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Abstract: We have studied the dynamics of the retained species on 

ZSM-5 and SAPO-18 zeolites using a combination of temperature-

programmed desorption/oxidation, ex situ analysis and in situ FTIR 

spectroscopic measurements over the entire conversion range, using 

fixed-bed and spectroscopic cell reactors, in continuous and 

discontinuous mode. Our results point to the appropriateness of the 

combined methodologies to track the interconversion of active into 

deactivating species. We found a statistically relevant (supported by 

linear regression and multivariate analysis) association of our 

observations using the different complementary methodologies. The 

kinetics of this interconversion depends on the initial conversion 

(tuned by acidity and space time) and microporous topology, and 

involve: (i) in the ZSM-5 catalysts, the diffusion of monocyclic 

aromatics toward the exterior of the zeolite to form coke and (ii) in the 

SAPO-18 catalysts, the obstruction of the cavities by aromatics that 

grow up to tetracyclic aromatics islands. 

Introduction 

The methanol-to-hydrocarbons (MTH) reaction is the basis for 

the development of the methanol-to-olefins (MTO) or methanol-

to-propylene (MTP) processes that are experiencing an 

increasing interest as an alternative for the production of light 

olefins (ethylene, propylene and butylenes).[1–3] The typical 

industrial catalysts are based on SAPO-34 (CHA structure) 

zeotypes for the MTO process and ZSM-5 (MFI structure) zeolites 

for the MTP process.[1,4–9] Apart from these materials, there are 

lots of other proposals in the literature such as SAPO-18 (AEI 

structure) zeotypes that exhibit an excellent kinetic 

performance.[10–14] The selectivity to light olefins, or particularly to 

propylene, greatly depends on the catalyst properties. Regarding 

the catalyst topology, the small-pore materials (e.g. CHA and AEI 

structures) offer very high selectivity to light olefins at the expense 

of a rapid accumulation of aromatics that cannot diffuse out of the 

micropores leading to a rapid catalyst deactivation.[15–18] On the 

other hand, medium-pore zeolites (e.g. MFI structures) allow the 

diffusion of aromatics improving the catalyst lifetime in detriment 

of the selectivity.[19,20] However, an appropriate balance of the acid 

properties leads to an improvement of the selectivity by tuning the 

reaction mechanism.[21–23]  

The mechanism of the MTH reaction have been extensively 

investigated and it has been a topic of debate within the scientific 

community. The most accepted general mechanism comprises 

three periods: (i) induction or initiation, (ii) autocatalysis, and (iii) 

deactivation. The induction or initiation period proceeds through a 

direct mechanism, in which methanol or dimethyl ether is 

adsorbed on acid sites forming surface methoxy species and 

trimethyloxonium species that interact and give rise to 

oxygenated intermediates (ketones, carboxylic acids, esters, etc.) 

forming the first C-C bond.[2,24–26] Further reactions (dehydration, 

decarbonylation, etc.) give rise to the first olefins and these to 

aromatics and paraffins through cyclization and hydrogen transfer 

reactions, most of which remain adsorbed/trapped in the catalyst. 

These retained species form a hydrocarbon pool of olefins and 

aromatics giving rise to the autocatalytic period in which these 

species are active and intermediates for the formation of olefins, 

aromatics and paraffins through reactions of methylation, 

oligomerization, dealkylation, cracking, cyclization and hydrogen 

transfer.[27] The deactivation period occurs by the degradation of 

these active species (mostly aromatics) into deactivating species, 

commonly called coke.[28] 

The study of the chemical properties of the retained species 

has been key for understanding the mechanisms of the MTO 

reaction. The most common techniques for such purpose include: 

(i) temperature-programmed desorption/oxidation (TPD/TPO), (ii) 

extraction and identification of soluble species, and (iii) 

spectroscopy. The TPO technique by using thermogravimetric 

analysis is a routine measurement for the quantification of coke 

deposited on the catalyst during MTO reaction, and the TPO 

profiles often provide information on the nature or location of 

species.[28,29] The group of Manos[30,31] developed a method based 

on the thermogravimetric analysis of spent catalyst samples that 

are subject to a TPD and subsequently to a TPO. The species 

removed in the TPD are designated as coke precursors while 
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those removed in the TPO are designated as hard coke. The use 

of TPD is less frequent in the studies of coke or retained species 

in the MTO reaction, though a combined analysis of TPD and TPO 

can provide information on species that are coke precursors.[32] 

However, it is important to consider that the TPD of spent 

catalysts also lead to an aging of coke.[33] 

The limited information provided by the TPD and TPO 

techniques has been greatly compensated and complemented by 

the development of soluble coke extraction method (in this work: 

extraction of soluble species) by the group of Guisnet.[34] This 

technique directly provides the chemistry of small molecules 

retained in the catalyst that are soluble in dichloromethane or 

other extraction solvents, and it was useful to discover that 

diverse monocyclic and small polycyclic aromatics retained in the 

catalyst are intermediates for the formation of olefins as well as 

coke precursors.[35,36] The spectroscopic techniques are 

complementary and widely used for identifying the chemical 

nature of retained species after (ex situ) or during (in situ) the 

MTO reaction. Such techniques include Fourier transform infrared 

(FTIR), ultraviolet-visible (UV-vis), 13C solid-state nuclear 

magnetic resonance (NMR) spectroscopies, among others.[28,37,38] 

Those applied in situ offer the most useful information because 

active and deactivating species can be identified simultaneously 

alongside the reaction.[39,40] 

Based on the application of the aforementioned techniques, 

the studies of the retained species have given significant 

differences between small-pore and medium-pore zeolites or 

zeotypes discussed in this work. In the small-pore materials, all 

the aromatics are retained in the cavities and their maximum size 

is limited to the cavity size (being tetracyclic aromatics the largest 

species found in SAPO-34 and SAPO-18 catalysts).[41,42] The 

active species are normally monocyclic aromatics, being 

hexamethylbenzene a key active species for SAPO-34 

catalysts,[43] whereas tetramethylbenzenes and 

pentamethylbenzenes are inferred to be the key active species in 

SAPO-18 catalysts.[44] Other studies have revealed that bicyclic 

aromatics can be active species in SAPO-34 catalysts at high 

reaction temperatures.[39,45] Although the activity of the small 

polycyclic aromatics is questioned,[46] bicyclic, tricyclic and 

tetracyclic aromatics are normally deactivating species as they 

impart diffusional constrains to the flow of molecules through the 

cavities.[47] Other deactivating species in this catalyst topology are 

insoluble in dichloromethane and are believed to be intracavity 

polycyclic aromatics consisting of small polycyclic aromatics 

linked with other small polycyclic aromatics in adjacent cavities 

through alkyl chains,[48,49] or large polycyclic aromatics formed 

from olefins on the external surface of the crystals.[39,45,50,51] In the 

medium-pore materials with a tridimensional system of channels, 

the retained species are monocyclic aromatics found in the 

micropores and large polycyclic aromatics found on the external 

surface of the crystals.[40,52–55] Monocyclic aromatics are normally 

active species, although hexamethylbenzene are claimed to be 

virtually unreactive in these catalysts.[28,53] The disappearance of 

these species gives rise to the catalyst deactivation,[23] which is 

inferred to take place by the polymerization of these species into 

linear polycyclic aromatics that remained in the channels 

eventually blocking the molecular diffusion though the 

micropores.[56]  

