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ABSTRACT. Among all catalytic natural gas valorization processes, methane 

dehydroaromatization (MDA) still has a great potential to be utilized at an industrial level. 

Although the use of Mo- ZSM-5 as MDA catalyst was first reported almost three decades ago, the 

process is yet to be industrialized owing to its inherent challenges. In order to improve the overall 

catalytic performance and lifetime, the co-feeding of water constitutes a promising option due to 

its abundance and non-toxicity. Although water’s (limited) positive influence on catalyst lifetime 

has earlier been exhibited, the exact course of action (like mechanism or the water effect on active 

sites) is yet to be established.  To bridge this knowledge gap, in this work, we have performed an 

in-depth investigation to elucidate the effects of water co-feeding over a well-dispersed Mo/H-

ZSM-5 catalyst by using an array of advanced characterization techniques (NMR, EPR, XRD, 

XPS, TG-TPO/MS, STEM, N2 Physisorption, Raman, ICP-OES). Our results demonstrate that the 

addition of water results in the occurrence of steam reforming (of both coke and methane) in 

parallel to MDA. Moreover, the presence of water affects the reducibility of Mo sites, as 

corroborated with computational analysis to examine the state and locality of Mo sites under 

various water levels and transformation of the catalyst structure during deactivation. We anticipate 

that our comprehensive study of the structure-function relationship on Mo/H-ZSM-5 under humid 

MDA conditions will be beneficial for the development of future methane valorization 

technologies.  

INTRODUCTION. 

Methane, the main component of natural gas, could be a cleaner source of energy and raw 

material for the synthesis of carbon-based chemicals. The high transportation costs of natural gas 

in comparison to other fossil fuels1 and the increasing anthropogenic methane emissions to the 

atmosphere (the concentration in 2018, 1857 ppb, is more than 2.5 times of levels in the pre-
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industrial era)2 have stirred intense research on on-site conversion to condensed hydrocarbons 

(Scheme 1). Although several syngas-based indirect technologies were developed and 

commercialized, there is a great interest from both industry and academia for the development of 

direct routes for converting methane. From a different perspective, methane valorization 

presumably will be a future hot research topic, owing to the strong worldwide efforts related to 

carbon capture and storage (CCS). Storing CO2 underground inevitably would further increase the 

worldwide methane content in coming decades. Therefore, it is essential to derive direct catalytic 

methane valorization technologies to produce value-added liquid fuel and chemicals.  However, 

such a direct conversion of methane is undoubtedly among the most important challenges in the 

catalytic science. This is mainly because of methane’s thermochemical properties (i.e., high first 

bond dissociation energy: 439.3 kJ/mol under standard conditions, small polarizability: 2.84 x 10-

40 C2m2/J, high ionization potential: 12.6 eV, high pKa: ~48).3 Over the last decade, the most 

significant success was accomplished in oxidative-coupling of methane (OCM) by Siluria and 

Linde-Engineering.4 Besides OCM, research activities on the non-oxidative methane 

dehydroaromatization (MDA), first achieved on Mo incorporated ZSM-5 catalyst by Wang et al. 

in 19935, is currently also gaining momentum.1,6–10 Aromatics, having vast applications (gasoline 

additives, detergents, dyes, insecticides etc.), are mainly manufactured by crude oil refining in the 

modern chemical industry10; however, MDA catalysis has a great potential to replace the existing 

processes since global natural gas (and biogas) production is increasing every year.11 The major 

obstacle in front of this process is the quick and inevitable deactivation of Mo/ZSM-5 due to the 

high coke selectivity. To upgrade the process and catalyst for potential industrial applications, 

understanding the active site formation and the reaction network is of utmost importance. In a 

recent study from our group12, the direct C-C bond formation on Mo incorporated ZSM-5 during 
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the early stages of the reaction was evaluated via advanced solid-state NMR techniques; revealing 

that both Mo-carbide and (methanol-to-hydrocarbons (MTH) like-) hydrocarbon pool (HCP)-

driven methane conversion pathways co-exist independently (involving both mono- and bi-

functional features of metal-zeolite catalyst). This understanding was developed by identifying 

acetylene (i.e., presumably the direct C-C bond-forming product from methane), methylidene, 

allenes, acetal, and surface-formate species as other crucial intermediates. 

 

Scheme 1. Although CH4 emissions, the second largest contributor to climate change, usually 

receive less attention than CO2, recent reports2,13 are showing that immediate actions should be 

taken against it. In addition to this, high costs of gas transportation in comparison to other fossil 

fuels are causing a drawback for its off-site utilization.1 Altogether, these issues make on-site 

conversion of methane to valuable chemicals and fuels an important topic for catalysis and reaction 

engineering communities. 

As might be expected; to inhibit coking and improve the lifetime of MDA catalysis on Mo/ZSM-

5, the addition of co-reactants (i.e., H2, CO, CO2, O2, NO, and H2O) has been considered in several 
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earlier attempts.14–23 Overall, those attempts showed that these reagents can enhance the catalytic 

lifetime to some extent. In the case of oxidants; even though they can extend the deactivation 

period, it was found that their concentrations should not go beyond certain limits due to three 

critical factors:17–19 (i) They can either poison the “activation period” or (ii) cause dealumination 

of the zeolite at high temperatures and, (iii) they may affect the type and spatial distribution of 

intermediates formed during the reaction in an uncontrolled way. For instance; dimerization and 

cyclization reactions can be retarded due to the competitive adsorption between water and some 

olefins on Brønsted acid sites (BASs).24 In the case of oxygen, the combustion of methane is 

difficult to prevent.25 The addition of CO and/or CO2 to the inlet stream was also found to have a 

narrow concentration range in which it can improve the catalyst lifetime of MDA.15,20 It was 

claimed that Boudouard reaction and dry-reforming were effective in the presence of CO2. 

However, while co-feeding CO, the reported results are ambiguous, as reports vary from neutral 

to (not so significant) positive influence.15,20 The most recent CO co-fed studies14,23 reported that 

it slightly improves the durability of the catalyst through protecting MoCx from being deactivated. 

