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In the current petrochemical market, the global demand for aromatics, especially BTXs, has 

increased sharply. The methanol-to-aromatics conversion (MTA) over ZSM-5 is among the most 

promising routes to satisfy this ever-growing demand. In this work, we show that high pressure 

operation during MTA leads to a large increase in aromatics selectivity while enhancing stability 

on stream. Stable operation along with a very high selectivity to aromatics (up to 50%, where 20% 

of BTXs) can be achieved on a commercial high silica ZSM-5 (SiO2:Al2O3 = 280) at 400 °C, 30 

bar total pressure and WHSV = 8 h-1. The high partial pressure of primary olefins and the promoted 

methanol-induced hydrogen transfer pathway result in an exponential increase in aromatization, 

while the high partial pressure of steam generated via dehydration of methanol leads to in situ coke 

removal and, therefore, to a much slower deactivation of the zeolite. 
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INTRODUCTION  

The methanol to hydrocarbons (MTH) is still an intriguing catalytic process.1-6 Specific targeted 

products have been studied in the so-called methanol to olefins (MTO), methanol to gasoline 

(MTG) or methanol to aromatics (MTA) processes. This wide range of potential products makes 

methanol a promising alternative over traditional sources for the production of highly-demanded 

fuels, chemicals and intermediates. Moreover, methanol can be produced either via syngas (a CO 

and H2 mixture) derived from various C sources like coal, biomass and natural gas7-9 or even using 

CO2 as primary C feedstock.10, 11 

Traditionally, steam-reforming of naphtha has been the primary source of benzene, toluene and 

xylenes (BTXs). However, the replacement of naphtha by cheaper cracking feedstocks for olefin 

production has led to a gap between demand and production of these important chemical building 

blocks.12 In recent years, the intriguing transformation of CO and CO2 to aromatics through the 

formation of olefins via Fischer–Tropsch Synthesis or via methanol/DME intermediates has 

attracted a lot of attention.13-19 The main challenge is an improvement of COx conversion level and 

the development of effective catalysts, having precise control of the targeted aromatic products. 

Nowadays, the aromatization of hydrocarbons and alcohols is the most studied and, among those, 

the MTA process is probably the most sustainable technology in regions with limited oil 

resources.
20-22 The general approach to boost aromatics selectivity in MTH-related processes 

consists of the addition of a dehydrogenation functionality (via metal modification with Ga, Zn, 

Pt, etc.) to zeolites with different topologies (ZSM-5, BETA, and others).23-28 Moreover, methanol 

has been used in coupling reactions with hydrocarbons to enhance aromatics selectivity.29 

However, in good agreement with the dual-cycle mechanism of hydrocarbon production from 

methanol, the promotion of the aromatic cycle inevitably leads to fast catalyst deactivation by 
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coking.6 At the same time, in the classical diene-mediated aromatization mechanism, an alkane 

(mostly isobutane) is formed per aromatic molecule. This is a direct consequence of the last 

hydrogen transfer reaction that leads to the final aromatization and hinders the overall aromatic 

selectivity.30  

Several strategies have been proposed to boost aromatics selectivity and catalyst lifetime. Gao et 

al.31 reported the important role of Brønsted acid sites and their interaction with metal sites (Ga in 

that case) to enhance selectivity to aromatics. Pinilla-Herrero et al.32 studied the promotion of the 

dehydrogenation pathway versus hydrogen transfer reactions. Wang et al.33 proposed an alternative 

oligomerization-cyclization pathway from olefins that suppresses the formation of saturated 

compounds. It is also well known that oligomerization and aromatization reactions are promoted 

at high reaction pressures.34-37 In particular, Chang et al.38, already in 1979, reported that high 

pressure operation in MTH enhances the overlap between dehydration and aromatization steps, 

leading to higher selectivities to polymethylbenzenes. However, the increase in aromatics 

selectivity goes hand in hand with their condensation towards bigger polyaromatic structures that 

finally yield coke, shortening the zeolite lifetime.  

Few works are devoted to this problem. Co-feeding H2 during MTO at high pressure has been 

studied in order to overcome the condensation pathways that form coke.39, 40 However, a narrow 

operation window is allowed without compromising the selectivity to unsaturated products. The 

positive effect of H2O on the attenuation of catalyst deactivation has also been proposed.41 Water 

affects the equilibrium between methanol and dimethyl ether, reduces the partial pressure of the 

C-containing reactants and adsorbs on the acid sites of the zeolite, modulating acidity in a subtle 

way.42 
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Inspired by these works, we speculated that methanol conversion at high pressures would lead to 

high partial pressures of steam that may result in enhanced production of aromatics, particularly 

BTXs, while preventing coke formation. In this spirit, here we present an in-depth study of the 

effect of reaction pressure and zeolite acidity on the aromatization of methanol over ZSM-5. Our 

results confirm the influence of methanol and water partial pressure in the production of aromatics, 

with nearly 50% yield obtained on a commercial ZSM-5 (SiO2:Al2O3 = 280) for more than 70 

hours at 400 °C and 30 bar. 