In this work, we have systematically studied the retained 

species in ZSM-5 and SAPO-18 catalysts formed in the MTO 

reaction by using a combination of temperature-programmed 

desorption/oxidation (TPD/TPO), extraction and in situ FTIR 

spectroscopy techniques. We particularly focus on the dynamics 

of the species present in the periods of autocatalysis and 

deactivation. The core of the work consists of the ex situ analysis 

(temperature programmed and extraction techniques) of species 

in spent catalyst samples obtained at different times on stream in 

a fixed-bed reactor according to the autocatalytic and deactivation 

kinetics for each experiment. The ex situ analysis provides 

information on the quantification, nature and chemistry of retained 

species. The analyses made by TPD and the extraction of soluble 

species provide correlated information that is discussed in this 

work. The in situ FTIR spectroscopy provides additional 

information on the dynamics of these species during the MTO 

reaction, supporting the observations obtained by the ex situ 

analyses. In order to prove the correlation between the techniques 

used we have performed linear regression analysis or multivariate 

data analysis using principal component analysis (PCA). Our 

intention is to discover hidden correlations of the data and to 

identify key retained species and their dynamics. We stress here 

the importance of measuring the dynamics ex and in situ in a wide 

range of conversion conditions to get a better kinetic picture of the 

overall reaction network including deactivation. As it can be 

anticipated, the methanol-to-olefins kinetics on ZSM-5 and 

SAPO-18 catalysts are significantly different, so these 

approaches are required for stablishing unified criteria. 

Results and Discussion 

Fixed-bed reactor measurements. The first objective of this 

work was to obtain kinetic data of the MTO reaction by carrying 

out experiments in a fixed-bed reactor. Accordingly, Figure 1a 

shows the evolution with times on stream of the conversion 

(conversion profiles) while Figure 1b shows the light olefins 

selectivity against the conversion for the MTO reaction on various 

ZSM-5 and SAPO-18 catalysts at variable space times. In general, 

the conversion decreases with increasing times on stream, 

indicating that the catalysts undergo deactivation in all the 

experiments. Comparing three different ZSM-5 catalysts (H-ZSM-

5, P-ZSM-5 and Zn-ZSM-5) at equal space time (0.8 g h mol-1), it 

is evident that the H-ZSM-5 and P-ZSM-5 catalysts exhibit similar 

kinetic behaviors, whereas the Zn-ZSM-5 catalyst exhibits a lower 

initial conversion (0.96 vs. 1.0) and a slower rate in the decrease 

of the conversion (meaning slower deactivation rate). The 

comparison of these catalysts at equal initial conversion required 

to lower the space time down to 0.4 g h mol-1 for the experiments 

with the H-ZSM-5 and P-ZSM-5 catalysts. In this case, the 

observations are somehow similar; the deactivation rate of the Zn-

ZSM-5 catalysts is much slower than that of the H-ZSM-5 and P-

ZSM-5 catalysts. This behavior is explained by the different acid 

site properties of the Zn-ZSM-5 catalyst, with balanced 

concentrations of Brønsted and Lewis acid sites (see Table 1), 

providing this catalyst with lower density of acid sites.[23] 

Additionally, we compared the Zn-ZSM-5 catalyst with an H-

SAPO-18 catalyst at an equal space time of 0.6 g h mol-1. As seen, 

the conversion decreases very rapid for the H-SAPO-18 catalyst, 

indicating that this catalyst undergoes very rapid deactivation in 

comparison with ZSM-5 catalysts. This occurs for the strong 

shape selectivity that the AEI structure imposes to the MTO 

products, in which only short-chain aliphatics are able to exit from 

the pores of this structure.[12,13]   
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Figure 1. Kinetic performance of the MTO reaction in a fixed-bed reactor in 

terms of the conversion profiles (a) and selectivity to light olefins (b). Conditions: 

T = 400 ºC, W/F = 0.4-0.8 g h mol-1, Pmethanol = 1.57 bar. 

The datasets of the selectivity to light olefins evidence two 

different behaviors, one for the H-SAPO-18 catalyst with very high 

light olefins selectivity and another for all the ZSM-5 catalysts. The 

selectivity to light olefins is independent on the conversion for the 

H-SAPO-18 catalyst, which evidences the dominant feature of the 

shape selectivity of this structure. In contrast, the selectivity to 

light olefins is dependent on the conversion for the ZSM-5 

catalysts, evidencing the wide range of hydrocarbons that can exit 

through the pores of this structure. The light olefins formation is 

favored at low conversions in the ZSM-5 catalysts, whereas light 

olefins are intermediates for the formation of heavy olefins, 

paraffins and aromatics and their conversions are favored at high 

conversions of oxygenates. It is noteworthy to mention that the 

Zn-ZSM-5 catalyst surprisingly yield light olefins at the same level 

of the unmodified H-ZSM-5 catalyst when compared at similar 

conversion levels in a kinetic regime (conversions below 100%). 

At an equilibrium regime (100% conversion), the selectivity to light 

olefins is even higher for the Zn-ZSM-5 catalyst than for the H-

ZSM-5 catalyst, meaning that this catalyst is appropriate for 

boosting the selectivity to light olefins. Zn is a common modifier 

for improving the selectivity to aromatics; however, the Zn 

precursor salt determines whether the final catalyst would be 

suitable for aromatics or light olefins. In two uncorrelated 

works,[23,57] it was reported that the use of ZnCl2 as the Zn 

precursor salt improves the selectivity to light olefins in 

comparison with the corresponding pattern catalyst, whereas the 

expected improvement of the selectivity to aromatics was not 

observed.     

Apart from these typical families of products, retained species 

complete the carbon balance of all the MTO reaction products. 

The following sections of this work are dedicated to study these 

retained species during the MTO reaction, which have a dual role 

promoting the formation of the most interesting products (olefins) 

and deactivating species. For this, we carried out each reaction 

experiment at variable times on stream in order to obtain spent 

catalyst samples at various times on stream. We analyzed the 

spent catalyst samples by using TPD-TPO measurements and 

extraction of soluble species.  

 

Temperature-programmed measurements. As described in the 

Introduction section, the TPD-TPO measurements are useful for 

analyzing the thermal behavior and quantity of the retained 

species in the catalyst after the MTO reaction. We systematically 

analyzed the spent catalysts of the experiments shown in Figure 

1 at variable times on stream and quantified the species removed 

by desorption or decomposition (TPD species removed below 500 

ºC) and by combustion (TPD species removed above 500 ºC and 

TPO species). These species show different behaviors along the 

reaction as shown in Figure S1 for the H-ZSM-5 catalyst, Figure 

S2 for the Zn-ZSM-5 catalyst and Figure S3 for the SAPO-18 

catalyst. As seen, the peaks of the species removed by desorption 

or decomposition decrease with increasing times on stream, 

whereas the peak of the species removed by combustion in the 

TPO increases with increasing times on stream. Curiously, the 

peak of the species removed by combustion in the TPD remains 

almost invariable with increasing times on stream. These 

dynamics leads to hypothesize that the TPD species removed 

below 500 ºC are likely active species/coke precursors, whereas 

the TPO species are deactivating species formed from the 

degradation of the TPD species that are accumulated with the 

progress of the reaction. Based on this hypothesis, we analyze 

the dynamics of the concentrations of TPD (below 500 ºC) and 

TPO species in the MTO reaction.  