The co-addition of hydrogen can suppress coking and extend the catalytic activity, but it may also 

decrease the formation rates of higher molecular weight hydrocarbons if it exceeds the critical 

concentration.20,22,26 In addition to the abovementioned co-reactants, Bhan and colleagues tested 

some C1-2 hydrocarbons containing acid, carbonyl and hydroxyl functional groups (i.e., acetic acid, 

ethanol, methanol, formic acid, acetaldehyde) as a co-feed in MDA catalysis.27–29 They found out 

that in the upstream of catalytic bed mainly oxygenate/CH4 reforming occurs and CO is the only 

oxygen-containing product at the outlet. Besides, they spotted the oxidation of some active Mo 

sites during co-feeding and found a critical methane/oxygenate ratio for aromatics formation. 

Beyond all these investigations; there are other issues related to process safety and economics 
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about co-feeding. For example; NO, CO and H2S are not desirable co-reactants for an industrial 

process because of their toxicity level. On the other side, H2 and CO2 may not be techno-

economically feasible in terms of their sources. Therefore; among the oxygenates listed above, 

H2O comes to the fore due to its high abundance, low-cost, and non-toxicity. Although preliminary 

studies highlights the benefits of water addition (i.e., improving the catalyst lifetime),16,18,19 a 

proper structure-function relationship is lacking, which is necessary to maximize the product yield 

and increasing the economic impact of MDA process. In this work, besides analyzing the impact 

of water molecules on overall performance and catalyst structure (zeolite and Mo sites) with multi-

modal experimental (NMR, EPR, XRD, XPS, TG-TPO/MS, STEM, N2 Physisorption, Raman, 

ICP-OES) and computational methods, we also shed light on the influence of water and its 

reforming products on the hydrocarbon formation mechanisms, which was never studied before in 

this extent.    

EXPERIMENTAL METHODS. 

Catalytic Activity Tests. All the catalytic performance tests, including the ones with labelled 

CH4 (
13CH4 and CD4), were carried out in a fixed bed reactor setup manufactured by PID Eng & 

Tech at atmospheric pressure, various temperatures and humidity levels. (Please see the further 

details in Section S1.2) Methane Conversion % (1), Product Yield for a Specific Product % (2), 

Total Yield % (not including CO & CO2) (3), and H2 Flow at the Outlet (ml.min-1 at STP) (4) were 

calculated as follows: 

𝑋𝐶𝐻4
=

𝐹𝐶𝐻4,𝑖𝑛−𝐹𝐶𝐻4,𝑜𝑢𝑡

𝐹𝐶𝐻4,𝑖𝑛
 × 100  (1)   

𝑌𝑥 =
𝐹𝑥,𝑜𝑢𝑡×(𝐶 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑥)

𝐹𝐶𝐻4,𝑖𝑛
 × 100 (2) 

𝑌𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑌𝑥 𝐴𝑙𝑙 𝑥 𝑒𝑥𝑐𝑒𝑝𝑡 𝐶𝑂,𝐶𝑂2
  (3) 

𝐹𝐻2,𝑜𝑢𝑡 = 𝑦𝐻2,𝑜𝑢𝑡 × 𝐹𝑡𝑜𝑡𝑎𝑙,𝑜𝑢𝑡  (4) 
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Catalyst Preparation and Characterization. 2 wt.% Mo/HZSM-5 catalyst was prepared via 

incipient wetness impregnation following the method described in reference12. All details about 

catalyst preparation and characterization are presented in the supporting information.  

RESULTS AND DISCUSSION.  

Methane Dehydroaromatization Performance of Mo/ZSM-5. This comprehensive study was 

conducted on the material with a Mo loading of ca. 2 wt. % and HZSM-5 with SiO2/Al2O3=26. 

Dispersion of Mo and other important features of the catalysts were studied and confirmed by N2 

Physisorption, Raman, XRD, STEM, ICP-OES, 27Al-NMR, EPR, NH3 TPD analyses (vide infra 

Supporting Info). In Figure 1, MDA performance of our catalyst in the absence of any co-feed is 

presented. As depicted, a low total product yield accompanied by high formation rates of CO and 

H2 in the initial 60 minutes (the first 2 data points in Figure 1a-b) indicates the reduction step of 

molybdenum sites, which is necessary for MDA process.30 After this period, the typical MDA 

activity of 2 wt.% Mo/H-ZSM-5 catalyst is becoming explicit. Total product yield (𝑌𝑡𝑜𝑡𝑎𝑙) and 

conversion (𝑋𝐶𝐻4
) reach their maximum values and then decay with time. The major aromatic and 

aliphatic product formation rates with respect to time-on-stream (TOS) are presented in Figure 1c 

and d, respectively. In addition to the ones displayed in Figure 1c and d, more aromatic (i.e., o-

xylene) and aliphatic (i.e., 1-butene/1,3-butadiene) species in the reactor effluent are detected; but 

their concentrations were relatively low. Figure 1e displays the performance of the model catalyst 

under non-oxidative conditions at 675, 700, 725 and 750 °C. The main differences among the 

experiments conducted at different temperature levels are the initial activity and deactivation time: 

The higher the reaction temperature becomes, the faster the deactivation gets, and the higher initial 

activity occurs (Figure S5-S6). For all temperature levels, the major contribution to total product 

yields comes from the aromatics (Figure 1e). Under these conditions (catalyst amount, space 
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velocity, time on stream etc.), the optimal temperature is found as 725 °C; since it has the highest 

cumulative methane conversion and ~60 % cumulative selectivity to aromatics and aliphatics after 

14-h MDA catalysis. 
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Figure 1. Catalytic activity of 2 wt.% Mo/H-ZSM-5 (250 mg) in the absence of water (11.8 mol% 

N2 and 88.2 mol% CH4 in the inlet, Total Gas Flow= 17 ml/min at STP) at atmospheric pressure 
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a) Conversion and Total Yield (without CO and CO2) at 725 °C, b)Yields of CO, CO2, and H2 

Flow at 725 °C, c) Yields of major aromatic products (benzene, toluene, and naphthalene) at 725 

°C, d) Yields of major aliphatic products (ethylene, ethane, and propylene) at 725 °C, e) 

Cumulative hydrocarbon selectivities and cumulative methane conversion for 14-hour 

performance test starting after the activation-induction period (after the 2nd data point) at different 

temperatures. The data for the catalysis test at 725 °C are reproduced from our previous 

publication12. 

