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Abstract

The tandem system for CO, conversion to C4+ fuels through methanol as an intermediate, in one step,
is studied in this work using ZnZrO4 and beta zeolites. We show that the bed configuration is of major
importance for such systems and highly dependent on the catalytic materials chosen. A dual bed
configuration benefits the system showing the highest space time yield for C4+ paraffins when beta
Si/Al = 15 is used (1.75 molC.kge: 1.h™1) and an impressive selectivity of 40 % to isobutane. More beta
zeolites with different Si/Al are tested in both mixed and dual bed configuration and correlations
between the catalytic behavior and the acidic properties of the zeolites are made. A hypothesis on a
correlation between the position of the hydroxy species, especially the silanols, and the difference in
activity due to different proximities is proposed, as zeolites with more external silanols seem to benefit
more from a dual bed configuration. Higher temperatures and GHSVs increase the production of
paraffins but simultaneously increase CO selectivity. Moreover, the tandem system is found stable for
more than 30 h. These results are essential for the further development of tandem catalytic systems
converting CO; to light alkanes.

1. Introduction

The catalytic hydrogenation of CO, is a very attractive technology that can potentially play a role in the
global decarbonization efforts. Accounting for 77 % of Greenhouse Gas (GHG) emissions, CO, can be
captured (Carbon Capture, CC technology) to be further stored (Carbon Capture and Storage, CCS
technology) or used (Carbon Capture and Utilization, CCU technology). Hydrogen used for the
realization of some of the CCU processes can be produced by multiple processes that have varying
Global Warming Potential, the lowest of which can be achieved when hydrogen is produced by water
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electrolysis if the electricity needed for this process is produced from renewable sources (11-48 g CO,
eq/kWh) or nuclear plants (12 g CO, eq/kWh) [1]-[3]. Yet, the scaling of low emission H; is still a
challenge.

Some appealing products resulting from CCU are hydrocarbons produced conventionally from refining
or chemical industries such as olefins, paraffins and aromatics. Simpler products such as CO, CH4 or
methanol (MeOH) may be easier to achieve from CO; and thus are often used as intermediates for
further conversion towards more complex compounds (in separate processes, or in one: tandem
catalysis) [4]. Two main pathways have been studied differentiating based on the intermediate
product. In the first one, the Reverse Water Gas Shift reaction (RWGS) is combined with Fischer-
Tropsch synthesis to allow CO; to convert firstly to CO which is further converted to longer chain
hydrocarbons (conventionally paraffins). In the second pathway, the methanol-mediated route, CO;is
converted to methanol (CTM), and then methanol is converted to hydrocarbons (MTH) [5]-[7]. This
process can have a variety of products depending on the carbon number and the nature of the carbon
bonds, the selectivity towards which can be controlled by adjusting the second part of the process to
Methanol to Olefins (MTO, using medium-small pores zeolites [8]-[9]), Methanol to Gasoline (MTG) or
Methanol to Aromatics (MTA). The hydrogenation of CO, to MeOH is exothermic, whereas the
hydrogenation of CO,to CO is endothermic:

CO;, +3H,=CH30H+H,0 AH0298K= -49.5 kj/mOl (1)

CO, +H,=CO+H,0 AH0293K= +41.2 kj/m0| (2)

It should be underlined that dimethylether (DME) is considered an important intermediate in the
tandem reaction of CTM and MTH and is influenced by some of the same boundaries (exothermic,
water formation and thus equilibrium issues) as CTM following the reaction [10]-[11]:

2CH30H=CH30CH; +H,0 AH 05 = — 23.4 kj/mol (3)

This reaction is acid-catalyzed, e.g. by y-Al,0s3, which shows high selectivity to DME due to its weak
Lewis acidity and can restrict further (side) reactions. However, zeolites have also been intensively
studied for this reaction because of their high content of acid sites, both Lewis and Brgnsted (ZSM-5,
Y, Beta, FER amongst others) [11]-[12].