EXPERIMENTAL SECTION 

Materials 

ZSM-5 (NH4-form) zeolites with SiO2:Al2O3 molar ratios 23, 80, 280 (CBV 2314, 8014, 28014) 

were purchased from ZEOLYST. H-ZSM-5 zeolite with SiO2:Al2O3 52 (P-52), 371 (P-371) were 

acquired from ACS Material. ZSM-5 commercial zeolites in the ammonium forms were calcined 

in a static oven for 7 h at 550 °C using a heat ramp of 2 ºC·min-1, thus obtaining their protonic 

forms H-ZSM-5. Catalysts were denoted as HZx, where x stands for the corresponding SiO2:Al2O3 

(23, 52, 80, 280, or 371).  

Characterization methods 

Powder X-ray diffraction (PXRD) patterns were measured in a Brucker D8 Advance operated at 

30 kV and 30 mA using monochromatic Cu-K ( = 1.54 Å) radiation, a scan speed of 0.5 s per 

step and a step size of 0.1° in 10 - 90° 2 range. The crystalline phases were identified using the 

PDF-4+ (2019) crystal database. As observed in Figure S1, all commercial zeolites present the 

characteristic peaks attributed to the MFI framework of ZSM-5 zeolites. 
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N2 adsorption experiments were carried out at 77 K in a Micromeritics ASAP 2040 instrument. 

Prior to the experiment, the samples were degassed at 350 °C for 8 h. From the isotherms, the 

specific surface area was calculated using the BET equation (SBET), and the external surface (Sext) 

and micropore volume (Vmicro) were calculated by the t-plot method. All zeolites show similar 

textural parameters independently on SiO2:Al2O3, with SBET values of ca. 407 ± 16 m2∙g-1 and total 

adsorbed volumes of 0.23 ± 0.02 cm3∙g-1 (Table S1). 

Temperature-programmed oxidation (TPO) and thermogravimetric analyses (TGA) of spent 

catalysts were carried out in a TGA/DSC1 STAR-e system apparatus (Mettler Toledo). Before 

TPO experiments, the catalyst was submitted to stripping under N2 stream (50 mL·min-1) up to the 

reaction temperature using a heating ramp of 10 °C·min-1. After that, the sample was cooled down 

and stabilized at 100 °C. Then, the temperature was increased up to 850 °C using a heating ramp 

of 5 °C·min-1 under an air flow of 50 mL·min-1 to ensure the total combustion of coke. 

Temperature-programed desorption of ammonia (NH3–TPD) was performed on a Micrometrics 

ASAP 2920 unit. First, the sample (ca. 100 mg) was placed in a quartz reactor and pretreated (10 

°C/min) in He flow at 550 °C for 90 min. Subsequently, for NH3 adsorption, the sample was cooled 

down to 120 °C and the flow was switched to NH3 (10 vol.% in He) for 60 min. Then, the flow 

was switch to He and kept at 120 °C for NH3 for 30 min to remove physisorbed NH3 on the catalyst 

surface. Finally, the sample was heated to 700 °C at a heating rate of 5 °C/min under He, and the 

desorption of NH3 was monitored by using a thermal conductivity detector (TCD) and a MS–

detector. The total amount of the adsorbed species was quantified from the preliminary calibrated 

MS-detector using the m/z = 16 signal attributed to NH3. 
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According to NH3–TPD experiments for commercial zeolite, the increase of the SiO2/Al2O3 ratio 

leads to a decrease in the weak/strong acid site ratio and overall acid concentration decrease 

(Figure S2, Table S2).43, 44 

Solid-state nuclear magnetic resonance (NMR) experiments were performed on a 14.1 T Bruker 

Avance III spectrometer, operating at a 27Al Larmor frequencies of 156.37 MHz. The spectra were 

acquired using a 3.2 mm probe with 170 kHz π/2 pulse and a recovery delay of 0.3 s. The spectra 

were accumulated from 4096 scans. Typically, the sample was spun using dry nitrogen at a magic 

angle spinning (MAS) rate of 20 kHz except for a spent HZ371 sample (12 kHz). The ratio between 

tetra-, penta- and octahedral Al species was approximately estimated by integration of the spectra 

as per the corresponding regions, i.e., 80 – 40, 40 – 20, 20 – -20 ppm for AlIV, AlV and AlVI, 

respectively. It should be noted that the estimated ratios are not precise composition of each Al 

species due to the observed overlaps for few spent samples.  

Catalytic tests  

Catalytic experiments were performed in a four channel Flowrence® XD from Avantium. The 

liquid feed is evenly distributed to the four reactors using one glass microfluidic distributor chip. 

