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Abstract 

The interaction between methanol and the Heulandite-type zeolite has been unveiled to give an atomic scale detail 

regarding the catalytic activity of this zeolite for methanol conversion. The study was carried out by first principle 

molecular dynamics to get an insight into the structure and electronic behaviour of methanol inside the zeolite 

structure at different temperatures. The behaviour of methanol was studied when the location of the proton of 

Brönsted acid sites was varied to give both possible direct and less interaction with methanol. The results show 

that methanol interacts with the proton from zeolite to give a cationic species of [CH3OH2]+ both in 300 and 573 K 

conditions. However, when the proton is located at different location far from possible interaction with methanol, 

the formation of a cationic species is hindered. This study provides an insight into the design of Heulandite type 

zeolite to give a catalytic activity toward methanol transformation.  
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1. Introduction 

Zeolite is a class of nanoporous materials 

which have periodic arrangement of aluminosili-

cate to give various archetypes of porosity [1,2]. 

Currently, there are approximately 255 differ-

ent topologies which have been reported in the 

International Zeolite Database [3]. Many of 

those topologies are reported as synthetic zeo-

lites, but there are also many zeolite topologies 

which are formed naturally through possible ge-

ological activities. Several examples of naturally 

occurring zeolite are mordenite (MOR), heu-

landite (HEU), stilbite (STI), chabazite (CHA), 

offretite (OFF) etc. [3,4]. Many of natural zeo-
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lites have been successfully synthesised as their 

counterpart to further modify their structural 

behaviour or functionality towards many appli-

cations [5–7]. 

Computational studies on the interaction of 

zeolite and guest molecule have been reported 

in many literatures to understand the potential 

application of zeolite in many areas. Several ex-

amples are given such as the confinement of wa-

ter cluster in zeolite pore to give an insight into 

the fate of water inside the bulk zeolite [8–10]. 

Besides water cluster, the interaction between 

alcohols and zeolite have been studied computa-

tionally highlighting the significance important 

of atomic level interaction [11,12]. Another host-

guest study is the computational study on the 

adsorption of aromatic compounds, such as ben-
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zene, toluene and naphthalene [13]. However, 

the used of zeolite as heterogenous catalyst is 

one of the most important aspects in zeolite ap-

plication. The computational studies on the cat-

alytic activity of zeolite towards methanol 

transformation have been reported highlight-

ing the complex reaction that might occur due 

to simple interaction between methanol and ze-

olite [14,15]. Most of the studies are utilizing 

first principle calculation, such as density func-

tional theory as well as modelling through clas-

sical molecular dynamics. 

Owing to the zeolites structure diversity, 

they have been used in industrial process par-

ticularly in catalysis technology. Currently, 

transforming methanol into more valuable 

chemical precursors becomes an important pro-

cess in industry. However, catalysts are usually 

required to give an efficiency and selectivity to-

wards the product of methanol transformation 

[16,17]. Many zeolite topologies have been stud-

ied in term of their catalytic performance to-

ward the conversion of methanol to other valu-

able chemicals [18–21]. However, modification 

of the zeolite surface is also possible to increase 

the efficiency and selectivity of the product by 

incorporating various metal, such as Cu, Ni, Pd 

etc. For example LTA type zeolite has been in-

vestigated towards their catalytic activity for 

methanol oxidation reaction by introducing 

metal ions, such as Cu and Ni [22]. Another 

study shows that the confinement effect of the 

zeolite cavities might also affect the methanol 

conversion to olefin [23].  

Heulandite type zeolite as a part of natural 

zeolite has been reported in term of its synthet-

ic strategies for modifying the surface function-

ality and stability [24,25]. Heulandite is usual-

ly found to have a low Si/Al ratio (<6) which 

sometimes contains metal ions impurities. In 

recent study, synthetic Heulandite type zeolite 

was reported to have higher Si/Al ratio up to 

9.8 [25]. This opens new possibilities to use this 

zeolite in many applications particularly catal-

ysis. Heulandite contains three different pore 

environment which can be used as a space for 

guest molecules during catalytic activity. The 

largest pore in Heulandite structure is a 10-

member ring (10MR) with the size of approxi-

mately 11 Å which is large enough to host 

small molecules, such as methanol. Two other 

pores of 8MR channels have diameter of ap-

proximately 7 Å. Heulandite and its isostruc-

tural type which is clinoptilolite have been re-

ported for several applications such as adsorp-

tion of hydrocarbon [26,27] and water [28,29], 

cation exchange [30] and catalysis [31].      

