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S1. Supporting Experimental Information 

S1.1. Catalyst Characterization. The scanning electron microscopy (SEM) images of the 

catalysts were collected by using a JSM-7100F microscope equipped in Ametek-EDAX EDX 

detector operated at 15.0 keV with a working distance of 10.0 mm. The thin layer of the sample 

was spread on top of an aluminum stump and covered by a carbon tape. The particle size was 

estimated by measuring ca. 100 individual particles using ImageJ software.1 The powder X-

ray diffraction (PXRD) data were collected in a Panalytical X'Pert PRO Materials Powder 

diffractometer at Bragg-Brentano geometry using Cu Kradiation ( = 1.54 Å) generated by 

Cu-anode, which was operated at U = 45 kV and I = 40 mA. The data was recorded in the 2 

range of 5–70°, using a step size of 0.018° and acquisition time of 1.6 s per step. The Rietveld 

analysis was performed using TOPAS 7 software. The lattice parameters of the samples were 

determined by fitting the structure model of ZSM-5 (MFI topology) against the collected data. 

The ZSM-5 structure was refined in the orthorhombic space group Pnma. The same 

instrumental function (except specimen displacements) was simultaneously modeled against 

all collected X-ray diffractograms, and the peak profile was fitted with pseudo-Voight function. 

For the crystallite size analysis, the profile of Bragg reflections and their instrumental 

broadening was evaluated beforehand with Pseudo-Voigt function fitted to data collected from 

Si NIST640 standard. The integral breadth of Bragg reflections was determined by fitting 

Lorentzian function on the top of the fixed Pseudo-Voigt parameters to sample data that 

enabled deriving their crystallite size. The nitrogen adsorption and desorption isotherms were 

collected in a Micromeritics TriStar II Series Surface Area and Porosity Analyzer at 77 K. The 

zeolite samples (ca. 0.05 g) were degassed overnight at 623 K prior to the measurement. The 

micropore volumes and surface areas were determined by t-plot method, and total surface areas 

were calculated by Brunauer-Emmett-Teller (BET) method (Table S1). The concentrations of 

Brønsted (BAS) and Lewis (LAS) acid sites in fresh zeolite catalysts were assessed by pyridine 
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adsorption using a BIORAD Excalibur Fourier transform infrared (FTIR) spectrometer 

equipped with a deuterated triglycine sulfate detector and custom-made high-vacuum quartz 

cell. The sample (ca. 0.018 g) was pressed into a disc (diameter 14 mm) and was degassed in 

a quartz FTIR cell at 723 K for 12 h at vacuum better than 5 × 10−6 mbar. After cooling to 

ambient temperature, the cell was exposed to 2.6 mbar of pyridine vapors, followed by cell 

evacuation at 423 K, and then at 573 K. After desorption at each temperature, the cell was 

cooled to ambient temperature to record the spectrum. All the spectra were collected by 

accumulating 128 scans in a range of 650–4000 cm−1 with a resolution of 4 cm−1. The 

concentration of BAS and LAS was determined by integrating the FTIR bands at 1546 cm−1 

and 1456 cm−1, respectively, and by using the previously reported molar integral excitation 

coefficients of LAS = 0.96 cm µmol−1 and BAS = 0.73 cm µmol−1 (Table S1).2 Coke content in 

deactivated catalysts were determined by thermogravimetric analysis coupled with mass 

spectrometry (TGA-MS) using a NETZSCH STA 449 Jupiter analyzer connected to an 

Omnistar GSD 320 Gas Analysis System. The samples (ca. 0.010 g) were dried for 30 min at 

523 K and thereafter heated up under a flowing mixture of oxygen (FO2 = 20 cm3
STP min−1) and 

Ar (Pangas, 5.0, FAr = 90 cm3
STP min−1) to 1173 K, using a heating rate of 10 K min−1. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out on a Physical Electronics Quantera 

X-ray photoelectron spectrometer using monochromatic Al Kα radiation that was generated 

from an electron beam operated at 15 kV and equipped with a hemispherical capacitor 

electron-energy analyzer. The solids were analyzed at an electron takeoff angle of 45° and a 

pass energy of 55 eV. To minimize the sample charging, an electron and an ion neutralizer 

were operated simultaneously. Silicon and carbon concentrations were quantified from the 

Si 2p and C 1s photoelectron peak integrals obtained after Shirley background subtraction 

using PHI-MultiPak software and the built-in relative sensitivity factors that are corrected for 

the systems transmission function. 
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S1.2. Catalytic Testing. The MTH conversion reactions were carried out in an automated 

homemade continuous-flow fixed-bed reactor setup. Argon (Pangas, 5.0) and oxygen were fed 

by digital mass-flow controllers (MFC, Bronkhorst). Methanol (Sigma Alrdrich, HPLC grade, 

>99.9%) was dosed using a syringe pump (CHEMYX Fusion 6000, SP) and evaporated into a 

flow of argon carrier by a home-made evaporator. In the co-feeding experiments, formaldehyde 

(Fisher, 37 wt% in water) was dissolved in liquid methanol. The evaporator as well as all the 

linings that could come into contact with condensable gases were heated to 433 K. The reactor 

was heated up using an electric oven (CARBOLITE MTF 10/15, EO) and the reaction 

temperature was controlled using a temperature indicator positioned in the center of the catalyst 

bed. The reaction pressure was monitored by a pressure indicator positioned above the reactor. 

The inlet and outlet reactor feeds were analyzed by a gas chromatograph (Agilent 6890) 

equipped with a sampling valve, PLOT-Q column, and a flame-ionization detector. 

