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ARTICLE INFO ABSTRACT

Keywords: On account of the superior performance of In;O3-ZrO,/SAPO-34 tandem catalyst in the direct synthesis of olefins
CO;, valorization from CO, CO3 and CO/CO, mixture by hydrogenation, it is interesting to establish the conditions to avoid its
Olefins deactivation due to the rapid coke deposition on SAPO-34. The co-feeding of HyO and/or methanol together with
i::zit atalysts Hy + CO2/CO was studied in a packed bed reactor at: 400 °C, 30 bar; CO2/COy in the feed, 0-1; Hy/COx in the
Deactivation feed, 1-3; and space time of 5 gc, h molg?, quantifying the evolution with time on stream (up to 16 h) of CO5 and

COy conversions and olefin, paraffin and CHy yields. The effects of the co-feeding on coke content and its nature
were determined by temperature programmed oxidation (TPO) analyses of the spent catalyst. The results
highlighted the complex effect of the concentration of HyO and oxygenates (methanol/dimethyl ether (DME)) on
the deactivation of SAPO-34 and on the products yields in the pseudo-steady state of the catalyst. Co-feeding HyO
lessens coke deactivation, however, high H,O concentration leads to attenuate the acidity of SAPO-34, limiting
the performance of the tandem catalyst (mainly in the CO, conversion). Oxygenates co-feeding concentration
limit value lies on its favoring effect for coke formation. In addition to this effect, the favorable attenuation of
coke deactivation by the high Hy concentration (studied in runs with Hy/COx ratio in the feed in the 1-3 range)
plays a key role in the viability of the process, leading to a pseudo-steady catalyst state in which the activity is
constant. The proven effect of H;O and methanol concentrations will be useful for establishing new catalysts and
reaction conditions at which their presence in the reactor will attenuate deactivation.

1. Introduction thermodynamically limited reactions, boosting the conversion of CO,.
This process can be carried out via the modified Fischer Tropsch syn-
thesis or with methanol/dimethyl ether (DME) as intermediates. Tan-

dem catalysts are used, combining metal oxides and acidic zeotypes for

In order to mitigate climate change, the carbon capture and utiliza-
tion (CCU) technologies have received a great deal of attention,

encouraging the valorization of CO2 mainly through its transformation
into chemicals and fuels [1-3]. Moreover, the joint valorization of CO5
together with syngas is especially interesting when syngas (with CO and
H, as main components) is obtained from sustainable routes such as
biomass gasification or reforming of its derivatives [4-7]. In addition,
with biosyngas co-feeding part of the needed Hj is supplied.

Among the catalytic processes for CO and CO5 hydrogenation, the
direct synthesis of hydrocarbons offers the advantage of integrating in
the same reactor the stages for CO/CO, hydrogenation and the con-
version of the intermediates into the targeted hydrocarbon products
such as fuels and chemicals. The extent of the conversion of the in-
termediates favors the displacement of the equilibrium of
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each reaction stage [8-10].

Not being limited by the Anderson-Shulz-Flory (ASF) distribution,
the route with methanol/DME as intermediates is suitable for obtaining
high olefin selectivity [11]. Guo et al. [12] studied the thermodynamics
of the methanol synthesis stage, emphasizing the complex role of CO.
Thus, in the CO3 hydrogenation at equilibrium conditions, CO formation
by the reverse WGS (rWGS) had a negative effect on the conversion of
CO and on methanol yield. Whereas co-feeding CO with CO5 increased
these equilibrium values. As these authors stated, the results obtained
under favorable thermodynamic conditions will be conditioned by the
activity and selectivity of the catalysts used, highlighting that the results
in the methanol to olefins conversion stage are a direct consequence of
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the selectivity of the zeotype used in the tandem catalyst composed of a
metallic oxide and acid zeotype (OX/ZEO tandem catalysts). The most
studied catalysts are prepared mainly using oxides of In or Zn with ZrO,
as promoter for methanol synthesis: ZnO-ZrO2 [13-15], Iny03 [16-18],
Iny03-ZrO;y [19-21] or InyO03-Zn0O-ZrO, [22]. These catalysts are more
stable at the required operating temperature (>>300 °C for the oxygenate
conversion into hydrocarbons) than the conventionally employed Cu-
based catalysts [23]. The zeotype catalysts for the selective production
of olefins are primarily based on the silicoaluminophosphate SAPO-34
[13,15,16,18-21,23], mainly thanks to its severe shape selectivity
(with CHA structure). Among the attempts to improve the performance
of SAPO-34 by modulating its acidity, the addition of HF during the
synthesis was ascertained to provide more acid strength to the zeolite
and boost light olefins selectivity using a GamCrOx/H-SAPO (F) tandem
catalyst, while reducing CO selectivity [24]. Alternatively, for the pro-
duction of higher hydrocarbons catalysts based on HZSM-5 zeolite (MFI
structure) are applied, with lower severity of shape selectivity [14,17].

