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Abstract


The methanol-to-hydrocarbons (MTH) process is a very advantageous way to upgrade methanol to more valuable commodity chemicals such as light alkenes and gasoline. There is general agreement that, at steady state, the process operates via a dual cycle “hydrocarbon pool” mechanism. This mechanism defines a minimum number of reactants, intermediates, and products that must be present for the reaction to occur. In this paper, we calculate (by three independent methods) the volume required for a range of compounds that must be present in a working catalyst. These are compared to the available volume in a range of zeolites that have been used, or tested, for MTH. We show that this straightforward comparison provides a means to rationalize the product slate and the deactivation pathways in zeotype materials used for the MTH reaction.
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1. Introduction


The methanol-to-hydrocarbons (MTH) process is a very useful way to upgrade a commodity chemical (methanol) to more valuable materials such as light alkenes and gasoline [1]. The process uses an acid catalyst, usually the proton form of ZSM-5, H-ZSM-5, although SAPO-34 is used when olefins (methanol-to-olefins, MTO) are the target product [2,3]. Since its discovery [4] in the 1970s the reaction has been extensively investigated [5,6]. The reaction proceeds through three stages: an induction phase, operation at steady state and deactivation. There is general agreement that, at steady state, the reaction proceeds via a dual cycle “hydrocarbon pool” mechanism [5,6,7], see Figure 1.



In this mechanism, the alkene cycle is established first and this feeds the arene cycle. Figure 1 is clearly an oversimplification of the process, as there must also be several intermediates present. In addition to the polymethylated benzenes shown, the arene cycle also produces methylated polycyclic aromatic hydrocarbons, such as naphthalenes and anthracenes [8]. However, it defines the minimum number of species that must be present for the mechanism to function.



The effect of the zeolite’s geometry on the type of products and the catalyst’s deactivation have been studied several times. Bleken et al. [9] looked at the MTH reaction in four different 10-ring zeolites. The common channel size meant that the products that could diffuse out of the zeolite were largely the same in all cases, but the different topologies resulted in different cage sizes. They found that the catalyst lifetime varied dramatically, with the larger cavity zeolites deactivating faster due to the formation of polyaromatic hydrocarbons that could not escape, hence causing pore blocking. Goetze et al. [10] investigated three small-pore zeolite catalysts with different cage sizes interconnected by small eight-ring windows for MTO. They found that the amount and type of coke species in the deactivated catalyst depended on the zeolite framework and the reaction temperature. Signorile et al. [11] studied five zeolites with different connectivities and ring sizes for MTH, and showed that the nature of the major deactivating species depended on the size of the channels.



It is clear from these studies [9,10,11] that the size and shape of the channels and pores play a crucial role in determining both the type of catalysis (MTO vs. MTH) and the nature of the molecules that cause pore blocking and hence catalyst deactivation. In this paper, we explore how the size of the reactants and products influence both the chemistry that can occur and the pore blocking.




2. Results


Table 1 lists a variety of molecules that are relevant to MTH chemistry. Methanol is the reactant, the rest have been detected in either (or both) the product stream [4,8] or by post-reaction analysis [10,11]. Figure 2 shows the structures of the parent polycyclic aromatic molecules that have been observed.



We used three different methods to determine the molecular volume (see Section 4 as this is not a well-defined parameter. It can be seen that the Molinspiration [12] values (which are calculated as a sum of group contributions) are consistently smaller than those based on experimental values (crystal structure [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32] and density [33]). However, while the absolute values differ between the methods, in all three cases the trends are similar and they match chemical intuition, e.g., phenanthrene is larger than toluene.



Obtaining the available volume in a zeolite or related material, e.g., SAPO-34, an aluminosilicophosphate, is more complex. The International Zeolite Association (IZA) database [34] lists the available volume as a percentage of the unit cell, but does not state how this is determined. The Connolly method [35,36] ‘rolls’ a sphere over an object to determine the available volume. We calculated the available volume using spheres of 1 and 5 Å diameter. The former gives an estimate of the total volume present, the latter, the volume that is accessible by an aromatic molecule (Table 1, last column). We report both the IZA and the Connolly values in Table 2 for ZSM-5 and the materials discussed in [9,10,11].