For an MTH reaction, a catalyst (catalyst weight, Wcat = 0.025–0.150 g, particle size, 

dp = 180–250 µm) was mixed with quartz sand (Thommen-Furler, WQ = 0.500 g, dp = 350–

500 µm) and loaded into a quartz reactor. The bed was held in place by a quartz wool plug. 

Prior to reaction the catalyst was heated under argon flow (FAr = 300 cm3
STP min−1) to 823 K 

with a heating rate of 10 K min−1, then activated under pure oxygen (FO2 = 100 cm3
STP min−1) 

for 0.5 h, and finally cooled down under argon flow. Unless otherwise stated, a reaction was 

conducted at 673 K and total pressure of P = 1.5 bar using an argon flow of FAr = 190 cm3
STP 

min−1 with a methanol flow of FCH3OH =0.04 cm3
lq min−1, which corresponds to a methanol 

concentration of cCH3OH = 11 mol% in the feed.  

The conversion (X), selectivity to hydrocarbon products CxHy (SCxHy, x number of carbon 

atoms, y number of hydrogen atoms), cumulative turnover capacity (CTX), and cumulative 

selectivity to product CxHy (CSCxHy) until attaining a specific conversion X at reaction time (t) 
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were calculated according to Equations S1-4, in which ni, in and ni, out are the molar flows of 

compound i (methanol (CH3OH), dimethyl ether (DME), or CxHy) at reactor inlet and outlet, p 

is the total number of products, and WHSV is the weigh hourly space velocity. The tests were 

typically performed under the conditions of incomplete methanol conversion, which were 

attained by adjusting the WHSV through variation of the loaded catalyst weight. The integrals 

in Equations S3,4 were calculated by applying the trapezoidal rule. The maximum turnover 

capacity (CT0) was estimated by linear extrapolation of the experimentally determined CTX 

versus X dependence in the conversion range of 20–35% to the point of complete deactivation 

(X = 0%).  
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S1.3. Operando PEPICO Spectroscopy Experiments. Formaldehyde and other species in 

the MTH reactor outlet were analyzed using operando PEPICO spectroscopy at the vacuum 

ultraviolet (VUV) beamline of the Swiss Light Source (Figure S1),3–6 using a similar approach 

as described in our previous work.7 In brief, argon (used as diluent) and xenon (Xe, 2% in Ar, 

Messer, 5.0, used as internal calibrant) were fed by digital mass flow controllers (MKS). 
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Diluted methanol vapors were introduced by passing the argon flow through a methanol 

bubbler, placed in a water thermostat maintained at a constant temperature of 278 K. A four-

way valve was used to direct the reactive feed to an exhaust vacuum line for stabilization or to 

the MTH reactor. All catalytic tests were performed in a quartz reactor (di = 4 mm) with an 

outlet pinhole. The zeolite catalysts (Wcat = 0.004–0.024 g, dp = 0.18–0.25 mm) were well 

mixed with quartz particles (Thommen–Furler, washed in HNO3 and calcined, dp = 0.355–

0.420 mm) and loaded in the form of a fixed bed between two thin layers of quartz wool. The 

tip of a Type K thermocouple was placed in the center of the catalyst bed and used to monitor 

the reaction temperature. The reactor temperature was controlled by a home-made, resistively–

heated electric oven, which was connected to two Type K thermocouples and a PID controller. 

The reaction pressure was monitored by a pressure transducer above the reaction zone. Prior to 

the experiment, the reactors were thermally treated under an argon flow at 773 K for 0.5 h to 

remove potential organic impurities. Unless otherwise stated, the MTH reaction was conducted 

using a reaction mixture of the composition CH3OH:Xe:Ar = 1.95:0.15:97.9 mol%, WHSV of 

1.3, 4.4, 6.0, or 10.9 gCH3OH gcat
−1 h−1, T = 548–698 K, and P = 0.4 bar.  

The molecular beam leaving the reactor was skimmed as it entered the ionization chamber, 

operated at 2 × 10−9 bar, where it was ionized by VUV synchrotron radiation. The radiation 

from a bending magnet was dispersed by a 150 mm−1 grating working in grazing incidence and 

focused at the 200 µm exit slit in a rare gas filter to monochromatize it. Higher order radiation 

of the grating was suppressed in the 9–14 eV photon energy range by using a Ne:Ar:Kr mixture 

in the gas filter (Carbagas, Ne:Ar:Kr = 60:30:10 mol%), operating at 8 × 10−3 bar over an 

optical length of 10 cm. The photoions and photoelectrons generated by photoionization are 

accelerated vertically in opposite directions by a constant electric field (213 V cm−1) towards 

two delay-line anode detectors (Roentdek, DLD40), where they are velocity map imaged and 

detected in delayed coincidence. 
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The signals of specific MTH species were acquired at specific mass-to-charge ratios (m/z) 

and photon energies (h), which are higher than the neutral ionization energy of the targeted 

molecules and lower than the dissociative photoionization thresholds of other MTH species 

that could yield the fragment ions of the same m/z species (e.g., CH3OH + h → CH2O+ + 2 

H + e−) (Table S2). Fragmentation is thus quantitatively suppressed, which ensures that the 

detected ions exclusively represent the parent molecules that have the same m/z ratio. The MTH 

reactants, specific products, and intermediates are assigned by comparison with either reference 

photoionization spectra, threshold photoionization spectra, or Franck–Condon simulations. 