Effect of Water Co-Feeding on MDA Catalysis. 

 

Figure 2. Catalytic activity of 2 wt.% Mo/H-ZSM-5 (250 mg) under PH2O= 0.020 atm (11.8 mol% 

N2, 86.2 mol% CH4 and 2.0 mol% H2O in the inlet, Total Gas Flow= 17 ml/min at STP) at 

atmospheric pressure and 725 °C: a) Conversion and Total Yield (without CO and CO2), b)Yields 
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of CO, CO2, and H2 Flow, c) Yields of major aromatic products (benzene, toluene, and 

naphthalene), d) Yields of major aliphatic products (ethylene, ethane, and propylene). 

As a next step, we investigated the effect of water and its concentration on the catalysis 

performance at 725 °C. When we introduced ca. 2.0 vol.% water to the inlet stream; major valuable 

product yields were not only elevated but also improved in terms of production lifetime (Figure 

2). Another difference noticed between the two cases (in the absence and in the presence of a 2 

vol.% water) is the methane conversion levels (Figure 1a and Figure 2a). It can be clearly seen 

that, along with the aromatic and aliphatic hydrocarbons, a significant contribution to higher 

conversion level upon addition of water is derived from the formation of CO (Figure 2b). Indeed, 

CO production remains in this case constant during the reaction while all other hydrocarbon yields 

(Figure 2c-d) change with time. These results indicate that CO production is independent of the 

MDA reaction network and suggests that reforming reactions (𝐶𝐻4 + 𝐻2𝑂 ⇌ 𝐶𝑂 + 3𝐻2 overall) 

occur parallel to dehydroaromatization (Section S2.2). Furthermore, the absence of CO2 (Figure 

2b) at the outlet after the induction period suggests that the water-gas shift reaction (highly 

equilibrium limited at 725 °C) does not contribute to the products significantly, in line with 

previous reports.20,31,32 Furthermore, the in-situ formed CO molecules as a result of reforming 

reactions may contribute to the enhancement of catalysis performance through protecting active 

Mo sites from being quickly deactivated due to the coke deposition on it (via CO dissociation).14,23 

To confirm this feature of CO, we performed additional CO co-feeding experiments. Although CO 

is not being consumed during the process (except the activation period), we have observed 

improvement in the product yields and slight enhancement on the catalyst lifetime (Figure S18-

S19) in comparison to conditions without any co-feds (Please see the further discussions in Section 

S2.3.3). When it comes to the formation of hydrogen (Figure 2b), it can be formed both via 
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reforming and MDA. Based on the earlier studies, hydrogen co-feed to MDA reaction does not 

promote the conversion of methane, but it can mitigate coke formation responsible for the catalyst 

deactivation.25 Therefore, the increase in hydrogen concentration (co-product of steam reforming) 

may contribute to the process by hydrogasification and/or preventing excessive dehydrogenation 

of some intermediates/products.33,34 To further gain insights into the effect of water, we have 

performed a control experiment by changing the reactant to 2H-isotope enriched CD4 from CH4 

(Figure S45). Herein, we intended to perform 1H NMR experiments to track 1H coming solely 

from the co-fed water. However, it is a complicated attempt, as zeolites are highly hygroscopic 

and tend to give a broad proton spectrum. Also, any special sample treatment (like drying the 

sample prior to the measurement) is not an option here, as we intend to track water down in the 

sample. Apparently, no significant differences in 1D 1H NMR spectra of samples have been 

observed under both dry and wet conditions at both 50 min and 2 hours (Figure S45a-c). Still, it is 

worth highlighting the well-defined resonance at ~7 ppm, which is already visible after a 50min 

reaction for the dry sample, contrary to the wet sample case. Considering its relatively narrow 

resonance, this peak could be attributed to mobile aromatics. Moreover, the aromatic species 

resolved well only after the two hour of reaction in the case of wet-sample, which essentially 

provides more justification of its less sensitivity than the dry sample. In order to have more 

accurate information, the 1H-1H DQ-SQ experiment35 has been performed to demonstrate that co-

fed water only contributed (albeit small) to the formation of aliphatic part of the zeolite-trapped 

organics (Figure S45d). 
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Figure 3. Catalytic activity of 2 wt.% Mo/H-ZSM-5 (250 mg) under different water concentrations 

(given in the graph as partial pressure, atm) at atmospheric pressure and 725 °C: a) Methane 

Conversion, b) Total Yield (without CO and CO2), c) H2 Flow, d) Benzene Yield, e) Ethylene 

Yield, f) CO Yield. 

The same catalyst (2 wt.% Mo/H-ZSM-5) was tested under various water concentrations at 725 

°C (Figure 3). It was observed that water positively influences on the product yields and methane 

conversion up to some water level (PH2O= 0.037 atm). The yields of all products (i.e. benzene, 

ethylene, and CO) (Figure 3d-e-f) were improved significantly, and there was a keen increase in 

hydrogen formation (Figure 3c) up to a H2O concentration of circa 3.7 vol.%; however, these were 

not continued beyond that point (Figure 3). When the water concentration in the inlet stream 

increased to ca. 10.7 vol.%, MDA catalysis was harshly inhibited. As depicted in Figure 3d-e, 

benzene and ethylene, two important products of MDA, became almost negligible under this 
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condition. In this case, we detected only benzene, ethylene, ethane, CO, and CO2 in the reactor 

effluent; other species (i.e., toluene, propylene, etc.) observed in lower water levels were not 

detected. Surprisingly, the obtained ethane yield in this experiment (Figure S10a) was comparable 

