid > SAPO-34.
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Figure 6. N, adsorption-desorption isotherms (a) and pore-volume distribution (b) of the catalysts.

Table 2. Textural properties of the catalysts.

Catalyst SBET (m2 g’l) Vmicropore (Cm3 gil) Vpore (Cm3 gil) dP (A)
Iny03-ZrO, 86 - 0.23 90

SAPO-34 652 0.22 0.23 15

Hybrid 98 0.03 0.13 32

InyO3-ZrO, /SAPO-34

H; and CO temperature-programed reduction (H,-TPR and CO-TPR, respectively),
and temperature-programed CO, desorption (CO,-TPD) were carried out in Micromeritics
Autochem 2920 equipment (Norcross, CA; USA), following the procedure described in
previous works [19,43]. Briefly, for the TPR assays (gathered in Figure S6 in the Supplemen-
tary Materials), 100 mg of sample was subjected to a sweeping with He (200 °C, 60 min)
to eliminate impurities and absorbed H,O and heated up to 800 °C at 2 °C min~! rate
in Hy or CO atmosphere (10% H; or CO, diluted in Ar). For the CO,-TPD (Figure S7
in the Supplementary Materials), the sweeping treatment was carried out at 550 °C (for
30 min), and after stabilization and saturation of the sample with CO, injections at 50 °C,
the physically retained adsorbate was swept with He. The desorption of the chemically



Catalysts 2023, 13, 1101

12 of 17

adsorbed CO, was carried out by heating the sample at a 5 °C min~! rate from 50 to 400 °C.
Scanning Electron Microscopy was carried out to analyze the catalyst samples (Figure S5 in
the Supplementary Materials). Figure S5 (in the Supplementary Materials) shows the char-
acteristic cubic crystals of the SAPO-34 sample [44] and the InyO3-ZrO, particles, the latter
being characteristic of polyhedrons with smaller particle sizes [34]. SAPO-34 cubic samples
of the hybrid catalysts appear chipped and cracked as a consequence of the pelletization
step, as also observed for other bifunctional catalysts, since the metallic oxides partially
blocked the micropores [45].

The TPR analyses (Figure S6 in the Supplementary Materials) evidenced the higher
reduction capacity of CO than of H; (related to the splitting activity), which is in accor-
dance with other studies on the In,Oj3 catalysts [17,18,46,47]. From the CO,-TPD analyses
(Figure S7, in the Supplementary Materials), the CO, adsorption capacity of In,O3-ZrO,
catalysts was ascertained to be higher than that of the parent In,O3 and ZrO, catalysts [19].
From these assays, the effect of CO as vacancy generator was also determined in the lit-
erature [13,17,19], which will favor CO and CO; adsorption, and, thus, will contribute to
upturning the production of light olefins.

To determine the reduction state of the In in the InyO3-ZrO; catalyst, XPS analyses
were carried out using a SPECS system equipped with a Phoibos 150 1D-DLD analyzer
(SpecsGroup, Berlin, Germany) and a monochromic Al-K« radiation source. Prior to the
analysis, the spectrometer was calibrated with Ag (Ag 3d°/2368.26 eV) and the samples
were outgassed. An initial scan was carried out using a step energy of 1 eV, dwell time of
0.1 s and a pass energy of 80 eV followed by a detailed scan using a step energy of 1 eV,
dwell time of 0.1 s and a pass energy of 30 eV. CasaXPS 2.3.16 software was used to fit the
spectra according to Gaussian—-Lorentzian model. Each analysis was repeated three times
to ensure the results. The results are listed in Table 1 and the XPS profiles are plotted in
Figure S2 in the Supplementary Materials.

As previously mentioned, the partial reduction consisted of treatment with H;
(10 cm® min~1) at a partial pressure of 2 bar and 400 °C for 2 h. According to the re-
sults in Table 1, this procedure reduced ~4% of the superficial In,O3 to In®, whereas the
treatment with a Hj partial pressure of 15 bar (also at 400 °C for 2 h) completely reduced
In, O3 (100%) to In?.