However, reports about the interaction be-

tween methanol and Heulandite type zeolite is 

still scarce. 

In this study, the structural behaviour of 

methanol inside the cavity of Heulandite type 

zeolite is reported. Methanol was placed inside 

the largest pore (10MR ring) to identify its in-

teraction with the surface of Heulandite. The 

Heulandite structure was modified to accom-

modate Al atom distribution which is following 

the Lowenstein rule. However, the acid sites 

were situated at two different positions where 

methanol in the largest pore is able to interact 

with the proton and the second configuration is 

that the proton is inaccessible to methanol 

within the 10MR ring. To unveil the behaviour 

of methanol inside the Heulandite structure, 

first principle molecular dynamics were con-

ducted at two different temperatures of 300K 

and 573K. 

 

2. Materials and Methods 

2.1 Computational Methods 

The crystal structure was taken from the 

International Zeolite Database (IZA) with the 

code HEU. All density functional theory (DFT) 

calculations were performed within CP2K mod-

ule [32]. DFT calculation was performed to op-

timize the initial structure of all silica Heu-

landite structure and Al-substituted heuland-

ite with Si/Al ratio of 11. The position of Al was 

adjusted to follow the Lowenstein rule and po-

sitioned at the crystallographic sites of T2 and 

T3 sites. The selection of this sites follows our 

previous report where the Al atoms will be rel-

atively stable if they are positioned in T2 and 

T3 sites [13]. Geometry optimization was per-

formed using the generalized gradient approxi-

mation of Perdew-Burke-Ernzerhof (PBE) func-

tional with DZVP basis set for every atom. This 

selection of basis set was thoroughly studied in 

previous study to obtain optimized structures 

which conform to the reported literature [13]. 

Goedecker-Teter-Hutter (GTH) pseudopoten-

tial was used to treat the core electrons. An en-

ergy cut-off of 450 Ry was used throughout the 

calculations. The convergence criteria for the 

self-consistent field was set to be 1×10−5 Har-

tree with the maximum force of 0.00045 Har-

tree/Bohr. Single point energy was used to ex-

amine the energy and electronic properties by 

employing auxiliary density matrix method 

(ADMM) with the hybrid DFT method of 

HSE06 with 25% of the short-range Hartree-

Fock exchange (HFX) and Grimme D3 van der 

Waals correction. The total charge of the zeo-



 

Bulletin of Chemical Reaction Engineering & Catalysis, 17 (3), 2022, 544 

Copyright © 2022, ISSN 1978-2993 

lite structure and methanol was calculated fol-

lowing the Mulliken partition method for all  

atoms in the unit cell. 

Ab initio molecular dynamics (AIMD) were 

conducted on four configurations. The first 

structure is the Heulandite zeolite with the 

Si/Al ratio of 11. The second and third configu-

rations are the Heulandite structure in the 

presence of a methanol molecule at two differ-

ent temperatures of 300 and 573 K. Methanol 

with the molecular size of 2.372 Å was located 

inside the 10MR ring. In this case, one of the 

protons of Brönsted acid is located on the sur-

face of 10MR which is in direct contact with 

methanol. The fourth configuration is the Heu-

landite zeolite with methanol, but the location 

of the proton was adjusted to be inaccessible to 

methanol in the 10MR cavity. 

The structural dynamics of Heulandite and 

its interaction with methanol were examined 

using AIMD with the basis set of DZVP for eve-

ry atom. The PBE functional was used with the 

addition of the D3 dispersion correction scheme 

by Grimme (DFT-D3). An energy convergence 

for the self-consistent field (SCF) calculation 

was set to 1×10−5 Hartree and calculated using 

the limited-memory of Broyden-Fletcher-

Goldfarb-Shanno algorithm. An energy cutoff of 

450 Ry was used in all AIMD simulations. The 

calculations were performed under NVT at 

temperatures of 300 and 573 K. The timestep of 

the integration of motion was set to 0.5 fs. A 

canonical sampling through velocity rescalling 

(CSVR) thermostat was used to control the 

temperature with a time constant of 50 fs. The 

changes in atomic coordinates were stored in 

trajectory files. An equilibrium phase was set 

to 2.5 ps followed by the production phase of 

7.5 ps. All data reported here are based on the 

production phase. 

