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Abstract 8 

This research examines the conversion of C1 and C2 alcohols to higher olefins utilizing protonic chabazite 9 
(HSSZ-13, Si/Al = 11) zeolite. The study employs advanced operando spectroscopy techniques, including 10 
FT-IR and UV-vis, while simultaneously using mass spectrometry and gas chromatography to analyze the 11 
products. By applying identical amounts of C1 and C2 alcohols, the research can effectively examine the 12 
intermediates formed and coke production. Further, the same zeolite structure aids a more 13 
comprehensive understanding of reaction pathways. The operando FT-IR and UV-vis studies supple-14 
mented by mass spectrometry and gas chromatography results for products released from the catalyst 15 
surface provide significant information on the key intermediates involved. The similarities and discrep-16 
ancies between the transformation of ethanol and methanol into olefins, according to the established 17 
hydrocarbon pool process, are noted. MCR-ALS analysis is employed for the operando FT-IR and UV-vis 18 
the results, providing significant insights into the findings. Additionally, the research is supported by 19 
chromatographic examinations of the coke species obtained from spent catalysts.  20 
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1. Introduction 1 

Production of a wide range of valuable chemicals with diverse applications frequently begins with eth-2 
ylene and propylene as key substrates in various petrochemical processes. As a result, these two olefins 3 
are among the most essential raw materials in the chemical industry, with their demand increasing each 4 
year [1 and references therein]. Consequently, there is a growing need to develop new, more sustaina-5 
ble methods for their production. Currently, they are mainly obtained through steam cracking of naph-6 
tha or fluid catalytic cracking of crude oil processes, which operate under harsh conditions and rely on 7 
non-renewable resources [1], which results in significant energy consumption and comparatively low 8 
yields of desired products. In order to lessen the environmental impact of industrial processes, world-9 
wide search for more sustainable, i.e., environmentally friendly and benign ways of olefin production 10 
are sought.  11 

Hence, alcohols, such as ethanol or methanol, were successfully applied for olefin production, with 12 
methanol-to-hydrocarbon transformations over ZSM-5 catalysts already being commercialized [2]. It is 13 
well established that alcohols can be produced from bio-resources, mainly through biomass valorization 14 
[3, 4]. Despite being extensively investigated and industrially applied, alcohol transformation mecha-15 
nisms remain unclear. It is generally agreed upon that the conversion of alcohols on zeolites occurs via 16 
the “hydrocarbon pool” (HPC) mechanism [5-8], postulated by Dahl and Kolboe over 30 years ago [9]. 17 
However, its course is not precisely established; hence, it remains a matter of scientific debate. Ethanol 18 
transformation on zeolites is widely recognized to yield HP alongside a concurrent dehydration reaction, 19 
which remains a substantial component of the process. In both methanol-to-hydrocarbons (MTH) and 20 
ethanol-to-hydrocarbons (ETH) reactions, polymethylated cyclopentenyl and benzenium cations have 21 
been identified to be among crucial intermediates in HP that give rise to light olefins and coke precursors 22 
[10-13].  23 

Catalysts that can convert low alcohols while achieving high yields under mild reaction conditions are in 24 
demand globally. Most solid acid catalysts examined for the MTH process focus on the commercially 25 
available SAPO-34 zeotype material [14-16]. However, ZSM-5 has attracted more significant interest in 26 
studies of ethanol transformations, particularly regarding dehydration. Compared with the MTH 27 
outcome, chabazite-type catalysts have also been investigated for ETH [17], [18-24]. The chabazite 28 
framework facilitates the selective diffusion of generated light olefins via its narrow channels; 29 
nevertheless, the presence of expansive chabazite cages permits the formation of larger molecules, 30 
such as alkylated polyaromatic or polycyclic species, which are unable to leave. These deposits, primarily 31 
composed of coke, are mainly accountable for the deactivation of the catalyst [25-29]. 32 

Various approaches were employed to monitor the alcohol's reaction pathway, with operando mode 33 
spectroscopies such as IR and/or UV-Vis proving the most informative [11, 30-35]. The operando 34 
approach provides a more comprehensive understanding of the reaction mechanism through frequent 35 
data collection, enabling the observation of sequential changes that intermediate species experience 36 
during the process. Additionally, applying the multivariate curve resolution–alternating least squares 37 
(MCR–ALS) spectral data analysis method provides a deeper insight into the reaction path.  38 

While many studies focused on the ethanol-to-hydrocarbons (ETH) process, the complete conversion 39 
process of ethanol has rarely been examined using the operando approach. Additionally, the specific 40 
active intermediates and the detailed production pathways for light olefins, particularly propylene, are 41 
not yet fully understood. 42 

 43 
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2. Experimental 1 

2.1. Materials 2 

The experiment employed commercially available zeolite SSZ-13 (ACS Material LLC, Pasadena, CA, USA) 3 
with a CHA topology. The samples used in the experiments were calcined beforehand at 550 °C for 3 4 
hours. 5 

2.2. Chemical composition, structural and textural parameters of the studied sample  6 

The chemical composition of the catalyst was determined via inductively coupled plasma optical 7 
emission spectrometry (ICP-OES, Optima 2100DV, PerkinElmer, Waltham, MA, USA). Powder X-ray 8 
diffraction pattern was recorded with Rigaku Multiflex diffractometer using Cu Kα radiation (40 kV, 40 9 
mA). Nitrogen adsorption/desorption experiments were conducted using a Quantachrome Autosorb 1-10 
MP gas sorption analyzer for porosity characterization. The sample was degassed at 10⁻⁵ bar at 350 °C 11 
for 24 h before measurement. The specific surface area, SBET, was calculated using the Brunauer–12 
Emmett–Teller formalism. The micropore volume (Vmicro) was calculated using the t-plot method.  13 