to the other experiments in terms of order of magnitude. These results suggest that: (i) For the 

formation of ethane-ethylene one does not need fully activated catalyst (complete Mo reduction 

and induction period), the partially reduced Mo sites (Figure S25b and Table S6) can form C2 

molecules from methane. This is also in agreement with Beale et al.36, where they reported partially 

reduced metastable Mo sites can achieve methane coupling. And most likely, detected low benzene 

formation under PH2O= 0.107 atm was resulted from the cyclization of C2s on BASs. (ii) Since 

most of the Mo sites are not completely activated (vide infra Section S2.6 and S2.9), it is expected 

that dehydrogenation on Mo sites would be hampered, and many oligomerization products would 

disappear. In line with this, in comparison to other conditions, we observed a significantly high 

ethane/ethylene ratio under 10.7 vol.% water concentration (Figure S13). These results suggest 

that ethane is the primary methane activation product in MDA catalysis, and ethylene forms via 

its dehydrogenation as proposed by Bhan et al.37. Besides, the sharp decrease in H2 and CO 

formation under 10.7 vol.% water concentration (Figure 3c, f) also implies that high-water level is 

detrimental for steam-reforming reactions. Furthermore, the cumulative product yields and 

conversion for all conditions were calculated to find the optimal humidity level at 725 °C for 14-

h catalytic test (Figure 4). The total methane conversion was significantly enhanced and made a 

peak point around 3.7 vol.%. However; one should be careful with the water concentration because 

as it increases, the total selectivity of valuable hydrocarbons (aliphatics and aromatics) starts 

decreasing significantly and CO is becoming the dominant product (Figure 4). Altogether, these 

show that there should be a limiting water concentration, as Ichikawa and colleagues suggested.19 
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When this limit is crossed, the reduction of Mo is hampered and thus the active sites to achieve 

MDA are not formed. As stated before, the steam-reforming reaction was also retarded under a 

H2O concentration of 10.7 vol.%, this implies that not only for MDA but also for steam-reforming 

activity one needs reduced Mo sites on the zeolite. To confirm this, we performed an experiment 

in which we fed dry methane until the end of activation/induction period (which is approximately 

initial 60 minutes of the experiments), and afterward we switched to the stream having high water 

concentration (PH2O= 0.107 atm) (Figure S14). We observed that after dry treatment, a H2O 

concentration of 10.7 vol.% did not retard MDA and reforming reactions; typical MDA 

performance was detected. Overall, this portrays that water/methane ratio is a critical parameter 

for the activation of the Mo sites.  

 

 

Figure 4. Cumulative hydrocarbon selectivities and cumulative methane conversion on 2 wt% 

Mo/H-ZSM-5 (250 mg) for 14-hour performance test starting after the induction period (after the 
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2nd data point) under different water concentrations (given in the graph as partial pressure, atm) at 

atmospheric pressure and 725 °C. 

To understand the temperature effect, other temperature levels were studied under the same 

humidity level (PH2O= 0.020 atm) (The detailed product distributions are presented in Figures S7-

S9). While water significantly enhanced the overall hydrocarbon formation and catalyst stability 

at temperatures equal/above 700 oC; it was detrimental to the activity of the catalyst at 675 oC. 

This showed that each temperature level has a distinct water range in which we can activate the 

catalyst, and the upper limit increases with increasing temperature. The yields of MDA products 

and the catalysis-lifetime were improved conducted at 700, 725 and 750 oC under a H2O 

concentration of 2.0 vol.% in comparison to their corresponding dry counterparts. However, CO 

yield was not affected by the temperature change, same for all three temperature levels and almost 

constant after activation-induction period. One may argue that at these three temperature levels we 

might have already converted all the water in the inlet, this can be the reason for the unchanging 

CO yields. However, there is an important finding rejecting this argument. By changing our 

catalyst with ones having higher SAR ratio (371) and/or higher Mo amount, we observed that CO 

yield under the PH2O= 0.020 atm significantly varied (Figure S12 – Table S2). This indicates Mo 

concentration and its distribution on/in the zeolite have great importance for the steam reforming 

reaction. For the scope of this study, we excluded the influence of Mo amount/distribution since it 

requires further intensive investigations.  
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Figure 5. a) Ethane/Ethylene, b) Ethane/Propylene, c) Ethane/C4 (1-Butene + 1,3-Butadiene), d) 

Benzene/Toluene, e) Benzene/Xylenes, f) Benzene/Naphthalene yield ratios for the catalysis tests 

performed with 2 wt.% Mo/H-ZSM-5 (250 mg) under different water concentrations (given in the 

graph as partial pressure, atm) at atmospheric pressure and 725 °C. The inset tables are cumulative 

yield ratios for 14-hour performance tests starting after the induction period. 

It is obvious that the formation rate of major aromatic and aliphatic products is increased upon 

the addition of water in a certain inlet composition. However, the trend of increase in yield of a 

specific product does not need to be the same with others. To understand what is changing with 

respect to inlet water concentration, we calculated yield ratios between some key products 

identified in the effluent gas (Figure 5). If one of the species has higher increase in its yield in 

comparison to others, its formation affinity is higher than the others. As it is depicted in Figure 5a-

c; ethane/ethylene, ethane/C4 (1-butene + 1,3-butadiene) and ethane/propylene yield ratios 

increase with the inlet water concentration. Clearly seen from Figure 5a-c, increasing the inlet 
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water concentration after some point does not improve the ethane related yield ratios. The yield 

ratios for benzene/toluene and benzene/xylenes (Figure 5d-f) also increase with respect to the 

water level. Like the ethane case, benzene formation affinity is higher than toluene and xylene 

formation affinities despite the enhancement in the overall net production rates (Figure 4). In the 

case of benzene/naphthalene ratio, it is a little bit complicated to assess the data. Based on the 

cumulative benzene/naphthalene ratio (inset Table in Figure 5f), benzene is becoming more 

favorable with the water introduction. When it comes to time-dependent data (Figure 5f), there are 

two different regions. In the initial periods of the catalysis, benzene/naphthalene ratio is decreasing 

with the water level. This means that steam-reforming enhances the net naphthalene formation rate 

more strongly than the net benzene formation rate in the early periods. Nevertheless, as the system 

approaches towards the deactivation, the ratio starts flipping around; and benzene production 

affinity is becoming higher than naphthalene production affinity with the increase in inlet water 

concentration (See Section S2.3.1). One of the reasons for these trends might be the higher 

concentration of H2, which is not only formed as a product of methane aromatization but through 

the reforming of CH4
16,27. To validate this, we performed H2 co-feeding experiment (Figure S15) 

and compared the yield ratios with H2O co-feeding data. For the yield ratios presented in Figure 

