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Abstract: A co-reaction of methane with methanol over zeolite catalysts has emerged as a new approach to the long-standing 
challenge of methane transformation. However, the effect of catalyst acid properties on the co-reaction has been rarely studied. In 
this study, a series of HZSM-5 zeolites with comparable diffusion abilities and various acidities were synthesized directly through 
steaming with 100% water vapor at 693 K. The co-reaction of methane and methanol was subsequently evaluated. Brønsted acidity 
at 0.262 mmol/g was detected to reach the maximum methane conversion of 5.42% at 673 K, which was also the odd point in the 
relationship between acid concentration and C4 hydrogen transfer index. Moreover, the influence of methanol feed was investi-
gated over parent and steamed ZSM-5 catalyst, with results showing that excessive acid sites or methanol molecules reduce 
methane conversion. It is proposed that acid sites adsorbed with methanol molecules construct the methane activation sites. Hence, 
a proper design of zeolite acidity should be achieved to obtain higher methane conversion in the co-reaction process. 
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1  Introduction  
 

With high levels of CH4 emission and the inev-
itable depletion of oil reserves, interest and demand 
are growing to find a direct method of converting 
methane to valuable products (Karakaya et al., 2016; 
Vollmer et al., 2018). Nevertheless, the high energy of 
the C‒H bond at 435 kJ/mol makes it a huge chal-
lenge to make this conversion to upgraded petro-

chemicals (Xu et al., 2012; Cao et al., 2013; Spivey 
and Hutchings, 2014; Schwach et al., 2017). Tradi-
tional oxidative coupling reactions can convert me-
thane to high value-added chemicals, but the large 
amount of CO and CO2 produced reduces the carbon 
utilization efficiency greatly (He et al., 2019b). In 
current procedures, the conversion of pure methane in 
an anaerobic environment requires extreme temper-
ature conditions (>973 K) under thermodynamic 
limitations (Morejudo et al., 2016).  

Co-reaction, which creates more preferable 
converting conditions successfully, is one of the most 
efficient strategies to achieve methane conversion to 
olefins, alkanes, alcohols, etc. (Choudhary et al., 2005; 
Wang et al., 2016; Jarvis et al., 2018; Li et al., 2018; 
He et al., 2019a). For example, methane and propane 
could be converted to aromatics over an Mo-H-BEA 
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catalyst at 773 K through 13C cross polarization/magic 
angle spinning (CP/MAS) nuclear magnetic reso-
nance (NMR) spectrum (Luzgin et al., 2013). It has 
also been shown that methane and heptane could be 
transformed into hydrocarbons over a Zn-Ga/ZSM-5 
catalyst at 673 K and 3 MPa (Li et al., 2018). It is 
worth noting that the co-reaction method reduces the 
activation barrier, and also activates methane at a 
lower temperature, improving carbon utilization.  

Methanol is inexpensive and is readily produced 
from various sources; the reaction from methanol to 
hydrocarbons is exothermic, while the methane  
dehydro-aromatization process is endothermic. The 
co-reaction of methane with methanol is reported to 
overcome the inertness of C‒H bonds in methane, 
while heat neutralization is also reached (Mier et al., 
2010). The zeolite ZSM-5 has been widely used in 
this co-reaction due to its unique channel structure, 
thermal stability, acidity, and shape-selectivity (Mo-
hammadparast et al., 2015). Over Mo/HZM-5, this 
co-reaction reaches a long time steady state (60 h) 
with high methane conversion rate (26.4%) and  
benzene-toluene-xylene (BTX) selectivity above 90% 
at 973 K (Liu et al., 2016). Through loading Ga, Zn, 
Mo, and In ions on ZSM-5 zeolites for methane 
conversion with methanol, it was proved that these 
ions activate methane in combination with zeolitic 
protons (Choudhary et al., 2005). Also, bimetallic 
supported ZSM-5 was found to lead to a maximum 
methane conversion of 15.5% with 88.7% aromatic 
selectivity at 923 K (Majhi and Pant, 2014).  