2.3. Acidic sites characterization with FT-IR in situ spectroscopic studies  14 

The acidic properties of the protonic sample were investigated in quantitative FT-IR ammonia (NH₃) 15 
sorption experiments to probe the Brønsted and Lewis acid sites. The samples of pure zeolites were 16 
pressed into self-supported discs without adding any other compounds and then placed in a custom-17 
made thermoregulated quartz infrared cell. In situ evacuation at 550 °C under a high vacuum (10⁻⁵ 18 
mbar) for 1 h was performed to remove any adsorbed species. The probe molecules were introduced 19 
after cooling to 200 °C for NH₃ sorption experiments. To probe all acid sites, the sorption of NH₃ excess 20 
was conducted at 200 °C under static conditions. Next, the gaseous and physisorbed molecules were 21 
removed by desorption at 200 °C. These spectra were used to quantitatively assess Brønsted and Lewis 22 
acid site concentrations employing respective absorption coefficients [36]. All spectra presented in this 23 
work were recorded by gathering 100 scans with a spectral resolution of 2 cm⁻¹ on a Vertex 70 24 
spectrometer (Bruker) equipped with an MCT detector. 25 

2.4. UV-Vis and FT-IR operando spectroscopic studies coupled with Gas Chromatography and Mass 26 
spectrometry measurements during alcohol conversion over chabazite zeolite  27 

Before the operando spectroscopic experiments, a catalyst self-supported disc (~25 mg) was placed in 28 
a 2 cm³ volume quartz IR cell (Polish Patent Pat.232633, Cracow, Poland), where it was pre-treated 29 
under continuous helium flow for 60 min at 550 °C. The setup was then cooled to a reaction temperature 30 
of 325 °C. Then, helium carrier gas was passed over liquid methanol or ethanol (analytical grade, 99% 31 
purity), contained in a vessel placed in a heating circulation bath (Huber, Germany) set at −0.7 °C for 32 
methanol which gave WHSV = 5 h⁻¹ or 14 °C for ethanol, which gave WHSV = 7 h−¹. The total flow rate 33 
of the feed stream was kept at 40 mL·min⁻¹. The reaction run was investigated with an operando system 34 
connected to a flow setup. IR spectra were collected with an Invenio X Bruker spectrometer equipped 35 
with an MCT detector. The spectral resolution was 2 cm⁻¹. Analogously, for UV–Vis (Shimadzu UV-2600, 36 
Shimadzu Corporation, Kyoto, Japan) experiments, the catalysts were prepared in a self-supported 37 
pellet form (~25 mg) and placed in a Praying Mantis® cell. They were then pre-treated at 500 °C for 60 38 
min. UV-Vis spectra were recorded in operando mode at the reaction temperature of 325 °C. Products 39 
were simultaneously analyzed via mass spectrometry (MeasLine, www.measline.com, RGA200, Cracow, 40 
Poland) and gas chromatography (Agilent Technologies 7890B, Agilent Technologies, Santa Clara, CA, 41 
USA). 42 
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 1 

Scheme 1. Cross-section view of the FT-IR spectroscopic cell used in operando study. 2 

2.5. MCR-ALS analysis of spectroscopic data 3 

The multivariate curve resolution-alternating least-squares (MCR-ALS) algorithm analysis was applied to 4 
distinguish the concentration profiles and pure spectra for spectroscopically active components during 5 
methanol and ethanol transformation over the catalysts studied. MCR-ALS analysis was applied for the 6 
UV-Vis spectra, and the IR spectral region was analyzed in the area of C-C and C-H deformation modes 7 
(1700 – 1300 cm⁻¹). The analysis was performed using the toolbox provided in the MATLAB graphical 8 
user interface [37-39]. The singular value decomposition (SVD) algorithm was used to estimate the 9 
appropriate number of components describing the ethanol catalytic transformations. Non-negativity, 10 
unimodality, and equality constraints were also applied during the analysis. The MCR-ALS algorithm 11 
iteratively optimized initial estimates for each spectrum and coverage until the convergence criterion 12 
10⁻⁶ was achieved. 13 

2.6. Coke analysis with GC-MS and TG analysis of extracted species from spent catalyst 14 

For GC-MS analysis, the spent zeolite (around 16 mg) was put in a Teflon container and mixed with 15 
hydrofluoric acid (HF, 40%, Honeywell Fluka, 1 mL), and then the mixture was left for 1 hour. Following 16 
the zeolite dissolution, the solution of boric acid (H₃BO₃, 20%, Honeywell Fluka, 6 mL) was added, and 17 
after another hour, the coke extraction was conducted using 1 g of dichloromethane (CH₂Cl₂, Sigma-18 
Aldrich). The GC–MS analysis was performed using an 8890B gas chromatograph with a 7693 19 
autosampler and a 5977B mass-selective detector (Agilent Technologies). The conditions of the analysis 20 
of the coke contents are outlined in Table S2. The chromatograms with mass spectroscopy results were 21 
analyzed using the MassHunter Qualitative Analysis 10.0 software, and for the extracted species 22 
identification, NIST 20 Mass Spectral Library was used. 23 

Spent catalysts were grounded in an agate mortar and subjected to coke analysis. The total amount of 24 
coke was evaluated using TG analysis with synthetic air flow. For this purpose, a portion of ~5 mg of the 25 
catalyst in powder form was loaded into an 85 µL α-Al₂O₃ crucible and weighted with a NETZSCH STA 26 
449 F5 Jupiter thermobalance (Netzsch-Gerätebau GmbH, Selb, Germany) before the analysis. The coke 27 
content of the spent catalysts was measured in TG experiments where the temperature was raised to 28 
800 °C with a rate of 10 °C·min⁻¹, and synthetic air flow was set at 100 mL·min⁻¹.  29 