Even if the severe shape selectivity of the SAPO-34 catalyst is suitable
for the selective production of light olefins, it is well established for the
MTO/DTO processes that as a drawback it promotes the confinement of
the coke precursor intermediates [25,26] and their evolution towards
polyaromatic structures, which block the acid sites and the porous
structure [27]. It is also remarkable the foreseeable autocatalytic nature
of coke formation, whose rate in the MTO/DTO processes is dependent
on the methanol/DME concentration [28]. Among the strategies to
attenuate coke deactivation, the decrease of the crystal particle size and
the hierarchical organization of the pore structure of the catalyst particle
stand out [29]. The concentration of water has a favorable incidence on
the attenuation of the deactivation [30,31], which motivates its co-
feeding [32,33], although competition for the adsorption of water and
methanol/DME and reaction intermediates in the acid sites also di-
minishes their activity for the production of olefins [34-36]. Moreover,
the favorable contribution of the high Hj partial pressure for attenuating
coke deposition on methanol/DME conversion into hydrocarbons is
noteworthy [37-39] due to the hydrogenation of the coke precursors
[40]. Presumably, these effects will exist in the direct synthesis of olefins
from CO,/CO hydrogenation, although the conditions and the compo-
sition of the reaction medium are different. Hence, the presence of Hy in
the direct synthesis of olefins from CO2/CO hydrogenation results in a
lower deactivation of the SAPO-34 catalyst [41].

In a previous work [42], the optimal composition of the Iny03-ZrO,
catalyst was determined (with an In/Zr ratio of 1/2), in order to favor
the conversion of COz and COyx (CO2/CO) mixtures. This way, the sin-
tering of In by over-reduction was avoided, and the secondary metha-
nation reaction was suppresed. In addition, the optimal conditions
(moderate pressure of 30 bar, 400 °C, Hy/COy ratio in the feed of 3),
suitable for obtaining with the InyO03-ZrO,/SAPO-34 tandem catalyst a
high per pass yield of olefins (greater than 4%) with a selectivity greater
than 70 % being propylene the major olefin, were determined [41]. It
should be pointed out that the catalyst undergoes a rapid initial deac-
tivation, and subsequently reaches a pseudo-steady state of constant
activity, in which coke formation rate is equal to its elimination rate by
hydrogenation.

This work addresses the drawback of the deactivation of the In,Os-
ZrOy/SAPO-34 tandem catalyst, which conditions its feasibility for the
direct synthesis of olefins from CO5/CO feeds. The study emphasizes the
effect of reaction conditions (Hy partial pressure, water and methanol
concentration in the reaction medium) that will have an impact on the
coke deposition in SAPO-34 (origin of the deactivation). The results will
be of interest to adapt the properties of the catalyst and operating con-
ditions with the objective of lessening the deactivation.
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2. Experimental
2.1. Catalyst synthesis and characterization

Iny03-ZrO, catalyst was synthesized following a co-precipitation
method described in detail in a previous work [42]. Briefly, metallic
nitrates (In(NO3)3 and Zr(NOs)4, Panreac) were dissolved in water (1 M)
in a 2/1 In/Zr ratio and coprecipitated with (NH4)2.CO3 at 70 °C and
maintaining the pH close to 7. Subsequently, the sample was dried,
calcined and pelletized. The best configuration was ascertained to be the
mixture of individually pelletized In,03-ZrO3 (125-250 um) and SAPO-
34 (300-400 pm) catalyst particles in a 2/1 mass ratio diluted in SiC
[43]. The different particle size eases the separation of the individual
spent catalysts by sieving in order to analyze them.