Figures 2 and 3 shows the evolution with times on stream (a) 

or conversions (b) of the concentrations of TPD and TPO species 

in the spent catalysts, respectively. As seen, the relative 

concentration of TPD species decreases (Figure 2a) while that of 

TPO species (Figure 3a) increases with increasing times on 

stream. These observations are related to the kinetics of 

degradation of TPD species or accumulation of TPO species, in 

either case happening to be faster in the SAPO-18 catalyst than 

in the ZSM-5 catalysts because of the severe shape selectivity 

imposed by the SAPO-18 cavities.[10] Within the ZSM-5 catalysts, 

that with lower concentration of Brønsted acid sites (Zn-ZSM-5 

catalyst) presents slower kinetics, indicating the predominant role 

of these sites in the formation and degradation of these 

species.[40] Another interesting observation is related to the trends 

for the concentration of TPO species, following a rational or 

hyperbolic function with time on stream, which is a useful 

experimental observation for the proposal of kinetic models. We 

can make an analogy of the profiles displayed in Figure 3a and 

the adsorption-desorption isotherms: regardless of the catalyst 

topology or acid properties, there are two steps of coke formation. 

In the first step, the micropores and acid sites of the catalysts are 

blocked, corresponding to the “poisoning” stage and resembling 

to a Langmuir isotherm. In the second step, only observed for the 

ZSM-5 catalysts and not for the H-SAPO-18 catalyst, the meso- 

and macropores of the catalyst are filled, multiple layers of coke 

are deposited which correspond to the “coke growth” stage and 

resembling to a multilayer adsorption in BET isotherm.  
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Figure 2. Evolution with time on stream (a) and conversions (b) of the species 

removed in the TPD. 
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Figure 3. Evolution with time on stream (a) and conversions (b) of the species 

removed in the TPO. 

In terms of the evolution with conversions, in which the 

decrease in the conversion indicates catalyst deactivation, the 

decrease in the TPD species and the increase in the TPO species 

cause a sharp decrease in the conversion, resembling somehow 

the deactivation profiles. This indicates that the continuous 

degradation of TPD species (and accumulation of TPO species) 

leads to catalyst deactivation. The datasets indicate the existence 

of a critical value for the concentration of TPD species at which 

the catalyst undergoes deactivation for the ZSM-5 catalysts. 

Furthermore, the datasets of TPD or TPO species against 

conversions follow trends depending on the initial conversion 

determined by the space time of each experiment using the ZSM-

5 catalysts. As seen, the accumulation of TPO species is higher 

as the initial conversion (or space time) is higher. The use of high 

space times favors the formation of secondary coke (coming from 

the MTO reaction products),[58] which explains the increase in the 

accumulation of TPO species.  

Lastly, with the purpose of understanding the TPD 

observations, we have followed the MS signals during the TPD-

TPO and the results are presented in the Supporting Information 

(Figure S4). The TPD gives rise to the loss of retained species 

indicated by the peaks in the DTG while the MS signals 

qualitatively indicate the nature of the removed species. 

Accordingly, the species removed at temperatures below 500 ºC 

generate C1 (m/z = 15), C3 (m/z = 41, 43) and C4 (m/z = 55, 56) 

fragments. Some authors,[30–32] who applied a similar 

methodology, inferred that the removed species under TPD 

conditions are coke precursors (e.g. monocyclic aromatics), 

whereas other authors[48,49,59] attributed these species to the 

decomposition of insoluble coke trapped in the cavities of SAPO-

34 catalysts. On the other hand, the species removed at 

temperatures above 500 ºC generate H2 (m/z = 2), C1 (m/z = 15) 

fragments and CO2 (m/z = 44). This observation leads to infer that 

some species undergo dehydrogenation, cracking and partial 

combustion in an inert atmosphere (N2 flow) at high temperatures. 

The partial combustion observed may have two possible 

explanations: (i) an uncontrolled air contamination in the 

equipment, or (ii) the presence of oxygenated coke that can 

undergo combustion at high temperatures under these conditions. 

The formation of oxygenated coke in the MTO reaction is 

plausible according to some research studies,[52,60,61] though it is 

not frequently identified in most of the related studies. 

Furthermore, it is known that TPD or similar treatments cause the 

ageing of the retained species (by desorption or decomposition of 

light species and dehydrogenation), leaving heavy and poorly 

hydrogenated species.[33] The remaining heavy and aged species 

are eventually removed in the TPO, whose profile shows a unique 

peak for the DTG and MS signal of m/z = 44, indicating their 

combustion. All the results obtained by the analysis of the species 

based on the TPD and TPO measurements suggest that part of 

the species removed in the TPD may be linked with active 

species/coke precursors; however, this technique does not 

provide enough evidences for the identification of the nature of 

such species. For the latter purpose, the extraction of soluble 

species is an interesting approach for analyzing the nature and 

dynamics of these species, whose results are presented in the 

next section. 

 

Extraction measurements. We analyzed the chemical nature of 

the retained species that are soluble in dichloromethane. By using 

this technique, we can recover the aromatic species (monocyclic 

and small polycyclic aromatics) that are retained in the catalyst 

and are associated with hydrocarbon pool species (active and 

coke precursor species).[28,40,62–64] Figure S5 shows a typical 

distribution of the components identified in the extracts of the 

spent samples of H-SAPO-18 and ZSM-5 catalysts. As seen, the 

soluble species in the ZSM-5 catalysts are monocyclic aromatics 

ranging from trimethylbenzenes (triMB) to hexamethylbenzene 

(hexaMB), whereas the rest of the insoluble species should be 

large polycyclic aromatics that are insoluble in dichloromethane. 

These observations confirm the heterogeneity of retained species 

in ZSM-5 catalysts.[40] On the other hand, the soluble species in 

the H-SAPO-18 catalyst are monocyclic, bicyclic, tricyclic and 

tetracyclic aromatics, in agreement with similar observations in 

the literature.[10,65] This catalyst topology also has insoluble 

species that are hypothesized to be intracavity clusters of 

polycyclic aromatic structures linked by means of short-chain 
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alkyls[48] or large polycyclic aromatics formed from olefins on the 

external/mesoporous surface.[39,45,50,51]  

When analyzing the evolution of the components of the 

soluble species (Figure S6) for the ZSM-5 catalysts, it is evident 

that all the soluble species decrease (tending to disappear) as the 

reaction progresses. Likewise, for the H-SAPO-18 catalyst 

(Figure S7), the monocyclic, bicyclic and tricyclic aromatic species 

decrease while the tetracyclic aromatic species increase as the 

reaction progresses. The decrease of the monocyclic aromatic 

species (part of the hydrocarbon pool species in the aromatics 

cycle)[27,28,42] as the reaction progresses is indicative of the 

degradation of active species into deactivating species.[28] In 

particular, for the SAPO-18 catalyst, the bicyclic aromatic species 

can have a dual role as active and deactivating species in 

similarity to what occurs in SAPO-34 catalysts,[39] whereas 

tricyclic and tetracylic aromatic species are deactivating species 

as they are packed in the cavities restricting the diffusion of 

molecules. Furthermore, according to the datasets in Figure S6, 

pentaMB and hexaMB are the most representative species 

among the soluble species, and their evolution is closely related 

to catalyst deactivation.   