The reactors are 300 mm long quartz tubes inserted in a furnace. Avantium reactor design allows 

the pressurization of the quartz reactors without breaking risks. The outside and inside diameters 

of the tubes are 3 and 2 mm, respectively. A one reactor was always used without a catalyst as a 

blank. Prior to the reaction, zeolites were pelletized and crushed into 250-425 µm particles and the 

obtained catalysts were mixed with SiC with a ratio of 1:6 (catalyst:SiC) to avoid the formation of 

hot spots.45 Then, the catalytic bed was pretreated with N2 at 550 ºC for 4 h. We aimed a WHSV 

of 8 h-1, with methanol being diluted in N2
 to a constant molar MeOH:N2 ratio of 1:1 at pressures 

of 1, 7, 15, 30 and 60 bar, hence corresponding to partial pressures of methanol of 0.5, 3.5, 7.5, 15 
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and 30 bar, respectively. Reaction temperatures from 350 to 525 °C were tested. Experiments with 

water were performed by feeding a previously prepared MeOH/H2O liquid mixture aiming a molar 

ratio of 1:1:1 (N2:MeOH:H2O) at 45 bar in order to keep the same partial pressure of fed methanol 

(15 bar). Control experiments with ethylene as the feed were also performed in the same set-up. 

C2H4 was diluted in N2
 with a constant C2H4:N2 molar ratio of 1:1, and reactions were carried out 

at 400 °C and pressures of 1 and 30 bar. Likewise, experiments diluting C2H4 in water were 

performed using a C2H4:H2O molar ratio of 1 in order to keep the same partial pressure of C2H4. 

In these experiments with ethylene, we aimed for a GHSV of 12000 mL⸱h-1⸱g-1. 

The reaction products were analyzed on line by means of gas chromatography (GC) in an Agilent 

7890B with three detectors: 2 FIDs and 1 TCD. The TCD channel has a PPQ as a backflush 

column, a Hayesep Q column for separation of CO2 and a Molsieve as an analytical column for 

the separation of He, H2, N2, CH4 and CO. All other compounds (water, hydrocarbons and 

oxygenates) are backflushed. The FID is equipped with a 10-m precolumn with a wax stationary 

phase. The separation of C1-C5 hydrocarbons is carried out on a 30-m Gaspro stationary phase. 

And the separation of Methanol and Aromatics is carried out on a 30-m Wax stationary phase.  

Methanol conversion (X, %), selectivity (S, %) and yield (Y, %) of each i product are defined as 

follows: 

𝑋 =
𝐶𝑀𝑒𝑂𝐻𝑖𝑛

− 𝐶𝑀𝑒𝑂𝐻𝑜𝑢𝑡 

𝐶𝑀𝑒𝑂𝐻𝑖𝑛

× 100 
Equation 

1 

𝑆𝑖 =
i × 𝐶𝑖

𝐶𝑀𝑒𝑂𝐻𝑖𝑛
− 𝐶𝑀𝑒𝑂𝐻𝑜𝑢𝑡 

× 100 
Equation 

2 
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𝑌𝑖 =
𝑆𝑖 × 𝑋

100
 

Equation 

3 

where 𝐶𝑀𝑒𝑂𝐻𝑖𝑛
 and 𝐶𝑀𝑒𝑂𝐻𝑜𝑢𝑡

are the concentrations determined by GC analysis of methanol in the 

blank and in the reactor effluent, respectively. A total selectivity to aromatics is calculated, 

including products such as benzene, toluene, (o-, m- and p-) xylenes (BTX) and all C9-10 aromatics, 

including isomers. A selectivity to only BTX products (vide supra) is also defined as the most 

interesting targeted products. A typical chromatogram obtained for aromatics distribution is shown 

in Figure S3. It should be noted that polyaromatics were not considered for computing the total 

aromatics selectivity. The throughput (gMeOH·gzeolite
-1) is defined as the overall amount of MeOH 

fed through the catalytic bed before the conversion of oxygenates drops below 90%. 

For the experiments using ethylene as a reactant, conversion (X, %), selectivity (S, %) and yield 

(Y, %) of each i product are defined as follows: 

𝑋 =
𝐶𝐶2𝐻4𝑖𝑛

− 𝐶𝐶2𝐻4𝑜𝑢𝑡 

𝐶𝐶2𝐻4𝑖𝑛

× 100 
Equation 

4 

𝑆𝑖 =
i × 𝐶𝑖

2 × (𝐶𝐶2𝐻4𝑖𝑛
− 𝐶𝐶2𝐻4𝑜𝑢𝑡 

)
× 100 

Equation 

5 

𝑌𝑖 =
𝑆𝑖 × 𝑋

100
 

Equation 

6 

where 𝐶𝐶2𝐻4𝑖𝑛
and 𝐶𝐶2𝐻4𝑜𝑢𝑡

 are the concentrations determined by GC analysis of ethylene in the 

blank and in the reactor effluent, respectively.  
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RESULTS AND DISCUSSION 