 

3. Results and Discussion 

3.1 Structural Dynamics of the Heulandite-

type Zeolite 

The stability of zeolite structure can be esti-

mated according to the number of Al compo-

nents in the structure. It is known that the 

lower ratio of Si to Al lead to the less thermal 

stability of the structure [33]. To unveil the 

characteristic of all silica Heulandite and the 

presence of Al within the structure, DFT calcu-

lation was performed with the structures given 

in Figure 1. The optimized structure of all sili-

ca Heulandite has been confirmed to have unit 

cell parameters of a = 17.5823 Å, b = 17.7341 Å 

and c = 7.4295 Å. These unit cell dimensions 

are in accordance with the experimental data 

obtain from the X-ray diffraction experiment 

and from the IZA database with a = 17.520 Å, b 

= 17.640 Å, and c = 7.400 Å. However, the unit 

cell dimensions reported in the literatures can 

Figure 1. The structure of all silica Heulandite (a), Heulandite with Si/Al of 11 with various location of 

Al (b-c). The electron density of all silica Heulandite (d) and Al-substituted Heulandite (e) is also given. 
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vary depending on the experimental set up and 

the condition of the samples such as the pres-

ence of cations within the heulandite structure 

or activated samples [34,35]. In term of the 

bond distance especially Si−O, it has a length 

of approximately 1.62 Å. This bond distance is 

similar to the reported value of 1.6 Å [36,37]. 

The presence of Al within the structure is 

clearly disturb the structural characteristic of 

all silica Heulandite. This can be observed from 

the bond distance of Al−O which has bond 

length of 1.70 Å. This is relatively longer than 

the bond distance in Si−O. However, Al con-

nected to O(H) has greater bond length of 1.93 

Å as shown in Figure 1(b) and (c). The signifi-

cance of longer bond in Al−O may correlate 

with their stability as lower Si/Al ratio tends to 

give a lower structural stability. The correla-

tion between bond length and the ratio of Si/Al 

has an impact to the stability of zeolite. As the 

number of Al in the zeolite structure increases, 

it has more Al−O bond which is longer in bond 

distance than Si−O bond. A longer bond dis-

tance due to Al−O can be related to the ease of 

bond breaking compared to the shorter bond in 

Si−O. Therefore, a high Si/Al ratio is preferably 

to maintain the structural stability due to 

small number of Al. The coordination nature 

between Si and O as well as Al and O can be 

observed from the electron density given in 

Figure 1(d) and (e). In all silica heulandite 

(Figure 1(d)), the electron density around Si−O 

bond is relatively close in gap. However, when 

Si is replaced with Al, the electron density 

around Al−O has longer gap as illustrated with 

the black arrow in Figure 1(d) and (e). This im-

plies that the coordination nature of Si−O is 

relatively stronger than Al−O. Therefore, de-

signing zeolite material with relatively higher 

Si/Al ratio is benefit to the structural stability. 

Figure 2. The structure of HEU type zeolite showing the location of Al atoms and bond distance with 

the longest Al1−O1 distance in AIMD simulation (a). RDFs of Al and Si to O atoms are shown in (b) 

and (c) while the evolution of several bond distance along the production phase of AIMD is given in (d). 
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The position of Al within the structure also 

affects the structural characteristics especially 

the size of the pore such as diagonal pore size 

as given in Figure 1(a)-(c). In all silica Heu-

landite, the size of the diagonal pore is approxi-

mately 11.68 Å which is expanding when Al is 

positioned in the 10MR ring to give a diagonal 

pore of 11.73 Å (see Figure 1(b)). However, 

when Al is positioned far from the 10MR 

(Figure 1(c)), the diagonal pore is at 11.62 Å. In 

term of the energy of the structure, this study 

provides two different positions of Al within the 

structure of Heulandite as shown in Figure 1(b) 

and (c). The first structure corresponds to the 

location of Al within the 10MR ring, while the 

second structure is Al with the location not on 

the surface of 10MR ring. The second structure 

is relatively more stable than the first struc-

ture with energy different of only approximate-

ly 6 kJ/mol. This energy range is still within 

the reported energy range [13]. In this study, 

the Al atom is located in T2 and T3 sites in ac-

cordance with the previous experimental and 

computation studies [37,38]. 