Figure 4 shows the evolution with times on stream (a) or 

conversions (b) of the detected soluble species (abundance of 

monocyclic aromatics as representative of the active species) in 

the spent catalysts. This figure makes evident the previous 

observations based on the degradation of these species into 

deactivating species. In the evolution with time on stream, the 

experimental trends depend on the catalyst topology and on the 

catalyst acid properties, with a faster degradation for the catalyst 

topology that imposes a severe shape selectivity (H-SAPO-18 

catalyst), and for the catalysts with higher concentrations of 

Brønsted acid sites (H-ZSM-5 and P-ZSM-5 catalysts). In the 

evolution with conversions, the datasets resemble somehow the 

deactivation profiles (similar to what occurs with the datasets of 

TPD species), indicating a critical value for the abundance of 

species at which the catalyst undergoes deactivation. In other 

words, the active species in the aromatics cycle undergo 

continuous degradation into deactivating species, and when the 

amount of deactivating species is critical for causing the catalyst 

deactivation, the conversion decreases very rapid. Both analyses 

of the TPD and soluble species lead to similar conclusions: the 

species detected by both techniques tend to disappear as the 

reaction progresses, giving rise to catalyst deactivation. Besides, 

the rate at which these species are degraded into deactivating 

ones depends on different factors as pore topology or initial 

conversion.  

 

Correlation between TPD and soluble species. In view of the 

similitudes observed in the analyses of the TPD and soluble 

species, we correlated these species for each experiment based 

on the catalyst topology and acid properties. Figure 5 shows these 

correlations for the ZSM-5 catalysts with high concentration of 

Brønsted acid sites (a) and with low concentration of Brønsted 

acid sites (b), and for the H-SAPO-18 catalyst topology (c). As 

seen, all the datasets satisfactorily correlate the concentration of 

TPD species with the abundance of soluble species. This 

correlation suggests that the species removed in the TPD are 

related to the soluble species, most likely by desorption or 

decomposition. However, the diffusion constrains imposed by the 

catalyst structure makes difficult the desorption of these species 

without undergoing any decomposition for their removal, 

particularly in the SAPO-18 catalyst. The desorption of some 

species is plausible in the ZSM-5 catalysts, as small monocyclic 

aromatics can diffuse out of the zeolite channels. The different 

temperature ranges of the TPD peaks (Figure S8) suggests the 

different mechanism through which the species are removed. The 

species start to be removed below 400 º C for the ZSM-5 catalysts 

(particularly the H-ZSM-5 and P-ZSM-5 catalysts, in which the 

removal of species starts below 300 ºC), whereas the removal of 

species starts at temperatures above 400 ºC in the SAPO-18 

catalyst. These high temperatures indicate that the species 

undergo decomposition into small fragments, and in this way, 

overcoming the diffusion constrains for their removal. Thus, the 

TPD measurements are indicative of the existence of soluble 

species in both catalyst topologies, but they are not a direct 

measurement of the soluble species. In order to better understand 

the dynamics and behavior of the TPD and soluble species, we 

carried out in situ measurements by using FTIR spectroscopy.  
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Figure 4. Evolution with times on stream (a) and conversions (b) of the 

monocyclic aromatics retained in the ZSM-5 and SAPO-18 catalysts after the 

MTO reaction. 

Dynamics of retained species monitored by FTIR 

spectroscopy. We analyzed the dynamics of retained species in 

various experimental scenarios using a cell reactor monitored 

with FTIR spectroscopy. For the first experimental scenarios, we 

chose the H-ZSM-5 and H-SAPO-18 catalysts and carried out the 

MTO reaction in the cell reactor with a continuous methanol feed 

measuring online the gaseous products by MS and the species 

on the catalyst surface by FTIR spectroscopy. For both catalysts, 

we used identical reaction conditions and for the experiments with 

the H-ZSM-5 catalyst, we varied the space time (0.2, 0.4, 0.8 and 

1.6 g h mol-1) in order to tune the conversion levels and analyze 

the formation of retained species at various kinetic scenarios. At 

the end of each experiment, we analyzed the soluble species in 

the corresponding spent catalysts. The performance of the MTO 

reaction in terms of the analysis of the gaseous products (Figure 

S9 and S10) is comparable with that in a fixed-bed reactor. The 

conversion is higher and more stable with times on stream 

(depending on the space time/initial conversion) for the H-ZSM-5 

catalyst, whereas it is lower and decreases very fast with times 

on stream for the H-SAPO-18 catalyst indicating rapid 
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deactivation. The H-ZSM-5 catalyst of the experiments at low 

space times (0.2 and 0.4 g h mol-1) undergoes severe deactivation 

as indicated by the decrease in the conversion with increasing 

times on stream, whereas the experiment at 0.8 and 1.6 g h mol-

1 do not show significant deactivation.
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Figure 5. Correlation between the abundance of soluble species and TPD species for the H-ZSM-5 and P-ZSM-5 catalysts (a), Zn--ZSM-5 catalyst (b) and H-SAPO-

18 catalyst (c).

Likewise, the evolution with times on stream of the FTIR 

spectra for the H-ZSM-5 (Figure S11) or H-SAPO-18 catalyst 

provides information on the hydrocarbon species 

adsorbed/retained on/in the catalyst as well as on the acid sites 

of the catalyst. Out of all the FTIR bands assignable to 

hydrocarbons, the most commonly used to describe the dynamics 

of the retained species of aromatic nature are 1481, 1570 and 

1616 cm-1 in the H-ZSM-5 catalyst,[10,23,66–68] which are zoomed in 

Figure 6a for an experiment with relevant catalyst deactivation 

(space time of 0.4 g h mol-1). These bands are attributed to the 

stretching vibration of C=C in the ring of adsorbed aromatics or 

olefins, most likely polycyclic aromatics (1481 and 1570 cm-1) and 

monocyclic aromatics (1570 and 1616 cm-1).[23,67,68] The FTIR 

spectra for the H-SAPO-18 catalyst (Figure 6b) show that the 

most relevant bands appear at 1616, 1590 and 1570 cm-1, 

corresponding to the stretching vibration of C=C bonds in the ring 

of adsorbed aromatics or olefins and at 1377 and 1388 cm-1 

corresponding to the bending vibration of C-H bonds. However, 

these tentative assignations are not univocal.  