Both metal cations and zeolite acidity are im-
portant for methane activation. Previous reports have 
mainly focused on the effect of the metal center on 
methane activation, such as the impact of metal con-
tent, metal species, and existing forms (Liu et al., 
2016). In contrast, few studies have been conducted 
on the role of zeolite acidity in the methane-methanol 
co-reaction (Taifan and Baltrusaitis, 2016). Acidity 
can influence catalytic performance, lifetime, and 
coke formation in reaction processes (Gao et al., 
2016). Studying the activation of methane by acidic 
sites of catalysts is important for guiding the design 
and synthesis of catalyst frameworks. Besides, it also 
lays the theoretical foundations of further research on 
the synergy between metal centers and acidic sites. 

Research on the effect of acidity on catalytic 
performance has involved the preparation of a series 

of catalysts with different Si/Al ratios (Lin et al., 2014) 
or the destruction of the catalyst skeleton by means of 
post-treatments (steaming treatment, acid/alkali 
treatment) (Lin et al., 2015). The effects of Si/Al ratio 
on the performance of ZSM-5 in methanol aromati-
zation were investigated in (Gao et al., 2016), but 
variation in crystallinity occurred, with considerable 
changes in specific surface area and pore volume. 
Though protonic acid properties strongly influence 
catalytic performance in zeolite catalytic reactions, 
studies have also shown that the impact of crystal size 
and pore properties on the catalytic performance of 
zeolites cannot be ignored (Fernandez et al., 2010; 
Mohammadparast et al., 2015; Niu et al., 2017).  

Therefore, while maintaining the same crystal 
structure and pore diffusion properties of zeolites, the 
influence of acid properties on catalytic performance 
should clearly be studied. In the present study, the 
co-reaction of methane with methanol was studied 
over a series of steam-treated HZSM-5 zeolites. We 
primarily focused on the effects of zeolite acidity on 
methane conversion and product distributions. Based 
on our results, the correlation between acid concen-
tration and methane conversion rate is discussed and 
the methane activation site is proposed. 
 
 
2  Experimental 

2.1  Catalyst preparation 

Samples of HZSM-5 with a SiO2/Al2O3 ratio of 
25 were obtained from Nankai Catalyst Co., Ltd., 
China. Once catalyst powder was tableted under 
30 kg pressure, tablets were crushed and sieved 
through 20–40 meshes (0.42–0.84 mm). Subsequently, 
it was calcined at 773 K in ambient air for 2 h to re-
move the residual template. The fresh catalyst (C-0) 
was loaded in the middle of a 10 mL tube reactor. 
Steaming was done in 100% water vapor at 
0.6 gH2O/gcatalyst/h and 693 K for 1.5 h, 3 h, 6 h, and 
12 h. Catalysts were then dried at 378 K for 4 h. Cat-
alysts in this series were named as C-1.5 (1.5 h 
treatment), C-3 (3 h treatment), C-6 (6 h treatment), 
and C-12 (12 h treatment), respectively. 

2.2  Catalyst characterization 

The X-ray diffraction (XRD) process was  
performed using an X’Pert PROX/PANalytical  
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diffractometer with a Cu-Kα X-ray source at 40 kV 
and 34 mA in the 2θ range 5°–80°, and a scan rate of 
2 (°)/min. A scanning electron microscope (SEM; 
SU-8010) was used to collect SEM images. The ele-
ment distribution over the zeolite surface was analyzed 
by energy dispersive X-ray (EDS; X-max80). The 
concentrations of Si and Al were recorded on an in-
ductively coupled plasma-optical emission spectro-
scope (ICP-OES, Agilent 5110). A physical adsorption 
instrument (Micromeritics, ASAP2020) was used for 
N2 adsorption experiments. The NH3 temperature- 
programmed desorption (NH3-TPD) was performed 
using a chemical adsorption instrument (Quantachrome, 
ASiQ). Data were collected with an 27Al NMR spec-
tra Bruker Avance III HD (400 MHz) nuclear mag-
netic resonance (NMR) spectrometer.  