The structural behaviour of the Heulandite 

zeolite in the presence of Al (Si/Al ratio of 11) 

was also examined through AIMD. As seen in 

Figure 2(a), the bond length of Si−O is in aver-

age 1.60 Å similar to the reported value for oth-

er zeolite types, such as mordenite and chaba-

zite [36,37]. This is confirmed by the radial dis-

tribution function (RDF) of Si to O given in Fig-

ure 2(c). However, when Si is connected to O 

atom which is bonded with hydrogen (O1), the 

Si−O1 distance increases slightly to 1.71 Å. In 

case for Al−O, there is an elongation of bond 

distance. The evolution of Al−O and Si−O dis-

tance was examined as seen in Figure 2(b) and 

(d) based on the type of oxygen atom connected 

to Al. An example is given for Al1 which is con-

nected to O2 to give an average bond distance 

of 1.71 Å. However, Al1 connected to O1 with 

hydrogen in its neighbour has slightly longer 

bond distance of 1.93 Å in average with the 

longest bond distance during 7.5 ps of produc-

tion phase is 2.06 Å as seen in Figure 2(a). An-

other type of important interaction is the dis-

tance between O1(zeolite) and hydrogen as the 

Brönsted acid sites. The hydrogen is stabilized 

in the zeolite pore located close to Al atoms 

particularly on the O atom with a distance of 

0.98 Å (see Figure 2(d)). The spatial location of 

hydrogen will probably determine the interac-

tion with guest molecules such as methanol. 

 
3.2 Interaction of Methanol with HEU 

In this study, a molecule of methanol was 

placed inside the 10MR ring in the Heulandite 

structure as given in Figure 3. The optimized 

structure from static DFT in Figure 3 indicates 

possible interaction between methanol and the 

surface of 10MR ring especially at the hydro-

gen from the zeolite as Brönsted acid site. The 

adsorption energy is calculated to be −147.2 

kJ/mol indicating an exothermic process. Look-

ing at the structural behavior, it shows that 

the hydrogen of zeolite (Hz) is located approxi-

mately 1.21 Å from the oxygen of zeolite. This 

distance is relatively longer than Hz to oxygen 

of zeolite (0.98 Å) without the presence of 

methanol (see Figures 1(b) and 2(d)). This indi-

cates an interaction between hydrogen of zeo-

lite (Hz) and oxygen of methanol (Om). Further 

examination is observed from the electron den-

sity around methanol as shown in Figure 3(b). 

There is an overlap of electron densities that 

Figure 3. The optimized structure (a) and electron density (b) of Heulandite in the presence of metha-

nol. 
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occur at oxygen of zeolite, Hz and methanol as 

highlighted with the black arrow. 

To unveil the structural behaviour, AIMD is 

performed to reveal the interaction nature of 

methanol with Heulandite. The calculations 

were performed at 300 and 573 K. The temper-

ature was chosen to compare the behaviour of 

methanol inside the Heulandite framework at 

approximately room temperature (300 K) and 

elevated temperature (573 K). In addition, the 

temperature at 573 K has been reported experi-

mentally to be the induction period where the 

transformation of methanol has been occurred 

to give the products such as olefins and light 

hydrocarbons [16]. However, a higher tempera-

ture has also been reported for methanol trans-

formation. 

The first observation is for the Al−O and 

Si−O bond distance at different temperature 

(see Figure 4(a)). At 300 K, the Al−O distance 

is approximately 1.85 Å and it increases slight-

ly to 1.87 Å at 573 K. The same observation is 

also given for Si−O bond with the length of 

1.66 Å at 300K and 1.67 Å at 573 K. This ob-

servation confirms that zeolite is very stable at 

high temperature (in this case 573 K) without 

Figure 4. The bond distance of several structural composition in Heulandite type zeolite in the pres-

ence of methanol (a-e) and interaction between methanol and the proton of Brönsted acid sites (f). 
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significant changing in its structural integrity. 