Before going deeper in the assignation of FTIR bands, we 

examined the dynamics of the observed bands. Looking at Figure 

6a, it is evident that the 1616 cm-1 band tends to disappear, the 

intensity of the 1570 cm-1 band partially decreases and the 1481 

cm-1 appear and grows up as the H-ZSM-5 catalyst undergoes 

deactivation (indicated in the zoom-in graph inserted in Figure 6a). 

On the other hand, the FTIR bands detected on the H-SAPO-18 

catalyst show an increasing trend even though this catalyst also 

underwent severe deactivation (Figure S10). Figure 7 shows the 

evolution with the conversion of the maximum intensity of the 

1616 and 1481 cm-1 bands for both catalysts. As seen, the 1616 

cm-1 band tends to disappear as the H-ZSM-5 catalyst undergoes 

deactivation (experiments at 0.2-0.8 g h mol-1), whereas it 

continuously increases for the H-SAPO-18 catalyst also 

undergoing deactivation. Likewise, the intensities of other bands 

increase progressively and tend to stabilize when the H-SAPO-18 

catalyst undergoes deactivation (Figure S12). Furthermore, the 

1481 cm-1 band appears at the expense of the 1616 cm-1 band for 

the experiments using the H-ZSM-5 catalyst at 0.2-0.8 g h mol-1.  

These dynamics lead us to infer that plausibly the 1616 cm-1 

band raises for the vibration of bonds in active species, the 1481 

cm-1 raises for the vibration of bonds in deactivating species, and 

the 1570 cm-1 band raises for the vibration of bonds in both active 

and deactivating/deposited species in the H-ZSM-5 catalyst. 

These would be in line with the observations obtained in the ex 

situ analyses of retained species (the TPD and soluble species 

decreases while the TPO species increases as the catalyst 

undergoes deactivation).  Although we did not observe the same 

dynamics for the H-SAPO-18 catalyst, the ex situ analyses 

evidenced that some active species disappear while deactivating 

species appear as the catalyst undergoes deactivation. Likewise, 

experiments using in situ UV-vis spectroscopy for the comparable 

SAPO-34 catalyst also revealed the disappearance of active 

species as the catalyst undergoes deactivation.[47] The plausible 

explanation for not observing such behavior is the similarity in the 

vibration frequencies of the active species and deactivating 

species.  

The analysis of soluble species at the end of each experiment 

evidenced the presence of monocyclic aromatics in the H-ZSM-5 

catalyst (Figure S13) and the presence of monocyclic, bicyclic, 

tricyclic and tetracyclic aromatics in the H-SAPO-18 catalyst 

(Figure S14). These observations are similar to those obtained in 

the experiments in the fixed-bed reactor. The presence of 

monocyclic aromatics corresponds to the presence of active 

species, and since we have data of these species at different 

kinetic moments (different space times) for the H-ZSM-5 catalyst 

at 3 h on stream, we correlated them with the conversion and the 

1616 cm-1 band. Figure 8 shows this correlation in terms of the 

abundance of soluble species with the conversion (a) and the 

intensity of the 1616 cm-1 band (b). As seen, the abundances of 

tetraMB, pentaMB and hexaMB increase as the conversion 

10.1002/chem.202004865

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

7 

 

increases (Figure 8a) and with increasing intensities of the 1616 

cm-1 band (Figure 8b). These correlations indicate that (i) the 

kinetic of the reaction in terms of the conversion is partially related 

to the concentration of these soluble species that are active 

species in the aromatics cycle, and (ii) the 1616 cm-1 band can be 

partially associated with the soluble species.  
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Figure 6. Evolution with time on stream of the FTIR spectra in the 1300-1700 

cm-1 region of the H-ZSM-5 catalyst (a) and H-SAPO-18 catalyst (b) during the 

MTO reaction. Conditions: T = 400 ºC, WH-ZSM-5/FM0 = 0.4 g h mol-1, WH-SAPO-

18/FM0 = 0.6 g h mol-1, Pmethanol = 0.16 bar, total reaction time = 180 or 240 min. 

To support the observations of Figure 8, we carried out a PCA 

analysis. Figure S15 shows the Varimax loadings of the 25 

selected variables (10 identified soluble species concentrations 

and 15 FTIR bands). The FTIR bands are divided into two 

sections for clarity: 3100-2800 cm-1 and 1400-1700 cm-1. The 

principal component 1 (PC1) is strongly influenced by the 1400-

1700 cm-1 bands, PC2 by soluble coke composition and PC3 by 

the 3100-2800 cm-1 bands. This kind of diversification of PCs in 

terms of the source of the analysis make the interpretation easier. 

Within the PC1 the most important FTIR band (higher loading) is 

1616 cm-1 and it is mostly correlated with the hexaMB 

concentration in the soluble coke, then other species also 

important are tetraMB, pentaMB and xylenes. At the same time, 

these species in the soluble coke are mildly linked with the 3100-

2800 cm-1 bands because they represent the aliphatic and 

aromatic C-H bonds in the alkylated benzenes. The lessen 

correlated FTIR band in the region 1400-1700 cm-1 is the 1481 

cm-1 which is the variable with highest loading in PC2, at opposite 

situation than the majority of the soluble retained species. These 

observations are linked with the fact that the 1481 cm-1 band 

should be assigned to coke, which is a product of the degradation 

of the retained soluble species. Thus, the most representative 

FTIR bands of the spectrum are 1616 cm-1 for the retained 

species (particularly hexaMB) and 1481 cm-1 for the product of 

their degradation or coke. 
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Figure 7. Evolution with conversions of the 1616 cm-1 band (a) and 1481 cm-1 

band (b) during the MTO reaction on an H-ZSM-5 catalyst. Conditions: T = 400 

ºC, W/FM0 = 0.20-1.6 g h mol-1, Pmethanol = 0.16 bar, total reaction time = 180 or 

240 min.   
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Figure 8. Correlation between the abundance of soluble species and 

conversions (a) and the intensity of the 1616 cm-1 band (b). 

The second experimental scenario consisted of carrying out 

selected experiments (space times of 0.4 and 1.6 g h mol-1) using 

the H-ZSM-5 catalyst with discontinuous methanol feeds 
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(methanol pulses) alternated with flushing periods. The purpose 

of these experiments is to assess the stability of some FTIR bands 

and soluble species. The results make evident that some species 

are swept in the flushing periods (Figures 9a, 9b, 9d and 9e) as 

the intensity of several bands in the region of 2700-3200 cm-1 and 

1300-1700 cm-1 decreases after being exposed to a flow of N2 at 

the reaction temperature. As seen, the intensities of all the bands 

in the 2700-3200 cm-1 region decrease, whereas that of the 1616 

cm-1 band decreases in the experiment at high space time (1.6 g 

h mol-1). The decrease in the intensities of the bands in the 2700-

3200 cm-1 region may occur for the removal of gaseous products 

and desorption of species weakly adsorbed on the catalyst, 

mostly aliphatic, aromatic and methoxy species. On the other 

hand, the changes in the 1616 cm-1 band should be related with 

changes or removal of monocyclic aromatic species. We verified 

this by analyzing the soluble species after the experiments and 

compared them with the analogous experiments with continuous 

methanol feeds (Figures 9c and 9f). As seen, the distribution of 

the components of the soluble species changes significantly after 

the flushing periods. The abundance of all the low methylated 

monocyclic aromatics (xylenes, triMB, tetraMB and pentaMB) 

decreases, whereas that of hexaMB increases.  