MeOH as an intermediate is appealing because methanol itself is a liquid fuel (or energy dense
molecule) and can also act as a precursor for versatile products (olefins, formaldehyde, gasoline,
aromatics etc.) CTM can run at relatively low temperatures but needs increased pressures e.g. can
reach a 60 % equilibrium yield at 90 bar and 200 °C (10 % equilibrium yield at 10 bar and 200 °C but
approaching 0 % when the temperature increases to 300 °C), in comparison to RWGS reaction that can
reach a maximum of 24 % equilibrium CO yield at 10 bar and 300 °C, based on previous studies and a
H,to CO; ratio of 3 [13]. Many catalytic materials have been studied focusing on higher selectivity or
yield of the intermediate (MeOH) with a focus on optimizing the tandem system from CO,to MeOH to
hydrocarbon in one step. Some key catalysts for CO, to MeOH are the commercial Cu/ZnO/Al,0s, as
well as In;05 and ZnZrOy (also found in literature as Zn0-Zr03) [1]. ZnZrOyis a very interesting material
due to the high MeOH selectivity and has been widely studied and characterized in literature, using in
situ techniques, such as DRIFTS, showing the importance of the intermediate species (HCOO*) and the
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type of the interfacial species (such as the hydroxyl groups Zn-OH-Zr) that have a strong effect in the
mechanistic pathway and more specifically the extent of the hydrogen spillover and protonation of
the main intermediates like formate [14]-[16]. For the tandem system, usually, an MTH catalyst is
added to the system and more specifically a zeolite (or a zeotype) which can selectively alter the
product distribution depending on the zeolitic properties such as topology, acidity or position of acid
sites. The most typical zeolite applied for this reaction is ZSM-5 which was used for commercial MTG
processes (Table S1) [17]. The combination of these materials that have different functions in
“tandem”, is of great importance, as it can alter the product distribution and enhance or weaken the
intermediate reactions. Many factors contribute to this alteration, such as the amounts of each
material, their positioning in the reactor and their proximity. The term ‘proximity’ can have a twofold
meaning. More conventionally, and when discussing heterogeneous catalysis, with two types of
catalytic sites, the term refers to the proximity of sites on a molecular level which can usually be altered
during synthesis (or impregnation) leading to the synthesis of one catalytic bifunctional material [18]-
[20]. Proximity can also refer to differentiated bed configurations, when two separate solid catalysts
with each having a different type of sites, are used in tandem in a reactor. Focusing on the latter, it is
usually challenging to find the key reason for explaining differences in the output when altering the
bed configuration, as it is highly dependent on the specific materials and the reaction conditions
because of the different kinetics and diffusion rates that are proved to alter the reaction outcome [21].
Bed configurations for two solid catalysts can be dual bed configuration (the two types of catalyst
pellets placed in separate layers with or without an inert layer in between), physically mixed bed
configuration (the two types of pellets mixed prior to placing the mixture in the reactor) or mortar
mixed bed configuration (the two powdered materials placed in mortar and grinded together before
making one type of pellets from the mixture and placing those in the reactor). Depending on the bed
configuration, the products selectivity or reaction yields can be altered. In 2023, Parra et al. combined
ZnZrOy with ZSM-5 zeolite (physically mixed) with the goal to convert a mixture of CO, and CO to
gasoline range products, and it was found that at 420 °C, 50 bar, and CO,/COx= 0.5 the C5+ yield (mainly
isoparaffins C5 and C6) was almost 20.7 % with a CO, conversion of 39.7 % [22]. In 2020, Weber et al.
showed that when combining Fe catalyst supported on alumina with sulfur and sodium promotors
with ZSM-5 zeolite for the syngas conversion to hydrocarbons, the mortar mixed bed (powder mixing
in mortar, closer proximity), was leading to an increase in methane selectivity and a decrease in the
aromatics selectivity, versus all the other proximities (dual bed and physically mixed bed). In this case,
this behavior was explained by the migration of the promotors (such as sodium) from the a-alumina
supported Fe catalyst to the zeolite [23]. Studying the same reaction, Ding et al. tested ZnCrOx-SAPO
and MnOx-SAPO catalysts in different proximities with different sizes of granules before mixing, and
noticed that a closer proximity favored C2-C4 olefins compared to dual bed that showed higher
selectivity to C2-C4 alkanes for both catalysts. The authors demonstrated that proximity effects are
primarily influenced by the interaction that might be developed between the different active sites (e.
g. CTM active sites from the oxide and Brgnsted acid sites from the zeolite) as well as the role of the
intermediates (e.g. ketene), the concentration of which can help to define the best proximity, in order
to avoid mass transport limitations with the assumption that those species do not transform while
transferring from the oxide to the zeolite. They concluded that when the catalysts lack easily migrating
species (to the SAPO-34) such as in the case of MnOx, the reaction will benefit significantly from
nanoscale proximity, hence concluding closer proximity is better. On the other hand, when the
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migration of species occurs (as in the case of Zn species which can create Zn-OH upon contact with
Brgnsted acid sites), the yield of light olefins is enhanced by avoiding nanoscale proximity (granule size
of 20 nm). Additionally, the acidity of the zeolites plays a crucial role, as controlling it can influence the
dependency on proximity (weaker acidity reduces the influence a different proximity may have) [24].
A similar approach was shown by Lyu et al. for MTH reaction who compared different types of
proximities. Beyond physical mixture and dual bed configuration, they tested core-shell proximity
(another type of close proximity, the closest compared to the rest studied in this work), and presented
that this closest proximity between y-Al,03 and ZSM-5 (y-Al,03 nanosheets around ZSM-5) resulted in
higher MeOH conversion, C2-C3 olefins and aromatics selectivities [25]. More recently, Chen et al.
studied this effect for CO, hydrogenation to olefins over a ZnZrO4 and SSZ-13 in which it was shown
that closer proximity of the functionalities enhances C2-C4 olefins production and CO; conversion
while at the same time suppressing the CO selectivity. However, when the proximity was too close (0.3
nm, as measured by SEM and STEM), the effect was negative because of the decrease in area and
volume of the micropores leading to higher CO selectivity and lower CO; conversion. The dual bed
configuration in this case showed the highest selectivity to C2-C4 alkanes without drastically
decreasing the CO; conversion [26]. Wang et al., studied an FeZnZr catalyst combined with ZSM-5
zeolite and showed that by increasing the proximity (from dual to core-shell) the hydrocarbon
selectivity is enhanced and C1 components and aromatics are suppressed. At the same time, they
showed the highest ratio of i-C5+/C5 + in the case of the core-shell configuration [27]. Dokania et al.,
showed that an InCo catalyst when combined with a Beta zeolite in a mixed bed configuration can
result in higher CO; conversion and selectivity towards isoC4-C7, whereas when In@Co (Cos04 and
In(OH)3 based on XRD before the reaction) is combined with Zn-Beta the opposite effect was noticed
and a dual bed (separate layers) was more beneficial for that product cut. The latter was explained by
the migration of Zn to the InCo catalyst in mixed bed case [28]. ZnZrOxand ZSM-5 as a tandem system
was also studied by Li et al. showing that CO, conversion increased by increasing proximity, however
when the two materials were grinded together (highest proximity studied by the group) the aromatics’
selectivity was also the highest (as the conversion). When comparing a physical mixture and a dual bed
configuration, the selectivity of the rest of the products stayed very close with only a slight increase in
the selectivity of C5+ in the case of the dual bed configuration and less C2-C4 alkenes [29]. More
recently, the system of ZnZrO, and ZSM-5 was studied by Parra et al. with the focus on production of
isoparaffinic gasoline from CO/CO, mixture, and it was shown that the systems that benefited the
reaction were those of closer proximity (physical mixing the 2 materials or bifunctional catalyst). The
later (bifunctional catalyst) achieved the highest conversion of CO; and product yields [30]. Ghosh et
al. studied the tandem reaction for the first time using a kinetic model (equilibrium was also taken into
account) for a In,03/ZSM-5 catalyst and were able to predict the experimental results [31]. A more
specific research studying the migration effect in different proximities between multiple oxides and
ZSM-5 was conducted by Wang et al. They showed that an important effect of protonic sites of the
zeolite being neutralized by specific oxides derived species (In,0s and Zn0), occurs for mortar mixed
bed configuration (when the materials are grinded together in a mortar), leading to a decrease in BAS
and more RWGS reaction products compared to dual bed configuration whereas other oxides such as
ZrO; showed no migrating behavior [32].
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It was shown in literature that the proximity effect is highly depending on the specific materials present
in the system. Here, the bed configuration, more specifically, the proximity between the oxide catalyst
(responsible for CTM) and the zeolite (responsible for MTH) was studied using ZnZrOyand Beta zeolites.
Mixed bed configuration (a physical shaking of a mixture of oxide pellets and zeolite pellets) and dual
bed configuration (separate layers of zeolite pellets topped by the oxide pellets) were used to
demonstrate the proximity differences in the tandem system. As an effort to cover the gap for the
combination of these specific materials and understanding the driving force for the optimum bed
configuration, the correlation between the proximity of the 2 materials and the products selectivity
was followed at various reaction conditions and was correlated to the specific materials’
characteristics. The focus was put on the production of hydrocarbons in the light naphtha range, that
could work as fuels and more specifically C4+ (including C4) hydrocarbons (alkanes and isoalkanes) and
C5+ (including C5) hydrocarbons that are considered gasolinic compounds for the purposes of this
work.

2. Experimental section

2.1. CHEMICALS

ZrO(NOs),*H,0 (Sigma Aldrich), Zn(NOs),*6H,0 (Sigma Aldrich) and (NH4),C0O3(=30.5 % NHs, Carl Roth)
were used as purchased. Zeolite Beta 12.5 (Clariant CZB 25), zeolite Beta 15 (Tosoh 930NHA, SiO,/Al,03
=30), zeolite Beta 20 (Tosoh 940NHA, SiO,/Al,03 = 40), zeolite ZSM-5 40 (Zeolyst CBV 8014, SiO,/Al,03
= 80), zeolite Beta 75 (Clariant CZB 150) and zeolite Beta 250 (Tosoh 980HOA, SiO,/Al,0; = 500) were
calcined before use to ensure or obtain the H form.