5, water and hydrogen result in very similar trends (Figure S16). The only difference observed was 

benzene/ethylene ratio. While H2O co-feeding slightly improved benzene/ethylene ratio, H2 co-

fed did not have a positive influence (Figure S17b). Aside from H2, CO co-feeding experiment 

also bears very similar trends (Figure S20); including benzene/ethylene ratio (Figure S20e). Since 

CO’s main effect on MDA catalysis is protecting the active Mo sites from the fast deactivation via 

dissociation on them (See Section S2.3.3), these results imply that stability and structure of active 

Mo sites play a key role in distribution of the products and formation affinities. Also, these 
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collectively reveal that different co-adjuvants may have different effects on active sites. In terms 

of aromatization, while both H2O and CO co-feeding delivered positive influence on 

benzene/ethylene ratio, H2’s role is almost neutral. Furthermore, it should be noted that water 

molecules can occupy BASs/form hydronium ions, thus there might be changes in the extent of 

BAS assisted dimerization/cyclization steps and consequent hydrocarbon pool mechanism.38  

Effect of Water Co-Feeding on Hydrocarbon Formation Mechanism. In order to provide 

more in-depth mechanistic information, advanced “mobility dependent” magic angle spinning 

(MAS) solid-state NMR (ssNMR) spectroscopy was performed on post-reacted 2 wt.% Mo/H-

ZSM-5 material after the MDA reaction at 725 °C, using fully 13C-enriched methane (13CH4) 

reactant (please see section S2.10.1 for detailed discussion in ESI). In this work, only the PH2O= 

0.020-spent sample has been included as, very recently, we have reported a ssNMR-based 

mechanistic investigation on its PH2O= 0.000-counterpart.12 The 1H−13C cross-polarization (CP),39 

1H−13C insensitive nuclei enhanced by polarization transfer (INEPT),40 and 13C direct excitation 

(DE) solid-state NMR spectra of the spent PH2O= 0.020_2hr catalyst displayed the response 

originating from unsaturated hydrocarbons (aromatics and olefins) and adsorbed methane only 

(Figure S40), which is similar to our previous results on dry samples.12 Both 2D 13C–1H and 13C–

13C correlation spectra collectively revealed (Figure S41-S42), the existence of zeolite-trapped 

(rigid and mobile) alkylated olefinic/(poly)aromatic species and numerous adsorbed forms of 

unreacted methane.41–45 Moreover, the existence of surface-formate species (cf. 170-173 ppm 

(13C)/~8 ppm (1H)), further provides support in favour of Koch-type carbonylation mechanism 

during the MDA process under wet conditions too.12,46 Although the utilization of a fully isotope-

enriched reactant increased the NMR signal intensities and allowed us to perform 

multidimensional ssNMR correlation experiments for the structural elucidation of the zeolite-
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trapped species, the sensitivity of post-reacted wet samples has not been fully satisfactory. Thus, 

we have decided to perform the acid-dissolution of post-reacted materials and subsequently, 

perform liquid NMR after extracting the organics from acid to organic-phase (i.e., so-called 

Guinset method).47  

2D HSQC (Heteronuclear Single Quantum Correlation)48 and HMBC (Heteronuclear Multiple 

Bond Correlation)49 proton-detected NMR experiments are performed to probe the 1H / 13C one-

bond connectivity and the 1H / 13C multiple-bond connectivity, respectively. As shown in Figure 

6, in the 1 H–13C one-bond correlation experiment (blue spectrum) the presence of aliphatic (1-3 

1H ppm /16–31 13C ppm) and aromatic (6-8.5 1H ppm /120–150 13C ppm) signals can be readily 

identified. By combining the HSQC and the HMBC spectra, we recognize the aliphatic resonances 

which belong to the same molecules (peaks connected by maroon lines). Moreover, in the HMBC 

(orange spectrum), at a resonance characteristic of methyl protons corresponds different carbon 

signals of methyl and ethyl groups (highlighted in the yellow box), revealing the presence of 

various branched paraffins. In a similar way, we can also identify correlations between aliphatic 

and aromatic signals (connected by dark green lines) as well as aromatic carbons with a proton 

chemical shift characteristic of aliphatic resonances, clearly showing the presence of methylated 

(poly)aromatics and/or methylated olefins. However, the majority of the aromatic moieties are 

non-substituted aromatics (blue dotted box). 
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Methane signal was also probed in both experiments, together with peaks corresponding to ether 

signals and diphenyl acetylenes (Figure 6). Interestingly, additional resonances are observed in the 

1H-13C multiple-bond correlation experiment. For instance, a peak at 45 ppm 13C and 0.87 ppm 1H 

could indicate an interaction with a Brønsted acidic OH group of the zeolite. Moreover, the 175 

(13C)/ 2.38 (1H) resonance is indicative of acetate moieties and the signal with 192 ppm 13C/ 7.8 

ppm 1H chemical shift possibly corresponds to aromatic aldehyde. 