To shed more light on the nature of the hydrocarbon species, 

an additional PCA analysis of the FTIR spectra was performed. 

This time taking the continuous/discontinuous whole spectra. The 

analysis shows that the set of spectra can be broken down into 

two spectra (eigen spectra, Figure S16a) with different 

contributions (scores, Figure S16b). The first eigen spectra is 

strongly present in the continuous methanol feed experiments 

and contains absorption bands in the C-H stretching and C=C 

stretching region. However, the experiments performed under 

discontinuous flow contains a higher contribution of the second 

eigen spectra, which mainly encloses absorption bands in the 

C=C stretching region and is anticorrelated with the C-H 

stretching region. These results suggest a higher contribution of 

monocyclic/polycyclic aromatic species in the pulse experiments, 

with respect to the more aliphatic/alkylated nature of the species 

in the continuous process. 

Our observations further demonstrate that exposing the 

catalyst to a flow of N2 (or other inert gas) at high temperatures 

causes the removal and degradation of the soluble species. In this 

case, most of the monocyclic aromatics are removed at 400 ºC, 

except for hexaMB. The stability of retained species has been 

studied by the group of Olsbye,[53,69] and for ZSM-5 catalysts, they 

observed that triMB and tetraMB disappeared faster than 

pentaMB and hexaMB after flushing at 350 ºC. By analogy to what 

occurs in the TPD, these observations lead to demonstrate that 

most of the soluble species can be removed at the TPD conditions. 

This corroborates the plausible correlation between the species 

removed in the TPD with the measurement of the soluble species 

shown in Figure 6. On the other hand, this observation happens 

in both ZSM-5 and SAPO-18 catalysts, e.g. for medium- and 

small-pore zeolites, with and without cavities in the intersections.  

The experimental observations of this work lead to relate the 

1616 cm-1 band with active monocyclic aromatic species in ZSM-

5 catalysts. The 1570 cm-1 band would be also related to these 

active species as well as to other deactivating or deposited 

species that remain in the catalyst after deactivation. These 

species are probably large polycyclic aromatics located at the 

external/mesoporous surface, which are weak deactivating 

species.[40] On the other hand, the species at 1481 cm-1 appear at 

the breakthrough of the conversion stability at the expense of the 

1616 cm-1 band, which indicates that these are strong 

deactivating species or linked to the deactivation of the catalysts. 

Based on the literature, we infer that these deactivating species 

are linear polycyclic aromatics along the zeolite channels that are 

formed through the polymerization of monocyclic aromatics and 

have been proven to be more detrimental than those at the 

external surface in terms of catalyst deactivation.[56] 

The 1616 and 1570 cm-1 bands detected for the MTO reaction 

on the H-SAPO-18 catalyst should be also be related to 

monocyclic and polycyclic aromatic species (in this case small 

polycyclic aromatic species such those identified within the 

soluble species). The higher intensity of the 1616 cm-1 band in the 

FTIR spectra of the H-SAPO-18 catalyst evidences the 

predominant presence of monocyclic aromatic or small polycyclic 

aromatic species within the retained species in comparison to the 

lower amount of these species in the H-ZSM-5 catalyst. This 

observation is also reported in the literature by using other 

spectroscopic techniques. The use of UV-Raman spectroscopy 

led to demonstrate that medium-pore catalysts (such as ZSM-5 

catalysts) show more developed carbonaceous species indicative 

of large polycyclic aromatics with broad and overlapping bands at 

typical D and G bands of amorphous carbons, whereas small-

pore catalysts (such as SAPO-34) show more defined bands 

attributable to molecular species (e.g. monocyclic aromatic 

species).[70] The use of in situ UV-vis spectroscopy demonstrated 

that ZSM-5 and SAPO-18 catalysts have different UV-vis spectra 

during the MTO reaction, showing the predominant presence of 

monocyclic aromatic species (around 400 nm) in the SAPO-18 

catalyst, whereas the presence of both monocyclic (around 400 

nm) and large polycyclic aromatic (600-800 nm) species were 

equally predominant in the ZSM-5 catalyst.[10] In similar structures 

(SAPO-34 or SSZ-13),[39,45,63,71] it is also observed the 

predominant presence of monocyclic or small polycyclic aromatic 

species (around 400-500 nm) within the retained species during 

the MTO reaction. Thus, the 1616 cm-1 band in the FTIR spectrum 

could be related to the 400 nm band in the UV-vis spectrum 

standing for monocyclic aromatic species, whereas the 1570 cm-

1 band can be linked with bands at 600-800 nm for polycyclic 

aromatic species.  

Importantly, the FTIR spectra of the H-SAPO-18 catalyst 

during the MTO reaction greatly differ from those of the H-ZSM-5 

catalyst for the presence of bands at 1377, 1388 and 1590 cm-1. 

These bands seem to be dependent on each other, indicating that 

they raise for the presence of a specific species. These bands 

could correspond to the adsorption of olefins on acid sites within 

the SAPO-18 cavities.[72] This is also supported by a peculiar band 

at 1650 cm-1 in the UV-Raman spectrum that is assigned to C4+ 

olefin species in the SAPO-34 cavities,[70] being similar to the 

SAPO-18 structure. Both FTIR and Raman spectroscopies are 

useful techniques to detect adsorbed or retained olefins, and the 

use of the former one in this work proves that such species are 

present during the MTO reaction on the H-SAPO-18 catalyst. 

These observations also put in evidence the characteristics of 

the species formed in the ZSM-5 and SAPO-18 catalysts. In first 

place, the active species in the H-ZSM-5 catalyst are mainly 

monocyclic aromatic species, whereas in the H-SAPO-18 catalyst 

are monocyclic aromatics and olefins. In both catalysts, the active 

species are degraded into deactivating species that cause 

catalyst deactivation. In second place, these deactivating species 

are different in both catalysts, possibly being linear polycyclic 
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aromatics packed in the ZSM-5 channels (species with C=C 

stretching bands at 1481 cm-1 ) and bicyclic, tricyclic or tetracyclic 

aromatics packed in the cavities of the H-SAPO-18 catalyst 

(detected by the extraction of soluble species and possible 

contributing to the 1570 cm-1 band). In third place, the ZSM-5 

catalysts show the growth of polycyclic aromatics, with C=C 

stretching bands at 1570 cm-1, at the zeolite external/mesopore 

surface, which are not significant deactivating species. In last 

place, the analysis of the chemistry of species by the extraction of 

soluble species make evident the persistent presence of hexaMB 

at the end of the lifetime of the ZSM-5 catalysts and the presence 

of tetraMB at the end of the lifetime of the H-SAPO-18 catalyst. 