Iny03-ZrO, and SAPO-34 catalysts were characterized by N
adsorption—desorption analyses (Micromeritics ASAP 2010), NHs-tem-
perature programmed desorption (NH3-TPD) analyses and Hy and CO
temperature programmed reduction (Ho-TPR and CO-TPR). Character-
ization results are shown in Table 1 (physical properties and acidity) and
in Supporting Information (Fig. S1) (TPR analyses). The high value of
the BET surface area of the SAPO-34 catalyst (651.8 m? g™1), consistet
with its microporous structure, as well as its high acidity (777.6 umolyys
gzap) should be noted. The remarkable surface area of the InyO3-ZrO
catalyst is consequence of the mesoporous structure of both oxides.
Thus, Spgr accounts for 53.4 m? g’1 for InyO3 and 95.4 m? g’1 for ZrOo,
and the pore volume 0.25 and 0.16 cm® g1, respectively [42]. The
acidity (122.6 pmolnys geat) is attributable to ZrO,. The results in Fig. S1
of Inp03-ZrO; catalyst TPR are in line with previous results [42], where
the higher reducing capability of CO compared to Hy is confirmed, in
line with the literature [42,44,45].

2.2. Catalytic activity test

CO2/CO hydrogenation reactions were carried out in a reaction
equipment (PID End & Tech Microactivity Reference) described in
previous works [42,46] equipped with an isothermal stainless steel
packed bed reactor, with an effective length of 10 cm and an inner
diameter of 9 mm and it can operate at conditions up to 800 °C and 100
bar. It is provided with an internal ceramic coating to avoid side re-
actions with the reactor walls. For each run the reactor was loaded with
a mixture of the desired catalyst amount and SiC (up to 5 g of solid
mixture) to avoid preferential pathways, ensure isothermal conditions
and sufficient bed-height when using small space time values. In order to
analyze the products on-line, a representative fraction of the reactor
outlet stream was diluted in He and sent to an on-line connected gas
chromatograph (Varian CP-4900). The microGC is equipped with MS-5,
Porapak Q and CPSiL columns, allowing the quantification of com-
pounds comprising Ho, HyO, oxygenates (methanol and DME) and hy-
drocarbons up to Cg.

The coke deposited over the spent catalysts was studied by temper-
ature programmed oxidation (TPO) analyses (TA Instruments TGA
Q5000 thermobalance), consisting of: i) sweeping of the sample with He
at 120 °C for 30 min to remove the humidity, ii) stabilizing of the sample
in air at 120 °C (10 cm® min’l) and iii) heating of the sample up to
680 °C with a heating rate of 7 °C min . The weight of the sample was
measured during the whole experiment to ascertain that all humidity

Table 1
Physical and acid properties of the metallic and acid catalysts.

Catalyst SBET Viicropore Vpore d, Acidity (umolyps
(m* (em®g™)  (em?® (nm) eat)
gh g
Iny03- 86 0.003 0.23 9.0 122.6
ZrO,

SAPO-34 652 0.219 0.23 1.5 777.6
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was desorbed during the first step.

The reaction runs were carried out under the following conditions:
350-425 °C; 20-50 bar; space time, 5 gc,¢ h molg L. Hy/COy, 1-3; Hy/
COy, 0-1. The effect of H,O and methanol content in the reaction me-
dium was studied co-feeding both in a 5 % molar fraction.

The results were quantified from the molar flows at the inlet and
outlet of the reactor in contained C units, as follows.

Conversion of CO5 (Xco2):

0
Fco2 —F CO,

0
FCOZ

Xco, = 100 )

where FQ and Fco, are the CO, molar flowrates at the inlet and outlet
of the reactor, respectively.

The conversion of the CO and CO, mixture (the carbon fraction
converted into hydrocarbons or oxygenates) (Xcox) was defined as:

0
l:cox - FCOx

0
FCOX

Xco, = 100 2

where Foy is inlet molar flowrate in C atoms, and Fqoy its analogous at
the outlet of the reactor.

Carbonaceous product yields (Y;) and selectivities (S;) were defined
by grouping the products in lumps: CHy4, C2-C4 olefins, Co-C4 paraffins
and oxygenates (methanol and DME) according to the following
expressions:

iF;
Y, =251 100 @)
F,
oy
l'liFi
Si = 100 4
S OiF, (C))

being n; the number of C atoms in a molecule of i component (or
lump) and F; the corresponding molar flowrate at the reactor outlet
stream.

