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ABSTRACT: The tandem CO2 hydrogenation to hydrocarbons
over mixed metal oxide/zeolite catalysts (OXZEO) is an efficient
way of producing value-added hydrocarbons (platform chemicals
and fuels) directly from CO2 via methanol intermediate in a single
reactor. In this contribution, two MAPO-18 zeotypes (M = Mg, Si)
were tested and their performance was compared under methanol-
to-olefins (MTO) conditions (350 °C, PCHd3OH = 0.04 bar, 6.5
gCHd3OH h

−1 g−1), methanol/CO/H2 cofeed conditions (350 °C,
PCHd3OH/PCO/PHd2

= 1:7.3:21.7 bar, 2.5 gCHd3OH h
−1 g−1), and tandem

CO2 hydrogenation-to-olefin conditions (350 °C, PCOd2
/PHd2

=
7.5:22.5 bar, 1.4−12.0 gMAPO‑18 h molCOd2

−1). In the latter case, the
zeotypes were mixed with a fixed amount of ZnO:ZrO2 catalyst, well-known for the conversion of CO2/H2 to methanol. Focus was
set on the methanol conversion activity, product selectivity, and performance stability with time-on-stream. In situ and ex situ Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), solid-state nuclear magnetic resonance (NMR), sorption
experiments, and ab initio molecular dynamics (AIMD) calculations were performed to correlate material performance with material
characteristics. The catalytic tests demonstrated the better performance of MgAPO-18 versus SAPO-18 at MTO conditions, the
much superior performance of MgAPO-18 under methanol/CO/H2 cofeeds, and yet the increasingly similar performance of the two
materials under tandem conditions upon increasing the zeotype-to-oxide ratio in the tandem catalyst bed. In situ FT-IR
measurements coupled with AIMD calculations revealed differences in the MTO initiation mechanism between the two materials.
SAPO-18 promoted initial CO2 formation, indicative of a formaldehyde-based decarboxylation mechanism, while CO and ketene
were the main constituents of the initiation pool in MgAPO-18, suggesting a decarbonylation mechanism. Under tandem CO2
hydrogenation conditions, the presence of high water concentrations and low methanol partial pressure in the reaction medium led
to lower, and increasingly similar, methanol turnover frequencies for the zeotypes. Despite both MAPO-18 zeotypes showing signs of
activity loss upon storage due to the interaction of the sites with ambient humidity, they presented a remarkable stability after
reaching steady state under tandem reaction conditions and after steaming and regeneration cycles at high temperatures. Water
adsorption experiments at room temperature confirmed this observation. The faster activity loss observed in the Mg version is
assigned to its harder Mg2+-ion character and the higher concentration of CHA defects in the AEI structure, identified by solid-state
NMR and XRD. The low stability of a MgAPO-34 zeotype (CHA structure) upon storage corroborated the relationship between
CHA defects and instability.
KEYWORDS: CO2 valorization, MTH, MTO, MgAPO-18, AEI, deactivation

■ INTRODUCTION

CO2 capture and utilization (CCU) has potential as a key
technology for the post-fossil society, where it will enable the
production of fuels as well as consumer goods with properties
equal to those obtained by converting fossil carbon. In this
context, the conversion of COx (x = 1, 2) and hydrogen via
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oxygenates (methanol, dimethyl ether, ketene) to hydro-
carbons over a tandem catalyst is a promising approach to
produce specific ranges of hydrocarbons, such as BTX
(benzene, toluene, and xylenes) for specialty chemicals, olefins
for polyolefin production, as well as paraffins and alkane-
aromatic mixtures for fuels.1 The tandem catalyst generally
consists of a metal and/or metal oxide component to form the
oxygenate and a zeolite/zeotype component to convert the
oxygenate to hydrocarbons. This commonly named OXZEO
catalyst achieves product distributions beyond the Fischer−
Tropsch limitation,2 yet in a broader range to what is obtained
in the conversion of methanol to hydrocarbons (MTH) over
the same zeolite/zeotype.3 Some differences exist, which have
been ascribed partly to the presence of additional components
in the gas feed, in particular, high-pressure H2, CO, and
H2O.

3−7

An inherent challenge of the OXZEO process is that the
conditions for the direct synthesis of hydrocarbons from CO2
are intermediate between the ideal conditions for methanol
synthesis and methanol conversion, respectively. Importantly,
this shift of conditions implies that zeotype catalyst perform-
ance and ranking may be different from those of the well-
studied MTO process, hence opening a new arena for catalyst
investigations. Even though the MTH-commercialized cata-
lysts SAPO-348−10 and H-ZSM-511,12 have received most
attention as the acidic function in the OXZEO catalyst, the
comparison made by Su et al.13 between the former and its
SAPO-18 counterpart suggested the potential of SAPO-18
(with the AEI framework) to outperform SAPO-34 (with the
CHA framework) in the tandem process aimed at light olefin
production. In essence, AEI and CHA are very similar
topologies composed of the same layer units (double T6
rings connected along the diagonals) stacked with inversion
symmetry (CHA) or a mirror plane (AEI) between
neighboring layers. The authors ascribed the differences in
activity to the weaker acidity generated in the AEI structure by
the incorporation of the same amount of Si, which also
significantly increases the barrier for hydrogen transfer and
therefore improves the olefin/paraffin ratio. The same

conclusion was reported by Zhang et al.14 in the tandem
CO2 hydrogenation combining a ZnO:ZrO2 mixed oxide with
SAPO-34 and -18. To study the unique effect of acid strength
in the AEI topology, we recently introduced a series of MAPO-
18 catalysts (M = Mg, Co, Zn, Si) and tested them in the
conversion of methanol to light olefins (MTO), revealing that,
indeed, the addition of H2 and CO to the methanol feed at
high pressure had a stronger effect on materials containing
divalent heteroatoms in the lattice compared to the one
containing lattice Si. In particular, olefin hydrogenation and
coke formation were more strongly suppressed in the
M(II)APO-18 materials, leading to higher olefin/paraffin
ratios and turnover numbers (TONs) for these materials.15

These results were intriguing, especially since the M(II)APO-
18 materials have stronger Brønsted acid sites than SAPO-18, a
property known to promote hydrogen transfer reactions and
coke formation during the MTH reaction in zeolites/
zeotypes.16 Furthermore, specifically in the tandem COx
conversion, Li et al.17 demonstrated an enhanced activity for
secondary reactions, including ethylene oligomerization and
hydrogenation in SAPO-18 with the highest acid strength.
The strongly diffusion-limiting window size of MAPO-18

(3.8 Å × 3.8 Å) prevents mechanistic detail from being gained
through effluent product analysis. However, low temperature
and in situ FT-IR studies of the CoAPO-18 and SAPO-18
samples revealed that CoAPO-18 contained Brønsted acidic
Co-(OH)-P bridge sites, as well as two Lewis acid sites: one
associated with lattice Co and one associated with Co ion
exchanged onto Brønsted acid sites. Ultimately, the CoAPO-18
catalyst quickly formed retained aromatic compounds during
MTO, while the SAPO-18 catalyst predominantly formed
alkenes in the first few minutes of the reaction, with a gradual
buildup of aromatic compounds.18 Prior studies of MAPO-5
(M = Mg, Co, Zn, Si, Ti, Zr), a 1D open-channel 12-ring
structure (AFI), revealed that a higher acid strength (M = Mg,
Co, Zn) led to higher alkene selectivity compared to SAPO-5,
which produced more aromatic compounds.19 Theoretical
studies of propene versus benzene methylation reactions in
MAPO-X structures (X = 5, 18, 34) suggested that the larger

Figure 1. Evolution with time of oxygenate conversion in the methanol-to-olefins reaction using the MAPO-18 zeotypes (M = Mg, Si) at (a) 350
°C, 1 bar, 40 mbar methanol in He, 6.5 gMeOH h−1 g−1 and (b) 350 °C, 30 bar, 1 bar methanol in H2/CO with a 3/1 ratio, 2.5 gMeOH h−1 g−1.
Evolution with time of CO2 and oxygenate (OX, methanol + DME) conversions in the CO2 tandem hydrogenation to hydrocarbons using
ZnO:ZrO2 + (c) MgAPO-18 and (d) SAPO-18 catalysts at different MAPO-18 space times: 1.4 (green), 2.0 (blue), 4.0 (orange), 8.0 (red), and
12.0 gMAPO‑18 h molCOd2