2.2. CATALYST PREPARATION

The ZnZrOy catalyst was synthesized following a procedure previously described using the solid
solution method [14]. A solution is made by dissolving 15 g ZrO(NOs),#H,0 and 2.55 g Zn(NQOs),*6H,0
in 300 ml H,0 (deionized, Milli-Q, Merck, Synergy® UV system) under stirring and is labelled as solution
(A). A second solution of 9 g (NH4)>COsin 300 ml of H,O (Milli-Q) is prepared and is labelled as solution
(B). The solution (B) is added to the solution (A) dropwise at 70 °C, under vigorous stirring. The
suspension was aged for 2 h under stirring at 70 °C and then was cooled down and washed several
times with Milli-Q water and filtered by centrifugation. The sample was then dried at 100 °C for 48 h
and calcined for 3 h at 500 °C (1 °C/min) in static air.

Zeolites were calcined at 550 °C in static air with a ramp of 1 °C/min for 6 h prior to being used
experimentally.

Both oxides and zeolites were pelletized (under pressure 300—-400 bar) prior to reaction and sieved to
achieve pellets between 125 and 250 um. In the case of mixed bed configuration, the weight of
pelletized oxide and pelletized zeolite was added in a vial and was mixed manually by applying gentle
shaking. In the case of dual bed configuration, the two types of pellets were carefully inserted in the
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reactor by adding a layer of the zeolite and a layer of an oxide making sure the oxide was the first to
come in contact with the gas feed (Fig. S1).

2.3. CATALYTIC TESTS

The tandem catalysis of CO,to C4+ linear hydrocarbons through MeOH was performed on a fixed bed
stainless steel reactor with an inner diameter of 5 mm in a custom PID Eng&Tech catalytic unit. Prior
to a typical experiment, the reactor was filled with 300 mg of catalysts (oxide: zeolite ratio of 1:1), and
a leak test was performed at room temperature and a working pressure of 40 bar. The activation of
the materials was performed in-situ, under working conditions (7 = 300 °C and P = 40 bar), for 5 h, in
the presence of the feed gases in high GHSV, ensuring very low conversion (< 1 %) but activation of
the system (Fig. S3). Other activation ways were tested, using pure H; and pure N,, leading to similar
results but a slightly more intense conversion decrease (Fig. S2). The system was then switched to
bypass mode, isolating the reactor, allowing the feed gases to be measured accurately in the GC,
constituting the exact inlet flows of the experiment. Consequently, the unit was switched to reactor
mode, allowing the feed gases to enter through the reactor, initiating the start of the reaction. The
experimental conditions were T =300 °C, P = 40 bar and 42.5 ml/min total feed of gases (5 ml/min N,
7.5 ml/min CO;and 30 ml/min H;) with H,:CO, = 4, unless mentioned otherwise. A typical experiment
was conducted for 8 h unless mentioned otherwise. Three mass flow controllers were used to
determine the inlet flows of the gases (two thermal mass flow controllers for N, and H; and a Coriolis
mass flow controller for CO,). The reactor and its tube oven are positioned inside a hotbox which is
kept at 140 °C throughout the whole procedure and is connected with an online gas chromatograph
(GC) with a heated line (150 °C). The GC (TraceGC 1300, G.A.S.) consists of one flame ionizing detector
(FID) for the analysis of hydrocarbons C;-Cip by a CP-Poraplot Q (CP7551) column and two thermal
conductivity detectors (TCD) for the analysis of permanent gases principally by two Hayesep N, 60—80
columns, a Molsieve 5A, 60—80, a RT-XL Sulfur 60—80 and a SC-ST 60—80 columns.

The carbon balance was within an acceptable range of 97-101 %. It is important to note that when
working in low conversions, the gap in the carbon balance can correspond to relatively high amounts
of unknown carbon products (hydrocarbons or coke) or errors of the system as discussed in paragraph
3.2. For the purposes of this work, oxygenates are considered MeOH and DME, olefins are alkenes with
a C2+ (including C2) chain length and paraffins are alkanes with C1+ (including C1) chain length (thus
including CH, unless mentioned otherwise). The experimental results (product distribution, STY values
etc.) presented in this paper correspond to one data point between the first 30-60 min of reaction,
the reason being the slow decrease of conversion in later times. However, Time on Stream (TOS) results
are presented in paragraph 3.2. The conversion of CO; (XCO,,%), the space-time yield of the product i
(STY;, mol of C kgeat™ *.h™1) in terms of carbon number (CN;) and molar flow (n’, mol.h™%), the gas hourly
space velocity (GHSV, Nml.ge:™ 1.h™ 1) and the carbon balance (CB, %) were calculated using the
formulas (4)- (7). In addition, for the calculation of the weight loss for the cokes and the water present
on the zeolite after reaction, TGA was used, and then Egs. (8)—(9) were applied to convert it in the
desired expression.
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where mcqis the mass of the catalyst, V is the volumetric flow of feed gases (Nml.h™%), CN;, the carbon
number of product i, Mrcokesand Mryqter, the molar mass of cokes and water respectively and TGA Wiloss
the weight loss of the used catalyst as calculated from the TGA graph. It is worth noting that the choice
of units for the STYiis made to facilitate the direct comparison of products with different CN and it is
expressed as mol of carbon of product i per kg of catalyst used and per hour of experiment (so 1 actual
mol of propane produced per kg catalyst per hour would result in 3 mol of C kget” .h™1).

2.4. CHARACTERIZATION OF CATALYSTS

2.4.1. POWDER X-RAY DIFFRACTION (XRD)

To unravel the structure of the custom-made oxides, XRD measurements were conducted on a STOE
STADI P Combi diffractometer in transmission mode operating at 20 kV. The scanning time was 10 min
per sample and every sample was analyzed for an angle between the transmitted and the reflected
beam in the range of 20 of 0°to 60°. The X- ray inlet beams are monochromatic, focusing Ge(111) with

Cu Ka radiation with wavelength, A - 1.5406 A (Fig. S4).

2.4.2. FOURIER-TRANSFORM INFRARED (FTIR) SPECTROSCOPY

To analyze the density of Brgnsted and Lewis acid sites (BAS and LAS) of the zeolites, pyridine
adsorption and desorption measurements followed with FT-IR spectroscopy were conducted. A
Nicolet 6700 spectrometer equipped with a deuterated triglycine sulfate detector was used. Prior to
the measurement, the zeolite powder was pressed into pellets with a density ranging between 5 and
20 mg per cm?. The pellets were activated at 400 °C (5 ‘C/min) for 6 h in-situ under vacuum conditions
(< 0.1 mbar). Post activation, a first FT-IR spectrum was collected at 150 °C with an accumulation of 64
scans at a 4 cm™ !resolution (called reference spectrum). The temperature was reduced to around 50
°C and pyridine vapor was introduced until saturation. Subsequently, the thermal desorption of
pyridine took place at temperatures of 150 °C, for 2 h, under vacuum and a spectrum was collected
after this step. The density of BAS and LAS was measured by integrating the areas of the bands that
are characteristic of these species, respectively the ones at 1545 cm™! (using the molar coefficient egs
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=1.67 cm/umol) and 1455 cm™ ! (using ews= 2.22 cm/umol) as described in literature reports[33],[34].
To calculate the amount of acid sites the following formulas were used:

AeS

dgas = 10
B = e (10)
AeS i
dras = 11
s = o (11)

where dgas and dias are the density of Brgnsted and Lewis acid sites, respectively (umol/g), A is the
integrated area of the adequate band (cm™1), S is the surface of the pellet (cm?), esssand eusare the
molar coefficients of BAS and LAS, respectively (cm/umol), and m is the weight of the pellet (g).