The contributions of the ‘wall-catalyzed’ methanol dehydrogenation to formaldehyde 

formation were minimized by using a quartz tubular reactor and a pure quartz diluent. 

Reactant conversion (X), formaldehyde yield (YCH2O), product evolution rates normalized per 

concentration of strong BAS (rCxHyOz), and the space-time yield of formaldehyde (STYCH2O) at 

specific temperature were calculated according to Equations S5-8, respectively, in which 

SCH3OH, out(h), SCH3OH, out(h), SDME, out(h), SCxHyOz, out(h), and SXe, out(h) represent the 

integrated ion counts of methanol, DME, the products CxHyOz, and xenon at photon energy h. 

CDME/CH3OH is the calibrated DME over methanol conversion factor, CH3OH(h) and CxHyOz(h) 

represent the photoionization cross sections of methanol and the product CxHyOz at the 

photoionization energy h(Table S2). DCH3OH(h) and DCxHyOz(h) are the mass discrimination 

factors of methanol and product CxHyOz, which are close to unity as recently determined using 

the same endstation and techniques.8 The subscripts “in” and “out” in the designations of the 

integrated ion areas indicate the values recorded in actual versus blank experiments performed 

in an empty quartz reactor at temperature of 473 K, respectively. Because the CxHyOz(h) 

factors are typically determined with a relative error of ca. 15%, the absolute values of the 

estimated product yields in the PEPICO experiments can deviate ca. ±15% from their true 
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values. Nonetheless, because this error affects the product distribution over all catalysts 

equally, it does not affect the measured relative differences in product yields among the 

different catalyst samples. In the temperature and concentration variation experiments, the 

respective parameter was stepwise increased and the spectra were acquired at least twice after 

ca. 10-15 min stabilization. After attaining the maximum value, the parameter was stepwise 

decreased and 1-3 intermediate points as well as the starting point were re-measured. The 

measured ion intensities under identical conditions in both upward and downward variation 

experiments showed a relative difference of less than 5%, indicating minimal influence from 

catalyst deactivation on the collected data. The apparent reaction order with respect to methanol 

concentration (cCH3OH), denoted as n were determined by applying Equation S9, in which kapp, 

cCH3OH, and n denote the apparent reaction constant, the inlet methanol concentration, and the 

apparent reaction order, respectively. The Equation S9 was linearized using a logarithmic 

transformation. 
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S1.4. Operando DR/UV-Vis experiments. The MTH reaction intermediates retained by the 

zeolite catalysts were investigated by operando diffuse-reflectance UV-visible (DR/UV-Vis) 

spectroscopy, which was carried out in a home-built cell closed with a calcium fluoride window 

(Figure S1). The preparation of the MTH reaction mixture and the analysis of the reaction 

products were performed by connecting the inlet and the outlet of the cell to the reactant feeding 

system and GC-FID analyzer used for catalyst testing as detailed in section S.1.2. The catalysts 

(Wcat = 0.016–0.029 g, dp = 0.18–0.25 mm) were loaded inside the cell and gently pressed 

against the calcium fluoride window. The catalyst bed was heated up to 723 K under argon 

flow (FAr = 100 cm3
STP min−1) at a heating rate of 5 K min−1 and then exposed to the flow of 

oxygen (O2, PanGas, 5.0, FO2 = 50 cm3
STP min−1) for 0.5 h to remove potential impurities from 

the zeolite. The oxygen flow was then replaced with argon and the reactor was cooled to the 

reaction temperature and allowed to stabilize for ca. 1 h. Background reference spectra were 

collected before the reaction mixture was introduced. Thereafter, spectra were collected 

continuously at a frequency of 1 scan/s. To determine the relative fraction of different spectral 

components, the acquired UV-Vis spectra were deconvoluted into 11 Gaussian peaks 

corresponding to the typical absorption regions of the representative zeolite-confined species 

(Table S3). The peak centers and their full widths at half maximum were kept constant. The 

relative fraction of each spectral component, fi (dimensionless quantity, -), was calculated using 

Equation S10, where Si is the surface area of spectral component i.  
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S2. Supporting Discussion 

S2.1. Derivation of the Cumulative Turnover Sensitivity Factor. The deactivation of 

ZSM-5 catalysts, which deactivate non-selectively, is described by Equations S11,12 in which 

X, t, , ṅ, and NAS represent conversion, reaction time, contact time, molar flow of reactant 

(methanol), and the total number of acid sites (AS), respectively.1 
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Since ṅ is kept constant, the change of contact time during the reaction is solely caused by the 

decrease of AS concentration due to coke deposition. Moreover, for the non-selectively 

deactivating ZSM-5 catalysts, the differential change of conversion over contact time is 

independent of the deactivation and is considered constant in the conversion range of interest.1 

The incorporation of Equation S11 along with previous assumptions in the definition of the 

cumulative turnover capacity (CT0) results in Equation S13, in which WHSV represents the 

weight hourly space velocity and tD denotes the reaction time at which a complete catalyst 

deactivation is attained. 
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The deactivation of the MTH catalyst occurs by deactivating species (Di, i = 1, 2,…,n), which 

are mostly (polycyclic) arene compounds that react with AS and transform it into its inactive 

state (AS0, Equation S14). 
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The rate of the deactivation reaction (Equation S14) can be assumed to be first-order with 

respect to number of AS (NAS) and concentration of Di (c(Di)), wherein ki is the corresponding 

reaction constant (Equation S15).1 
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The overall loss of active sites is obtained by summing all the individual deactivation rates 

(rd,i). Herein, deactivating reactions can be classified into formaldehyde-dependent (rd-CH2O,i) 

and the formaldehyde-independent (rd-n-CH2O,i, Equation S16). 
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In the formaldehyde-dependent deactivation reactions formaldehyde (CH2O) reacts with a 

precursor (Pi) to form the formaldehyde-dependent deactivating species (DCH2O,i, 

Equation S17). 