3. Results
3.1. Coke deposition over SAPO-34

Fig. 1 shows the TPO profiles of the two individual catalysts after a
certain reaction. It is evident that most of the coke was formed over
SAPO-34 (where coke amount accounted up to 10.9 wt% while in InyOs3-
ZrOy did not reach 0.6 wt%). The high coke content for SAPO-34 is
typical of the MTO/DTO processes [26,47-49] and it is explained by the
confinement capacity of the intermediate arenes formed in the dual
cycle mechanism in the cages of SAPO-34 catalyst. The wide

0.006 |-

DTG (ug,min"'g’L,)

000
100 200 300 400 500 600 700
Temperature (°C)
Fig. 1. Comparison of TPO profiles for the individual In,O3-ZrO, and SAPO-34

spent catalysts. Reaction conditions: 400 °C; 30 bar; CO,/COy, 0.5; space time,
5 gcath molgl; H,/COy, 3, and; time on stream, 16 h.

Fuel 346 (2023) 128298

temperature range (250-650 °C) of the TPO profile corresponds to a
coke formed by heterogeneous carbonaceous species, whose condensa-
tion towards polyaromatic structures during the reaction and its com-
bustion in the TPO analysis will be limited by the diffusional restrictions
in the cages of the SAPO-34. On the contrary, The hydrogenation
capability of the InpO3-ZrO, catalyst enables the hydrogenation of coke
precursors during the reaction and its mesoporous structure eases its
diffusion outwards the catalyst particle, explaining its low content in 16
h on stream. Furthermore, in Fig. 1, the maximum combustion peak is
observed at 450 °C for SAPO-34 and 270 °C for InyO3-ZrO,, as the
combustion of the coke deposited on the metallic oxides is catalyzed
(which is interesting to facilitate its regeneration). In all the studied
reaction conditions similar results to these plotted in Fig. 1 were ob-
tained, pointing to coke formation over SAPO-34 as the main responsible
of the deactivation of InyO3-ZrO,/SAPO-34 tandem catalyst. Conse-
quently, the same species that deactivate SAPO-34 during the MTO/DTO
reactions will presumably be the reason for the deactivation of the
tandem catalyst in the direct CO/CO5 to olefins conversion too, as will
be discussed below.

3.2. Effect of the feed composition

3.2.1. Water and methanol co-feeding with Hy/CO and H2/CO3 feeds

Various runs, where H,O, methanol, and an equimolar mixture of
H-,0 and methanol were added to the Hy + CO/CO, feed, were con-
ducted to assess the role of HyO and methanol intermediates in the direct
hydrogenation of CO/COj to olefins over the tandem catalysts. The HyO
flow rate fed was calculated to simulate the same concentration as that
generated stoichiometrically by the rWGS reaction with Hy/CO, feeds,
which corresponds to approximately 5 mol%. Consequently, the effect of
CO and CO5 can be compared as in all cases HyO concentration was
similar. For the co-feeding of methanol, the CO and CO, flow rates were
adjusted to keep the same space time value. Hy/COx ratio in the feed was
3 in all runs.

In Fig. 2 product yields evolution with time on stream with Hy/CO
feed is depicted together with the results obtained co-feeding H>O and
methanol. With the Hy/CO feed (Fig. 2a), the initial deactivation of
SAPO-34 was very fast, which caused a decrease in olefin and paraffin
(formed by hydrogenation of the former) yields, and led to an increase of
the concentration of oxygenates (non converted) and CH4 (formed by
oxygenates cracking). These yields reached a constant value after 4 h on
stream corresponding to the catalyst remaining activity.

H50 co-feeding (Fig. 2b) attenuated the deactivation rate, delaying
the time for acquiring a pseudo-steady state of the catalyst (up to 8 h) in
which olefin and paraffin yields were similar to those obtained without
H50 in the feed. The higher yield of oxygenates and lower CHy yield
demonstrate the effect of HyO to attenuate the activity of SAPO-34 acid
sites for the dual cycle mechanism and also for methanol/DME cracking
[50,51]. Consequently, besides the lower deactivation, the smaller CHy4
yield is another interesting result that facilitates the recirculation of the
products stream and helps to obtain higher conversion.