1. Effect of pressure on the production of aromatics 

The impact of pressure from 1 to 60 bar (partial pressure of methanol between 0.5 and 30 bar) was 

first evaluated over the most acidic H-ZSM-5 with SiO2:Al2O3 23 (HZ23) at 400 °C. The 

corresponding detailed product distributions are shown in Tables S3, S4, and S5. A gradual 

increase in the total aromatics selectivity with pressure is observed in Figure 1a, which is in 

agreement with previous observations on oligomerization and aromatization promotion at high 

reaction pressures.34-38 According to the well-established dual-cycle mechanism, the hydrogen 

transfer diene-mediated aromatization pathway implies a parallel formation of an aromatic 

compound and the hydrogenation of three saturated bonds.46 Therefore, the formation of aromatic 

and paraffinic carbons should be equal. Dehydrogenation is the main pathway that can compete 

with this hydrogen transfer, avoiding the formation of paraffins because of the production of 

molecular H2, promoted by the incorporation of metallic/dehydrogenating functions in the 

catalyst.47 In our case, the ratio between the number of paraffinic and aromatic carbons is 1.0 ± 0.2 

in all cases, which suggests a low contribution of the dehydrogenation pathway with the 

commercial zeolites at the studied conditions. Interestingly, BTX selectivity decreases at pressures 

higher than 15 bar (PMeOH = 7.5 bar) due to the formation of heavier and highly branched aromatics. 

At pressures higher than 15 bar, a decrease in the selectivity to alkanes is observed with the 

aromatic selectivity further increasing up to 52% at 60 bar. Hence, BTX and alkanes follow a very 

similar evolution with pressure, reaching both a maximum at 15 bar, after which hydrogen transfer 

products are no longer promoted and methylated aromatics selectivity increases. 
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Figure 1. (a) Evolution with total pressure of selectivity to aromatics at TOS = 5 h and methanol 

throughput (gMeOH∙gzeolite
-1) over the HZ23 zeolite; 400 °C, WHSV = 8 h-1; (b) TGA-TPO profiles 

for the deactivated HZ23 zeolite under different total pressures of 1, 30 and 60 bar; T = 400 °C, 

WHSV = 8 h-1. 

 

An improvement in catalyst lifetime is also observed upon increasing pressure up to 15 bar, as 

shown in Figure 1a by the highest throughput of methanol achieved under these conditions. The 

evolution with time of the reactions is shown in Figure S4. Quantification of coke deposited after 

deactivation of the HZ23 zeolite at 1, 30 and 60 bar was performed by TGA-TPO analyses (Figure 

1b). Note that coke content (wt.%) shown in Figure 1b corresponds to the area under the TPO 

curves. A decrease in the overall amount of carbonaceous deposits upon increasing pressure is 

observed, with the deactivated catalyst during the reaction at 1 bar showing the highest amount of 

coke (13.1 wt.%). Interestingly, the location of the maximum combustion TPO peak shifts from a 

temperature of 611 to 587 °C when increasing pressure from 1 to 60 bar. These results suggest that 

the nature of coke also changes with pressure, being of a more condensed nature when the reaction 

is performed at atmospheric conditions,48 and shifting to a more aliphatic one with pressure. 
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Under MTH conditions, two hydrogen transfer mechanisms were reported by Muller et al.49: the 

methanol-induced and the olefin-induced hydrogen transfer. According to these authors, the 

former is the most dominant when methanol is present in the reaction medium and is promoted 

over Lewis acid sites. Following this mechanism, olefins could directly yield aromatics in the 

presence of methanol with the participation of formaldehyde intermediates. At our reaction 

conditions of full conversion (Figure S4), the mechanism should be driven by the olefin-induced 

hydrogen transfer. Therefore, it is assumable that an increase in the partial pressure of olefins in 

the reaction medium can promote this pathway, thereby explaining the increase in aromatics 

selectivity. However, high reaction pressures also favor bimolecular methylation/alkylation 

reactions. On the other hand, the dealkylation of branched aromatics with the associated generation 

of olefins (mostly ethylene and propylene) is a unimolecular reaction with the increasing number 

of mol50 and, therefore, it is inhibited upon increasing pressure. As a consequence, a maximum is 

observed in both the selectivity to BTX and alkanes despite the increasing total aromatics 

selectivity. Furthermore, the presence of formaldehyde, formed through the methanol-induced 

hydrogen transfer, has been reported to lead to a faster deactivation, which is not the case at high 

pressure. 

More detailed product distribution for BTXs and C9-10 aromatics (SBTX and Sother aromatics, 

respectively) during the reactions at 1, 30 and 60 bar is displayed in Figure S5. The initial 

SBTX/Sother aromatics ratio is reduced when increasing pressure. In addition, a constant decline in BTX 

selectivity from 30 to 10% is observed at 1 bar (Figure S5a), whereas a relatively stable value of 

20% is registered at 60 bar (Figure S5c). Conversely to the initial BTX selectivity, catalyst stability 

is enhanced at higher pressures. Together with the increase in the partial pressure of primary 

olefins, the partial pressure of water is also increased, which could explain the stable production 
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of aromatics by the attenuation of coke deposition. The occupation of the influential Brønsted acid 

sites by water was also reported as a cause of prevention for the formation of coke.41 Song et al.50 

studied the ratio between methyl substituents and the number of rings in the MTH intermediates 

in a H-SAPO-34 catalyst and concluded that the co-adsorption of water on acid sites leads to 

distinct supramolecular species in the zeotype cages with a higher abundance of methyl groups per 

aromatic ring.  Wang et al.51 reported the suppression of hydrogen transfer reactions from olefins 