  30 
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3. Results and discussion 1 

3.1. Chemical, structural, and textural characterization of studied chabazite zeolite 2 

Figure 1 presents the isotherm and XRD diffractogram for the studied SSZ-13. Table 1 gathers the data 3 
obtained during chemical analysis, the nitrogen sorption/desorption results, and the acidity 4 
characterization of the studied catalyst. 5 

The SSZ-13 material was characterized by a large BET surface area of 812 m²·g⁻¹ and a micropore volume 6 
of 0.31 cm³·g⁻¹. The shape of the isotherm pointed to the well-developed microporosity of the material. 7 
The X-ray diffraction analysis result demonstrated a characteristic pattern of the well-crystalline 8 
chabazite framework structure. Ammonia sorption experiments revealed a moderate Brønsted acidity 9 
of the catalyst. 10 

 11 

Figure 1 Left: Isotherm of low-temperature nitrogen sorption/desorption experiment. Right: X-ray 12 
diffraction pattern of studied zeolite. 13 

Table 1 Chemical, textural, and acidic characteristics of the studied catalyst. 14 

Sample Si/Al 
SBET 

(m²·g−1) 
Vmicro 

(cm³·g−1) 
Acid sites concentration (µmol·g−1) 
BAS (NH₄⁺) LAS (NH₃L) 

SSZ-13 11 812 0.31 760 10 

3.2.  UV-Vis and FT-IR operando spectroscopic studies coupled with GC-MS analysis during the 15 
transformation of alcohols  16 

UV-Vis spectroscopy allowed for differentiation between ionic and neutral species adsorbed on the 17 
catalyst's surface and for tracking changes these species underwent during two hours of the reaction. 18 
Spectra collected for methanol or ethanol transformations conducted at 325 °C are presented in Figures 19 
2a and 2b.  20 
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 1 

Figure 2 UV-Vis spectra registered during a) methanol and b) ethanol transformation reactions. Insets: 2 
time traces of specific bands. 3 

The initial stage in the MTH and MTO processes is characterized by an induction period with a low 4 
methanol conversion rate. Several factors are suggested to influence the induction period, such as the 5 
presence of steam and a high reactant contact time. Water competes with methanol and dimethyl ether 6 
for adsorption on zeolite active sites, influencing the reverse reaction from methoxy species to 7 
methanol, thus limiting reaction progress. However, water can also stabilize specific carbocationic 8 
intermediates essential to the MTH process [40, 41]. With respect to its pore architecture, the H-SAPO-9 
34 zeotype of the CHA framework can limit the diffusion of hydrocarbons because of its small pores and 10 
accelerate the formation of the “hydrocarbon pool”. The induction period reduces with increased 11 
temperature and pressure [42]. Consequently, the experiments performed at low temperatures and 12 
low pressure elucidate the fundamental steps of the induction period in MTO, MTH, and ETH 13 
conversion.  14 

For the SSZ-13 catalyst, the first 20 minutes of the MTH reaction (Figure 2a) constituted its induction 15 
period and most active part, as the intense rising of 215 nm, 295 nm, and 385 nm bands could be 16 
observed, pointing to the formation of a variety of products, among which intermediate species were 17 
distinguished. The former band continued to grow steadily throughout the process, although at a 18 
decreasing rate than initially. Development of the 295 nm band stopped at ca. 15 minutes of the 19 
experiment and started to decline mildly. Similar behavior was observed for the 385 nm signal, the 20 
growth of which was suppressed slightly later, at ca. 20 minutes. Then, at the expense of the 295 and 21 
385 nm bands, the 333 and 450 nm bands of aromatic-derived species emerged and persisted in their 22 
modest growth. The behavior observed for 295 and 385 nm bands allowed us to assign them to 23 
intermediate species. Rapid initialization of the hydrocarbon pool when methanol was the substrate 24 
was manifested by the higher abundance of intermediate polyalkylated cyclopentenyl cations (273 nm), 25 
which were produced when the olefin (propylene) molecule was released [10]. As the band at 273 nm 26 
was formed at the expense of 295 and 385 nm bands, it should also indicate the involvement of the 27 
polyalkylated cyclopentenyl cations in the deactivation process. At the final stage (Figure 2a, inset), the 28 
600 nm band originating from pyrenic or graphitic species was formed.  29 

For the ETH reaction at SSZ-13 (Figure 2b), the picture of the UV-Vis bands development differed in 30 
some aspects from the MTH process. Consequently, bands of short olefinic species (218 nm) and 31 
polyalkylated cyclopentenyl cations (300 nm) intensified significantly within the initial 20 minutes of the 32 
reaction. After this time, the 300 nm band started to decrease slowly, followed by the appearance of 33 
the bands at 275, 330, 385, and 410 nm. During the ETH process, the 275 nm signal appeared later than 34 
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the analogous 273 nm signal in the MTH reaction, where it could be noticed yet after ca. 20 minutes, 1 
disguised under a broadened 295 nm signal. In the later stages, in contrast to the MTH reaction, the 2 
signal 385 nm grew steadily throughout the experiment. In the ETH case, the 385 nm band could not be 3 
ascribed to intermediate species, as in MTH. Also, the 600 nm band could not be clearly detected.  4 

Table 2 presents the assignment of the bands to specific hydrocarbon compounds based on 5 
experimental data with the aid of the literature reports.  6 

Table 2 Assignment of signals observed during UV-Vis operando experiments to specific compounds. 7 

Wavelength 
(nm) 

Assignment Ref. 