On the other hand, methanol co-feeding (Fig. 2c), did not lead to a
higher olefin yield. Because the deactivation rate is directly dependent
to oxygenates concentration. Thus, the yield of olefins and paraffins was
stable after 2 h on stream and the values were significantly lower than at
previous conditions. In this reached catalyst state, the oxygenate stream
was mainly formed by DME, because methanol dehydration activity was
maintained, which only required a low density of acid sites of reduced
acid strength [35,52]. The high CH4 yield obtained when co-feeding
methanol suggests that CH4 was being formed due to the high oxygen-
ates (methanol and DME) partial pressure, which underwent thermal
cracking at 400 °C (mainly DME as it is less stable than methanol) [53].
Thus, it is observed that an excessive formation of oxygenates has the
drawback of strongly favoring the fast deactivation of SAPO-34 catalyst
by coke. Based on the results, the incidence of HyO co-feeding on the
deactivation of the SAPO-34 catalyst was similar to the well-established
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effect on the conversion of methanol/DME to olefins (processes at at-
mospheric pressure and without Hy presence). HyO decreases the ac-
tivity and attenuates the deactivation of the catalyst, as it competes for
the adsorption in the acid sites with reactants and coke precursors
[51,52]. It is also well-established for the methanol/DME conversion to
olefins over different acid catalysts that increasing the concentration of
reactant oxygenates results in a higher coking rate [33,53].

In terms of scaling up, it is interesting to compare the yields in the
pseudo-steady state of the catalyst for the different feeds (Fig. 2d). When
co-feeding H,0, olefin yield in the pseudo-steady state of the catalyst
was equal (and it was even higher before reaching this state, compared
to pure Hy/CO feeds) and higher oxygenate yield was achieved. The
latter occurs due to the shift of the equilibrium of the methanol to DME
dehydration step (hampered by H,0), which results in higher methanol
yield in the medium and lower CH4, enlightening that it is formed
preferentially from DME thermal cracking. These effects (derived from
the presence of Hy0) would take place without HoO co-feeding when
modifying many other process conditions, considering that HyO is the
product of numerous reactions of the direct CO,/CO to olefins process: i)
rWGS reaction, ii) synthesis of methanol from CO,, iii) methanol
dehydration to DME and iv) conversion of oxygenates to olefins.

The effect of methanol co-feeding in Fig. 2d shows a high oxygenate
yield and CHy. It is remarkable that DME is the major compound within
the oxygenates (96 %). This occurs due to the fast deactivation of SAPO-
34 catalyst, only capable of dehydrating methanol. Moreover, the low
remaining activity of SAPO-34 for the conversion of methanol/DME via
the dual cycle mechanism favors the CH4 formation by DME thermal

cracking. Consequently, this effect must be taken into account, oper-
ating under conditions in which the excess of oxygenates in the reaction
medium is avoided.

Fig. 2d also gathers the results obtained with the catalyst in the
pseudo-steady state with the joint co-feeding of H,O and methanol. In
this case, the excess of both components in the reaction medium com-
bined their negative effects, resulting in a decrease in olefin yield and in
an increase of DME yield. The CHy yield attained was similar to that
obtained without co-feeding H,O or methanol, suggesting that the ef-
fects of co-feeding methanol (favoring CH4 formation) and H2O (atten-
uating CHy4 formation) were compensated.

The effect of the co-feeding of HoO and methanol was also evaluated
for Hy/CO,, feed (Fig. 3), comparing the results with the aforementioned
for Hy/CO feed. As observed previously in Fig. 2b with Ho/CO feed, H,O
co-feeding led to a very even evolution of products distribution with
time on stream (Fig. 3b) compared to the run without HyO co-feeding
(Fig. 3a). However, the conversion into olefins was strongly penalized
by the thermodynamic effects (attenuation of the extent of rWGS,
methanol formation, DME formation and MTO/DTO reactions). The
results obtained by methanol addition (Fig. 3c) resulted in an excess of
oxygenates that turned into a high CH4 formation by DME (main
oxygenate in this case) thermal cracking.