(responsible for the formation of methyl-substituted benzene radicals) and the promotion of 

methylation in the presence of water. Water can also positively affect the zeolite stability by 

sweeping the aromatic species,52 which directly affects the formation of coke that requires cyclic 

carbocationic ions.53 The competitive adsorption of water and enhanced physical sweeping of coke 

precursors were also proposed as the reasons for the significant decrease in computed reaction and 

deactivation rates during the methanol-to-hydrocarbons reaction.54 

Therefore, in line with previous reports,55 we hypothesize that the high partial pressures of primary 

olefins favor the olefin-induced hydrogen transfer towards aromatics, the also high partial pressure 

of methylating and alkylating species (MeOH and olefins, respectively) promote the formation of 

polyalkyl-substituted benzenes while the high partial pressures of water inhibit dealkylation of 

polymethylbenzenes and their condensation to coke. These factors would inevitably lead to a 

decrease in the BTX selectivity with an increase in the formation of C9+ aromatics, but also to a 

slower condensation of hydrocarbon pool species to coke, which enlarges the catalyst lifetime.  

2. Effect of reaction temperature 

Figures 2 shows the results obtained using the same HZ23 zeolite at temperatures ranging from 

350 to 525 °C and 7 bar of total pressure (PMeOH = 3.5 bar). The evolution with time of these 

reactions is depicted in Figure S6. A constant decrease in the total aromatics is observed upon 
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increasing temperature, with BTX selectivity presenting a maximum in the studied range. 

However, the deactivation of the zeolite is faster at the lowest temperature (350 °C) due to the 

limited desorption of aromatics under these mild conditions.56 On the other hand, the stable 

conversion is achieved during 11 h at 400 ºC. This temperature is assumed to be suitable to also 

activate the alkene cycle, reaching the autocatalytic steady operation of the dual cycle 

mechanism.57 Despite the initial lower selectivity to aromatics, an almost stable selectivity of ca. 

45% is observed during this period (Figure S6b), where the high selectivity to alkanes is also 

noteworthy. Of those, BTXs constitute more than half of the aromatics, with a selectivity of 24%. 

At 500 and 525 ºC, a lower selectivity to hydrogen transfer products (aromatics and alkanes) and 

a higher selectivity to olefins (mostly C2-3) is encountered. The dealkylation of 

polymethylbenzenes is widely accepted as the main source of olefins in the methanol-to-olefins 

chemistry over both SAPO-34 58 and HZSM-5 zeolite 59, 60. The abovementioned reaction, as well 

as cracking (also produces olefins) and thermal degradation of methanol to methane, can also take 

place at these conditions, which may explain the aromatic selectivity decrease with temperature 

increasing. Nonetheless, these reactions will be disfavored at high pressure, which increases the 

interest of high pressure experiments for the production of aromatics. After 8 h on stream, 

deactivation of the catalyst is observed at 525 ºC (Figure S6e). Even though the high aromatic 

selectivity also is attained at 350 ºC (44%), the fast deactivation highlights 400 ºC as the optimal 

temperature.  
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Figure 2. Effect of temperature on the selectivity to aromatics at TOS = 5 h over the HZ23 zeolite; 

7 bar, WHSV = 8 h-1.  

 

3. Effect of H-ZSM-5 acidity  

Within the above studied pressure and temperature ranges, a systematic investigation of H-ZSM-

5 zeolites with different acidity (SiO2:Al2O3 23, 52, 80, 280 and 371) was conducted at 30 bar, 400 

°C and WHSV = 8 h-1. The results are first compared to those obtained at atmospheric pressure. As 

expected, the selectivity to BTXs decreases when SiO2:Al2O3 is increased (Figures 3a and S7). 

Similarly, methanol throughput increases with SiO2:Al2O3, despite full methanol conversion was 

not reached over HZ371 catalyst at these conditions (Figure S7e). In short, high acidity leads to 

much higher hydrogen transfer, resulting in an increase in the formation of aromatics and a faster 

catalyst deactivation. On the other hand, less acidic zeolites promote the olefinic cycle, thereby 

suffering less from deactivation.57, 61 
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Figure 3. Effect of SiO2:Al2O3 on the selectivity to aromatics at TOS = 5 h and methanol 

throughput (gMeOH∙gzeolite
-1) at (a) 1 bar and (b) 30 bar; 400 °C, WHSV = 8 h-1. The symbol * means 

that full conversion was not achieved in the tested condition.  

 

Catalytic results at 30 bar are displayed in Figure 3b. As discussed above, in the dual cycle 

mechanism, less acidic zeolites promote the alkene cycle57, 61 and, therefore, one would expect the 

more acidic zeolites to display the higher aromatics selectivity, independently of the pressure 

applied. Surprisingly, an increase in aromatics selectivity with SiO2:Al2O3 is observed at higher 

pressures.  It is worthwhile to note that aromatics selectivity is increased from 27 to 50% with the 

HZ280 zeolite by increasing the pressure from 1 to 30 bar (Table S9). The selectivity to BTX 

remains in comparable levels for the whole acidity range (SBTX 19.5 ± 1.5%). Interestingly, this 

means a significant decrease in BTX selectivity using the most acidic zeolite (HZ23) compared to 

the reaction at atmospheric pressure, which can be attributed to the aforementioned favored 

methylation and inhibited dealkylation of aromatics. 