−1 (violet) at 350 °C, 30 bar, H2/CO2 ratio of 3, fixed CO2/ZnO:ZrO2 ratio. Samples were calcined and stored before
testing.
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transition state (TS) from benzene methylation is better
stabilized by the lattice than the propene methylation TS,
leading to lower acid strength sensitivity for benzene than for
propene methylation.20−22 This conclusion was supported by
experimental studies of benzene versus propene methylation in
MAPO-5 (M = Mg, Si, Zr). The experimental study further
showed a higher selectivity toward hydrogen transfer reactions
in MgAPO-5 than in SAPO-5.23 Similar effects of alkaline earth
metals were previously observed by theoretical and exper-
imental studies of H-ZSM-5, before and after ion exchange of
M2+ (M = Ca, Sr, Mg) onto Brønsted acid sites.24

In this study, we investigated and compared MgAPO-18 and
SAPO-18 as the zeotypes within the OXZEO catalyst. This was
done in conjunction with a ZnO:ZrO2 mixed oxide, recognized
for its high methanol selectivity and stability under the
demanding tandem conditions at elevated tempera-
tures.8,11,14,25 Kinetic studies, as well as material character-
ization using XRD, IR, solid-state NMR spectroscopy and ab
initio molecular dynamics (AIMD) calculations, revealed
details about the state of the zeotypes and how it affects
their catalytic performance as the studied conditions gradually
transitioned from the MTO via the methanol/CO/H2 cofeed
to the CTO (CO2/H2-to-olefins) process. Special attention has
been paid to the role of water in the reaction medium in this
process transition, as well as the major role played by water in
the fate of heteroatoms when the zeotypes are stored.

■ RESULTS AND DISCUSSION

Role of Heteroatoms in MTO and CO2 Tandem
Hydrogenation

Two MAPO-18 zeotypes, synthesized by the isomorphic
substitution of Mg or Si in the AlPO-18 (AEI) framework,
have been systematically compared. Both zeotypes were
prepared following a similar synthesis protocol and show
comparable crystallinity, Brunauer−Emmett−Teller (BET)
specific surface area, and acidity (Figure S1 and Table S1).
At MTO conditions (1 bar and methanol in N2 feed), steady
conversion was reached by MgAPO-18, while SAPO-18
suffered complete deactivation with time on stream (Figure
1a). Furthermore, MgAPO-18 clearly outperformed the Si
version of the zeotype when cofeeding methanol (1 bar partial
pressure) with H2 and CO at 30 bar total pressure (Figure 1b).
A more detailed study of these materials during MTO in the
presence of CO, H2, and high pressure can be found in our
previous work.15 Briefly, the study showed that high-pressure
H2 addition led to higher turnover numbers before
deactivation (TON) for both catalysts and also to hydro-
genation of olefinic products to paraffins. Simultaneous
introduction of CO, H2, and methanol inhibited olefin
hydrogenation, and the sustained superior stability of
MgAPO-18 was retained (although to a limited extent for
SAPO-18).
When mixing these MAPO-18 zeotypes with ZnO:ZrO2, the

one-step tandem hydrogenation of CO2 to hydrocarbons
showed an enhanced performance compared to the hydro-
genation of CO2 to methanol over the mixed ZnO:ZrO2 oxide
(Figure S2a): using the same GHSV in terms of the oxide
amount in the catalytic bed, the addition of MgAPO-18
increases the initial CO2 conversion by 2.3 points (all reaction
indexes are defined in the Supporting Information). This goes
hand in hand with a decrease in CO selectivity, which
ultimately leads to increased hydrocarbon production

compared to the methanol one. After 12 h on stream, the
effect of tandem conditions is also noticeable (Figure S2b),
and yet it has reached a steady state (Figure S2c). Notably,
under conditions of accelerated deactivation at high GHSV
and low MAPO-18 space time, the decline in oxygenate
conversion for both MgAPO-18 and SAPO-18 zeotypes during
tandem CO2 hydrogenation is quite similar (Figure 1c,d).
Note that product distribution only undergoes a certain time
evolution (Figure S2c). Moreover, the slight decrease in CO
selectivity may indicate changes in the oxide function
responsible for the hydrogenation of CO2, as observed for
ZnO-containing catalysts.26 Consequently, the product dis-
tribution changes toward the steady state of the catalyst,
producing slightly smaller amounts of CO and yielding an
improved selectivity to hydrocarbons (Figure S2).
The presence of hydrogen has been identified to play a role

in extending the lifetime of zeotypes with small windows such
as SAPO-34.4 To evaluate the H2 effect on zeotype
deactivation, experiments with different H2/COx ratios in the
feed were carried out with and without feeding methanol. In
the tandem CO2 hydrogenation using ZnO:ZrO2 and MgAPO-
18, CO2 conversion increases with H2 partial pressure (Figure
S3a). However, oxygenate conversion remains stable even with
the lowest H2/CO2 feed (N2 was added as inert to maintain
the GHSV). Please note that methanol and DME inter-
mediates are steadily converted in the tandem CO2 hydro-
genation with these H2/COx ratios. Otherwise, oxygenate
conversion decayed slower when increasing the H2 partial
pressure in reactions where H2 and a CO/CO2 mixture were
cofed with methanol at 20 bar (Figure S3b). This is more
significant in the case of MgAPO-18, with 30% higher
oxygenate conversion when increasing the H2/COx ratio
from 2/1 to 3/1.
Water is another molecule that is highly relevant for the

comparison of catalyst performance between MTO conditions
and the tandem conversion of CO2/H2 to olefins. Water
competes with methanol and DME for adsorption at the
Brønsted acid sites27 and may form protonated water clusters
at high water contents, thereby slowing down methanol
conversion.28−30 Considering the materials studied here,
Valecillos et al.31 reported studies of an SAPO-18 catalyst
where water addition to the methanol feed led to unselective
quenching of the hydrocarbon pool species formation and
conversion reactions due to competitive water adsorption on
Brønsted acid sites. The resulting reduction of the relative
reaction vs diffusion rates (Thiele modulus) may strongly
contribute to coke formation mitigation. Another study
suggested that hydrolysis of formaldehyde, which is a known
coke precursor, might be the reason for the reduced coking
rate observed with water addition.32

Considering next the concerted effect of methanol and
water, Portillo et al.33 studied the effect of methanol and water
on the deactivation of SAPO-34 by cofeeding these reaction
intermediates with CO2 and H2. They concluded that the
presence of water in the reaction medium lessened coking
significantly at conditions of high H2 pressure, while increasing
the partial pressure of methanol led to the opposite effect. The
critical role of both methanol concentration and water
presence is demonstrated here, with huge performance
differences between MgAPO-18 and SAPO-18 catalysts at
high methanol partial pressure and the absence of water on the
one hand (Figure 1b) and similar performance at tandem CO2
hydrogenation conditions on the other hand (Figure 1c,d).
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The presence of water, produced in the conversion of CO2/H2
over the ZnO:ZrO2 function, along with the lower partial
pressure of methanol in the reaction medium (formed and
converted in situ), may be the reason for the similar
performance of MgAPO-18 and SAPO-18 zeotypes due to
reduction of methanol conversion rates and mitigation of coke
formation caused by high water and low methanol partial
pressures in the tandem catalyst bed. Potential back-mixing in
the CO2 hydrogenation setup, due to the low flow required for
meaningful conversion, will make the influence of water in the
whole bed even stronger. In summary, when comparing
deactivation rates during tandem CO2 hydrogenation,
MgAPO-18 performs only slightly better. At the lowest
MAPO-18 space time (1.4 gMAPO‑18 h molCOd2

−1), C2−C4
hydrocarbon space time yields (STY) of 1.93 and 1.56 mol
kgMAPO‑18

−1 (after 10 h on stream) were observed for the Mg
and Si versions of the zeotype, respectively (Table 1), whereas
huge differences were noticeable only in the direct conversion
of methanol at 1 or 30 bar.