Comparing the product yields in the pseudo-steady state of the
catalyst (Fig. 3d), it is observed that HyO co-feeding also entailed a
negative effect, in contrast to that observed for Hy/CO feed (Fig. 2d).
This occurs because for Hy/CO- feed the rWGS reaction is favored and,
thus, the HoO generated by rWGS is added to the fed H20, resulting in an
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excess of HoO in the medium. Therefore, the high H>O concentration
excessively attenuated the extent of the dual cycle mechanism for olefin
formation. On the other hand, analogously to what was observed for the
Hy/CO feed, co-feeding methanol occasioned negative effects. CH4 and
DME were formed and olefin yield was lower. Furthermore, the joint co-
feeding of H>0 and methanol integrated the negative effects. These re-
sults ratify the importance of H,O and methanol/DME concentrations on
the mechanisms of the direct synthesis of olefins from CO, and on
deactivation. It is also noteworthy that the presence of H>O in a small
concentration had the positive effect of attenuating the deactivation
with the Hy/CO feed. Nonetheless, an excessive H,O concentration with
Hy/CO; feed involved the negative effect of limiting the activity of the
acid sites of SAPO-34 to be predominant.

All these effects over the catalyst deactivation are related to the
differences in coke formation on the SAPO-34 catalyst. These trends are
clearly observed in the TPOs gathered in Fig. 4 corresponding to the runs
with Hp/CO; feed, without and with co-feeding H2O, methanol and a
mixture of both. On the one hand, co-feeding H;0 lessened coke content
from 10.3 wt% to 4.3 wt%. Consequently, the noticeable limited activity
of SAPO-34 observed in Fig. 3b and 3d is explained by the competence of
H0 with the oxygenates for its adsorption in the acid sites [51,52].

On the other hand, coke content rose up to 14.4 wt% when methanol
was co-fed. Moreover, in this case, TPO profile was displaced to higher
temperature (the corresponding to the highest combustion peak rate is
at 500 °C), which is in line with a more condensed coke [30,40]. This
takes place due to the higher extent of the condensation reactions of the

1T T 17 T T T T7T
— H,/CO,/CH,OH
0.006 - _ 4 /co./H,0/CH,OH B
2 2072 3
3 H,/CO,/H,0 |
- — H,/CO,
S 0004} %
EU
> |
2 10.3%
2 0002} -
E o
0000 ket A | 1 Y

200 300 400 500 600 700
Temperature (°C)

Fig. 4. Effect of the different co-feedings on the SAPO-34 TPO profiles and their
corresponding coke content (wt%). Reaction conditions: 400 °C; 30 bar; COy/
COy, 1; space time, 5 gca h molc 1. H,/COy, 3; and time on stream, 16 h.

arenes retained in the cages of SAPO-34, that will evolve into poly-
aromatic condensed structures (coke with a lower H/C ratio). The joint
co-feeding of HyO and methanol resulted in an intermediate coke profile
(compared to the two individual feeds), both in area (coke content 10.1
wt%) and position (combustion rate peak slightly lower than 500 °C),
even if the negative effect of increasing methanol concentration was
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predominant, favoring coke deposition and condensation. On the other
hand, the symmetry of the TPO profiles hampers the identification of
different coke types by deconvolution, which is indicative of the coke
being deposited in a porous structure with uniform spaces (CHA topol-
ogy with 10 x 6.7 cavities A connected by 3.8 x 3.8 A 8-ring cages) [54].
The long reaction time (16 h) contributes to the uniformity of the coke,
since for all the conditions studied, the catalyst had already reached a
pseudo-steady state of constant activity, and presumably the coke also
reached a pseudo-steady state of condensation.

3.2.2. Hy/COx feeds

Considering the aforementioned difference in catalyst deactivation
for Hy feed with CO and CO5, (especially due to the higher Hy0O generated
with CO, via rWGS) is interesting to assess the differences among Hy/
CO, Hy/CO/CO; and Hy/CO,, feeds, although the lower reactivity of CO4
in the methanol synthesis should be taken into account in the
comparison.

Fig. 5 compares the evolution of COx conversion with time on stream
for Hy/CO, Hy/COy (equimolar mixture of CO, and CO) and Hy/CO4
feeds. Here, the difference in the initial deactivation rate was evident, in
the order Ho/CO > Hy/COyx > H2/CO; and can be explained by the in-
crease of the HyO concentration in the medium with the presence of CO,
in the feed (as it favors the greater extent of the rWGS) and its attenu-
ating effect on coke formation. Moreover, this effect was also observed
for different operating conditions (different InO3-ZrO5/SAPO-34 ratios,
operating temperatures, pressures and space time values) (results not
shown).