The determination of the contribution of external and internal SiOH in the SiOH band was estimated
by applying a peak deconvolution in the 3770-3690 cm™ ! region using OMNIC software. Two SiOH
groups were considered for the SiOH band, namely external SiOH (in the range 3742—-3740 cm™?) and
internal SiOH (in the range 3735-3731 cm™?). After a baseline correction of the spectra in the zone of
interest, a deconvolution procedure using Voigt peaks fitting was applied with +2 cm™ of freedom on
the peaks position. An example is shown in Fig. S5.

2.4.3. SCANNING ELECTRON MICROSCOPY (SEM)

To show the size of the particles of the zeolites and their aggregates, SEM images were taken. SEM
was performed using a microscope JEOL JSM-6010LV at a voltage of 15 or 20 kV, after the samples
were attached to a carbon tape and coated with a layer of Pd/Au of a ratio of 60/40 in order to ensure

conductivity. 2.4.4. N, physisorption

To estimate the surface area and the pore volume of the zeolites, N, physisorption was performed
using the Tristar Il 3020 equipment from Micrometrics. The samples were pretreated at 350 °C
overnight before the measurement. The measurement was conducted by varying the relative pressure
of nitrogen (p/po) at 77 K. To calculate the micropore volume, the Harkins and Jura t-plot method was
used (Table S2).

2.4.5. THERMOGRAVIMETRIC ANALYSIS (TGA)

The water and coke contents of the used catalysts were measured using a Mettler Toledo TGA/DSC
3+. A treatment protocol with varying gas flows and temperatures was used as reported in the
literature [35]. Firstly, a ramp of temperature at 10 °C/min up to 200 °C under N; resulted in weight
loss of the catalyst due to the water desorption. Consequently, further increase of temperature up to
600 °C (5 °C/min) under N, indicated the loss of weight due to the loss of soft coke. At the final step,
the gas used was switched to O, and the temperature stayed at 600 °C for 30 min. However, due to
lack of knowledge of the exact coke composition, all coke content is calculated as an average between
some products indicated by literature as described later in paragraph 3.2.
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3. Results and discussion

3.1. COMPARISON BETWEEN ZNZROx AS CATALYST FOR CTM AND TANDEM
CONFIGURATION OF ZNZROx + ZEOLITES FOR THE ONE-STEP CO,TO
HYDROCARBONS

At first, ZnZrOy was tested in CTM at 40 bar with varying temperatures from 260 to 360 °C (Fig. 1a).
With increased temperatures, the conversion of CO, was increased leading to higher STY of MeOH and
CO, with the highest STY of MeOH being at 340 °C (8.5 molC/g.t/h). Above this temperature (at 360
°C), RWGS reaction becomes more dominant leading to more CO production (Fig. 1 a) [36]. When
ZnZrOx was coupled with a beta zeolite, the methanol pathway was ensured because it was proven
that the CO does not get converted (STY values of CO show only a slight decrease when zeolite is
added, in all temperatures tested, and this difference decreases with increasing T, and at the same
time the system errors are reduced due to the higher amounts measured, reaching a 9 % of CO
decrease in 340 ‘C when zeolite is added, which is considered insignificant), in contrast to MeOH which
gets almost fully reacted as shown in Fig. 1 b. To have a better comparable system, the experimental
set for CTM presented in Fig. 1b was conducted keeping the exact same layer of ZnZrQy, in terms of
mass and volume, and the same feed flow, as in the case of Fig. 1a, but now with the addition of a beta
zeolite layer. This means that the GHSV in the case of Fig. 1a was double (17,000 Nml.ge.:™ .h™ 1) due
to the lower amount of total catalyst present. For comparison in Fig. 1b, the values of STYs for sole
CTM were divided by half, and the comparable calculated results were presented. Another way to do
this would be to calculate all products formed in the tandem on a ZnZrOy basis (which would mean
doubling the obtained STYs in Fig. 1b to plot against the Fig. 1a ones). The conversion of CO; was slightly
increased when a zeolite bed was added, especially at high temperatures, proving the presence of the
catalytic coupling (and its potential), meaning that the product of the first part of the reaction (MeOH)
gets further converted leading to enhance the conversion of the initial feed of gases (CO,and H,). This
can also be noticed from the Space Time Conversion (STX, mol CO, converted/h/kg.:) which also
increases with the addition of the zeolite. With the temperature increasing, both the conversion and
the STYs of the products increase. The produced hydrocarbons are mainly aliphatics (more detailed
product distribution and selectivities are discussed in Section 3.2) and the highest STY of paraffins (2.8
molC/kgt/h) was reached at 340 °C. However, given that we are aiming to keep the selectivity to CO
at a lower level, 300 ‘C was chosen as an adequate temperature for further catalytic screening.
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Fig. 1. Cartalytic performance on different temperatures of a) pure ZnZr0,: 150 mg, 42.5 Nml.min equaling a GHSV = 17,000 le.g;][.hfl P = 40 bar and b) ZnZro,
+ Beta Si/Al = 15 (dual bed configuration with ZnZrO,:Zeolite = 1:1): 300 mg, 42.5 NmlL.min equalling a, GHSV = 8500 Nﬂ]]-gc_alt-h_ ', P = 40 bar. For comparing in
1b, the 1a data is recalculated by halving it, based on the fact that the ZnZrOy + beta STYs are divided in the denominator by double the total weight of catalyst.
Oxygenates = mainly methanol (100 % MeOH 260-300 °C, 80 % MeOH at 340 °C), Olefins = mainly C2-C3 alkenes, Paraffins — mainly C4-C6 alkanes.