A systematic study on the influence of the main reaction
variables was carried out. The initial values of conversion and
selectivity, as well as the evolution during the initial period, are
detailed in Figures S4−S6 for both catalyst mixtures, and the
results suggest that either temperature or the ratio between
catalytic functions should be adjusted to ensure full methanol
conversion at the tested conditions. The steady-state perform-
ance of both tandem systems using the same ZnO:ZrO2 mixed
oxide is summarized in Figure 2, and details can be found in
Figures S7 and S8. Please note that 80 h experiments suggested
no significant changes beyond 12−20 h on stream irrespective
to the GHSV used (Figure S9). At steady state, CO2
conversion and CO selectivity did not show any significant
variation with the defined MAPO-18 space time (in gMAPO‑18 h
molCOd2

−1 at constant CO2/ZnO:ZrO2 ratio, Figure 2a) and
follow the same evolution with temperature (Figure 2e),
corroborating the negligible influence of the zeotypes on the
reactions that take place over the oxide function. While both
MAPO-18 zeotypes exhibit similar stability in CO2 hydro-
genation, there are notable differences in hydrocarbon
distribution. MgAPO-18 reduces the amount of paraffins in
the effluent, favoring the propylene/propane ratio (Figure 2b)
at all tested temperatures (Figure 2f). Hydrogenation of olefins
over the ZnO:ZrO2 oxide may well be discarded as the

production of paraffins increases with MAPO-18 space time
(Figure S4) and the available H2 and oxide sites are constant in
all reactions. Therefore, SAPO-18 acid sites are apparently
more prone to forming paraffins through hydrogen transfer,
with parallel aromatics formation (not observed due to the
severe shape selectivity of the AEI framework), or direct
hydrogenation over strong acid sites.
In both cases, the selective production of C3 hydrocarbons

smoothly drops with the MAPO-18 space time, with slightly
higher values for the SAPO-18 zeotype (Figure 2c). The
clearly promoted formation of the C4 fraction for the MgAPO-
18 may explain it and be attributed to (i) a higher and more
selective methylation activity of the Mg version (previously
observed in the AFI structure of MgAPO-5 vs SAPO-5);23 (ii)
the more distorted eight-membered ring windows of the AEI
structure with Mg in the lattice;15 or (iii) the higher strength of
Mg-derived Brønsted acid sites, which could favor secondary
reactions as C2 dimerization at low temperatures,

17 and C4
cracking when the temperature was increased up to 400 °C
(Figure 2g). Interestingly, iso-C4 were only identified when the
SAPO-18 zeotype was used, and in fact, its production is
favored with high SAPO-18 space time (Figure 2d) and low
temperature (Figure 2h). We ascribe this phenomenon to the
potential presence of Brønsted acid sites on the external
surface SAPO-18 crystals as the kinetic diameter of isobutane
(5.28 Å)34 is bigger than the eight-membered ring window of
the AEI structure, even in the case of the Mg-containing
distorted ring.15

To further study the interaction between these hydro-
carbons and the zeotypes, TAP experiments were performed.
Under TAP reactor conditions of high vacuum (10−8−10−6

mbar) and using a thin layer of catalyst, bimolecular and
secondary reactions are minimized so that the interaction
between reactants and acid sites can be characterized in the
low-coverage limit.35,36 The pulse response for propene over
MgAPO-18 is significantly slower than that observed when
probing the SAPO-18 zeotype (Figure S10a), which is the
consequence of the higher strength of the Brønsted acid sites
originated from the isomorphic substitution of Al by Mg.23

The higher strength of the Brønsted acid site originating from
Mg substitution was further demonstrated in our computa-
tional results where protonation of the cyclic ketene 6-
fulvenone was observed in AIMD simulations performed with
MgAPO-18 but not with SAPO-18 (Figure S26). Electronic
energies confirmed this protonation to be favored in MgAPO-
18 and disfavored in SAPO-18. Furthermore, the steric
constraints of the small windows in the AEI framework allow
isobutene molecules to interact only with external acid sites
under TAP conditions. The residence time of isobutene on
MgAPO-18 was significantly shorter than on SAPO-18 despite
the lower intrinsic acid strength of the latter (Figure S10b),
suggesting that the number of external acid sites accessible for
isobutene is significantly higher in SAPO-18.
Although the huge impact of methanol and water

concentration explains the similar performance of both
zeotypes in the tandem CO2 hydrogenation (Figure 1c,d),
and the changes in product distribution are the consequence of
the different strength and location of acid sites, the role of CO
cofeeds and its potential effect on MgAPO-18 stability (Figure
1a,b) and product distribution under the MTO condition15

remain to be explained. The Mg- and SAPO-18 zeotypes were
therefore interrogated under a series of in situ and ex situ
characterization techniques. We first monitored the evolution

Table 1. C2−C4 Hydrocarbon Space Time Yield (STY) after
10 h On Stream in the CO2 Tandem Hydrogenation to
Hydrocarbons and Methanol-to-Hydrocarbons

C2−C4 STY (mol kgMAPO‑18
−1)

MgAPO-18 SAPO-18

CO2 hydrogenation at 30 bar
a

1.4 gMAPO‑18 h molCOd2

−1 1.93 1.56

2.0 gMAPO‑18 h molCOd2

−1 1.57 1.48

4.0 gMAPO‑18 h molCOd2

−1 0.88 0.84

8.0 gMAPO‑18 h molCOd2

−1 0.50 0.46

12.0 gMAPO‑18 h molCOd2

−1 0.30 0.30

MTO at 1 bar 2.83 1.06
MTO at 30 bar cofeeding H2/CO 2.23 0.37

aThe same CO2/ZnO:ZrO2 ratio was used in all cases to achieve
comparable results.
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of the MTO reaction with and without cofeeding CO by
means of in situ FT-IR. In the early stages of the reaction
(before the detection of hydrocarbon in the spectra), relevant
changes were observed when cofeeding CO (Figure 3a,b). To
identify and correctly assign the observed IR bands, we
performed a series of AIMD simulations on relevant species to
deduce the power spectra. The spectra of the pristine Brønsted
acid site (BAS), surface methoxy species (SMS), and
dimethylketene are plotted in Figure 3c,d (all simulated
spectra, including additional species, can be found in the
Supporting Information). The consumption of BAS is
noteworthy in all cases (ca. 3660 cm−1, band I), as well as
the formation of SMS (ca. 3040 cm−1, band IIA; and 1460
cm−1, band IIB). Interestingly, gas phase CO and ketene
(insets and band III) are observed in the MTO reaction
(without cofeeding CO). This species has been identified as
the primary source of the initial C−C bond formation during
the MTO,37 with CO being formed through decarbonylation
of formaldehyde-derived compounds,38,39 and subsequently
reacting with the already formed SMS.39,40 Moreover, the
presence of gas phase CO was already observed when feeding
methanol in isomorphically substituted MAPO materials.18

While no big changes were observed in the spectrum when
CO was cofed with methanol over the MgAPO-18 zeotype

(Figure 3a), the ketene band is no longer present in the case of
the SAPO-18 zeotype (Figure 3b), and gas phase CO2
surprisingly increases. Liu et al.41 attributed the presence of
CO2 to decarboxylation pathways also originating from the
reaction of formaldehyde and surface acetate species (product
of methoxy carbonylation) via acrylic acid. Recently, Huber
and Plessow39 computed similar barriers for carbonylation and
carboxylation pathways over SSZ-13, although they proposed
carboxylation to be more likely via the propiolactone
intermediate. Our results suggest that in the case of SAPO-
18, the presence of CO increases the rate of methoxy
conversion to ketene, which is rapidly converted�presumably
with formaldehyde�leading to olefin formation by the
preferred decarboxylation route (versus decarbonylation). A
higher involvement of formaldehyde-mediated reactions may
also be the reason for the promotion of the Prins reaction, the
bigger role of the aromatic cycle (see the lower C4/C2 ratio of
SAPO-18 at a low temperature in Figure 2g), and therefore the
faster deactivation (Figure 1a,b), all in agreement with the
previous results from the Lercher group.41 Otherwise, the lack
of CO2 over MgAPO-18 suggests that the CO-mediated
carbonylation/decarbonylation reaction cycles3 should be the
main source of the first olefins and that decarboxylation
pathways are less favored in this case. This, together with our