The intelligent gravimetric analyzer (IGA, 
Hiden analytical) was used to conduct the diffusion 
experiments. Catalyst samples were placed in the 
reactor and outgassed first in a vacuum environment 
at 673 K for a period of 24 h, at the end of which N2 
(300 mL/min) was introduced from the gas cylinder to 
flow through the catalysts for 3 h. During this process, 
the total mass of catalyst and nitrogen adsorbed in the 
pores was recorded. Fick’s second law (Eq. (1)) was 
used to describe the diffusion of N2 molecules in the 
pores of the zeolite catalyst and Eq. (2) was used to 
calculate the diffusion coefficient Di,k. 
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where Mi,t is the amount of component i adsorbed in 
the catalyst at time t, g; Mi,∞ is the equilibrium ad-
sorption amount of component i, g; Di,k is the con-
figuration diffusion coefficient of component i in the 
catalyst, m2/s. 

2.3  Catalyst activity test 

A sample of 0.96 g catalyst mixed with glass 
beads as an inert was loaded to the fixed-bed reactor 
at 673 K, 1 atm (1 atm=101 325 Pa). The co-reaction 
conditions were: WHSVCH3OH=2 h−1, PCH3OH=30 kPa, 
PCH4=30 kPa (WHSV is the weight hourly space ve-
locity, and P is the partial pressure). For comparative 
research, methanol feed experiments were carried out 
under the same catalyst and gas velocity with 
WHSVCH3OH=2 h−1 and PCH3OH=30 kPa. An online 
Agilent 7820A gas chromatograph (GC) was used to 
analyze product composition. 

The conversion of methane and methanol, and 
the selectivity of products were calculated as follows: 
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where ω represents the CH2-based mass fraction.  
 
 

3  Results and discussion 

3.1  Structural characterization of the zeolites 

Fig. 1 shows the XRD patterns of fresh ZSM-5 
and the zeolites of various acidities treated by 
steaming. Results indicate that all six zeolites exhibit 
MFI topology and high purity. The degree of the rel-
ative crystallinity, that was determined from the peak 
area between 2θ=22.5°–24.5° with a reference to C-0, 
is listed in Table 1. All treated samples show the same 
relative crystallinity after steam treatment.  

The SEM images of zeolites are shown in Fig. 2, 
while Fig. 2a depicts the morphology of prismatic 
crystals, which is consistent with the description of 
the MFI phase described in (Bjørgen et al., 2008). A 
higher degree of aggregation in the crystal morphol-
ogy is demonstrated in Figs. 2b–2e. After different 
steam treatments, the catalyst morphology remains 
the same. 
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Table 1 summarizes the results of elemental 
analysis of H-ZSM-5 samples by ICP-OES. The Si/Al 
ratio increases along with an increasing duration of 
steam treatment, as steaming leads to the extraction of 
Al from the framework with an impact on the Si/Al 
ratio (Groen et al., 2005). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The element distributions of C-0 and C-12 are 
presented in Fig. 3, where the elements Si, O, and Al 
show uniform distributions on the surface of a single 
zeolite crystal. Points A and B were also selected for 
elemental scanning, with results shown in Table 2. 
Following 12 h of steam treatment, the Al content on 
the surface of the catalyst is reduced significantly, 
which is consistent with the results for ICP-OES. 

Results for N2 adsorption are shown in Fig. 4. 
Due to the presence of micropores, each sample 
shows a steep rise in the curves at a relative pressure 
of 10−6<P/P0<0.01. At higher P/P0 values, the 
adsorption curve displays a hysteresis loop and 
belongs to the type IV isotherm, while the closure 
point of the loop is at P/P0=0.45, implying the 
presence of 1.7–2.0 nm mesopores. The Brunner- 
Emmet-Teller (BET) method and the t-plot method 
were applied to calculate the specific surface area and 
pore volume, while the density functional theory 
(DFT) method was used to calculate pore size dis-
tribution, with results shown in Table 3. Due to 
steaming, the area and volume of micopores de-
creased, and no significant differences were found 
among the steam-treated catalysts. The pore diameter 
of C-0 was 3.27 nm, while this increased to 3.74 nm 
after 12 h steaming as shown in Fig. 4b. It has been 
reported that steaming can generate mesopores by 
extracting Al from the zeolite lattice while reducing 
the number of micropores and increasing that of 
mesopores (Janssen et al., 2001), which is in ac-
cordance with our results.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Crystallinity and elemental analysis results for 
ZSM-5 samples 