22 CH O, CH O  i iP D                                                                                                                    S17 

In the first approximation, Pi can be assumed to be present in higher quantities than 

formaldehyde, wherein the changes in their concentration due to consumption caused through 

reactions with formaldehyde can be neglected. The total concentration of the formaldehyde-

dependent deactivating species can be considered proportional to the formaldehyde 

concentration (c(CH2O)), with an apparent proportionality constant kapp,i (Equation S18).  

2CH O, app, 2(CH O)i iD k c                                                                                                            S18 
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The insertion of Equation S18 into the Equation S1516 yields Equation S19, which after 

replacing NAS with  according to Equation S12 yields the Equation S20. The integration of 

the latter expression provides the expression that connects the contact time and the 

concentration of formaldehyde present during the reaction (Equation S21). For simplicity, the 

integration result of the formaldehyde-independent deactivation is summarized as An-CH2O and 

the integration result for the formaldehyde dependent deactivation without formaldehyde 

concentration dependency as AFA. 
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The insertion of Equation S21 into Equation S10 provides the CT-t relationship 

(Equation S22).  
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The integration of Equation S22 within the boundaries between the t = 0 and the time of total 

catalyst deactivation (tD), provides the relationship between the CT0 and formaldehyde 

concentration (Equation S23). 
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The impact of the co-fed formaldehyde on the catalyst lifetime is assessed by deactivation 

factor, D, which is defined as the ratio between the cumulative turnover capacities attained in 

the presence (CT0, f CH2O, where f represents the molC% of formaldehyde in the feed) and in the 

absence (i.e., pure methanol, CT0,M) of formaldehyde co-feed (Equation S24). In this 

expression, the formaldehyde content is split into the inherently produced formaldehyde 

(c(CH2O)inh) and the co-fed formaldehyde (c(CH2O)co). If it is assumed that except the 

formaldehyde content all the conditions stay the same and thus the decrease of CT0 results 

mainly from an accelerated deactivation caused by the co-fed formaldehyde, the Equation S24 

is further reduced into Equation S25.  
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In the first approximation of Equation S25, the negative exponential term in the second 

quotient can be neglected, because of relatively long deactivation times, which yields the 

Equation S26. Herein, the ratio of the formaldehyde independent deactivation integral and the 

formaldehyde dependent integral are summarized in RD, displaying the units of concentration. 
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The “slope” of D-c(CH2O)co relationship depends on the inherent formaldehyde content and 

on RD. If the sum of both parameters in the denominator is high, the impact of formaldehyde 

on the lifetime will be low, and vice versa. The slope of the D-c(CH2O)co relation is thereafter 

referred to as the sensitivity factor of the cumulative turnover capacity, mCT0. 
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S2.2. Derivation of the Selectivity Sensitivity Factor. A sensitivity of products towards co-

fed formaldehyde concentrations is derived by using a similar approach as described for the 

cumulative turnover sensitivity factor. The selectivity to a hydrocarbon product CxHy (SCxHy) is 

given by Equation S27, in which rCxHy is the rate of product CxHy formation and rj (j = 1, 2,…, 

p) are the rates of formation of all the MTH products. Herein, all the rates are normalized per 

number of their carbon atoms. 

C H

C H ,  -


x y

x y

j
j

r
S

r
  S27 

In a simplified representation of the hydrocarbon pool (HP) mechanism, a typical hydrocarbon 

product CxHy in the MTH reaction forms through the reactions of an oxygenate (methanol or 

DME, M) with a hydrocarbon pool precursor (HP) which are catalyzed by AS (Equation S28). 

Based on this, the rate of product CxHy formation can be represented by Equation S29, which 

assumes that this reaction follows a first-order dependency with respect to substrates. 

Additionally, since methanol can be considered present in much larger quantities than the HP, 

its change by the conversion can be considered negligible and its concentration can be 

combined into the constant kCxHy-M. 

C H  x yHP M   S28 

1 1
C H C H C H -M cat( ) ( ) ( ),  mol  g  s

x y x y x y
r k c HP c M k c HP     S29 

HP species can be further differentiated into the formaldehyde dependent portion (HPCH2O) and 

the independent portion (HPn-CH2O). The formation of HPCH2O from a non-HP compound Rf 

(Equation S30) and its transformation into another Rc compound (Equation S31) can be 

mediated by formaldehyde. If it is further assumed that the concentrations of Rf and HPCH2O 
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are approximately constant, the net concentration of HPCH2O can be assumed to be proportional 

to the concentration of formaldehyde (Equation S31).  

2f 2 CH OCH O R HP   S30 

2CH O 2CH O  cHP R   S31 

2CH O 1 1
app 2 cat

( )
(CH O),  mol  g  s

dc HP
k c
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Substitution of Equation S32 in the expression for the formation of product CxHy 

(Equation S29) yields the Equation S33. If it is assumed that the content of the 

non-formaldehyde dependent HP species is approximately constant, it can be combined 

together with the constant kCxHy-M, n-CH2O into the constant cn-CH2O. Additionally, the normal and 

the apparent reaction constant of the formaldehyde-dependent side can be combined into the 

formaldehyde dependency factor aCxHy (Equation S33). 