3.2. CATALYTIC EFFECT OF THE BED CONFIGURATION

3.2.1. BED CONFIGURATION AND ACIDITY

To elucidate the effect of the bed configuration, two types of proximity levels were studied, i.e. mixed
bed and dual bed (as defined in the introduction), for a range of zeolites (beta and MFI topologies)
owning different Si/Al ratios (Fig. 2). Before discussing in detail the catalytic results of the tandem
system it is worth mentioning that during blank tests (no catalyst present in the reactor) at 40 bar of
pressure and 300 °C, no reaction is observed and only the feed gases are detected at the exit of the
system. It is shown that in every case, the dual bed configuration is beneficial for obtaining higher STYs
of paraffins compared to the mixed bed configuration. However, in some cases, such as for ZSM-5 40
and beta 20 zeolites, this effect is minimal: these zeolites showed a high STY of paraffins in dual bed
configuration (1.4 and 1.3 molC.kge™ 1.h™?, respectively) but also in mixed bed configuration (0.9 and
1 molC.kgeat X h™2, respectively). Surprisingly, beta 15, that showed a poor STY of paraffins in the mixed
bed configuration (0.3 molC.kge:™ 1.h™1), was the most active in producing paraffins in the dual bed
configuration (1.7 molC.kgea 1.h™1). As presented in Fig. 2b, in all cases the main products are C4 (n-
butane and isobutane), and beta with Si/Al 15 shows the highest STY of these products, with the
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exception of ZSM-5 which shows more C5+ hydrocarbon production. Exact product distributions are
presented in Table S3.

The particle sizes of the beta zeolites used were measured and some minor variations were found as
shown in Fig. S6. In the aim to better understand the different catalytic behavior of the studied zeolites,
we calculated and compared their surface acid density (BAS and LAS) using pyridine probe FT-IR
spectroscopy (Fig. S7). Table 1 reports the obtained densities for both BAS and LAS in comparison to
the commercial supplier Si/Al ratios. The total acid site density is expected to decrease with higher
Si/Al ratios, however, this trend is not always respected since non-acidic Al species (and also Al
agglomerates) can be present in different proportions[33],[37]. For example, beta 12.5 exhibits lower
acid sites density than beta 15 and beta 20 zeolites. As for the methanol conversion capacity, the
zeolite with the highest BAS density (beta 15) showed the highest STY of hydrocarbons, but only in the
dual bed configuration (Fig. 2).
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Fig. 2. a) Catalytic performance of different zeolites (zeolites beta with different 5i7Al ratios and ZEM-5) in 2 proximities (muixed and dual bed configuration) given
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Table 1
Denzities of Brensted Acid Sites (BAS) and Lewis Aeid Sites (LAS) based on FT-IR
measurements for zeolites with different 51/Al rafios.

Sample Si‘Al BAS (pmol/  LAS (pmol/  Total acidicy BAS/
gl e} (pmol/g) LAS
betal 2.5 125 201 114 315 o9
beta 15 15 348 121 469 249
beta 20 20 281 a5 376 30
Z5M-5 40 163 37 200 44
40
beta 75 75 64 ] 72 20
beta 250 250 a5 4 29 62

Mote: The coefficient of vanation (100*5D/Mean) on the BAS and LAS values
(for 3 measurements) was estimated in the range of 4 to 11 246

A correlation was attempted between the BAS density and the STY of hydrocarbons for both tested
configurations (Fig. S8). As it has been shown in literature, BAS are mainly responsible for the
dehydration of methanol to the essential intermediates for MTH [12],[38]. This is confirmed by Fig.
S8a, which shows that in mixed bed configuration, the increase of BAS leads to a decrease in STY of
oxygenates, meaning that those species are further converted in the presence of more Brgnsted acid
sites. This trend is reported for the mixed bed configuration because in that configuration the amount
of oxygenates is significant (as shown in Fig. 2) allowing this interpretation. As for the dual bed, Fig.
S8b shows that in this configuration, zeolites with higher BAS amount can result in higher paraffins
STY. Dual bed was chosen here to represent this effect due to the higher amounts of paraffins
produced (Fig. 2) and the lack of other parameters present that could affect the result, such as
variability added from mixing. It is worth noting that the results are presented in terms of total weight
of catalyst but to fully understand the catalytic potential of the zeolites, the STYs are presented in Fig.
S9 in terms of mols of Al with the hypothesis that BAS are mainly responsible for the activity. As shown,
beta 75 and beta 250 have a very high activity considering their Al content which could possibly mean
that their performance could be enhanced in a differing experimental configuration. In addition the
comparison of the catalytic behavior of zeolites is done under specific conditions, with the focus on
determining differences due to the bed configurations, but different conditions could potentially
enhance or reduce the activity of some of the zeolites.

The analysis of the evolution of the OH zone during pyridine adsorption and desorption experiments
(shown in Fig. 3b) was applying a subtraction of the spectra: the spectrum after activation (reference
spectrum shown in Fig. 3a) minus the spectrum obtained after pyridine desorption at 150 °C. By
applying this subtraction order, we will be able to point out (as the positive remaining bands) the OH
species that were consumed by pyridine adsorption. Herein, the different OH species and their
contribution in the acidity (interacting with pyridine) can be estimated by integrating the peaks
corresponding to each.



Published in : Chemical Engineering Journal (2025), vol. 523 =
DOI: 10.1016/].cej.2025.167966 < ' LI EG E

Status : Postprint (Author’s version) b université
a) € ext. o = b) <« / >
EFA
A 02| \ 4660 cm o 0.1
t beta 250 ‘
) \ beta 75
beta 250 /r \
beta 75 i _/’lﬁrl l\\ \——'//’;T T~ N
beta 20 “ \ | _ o
—_— \ —— beta20
[:u»;,! 10

-r 1 15 - — ?E“a_ﬁ_—

beta 12.5

Zsws40 M ZSM-5 40
2sMad0 |

T

I T T U 1
3900 3800 3700 3600 3500 3400 ' 3900 3800 3700 3600 3500 3400
Wavenumbers (cm-') Wavenumbers (cm™)

Fig. 3. FT-IR spectra for the studied zeolites showing the OH stretching zone from 4000 to 3300 cm ™!, where different surface hydroxyl species can be observed
(Terminal Al-OH, Internal and external silanols, framework Al-OH, and EFAl: extra-framework Al phase). Figure (a) shows the OH stretching zone of the reference
samples (after activation and before the addition of pyridine) and (b) reports the OH stretching zone of the subtraction spectra obtained from pyridine adsorption and
desorption at 150 °C. Each spectrum in (b) is obtained by doing the spectrum of a sample after desorption at 150 °C minus the reference spectrum of that same sample
before the addition of pyridine. This illustration allow to visualize and compare the OH groups in interaction with pyridine (the ones responsible of BAS) on
each sample.