Catalyst Relative crystallinity* SiO2/Al2O3
** (molar ratio)

C-0 1.00 27.95 
C-1.5 0.98 28.15 
C-3 1.00 28.29 
C-6 1.08 29.06 
C-12 0.98 30.31 

* By comparing the XRD peak intensities at 2 of 22.5°–24.5° with 
those of the reference C-0 sample; ** Detected by ICP-OES 
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Fig. 1  XRD patterns of ZSM-5 samples 

Fig. 2  SEM images of fresh ZSM-5 C-0 (a) and steam-treated ZSM-5 C-1.5 (b), C-3 (c), C-6 (d), and C-12 (e) 
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The diffusion coefficients of nitrogen in the ze-

olites at 673 K are listed in Table 3. The values of 
these coefficients are 0.77×10−10–5.54×10−10 m2/s, 
indicating that steaming has negligible effects on the 
diffusion behavior of small molecules.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Acidity of the zeolites 
 
Results for NH3-TPD are shown in Fig. 5, 

whereas Table 4 shows molar concentrations of acid 
in zeolites. As the duration of steam treatment 

Fig. 3  EDS patterns of C-0 (a) and C-12 (b) 

Table 2  Element contents of C-0 and C-12 tested by SEM-EDS (in weight) 

Element 

Element content (%) 

C-0 C-12 

Point A Point B Area C Point A Point B Area C 

O 65.47 67.96 67.75 70.10 69.18 69.01 

Al 2.95 3.01 3.03 2.34 2.31 2.40 

Si 31.58 29.03 29.21 27.56 28.51 28.59 

Table 3  Textural properties of HZSM-5 and steam-treated catalysts 

Catalyst 
Surface area* (m2/g) Pore volume* (cm3/g) Pore diameter*  

(nm) 
Di,k

**  
(×10−10 m2/s)Total Micro External Total Micro Meso 

C-0 418 308 110 0.34 0.13 0.21 3.27 1.04–4.18 
C-1.5 387 281 106 0.32 0.12 0.20 3.32 1.39–5.54 
C-3 389 274 115 0.34 0.12 0.22 3.48 0.77–3.10 
C-6 381 270 111 0.33 0.12 0.21 3.43 0.91–3.66 

C-12 386 274 112 0.36 0.12 0.24 3.74 0.71–2.84 
* Detected by N2 adsorption; ** Calculated through Eq. (2) 
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Fig. 4  N2 adsorption results for the fresh and steam-treated ZSM-5 zeolites 
V is the volume of adsorbed N2; d is the diameter of pore in zeolite 
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increases, acid concentration decreases from 1.166 to 
0.474 mmol/g, and temperature (T) values for the 
peaks shift to the ‘low’ zone.  

In order to confirm the distribution of aluminium 
within the ZSM-5 environment, 27Al MAS NMR was 
performed on catalysts, with relevant spectra shown 
in Fig. 6. The strong signal at 54 ppm (1 ppm=1×10−6) 
corresponds to tetrahedral framework aluminum 
(FAL) entering the zeolite framework, while the weak 
signal at 0 ppm corresponds to octahedral extra- 
framework aluminum (EFAL) atoms. The FAL and 
EFAL contents of the zeolites are calculated from the 
integrated peak intensities in the spectra and listed in 
Table 4. With steam treatment time increasing from 0 
to 12 h, the mass fraction of EFAL increases from 
11.28% to 21.85%, while the mass fraction of FAL 
decreases from 88.72% to 78.15% correspondingly. 
In fact, steaming has been shown to potentially cause 
the migration of framework aluminum, because 
bonds formed by Si-O-Al are generally less stable 
than those formed by Si-O-Si, and are susceptible to  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
attack by water vapor (Brandenberger et al., 2011; 
Niwa et al., 2012). Thus, FAL atoms preferentially 
fall off the zeolite framework to form EFAL.  