4. Catalyst deactivation and stability 
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Although the high partial pressure of water leads to a marked improvement in the catalyst lifetime, 

the presence of water at high temperature and pressure could also cause zeolite dealumination,62, 

63 resulting in irreversible deactivation.64, 65 To shed light on, an additional set of reaction cycles 

with intermediate regeneration was performed and the spent zeolites were analyzed via MAS 

NMR. As representative experiments, the HZ23, HZ80 and HZ371 zeolites were tested in two 

reaction cycles after regeneration with air at 550 °C for 12 hours (Figure 4). In all cases, zeolites 

show an increase in the catalyst lifetime during the second run. While the selectivity to alkanes, 

alkenes and aromatics did not change drastically (see Table S12, S13 and S14) from the first to the 

second run, with a decrease in alkanes of 3-4% and an increase in olefins of 2-5% noted for all 

zeolites in the second reaction cycle. The increase in the catalyst lifetime, along with the decrease 

in the hydrogen transfer products, suggests that the zeolite acidity could be compromised under 

reaction conditions. In particular, it is well known that dealumination by steaming leads to zeolite 

structural changes, affecting the porosity, acidity and reactivity of zeolites.64, 66 Especially, it 

decreases the strength and density of Brønsted acid sites, reducing the rates of methylation, hydride 

transfer and oligomerization reactions.67, 68 
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Figure 4.  Evolution with time of methanol conversion and product selectivity over the (a) HZ23, 

(b) HZ80 and (c, d) HZ371 zeolites in two reaction cycles; 400 °C, 30 bar, WHSV = 8 h-1. The first 

run was conducted for 36 h and the regeneration was performed in air at 550 °C for 12 h for HZ23, 

HZ80, and HZ371. 

 

Aiming for a more significant explanation of the catalyst state in each cycle, the fresh and spent 

HZ23, HZ280 and HZ371 zeolites after the 2nd run at 30 bar were characterized by means of 27Al 

NMR. Figure 5 shows the 27Al NMR spectra for the three tested catalysts. Framework 

dealumination was indeed verified by 27Al NMR analysis for the HZ23 and HZ80 zeolites (Figure 

5a and 5b). Initially, ca. 80% and 93% of AlIV species are found in the fresh HZ23 and HZ80 

samples, respectively, with a remarkable presence of extra framework aluminum (EFAL) in the 
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most acid zeolite. After the reactions, only ca. 47 and 64% of remaining AlIV species are 

respectively observed for these zeolites. A partial dealumination will be expected after the first 

reaction cycle, decreasing the density of acid sites and thus leading to the lower production of 

alkane/aromatics and the higher stability of the catalysts during the second cycle (Figures 4a and 

4b). On the other hand, the least acid zeolite (HZ371) displays remarkable stability, with negligible 

modifications of AlIV content after 256 h on stream and two reaction cycles (Figures 5c and S9). 

Also, we observed two AlIV species at 56.4 and 53.7 ppm for spent HZ371, attributed to a distorted 

AlIV or the hidden AlIV becomes predominant after TOS 256 h which we discussed below. The 

disappearance of extra-framework aluminum observed for the HZ371 after reaction (Figure 5c) 

can be attributed to the reinsertion of AlVI into the zeolite framework as recently described in work 

from M. Ravi et al.69 Our reaction conditions are of high pressure and water concentration and for 

this reason, the reinsertion of extra framework aluminum could potentially occur during the 

reaction.70-73 To prove that concept in our case, we have performed two additional experiments: 

(i) by steaming fresh HZ371 at harsh condition (400 °C, 5 hours, nearly 90% of steam) and (ii) by 

boiling the same zeolite for 2 hours in water at 100 °C. Additional 27Al NMR experiments (Figure 

S12) show that this phenomenon is observed in both cases. Based on these results, the utilization 

of low-acidic H-ZSM-5 zeolite, as HZ280 and HZ371, is strongly recommended for high pressure 

methanol conversion in terms of aromatics selectivity and catalysts stability. 
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Figure 5. Solid-state 27Al NMR spectra of the fresh and spent at 30 bar after the 2nd cycle (a) 

HZ23, (b) HZ80 and (c) HZ371 zeolites.  