2 2 2 2C H C H -M, CH O n-CH O C H -M, CH O app 2 n-CH O C H 2( ) (CH O) (CH O)   
x y x y x y x ynr k c HP k k c c a c              S33 

If the latter expression is inserted in Equation S27, a relationship between the product 

selectivity and the formaldehyde content is obtained (Equation S34). 
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The impact of the co-fed formaldehyde on the product selectivity is assessed by the sensitivity 

factor (ECxHy, f CH2O) which is defined as the ratio of selectivities in the presence and in the 

absence of formaldehyde co-feed at constant conversion X (Equation S35). Herein, the 

formaldehyde concentration is split into inherently produced (c(CH2O)inh) and co-feed 

(c(CH2O)co) fractions (Equation S35). Since the sum of all the reaction rates in the presence 
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and absence of formaldehyde and at constant conversion are equal, the expression is simplified 

(Equation 36). Additionally, the ratio between cn-CH2O over aCxHy is summarized in variable LP, 

while bCxHy is and the formaldehyde dependency factor that can be positive or negative 

(Equation S37).  
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To gain collective information about the sensitivity of the products over the broad lifetime 

range, the conversion averaged selectivities (SCxHy) calculated in a constant conversion range 

(Equation S38) are used to evaluate the product selectivity change factor at a specific 

formaldehyde co-feed (ECxHy, f CH2O, Equation S39). The slope of the ECxHy, f CH2O-c(CH2O)co 

relation is thereafter referred to as the sensitivity factor of the cumulative turnover sensitivity, 

mCxHy. 
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S2.3. Proposed Mechanisms of Formaldehyde Formation. The observation that 

formaldehyde formation in the early stages of the MTH conversion is accompanied with the 

evolution of methane (Figure S5), with higher alkanes and aromatics being below the detection 

level suggests that hydrogen transfer between two methanol molecules is the primary source 

of formaldehyde formation. Previous works indicated that the latter reaction starts with 

dehydrogenation of methanol over BAS (Z-H), which leads to the formation of surface bound 

methyl species (CH3-Z, Equation S40). This step readily occurs at typical temperatures of the 

MTH reaction and can be considered as pseudo-equilibrated. The surface bound methyl species 

can react with methanol, leading to the formation of dimethyl ether (CH3OCH3, 

Equation S41). This reaction is very prominent under typical MTH reaction conditions and 

can be also regarded as pseudo-equilibrated. In the second step, surface-bound methyl groups 

react with methanol (Equation S42) or dimethyl ether (Equation S43), which are probably 

loosely interacting with the neighboring oxygen atom of the BAS site and can be in the first 

approximation considered to react from the gas phase, i.e., via the Eley–Rideal mechanism. 

These steps, formally involving the hydride transfer from “gas-phase” methanol or dimethyl 

ether molecules to surface-bound methyl group containing electrophilic carbon, leads to the 

formation of methane, which is desorbed to the gas-phase, and surface bound hydrohymethyl 

(Z-HOCH2) and metoxymethyl (Z-CH2OCH3) groups, i.e., formaldehyde equivalents adsorbed 

on BAS, which can be readily desorbed (Equations S44,45).  

1

3 (g) 3 2 (g)CH OH  + Z-H CH Z + H O
K                                                                                 S40 

2

3 (g) 3 3 3(g)CH OH  + CH Z Z-H + CH OCH
K                                                                                 S41 

1

3 3 (g) 4(g) 2Z-CH  +CH OH CH  + Z-HOCH  k                                                                         S42 

2

3 3 3(g) 4(g) 2 3Z-CH  +CH OCH CH  + Z-CH OCH  k                                                                         S43 
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2 2 (g)Z-HOCH  Z-H + CH O                                                                                              S44 

2 3 3 2 (g)Z-CH OCH   Z-CH  + CH O                                                                                              S45 

According to previous study,9 the hydrogen transfer steps (Equations S42,43) are likely to be 

the rate-limiting (Equation S46). Considering that the methanol adsorption step 

(Equation S40) is in the pseudo-equilibrium state (Equation S47), the coverage of 

surface-bound methyl species (Z-CH3) can be determined by rearranging the corresponding 

equation (Equation S48). By introducing the site-balance equation, which assumes that BAS 

are primarily covered by surface methyl species, while the adsorption of formaldehyde and 

other molecules such as water can be neglected in the first approximation (Equation S49,Z-

H denotes the fraction of unoccupied BAS). The latter assumptions are based on the relatively 

low concentration of formaldehyde and water with respect to methanol considering the low 

yields and conversion levels, as well as the well-known fact that methanol rapidly displaces 

adsorbed water, while water could not displace adsorbed methanol.10 Similarly, the infra-red 

studies showed that adsorption of dimethyl ether over ZSM-5 catalyst at temperatures exciding 

473 K leads to the formation of surface methyl species (reverse to Equation S41), with 

virtually non-detectable physisorbed or chemisorbed dimethyl ether species.11 By 

incorporating Equation S48 into Equation S49, Equation S50 is obtained. After simple re-

arrangement (Equations S48,51), Equation S52 is derived. It can be further assumed that the 

term comprising equilibrium constant of methanol adsorption and ratio of methanol and water 

concentrations is significantly greater than one, which leads to the approximation that most of 

BAS are occupied by surface-bound methyl groups. Moreover, the gas phase composition of 

methanol, dimethyl ether, and water are equilibrated under typical experimental conditions 

(Equation S53). It can be further assumed that that the concentrations of water and dimethyl 

ether are approximately equal (according to the stoichiometry of the ether forming reaction, 
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Equations S54,55). Under these assumptions (Equation S56), the reaction rate of 

formaldehyde formation over BAS approximately follows the first order dependence with 

respect to methanol, as observed in the PEPICO experiments (Equation S57, Figure 3 of the 

main manuscript). 