Figure 6. 1H-13C heteronuclear single quantum coherence (HSQC, in blue) and heteronuclear 

multiple bond correlation (HMBC, in red) spectra, highlighting the presence of (a) unreacted 

methane molecules, (b) aliphatic region, (c) ether species, (d) alkynes (possibly direct C-C bond 
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containing species), (e) unsaturated hydrocarbons region (olefinic/aromatics species), (f) acetate 

and (g) aldehyde species. The spectra were obtained obtained after (13C-)methane 

dehydroaromatization reaction over  2 wt.% Mo/H-ZSM-5 at atmospheric pressure and 725 °C 

under PH2O= 0.020 atm (11.8 mol% N2, 86.2 mol% 13CH4 and 2.0 mol% H2O in the inlet, Total 

Gas Flow= 17 ml/min at STP) for 2 hour and followed by acid dissolution of post-reacted catalysts 

and subsequent extraction to organic solvent (CDCl3). 

Effect of Water Co-Feeding on Catalyst Structure. Since water was not heavily incorporated 

into the zeolite-trapped organics, it eventually prompted us to investigate the effect of co-fed water 

on the catalytic material itself. At our reaction condition, it is well-known that the water could 

dealuminate the zeolite material. Therefore, to probe the local atomic environment of aluminum 

and to monitor zeolite’s structural change during the reaction under different water levels, both 1D 

27Al MAS NMR and 2D 27Al multiple-quantum (MQ) MAS NMR were performed (please see 

section S2.10.2, Figure S46 and S47). For the fresh catalyst, in addition to the typical tetra-, penta-

, and octahedral Al sites, Anderson-type aluminum polyoxymolybdates (Al(OH)6Mo6O18) were 

observed at ~12 ppm after Mo introduction. Not detecting these species by XRD and Raman 

spectroscopy is suggesting that they were well dispersed in/on zeolite particles. In the case of spent 

catalysts (PH2O= 0.000, PH2O= 0.020, and PH2O= 0.107 atm) a higher degree of heterogeneity and a 

wider distribution in isotropic chemical shifts were observed: For the catalysts spent under wet 

conditions, a significant degree of distortion for the six-coordinated Al species (EFAL) was 

detected while EFAL was almost negligible on the PH2O= 0.000-spent material. Via MQMAS 

analysis, we also observed anisotropy of the tetrahedral Al signal, which can be correlated to the 

presence/amount of water in the catalysis experiments.  
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Furthermore, we evaluated basic crystallographic characteristics of the catalysts reacted under 

different humidity levels at 725 °C via XRD/Pawley analyses (See Section S2.11). Comparing the 

diffractograms of spent catalysts with its fresh predecessor, we observed gradual disappearance of 

characteristic doublets of ZSM-5 (in the range of 23.0-23.5° and 45.0-46.0°) as the level of 

humidity decreases. It was also noticed that the unit-cell dimensions evaluated applying Pawley 

refinement protocol were significantly distorted upon deactivation. Besides, STEM images of 

spent catalysts (Figure S27-S29) depict the formation of Mo nanoparticles. Especially PH2O= 

0.107-spent samples (Figure S29), represents much higher density of Mo nanoparticles in 

comparison to PH2O= 0.020-spent and PH2O= 0.000-spent (Figure S27-S28). Noteworthy, the 

emergence of Mo agglomerates is not detectable on the XRD patterns regardless of the reaction 

conditions they were exposed to, which indicates their amorphous nature. 

Another vital point is the water effect on molybdenum sites. Via XPS, only Mo6+ features are 

detected on the fresh catalyst (Figure S25a), but thanks to the sensitivity of EPR spectroscopy, the 

presence of Mo5+ in the pristine catalyst was observed as well (g=1.9731). (See the discussion in 

Section S2.9). By applying XPS spectroscopy on the spent catalysts (PH2O= 0.000, PH2O= 0.020, 

and PH2O= 0.107 atm), it was seen that most of Mo6+ sites were reduced (Figure S25b). Comparing 

the spectra for PH2O= 0.000-spent and PH2O= 0.020-spent samples made us conclude that in terms 

of molybdenum reduction and activity, there is no difference between the dry case and the wet 

cases (excluding PH2O= 0.107), but the water molecules are delaying the fast reduction/deactivation 

of Mo sites, which is enhancing the catalysis performance. When it comes to the XPS data for 

PH2O= 0.107-spent sample, lower oxidation states identified in the other two samples (i.e. Mo2+) 

was not detected, which explains the negligible MDA activity. Besides, Mo5+ species were 

detected on the catalysts spent under wet conditions (especially PH2O= 0.107) via EPR (g=1.9402, 
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Figure S39). This is most likely related to the defects in Mo clusters formed on the external surface 

during the process. 

Effect of Water Co-Feeding on Reduction and Stability of Mo Sites. To gauge and compare 

the stability of possible Mo species under varying water partial pressures, we turn to quantum 

mechanical calculations. First, we build a cluster model to mimic the monomeric and dimeric 

structures of Mo anchored ZSM-5 as full details are provided in the computational section of ESI 

(Figure S61-S63). Then, we carry out an in-depth thermodynamic analysis (see ESI for the 

proposed reaction network) for reduction-via-methane (Scheme S2, S5) and oxidation-via-water 

(Scheme S3, S4, S6, S7) reactions of respective Mo states under the conditions comparable to the 

experimental one (for more details please see section S3.4). In these analyses, we focus on various 

Mo structures having carbide/carbene forms since they are previously considered and proposed as 

MDA active sites.36,50–54 For both monomeric and dimeric structures, some of the carbene 

containing structures (i.e. MoCH2, Mo2CH2, Mo2C2(CH2)4) are more stable than carbide structures 

(i.e. MoC, Mo2C2) under some hydrogen concentrations during the reduction process (Figure S64-

S65 for monomeric and Figure S77-S78 for dimeric structures). It is known that introducing 

moderate amounts of H2O promotes the steam reforming reaction (Figure 3), which increases the 

overall H2 production, whose concentration is critical for the formation and stability of carbene 

intermediates. Since carbene containing structures are considered crucial intermediates for 

coupling and further oligomerization steps12,51,54,55, the improved lifetime of the catalyst with water 

co-feeding can be associated to increased hydrogen levels. 

The free energy profiles for oxidation and reduction reactions for monomeric systems, as a 

function of H2O partial pressure at constant PCO and PH2 (both 10-2 atm), are depicted in Figure 7. 