Besides the amount of BAS and LAS, the acid sites location and nature have been found in previous
studies to affect and, even in some cases, to be essential for the selectivity and the activity of the
zeolite in a MTG reaction [39],[40]. The nature of the surface hydroxyl species for the studied zeolites
was also investigated using FT-IR spectroscopy analysis of the OH stretching vibration zone. Four main
surface hydroxyl species could be evidenced in different contributions in the studied zeolites, namely,
distorted Al-OH at 3780 cm™ 1, silanol groups (both external = 3740 cm™!and internal = 3725 cm™ 1),
extra-framework Al phase (EFAI) at around 3660 cm™?, and bridged Al-OH at 3605 cm™! (Fig. 3a) [41].
Pyridine adsorption and desorption at 150 °C was performed to depict the acidic OH groups that are
prone to retain pyridine at 150 °C (Fig. 3b). The two zeolites that show the smallest influence by altering
the bed configuration from mixed to dual are Beta 20 and ZSM-5 40. Even though the topologies and
Si/Al ratios are different, these two zeolites show the highest ratio of acidic bridged Al-OH to acidic
silanols.
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Fig. 4. Correlation between the ratio of external SiOH to internal SiOH present in zeolite beta with different Si/Al, with the ASTY paraffins (STY paraftins in dual bed
configuration — STY paraffins in mixed bed configuration). The area of the silanol groups is from deconvoluting the relevant IR peaks: external silanol groups ~ 3740
em ™! and internal silanol groups ~ 3725 em ™!,
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However, Beta 15, which also possesses a high ratio, presents large variations with the different bed
configurations. In addition, correlations between IR-based signals and the difference between the STY
of paraffins in dual and mixed bed configuration (ASTY paraffins) were attempted. These correlations
between e.g. EFAI, terminal Al-OH, Framework Al-OH, external and internal SiOH and ASTY of paraffins
for beta zeolites were plotted, yet without success in giving a clear trend to help in understanding the
difference in the behavior or paraffin production in mixed and dual bed. Amongst the different
hydroxyl species measured, the ratio of external silanols to internal ones was the only one found to
show some correlation to the ASTY paraffins, as shown in Fig. 4. This could indicate that a beta zeolite
with higher ext./ int SiOH ratio benefits more from a dual bed configuration rather than one with a
lower ratio, for which the bed configuration effect is less dominant. The role of silanols has been shown
in literature where it is indicated that external silanols of zeolites (crystalline materials) have acidic
nature either weaker or moderate and can improve the performance of the catalyst in certain
reactions [42],[43]. This trend is mostly present when comparing Beta 15 and Beta 20 which have very
different catalytic behavior when altering the proximity even though they have a small Si/Al difference.
It should be stated, however, that the choice of the optimum bed configuration is dependent on
several parameters and not only the topology and the nature and location of the acid sites.

It has been shown in literature that the interaction of alkanes with the active sites of the zeolites
happens through van der Waals forces or induced dipole interactions with oxygens of the framework
of the zeolite [44]. By increasing the void size of the zeolite, however, these interactions become
weaker, indicating the importance of the void and consequently pore size of the zeolite for these
reactions [44]. When talking about one specific topology (e.g., beta), the void size is theoretically the
same, even though in reality we expect minor differences due to the different synthesis and the
different Si/Al ratios. One way that could potentially explain further the drastic differences due to the
bed configuration, is the altering of the void ‘space’ that is left for the molecules to interact. In mixed
bed configuration, MeOH produced from the ZnZrOy (throughout the whole bed length) can directly
occupy the pore space in the neighboring zeolite, likely leading to hydrocarbons formation and chain
growth reactions inside the zeolites. This will allow only specific-sized hydrocarbons to escape
(simulation studies have been performed on whether molecules e.g. benzene can diffuse the original
cage or not [45]). However, in dual bed configuration, we could assume that MeOH molecules will
occupy the zeolite particles of the top of the zeolite bed (the first part of the zeolite right after the
ZnZrOy layer), while formed hydrocarbons can occupy the zeolite particles underneath. In that way,
more surface reactions can take place (not only inside the pores of the zeolites), enhancing the
selectivity to longer chain hydrocarbons. This could, although this is hypothetical, explain why zeolites
with highly abundant acidic external silanols (= 3740 cm™?), in comparison to the internal ones, were
found to have the most intense improvements when used in dual bed. In that way having
hydrocarbons reacting both inside the zeolite pores and on the outside opens many possibilities in
understanding and optimizing the materials to get better selectivity results in the future. In addition,
the fact that longer chain hydrocarbons are not forced to stay in the pores due to their inability to
escape (because of size limitations that play the most important role in mixed bed), but could also
react on the surface of the zeolite can be a reason for the general trend of slower deactivation in the
dual bed configuration experiments (Fig. S10, with the exception of beta Si/Al = 250 which shows a
fast deactivation pattern in both bed configurations perhaps due to the very low amount of BAS (Table
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1) which are occupied by methanol, inhibiting further reactions [46]), as pores maybe do not get
clogged as fast from the heavier compounds [40]. This can be also indicated by studies that show that
internal silanols can be detrimental for faster deactivation of the zeolite, such as in the case of ZSM-5
for the MTH reaction [42].

Zhang et al., studied the influence of BAS (amount and density) in the MTG reaction over Beta zeolites
and found that by altering the density, different mechanistic pathways can be enhanced or inhibited
[46]. According to the study, decreasing the BAS density favors the olefin interconversion reactions
(methylation and cracking) while suppressing the hydrogen transfer one. The same effect was
observed when the methanol concentration was increased as it is the reactant of the methanol
induced hydrogen transfer reaction. When BAS density is high (crowded active sites), each active site
encounters less methanol which then leads to lower conversions of methanol needed in the hydrogen
transfer reactions and consequently leading to less alkane and aromatic formation. They found that
the main reason for deactivation in this system is mainly the polycyclic aromatics and secondly the
long-chain alkanes. Higher BAS densities decrease the alkanes but increase the polycyclic aromatics
which then lead to faster deactivation [46]. Interestingly, in the present work this is not confirmed
directly as seen in Fig. S10, where Beta 15 and 20 (highest BAS, Table 1) show the most stable behavior
in dual bed configuration. In this case, the presence of H, and CO,in large amounts has a major impact
on the system, as well as the bed configuration as described earlier. More specifically, altering the bed
configuration, alters the methanol concentration available for each active site resulting to different
catalytic performances under given conditions. This confirms the importance of Al-OH species to the
mechanistic pathways followed for each proximity level.

Investigating the TOS catalytic results (Fig. S10), some interesting observations are made. As expected,
when Beta 20 is used for the MTH part of the tandem reaction, the deactivation (increase of
oxygenates and at the same time decrease of paraffins, as measured in the products) becomes fast
compared to the rest of the zeolites. This can be explained by the highest overall amount of internal
silanols, present in Beta 20, which have been found to be responsible for enabling coke formation
[42],[47]. Interestingly this only applies to the mixed bed configuration. It is shown that when changing
the bed configuration to dual, not only slightly higher STYs of paraffins are achieved (comparing the
1st hour performance of each experiment), but also the deactivation becomes much slower, reaching
almost stable values even after 8 h of experiment. The opposite trend is noticed for the Beta 250.
When in mixed bed configuration the system is stable but, in contrast, when in dual bed, the
deactivation is very fast. However, it must be underlined that in that case, Beta 250 in mixed bed, is
not active towards hydrocarbons but only towards DME. Beta 12.5 appears to deactivate as well but
at a slow rate which is consistent in both bed configurations. The rest of the zeolites show an almost
stable behavior for both proximities.