The yields obtained after 16 h on stream, i.e., at pseudo-steady state,
are depicted in Fig. 6. The results were obtained with runs with CO2/COy
ratios in the feed of: 0, 0.25, 0.5, 0.75 and 1.

The maximum olefin yield value was achieved with a CO2/COx ratio
of 0.5, although the difference with the feeds with lower CO5 amount
was not remarkable. It is observed that, when increasing the COy
amount in the feed up to that value, the increase in Hy;O concentration
(as product of the rWGS reaction) enhanced the process by attenuating
the deactivation. Indeed, with a CO2/COx ratio of 0.5, in pseudo-steady
state, SAPO-34 maintained a sufficient remaining activity for the com-
plete conversion of oxygenates into olefins, avoiding their cracking into
CHy. The slight decrease of olefin yield for feeds with higher CO5 content
suggests that the effect of the lower reactivity of CO, with respect to CO
[55] predominated over the expected higher attenuation of
deactivation.

The effect of co-feeding H,O and methanol together with Hp/COx on
catalyst deactivation, for a CO,/COx ratio of 0.5, was also studied. The
results of evolution of the products with the time on stream revealed an
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Fig. 5. Effect of CO,/COy ratio in the feed (0, 0.5 and 1) on the evolution of
COy conversion with time on stream. Reaction conditions: 400 °C; 30 bar; Hy/
COy, 3; and space time, 5 g h molg’.
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intermediate trend to those observed previously for the Hy/CO and Hy/
CO4, feeds. Thus, the effect of co-feeding H,O on the yields at the pseudo-
steady state of the catalyst (Fig. 7) was in line with the aforementioned
results. However, the unfavorable effects observed for the Hy/CO4 feed
predominated, due to the high H»O concentration (generated by the
rWGS reaction) that diminished the activity of the acid sites. According
to this, HyO co-feeding also inhibited olefin formation. On the other
hand, the effect of increasing methanol concentration, especially
without the compensation of co-feeding H,0O, was decisive to intensify
the deactivation rate by coking, resulting in the inhibition of methanol
conversion into olefins.

3.3. H3/COx ratio in the feed

The effect of this variable was analyzed separately considering that,
in addition to affecting the deactivation of the InyO3-ZrO2/SAPO-34
tandem catalyst (leading to pseudo-steady states of different interest), it
also affects directly the kinetics of the methanol/DME synthesis re-
actions. This direct effect will mask the results explained in the Section
3.2 about the concentration of HyO and oxygenates.

- I Olefins -
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[ | Oxygenates
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Yield (%)
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H2 H2 H2 H2
COICO, CO/CO, CO/CO, COICO,
+H,0 +H,0 +CH,OH
+ CH,OH

Fig. 7. Effect of different co-feedings on products yield. Reaction conditions:
400 °C; 30 bar; CO,/COy, 0.5; Hyo/COx, 3, 5 gcath molc?; space time, 5 geath
molc?!; and time on stream, 16 h.
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The results of the evolution of products yields with time on stream
shown in Fig. 8 correspond to feeds with Hy/COx molar ratio of 1, 2 and
3 (Fig. 8a, 8b and 8c, respectively). It is evidenced that the higher Hy
partial pressure augmented the initial olefin yield, but also favored their
hydrogenation into paraffins. Moreover, the catalyst deactivation was
remarkably attenuated when increasing Hy partial pressure due to the
hydrogenation of coke precursors [31,38]. As a consequence, by
increasing the Hy/COx ratio, the catalyst maintained a higher remaining
activity in the pseudo-steady state and the CO, and COy conversions
values were higher (Fig. 8d).

The attenuation of deactivation with increasing Hy concentration
may be attributed to the effect on the content and nature of coke in the
SAPO-34 catalyst. In the TPO profiles gathered in Fig. 9, it is observed
that at higher Hy/COy ratio, the coke content decreased. Furthermore,
although the symmetry of the profiles evidenced the aforementioned
uniformity of coke, the different extent of the evolution towards
condensed structures is noteworthy. The effect of Hy/COx ratio in Fig. 9
is moderate because in all three conditions the partial pressure of Hy was
high enough to hydrogenate coke precursors [40], and consequently to
difficult its condensation into polyaromatic structures. These hydroge-
nation reactions presumably are activated by the InyO3-ZrO, catalyst
sites in contact with the SAPO-34 catalyst. It is noteworthy that the
temperature corresponding to the maximum combustion rate in the TPO
profiles was low (in the range of 450-500 °C), indicating relatively little
condensed coke. Moreover, it should be noted that it was proved in a
previous work that coke is partially eliminated by means of an inert gas
stream [46]. These results are in good agreement with the literature of
the MTO and DTO processes, in which the coke is relatively little
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Fig. 9. Effect of Hy/COx ratio in the feed on the TPO profiles of spent SAPO-34
and the corresponding coke content (wt%). Reaction conditions: 400 °C; 30 bar;
CO,/COy, 0.5; space time, 5 gc, h molg 1, and; time on stream, 16 h.