For the zeolites, there are several trends apparent. The volume available per unit cell varies by around a factor of 20 for both methods. This is a reflection of the different unit cell volumes of the materials, [37,38,39,40,41,42,43,44,45,46,47], and the different topologies. Both methods show approximately the same trends, although there is a marked difference between the values: up to a factor of four for the 1 Å data and up to ~2.5 for the 5 Å data. The Connolly method always gives a larger volume.



There is a caveat in that the available volume does not give the whole story. This is illustrated in Figure 3 for the MFI structure. While the ball-and-stick diagram on the left apparently shows several channels, the same view with the Connolly surface superimposed (middle 1 Å, right 5 Å) shows that some of the space is associated with channels that are too narrow to allow ingress and egress of reactants, intermediates, and products, and these channels do not appear in the 5 Å Connolly surface. The range spanned by the IZA and 5 Å Connolly values, probably represent the best estimate of the available volume.



However, even within these limitations, Table 1 and Table 2 provide some insights into the MTH reaction. By inspection of the dual cycle mechanism, Figure 1, it is apparent that at steady state, the minimum number of species for the alkene cycle to function is two: methanol and a higher alkene (>4 C atoms, we use 1-octene as an example). This requires a minimum volume of 180–320 Å3 (Table 1, the range is given by the smallest (Molinspiration) and largest value (density) values). In reality, it is highly likely that more than two molecules will be present. Methanol is the carbon source in MTH; it is activated by reaction with the Brønsted acid sites to generate a bound methoxy group and water, e.g., [48]. The methoxy is the source of dimethylether [49], which is an early intermediate, and also provides methyl groups for the arene cycle. Methoxy has to be continually regenerated, so water must also be present. There is also evidence [50] that to generate methoxy, more than one methanol molecule must be present. Thus, for a functioning alkene cycle there will be, at least, four molecules (2 × methanol, water, and an alkene) which require a volume of 234–425 Å3.



For the arene cycle, the minimum number of molecules is also four: 2 × methanol, water and a methylated aromatic species. We choose 1,2,4,5-tetramethylbenzene (durene) as an example of a methylated aromatic species, as this is a major component in the product stream and tetra and higher methyl benzenes are detected in the zeolite [8]. Together, these require a volume of 266–430 Å3.



We stress these are minimum estimates. For both cycles, there may well be several methanol molecules with hydrogen bonded water present. For the alkene cycle, some, or all, of ethene, propene and butenes may be present. Assuming 4 × methanol, 4 × water, ethene, propene and 1-octene are present, a volume in the range of 463–847 Å3 would be required.



Similarly, for the arene cycle, in addition to methanol, water, and a methylated benzene, a key intermediate is dimethylcyclopentadienyl cation (DMCP) [51]. In the absence of any data for DMCP, we use 1,2,4,5-tetramethylcyclopenta-1,3-diene as a model. Hence, assuming the presence of 4 × methanol, 4 × water, DMCP, and durene, a volume of 514–875 Å3 is needed.



From the previous discussion and Figure 1, it is apparent that the alkene and arene cycles have common components, so it is conceivable that both cycles operate simultaneously in the same pore. This would require a minimum set of 2 × methanol, water, 1-octene, DMCP, and durene, giving a volume of 524–847 Å3.




3. Discussion


We see from Table 2 that for several zeolites, per unit cell, even the minimal set of molecules has occupied all, or most of, the available volume. This is especially the case for H-ZSM-22. Even with the minimal set for the alkene cycle, the reaction must be occurring over at least two unit cells. It was suggested [11] that anthracene was the major cause of deactivation in this material; however, deactivation starts to occur as soon as the aromatic species are produced and it can be seen that any of the aromatic species will completely occupy the available space. Tetramethylbenzenes were observed almost from the start of the reaction; these were suggested to be spectator species [11]. It seems more likely that they are one of the species that causes deactivation of H-ZSM-22.