3.3  Catalyst activity  

3.3.1  Catalytic performance  

The co-reaction of methane with methanol was 
carried out over C-0 and the steam-treated catalysts. 
At time of stream (TOS)=60 min, methanol conver-
sion was 100% in all of the experiments. As shown in 
Fig. 7a, along with the increase of catalyst acid con-
centration, methane conversion increases initially 
before declining, reaching a maximum conversion of 
5.42% at 0.692 mmol/g. Compared with the methane 
dehydro-aromatization reaction (Table S1), the co- 
reaction with methanol can activate methane at a 
lower temperature. The selectivity of alkanes and 
aromatics shows a continuous increment, while that 
of ethylene and propylene shows a reduction parallel 
with rising acid concentration.  

For a comparison with the co-reaction, a cata-
lytic reaction of methanol was conducted. The 
methanol was converted completely at TOS=60 min, 
with a product distribution shown in Fig. 7b. As acid 
concentration increases, the selectivity of alkanes and 

Table 4  Acid concentrations and Al distributions in 
fresh and steam-treated ZSM-5 zeolites 

Sample 
Acid concentration* 

(mmol/g) 
Mass fraction (%) 

EFAL** FAL***

C-0 1.166 11.28 88.72 

C-1.5 0.992 12.12 87.88 

C-3 0.692 15.05 84.95 

C-6 0.597 21.31 78.69 

C-12 0.474 21.85 78.15 
* Detected by NH3-TPD; ** Calculated results of 27Al NMR, δAl≈ 
0 ppm; *** Calculated results of 27Al NMR, δAl≈54 ppm (δAl is the 
chemical shift of 27Al)  

Fig. 6  27Al-MAS-NMR spectra of fresh and steam-
treated ZSM-5 zeolites 
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aromatics grow in turn, while that of ethylene (C2
=) 

and propylene (C3
=) decreases. This could be at-

tributed to a surge in the olefin cyclization reaction 
and the deep alkylation reaction parallel with the 
increase of acid concentration (Bjørgen et al., 2008; 
Ilias and Bhan, 2013; Gao et al., 2016). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When comparing Figs. 7a and 7b, products fol-

low the same trend as acid concentration. This is 
attributed to the small amount of methane carbon 
converted, in comparison with methane (5%) and 
methanol (100%) conversion.  

The C4 hydrogen transfer index (C4 HTI) is of-
ten used to describe the catalytic activity in the reac-
tion from methanol to hydrocarbons (MTH) (Mentzel 

et al., 2009). This index is defined as the combined 
yields of isobutane and n-butane divided by the total 
yield of C4 alkanes and alkenes, and it constitutes a 
convenient measure of the hydrogen transfer activity 
of the catalyst (Bjørgen et al., 2008). As a function of 
acid concentration for methanol reaction and co- 
reaction of methane with methanol, it is presented in 
Fig. 8. With the acid concentration increasing from 
0.474 mmol/g to 0.692 mmol/g, C4 HTI rises sharply 
from about 0.70 to 0.91; as acid concentration rises 
further from 0.692 mmol/g to 1.166 mmol/g, it rises 
more slowly from 0.91 to 0.94, as shown in Fig. 8. It 
is speculated that acids at 0.692 mmol/g are sufficient 
for the hydrogen transfer reaction under the current 
reaction conditions. Therefore, further increasing acid 
concentration would not show a significant effect on 
the C4 HTI index. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.2  Effect of methanol concentration on methane 
activation 

The influence of methanol concentration on 
methane conversion was investigated over catalysts 
C-0 and C-3 under the following conditions: T=673 K, 
WHSVCH4=2 h−1, PCH4=30 kPa, WHSVCH3OH=2 h−1, 
2.5 h−1, and 3 h−1. According to the results for catalyst 
C-0, methane conversion increases first with the  
increase of WHSVCH3OH, and then decreases after 
reaching a maximum at 2.5 h−1, as shown in Fig. 9a. 
On the C-3 catalyst (Fig. 9b), methane conversion 

Fig. 8  C4 HTI index of the methanol reaction and the 
methane and methanol co-reaction  
Methanol and methane co-reaction: 0.96 g catalyst, T=673 K, 
WHSVCH3OH=2 h−1, PCH3OH=30 kPa, PCH4=30 kPa, TOS=
60 min; methanol reaction: 0.96 g catalyst, T=673 K, 
WHSVCH3OH=2 h−1, PCH3OH=30 kPa, TOS=60 min 
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gradually decreases as WHSVCH3OH increases, with a 
maximum at 2 h−1.  