3 31 2 1 Z-CH 3 (g) 2 Z-CH 3 3(g)(CH OH ) (CH OCH )    r r r k c k c                                                                       S46 

3Z-CH 2 (g)
1

Z-H 3 (g)

(H O )

(CH OH )

c
K

c




                                                                                                               S47 
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3Z-CH Z-H 1                                                                                                                           S49 
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3 3(g) 2 (g)(CH OCH ) (H O )c c                                                                                                               S54 
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3 3(g) 1 2 3 (g)(CH OCH ) (CH OH )c K K c                                                                                                        S55 

1 3 (g) 2 1 2 3 (g)(CH OH ) (CH OH )r k c k K K c                                                                                        S56 

3 (g)(CH OH )appr k c                                                                                                                     S57 

In contrast to parent zeolites, the evolution of formaldehyde over ZnZ40 catalyst was not 

accompanied by the evolution of methane (Figure S5). In contrast, the hydrogen is observed 

as the accompanying product (Figure S5). It is hence proposed that formaldehyde formation 

over ZnZ40 catalyst proceeds via dehydrogenation mechanism over Zn-based sites (*) that 

comprises following steps (Equations S58-60):12,13 

1 * *
3 (g) 3CH OH 2* CH O H

K                                                                                            S58 

2* *
3 2 (g)CH O * CH O * Hk                                                                                               S59 

3*
2(g)2H H 2*k                                                                                                                   S60 

The derivation of the kinetic expression is further based on the assumptions that (1) the second 

step (Equation S59) is the rate-limiting (Equation S61, CH3O* and* denote the fractions of 

surface methyl and free sites, respectively), (2) the first step (Equation S58) is in pseudo-

equilibrium (Equation S62), and (3) the surface coverages of the surface methyl and hydrogen 

species (H*) are of about the same order of magnitude that is converging to zero 

(Equation S63). The assumption (1) is based on previous DFT studies of methanol 

dehydrogenation over metal surfaces, which suggest that the dissociation of C–H bond is more 

demanding than the scission of the O–H bond.12,13 

32 CH O* *r k                                                                                                                              S61 

3 * 3

2
CH O* H* CH OHK p                                                                                                                  S62 
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3CH O* H* 0                                                                                                                          S63 

From the assumption (3) (Equation S63) and the site balance equation (Equation S64) it 

follows that most of dehydrogenation sites are free (Equation S65). Moreover, incorporation 

of the assumption (3) in the expression describing the first pseudo-equilibrium reaction step 

(Equation S62), provides the estimate of the coverage of the surface methyl species 

(Equation S66). Hence fore, under the assumptions (1-3), methanol dehydrogenation displays 

the partial reaction order of ca. 0.5 with respect to methanol (Equation S67), as experimentally 

observed in the PEPICO experiments over ZnZ40 catalyst. 

3CH O* H* * 1                                                                                                                          S64 

* 1                                                                                                                                         S65 

3 * 3

0.5 0.5
CH O* CH OHK p                                                                                                                 S66 

* 3

0.5 2 0.5
CH OHr kK p                                                                                                                              S67 

S2.4. Derivation of Bed Section Performance. Since the CT0 of the whole catalyst bed 

represents the average value of the CT0s of its various sections (Scheme S1, Equation S68, m 

denotes the number of sections), the experiments performed at different WHSVs allow us to 

estimate the sensitivities of the CT0s to formaldehyde for different bed segments (B1, B2, and 

B3 of Scheme S1).  
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S3. Supporting Tables 

 
Table S1. Crystallite size, textural, and acid properties of ZSM-5 catalysts in their fresh form. 

Catalyst 
dcrystallite / 

nm[a] 
Vmicro /  

cm3 g−1[a] 
SBET /  

m2 g−1[b] 
BAS / µmol g−1 LAS / µmol g−1

 

all[d] strong[e] all[d] strong[e] 
Z15 52 0.15 331 759 391 205 172 
Z25 49 0.15 364 393 326 70 64 
Z40 59 0.16 362 276 217 69 60 
Z140 52 0.17 386 29 16 2 2 
ZnZ40 59 0.14 300 179 93 195 105 
[a] Determined by PXRD. [b] Determined by N2 sorption. [c] Determined by N2 sorption and BET method. 
[d,e] Determined by pyridine adsorption at [c]423 K and [d]673 K.  

 

 
Table S2. Parameters relevant to species detection using PEPICO spectroscopy. 

Compound m/z PI threshold / eV14 (h) / MB[a]
CH3OH 32 10.84 ± 0.01 2.115 

CH2O 30 10.88 ± 0.01 9.216,17 

C2H4  28 10.51 ± 0.01 6.818,19 

C3H6  42 9.73 ± 0.01 11.220 

C4H8 56 9.10–9.55[b] 10.6[c]21,22 
[a] The values of the photoionization cross sections correspond to h = 10.9 eV. Relative errors amount to ± 
15%. [b] Ranges cover different structural isomers. [c] Calculated as an average value for several isomers.  

 

 
Table S3. Peak components used for deconvolution of the DR/UV-VIS spectra and their assignment. 