However, the number of Al in the framework 

might influence the structural stability as the 

lower Si/Al ratio led to less stability than the 

one with higher Si/Al ratio. Difference in tem-

perature also affects the size of the diagonal 

pore in Heulandite structure as shown in Fig-

ure 4(b). The size of the 10MR pore indicated 

by horizontal and vertical diagonal show an os-

cillating behaviour especially at 573 K. The 

vertical size of the 10MR pore is approximately 

11.7 Å which is longer than the horizontal size 

at 10.5 Å measured from two oxygen atoms at 

the longest distance (see Figure 4(b)). 

The structural behaviour of methanol inside 

zeolite structure is unveiled based on the hy-

drogen of zeolite (Hz) to oxygen of zeolite (O1) 

(Hz−O1) (Figure 4(d)), Hz to oxygen of metha-

nol (Om) (Hz−Om) (Figure 4(c)), and Om to car-

bon of methanol (Cm) (Om−Cm) (Figure 4(e)). 

In the first case (Hz−O1), the absence of metha-

nol in the zeolite structure gives bond length of 

Hz−O1 to be 0.98 Å which then increase in 

length due to the presence of methanol within 

the pore. At 300 K, the Hz−O1 bond length is at 

1.00 Å at the lowest up to 1.62 Å at the highest 

in the presence of methanol. The same observa-

tion occurred at 573 K, where the Hz−O1 bond 

length increase to 2.12 Å at the longest dis-

tance as seen in Figure 4(d). The elongated 

bond occurs due to the interaction between hy-

drogen (Hz) as the Brönsted acid and the oxy-

gen of methanol (Om) (Figure 4(c)) to give a 

methoxonium molecule [CH3OH2]+. The pres-

ence of methoxonium ion has been investigated 

in previous study both experiment and compu-

tational studies (see Table 1). This ion is the 

initial precursor for further transforming 

methanol into various chemicals through many 

possible pathways, such as carboncation mech-

anism, carbene mechanism, free radical mecha-

nism, etc. [16]. In our calculation, the methoxo-

nium ion has been formed as the precursor of 

possible various chemicals such as olefins and 

light hydrocarbons. Previous studies have also 

confirmed that such ionic species might occur 

during the interaction of methanol and the 

Brönsted acid sites of zeolite such as in MFI 

and ZSM-5 [14,15]. Additional several studies 

are listed in Table 1 regarding the interaction 

between methanol and zeolite. 

No Type of zeolite Methods or setup Reference 

1 H-ZSM-5 Catalytic reactor at 130 ºC and 190 ºC [39] 

2 H-zeolite Calculation with MP2 method and microkinetic studies [40] 

3 H-ZSM-5 AIMD at 670 K and DFT calculation [41] 

4 H-MOR Catalytic reactor at 100 ºC to 300 ºC [42] 

5 H-ZSM-5 AIMD at 300 K [15] 

6 HSAPO-34 DFT [43] 

7 H-ZSM-5 and H-SAPO-34 Characterization using multinuclear solid-state NMR [44] 

8 H-ZSM-5 Catalytic reactor at 100 – 350 ºC [45] 

9 H-Mordenite Catalytic reactor at 473 K to 573 K [46] 

Table 1. List of several studies on the use of zeolite for methanol transformation. 

Figure 5. The electron density of methanol in selected structural configurations showing the interac-

tion between methanol and Hz. An isosurface of 0.15 au is applied for all figures. The net molecular 

charge is given for methanol including the Hz charge. Al, Si, O, C and H are shown as magenta, yellow, 

red, brown and white colour, respectively. 
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The presence of methoxonium ion is con-

firmed by the net molecular charge of 

[CH3OH2]+ to give +0.72e based on the Mulli-

ken partition (see Figure 5), while the zeolite 

has negatively charge of −0.72e due to the in-

teraction of proton with methanol. Consequent-

ly, the bond distance of oxygen of methanol 

(Om) and carbon of methanol (Cm) is also 

slightly elongated. At 300 K, the Om−Cm has 

bond distance of 1.37 Å at the lowest and 1.59 

Å at the longest distance, while the longest 

Om−Cm at 573K is at 1.62 Å (see Figure 4(e)). 

As a reference, the Om-Cm bond distance of an 

isolated methanol is 1.43 Å. Therefore, the in-

teraction between H (Brönsted acid sites) and 

Om lead to the possible activation of methanol 

which is beneficial for transforming methanol 

to other valuable compounds, such as olefins 

and hydrocarbon. 