The chabazites SAPO-34 and SSZ-13 present an interesting case. These are used for MTO [1] as the small pores (Table 2) mean that only small alkenes can escape. Studies using 13C-methanol [52,53] show that polymethylated benzenes, in particular hexamethylbenzene, are key intermediates in alkene production. Methylnaphthalenes have also been suggested to be intermediates [10,11]. Hexamethylbenzene and the methylated naphthalenes each occupy a volume of 180–260 Å3, which is almost (SAPO-34), or all (SSZ-13), of the available space. Thus, these catalysts are operating on a knife edge: the large hydrocarbons are a key part of the mechanism, but anything larger would completely block the catalyst pores and deactivate it. It is noteworthy that the chabazites deactivate through pore-blocking by external coke [1,5,10]. We suggest that the constrained volume prevents the formation of the larger aromatic molecules that would cause deactivation.



The behaviour of Nu-3 provides some support for this idea. Above 400 °C, deactivation occurs by pore-blocking by naphthalene [10]. The available volume is slightly larger than that of the chabazites, so allows the polycyclic molecule to form; however, the channel size, while larger than that of the chabazites, does not allow naphthalene to escape.



Mordenite and beta both deactivate very quickly under MTH conditions, and both do so by external coke formation [11]. The volume available in the two materials is very different; beta has double that of mordenite. However, they are similar in that they both have large channels ≥7 Å, which allow even polycyclic aromatic molecules to escape. The ready transport of large, non-volatile compounds to the outer surfaces probably facilitates the growth of the coke that causes deactivation.



For Sigma-1, at high temperature, deactivation is by pore-blocking, predominantly by methylnaphthalenes [10]. Table 1 and Table 2 show that while there is ample space to accommodate the molecules, the narrow channels mean that escape is impossible.



Of the zeolites considered here, IM5 and TNU-9 have the largest available volumes and comparatively large channels. They also deactivate very quickly by pore-blocking [9]. Analysis of the retained material shows the presence of methylated naphthalenes and anthracenes in IM5 and of methylated anthracenes and pyrenes in TNU-9. While the parent molecules, naphthalene and anthracene, can readily escape, their methylated derivatives cannot. For naphthalene, ring substitution occurs preferentially at the 1-position and for anthracene at the 9,10-positions [54] (see Figure 2 for the position numbering). The effect of even mono-substitution in either molecule is sufficient to make the molecular diameter very close to that of the maximum pore diameter available; di- or tri-substitution will trap the molecule. In the case of pyrene, even the unsubstituted molecule is trapped.



H-ZSM-5 and H-ZSM-11 are both highly active catalysts for the MTH reaction [55] (H-ZSM-5 is used industrially [4,6]). Despite the similarity of names, they belong to different zeolite families, thus their internal architecture is different, see Figure 4. There is good evidence that deactivation in H-ZSM-5 occurs by graphitic coke formation on the outer surfaces that block the entrances to the pores [8,56,57], while it is internal blockage of the channels that deactivates H-ZSM-11 [57].



Post-reaction analysis shows that the retained hydrocarbons are tetra-, penta- and hexamethylbenzenes [8,9]. Hexamethylbenzenium cation has also been detected by electron paramagnetic resonance in H-ZSM-5, albeit only after reaction at 250 °C [58]. From Table 2, it can be seen there is ample room to form any of the methylated benzenes, up to and including hexamethylbenzene, in both catalysts. However, the relatively narrow channels mean that neither penta- nor hexamethylbenzene can escape; only durene of the tetramethylbenzenes can do so. Analysis of the liquid products formed by MTH using H-ZSM-5 [8] shows that the product slate is dominated by p-xylene, 1,2,4-trimethylbenzene, and durene. The other di-, tri- and tetramethylbenzene isomers, are either absent or only present in very small amounts. Penta- and hexamethylbenzene are not found. All of these results are consistent with the size constraints of the zeolite channels.