Figure 2. Effect of (a−d) MAPO-18 (M = Mg, Si) space time (at 350 °C) and (e−h) temperature (at 4 gMAPO‑18 h gCOd2

−1) on the steady-state (a,
e) CO2 conversion and CO selectivity, (b, f) propylene/propane ratio, (c, g) C4/C2 and C3/(C2 + C4) ratios, and (d, h) i-C4/C4 ratio in the CO2
tandem hydrogenation to hydrocarbons using ZnO:ZrO2 + MgAPO-18 and SAPO-18 catalysts. 30 bar, H2/CO2 ratio of 3, fixed CO2/ZnO:ZrO2
ratio. Samples were calcined ex situ and stored before testing.
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previously observed faster methylation rates on Mg-substituted
AlPO materials,23 may explain the longer lifetime of MgAPO-
18.41 Furthermore, the ability to scavenge formaldehyde via
CO/H2 formation has been proposed by Hwang and Bhan

42 as
a strategy to avoid triggering formaldehyde-mediated deacti-
vation routes. Therefore, a preferred formaldehyde degradation
to CO/H2 over the potential Mg(II)-based Brønsted/Lewis
acid−base site pair15 may also explain the lack of CO2

formation and the higher performance stability of the
MgAPO-18 zeotype.
The evolution of hydrocarbon species formation was also

monitored during 1 h of reaction, and the IR spectral region of
C�C stretching modes between 1700 and 1400 cm−1 is
depicted in Figure 3e−j. The main components of HCP
species that quickly evolve in the first stages of the conversion
can be monitored, as already discussed in a previous study.18

Four main bands were assigned to characterize the reaction:

Figure 3. Time-resolved in situ IR spectra during the early stages of methanol conversion before the formation of hydrocarbons using MAPO-18
(M = Mg, Si) zeotypes: calcined and stored (a) MgAPO-18 and (b) SAPO-18 at MTO conditions and cofeeding CO. Simulated power spectra of a
Brønsted acid site, surface methoxy species, and dimethylketene molecular species on the (c) MgAPO-18 and (d) SAPO-18 zeotypes. Time-
resolved in situ IR spectra during 1 h of methanol conversion over calcined and stored (e) MgAPO-18 and (f) SAPO-18 at MTO conditions, over
calcined and stored (g) MgAPO-18 and (h) SAPO-18 cofeeding CO; and in situ calcined (i) MgAPO-18 and (j) SAPO-18 at MTO conditions.
400 °C, 1 bar, MeOH vapor pressure at 25 °C in pure N2 (60 cm3 min−1) or mixed with CO (20 cm3 min−1) flow. Colored lines refers to initial
(thin lines) and last (bold lines) acquisition.
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1650 cm−1 corresponding to the C�C stretching of long-
chain olefins43 and 1614−1600 and 1570 cm−1 corresponding
to collective ring C�C vibrations. Under pure methanol/N2
feed, both MgAPO-18 (Figure 4e) and SAPO-18 (Figure 4f)
show a similar performance, with the olefin C�C stretching
band (1650 cm−1) growing first, followed by the appearance of
aromatic bands (1614−1600 and 1570 cm−1). The olefin band
remains constant while aromatic species are formed. Experi-
ments carried out under 13C-labeled methanol and similar
conditions allowed us to confirm the same performance of the
two zeotypes by solid-state 13C NMR (Figure S11). For
MgAPO-18 and SAPO-18, the NMR spectra were almost
superimposable, suggesting the formed hydrocarbon pool
species in the zeotypes are identical in the absence of
CO.44−47 Moreover, the presence of aromatics and alkyl
groups was confirmed after 30 min on stream, as one would
expect from the methanol-to-hydrocarbons chemistry.
Again, the evolution of the hydrocarbon species changed

when experiments were conducted by cofeeding CO (Figure
3g,h, for MgAPO-18 and SAPO-18, respectively). This time,
very slow spectral changes are observed, and the 1650 cm−1

band (olefin C�C stretching) is totally missing. Very slowly,
the aromatic components are directly formed, without visible
formation of long olefins as observed before. At the end of the
experiment, only the components at 1614−1600 and 1570
cm−1 are present with comparable (quite low) intensity. A

direct action of CO in the mechanism of MTO is therefore
suggested not only for the initiation of the C−C bond
formation but also for hydrocarbon chain growth. Our results
suggest that oxygenate intermediates prevail over alkenes
during the chain reaction mechanism,18 and the presence of
CO favors the evolution of aromatic compounds versus the
olefin-mediated route.48

Stability of the Heteroatoms in the MAPO-18 Zeotypes

In a previous work featuring a CoAPO-18 zeotype,18 we learnt
the high tendency of the Co(II) species in the AlPO-18
framework to coordinate with water and how exposing the
template-free material to air and then removing the water
irreversibly affect the BAS/LAS concentration. Therefore, to
analyze this effect in the MgAPO-18 and SAPO-18 versions,
and the potential implications on catalytic activity, we
extended our study to zeotypes calcined and stored differently.
First, we carried out in situ MTO reactions followed by IR
along with performing an in situ calcination. That is, pellets of
the catalysts were prepared with the as-made MAPO-18
zeotypes, calcination with air was carried out following the
same conditions we used before, and without exposing the
samples to air, reactions were started. Unfortunately, due to
setup limitations, in situ calcination and CO cofeed were not
allowed. The results for MgAPO-18 and SAPO-18 are,
respectively, shown in Figure 3i,j. Similar to what was observed

Figure 4. Comparison of the freshly calcined and stored MAPO-18 (M = Mg, Si) zeotypes during the methanol-to-olefins and the tandem CO2-to-
hydrocarbon reactions. Evolution with time of the (a) oxygenate conversion and (b) C3/(C2 + C4) and (c) C4/C2 ratios during the methanol-to-
hydrocarbons reaction (350 °C, 1 bar, 40 mbar MeOH in He, 6.5 gMeOH h−1 g−1). Evolution with time of the (d) oxygenate intermediate
conversion, (e) C2−4 olefins and (f) C2−4 paraffins, and (g) initial and (h) steady-state C2−4 olefin and paraffin distribution during the tandem CO2-
to-hydrocarbon reactions using ZnO:ZrO2 + MAPO-18 catalysts in a 1/1 catalyst ratio (350 °C, 30 bar, 12000 cm3 h−1 g−1, H2/CO2 ratio of 3).
CO2 conversion of 5.0 ± 1.0% in all reactions for the sake of comparison.
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for the CoAlPO-18 zeotype,18 the conversion in the presence
of the in situ calcined MgAPO-18 is very quick and produces
intense signals in the hydrocarbon regions. Here, a broad olefin
signal growing (1650 cm−1) is first observed, which is well-
defined and intense for MgAPO-18 and lower for SAPO-18.
During the progress of the reaction, the signal at 1650 cm−1 is
gradually substituted by the bands growing at 1614−1600 and
1570 cm−1 (collective ring C�C vibrations), which become
extremely intense in the case of MgAPO-18. This indicates the
condensation of the olefins to form aromatic cycles; indeed an
isosbestic point is clearly visible for MgAPO-18 when the
olefin signal disappears, and aromatic bands start growing. In
the case of SAPO-18, the olefin signal remains constant when
the aromatic formation starts, so we do not identify an
isosbestic point, and this indicates the contemporary presence

of olefins and aromatics all over the remaining reaction time.
At the end of the experiment, the two samples present a signal
at 1570 cm−1 with comparable intensity, while the components
at 1614−1600 cm−1 are much more intense in MgAPO-18
(almost double the intensity of SAPO-18). The formation of
aromatics (main hydrocarbon pool species) is therefore faster
than that observed with the calcined and stored samples
(Figure 3e,f).
From these results, it seems clear that, especially in the

MgAPO-18 case, the catalyst activity toward the formation of
the hydrocarbon pool seems to decrease upon storage of the
calcined samples. At flow reaction, we noticed certain
differences in the catalytic performance only after storing
samples for longer periods of time (>3 months). At MTO
conditions, both catalysts show slightly longer lifetimes when