The acidity was determined using NHj3 temperature-programmed desorption (NH;-
TPD, Figure S8 in the Supplementary Materials) in Micromeritics Autochem 2920 equip-
ment (Norcross, CA, USA). NHj; injections were conducted at 150 °C until the complete
saturation of the sample, and the desorption was carried out at a 5 °C min~! temperature
rate up to 550 °C. The results listed in Table 3 evidence the higher acidity of the SAPO-34
catalyst compared with InpO3-ZrO,. The hybrid catalyst presents an intermediate acidity
(319 umolnys gcat’l) lower than the weighted average of In;O3-ZrO; and zeolite catalysts
(340 umolnp3 geat 1), indicating that a partial blockage of the acid sites of SAPO-34 catalyst
occurred during the pelletizing step of the preparation of the hybrid catalyst (as observed
in Table 2 and Figure S8 (in the Supplementary Materials)). Comparing the NH3-TPD
profiles of the catalysts prepared via pelletization (hybrid) and physical mixing, a noticeable
decrease in the amount of strong acid sites was observed in the former for the SAPO-34 cat-
alyst, particularly for the sites where NH3 desorbed above 325 °C. In contrast, the amount
of acid sites in SAPO-34 remained unaffected with the physical mixing. This effect of
pelletization, deteriorating the acidity of SAPO-34, is consistent with the aforementioned
degradation of the porous structure (Table 2) and justifies the negative synergy observed
due to pelletization when comparing the behavior of the two tandem catalysts in Figure 3
(Section 2.2).
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Table 3. Acidity of the catalysts (in pmolngs gcafl).

11’12 03 -ZI‘OZ 123
SAPO-34 778
Hybrid 319

II‘IZ 03 -ZI'02 /SAPO-34

3.3. Reaction and Analysis Equipment

The reaction experiments were carried out in PID Eng & Tech Microactivity Reference
automated equipment (PID Eng.&Tech., Madrid, Spain), described elsewhere [43], provided
with an isothermal 316 stainless steel reactor. The scheme of the equipment is depicted
in Figure S9 (in the Supplementary Materials). Whatever the catalyst configuration, the
catalytic packed bed is composed of catalyst diluted in SiC (0.035 mm particle size), an inert
solid, to ascertain isothermal conditions, avoid preferential paths and ensure a suitable bed
height when operating at small space-time values.

For the analysis of the feed and product stream, a Varian CP-4900 (CA, USA) mi-
cro chromatograph equipped with three different chromatographic columns was used:
(i) Porapak Q (PPQ) (10 m x 20 um) for quantifying CO,, methane, H,O, C,-C4 hydro-
carbons, methanol and dimethyl ether; (ii) molecular sieve (MS-5) (10 m x 12 um) for
quantifying Hy, Nj, Oy and CO; and (iii) 5 CB column (CPSiL) (8 m x 2um) for quan-
tifying C4, hydrocarbons. Periodically, the micro-GC was calibrated with standards of
known composition.

The reaction runs were typically carried out at 400 °C; 30 bar; space time (referred to
as InyO3-ZrO; catalyst mass in the bed; H, /(COy) ratio in the feed, 3; CO,/(COx) ratios
in the feed of 0 (H,/CO), 0.5 (H,/CO/CO,) and 1 (H,/COy,); time on stream (TOS) up to
16 h; and 3.35 gz h molc 1. The space-time value corresponded to 1.22 101 g of InZr
catalyst mass and a molar flow rate of 3.68 10~2 mol CO,/CO h~. It should be noted that
these reaction conditions were established in a previous work as adequate for promoting
olefin selectivity in the joint conversion of CO; and syngas [19]. The temperature (400 °C)
and pressure (30 bar) were intermediate to the optimal values for each of the integrated
reaction stages (synthesis of methanol and its conversion into olefins), which allowed us
to reach a good compromise of the extent of both reactions. The low space-time value
guaranteed gathering results in kinetic regime with deactivation of the catalyst, which
allowed us to clearly evaluate the effect of the feed composition and catalyst configurations.
As regards the Hp /COx mol ratio, a value between 2 and 3 is suggested to maximize olefin
yield, olefin/paraffin ratio and COx conversion, since higher Hy content, besides its higher
cost, does not lead to improvements in the results.