215 
218 

light olefins [11] 

230 neutral aromatic species [43] 
273 
275 

polyalkylated cyclopentenyl cations (intermediate species) with 
lower amounts/shorter substituting groups 

[11],[10] 

295 
300 

polyalkylated cyclopentenyl cations (intermediate species) with 
higher amounts/longer/branched substituting groups 

[11],[10] 

333 
330 

tri(m)ethyl benzenes  This work 

385 polyalkylated (hexamethylated) benzenium cations [11] 
410 naphthalene  [43] 
450 (alkylated) naphthalene ions This work 
600 (alkylated) polyarene ions [2, 30] 

For both ethanol and methanol conversion experiments, alkylated cyclopentenyl cations (295 and 300 8 
nm) could be distinguished as one of the key intermediates [44], produced extensively in the first phases 9 
of the reaction. Later, at their expense, other hydrocarbon species were created. Importantly, as the 10 
295 nm band reached its maximum, development of the 385 nm signal started, suggesting the relation 11 
between these two bands, as was pointed out by Zhang et al. [45]. Both methylated cyclopentenyl 12 
cations (295 nm) and polymethylated benzenium cations (385 nm) constitute essential transitional MTH 13 
reaction products, transformations of which yield olefins and higher aromatic species that serve as coke 14 
precursors, identified by the 450 and 600 nm bands. A similar route occurred for the ETH, with different 15 
substituting groups attached to the five- or six-atomic ring cations. This was evidenced by the intense 16 
increase of the 300 nm band at the initial reaction stage. From its shape and sharper intensity than the 17 
analogous 295 nm MTH band, it can be concluded that cyclopentenyl cations formed in ETH were more 18 
homogeneous. Additionally, the cyclopentenyl cations band position shifted to a higher wavelength due 19 
to the longer alkyl substituents; most probably, ethyl substituents were prevalent.  20 

In general, operando UV-Vis results illustrated a more efficient activation of the HCP mechanism when 21 
methanol was the substrate. Higher efficiency of forming the intermediate species resulted in a broad 22 
distribution of the products and elevated coking (bands at 410, 450 nm, and 600 nm). In the ETH 23 
reaction, parallel to HCP, a more direct route for producing ethylene, i.e., alcohol dehydration, could be 24 
anticipated [8, 46], as the 218 nm band grew extensively for two hours of the experiment. 25 

FT-IR spectra obtained during the transformation of methanol and ethanol under identical conditions 26 
as those employed in the operando UV-Vis study are illustrated as top-down projections supported by 27 
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the time evolution of the specific bands in Figure 3a-d. Assignment of the bands, based on obtained 1 
data and the literature reports [47-52], is presented in Table 3. The main focus was on the 1700-1300 2 
cm⁻¹ region, where bands stemming from vibrations of C=C and C-H of hydrocarbonaceous species are 3 
present. 4 

 5 

Figure 3 Top-down projections of FT-IR spectra registered during a) methanol and b) ethanol conversion. 6 
Time traces of the selected FT-IR bands from c) MTH and d) ETH experiments. 7 

Table 3 Assignment of signals registered during FT-IR operando experiments to specific compounds. 8 
Wavenumber 
(cm⁻¹) 

Assignment Ref. 

1652 dienes  [10] 
1619 / 1620 polyalkylated benzenium cations [10], [53] 
1602 alkylated benzenium cations [47] 
1565 naphthalene This work  
1507 alkylated cyclopentenyl cation [10] 
1445 ethylene [54] 
1418 dimethyl ether This work 
1415 diethyl ether This work 
1379 non-aromatic species; olefins; iso-compounds  [55] 

At the early stages of the MTH reaction (Figure 3a), as the first products, polymethylated cyclopentenyl 9 
species identified by the 1507 cm⁻¹ band were formed. Next, unsaturated hydrocarbons were produced, 10 
indicated by the appearance of the vibrations of –CH₂ from olefinic and/or aromatic species (1500-1425 11 
cm⁻¹). This effect was followed by developing a complex band located at 1619 cm⁻¹, signifying the 12 
presence of either tetramethylbenzenium ions or higher olefins with conjugated double bonds. Further, 13 
the rising of the 1379 cm⁻¹ band from symmetric in-phase CH₃ deformations pointed to moderate 14 
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production of iso-compounds and/or polyalkyl-substituted aromatics. Also, in the latter stages of the 1 
process, growth of the 1418 cm⁻¹ signal could be observed. All signals mentioned above persisted in 2 
their growth.  3 

The 1418 cm⁻¹ band may stem from dimethyl ether methoxy group vibrations since the GC 4 
measurements confirmed its presence from the beginning of the reaction. Analysis of the spectra 5 
recorded during the first 10 minutes of the methanol conversion, in the range 3100-2700 cm⁻¹ (Figure 6 
S1), allowed for observation of bands characteristic of dimethyl ether compound, namely 2818 and 3010 7 
cm⁻¹, that grew for the first few minutes and later decreased. The mass spectrometry (Figure 4e) results 8 
provided similar conclusions: the DME (m/z = 45) was produced in high amounts during the initial 9 
reaction period. Thus, the DME, in addition to methanol, served as the leading methylating agent on the 10 
catalyst's surface. It was seen as a decrease in IR band intensity after reaching a maximum of 1.5 11 
minutes. However, DME was also an indicator of catalyst deactivation, as its production increased with 12 
the coke precursors' poisoning of highly acidic centers. Simultaneously, the production of olefinic 13 
species decreased in favor of DME, whose production requires sites of lower strength. Increased coking 14 
led to a significant acidity reduction, diminishing the catalyst's activity. However, as pointed out by Liang 15 
et al. in the case of MTH reaction [56], methylated naphthalene constitutes an important hydrocarbon 16 
pool intermediate that improves the formation of methylated benzenium species. Also, Arivazhagan et 17 
al. [51] observed a 1418 cm⁻¹ band when studying spectral features of 1,5-dimethyl naphthalene. Hence, 18 
naphthalenic compounds could also participate in the 1418 cm⁻¹ band. Indeed, as the development of 19 
1418 and 1507 cm⁻¹ bands slowed down, the 1619 cm⁻¹ band started to increase at a greater rate, 20 
indicating persistent, parallel transformations of naphthalene intermediates as well as expansion of the 21 
five-atoms cyclopentenyl species into six-atoms benzenium ions. It cannot be excluded that in the latter 22 
phases, with progressive coke formation, the 1619 cm⁻¹ band growth stemmed mainly from coke 23 
species.  24 