Figure 5. (a) XRD diffraction patterns, (b) 31P NMR, and (c) 27Al-NMR of the as-made AlPO-18 (blue), SAPO-18 (orange), MgAPO-18 (green),
and MgAPO-34 (gray). Comparison between freshly calcined and stored zeotypes by (d) 31P NMR and (e) XRD diffraction. (f) Details of the
XRD diffraction pattern. (g) Model of the AEI structure and (h) sketch of the AEI stacking model, including CHA defects. Rectangles illustrate the
double six-membered rings of the AEI structure along the a-axis, and green spheres represent potential Mg locations in the framework (F) and
extra-framework (EF).
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they are freshly calcined (Figure 4a, detailed product
distribution in Figure S12), and while the selectivity toward
propylene with respect to ethylene and butenes was
maintained constant (Figure 4b), the C4/C2 ratio clearly
decreases (Figure 4c). Ethylene is usually attributed to
dealkylation of heavier polymethylbenzenes or cracking of
longer hydrocarbons,16,41,49 both requiring sites of strong
Brønsted acidity, therefore suggesting a loss of this type of sites
upon storage.
The effect of storing the catalyst is clearer when the

materials were tested along with the ZnO:ZrO2 mixed oxide in
the tandem CO2 hydrogenation to hydrocarbons due to the
wider hydrocarbon distribution (with olefins and paraffins;
Figures S13−S14). During the first 12 h on stream, oxygenate
intermediate conversion drops in both cases (Figure 4d), yet
far from the deactivation rates and differences between the
zeotypes observed at MTO conditions. As previously
discussed, the lower methanol partial pressure and presence
of water equalize the performance of Mg and Si versions of the
zeotype, but the high partial pressure of H2 influences the
hydrocarbon distribution in both cases. Two main differences
must be highlighted between stored and freshly calcined
samples: (i) higher amounts of unconverted methanol are
identified in the product effluent with the stored samples
(Figure 4d); and (ii) a more pronounced and longer unsteady
period (after hydrocarbon pool development), in which the
product distribution evolves until steady conditions are
reached, is observed for the freshly calcined samples, with
significant production of saturated paraffins initially (Figure
4e,f). Both features suggest the presence of more and/or
stronger acid sites in the freshly calcined samples as we
previously discarded the idea that this hydrogenation may
originate in the ZnO:ZrO2 sites (Figure S4). Taking a closer
look at the hydrocarbon distribution (Figure 4g), C3
hydrocarbons are the main fraction of both olefinic and
paraffinic products. Interestingly, the product distribution
evolves differently for the freshly calcined and stored samples.
A faster deactivation of the secondary reactions of paraffin
formation is observed for the freshly calcined samples (Figure
4f), which results in almost the same hydrocarbon distribution
for freshly calcined and stored samples after the steady state is
reached (Figure 4h), the relevant conditions to compare
catalysts and those used for the discussion of heteroatoms’ role
above. Material degradation was observed for both materials,
yet it was particularly faster for the Mg version of the zeotype
(months vs 1 year range). Therefore, the observed formation of
paraffins now with the stronger sites of MgAPO-18, the
suggested absence of external sites, and its faster degradation
suggest that these stronger sites are the most prone to
degradation and are somewhat labile. Nonetheless, despite the
partial loss upon storage, the steady-state performance of the
catalyst is barely affected, which we attribute to the more stable
acid sites. The higher affinity of the harder Mg2+ cations for
water is suggested as a potential cause for this faster
degradation (even the humidity in the atmosphere). For this
reason, and in view of these results (Figures 3 and 4), a more
controlled characterization of the materials was performed.
First, the characterization of the as-made samples (before

calcination, with the structure-directing agent) by XRD already
showed differences between the samples. The neutral AlPO-18,
synthesized as a reference material, is a pure phase material
with an AEI topology, confirmed by Rietveld refinements
(Figure S15 and Table S2; atomic model for refinement

extracted from Simmen et al.50). The as-made SAPO-18
diffraction pattern also agrees with the pure AEI phase;
however, the slightly broader and less well-defined features
(see shadowed reflections among others in Figure 5a and the
full diffraction pattern in Figure S15) suggest smaller
crystallites and perhaps some minor CHA defects.51 The
general features of AEI became even broader in the case of the
as-made MgAPO-18. Not only that, new reflections appeared
(2θ values of 16, 20.8, and 21.7). The M doping is well-known
to increase the degree of stacking probability in this family of
materials,51,52 and the presence of AEI/CHA intergrowth
architectures was previously described with high-resolution
STEM by Shen et al.53 The hypothesis of CHA defects in the
samples, mainly in the Mg version, motivated us to synthesize a
pure MgAPO-34 sample. The comparison of the XRD patterns
(Figure 5a) now confirms that the new reflections can be
attributed to a CHA topology, although the absence of some
CHA reflections in the MgAPO-18 diffractogram (see the
region between 18 and 20 2θ) implies that the material is not
composed of a simple mixture of two crystalline phases.
Solid-state NMR, which probes the local environment of the

structure, corroborated the presence of CHA defects in the
MgAPO-18 zeotype. The three unique signals in the 31P NMR
spectra, observed for AlPO-18 and SAPO-18 (Figure 5b),
correspond to the typical phosphorus local environments of
pure AEI (almost 99% quantified), which imply a monoclinic
distortion (assignment of peaks based on He and Klinowski54).
New extra P signals with chemical shifts in the −20 to −26
ppm range appeared in the 31P NMR spectrum of the MgAPO-
18 zeotype. Indeed, only 89% of the P presented bond lengths
and angles suitable within the AEI framework. A comparison of
the 31P NMR spectrum to that of the MgAPO-34 zeotype
suggests that the new signals belong to the CHA topology. A
fourth Al species is present in the 27Al-NMR spectrum of
MgAPO-18, also matching with the CHA phase (Figure 5c).
Accordingly, the distortions at both the global (XRD) and the
local (NMR) level increased with the presence of Mg in
comparison to Si.
It might also be argued that P3 and P2 positions are more

affected by the heteroatom substitution since in both cases the
relative intensities of the signals at −10 and 30 ppm decreased
(Figure 5b). Si would naturally substitute phosphorus, creating
BAS. Mg would otherwise exchange aluminum, and only the
Al2 signal, at −45 ppm, was progressively reduced (Figure 5c).
However, the possibility of Al3 substitution cannot be
discarded since the emerging CHA defects mask that region
in the 27Al-NMR spectrum (Figure 5g). Note that Al1 and P3
are “equivalent” positions connecting two double six-
membered rings through an O bond, constituting the
neighboring layers of the typical AEI and/or CHA stacking
sequences (detailed gray square in Figure 5g).
Right after calcination (freshly calcined samples), the

differences between the materials became more subtle. 31P
NMR results suggest a relaxation of the β angle for the three
materials, also supported by Rietveld refinements (Figure S16
and Table S2). The spectra present a strong signal at ca. −28.6
ppm (Figure 5d). Interestingly, the two extra weak signals at
−21.3 and −13 ppm in the MgAPO-18 could also suggest
smaller distortions at the local level in the material compared
to the as-made sample. By XRD (Figure 5e), all reflections
could be fitted with the AEI orthorhombic empty framework.
However, some reflections as the [111] (at 2θ 10.5°) and
[113] (detailed in Figure 5f) show misfit because of their
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abnormally large full width at half-maximum (fwhm),
especially in the case of MgAPO-18 (Figure S16). These
features have been attributed to the presence of CHA defects
in the framework (0.05 probability approximately).55 The
storage of SAPO-18, MgAPO-18, and MgAPO-34 zeotypes
after calcination led to significant local distortion (Figure S17)
and apparent loss of their crystallinity (Figure S18, note the
raw intensity differences). This phenomenon is well-known for
AlPO-18 materials and is attributed to a rehydration of the
framework upon water exposure, which causes a lack of long-
range order due to water disrupting the framework.56 SAPO-18
and MgAPO-18 recovered from the distortion at the local level
(see NMR data in Figures 5d and S19), and the long-range
order is restored upon drying the stored materials (stored in
Figure 5e). The key fwhm indicating CHA defect presence
became less prominent upon drying the stored MgAPO-18
zeotypes. Therefore, a fading of the CHA defects is suggested
when drying the stored MgAPO-18 (Figure 5f). The same
effect was not as clear in the SAPO-18 zeotype.
In contrast to the long-range order recovery observed in AEI