3.2.2. BED CONFIGURATION AND GHSV

Investigating further the factors that contribute to altering the reaction in the different bed
configurations, a study on GHSVs was conducted as a way to show whether altering the residence time
can affect the behavior due to different proximities. Beta 15 was chosen for further investigation
because it shows the best performance in terms of STYs of paraffins and has a relatively stable
performance during the experimental time. Also, for the dual tandem systems ZnZrOy + beta 15 and
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ZnZrOy + beta 20, reproducibility was tested (Fig. S11), showing that the results are sufficiently
reproducible throughout the duration of the experimental work presented here. Note that
theoretically, GHSV is Nml (normal milliliter) of gas flowing per time unit, divided by ml of catalyst bed
volume. Yet, since densities can vary, an expression more functional at the lab scale is Nml.ge.t” L.h, 1
Fig. 5a shows that the conversion of the reaction is negatively affected by increasing the GHSV
(logically, as the residence time lowers), while the opposite trend was observed for the STY which
showed the highest overall amount of paraffins (1.5 molC. kg .h™ 1) produced at GHSV = 21,000
Nml.gea L.h™1. At higher GHSV, the STY of i-C4 increased to almost 1 molC.kget t.h™but the selectivity
of all paraffinic products dropped and the selectivity of i-C4 remained stable showing the formation of
more by-products as well. At the same time, it was observed that in all tests MeOH was only fully
converted when a dual bed configuration was applied. On the other hand, when a physically mixed
bed configuration was used, oxygenates (MeOH and DME) are still present, even more as dominant
products. In Fig. 5b the exact product distribution is presented. It was noticed that in the mixed bed
configuration MeOH is partially converted to DME whereas in the dual one, the main product is
isobutane. An increasing GHSV has a negative effect on the mixed bed experiment throughout the
whole range of increase whereas it has a positive effect for the dual bed experiment for the STYs of
desired products (Fig. 6). The highest selectivity of i-C4 amongst products (39 %) was obtained in dual
bed configuration at GHSV = 8500 Nml.ge.: 1.h™ . Moreover, the STY of C5+ products almost doubled
(up to 0.5 molC.kget 1.h™, when GHSV increased to 21,000 Nml.g..: 1.h™1. Interestingly, the selectivity
of paraffins slightly decreased when GHSV increased from 8500 to 21,000 Nml.gc.:” .h™2, which can be
explained by the enhanced STYs of CO and C1-C3 products.

a) - B CO mOxygenates M Olefins M Paraffins HWXC02% CB% X STXCO2
i 99% ja57% \97% 100% 98% 98% 100% 98% 98% 99% 99% 99% 100% 100% 9@0— 100% g
- L ] c
o =3 3 @
o 4 3 o
23.5 E 5 X - 80% &
£ 31 3 38 X §
=) * P —
525 4x & § x % - 60% 5
: 2489 0|8 g
’>_< 2 S 8§ c
Z N - 40% o
'g 1.5 X X ‘g
9]
E 1 F20% 2
05 S
0 p L 0%
3000 5000 6000 8500 21000
GHSV Nml/gcat/h
b) mCO ®mMeOH = DME =C1-C3 C4 mCS5+ mSparrafins% ASi-C4%
3.5 100%
3 T3
>§< ~§ F 80%
® 2.5 1 s o® u B =
w g8 5
Q
< 24 Bk l 60% Z
3 o o 8
el n N _—
gis S N - Al oa0% 3
= A
n o1 A o
F 20%
0.5 A
Q " L 0%
3000 5000 6000 8500 21000

GHSV Nml/gcat/h

Fig. 5. Effect of GHSV on reactions with ZnZrO, only and on tandem systems with different bed configuration of ZnZrO, and beta zeolite (Si/Al = 15) at 300 °C and
40 bar. a) STY of the products and CO, conversion (both % and in STX) and carbon balance, b) exact product distribution and selectivity of main products. Selectivity
of paraffins = total paraffins present in the products (including isobutane), selectivity of isobutane = isobutane selectivity over all products present.
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It needs to be underlined that, as presented in Fig. 6, the different bed configurations give very
different trends. For the mixed catalysts, the trend of STYs and selectivities follows the CO, conversion
trend while in dual bed configuration, this trend is only followed at higher GHSVs and only for the
selectivities and not for the actual STYs.Trying to relate the observed differences between the bed
configurations and the GHSV, it was assumed that the partial pressure of the methanol produced by
the oxide (first reaction step) works as the input for the zeolite (second reaction step) for the dual bed
configuration. The theoretical partial pressure at the outlet of the ZnZrO layer was calculated based
on experimental data in which the impact of the GHSV was studied in the presence of a single catalyst
layer, namely the ZnZrOylayer (testing the pure oxide as seen in the first bars of Fig. 5). Then the zeolite
was added, and the same experimental procedure was used and the partial pressure of the interesting
products was then calculated at the output of the tandem system. Fig. 7 demonstrates how the
theoretical partial pressure of MeOH as the feed to the zeolite correlates with or affects the partial
pressure of the final products after the zeolite bed. In normal reaction conditions, in a dual bed
configuration, MeOH is not observed as a product because it is getting directly and fully converted
further. Fig. 7 shows that as the partial pressure of MeOH increased, the final partial pressure of i-C4
also does. A negative effect was observed for the production of olefins. The gasolinic hydrocarbons
(C5+) were only slightly influenced by the increase of the partial pressure of the intermediate product
of the tandem system. It is shown that even a very small partial pressure of methanol (0.1 kPa, utmost
left point) is enough to initiate the production of hydrocarbons in the case of dual bed. This opens the
discussion for a further possibility to control the methanol partial pressure of the feed to the zeolite
when the catalytic layers are separated further, offering tools for enhancement of such tandem
catalysis.

3.2.3. BED CONFIGURATION AND COKING

In an effort to further investigate how the different proximity affects the reaction and the catalysts,
TGA was used to measure the coking of the catalysts after reaction as presented in Fig. 8a. The TGA
method used allowed the differentiation between the weight loss due to water present in the used
catalyst and the removal of the coke. Assumingly, at the first step of the method (increasing the
temperature under N, atmosphere), the loss of the mass is being attributed to water in the catalyst
and more specifically inside the pores of the zeolite and this is expected to be completed by 200 °C.
With further increase of the temperature, and at the final step, adding O,, the weight reduction derives
from the burning of the cokes. For the identification of components illustrated in Fig. 8b, coke
components are calculated based on relevant studies for MTG reaction [48],[49]. In the work of H.
Schulz, the deactivation pattern of H- Beta was shown and the coke H/C ratio was found to be 0.8.
However the MTG was conducted at 475 °C in that case whereas in the recent work the working
temperature is 300 °C [48]. Regeneration of H-ZSM-5 after MTG was studied in the same work at a
emperature of 290 °C, showing a coke H/C ratio of 1.64 [48]. In order to help with the calculations, 2
molecules were assumed as main coking products with following H/C ratios, CioHgand CioH1s.4.
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Fig. 8. Coke analysis and product details of the catalytic performance of ZnZrO, and Beta (Si/Al = 15) in mixed and dual bed configuration. (a) TGA of catalysts
collected post reaction of mixed and dual bed configurations after 8 h of experiment with the ramp and gases in the background (b) STY of products and product
distribution. Conditions: T = 300 °C, P = 40 °C, GHSV = 8500 Nml.g_.h™". All products are measured online by the GC except for coke and water* which refers to
the catalyst content post- reaction from TGA and are calculated and corrected based on the weight of the catalyst and the duration of the experiment. *water is added
to the picture for the sake of completion and is calculated (not measured) as described.