For ethanol conversion, the first few minutes of the reaction could also be identified as an induction 25 
period, where the significant formation of intermediate polymethylated cyclopentenyl species (1507 26 
cm⁻¹) was observed. This effect was accompanied by a less extensive rising of a 1415 cm⁻¹ signal, 27 
ascribed analogously to diethyl ether as in the MTH case. The ETH time profiles (Figure 3b and 3d) 28 
appeared to exhibit similarities in product signals, with the main difference being the bands' intensities, 29 
pointing to a lower excess of coking of the catalyst compared to the MTH reaction. Notably, 30 
polymethylated benzenium cations were not detected immediately during the ETH reaction, as these 31 
species were generated in smaller quantities than the MTH experiment. Also, earlier rising of the bands 32 
near 1445 cm⁻¹ and their higher intensity evidenced more extensive olefins production in ETH reaction. 33 
In later stages of the reaction, a dependence between the bands at 1415, 1507, and 1619 cm⁻¹ was 34 
observed, indicating that, although dehydration was critical in the ETH mechanism, pathways analogous 35 
to those as in the MTH process contributed to the production of light olefins. It should be noted, though, 36 
that the expansion of the cyclopentenyl cation ring to form benzenium cation had a lesser impact on 37 
the ETH process, as indicated by UV-Vis results.  38 

The results of the GC-MS analyses provided information on the reaction products desorbed from the 39 
catalyst surface. Product selectivities, together with MS results, are presented in Figure 4.  40 
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  1 

Figure 4 GC-MS results collected during operando UV-Vis experiments: (a, b) conversion and selectivities 2 
obtained during methanol and ethanol conversion experiments, respectively; (c, d) mass spectra with 3 
selected mass traces (e, f) obtained during methanol and ethanol conversion experiments, respectively; 4 
DME – dimethyl ether; DEE – diethyl ether. 5 

Thus, during the MTH process (Figure 4a), substrate conversion slowly declined in the first phase, from 6 
80% to 75%, to a later drop, especially between 20 and 80 minutes, and reached 28% at the end of the 7 
experiment. The product distribution was diversified with favorable C₂, C₃, and C₄ olefins production. In 8 
the initial reaction stage, propane, C₄₊ products, and a small amount of methane could be detected. 9 
With the progress of the experiment, the reaction was suppressed. Also, C₄ olefin amounts started to 10 
decrease, resulting in ethylene and propylene predominating in the product mixture during the latter 11 
half of the process. However, due to the conversion drop caused by the catalyst deactivation, light olefin 12 
yields (Figure S3) did not exceed 25% at any reaction stage. In the ETH reaction (Figure 4b), conversion 13 
slightly decreased while remaining consistently above 90%. The distribution of products was limited, 14 
with ethylene as the primary product exhibiting over 90% selectivity. The selectivity to other olefins was 15 
a maximum of 5.1%, with propylene as the main product.  16 
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In general, wider product distribution could be seen for the MTH process, stemming from the smaller 1 
building block of the C₁ molecule, which apparently activated the HCP mechanism very efficiently. This 2 
allowed for diversified production of olefins, a small amount of paraffin, and C₄₊ species. However, it 3 
also caused fast deactivation of the catalyst. According to expectations, ethylene production was 4 
favorable when ethanol was the starting reagent, as dehydration played a crucial role in the selectivity 5 
towards C₂ olefin [8]. Hence, the production of C₁, C₃, and more complex C₄₊ compounds was hindered.  6 

Both in MTH and ETH reactions, persistent production of ethers, dimethyl, or diethyl, respectively, could 7 
be observed either on chromatograms (Figure S4) or mass spectroscopy measurements results (Figure 8 
4c and 4d). The amounts of diethyl ether produced in the ETH reaction were smaller than those of the 9 
analogous ether compound in the MTH reaction.  10 

Accordingly, MS results, presented in Figures 4c and 4e, illustrate the MTH process running over the 11 
SSZ-13 catalyst. As evidenced by the GC measurement results, MS also showed that catalyst activity 12 
decreased. It was reflected in the signal of m/z = 31, belonging to methanol substrate, rising, which was 13 
observed after ca. 30 minutes of the reaction, with accompanying decline of signals m/z = 18 related 14 
with water; m/z = 27 and 29 assigned to C₂ and C₃ olefinic and paraffinic species; m/z = 56 stemming 15 
from butenes as well as m/z = 70 signal, related to C5 olefinic species. The signal identifying dimethyl 16 
ether, i.e., m/z = 45, fluctuated throughout the reaction. The signal peaked after ca. 7 minutes of the 17 
reaction, and its fall stopped around the 30-minute mark. This effect was accompanied by the intense 18 
rise of the m/z = 27, 41, and 56, representing C₂, C₃, and C₄ olefins, respectively, which meant a reaction 19 
acceleration in the presence of dimethyl ether. In the second half of the process, the m/z = 45 signal 20 
again rose as consumption of the DME for olefins production slowed down. During the last 30 minutes 21 
of the process, another decline was observed, indicating the participation of DME in coke species 22 
production.  23 