materials upon water removal from the stored samples (Figure
S19), MgAPO-34 collapsed to a fully amorphous material
(black line in Figure 5e). Because MgAPO-18 contains more
CHA defects than SAPO-18 and these units seem to collapse
more easily after drying, it comes as no surprise that the
stacking probability also decreases after drying. Note that the
overall crystallinity is not totally recovered after exposing the
samples to water and drying them (decrease in XRD intensity
from freshly calcined to stored and dried samples). All of this
suggests that these defects are weak points that potentially
break the crystallites upon water exposure (Figure 5h). This
could explain the evolution of the zeotype properties upon
storage, particularly fast in the case of MgAPO-18, with the
highest CHA defect concentration.
Due to the relevance of the presence of water in both

methanol-to-olefins and tandem CO2-to-hydrocarbons pro-
cesses, and the speculation of zeotypes being degraded in the
presence of water, we performed reaction−regeneration cycles
for both processes, confirming that the materials preserved
their integrity during reaction cycles. In fact, the OXZEO
catalysts recover the initial activity when using both MgAPO-
18 and MgAPO-34 zeotypes (Figure S20), and the MTO

activity was preserved after regeneration in air at 550 °C and
zeotype steaming at 350 °C (Figure S21).
To further understand how water interacts and degrades

these materials upon storage, adsorption−desorption experi-
ments of different adsorbates were carried out. Freshly calcined
and stored MgAPO-18 were analyzed, and a freshly calcined
SAPO-18 was also characterized for the sake of comparison.
Both freshly calcined samples have similar BET specific surface
areas with 770 and 742 m2 g−1 (Figure 6a). The collapse of the
structure is evident for the stored MgAPO-18 zeotype (297 m2
g−1) and in agreement with the loss of crystalline domains
(Figure 5e). In a similar fashion, the density of Brønsted acid
sites by propylamine titration decreases upon storage, already
suggesting a certain loss of lattice Mg. Here, we must mention
that according to the nominal heteroatom loading, the density
of Brønsted acid sites should have been ca. 0.62 mmol g−1;
therefore, the presence of extra-framework Si and Mg cannot
be discarded. Water adsorption−desorption isotherms at room
temperature (25 °C) are shown in Figure 6b. Similar isotherm
shapes are exhibited by the three materials, with the main
adsorption range being located at 0.2 relative pressure. Clearly,
the stored sample adsorbs the lowest amount of water in this
range, related to the loss of micropores. The total water uptake
decreases from 0.46 to 0.37 cm3 g−1 upon storage (Figure 6a).
The slightly lower water adsorbed by the Mg version is mainly
related to the mesoporous range and can be ascribed to an
incipient loss of mesoporosity by this sample. All materials
showed a similar hysteresis loop for water desorption,
suggesting the high affinity of these materials to water.
The structural and textural properties of the samples were

investigated after the water adsorption−desorption experi-
ments. As an example, Figure S22 shows the diffractograms of
the MgAPO-18 during recalcination of the samples collected
by in situ XRD: (i) right after the water adsorption−desorption
experiments; (ii) at 500 °C (maximum temperature of
recalcination); and (iii) at 25 °C after the heat treatment.
Initially, the MgAPO-18 zeotype shows a similar distortion due
to the presence of water to that observed in Figure S18 upon
storage. Again, long-range order is recovered after calcination.
The presence of water within the pores is also suggested by the
isotherms in Figure 6b. Nevertheless, the most interesting
feature of the materials was also confirmed by the character-
ization of the porous texture. The freshly calcined and stored

Figure 6. (a) BET specific surface area, density of acid sites, and water uptake of freshly calcined MgAPO-18 and SAPO-18 and stored MgAPO-18.
(b) Water adsorption−desorption isotherms at 25 °C and (c) N2 adsorption−desorption and (d) CO2 adsorption isotherms of the samples after
water adsorption−desorption experiments.
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MgAPO-18 show almost overlapped N2 adsorption−desorp-
tion (Figure 6c) and CO2 adsorption isotherms (Figure 6d),
indicating that their final porous and narrow micorporous
structure is very similar. Indeed, the estimated textural
parameters are almost the same (Table S4) and, most
importantly, very close to the initial stored MgAPO-18
(Table S3), with ca. 300 m2 g−1 BET surface area. This
means that the stored zeotype barely changes, while the freshly
calcined one degrades to the same final state. The low stability
of the presumably most active Mg-derived Brønsted acid sites
is reinforced. However, these sites are mainly responsible for
undesirable secondary reactions during the tandem CO2-to-
hydrocarbons process that can be minimized while the olefin-
making sites are still stable upon storage.
The presence of Brønsted acid sites makes it obvious that

most Mg is originally substituting Al in the framework.
However, there is not enough evidence to pinpoint the
structural details of Mg location. Our hypothesis is that the
extra-framework Mg may exist as Mg(OH)62+, stabilizing CHA
defects in the case of calcined samples exposed to the
atmosphere. After CHA collapse, these cations may be
deposited in the imperfect external surface of the crystallite.
However, most of the Mg should be fixed within the
framework, preferentially in the bulk of the crystals rather
than in the external surface. The lack of a stable external lattice
Mg is consistent with the absence of iso-butanes/butenes
during the reaction (Figure 2). The hard character of Mg2+
cations, with a strong preference toward OH− or H2O over
O2− in solution,57 may lead strong Brønsted acid sites −Mg−
O(H)−P− to form stable site coordination in the form of
−(HO)Mg−O−P(OH)− at both reaction and storage
conditions. Our results suggest that the active Brønsted acid
sites can be replenished in reaction−regeneration cycles, but
they are however torn (by water) after certain time upon
storage, to which the existence of stacking faults may
contribute. This may well be the result of the extremely
hydrophilic metastable framework Mg that can form some sort
of hexacoordinated complex when the long-range order of the
structure is lost upon hydration and can be partially restored
after drying, when the global structure is recovered.

■ CONCLUSIONS
In this contribution, a family of MAPO-18 (M = Mg, Si)
zeotypes was studied for methanol conversion to olefins under
MTO, methanol/CO/H2 cofeed, and CO2 hydrogenation
conditions, separately, the latter in tandem with a ZnO:ZrO2
catalyst. Powder XRD and solid-state NMR showed that the
as-prepared SAPO-18 consists of a pure-phase AEI topology,
possibly containing minor CHA defects. Si4+ occupies mainly
P2 and P3 positions in the AEI framework. Otherwise, the as-
prepared MgAPO-18 consists of crystallites of faulty AEI
topology, containing more CHA defects, which were
confirmed by the synthesis and characterization of a pure
MgAPO-34 material with a CHA structure. Mg2+ occupies the
Al2 position in the AEI framework and may potentially occupy
the Al3 position (undisclosed due to peak overlap). After long-
term storage, distortion at the local level and loss of the long-
range order were observed for both SAPO-18 and MgAPO-18.
While distortion is mostly recovered for SAPO-18 after
subsequent drying, MgAPO-18 showed signs of faster
degradation upon storage. Combining characterization studies
of MgAPO-18 with parallel studies of MgAPO-34 suggests that
the CHA domains in MgAPO-18 collapse during the storage−

drying cycle. It is of interest to note that very similar material
changes were observed after the long-term storage of MgAPO-
18, followed by drying, and after exposing freshly calcined
MgAPO-18 to water sorption experiments at 25 °C, followed
by drying, confirming that CHA defects could contribute to
the faster degradation of the MgAPO-18 zeotype compared to
its Si counterpart.
Considering next the catalytic performance of the two