Conclusions 

In this work, we have proved that the combination of 

temperature-programmed desorption/oxidation, extraction and in 

situ FTIR spectroscopic measurements can be used to track the 

dynamics of retained species during the methanol-to-olefin 

reaction. We verified the robustness of this concept by using 

different zeolites, unmodified and modified, with different 

microporous topologies, acidities, and conversion levels.   

The combination of temperature-programmed desorption and 

oxidation provides with data very quickly in order to assess 

preliminary the evolution of retained species. The extraction of 

soluble coke provides with compositional information of the 

retained species. Interestingly, the amount of soluble coke 

correlates linearly with the amount of species desorbed in the 

temperature-programmed desorption measurements.  

The in situ FTIR spectroscopic measurements provide 

additional information on the dynamics of retained species 

obtained in operando conditions. It is important to indicate that the 

assignations of FTIR bands to specific hydrocarbon species are 

not trivial so we have investigated into the underlaying 

correlations of the spectra and the extracted retained species. We 

have used multivariate analysis for this purpose and the results 

indicate that 1616 cm-1 can be linked with the retained soluble 

aromatic species (mainly hexamethyl benzene) whereas the 1481 

cm-1 band can be linked with the degradation of these species into 

highly polyaromatic coke. We have proved that the behavior of 

the in the ZSM-5 catalysts satisfactorily match the kinetics of the 

species that are soluble and coke species. 

The experiments using continuous and discontinuous 

methanol pulses followed by in situ FTIR prove that some of these 

species are highly movable within the ZSM-5 structure, escaping 

and growing outside of the zeolite towards condensed polycyclic 

aromatics. On the other hand, the retained species in the SAPO-

18 structure has much limited mobility, blocked in the cavities up 

to the formation of bicyclic, tricyclic and tetracyclic aromatics with 

deactivating nature, as compared to monocyclic aromatics.
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Figure 9. Last FTIR spectrum of the H-MFI catalyst during the MTO reaction with continuous and discontinuous methanol feeds at 0.4 g h mol-1 (a and b) and 1.6 

g h mol-1 (d and e). Distribution of soluble species at the end of the reaction at 0.4 g h mol-1 (c) and 1.6 g h mol-1 (f). Conditions: T = 400 ºC, W/FM0 = 0.4 and 1.6 g 

h mol-1, Pmethanol = 0.16 bar, total reaction time = 180 min. 
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Experimental Section 

Catalyst preparation and characterization. We prepared catalysts 

based on the ZSM-5 zeolite and SAPO-18 zeotype following the 

procedures described in previous publications [10,23]. Briefly, for the ZSM-5 

catalysts, we used a commercial NH4ZSM-5 zeolite (Zeolyst International, 

CBV8014, SiO2/Al2O3 molar ratio = 80) that was calcined at 550 ºC in order 

to obtain the acid form (H-ZSM-5). Afterwards, we tuned the acid 

properties of the H-ZSM-5 zeolite by modifications with H3PO4 by incipient 

wetness impregnation at 60 ºC under vacuum obtaining a P-ZSM-5 zeolite, 

and with ZnCl2 by ion exchange at 60 ºC obtaining a Zn-ZSM-5 zeolite. 

The SAPO-18 zeotype was a SAPO-18 synthetized by hydrothermal 

synthesis using the method of diisopropylethylamine (DPEA) as a template 

and following the changes proposed by Álvaro-Muñoz et al. [13], with the 

following gel composition: Al2O3 : 0.8P2O5 : 0.6SiO2 : 25H2O : 1.6DPEA. 

The crystallization of the gel took place at 160 ºC under autogenous 

pressure for 6 days, using seeds of SAPO-18 crystals provided by group 

of Sastre [13]. The recovered, washed and filtered crystals were calcined at 

550 ºC for 3 h in order to obtain the H-SAPO-18 zeotype. The final catalyst 

were prepared by mixing 50 wt% of the H-ZSM-5, P-ZSM-5, Zn-ZSM-5 

zeolites or H-SAPO-18 zeotype with 30 wt% of pseudo-boehmite (Sasol, 

70 wt% γ-alumina) and 20 wt% of α-alumina (Alfa Aesar, colloidal 

dispersion at 20% in water), followed by drying, crushing and sieving 

(0.125-0.300 mm), and calcination at 550 ºC for 2 h.  

The zeolites, zeotype and the catalysts were characterized by using 

conventional techniques [10,23], including: x-ray photoelectron spectroscopy 

(XPS), x-ray diffraction (XRD), N2 physisorption, NH3 adsorption and 

temperature-programmed desorption (NH3-TPD), Fourier-transform 

(FTIR) spectroscopy, and pyridine adsorption monitored with FTIR 

spectroscopy. Table 1 summarizes the most relevant properties of the 

zeolites or zeotype. As seen, the Zn modification decreases the 

concentration of Brønsted acid sites and increases that of Lewis acid sites, 

whereas the P-modification does not cause significant changes in the 

concentration of acid sites [23]. It was also verified that the AEI structure 

was obtained with the synthesis procedure employed and silicon was 

incorporate into the AlPO network, showing high concentrations of acid 

sites of weak and strong strength [10]. 

Catalytic tests in a fixed-bed reactor. The main kinetic tests for the MTO 

reaction were carried out in a conventional fixed-bed reactor using all the 

prepared catalysts at variable space times in order to tune different kinetic 

scenarios. After finding proper reaction conditions for studying catalyst 

deactivation, we repeated the experiments several times and quenched 

the reaction at various times on stream in order to obtain samples of spent 

catalysts with different ages. For the analysis of the retained species, the 

catalyst was rapidly cooled down after cutting off the reaction in order to 

prevent the modification or loss of species by sweeping. The conditions for 

the MTO reaction were: temperature (T) = 400 ºC, total pressure (P) = 1.85 

bar, methanol partial pressure (Pmethanol) = 1.57 bar, methanol flow rate 

(FM0) = 0.1 mol h-1, catalyst weight (W) = 0.04-0.08 g, space time (W/FM0) 

= 0.4-0.8 g h mol-1. The reaction setup was described in detail in a previous 

publication [23]. Briefly, the reactor is a stainless-steel tube (inner diameter 

= 9 mm) with fixed-bed arrangement of 6 cm3 consisting of a mixture of 

SiC (VWR Chemicals, < 0.105 mm) and catalyst sample (0.1 g), which is 

inside of a hot box kept at 200 ºC to prevent the condensation of the 

products for analysis in gas-vapor phase. The feed consisted of liquid 

methanol pumped at 0.1 mol h-1 diluted with He. 

Table 1. Main properties of the catalysts. 