condensed under usual conditions (atmospheric pressure) [30,35,56].
The increase in the Hy/COy ratio in the feed on coke content and nature
led to the lower deactivation rate of the catalysts and its greater
remaining activity in the pseudo-steady state in Fig. 8, due to the greater
ease of the reactants to access the cages of the SAPO-34. Based on these
results, an Hy/COx ratio above 3 could be considered adequate to further
mitigate deactivation. However, Hy availability must be considered to
establish an optimal Hp/COy value. Accordingly, a value of 3 at 30 bar
was set as appropriate, achieving a good compromise between olefin
yield-selectivity and catalyst stability [41], bearing in mind that under
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Fig. 8. Evolution of products yields with time on stream for H,/COy values in the feed of 1 (a), 2 (b) and 3 (c), and CO, and COx conversion values at the pseudo-
steady state of the catalyst (16 h on stream) (d). Reaction conditions: 400 °C; 30 bar; CO,/COy 0.5, and; space time 5 g.,¢ h molc 1
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these conditions Hy produced with PEM electrolyzers could be used
[57].

4. Conclusions

The rapid deactivation by coke of the SAPO-34 catalyst conditions
the performance of the InyO3-ZrO5/SAPO-34 tandem catalyst in the
direct synthesis of olefins from CO,/CO and the yield of olefins and
byproducts (paraffins and CHy) in the subsequent pseudo-steady state.

The increase in Hy concentration resulted in lower coke deposition
and of less condensed nature, which contributes to lessen de deactiva-
tion rate and to increase the remaining activity of the catalyst in the
pseudo-steady state. However, the role of HoO and oxygenates (meth-
anol/DME) concentration on the deactivation of the SAPO-34 was
complex, due to the implication of these compounds (reaction in-
termediates) in the mechanism of the main and deactivation reactions
involved in the conversion of the oxygenates. Increasing HyO concen-
tration lessened the deactivation of the SAPO-34 catalyst for Hy/CO
feed, boosting olefins yield. However, this did not occur for the Hy/CO»
feed, because the H,O concentration was too high at this condition, and
its negative effect of attenuating the activity of the acid sites of the
SAPO-34 predominated. In addition, the excessive concentration of
methanol/DME, desired as reactants for olefin production, had the
counterpart of favoring deactivation by coke, and consequently the
presence of DME and CHy4 as by-products.

These effects of HoO and methanol concentration affect the perfor-
mance of the tandem Iny03-ZrO,/SAPO-34 catalyst in the conversion to
olefins of CO3/CO mixtures, in which the H,O concentration in the feed
would also influence the effect of other operating conditions (tempera-
ture, pressure, space time, InpO3-ZrO,/SAPO-34 ratio) on the deactiva-
tion. Consequently, when studying the effect of the process conditions
for the interpretation of the results, their effect on the H,O and oxy-
genates concentrations must be taken into account. Moreover, the
incidence of HoO and oxygenates concentrations should be taken into
account in the development of kinetic models for this process, and in
particular, in the kinetics of deactivation by coke. These effects are also
of interest to progress in the design of new catalysts (more stable in the
presence of HyO and with lower coke deposition) and reactors. Among
the initiatives to modify the acid zeotype, the modulation of the acid
strength and the generation of hierarchical porous structures (with
mesopores inside the crystals or agglomerating the zeotype in a matrix)
may contribute to attenuate coke deposition. To minimize the attenua-
tion of the activity by the concentration of H20, it would be reasonable
to use less hydrophilic zeotypes and their incorporation into composites
with HpO adsorbing materials. From the perspective of improving the
reactor, hydrophilic membrane reactors may be a good solution to avoid
the unfavorable effect of excess H,O with CO5/CO feeds.
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