Results obtained for ETH reaction are depicted in Figures 4d and 4f. Thus, signals of the highest intensity, 24 
i.e. m/z = 18 and 27-29, stemming from water and C₂-C₃ olefins/paraffins, respectively, were stable 25 
throughout the reaction time. Also, in the second half of the process, signals of m/z = 59 and 74 became 26 
visible, together with the increase in the intensity of m/z = 31 and 45. This group of signals corresponded 27 
to diethyl ether. Its growth coincided with conversion decline, indicating its participation in the 28 
transformations leading to coke species. 29 

Fragmentation ion masses observed during mass spectrometry measurements and their assignments 30 
to particular compounds are gathered in Table S1 (Supplementary Material).  31 

3.3. MCR-ALS analysis of FT-IR and UV-Vis spectroscopic data results 32 

MCR-ALS analysis of obtained spectroscopic data provided additional insight into the reaction path and 33 
brought a piece of great complementary information, allowing for unraveling transformations during 34 
both processes. 35 

Analysis of the IR spectra for methanol transformation allowed for distinguishing five spectral 36 
components (Figure 5a), clearly differing in their time evolution. The most important spectral feature of 37 
component A, which defined the chemical character of the reaction's first products, was the presence 38 
of bands in the 1525-1425 cm⁻¹ range, suggesting the formation of unsaturated compounds with C=C 39 
bonds, both in isolated, as well as conjugated form (C=C-C=C; C=C=C), i.e. olefins. The appearance of 40 
ethylene and propylene was manifested by the 1445 cm⁻¹ band of their gas phase (Figure 5a). Signals 41 
corresponding to -CH₃ group oscillations displayed a complex nature, which was suggested by the 42 
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presence of the band stemming from CH₃-O moieties (1418 cm⁻¹), i.e. dimethyl ether. GC measurements 1 
confirmed its formation throughout the reaction's whole duration, where small amounts of this 2 
compound could be detected at any point of the process. A possible share of dimethyl ether in the IR 3 
spectra's C, D, and E components also cannot be excluded. Additional analysis of component A 4 
concentration profile (Figure 5b) suggested that olefin production was initiated right at the moment of 5 
alcohol contact with the catalyst's surface, reached a maximum after 5 minutes of the process, and then 6 
started to decrease successively. The path of component C concentration profile implied its formation 7 
at the expense of olefins represented by component B. Spectral characterization of component C 8 
indicated that at this stage of the reaction, products became less abundant in olefins (decrease of 1525-9 
1425 cm⁻¹ bands), as those transformed into cyclic olefins and/or aromatic species, both types of 10 
compounds being highly alkylated with unsaturated substituents (coexistence of 1680-1625 cm⁻¹ and 11 
1525-1425 cm⁻¹ bands). Right at the beginning of the reaction, described by the component A profile, a 12 
sharp, high-intensity band at 1507 cm⁻¹ could be observed, which was ascribed to cyclopentenyl cations 13 
[10]. The attribution of the 1507 cm⁻¹ band was complicated due to the high share of the gas-phase 14 
water and ethylene in the spectrum. Nevertheless, the 1507 cm⁻¹ band became increasingly visible in 15 
the next components, D and E, pointing to the growing share of cyclopentenyl cations in the MTH 16 
process. Reaching the maximum concentration of component C, i.e., the formation of a hydrocarbon 17 
pool, was connected with the evolution of both components D and E. The development of component 18 
E preceded evolution of component D, which suggested transformation of certain number of 19 
methylated cyclopentenyl cations into methyl-substituted benzenium cations (based on UV-vis band 20 
identified as hexamethylated benzenium cations), which then were transformed into poliaromatic 21 
species, that constituted coke deposit responsible for catalysts deactivation. Indeed, after 30 minutes, 22 
changes in catalytic reaction yield could be observed, which was related to a decrease in olefins 23 
production in favor of dimethyl ether production, also visible in MS results (Figure 4a and 4c). This 24 
observation indicated the deactivation of acidic centers. Spectral features of component D, namely the 25 
1507 and 1418 cm⁻¹ bands intensities and their ratio, allow for drawing a conclusion that species 26 
described by component D had a share of cyclopentenyl species with definitely shorter alkyl substituents 27 
than those observed for component C. A share of polyalkylated naphthalenes (1565 cm⁻¹) was identified 28 
in component E. This component became dominant, starting at the 40-minute mark of the process. This 29 
coking stage of the reaction (component E) was accompanied by xylenes production, identified by 1515 30 
cm⁻¹ (p-xylene) and 1602 cm⁻¹ (m-xylene) bands. 31 
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 1 

Figure 5 Left column: the MCR-ALS analysis of FT-IR and UV-Vis spectra components recorded during 2 
methanol (a, c) and ethanol (e, g) conversion. Right column: corresponding components concentration 3 
profiles (b, d, f, and h).  4 

The results described above closely corresponded with the MCR-ALS analysis of UV-Vis spectra (Figure 5 
5c). In component F, related to the first stage of the reaction (Figure 5d), methylated cyclopentenyl 6 
cations (10-carbon total) and methylated benzenium cations could be identified, appearing as bands at 7 
295 nm and 385 nm, respectively. The creation of these compounds was correlated with the production 8 
of olefins, which is identified by the 215 nm band. In the next stage of the reaction (component G), the 9 
production of olefins became elevated, and their diversification was manifested by the appearance of a 10 
relevant band in the range of lower wavelengths (<215 nm). Release of high amounts of olefins was 11 
correlated with consumption of alkylated cyclopentenyl species (295 nm), while hexamethylated 12 
benzenium cations (385 nm) were perturbed to a lower extent. Importantly, in this component, two 13 
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types of cyclopentenyl cations were identified, namely the ones with long substituting chains (295 nm), 1 
present from the beginning of the reaction, and others with bands occurring at lower wavelengths, 2 
disguised under broadened 273 nm band, identifying alkylated cyclopentenyl cations with shorter 3 
alkylating chains and/or their lower number. The association of the shift of the alkylated cyclopentenyl 4 
cations band with the length of alkylating group chains, as well as their branching, was widely discussed 5 
in the literature [10]. This observation pointed out that the release of olefins occurred rather through 6 
the conversion of cyclopentenyl and not methylbenzenium species. In the later reaction stage 7 
(component H), alkylated cyclopentenyl cations were detected in lower amounts, with shorter alkylating 8 
groups (7-carbon total, 273 nm). Polymethylated benzenes were almost completely transformed into 9 
highly substituted naphthalenes (450 nm) and trimethylbenzenes (1,2,4- and 1,3,5- TMB, 330 nm). The 10 
230 nm band was related to neutral aromatic species. Also, a decrease in the amount of olefins was 11 
observed in the last stage of the reaction (component H).  12 