 

5. Influence of co-feeding water 

Due to the important role played by water partial pressure in both the reaction and catalyst 

stability,41 control experiments co-feeding water were carried out in order to elucidate its influence 

on the high-pressure conversion of methanol. Figure 6a depicts the effect of co-feeding water over 

the HZ23, HZ80, HZ280 and HZ371 zeolites at 30 bar (1:0, MeOH:H2O) and 45 bar (1:1:1, 

MeOH:H2O:N2) to keep the same MeOH partial pressure in both cases (see the experimental 

section for additional details). The evolution with time of the main products is shown in Figure 

S10 (MeOH:H2O:N2 ratio of 1:1:1) and the detailed product distributions are listed in Table S15, 

S16 and S17.  
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 Figure 6. (a) Effect of water co-feeding on the selectivity to aromatics at TOS = 5 h over the HZ23, 

HZ80, HZ280 and HZ371 zeolites; 400 °C, WHSV = 8 h-1 at 30 bar (MeOH:H2O molar ratio, 1:0) 

and 45 bar (MeOH:H2O molar ratio, 1:1); (b) TGA-TPO profiles for the spent HZ80, HZ280 and 

HZ371 zeolites by co-feeding water at 1:1 MeOH:H2O molar ratio, 45 bar; T = 400 °C, WHSV = 

8 h-1, TOS = 55 h.  

 

A similar selectivity to aromatics (around 50%) is observed for the HZ23, HZ80 and HZ280 

zeolites when water is co-fed with methanol. However, a slight decrease in BTX selectivity (-3, -

7 and -6%, respectively) could be noted. In the case of the least acid zeolite (HZ371), both total 

aromatics and BTX decrease when co-feeding water. Nevertheless, a notable enhancement of the 

catalyst lifetime was achieved for the two most acid catalysts (+5 h, Figures S8a and S10a and +18 

h, Figures S8c and S10b). These results can be explained by the established competitive adsorption 

between methanol and water on Brønsted acid sites,41 and the lower ability of the acid sites, with 

lower strength and/or availability, to condense the polyalkylaromatics to coke in the presence of 

water.55  

Surprisingly, experiments co-feeding water display a different trend in catalyst lifetime over 

HZ280 and HZ371 zeolites. Accounting for the time required for the conversion to be declined to 
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90%, a notable decrease of -27 h and -122 h are respectively registered. On the other hand, the fast 

deactivation observed with pure methanol after 70 h on stream for the HZ280 zeolite (Figure S8d) 

is transformed into a slow and linear deactivation when water is co-fed (Figure S10c). Given 

behavior could be attributed to the already mentioned suppressed availability of acid sites in the 

presence of water. According to NH3-TPD results, the concentration of acid sites in the HZ280 

and HZ371 zeolites is much lower compared with those of HZ23 and HZ80 zeolites and, therefore, 

the amount of vacant sites to contribute to the reaction remains low. Especially, an important slow-

down of the reaction mechanism could be assumed for the least acid catalyst, which exhibits much 

lower yields of hydrogen transfer products and higher selectivity to olefins, the primary products. 

To shed light on, the spent catalysts were characterized in order to evaluate the effect of water in 

coking and dealumination (reversible and irreversible deactivation). According to obtained results 

from TGA-TPO data (Figure 6b), the amount of carbonaceous deposits substantially decreases 

upon increasing SiO2:Al2O3. Remarkably, a negligible amount of coke is observed for the HZ371 

zeolite (0.5 wt.%) compared to the highest value of 5.9 wt.% registered for the HZ80 zeolite. 

These water-treated spent zeolites were likewise characterized by means of 27Al MAS NMR, and 

the corresponding spectra for the fresh and spent zeolites are shown in Figure 7. Initially, a 

concentration of AlIV species ca. 93, 96 and 87% is present in the fresh HZ80, HZ280 and HZ371 

zeolites, respectively. The relative concentration of AlIV significantly decreases to ca. 48% for the 

HZ80 zeolite, with an important contribution of AlV species. This result can be associated with a 

marked dealumination of this zeolite as severe steaming conditions are generated during the 

reaction. In comparison, spent HZ280 catalysts were also analyzed after the reaction performed at 

1:0 MeOH:H2O molar ratio, i.e. without water co-fed (Figure S11a). As expected, the preserved 

concentration of AlIV is slightly higher when water is not co-fed with methanol (ca. 58 vs. 48%). 
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Otherwise, the initial ca. 96% of AlIV in the HZ280 zeolite decreases to ca. 72%, and that in the 

HZ371 zeolite increases up to ca. 93% (due to the loss of extra framework aluminum) at H2O 

presence. Therefore, in both cases, a significant dealumination should be discarded as the main 

deactivation cause and point to the above discussed reaction slow-down in this high water partial 

pressure condition. Notably, similar to the results obtained at 30 bar reaction (Fig 5c), the spent 

HZ80 and HZ280 catalysts after water co-fed experiments exhibited altered AlIV resonance, with 

a distinct AlIV resonance at 53.7 ppm. The AlIV species' identification is still not clear, with the 

possible assignments of distorted tetra-coordinated framework Al atoms or non-framework tetra-

coordinated Al species.74 Meanwhile, the spent HZ371 did not show the changes in AlIV resonance, 

indicating the stability of AlIV species. Hu et al. also pointed out the complexity of AlIV species 

owing to the quadrupolar interaction and structural defects in the zeolite framework.75 For the 

moment, the detailed structural changes of spent catalysts are under investigation, and it is out of 

the scope of the current article. 
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Figure 7. Solid-state 27Al NMR spectra for the fresh and spent (a) HZ80, (b) HZ280 and (c) HZ371 

zeolites by co-feeding water at 1:1 MeOH:H2O molar ratio, 45 bar and TOS = 55 h. Asterisk 

denotes a spinning sideband.  