Peak center / nm FWHM / nm Assignment23–25 

210±5 32±5 Neutral unsaturated aliphatics 

250±5 32±5 Neutral benzene derrivatives 

280±5 32±5 Monoenyl/cyclopentenyl carbenium ions 

310±5 30±5 Monoenyl/cyclopentenyl carbenium ions 

352±5 40±5 Lower MBs carbenium ions (up to ca. 4MB) 

387±5 35±5 Higher MBs/ alkyl benzene carbenium ions 

415±5 30±5 MNs carbenium ions 

434±5 60±5 Charged and neutral MNs 

495±5 60±5 Lower PAH 

552±5 60±5 Higher PAH 

600±5 55±5 Higher PAH 
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S4. Supporting Schemes 

 

Scheme 1. Schematic representation of the methanol/DME concentration variation along the catalyst 

bed for different WHSVs and high (green), moderate (red), and low (blue) inlet methanol concentrations.  
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S5. Supporting Figures 

 
Figure S1. a) Schematic representation of the PEPICO reactor setup and b) representative 

photoionization (left) and photoion threshold photoelectron (TPE) spectra (right) of m/z 30 species, 

demonstrating the detection of formaldehyde. Frank–Condon (FC) simulation of the TPE spectrum of 

formaldehyde is shown for comparison. c) Schematic representation of the DR/UV-Vis cell. 
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Figure S2. a) SEM images, b) Powder-X-ray diffractograms, and c) FTIR spectra acquired after 

pyridine adsorption over ZSM-5 catalysts in their fresh forms. The SEM images show that Z15, Z25, Z40, 

and ZnZ40 catalysts are mostly composed of ca. 0.4-1 m particles, while Z140 catalyst contains ca. 0.8-

2 m particles. The powder X-ray diffractograms of all catalysts correspond to the reference diffraction 

pattern of the ZSM-5 zeolite. The analysis of the peak widths in measured diffractograms indicates that 

particles in all catalysts are composed of ca. 50 nm crystallites (Table S1). The spectra recorded after 

pyridine adsorption show the characteristic bands associated with the internal modes of pyridine 

interacting with LAS (1456 cm−1), BAS (1546 cm−1), and the resonance arising from both types of acid 

sites (1490 cm−1). These were used to quantify the concentration of BAS and LAS sites, as reported in 

in Table S1.  
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Figure S3. a) Conversion versus cumulative turnover and b) product selectivities versus conversion for 

MTH reactions in the absence and in the presence of formaldehyde co-feed over Z140 (left), Z40 (middle-

left), Z25 (middle-right), and Z15 (right) zeolites. Conditions: WHSV = 25 (Z140), 38 (Z40, ZnZ40), 43.8 

(Z25), or 76 h−1 (Z15), c(CH3OH) = 11 mol%, c(CH2O) = 0, 0.5, 1, or 2 molC%, T = 673 K, and 

P = 1.5 bar.  
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Figure S4. a) The yields of formaldehyde in a zeolite-free quartz reactor loaded with quartz and over a 

Z40 catalyst, and b) over different ZSM-5 catalysts under the conditions of the PEPICO experiments. 

Reaction conditions correspond to those reported in Figure 1 of the main manuscript. The “wall-

catalyzed” formation of formaldehyde was substantially minimized by performing the experiments in 

the quartz reactor loaded with a quartz particles. Low production of this intermediate in the zeolite-free 

reactor could be only observed at the highest temperature applied, accounting for less than ca. 8% of 

the totally measured formaldehyde yield. The yield of formaldehyde produced by a quartz reactor 

showed almost no variation with increasing methanol concentration to 3.3 mol%. The productivity of 

formaldehyde by the zeolite catalysts was calculated by subtracting the “wall-catalyzed” contributions 

estimated from the zeolite-free quartz reactor, as illustrated on the example of the Z40 catalyst in a), and 

showed for other catalysts in b). 
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Figure S5. a) Mass spectra recorded at h = 10.9 eV over various ZSM-5 catalysts at 673 K in the 

region in which the signals of butadiene (m/z 54), pentadiene/cyclopente (m/z 68), benzene (m/z 78), and 

methylbenzene (MB, m/z 92) are expected. b) Mass spectra of hydrogen (m/z 2) and methane (m/z 16) 

species in the MTH reaction over Z25 and ZnZ40 catalysts at different temperatures. The spectra of 

hydrogen (m/z 2) and methane (m/z 16) were recorded at h = 15.5 and 13.6 eV respectively. Reaction 

conditions correspond to those reported in Figure 1 of the main manuscript. The absence of dienes, 

such as butadiene and pentadiene, and arenes, such as benzene and methylbenzene in the outlet reactor 

feed indicates that the consumption of formaldehyde through subsequent reactions with alkene or arene 

chain carriers is greatly suppressed. In the low conversion regime, methane formation was clearly 

detectable over Z25 catalyst, but could not be detected over ZnZ40 material even at the highest studied 

temperature. On the other side, hydrogen was not detectable over Z25 at highest temperature applied. In 

contrast, hydrogen was observed over ZnZ40 already at low reaction temperatures, and increased 

steadily with increasing the reaction temperature. These results indicate that methanol-induced 

hydrogen transfer from methanol to another methanol molecule is the main source of formaldehyde 

formation over Z25, i.e., BAS sites, while methanol dehydrogenation is the likely source of 

formaldehyde over ZnZ40. 
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Figure S6. a) Cumulative turnover and b) selectivity sensitivity factors versus co-fed concentration of 

formaldehyde for the MTH reactions performed over different ZSM-5 catalysts. Conditions for the 