In the case of ethanol conversion, IR spectra displayed similar bands to those seen in the reaction with 13 
methanol, differing mainly with the bands' intensities and their transformation in time. With the aid of 14 
MCR-ALS analysis of the IR spectroscopic results, the spectra were divided into three components 15 
(Figure 5e). Component I was almost entirely dominated by ethylene (1445 cm⁻¹) and water. Both 16 
compounds were identified by sharp bands stemming from their gas phase. Bands corresponding to        17 
-CH₃ oscillations were of a complex nature, which again suggested the presence of CH₃-O moieties (1418 18 
cm⁻¹), i.e., diethyl ether, whose presence among reaction products was confirmed throughout its whole 19 
duration by GC measurements. Additionally, alkylated cyclopentenyl cations (1507 cm⁻¹) and higher 20 
olefins were present in this component. Ethylene, the product of ethanol dehydration, appeared 21 
immediately upon the alcohol contact with the catalyst surface, and its production was maintained until 22 
the end of the process, as confirmed by the GC and MS measurements during catalytic experiments 23 
(Figure 5b and 5d). An analogous situation was observed for the methanol transformation; however, in 24 
that case, ethylene and propylene were the products of the C-C coupling reaction. Component I 25 
dominated the ETH reaction for 20 minutes, later being substituted by reactants identified in 26 
component J (Figure 5f), i.e. alkylated cyclopentenyl cations and benzenium cations. These compounds 27 
were produced later in the ETH reaction than observed for MTH conversion. Component J also pointed 28 
to producing conjugated olefins (1680-1625 cm⁻¹) in significantly lower amounts than for MTH. 29 
Compounds corresponding to component K appeared after 15 minutes of reaction, and their amounts 30 
gradually increased for the rest of the process. These were diethyl ether, methyl-substituted 31 
naphthalenes, and alkylated aromatics, both latter species considered coke precursors. This effect was 32 
accompanied by the slow limiting of olefin production (seen for catalytic results) and the formation of 33 
polycyclic aromatic structures, as observed in the GC-MS measurements of extracted coke (Section 3.4). 34 

Similar conclusions could be made based on UV-Vis spectra and their MCR-ALS analysis (Figure 5g). The 35 
ethylene (218 nm) production (component L, Figure 5 h) was accompanied by alkylated cyclopentenyl 36 
cations (300 nm). The position of the cyclopentenyl cations band at a higher wavelength, observed in 37 
component L (300 nm), suggested the presence of fully substituted cyclopentenyl cations (>10-carbon 38 
total), e.g. tetramethyl(n-propyl) cyclopentenyl cation, which was detected in the extracted coke 39 
analysis (Figure 6). Component M appeared after 20 minutes of the reaction, in a maximum point of 40 
component L concentration, indicating consecutive transformation of respective compounds. An 41 
intense band below 218 nm pointed to the formation of high amounts of olefins, mainly ethylene, 42 
significantly higher than it was in the MTH reaction. This indicated the parallel reaction run, which was 43 
ethanol dehydration. The band stemming from highly (m)ethylated benzenium cations (385 nm) was of 44 
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low intensity, which suggested low effectivity of the alkylated cyclopentenyl cations expansion process. 1 
As a result, limited production of other olefins than ethylene and also polycyclic aromatic species, e.g. 2 
naphthalenes (410 nm) as coke precursors, was observed. This was also reflected in less diversified coke 3 
components for the ETH reaction than in the MTH case. Similarly, as in the MTH process, substituted 4 
cyclopentenyl cations of the lower number of alkylating groups could be distinguished in component M 5 
(275 nm) and methyl-substituted benzenium cations (330 nm). 6 

Analysis of the IR and UV-Vis spectra indicated a clearly less complex nature for the ETH reaction than 7 
the MTH was seen. This meant lower diversity of the products and, most probably, a more 8 
straightforward mechanism of ETH reaction than the MTH one under applied experimental conditions, 9 
resulting in given product distributions. While methyl-substituted benzenium cations were present from 10 
the first minutes of the MTH reaction, their formation in ETH was strongly hindered. The initiation stage 11 
of alkylated cyclopentenyl cations formation was also prolonged for the ETH process. Both effects 12 
resulted from competition in acidic sites occupation by alcohol dehydration reaction products and 13 
products of alcohol transformations through the hydrocarbon pool mechanism.  14 