materials, testing under MTO conditions led to 50 and 100%
loss of initial activity after 12 h on stream for MgAPO-18 and
SAPO-18, respectively. Addition of high-pressure CO/H2 to
the methanol feed substantially stabilized the performance of
MgAPO-18 with only 10% activity loss, while SAPO-18 still
lost 90% activity after 12 h on stream. In a previous study, it
was demonstrated that H2 mitigated coke formation over
MgAPO-18, while CO addition mitigated olefin hydrogenation
over both catalysts. Conversely, testing under CO2 hydro-
genation conditions, in tandem with a ZnO:ZrO2 catalyst,
yielded a similar performance of the two catalysts, which was
ascribed to two effects: first was the coke-mitigating role of
high H2O/CH3OH ratios throughout the catalyst bed, which
stabilized the performance of SAPO-18, and second was the
deactivation of strong BAS, especially from MgAPO-18. A
comparison of the effluent composition from both catalysts
under CO2 hydrogenation conditions showed that the freshly
calcined materials were more active for methanol conversion,
as well as for olefin hydrogenation reactions. The hydro-
genation activity was gradually lost and stabilized at <5%
selectivity after 12 h on stream. Notably, the steady-state
selectivity of freshly calcined and stored materials converged to
very similar levels. After the initial deactivation of BAS, stable
performance was observed before/after exposure to steaming/
regeneration cycles.
Detailed mechanistic studies were carried out to unravel

differences between the materials under various reaction
conditions. Under MTO conditions, solid-state 13C NMR
and in situ IR spectroscopy studies strongly indicated a similar
initial buildup of the HC pool species in the two catalysts:
olefins were formed first, followed by a gradual formation of
aromatic species, to a mixture of aliphatic and aromatic species
during the first hour on stream. When adding CO to the
methanol feed at atmospheric pressure, in situ IR studies
suggested that olefin formation was suppressed over both
catalysts and replaced by aromatic formation even in the first
hour of the reaction. On the other hand, ab initio molecular
dynamics simulations combined with IR spectra revealed
important mechanistic differences between the two catalysts, in
particular under CO cofeed conditions. Both catalysts formed
CO and ketene when methanol was fed alone, but in the
presence of cofed CO, the SAPO-18 catalyst seemed to
promote a decarboxylation mechanism, typical of form-
aldehyde-based chain growth, while the MgAPO-18 catalyst
seemed to promote a decarbonylation mechanism, typical of
methanol/ketene-based chain growth.

■ EXPERIMENTAL SECTION

Catalyst Synthesis
The ZnO:ZrO2 mixed oxide was synthesized by a coprecipitation
method. An aqueous mixture of ZrCl4 and Zn(NO3)2 with a Zn/(Zn
+ Zr) ratio of 10 at% was added dropwise to a 5 M NaOH solution
with 50% base excess. The solution was stirred at 100 °C for 48 h,
after which a white precipitate was observed in the slurry. The powder
was filtered and washed 3 times in a 0.2 M NH4NO3 aqueous
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solution. Finally, the washed powder was dried at 110 °C overnight
and calcined isothermally at 500 °C for 6 h using a temperature ramp
of 1.5 °C min−1.
MAPO-18 and neutral AlPO-18 (AEI structure) were prepared

using the hydrothermal synthesis protocol presented in our previous
work.15 Briefly, phosphoric acid (85 wt %, Merck), deionized water,
and N,N-diisopropylethylamine as a structure-directing agent (>99 wt
%, Merck) were first mixed. Pural (AlO(OH), Sasol) was slowly
added under stirring for 5 min. To obtain the neutral AlPO-18, the
mixture was directly transferred to a Teflon-lined stainless-steel
autoclave and heated at 160 °C under rotation for 8 days. To obtain
the SAPO-18, Ludox was added to the mixture targeting a Si/(Al + P)
ratio of 0.04. After 20 min of continuous stirring, the final mixture was
transferred to the autoclave and heated at 190 °C for 12 h. In
addition, to obtain the MgAPO-18, an aqueous mixture of Mg acetate
(>98%, Merck) was prepared and added to the gel targeting the same
Mg/(Al + P) ratio of 0.04. After 20 min of continuous stirring, the
final mixture was transferred to the autoclave and heated at 160 °C for
8 days.
The MgAPO-34 (CHA structure) was also prepared following a

hydrothermal synthesis protocol, this time using an initial solution of
deionized water with the tetraethylammonium hydroxide structure-
directing agent (35 wt %, Merck), aluminum isopropoxide (>98%,
Merck), and phosphoric acid. After 2 h of stirring to hydrolyze the Al
source, the mixture of Mg acetate was slowly added. A Mg/(Al + P)
ratio of 0.04 was also targeted for this zeotype. After 20 min of
continuous stirring, the final mixture was transferred to the autoclave
and heated at 170 °C for 3 days. All obtained zeotypes were washed
with deionized water and centrifuged three times. Subsequently, they
were calcined isothermally at 550 °C for 6 h using a temperature ramp
of 1.5 °C min−1.

Catalytic Testing
Tandem CO2 hydrogenation reactions were carried out in a high-
pressure test reactor (PID Eng & Tech). A mixture of ZnO:ZrO2 with
a MAPO-18 zeotype was crushed together, in a known composition
from 3:1 to 1:3, and sieved to a particle size of 250−425 μm. The
mixture was then loaded in a silica-lined packed-bed stainless-steel
reactor (inner diameter 9 mm), which was heated by a cylindrical
ceramic oven. The temperature was measured in the middle of the
catalyst bed by a type-K thermocouple. The setup was provided with a
downstream pressure regulator capable of maintaining the system up
to 40 bar. The temperature in the hot box was maintained at 130 °C,
to preheat the gas mixtures. Prior to the catalytic testing, the samples
were pretreated at 400 °C under a 10% H2 (in Ar) flow, after which
the temperature was decreased to the reaction temperature and the
pressure was increased to 30 bar. Experiments were performed at the
following conditions: 325−400 °C, GSHV values of 2000−24,000
cm3 h−1 g−1, and zeolite space time of 1.4−12 gMAPO‑18 h gCOd2

−1. The
evolution of reactions with time was monitored by a gas chromato-
graph (Agilent 8890 GC) connected in line with the reactor. The GC
was provided with three columns (CP-Sil 8 CB, GS-GasPro, CP
Molesieve 5A) and detectors (two FIDs and a TCD) and a PloyARC
microreactor for the reliable quantification of CO2 and CO.
High-pressure cofeed experiments were carried out in a similar

reactor setup (PID Eng & Tech), this time provided with a CORI-
FLOW controller (Bronkhorst) to feed liquid methanol. In a typical
reaction, 250 mg of MAPO-18 was crushed and sieved to the same
particle size (250−425 μm), loaded into the reactor, and pretreated at
400 °C in air for 1 h. Then, the reaction runs were carried out at the
following conditions: 350 °C, 30 bar (1 bar methanol in a 3/1 H2/CO
flow), 2.5 gMeOH h−1 g−1. The reaction products were analyzed in a
Scion 456-GC, provided with six columns (MolSieve 13X, HayeSep
Q, HayeSep N, Rt-Stabilwax, Rt-Alumina/MAPD, and Rtx-1) and
three detectors (two FIDs and a TCD).
Methanol-to-hydrocarbons reactions at ambient pressure were

carried out in a homemade 8 mm fixed-bed reactor setup. In a typical
experiment, ca. 50 mg of the calcined or as-made MAPO-18 was
crushed and sieved to the same particle fraction (250−425 μm) and
loaded into the quartz reactor. Temperature was controlled by a type-

k thermocouple located inside a quartz sleeve in the middle of the
catalyst bed. The MAPO-18 zeotypes were heat-treated at 550 °C for
1 h (or calcined in situ following the pretreatment explained above).
The reactions were then performed under the following conditions:
350 °C, 1 bar (40 mbar methanol in He), and 6.5 gMeOH h−1 g−1. The
evolution with time of products was monitored by a GC-MS
instrument (Agilent 7890, with a FID, and Agilent 5975C, with an MS
detector) connected in line and provided with two Restek Rtx-DHA-
150 columns, and hydrogen (Praxair, purity 6.0) was used as the
carrier gas.
Experiments of methanol conversion were monitored by in situ FT-

IR spectroscopy in a Bruker Invenio R spectrophotometer with an
MCT cryodetector working at 40 kHz and equipped with an
AABSPEC 2000 multimode FT-IR cell operating in the transmission
mode. The cell was connected to a mass flow controller for the direct
gas dosage within the measurement chamber and allowed high-
temperature in situ measurements. The samples were placed inside the
cell in the form of a self-supporting pellet of about 10 mg of pressed
powder. Both SAPO-18 and MgAPO-18 were pretreated in pure N2,
raising the temperature from 30 to 550 °C at 5 °C min−1. In the case
of the in situ calcined condition, the pretreatment was conducted in
the same way, but fluxing a mixture of N2 (60 mL min−1) and O2 (20
mL min−1). N2 (60 cm3 min−1) or mixed N2/CO (20 cm3 min−1) (in
the cofeeding experiments) were saturated with MeOH at 25 °C and
fed directly into the AABSPEC cell where the catalysts were kept at
400 °C and ambient pressure. The reaction was followed for 1 h by
continuous acquisitions of IR spectra, accumulating 32 scans for each
spectrum with a 2 cm−1 resolution. Considering the interferometer
speed of 40 kHz, each acquisition required 16 s, which was considered
the time resolution for the interpretation of the spectral changes
described in the Results section.