To further confirm the interaction between 

methanol and zeolite surface, the electron den-

sity of selected configurations along the pro-

duction phase was assessed as given in Figure 

5. When the distance between methanol dan 

Hz is slightly longer at 1.62 Å (Figure 5(a)), the 

electron density shows a gap between those 

components indicating no interaction. This is 

further confirmed by calculating the net molec-

ular charge of methanol plus Hz to give 

0.3394e. When the net charge of Hz is not in-

cluded, the net charge of methanol will be 

0.1042e which is close to be a neutral molecule 

of methanol. The distance between methanol 

and Hz is becoming shorter inducing a distor-

tion in the electronic density while increasing 

the net molecular charge of methanol plus Hz 

(see Figure 5(b)-(d)). Further decrease in dis-

tance, Hz is attached fully to methanol to give 

Figure 6. The optimized structure (a) and electron density (b) of the HEU zeolite in the presence of 

methanol obtained from the static DFT. The RDF of oxygen of methanol to Al (a) and the bond distance 

of Om to Cm along the production phase of AIMD (b) are also given. 
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[CH3OH2]+ ion with the net molecular charge of 

0.7226e as seen in Figure 5(e) and (f). 

 

3.3 Effect of Brönsted Acid Location 

The design of zeolite catalyst might require 

adjusting the number or location of proton act-

ing as the Brönsted acid sites. This can be per-

formed by varying the Si/Al ratio and structur-

al investigation to locate their position within 

the zeolite framework [47–49]. In this study, 

methanol was placed inside the largest pore 

(10MR) where the proton location is not facing 

out that pore. In Figure 6(a), the optimized 

structure of Heulandite structure in the pres-

ence of methanol is given indicating different 

behaviour of methanol which is relatively long-

er in distance to the surface of the 10MR ring. 

Since minimum interaction might occur, the 

bond length of oxygen of methanol (Om) to the 

carbon of methanol (Cm) is shorter than it in 

the first configuration (see Figure 3(a)) with a 

value of 1.43 Å. The electron density of Heu-

landite structure in the presence of methanol 

also indicates less interaction as no possible 

electron density overlap as seen in Figure 6(b). 

In addition, the adsorption energy is at −42.1 

kJ/mol which is higher than the first configura-

tion. This energy consideration indicates that 

methanol is preferably interacting with the 

bulk zeolite through possible Brönsted acid 

sites. 

Further investigation is conducted by using 

AIMD approach. The spatial location of oxygen 

of methanol (Om) to aluminium can be differen-

tiate according to the RDF as given in Figure 

6(c). When proton is also located on the surface 

of the 10MR pore, methanol (Om) is relatively 

close to the Al atom with an approximate dis-

tance of ~3.5 Å indicating interaction between 

methanol and proton as shown by the red line 

of Figure 6(c). In the second configuration 

where proton is not facing out the 10MR pore, 

the RDF of Om to Al has the closest distance at 

approximately ~5.5 Å (see the blue line of Fig-

ure 6(c)). This condition might lead to the less 

activation of methanol to become more reactive 

species. The less activation of methanol can al-

so be seen from the bond distance of Om−Cm 

with the lowest distance at 1.35 Å and the long-

est distance is at 1.55 Å as given in Figure 6(d). 

 

4. Conclusion 

The interaction between methanol and Heu-

landite type zeolite has been assessed to give 

an atomic insight how methanol can be activat-

ed into possible cationic species of [CH3OH2]+ in 

the presence of acid sites on the zeolite surface. 

The interaction can be identified based on the 

structural behavior of methanol and the acid 

sites. An elongated Oz−Hz bond is observed in-

dicating the transfer of proton from the zeolite 

surface towards methanol (Om). This species 

can be confirmed from the electronic density 

plot. When methanol is still far from proton, 

electron density shows no overlap, however 

when methanol has interacted with proton, an 

overlap of electronic density can be observed. 

In addition, the effect of proton location also in-

fluences the formation of this cationic species. 

When the location of proton is not accessible to 

methanol, a longer possible distance between 

Om and Al in the zeolite framework is observed 

as indicated by the RDF of Om−Al. This study 

provides an insight into the use of Heulandite 

type zeolite as catalyst for methanol transfor-

mation. 
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