All energy plots point out the exergonic nature of MoO2 reduction reactions while oxidation of 
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carbide and carbenes, namely, MoC, Mo(CH2)2 and MoCH2, are exergonic only at significant H2O 

concentrations and surpasses the reduction reactions at very high H2O levels. Nevertheless, 

Mo(CH2)2  displays slightly different trends being prone to oxidation even at relatively lower H2O 

concentrations compared to MoC and MoCH2. Partial oxidation of all those carbene and carbide 

species to MoO is the most favorable, followed by complete oxidation to MoO2. Oxidation to Mo 

is also probable particularly for MoC and Mo(CH2)2 species, albeit thermodynamically less 

favored (see Figure S74a-S75a).  

Next, we continued with the dimeric Mo species and applied the same thermodynamic analysis 

as illustrated in Figure 8. All reduced dimeric carbide and carbene species facilitate the formation 

of oxo species at relatively high H2O partial pressures when there is significant CO and H2 in the 

system (both at 10-2 atm). As a result of oxidation, Mo2O5, Mo2O4 and Mo2O3 are the most favored 

structures at high water concentrations (see also Figure S87a, S88a, S89a). Oxidation from 

Mo2C2(CH2)4 and Mo2(CH2)4 to respective Mo-oxo species is more exergonic compared to Mo2C2 

due to their extremely reduced nature. In comparison to monomeric sites, oxidation of dimeric 

sites is far more exergonic that might indicate that polymeric Mo structures are more inclined to 

be oxidized. Furthermore, our analysis reveals that H2 and CO concentrations play critical roles 

(see Section S3.4). For instance, when H2 and CO are in negligible amounts (10-15 atm); oxidation 

reactions are far less exergonic; structures like MoC, MoCH2, Mo2C2 bear very high stability under 

significantly high-water levels (Figure S74b, S76b, S87b). This implies that even in the presence 

of high water concentrations, Mo sites lean toward reduction at the onset of the activation period 

(when there is no H2 and CO formation); however, the complete reduction cannot be achieved with 

the formation of H2 and CO in the reaction environment. This can be clearly deduced from the 

PH2O= 0.107-spent sample analysis exhibiting negligible MDA yet still with some H2 and CO 
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production (Figure 3). Overall, markedly favorable formation of MoO, Mo2O4 and Mo2O3 from 

monomeric/dimeric carbides/carbenes at high water levels points out Mo5+ and Mo4+ states as the 

most stable ones, which is in line with the XPS and EPR data of PH2O= 0.107-spent sample. 

Detailed mechanistic investigations conducted by Guanna et al.50 highlighted that partially reduced 

molybdenum sites are not as active as completely reduced carbidic sites. Thus, this explains the 

inhibition of MDA reaction at high water levels. Overall, DFT calculations corroborates the 

consistency between theory and experiment, thereby confirming the robustness of our 

methodology. 

 

Figure 7. a) Free energy profiles at 725 °C for monomeric Mo species as a function of H2O partial 

pressure: “reduction from MoO2” ( / 𝑀𝑜𝑂2 + (𝑥 + 2)𝐶𝐻4  ↔ 𝑀𝑜𝐶𝑥𝐻𝑦 + 2𝐶𝑂 + 2(2 +

𝑥 −
𝑦

4
)𝐻2), “oxidation to MoO2” ( / 𝑀𝑜𝐶𝑥𝐻𝑦 + (2 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜𝑂2 + 𝑥𝐶𝑂 + (2 + 𝑥 +

𝑦

2
)𝐻2), and “oxidation to MoO” ( / 𝑀𝑜𝐶𝑥𝐻𝑦 + (1 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜𝑂 + 𝑥𝐶𝑂 + (1 + 𝑥 +

𝑦

2
)𝐻2); PCO = 10-2.0 atm, PH2 = 10-2.0 atm, PN2 = 0.11 atm, PCH4 = 1 - PCO - PH2 - PN2 - PH2O. b) 
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Shorthand structures of DFT optimized cluster models (MoC, MoCH2, Mo(CH2)2, MoO and MoO2 

from left to right) for mononuclear Mo species used in free energy analysis. For further details, 

see Section S3.4. 

Figure 8. a) Free energy profiles at 725 °C for dimeric Mo species oxidation as a function of H2O 

partial pressure: “reduction from Mo2O5” ( / 𝑀𝑜2𝑂5 + (𝑥 + 5)𝐶𝐻4  ↔ 𝑀𝑜2𝐶𝑥𝐻𝑦 + 5𝐶𝑂 +

2(5 + 𝑥 −
𝑦

4
)𝐻2), “oxidation to Mo2O5” ( / 𝑀𝑜2𝐶𝑥𝐻𝑦 + (5 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜2𝑂5 + 𝑥𝐶𝑂 +

(5 + 𝑥 +
𝑦

2
)𝐻2), “oxidation to Mo2O4” ( / 𝑀𝑜2𝐶𝑥𝐻𝑦 + (4 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜2𝑂4 + 𝑥𝐶𝑂 +

(4 + 𝑥 +
𝑦

2
)𝐻2), “oxidation to Mo2O3” ( / 𝑀𝑜2𝐶𝑥𝐻𝑦 + (3 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜2𝑂3 + 𝑥𝐶𝑂 +

(3 + 𝑥 +
𝑦

2
)𝐻2), and “oxidation to Mo2O” ( / 𝑀𝑜2𝐶𝑥𝐻𝑦 + (1 + 𝑥)𝐻2𝑂 ↔ 𝑀𝑜2𝑂 + 𝑥𝐶𝑂 +

(1 + 𝑥 +
𝑦

2
)𝐻2); PCO = 10-2.0 atm, PH2 = 10-2.0 atm, PN2 = 0.11 atm, PCH4 = 1 - PCO - PH2 - PN2 - 

PH2O. b) Shorthand structures of DFT optimized cluster models (Mo2C2, Mo2(CH2)4, Mo2C2(CH2)4, 