Catalyst Characterization
X-ray diffraction (XRD) patterns were recorded using a Bruker D8-
A25 in transmission capillary geometry with a Ge(111) Johanssen
monochromator and a Lynxeye detector with Cu Kα1 radiation (λ =
1.5406). The samples were loaded in 0.7 mm borosilicate glass
capillaries and collected at 25 °C equilibrated with ambient moisture.
The measurements of freshly calcined zeotypes were performed in situ
by loading the as-made material and calcining the material in an open
capillary. Following the same calcination protocol, the temperature
was raised up to 550 °C at 1.5 °C min−1 ramp in air and then
maintained isothermal for 6 h. The calcined samples were flame-
sealed on cooling at 200 °C inside the capillaries. Stored samples were
dried at 115 °C for 12 h and flame-sealed.
N2 adsorption−desorption physisorption was carried out in Belsorp

Mini II equipment at −196 °C. Prior to the experiments, the calcined
catalysts were outgassed under vacuum for 4 h, then for 0.5 h at 80
°C, followed by a period of 3 h at 300 °C. From the isotherms,
specific surface areas were calculated using the BET method,
micropore volumes and external surface areas were calculated using
the t-plot method, and mesopore volumes were calculated by
difference with the total adsorbed volume.
The density of Brønsted acid sites was determined by n-

propylamine titration by following the TPD-catalyzed Hoffman
elimination in a homemade packed-bed setup connected to a Pfeiffer
Omnistar quadrupole mass spectrometer. First, the sample (ca. 100
mg) was pretreated at 550 °C for 1 h using a temperature ramp of 10
°C min−1 (as-made samples for in situ calcination were also tested
following the calcination protocol described above). After cooling the
samples down to 130 °C, saturated n-propylamine in N2 (50 cm3
min−1) was flowed for 1 h through the catalyst to chemisorb the probe
molecule. Physisorbed n-propylamine was removed by flowing pure
N2 for 4 h, and then, the temperature was increased up to 650 °C
using a temperature ramp of 20 °C min−1. Propene and NH3 were
monitored as the main products from the Hoffman elimination.
Samples for the solid-state nuclear magnetic resonance (NMR)

experiments were ground in a mortar and transferred to a 3.2 mm
zirconia rotor. 31P MAS NMR experiments were performed on a
Bruker 400 MHz (9.4 T) wide-bore magnet with an AVANCE-III
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console equipped with a Bruker 3.2 mm HXY MAS probe. The
experiments were performed at room temperature with a MAS
frequency of 20 kHz. π/2 pulses were applied with a field strength of
62.5 kHz, a 30 s recycle delay, and an accumulation of 384 scans. 31P
chemical shifts were referenced externally to ammonium dihydrogen
phosphate ((NH4)H2PO4). 27Al MAS NMR experiments were
performed on a Bruker 900 MHz (21.1 T) wide-bore magnet with
an AVANCE-III console equipped with a Bruker 3.2 mm HXY MAS
probe. The 1D 27Al direct-excitation MAS NMR spectrum was
recorded using hard π/6 pulses with a 0.5 s recycle delay, 33 ms
acquisition time, and accumulation of 4096 scans at a MAS frequency
of 20 kHz. 27Al chemical shifts were referenced externally to
aluminum chloride hexahydrate (AlCl3·6H2O).
Water adsorption experiments were carried out at 25 °C in a Vstar

of Quantachrome Instruments. The system was designed for
subatmospheric pressure measurements by the Advanced Materials
Laboratory group at the University of Alicante. Samples were
degassed for 4 h at 250 °C prior to each isotherm measurement.
He was used to estimate the dead volume, assuming that it is not
adsorbed by any of the samples. After water adsorption experiments,
the porous texture and crystallinity of the samples were characterized
by means of N2 adsorption−desorption, CO2 adsorption, and XRD.
Prior to the adsorption experiments, samples were outgassed at 150
°C for 4 h. The N2 adsorption−desorption isotherms were measured
at −196 °C and the CO2 adsorption at 0 °C in a Quadrawin
(Quantachrome) device. P-XRD patterns were collected in situ during
a calcination in air after water adsorption in Panalytical Empyrean
multifunctional equipment. In its basic configuration, the equipment
has a goniometer with an X-ray tube with a Cu Kα cathode and a
PIXcel 3D detector equipped with a hot chamber (the hot chamber
can work up to 900 °C and with a controlled atmosphere).
Temperature was raised from room temperature to 500 °C and
then cooled down to 25 °C, where a last XRD pattern was recorded.
Computational Methods
SAPO-18 and MgAPO-18 unit cells (Figure S23) were fully optimized
within the density functional theory (DFT) construct as implemented
in the Vienna ab initio software package58 using the generalized
gradient approximation functional PBE59 and Grimme’s D3
dispersion correction60 with the Becke−Johnson damping function.61
A projector-augmented-wave plane-wave basis62 set was employed
with a 500 eV cutoff. Brillouin zone sampling occurred at the γ point.
The electronic convergence criterion was set to 10−6 eV for electronic
energies, and geometries were optimized until forces on the atoms
were below 0.01 eV/A.
The DFT-optimized lattice parameters were then adopted for ab

initio molecular dynamics (AIMD) simulations conducted in the NVT
ensemble at the revPBE-D3(BJ)60,61,63 level of theory. AIMD
simulations were performed with the CP2K64 software using the
QuickStep65 module at a temperature of 400 °C controlled by a
Nose−Hoover chain thermostat with five beads and a time constant
of 100 fs. The Gaussian and plane-wave (GPW) method66 was used
with the TZVP basis set for all atoms, and the TZVP-MOLOPT-SR-
GTH basis set was used for Al and Mg. Core electrons were
represented with GTH pseudopotentials,67 and an auxiliary plane-
wave cutoff of 400 Ry was used. A 30 ps production run was executed
following a 5 ps equilibration run using a time step of 0.5 fs. The
dipole moments from the resulting trajectories were calculated every 2
fs using the Berry phase approach.68 IR spectra were then calculated
as the Fourier transform of the dipole autocorrelation function.69,70 A
Lorentzian function was then applied to smooth the spectrum with a
full width at half-maximum of 6 cm−1. Simulating IR frequencies in
this manner takes into account anharmonicities and finite temperature
effects to provide time-averaged frequencies for the chemical system.
However, the output frequencies cannot be separated into their
atomistic contributions. Hence, power spectra that isolate the
contributions of the molecular guests were additionally generated
using TRAVIS71 to analyze the same trajectories with a correlation
depth of 5 ps.

The simulated IR spectra are dominated by signals originating from
the bonds within the zeolitic framework. However, the characteristic
frequencies for molecular guests are visible at low absorbances. To
clarify the signals originating from confined guest species, molecular
power spectra with contributions from the zeolite subtracted are
overlaid with the simulated IR spectra. For surface species, including
the BAS and its transformations (methoxy and aldehyde species), the
presented power spectrum is the global power spectrum, including
signals originating from the entire framework. However, the
characteristic features are more pronounced because there is less
noise in the power spectra. The dipole autocorrelation function used
to compute IR spectra is based on the Berry phase approach, which
provides the total dipole moment of the simulated system. The
complexity of capturing the adiabatic evolution of the entire system
can introduce noise into the spectrum. In contrast, the power spectra
computed by TRAVIS utilize atomic velocity vectors from AIMD
trajectories and zero padding, which provides better resolution.71
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