The ETH process begins with a C₂ reactant, so interference in creating the first carbon-carbon bond is 15 
avoided, which is a subject of debate in the MTH process [8]. A parallel occurrence of the side-chain and 16 
paring reaction cycles is highly possible in the MTO reaction [57], while the topology of the catalyst rules 17 
the relative extent. Within the MTO process, the paring cycle has little influence on producing light ole-18 
fins during the MTO reaction over H-SAPO-34 [58]. Our UV-Vis and IR data indicate that the mechanism 19 
of the ETH process should not be regarded as precisely identical to that of the MTH process. This 20 
supports the results of Chowdhury et al. [59], who reported multiple (m)ethylated aromatics as the 21 
active HCP species, forming higher olefins. The limited production of hexaalkylated benzenium ions, 22 
which are essential for both side-chain and pairing cycles, adversely impacts the formation of C3=. During 23 
the ETH process, the hexaalkyl-substituted benzenes were detected in small quantities. This was fol-24 
lowed by low selectivity for propylene; however, a significant contribution from the alkylated cyclopen-25 
tenyl ions was seen. Conversely, in the MTH process, a high share of propylene was followed by a high 26 
abundance of hexaalkyl-substituted benzenes and alkylated cyclopentenyl ions. The pairing cycle is hin-27 
dered after the release of propylene from alkylated cyclopentenyl ions, producing less alkyl-substituted 28 
benzenes; hence, the side-chain pathway is significantly impeded for the ETH process.  29 

3.4. Analysis of coke deposit by means of GC-MS measurements of extracted species 30 

Coke analysis was performed by means of GC-MS measurements of extracted carbonaceous deposits 31 
from spent catalysts. TG analysis allowed for the quantification of deposited coke after the reactions. 32 
Obtained chromatograms with compound assignments are presented in Figure 6 (Method 1 – Table S2). 33 

Results demonstrated that more complex coke species that eluted with higher retention times were 34 
formed preferentially during the MTH process over the SSZ-13 catalyst. These included polycyclic 35 
alkylated compounds, both aromatic and non-aromatic, with intricate functional groups attached. The 36 
ethyl functional group was found only in the ethanol-derived coke, while after methanol conversion, 37 
the methyl functional group was preferred, understandably. Interestingly, five-atomic compounds were 38 
found in both ETH and MTH coke, slightly differing in the alkylating groups attached. These were 5-(1-39 
methylethylidene)-1,3-cyclopentadiene in ETH-derived coke and 1,2,3,4-tetramethyl-5-methylene-1,3-40 
cyclopentadiene in MTH-derived coke. Also, species as large as anthracene were found. Alkylated 41 
azulene and benzocycloheptatriene could be detected for MTH and ETH coke, respectively. Also, 42 
adamantane and adamantane derivatives were detected in MTH coke. Standard hydrocarbons, 43 
expected in both MTH and ETH reactions, such as benzene, naphthalene, and their alkylated derivatives, 44 
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contributed to the most excessive amounts of extracted coke. Tetra- and pentamethylbenzenes are 1 
found to be more profound in coke species in ETH. Tetramethylbenzene is a highly undesired side-2 
product rarely detected during the zeolite-catalyzed ETH process [59]. It can be concluded that more 3 
coke species, including more bulky compounds, could be detected for the MTH reaction remaining. This 4 
stayed in accordance with the observed GC measurements of faster catalyst deactivation during 5 
methanol conversion. As the coking phase started earlier than it happened for the ETH reaction, 6 
together with smaller C₁ building blocks, more complex structures could be created in spacious 7 
chabazite cages. Additionally, confirming the spectroscopic-based observations, five-ring compounds 8 
were detected in rather small amounts among coke species. Also, the UV and IR spectra concluded that 9 
more benzenium ions were formed in the MTH reaction, which was reflected in coke components.  10 

The three major deactivation pathways in the ETH process are the oligomerization, cyclization, and 11 
isomerization of ethyl-substituted benzenes. The poly/fused-aromatic-based species are considered the 12 
primary deactivating species. These polyaromatic compounds are the precursors of pyrene, which is 13 
well-established as the main coke species in zeolite catalysis [60-62], [48]. In the course of this study, 14 
more pyrenes were detected after the MTH reaction (Figure S5; Method 2 – Table S2).  15 

After the 2-hour reaction step, the catalyst surface was purged with inert gas to evaluate the remaining 16 
coke. Spectra registered after methanol conversion (Figure S2a) displayed 1569 and 1414 cm⁻¹ bands, 17 
indicating the expected naphthalenic coke species. This supported observations made based on FT-IR 18 
measurements during the reaction.     19 

TG analysis provided information on the amount of coke obtained after both reactions. The calculated 20 
coke content was 21% and 17% for methanol and ethanol transformations on the SSZ-13 catalyst. 21 
Observations stayed in accordance with GC measurements of desorbed products of reactions, with the 22 
highest conversion drop during the MTH process due to extensive coking of the catalyst. The 23 
observation of a wide distribution of products of MTH reactions led to a broader distribution of coking 24 
species, as observed in GC-MS extracted coke analysis.  25 
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 1 

Figure 6 GC-MS analysis of coke species extracted from used catalysts after methanol and ethanol 2 
conversion. 3 

4. Conclusions 4 

The operando methodology utilized for examining MTH and ETH processes inside the same zeolite 5 
structure as the catalyst facilitated a more comprehensive understanding of reaction pathways by 6 
finding intermediate species and ultimately suggesting potential routes for both alcohol conversions. In 7 
the MTH process, two intermediate species, alkylated cyclopentenyl, and highly alkylated benzenium 8 
ions, were identified as more effective in activating the HCP mechanism, yielding a broader product 9 
distribution. The MTH process also exhibited more advanced coking, resulting in accelerated 10 
degradation of the SSZ-13 catalyst. 11 
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In contrast to the MTH reaction, the ETH method is characterized by exceptionally high selectivity for 1 
ethylene. A reduced quantity of coke precursors was generated, and the catalyst exhibited a markedly 2 
slower deactivation rate. Infrared spectroscopy demonstrated that methylated benzenium cation must 3 
be regarded as the intermediate species influencing HCP cycles, although this was not as evident from 4 
UV-Vis analysis. The principal mechanism of ethanol conversion is the dehydration pathway, although 5 
HCP exerts a minor influence. 6 
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