MTH reaction are equivalent to those reported in the caption of Figure S3. 
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Figure S7. a) Conversion (X) versus cumulative turnover (CT) and b) product selectivities versus 

conversion for MTH reactions in the absence and in the presence of formaldehyde co-feed at weight 

hourly space velocities (WHSV) of 78 (left), 38 (middle), and 25 h−1 (right) over Z40 zeolite. Other 

conditions: c(CH3OH) = 11 mol%, c(CH2O) = 0, 0.5, or 2 molC%, T = 673 K, and P = 1.5 bar. Symbols 

represent the experimental data, while lines are intended to guide the eye. 
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Figure S8. a) Cumulative turnover (D) and b) selectivity (ECxHy) sensitivity factors versus co-fed 

concentration of formaldehyde for the MTH reactions at variable WHSV over Z40 zeolite. Reaction 

conditions are equivalent to those reported in the caption of Figure S7. 
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Figure S9. a) Conversion versus cumulative turnover and b) product selectivities versus conversion for 

MTH reactions in the absence and in the presence of formaldehyde co-feed at methanol concentrations 

of 5 (left), 11 (middle), and 20 mol% (right) over Z40 zeolite. Other conditions: WHSV = 38 h−1, 

c(CH2O) = 0, 0.5,1, or 2 molC%, T = 673 K, and P = 1.5 bar. Symbols represent the experimental data, 

while lines are intended to guide the eye.  
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Figure S10. a) Cumulative turnover and b) selectivity sensitivity factors versus co-fed concentration 

of formaldehyde for the MTH reactions at variable inlet concentrations of methanol over Z40 zeolite. 

Conditions for the MTH reaction are equivalent to those reported in the caption of Figure S9. 
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Figure S11. a) Conversion versus cumulative turnover and b) product selectivities versus conversion 

for MTH reactions in the absence and in the presence of formaldehyde co-feed at reaction temperatures 

of 623 (left), 673 (middle), and 773 K (right) over Z40 zeolite. Other conditions: WHSV = 19 h−1 (623 

K), 38 h-1 (673 and 773 K), c(CH3OH) = 11 mol%, c(CH2O) = 0, 0.5, 1, or 2 molC%, and P = 1.5 bar. 

Symbols represent the experimental data, while lines are intended to guide the eye. 
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Figure S12. a) Cumulative turnover and b) selectivity sensitivity factors versus co-fed concentration 

of formaldehyde for the MTH reactions at variable temperatures over Z40 zeolite. Conditions for the 

MTH reaction are equivalent to those reported in the caption of Figure S11.  
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Figure S13. a) Initial conversion levels over ZSM-5 catalysts in operando DR/UV-Vis experiments. 

b) Example of DR/UV-Vis spectra deconvolution into Gaussian peaks and corresponding spectral 

assignment. c) Temporal evolution of the relative fractions of specific spectral components obtained by 

deconvolution into the Gaussian peaks as indicated in a). Reaction conditions are equivalent to those 

reported in Figure 4 of the main manuscript. The results show that just like in the catalytic tests 

performed in a fixed-bed reactor, the addition of formaldehyde did not change significantly upon adding 

formaldehyde co-feed. Thus, the DR/UV-Vis spectra in pure methanol feed and in the presence of 

formaldehyde are recoded at comparable activity levels for a given catalyst.   
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Figure S14. Comparison of X-ray diffractograms of Z15, Z40, and Z140 zeolites in their fresh form and 

after deactivation in the MTH reaction in the absence and in the presence of formaldehyde (2 molC%) 

co-feed. Conditions for the MTH reaction are equivalent to those reported in the caption of Figure S3. 
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Figure S15. Carbon-to-silicon ratios and the relative fraction of C 1s spectral component associated 

with conjugated aromatic species in Z40 catalysts, which are deactivated in the absence (left) and in the 

presence (right) of formaldehyde co-feed, as determined by X-ray photoelectron spectroscopy (XPS). 

Conditions for the MTH reaction are equivalent to those reported in the caption of Figure 5 of the main 

manuscript. XPS depth profiles indicate that for similar level of conversion, content of coke in the 

catalyst bulk and in its surface layer was higher in the presence of formaldehyde co-feed, which is 

consistent with total coke analysis by thermogravimetry (Figure 5) The relative ratio surface/bulk 

carbon was similar for the medium and high deactivated samples in the presence and in the absence of 

formaldehyde. Still, in the moderately and highly deactivated catalysts, the ratio between the surface 

(probing depth < 2 nm) and bulk carbon content (probing depth > 15 nm suggests) was lower when 

formaldehyde is added to the feed. Consistent with this, the fractions of C 1s spectral component that 

is associated with conjugated arene structures progressively increases in the presence of formaldehyde 

co-feed. In contrast, when pure methanol feed is applied, its fraction is mostly steady during 

deactivation and shows a substantial increase only in the highly-deactivated sample. These results 

suggest that formaldehyde affects the mechanism of coke formation, wherein it enhances the 

accumulation of coke in the bulk micropore region of the catalysts. 
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Figure S16. Coke content and the difference between a and b unit cell parameters (a-b) of Z15, Z40, and 

Z140 zeolites in their fresh and deactivated forms attained in pure methanol feeds and in the presence of 

2 molC% of formaldehyde as a co-feed to similar level of residual activity of ca. 30%. Conditions for 

the MTH reaction are equivalent to those reported in the caption of Figure S3. 
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