Even though those 2 products are not realistic coke compounds, they are used theoretically for the
calculation of a hypothetical molar mass of coke compounds. It should be underlined that many
products (especially aromatics) formed in the cavities of the zeolite lead to coke formation but Beta,
having specific cavities’ size, can allow some of them to further diffuse in the channels (products such
as methylated benzenes) [48]. As shown in Fig. 8, the amount of these components measured from
the TGA weight loss, is not high which agrees with the slow deactivation observed and discussed later
and could be due to the presence of high pressure H, which has been proved to improve the lifetime
of the materials used for MTO [50]. Even in small amounts, there is a trend that shows that dual bed
configuration results in higher amounts of water compared to the mixed bed, however the coke
amount appears slightly lower for the case of dual bed, which can be expected due to the discussion
above on the pores clogging with heavier compounds.
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3.2.4. BED CONFIGURATION AND TIME ON STREAM STABILITY

The complexity of tandem catalysis leads to multiple challenges, and a major one is stability.
Experiments were conducted for more than 30 has presented in Fig. 9 for mixed and dual beds. In both
cases, CO;conversion and STY of CO are stable due to the lack of deactivation on the oxide part, which
is the main responsible for these values. In addition, the STY of hydrocarbons (C2-C5+) is also relatively
stable especially after 8 h of experiment. It is shown that even though in a dual bed configuration, the
STY of fuel type alkanes (C4+) started as very high, it soon decreased while the STY of MeOH started
to increase. However, the production of all products also seemed to stabilize after about 15 h. The
same trend was observed for the mixed bed but in lower intensity. Interestingly, in dual bed
configuration, the STY of isobutane and C5+ remain high even after 35 h on stream showing promising
and stable behavior.
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Fig. 9. Time on stream experimental data for 35 h of stability tests in (a) mixed bed configuration and (b) dual bed configuration. Conditions: T= 300°C, P = 40 °C,
GHSV = 8500 NmlLgoLh™.

An important parameter that has been introduced in Fig. 9 is the “missing” carbon balance (MCB). This
value indicates the amount of carbon that is not found in the output of the reaction (error of the CB)
relatively to the carbon conversion. It is especially important here (and in this catalytic reaction overall)
because even though the CB approached closely 100 %, the conversion was low enough (=5 %)
meaning that this error of the CB can be an important value when discussing STYs. Practically, having
calculated the CO;in the input and output in terms of mols of carbon, and all the carbon mols deriving
from the different products, there is always a small gap in the carbon mols balance (which is presented
as the MCB) which as seen in Fig. 9 fluctuates with each point measured. This number can be affected
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by many parameters. Some important parameters that affect the MCB can be the error of all
equipment that was used for measurements but most significantly errors that occurred when
measuring all components in the GC. It is obvious that this error potentially increases with the number
of products that are measured, since there is a calibration error affecting each one of them. In addition,
these errors include products that cannot be detected from the GC due to their properties that can be
out of range for the method used for the GC injection (the GC run is approximately 1 h, while some
longer hydrocarbons could potentially elute after that time). More so, products that appeared
between known peaks of calibrated materials, were considered unknown but for calculation purposes
they were assumed to be isomers with carbon number of the known range within which they appeared
and were calculated accordingly. As presented in Fig. 9, higher MCB was connected to higher amounts
of STY of targeted products, which is something potentially interesting. It could indicate the
appearance of products of interest but out of the calibration range in the gas phase online analytical
system (no collection of liquids is possible). Solutions to this problem could be challenging, it would
imply for instance testing the tandem system in a more complex reactor in which phase separation is
possible. This would allow more precise measurements of heavier compounds in a liquid phase. These
type of systems could potentially provide more information on the role of water in the catalysis with
these materials. It has been found that water is unavoidable and at the same time plays a significant
role in the deactivation of both the oxide part and zeolite part of the tandem system [51]. In a different
approach, i.e. MTG-focused studies, have shown that a slower deactivation occurs in the zeolite when
water is present due to the molecules competing with coke precursor molecules in the adsorption on
the acid sites of the catalyst but this behavior seems more dominant in lower temperatures and water
concentrations (T > 450 °C, high water concentrations cause permanent deactivation on the zeolite)
[52],[53].

4. Conclusions

In the present research work the combination of ZnZrO4and Beta zeolites was studied for the one-step
methanol mediated hydrogenation reaction of CO; to fuels obtaining 36.4 % selectivity to isobutane.
Dual bed configuration, where the 2 materials are positioned as layers one on top of the other in the
reactor was found to benefit the production of paraffins. The combination of ZnZrOxand Beta zeolite
15 (Si/Al = 15) had the highest STY of paraffins amongst other Beta zeolites with different Si/Al ratios
that were tested (1.75 molC.kge™ 2.h™ ). However, it was found that the different bed configuration
might have a smaller effect in the product distribution for certain zeolites such as the reference ZSM-
5 zeolite. FT-IR study on the different beta zeolites and the catalytic action were investigated showing
a potential correlation between the ratio of external SiOH/internal SiOH and the bed configuration
effect on the system, showing that higher ratio leads to higher ASTY of paraffins. It is proposed that
void space and its filling with intermediate products is the reason for such behavior, as in mixed bed
configuration MeOH is the dominant intermediate species throughout the whole zeolitic bed, whereas
in dual bed, MeOH is only loaded in the first particles of the zeolite and longer chain hydrocarbons
react with the rest of the bed perhaps more on the surface of the zeolitic particles. Further
investigation altering this parameter on the same or different zeolites should be done in order to
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obtain clear evidence for this hypothesis. Furthermore, the reaction conditions such as the GHSV and
the temperature can also contribute to higher STYs of desired products. Interestingly it was found that
at higher GHSV values, even though the conversion decreased significantly, the STY of desired products
was increased leading however to an increase in undesired products such as CO as well. In addition,
higher temperature benefits the STY of paraffins (reaching 2.8 molC.kge™ 1.h™ ! at 340 °C) but
simultaneously the STY of CO increases drastically. The materials were found stable for more than 30
h of experiment despite the initial (first 8 h) slow decrease in STY of targeted products (C4+) and
increase in STY of intermediates such as oxygenates. The effect of water generated both in CTM and
MTH is something that can play an important role in such catalytic systems but further investigation
needs to be done in order to extract useful conclusions. While tandem systems don’t show very high
conversions and STYs, and there are still many influencing parameters them that need to be addressed
(water, or the exact acid property-configuration relation), they can be interesting to selectively make
a specific range of products (e.g. C4) and can show decent on-stream stability.
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