 

6. Unraveling the role of olefin intermediates 

Apart from water, olefins are the primary C-containing products of the reaction mechanism. As 

full conversion conditions are reached at most of the studied conditions, olefins will play a key 

role in the extent of oligomerization and alkylation pathways, and their condensation can 

presumably affect catalyst deactivation. For this reason, additional control experiments were also 

conducted by feeding an ethylene/water mixture at 30 bar. Figure 8a shows the selectivity to 

aromatics and BTX for each of the catalysts at the tested conditions: a mixture C2H4:H2O with 

molar ratio 1:1, 30 bar; T = 400 °C, GHSV=12000 ml∙h-1∙gzeolite
-1. Please note that the depicted 

results correspond to 1 h on stream in order to compare full conversion conditions. The total 

aromatics selectivity remains in comparable levels for the whole acidity range (Saromatics 35.8 ± 

1.5% ) with a decline of BTX selectivity from 21 to 11% upon increasing SiO2:Al2O3 (Figure 8a).  
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Figure 8. (a) Selectivity to aromatics at TOS = 1h over the HZ23, HZ80 and HZ280 zeolites at the 

same condition. (b) Corresponding evolution with time of the ethylene conversion over the HZ23, 

HZ80, and HZ280 zeolites by co-feeding a mixture C2H4:H2O with molar ratio 1:1, 30 bar; T = 

400 °C, GHSV=12000 ml∙h-1∙gzeolite
-1. 

 

These results are in line with the ones observed in Figure 3b where an increase in aromatics 

selectivity with SiO2:Al2O3 is observed at higher pressures. Interestingly, these low acidic zeolites 

also showed a superior lifetime at 30 bar in contrast with the high acidic HZ23 (see Figure 8b), 

confirming the excellent stability at high pressure observed before. The HZ280 zeolite exhibits a 

stable operation during 15 h at MTA conditions. However, the product distribution is different in 

all cases (Figures S13 and Tables S18, S19 and S20). The ratio between the number of paraffinic 

and aromatic carbons is 2.4 ± 0.1, far from the aforementioned value of ca 1.0 obtained in the 

MTA reaction. Therefore, the reaction should be dominated by the oligomerization of ethylene 

towards long-chained aliphatic compounds. Otherwise, in the presence of methanol, the 

cyclization of the olefins primary products is promoted, being the reaction dominated by the 

hydrogen transfer pathways. 

7. Proposed reaction mechanism 

Based on the above results, we propose a competitive reaction mechanism where the partial 

pressures of water and methanol play a key role (see Scheme 1). Increasing methanol partial 

pressure (and that of olefins primary products) favors hydrogen transfer, methylation and 

oligomerization pathways. Moreover, the corresponding increase in partial pressure of water 

attenuates the condensation of aromatics caused by a competitive adsorption between methanol 

and water on Brønsted acid sites. Therefore, the presence of water enhances catalyst lifetime and 

postpones deactivation of the zeolite. This, however, can lead to undesirable dealumination of the 

zeolites, especially for low-silica samples (HZ23 zeolite). Similarly, excessively high partial 
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pressure of water can suppress the evolution of the reaction (also deactivation) because of the low 

availability of acid sites when density of acid sites in the catalyst is low (HZ280 and HZ371 

zeolites). Lastly, applying excessive pressure can also lead to the induced formation of benzene 

derivatives as C9+ methylated aromatics as a result of the inhibited dealkylation of 

polymethylbenzenes. All in all, moderate pressure (30 bar, PMeOH = 15 bar), relatively low 

temperature (400 °C) and low acid catalysts are required for stable production of aromatics for 

methanol, maximizing BTX production, enlarging catalyst lifetime and avoiding irreversible 

deactivation. 

 

Scheme 1. Plausible catalytic reaction pathways during MTA reaction over ZSM-5 under pressure 

applying. 
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CONCLUSIONS  

We have demonstrated that pressure plays a crucial role in the formation of aromatics on the 

methanol-to-hydrocarbons process. Highly selective aromatics production, with a remarkable 

formation of BTXs, can be achieved at pressures between 7 and 30 bar and temperatures between 

400 - 450 ºC. 

A comparison of commercial ZSM-5 zeolites with different acidity reveals that low acidic zeolites 

are more stable at high pressures. This performance is explained by the inhibition of 

methylbenzene condensation reactions in favor of methylation/alkylation pathways. A selectivity 

to aromatics close to 60 wt.%, including BTX (18%) and branched benzene derivatives C9-10 

(42%), is achieved for more than 150 h at 30 bar WHSV 8 h-1. The most encouraging results in 

terms of BTX selectivity (20 wt.%) with stable work for 72 h are attained with a slightly less acid 

zeolite (SiO2:Al2O3 280). We hope that our high pressure approach can facilitate the future 

industrialization of the methanol to aromatics process. 
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