Mo2O, Mo2O3, Mo2O4 and Mo2O5 from left to right) for dinuclear Mo species used in free energy 

analysis. For further details, see Section S3.4. 
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Effect of Water Co-Feeding on Coking and Recycling. Analyzing the coking in the spent 

catalysts under different humidity levels at 725 °C can provide some insight into how deactivation 

is being affected by water co-fed. From the TG-TPO/MS experiment results, it was observed that 

the total coke amount on/in the catalyst is greatly reduced upon increasing inlet water 

concentrations (Table S7), that is in line with the catalysis performance data (Figure 4), and the N2 

physisorption analyses (Figure S30 - Table S7). Furthermore, from DTG and normalized 

d(CO2)/d(t) curves (Figure S32 and S33), it was noticed that the peak position was shifting towards 

the lower temperatures upon increasing the water level. This is most probably related to the amount 

of coke formed (especially inside the pores) at different water levels, since there is no sharp 

difference in the MDA reaction mechanism in the presence of water. Next, we performed Cr-

assisted TG-TPO/MS experiments on some spent samples at 725 °C in order to discriminate 

between internal and external coke, since chromium oxides has little influence on the oxidation of 

internal coke while accelerating the oxidation of the external.56 It was realized that as the water in 

the inlet stream increases, the internal/external coke ratio is increasing (Figure S34 – Table S7), 

which implies that steam-reforming reaction is more effective on the active sites located on the 

external surface.  

Besides these, it is well-known that the coke accumulation inside the zeolite pores entails 

changes in unit-cell dimensions.57,58 In this study, we carried out principal component analysis 

(PCA) on a set of unit cell data (S2.11.1 of Supporting Information), derived from Pawley 

refinement of a number of catalysts acted in different conditions, to find which parameter can 

better describe the catalyst structure in terms of deactivation. As can be observed from PCA biplots 

(Figure 9a), the unit cell parameters such as “c”, “b/c”, “b” and “V/a” provide a more significant 

contribution to a variance of component 1. Notably, the parameter “c” shows the greater magnitude 
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of such deviance among others (“c”>”b”>”a”, Figure 9c) and; therefore, there can be an 

alternative descriptors for the catalyst (MFI) deactivation in place of the one (“a-b”) suggested by 

Svelle et al.58. This finding can be explained with the directions of the channels in MFI topology 

and bulk modulus: Since straight and (relatively narrower) sinusoidal channels are propagating 

along “b”- and “a”- axes, respectively; it would be anticipated that coke accumulation would 

induce greater expansion of the framework on c-direction, particularly considering its higher 

flexibility in comparison to other directions.58 Also, the correlation diagrams summarize the 

interrelation between the coke content along with textural properties of the catalysts (Figures S56, 

S57) and unit cell variables, further corroborating a strong correlation of parameter “c” with the 

main characteristics of the catalyst deactivation.  
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Figure 9. a) Biplots of the principal component analysis (PCA) for unit cell parameters in the 

ZSM-5 samples (fresh and after catalytic test at different conditions) derived from Pawley 
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refinement. The principal components (component 1 and component 2) explained 98% of the total 

variation in unit cell data. Red dots represent sampling data; arrows represent unit cell parameters: 

black solid – active variables, black dashed – linearly dependent variables, red dashed – linearly 

dependent variables used as deactivation descriptor by Svelle et al.58 and blue solid – variables 

with a maximum contribution. b) Scatter of unit cell c-axis value as a response to the conditions 

in which ZSM-5 was treated. c) Illustration of ZSM-5 unit cell expansion during the deactivation 

of the catalyst: Among all three directions, “c” shows the strongest variance. For more details, see 

Section S2.11.1. 

The re-usability after dry and wet catalysis tests was another question. To study this, first we 

regenerated the PH2O= 0.020 and PH2O= 0.000-spent catalysts under air flow at 550 °C, and 

examined the samples with 1D 27Al MAS NMR (Figure S46), 2D 27Al MQMAS NMR (Figure 

S47), XRD/Pawley refinement (Figure S51 and S55), XPS (Figure S25a), Raman (Figure S24a), 

and N2 Physisorption (Figure S31). Upon the regeneration, the primary characteristic features of 

Mo-ZSM-5 materials were mostly recovered for both cases. The catalysis tests for both 

regenerated samples at their corresponding conditions showed no deterioration in the overall 

performance (Figure S21 and S22).  

CONCLUSION. 

In summary, besides highlighting the benefits of limited water co-feeding on overall MDA 

activity, it was found out that the steam-reforming reaction also requires activated Mo sites, and 

proceeds parallel to MDA. The most prominent outcome of this work is revealing that water is not 

a game-changer in the typical MDA reaction mechanism observed after the activation-induction 

period. While CO among the reforming products can involve in Koch-type carbonylation on BASs 

and further lead to acetal formations (which we have identified in our previous work12 as well) or 
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may dissociate on active Mo sites to some extent and contribute to the hydrocarbon formation14,30, 

CD4-H2O experiments showed us that hydrogen molecules have almost negligible participation in 

the hydrocarbon formations. However, these hydrogens arisen out of water conversion can 

thermodynamically affect the extent of de/hydrogenation, cyclization, and alkylation reactions 

occurring in the hydrocarbon pool. Moreover, our detailed experimental and computational studies 

showed that water concentration is playing a key role in Mo reduction taking place at the beginning 

of the process. When it exceeds the limits, only partial reduction can be achieved which is not 

enough for notable methane conversion to valuable chemicals. Furthermore, the thermodynamic 

analysis depicts that H2 from reforming reactions can enhance the stability of Mo-carbene 

structures which are considered crucial for MDA. Therefore, there must be an elaborate interplay 

between H2 and H2O compositions that invoke the prudent design of MDA catalyst. Beyond all of 

these, our statistical investigations on crystallographic features, textural properties and coke 

contents exhibited that “c” direction of MFI unit cell bear a close correlation with the catalyst 

deactivation. Altogether, our findings could help to unravel the structure-function relationship with 

the ultimate goal of developing techno-economically feasible catalytic processes to convert 

methane to aromatics.  
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