Based on the conclusion in Section 3.3.1, acid 
concentration is sufficient for the co-reaction under a 
current feed condition of WHSV=2 h−1. By further 
increasing WHSV, acid sites would gradually reach 
adsorption saturation, and excess methanol molecules 
would compete with methane molecules in the system 
resulting in a decrease in methane conversion. As acid 
concentration in C-3 is lower than that in C-0, as 
space velocity increases, C-3 reaches the maximum 
methanol conversion first at 2 h−1, while C-0 reaches 
this point later at 2.5 h−1. 

3.3.3  Proposal of methane activation sites in the 
co-reaction 

Active sites for methane conversion do not exist 
on zeolites at 673 K (Taifan and Baltrusaitis, 2016), 
but can form when methanol is present. In co-reaction 
conditions, methanol is the first molecule to be ad-
sorbed at active acid sites, which can be readily un-
derstood from the 126 kJ/mol difference between the 
proton affinities of methane (628 kJ/mol) and meth-
anol (754 kJ/mol) (Sowerby et al., 1996; Haw, 2002; 
Chang et al., 2007). In the ZSM-5 catalyst, Brønsted 
acids are associated with four-coordinated FAL, while 
Lewis acid sites correspond to EFAL (Yu et al., 2011). 
The catalytic activity with aluminum oxide was also 
observed (Table S2). Aluminum oxide is not active in 
the conversion of methane and methanol, which 
means that Brønsted acids are the only effective ac-
tive centers for the co-reaction (Sharanda et al., 1995; 
Li et al., 2011).  

As is shown in Fig. 7, methane conversion 
reaches its maximum on catalyst C-3, which contains 
Brønsted acids at 0.262 mmol/g (Fig. S1). Methanol- 
adsorbed Brønsted acid sites form the active centers 
for methane activation. However, methanol is more 
easily adsorbed compared with methane. Therefore, 
excess methanol in the system compete with methane 
and is not conducive to methane conversion, which is 
consistent with results shown in Fig. 9. 

 
 

4  Conclusions 
 

In this study, HZSM-5 zeolites with different 
acid concentrations were synthesized through steam  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

treatment, and were used for co-reaction of methane 
with methanol at 673 K, 1 atm.  

With an increasing duration of treatment, the 
acid concentration of the catalyst declines signifi-
cantly regardless of crystal size, pore structure, or 
diffusion properties, which are similar or comparable 
among catalysts.  

As the acid concentration in zeolite increases, 
methane conversion reaches a maximum of 5.42% on 
zeolite C-3, which contains Brønsted acids at 
0.262 mmol/g. Furthermore, the effect of methanol 
concentration on methane conversion differs on fresh 
and steam-treated catalysts, while the maximum me-
thane conversion rate is reached at WHSVCH3OH= 
2.5 h−1 on C-0 and at WHSVCH3OH=2 h−1 on C-3. 

On the basis of these results, it is proposed that 
methane is activated at acid sites of the zeolite that has 
methanol molecules adsorbed. Excessive amounts of 

Fig. 9  Methane conversion in the methane and methanol 
co-reaction on catalyst C-0 (a) and catalyst C-3 (b) 
Reaction conditions: T=673 K, PCH3OH=0.1 MPa, PCH4=
30 kPa, WHSVCH4=2 h−1, WHSVCH3OH=2 h−1, 2.5 h−1, and
3 h−1 
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catalyst acid or too many methanol molecules inhibit 
methane activation. This provides guidance for cata-
lyst selection in the co-reaction of methane with 
methanol, aimed to achieve higher methane conver-
sion rates under mild conditions. 
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