Head 1[a] H-ZSM-5 P-ZSM-5 Zn-ZSM-5 H-SAPO-18 

SBET
[a] 

(m2 g-1) 
434 359 389 628 

Smicro
[a] 

(m2 g-1) 
366 290 323 591 

CAS
[b] 

(mmol g-1) 
0.329 0.316 0.311 0.781 

CWAS
[b] 

(mmol g-1) 
0.0235 0.03 0.0381 0.061 

CMAS
[b] 

(mmol g-1) 
0.0605 0.14 0.198 0.262 

CSAS
[b] 

(mmol g-1) 
0.245 0.146 0.0753 0.395 

CBAS
[c] 

(mmol g-1) 
0.315 0.3 0.166  

CLAS
[c] 

(mmol g-1) 
0.0608 0.0205 0.322  

[a] SBET = total surface specific area determined by the BET method; Smicro = 

microporous surface specific area determined by the t-plot method; [b] CAS = 

total concentration of acid sites determined by NH3 adsorption; CWAS, CSAS and 

CSAS = concentrations of weak, medium and strong acid sites, respectively, by 

acid strength determined by NH3-TPD; [c] CBAS and CLAS = concentrations of 

Brønsted and Lewis acid sites, respectively, determined by pyridine adsorption 

and FTIR spectroscopy. 

The products analysis was carried out online using a micro-gas 

chromatograph (Varian, CP4900) with a thermal conductivity detector and 

three column channels for simultaneous analysis: 1) Molesieve 5A (fumed 

SiO2, packed length = 8 m, column temperature = 45 ºC, column injection 

temperature = 65 ºC, column pressure = 26) for separation of N2, O2, CO 

and CH4; 2) PoraPLOT Q (packed length = 10 m, column temperature = 

80 ºC, column injection temperature = 80 ºC, column pressure = 26 psi) 

for separation of C1-C4 hydrocarbons and oxygenates; and 3) CP-Sil 5 CB 

(packed length = 10 m, column temperature = 80 ºC, column injection 

temperature = 80 ºC, column pressure = 26 psi) for separation of C4-C10 

hydrocarbons a oxygenates. We calculated the conversion (X) assuming 

that all the identified oxygenates (methanol and dimethyl ether) are 

reactants in a carbon-mole basis: 

 𝑋 =
𝐹𝑀0 − 𝐹𝑀
𝐹𝑀0

= 1 − 𝑌𝑀 (1) 

Where FM0 is the molar flow rate in carbon-mole basis of oxygenates in the 

reactor affluent, FM is the molar flow rate in carbon-mole basis of 

oxygenates in the reactor effluent, and YM is the yield of oxygenates in the 

reactor effluent. We calculated the yield of a product i (Yi) or the selectivity 

of a product i (Si) on a carbon-mole basis as follows: 

 𝑌𝑖 =
𝐹𝑖
𝐹𝑀0

 (2) 

 𝑆𝑖 =
𝐹𝑖

𝐹𝑀0 − 𝐹𝑀
=
𝑌𝑖
𝑋

 (3) 

Where Fi is the molar flowrate of product i in carbon-mole basis.  

Catalytic tests in a cell reactor. In order to obtain complementary 

information of the retained species, we carried out the MTO reaction in a 

cell reactor (Specac high pressure high temperature cell) coupled with a 

FTIR spectrometer (Thermo Scientific, Nicolet 6700). With this technique, 

we were able to follow up the in situ formation of retained species that can 

be identified by FTIR spectroscopy. The conditions of the MTO reaction 

were: temperature (T) = 400 ºC, total pressure (P) = 1 bar, methanol partial 

pressure (Pmethanol) = 0.16 bar, methanol flow rate (FM0) = 0.0600-0.0125 

mol h-1, catalyst weight (W) = 0.012 g, space time (W/FM0) = 0.2-1.6 g h 

mol-1. The feed consisted of N2 containing methanol vapor that was 

obtained by flowing N2 through a saturator vessel containing liquid 

methanol (the methanol concentration is calculated by using the 

equilibrium data at room temperature). The preparation of the catalyst 

sample consisted of pressing the catalyst powder in a thin disc by applying 
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10 ton of pressure in a Specac Manual Hydraulic Press. In a typical 

experiment, the catalyst was heated up to 550 ºC and kept isothermal for 

1 h under vacuum in order to remove all the contaminants and cooled 

down and stabilized at the reaction temperature. Afterwards, a reference 

spectrum is collected and the methanol is continuously fed into the cell to 

start the reaction, and at the same time spectra are automatically collected 

every 2 min. The reaction is terminated after 3 h on stream by cutting off 

the feed and rapidly cooling down the heating element of the cell. 

Alternatively, the experiments are also carried out by discontinuously 

feeding methanol with alternated flushing periods. In this case, the 

methanol is fed into the cell for a determined time and then the feed is 

switched to a N2 flow in order to sweep all the products from the catalyst 

surface and collect a clean spectrum. For the continuous mode 

experiments, we analyzed the products in the gaseous effluent by using a 

mass spectrometer (Pfeiffer Vacuum, Omnistar GSD 320 O Series) 

continuously measuring the m/z signals of 16, 18, 27, 29, 31, 41, 43, 45, 

55, 56, 57, 78 and 91.  

We have developed a routine in Matlab R2019b to perform the principal 

component analysis (PCA) and the varimax rotation of this coefficients [73]. 

An initial dataset of 19 experiments combining ZSM-5 and SAPO-18 

catalysts results in a wide range of conditions were used (different space 

times, times, etc). The main condition of using these limited experiments 

is to have both FTIR spectra (1400 variables or intensities) and extracted 

coke analysis in the GC (20 variables or identified peak concentrations). 

Thus, the intention of the multivariate analysis is to correlate the nature of 

the retained species with their FTIR spectral bands. After data treatment, 

we narrowed the most relevant variables in terms of the most 

representative retained species and the FTIR bands. 

Characterization of spent catalysts. We characterized the spent 

catalysts by using temperature-programmed desorption (TPD) and 

oxidation (TPO) and extraction of soluble species. We performed the TPD-

TPO measurements in a thermobalance (TA Instruments, Q5000) 

following this procedure: (1) outgassing ~15 mg of sample at 200 °C for 20 

min in N2 flow; (2) heating at 10 °C min-1 in 50 cm3 min-1 of N2 up to 550 °C 

and holding for 1 h; (3) cooling down to 200 °C and switching the flow to 

air at 50 cm3 min-1; and (4) heating at 10 °C min-1 up to 550 °C and holding 

for 90 min. The experimental data allowed quantifying the coke content.  

The extraction of soluble species is based on the standard procedure 

developed by Guisnet et al.[34] and adapted as described in a previous 

publication [23]. The experimental procedure consisted of (1) treating ~10 

mg of sample in HF (Merck, 40%) with a sample/HF ratio of 10 cm3 g-1 in 

a Teflon container for 1 h; (2) neutralizing with a NaOH (Panreac, pure) 

solution; (3) adding 3 cm3 of dichloromethane (Sigma-Aldrich, 99.8%) and 

shaking for 1 min; 4) allowing to separate the organic and aqueous phases 

for 2 h and recovering the organic phase for analysis. We analyzed the 

organic phase in a gas chromatograph coupled with a mass spectrometer 

(Shimadzu, GCMS-QP2010S). 
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The MTO reaction generates many retained species in the catalyst that evolve from active species for the formation of olefins to 

deactivating species leaving coke deposits. The active species can be detected by a combination of ex situ TPD and extraction 

measurements while the deactivating species by ex situ TPO, and both of them by in situ FTIR spectroscopy, which allows to follow 

up their dynamics in the MTO reaction performance.     
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