3.4. Reaction Indices

The results were quantified according to conversion, product yield and selectivity in
content C unit basis. The conversion of COy was defined as:

Feo, —F
Xco, = —=2 52100 ©)
F CO«x
and that of the CO; analogously:
Fo, — F
Xco, = C0207COZ.100 @)
Fco,

where FOCOX and Fco, are the COx molar flow rates at the inlet and outlet of the reactor,
respectively, and F%O2 and Fco, are the corresponding rates for CO,.
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Yield and selectivity (Y; and S;, respectively) were determined for the following lumps:
Cy—C4 olefins, C,—C4 paraffins, methane and oxygenates (methanol and DME):

Y = 21100 ®)
F
COy
n-F;
5 = T 00 9
"Ny F) ®

where n; is the number of C atoms in a molecule of each compound i and F; is the corre-
sponding molar flow rate at the reactor outlet stream.

To guarantee the reliability of the results, the reaction indices in this work are mean
values obtained in three experiments, with deviations lower than 5%.

4. Conclusions

The performance of the InyO3-ZrO;, /SAPO-34 tandem catalyst in the hydrogenation
of CO,/CO mixtures into olefins is highly sensitive (in yield, selectivity and stability) to the
composition (SAPO-34 to In,O3-ZrO; mass ratio), catalyst configuration (hybrid or mixture
of individual catalysts) and intensity of the catalysts’ reduction. The prompt deactivation
of the catalyst (due to coke deposition on the SAPO-34 catalyst) conditions the results and,
therefore, the interest should focus on the performance of the catalyst once acquired a
pseudo-steady state of almost constant activity.

As for the configuration of the tandem catalyst, the physical mixture with an SAPO-34
to InyO3-ZrO, mass ratio of 0.5 was ascertained as optimal for all the tested compositions
(CO,/COx ratio from 0 to 1) attending to the results in the pseudo-steady state of the
catalyst. It should be noted that the further addition of SAPO-34 entails olefins” hydrogena-
tion into paraffins. The preparation of the hybrid catalyst through pelletizing led to the
partial blockage of the SAPO-34 pores, diminishing the oxygenate conversion capacity and
hampering the synergy between the reaction mechanisms over both catalysts.

Moreover, the interest in the previous partial reduction of the tandem catalyst depends
on the feed composition (CO,/CO ratio). For CO hydrogenation, partially reducing the
catalyst resulted in higher olefin yields and selectivity in the pseudo-steady state of the
catalyst, since the activity for the -WGS reaction was favored, forming HyO and attenuating
the deactivation by coke. However, the reduction period is critical, as an over-reduction of
the InyOj3 in the catalyst leads to penalizing its selectivity to methanol/DME production,
lessening the activity for the hydrogenation of coke precursors and promoting methanation.
For the joint hydrogenation of CO, and CO mixtures (with higher concentrations of H,O),
the partial reduction (corresponding to a superficial In® /In, O3 ratio of 0.04) of the catalyst
had a favorable effect, but to a lower extent than for CO hydrogenation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13071101/s1, Figure S1: Effect of SAPO-34/In;O3-ZrO;
mass ratio in the tandem catalyst on products yields. Feed: (a) Hy/CO/CO,, (b) Hy/CO;. Reaction
conditions: 400 °C; 30 bar; H,/COx, 3; space time, 3.35 gInZr h molC~1; time on stream, 16 h;
Figure S2: XPS profiles of InpO3-ZrO; catalyst subjected to different reduction treatments: (a) without
treatment, (b) partial reduction, (c) complete reduction; Figure S3: Effect of catalyst reduction on
products yields and on COx conversion. Reaction conditions: feed, H, /CO; 400 °C; 30 bar; H, /COx
ratio, 3; CO,/COx, 0; space time, 3.35 gInZr h molC—1; time on stream, 16 h; Figure S4: Effect
of catalyst treatment on product yields and COx and CO; conversion. Reaction conditions: feed,
H,/CO,/CO; 400 °C; 30 bar; Hy /COx, 3; CO,/COx, 0.5; space time, 3.35 gInZr h molC~L; time on
stream, 16 h; Figure S5: SEM image of the hybrid InyO3-ZrO, /SAPO-34 catalyst; Figure S6: Hy-TPR
and CO-TPR profiles for In;O3-ZrO; catalyst; Figure S7: CO,-TPD profile for InyO3-ZrO; catalyst;
Figure S8: NH;3-TPD profiles for the In,O3-ZrO,, SAPO-34, hybrid In,O3-ZrO, /SAPO-34 catalyst and
In;O3-ZrO, /SAPO-34 prepared by physical mixture of both; Description of the reaction equipment;
Figure S9: Flow diagram of the reaction equipment.
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