4. Methods


The molecular volume data in Table 1 was generated by three independent methods in order to have some idea of the likely variation in the values. Blanks in the table indicate that we have been unable to find the required input information. The data in column 2 of Table 1 (labelled ‘Molinspiration’) was created using the Molinspiration website [12]. A molecule is generated either by using the Draw function of Molinspiration or by inputting a SMILES string [59,60,61]. The program then calculates a number of physical properties including the molecular volume. This is seen as a sum of group contributions. The data in column 3 of Table 1 (labelled ‘Structure’) was generated from the crystal structures [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32], which were obtained from the Cambridge Structural Database (CSD) [62]. We define the molecular volume as the unit cell volume divided by the number of molecules in the unit cell. The data in column 4 of Table 1 (labelled ‘Density’) was generated from the density of the liquid using the formula:


  Volume =   RAM    (  ρ  N A   )      10   24    



(1)




where RAM is the molecular weight (g mol−1), ρ is the density (g cm−3), NA is Avogadro’s number (6.022 × 1023 mol−1), and 1024 is a conversion factor (for cm3 to Å3). Initially, the density values were obtained from a variety of sources including chemical suppliers’ websites. For consistency, the values reported in Table 1 are derived from the molecular densities reported in [33]. The exceptions are for the methylated cyclopentadienes (shown in italics in Table 1) as these are only available from the Aldrich website [63,64].



The molecular diameters (last column of Table 1) were determined using the ruler function in Jmol [65] to find the maximum distance. The structures were either obtained from the crystallographic information file (.cif) of the structure (for those where the structure is available) or from geometry optimized structures that have been previously reported [66].



For Table 2, the zeolite structures [37,38,39,40,41,42,43,44,45,46,47] were obtained from the Inorganic Crystal Structure Database (ICSD) [67]. The accessible volume, as a fraction of the cell volume, is given by the IZA database [34] for each zeolite type and this was used with the structure to generate column 4 of Table 2. The Connolly method [35,36] (which rolls a sphere of a defined radius across the van der Waals surface of the structure to delimit the accessible volume) as implemented in BIOVIA Materials Studio [68], was used to generate columns 5 and 6 of Table 2, using sphere diameters of 1 and 5 Å, respectively. The limiting opening sizes (last two columns of Table 2) were obtained from the IZA database.




5. Conclusions


In this study, we have shown that the behaviour of a range of zeolites in the MTH reaction, regarding selectivity and deactivation mechanism, can be rationalized by comparison of the molecular volumes of the products and reactants with the internal volume of the zeolite. For a zeolite to be an effective MTH catalyst, there has to be sufficient volume to accommodate the reactants, intermediates, and products, and the channels have to be large enough to allow the products to escape.



A long-standing question is whether the alkene and arene cycles can operate independently, or if they have to be cooperative. For at least some of the zeolites, there is insufficient volume to accommodate all the ingredients for both cycles simultaneously, so they must be physically separated. Whether this is in adjacent cells, or there are regions where the alkene cycle operates and regions where the arene cycle operates, is unclear.



It is clear that the exceptional performance, in terms of selectivity and rate of deactivation, of H-ZSM-5 for the MTH reaction arises from a balance of factors. The available volume is sufficient to allow both cycles to operate simultaneously and the channels can transport naphthalene and anthracene, thus removing molecules which, if methylated, will block the pores.



This paper has focused on the significance of the finite volume and size of the channels in zeotype materials for the MTH reaction. As we have shown, these are important parameters and strongly influence the process. We recognize that they are not the only relevant factors. For zeolites, the Si:Al ratio [7,69], and hence the number of Brønsted sites, the presence of heteroatoms [70] (if any) and even the morphological characteristics of the material [71] all play key roles in the chemistry. However, while these aspects affect the type and the distribution of the products, for H-ZSM-5, the structure is largely unchanged by variations in Si:Al ratio or the introduction of small numbers of heteroatoms [69,70,72]. This strongly suggests that the consequences of the available volume are independent of these factors and that the results presented here are generally applicable.
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Figure 1. The dual cycle hydrocarbon pool mechanism of the MTH reaction. Reproduced from [6] with permission of Elsevier. 






Figure 1. The dual cycle hydrocarbon pool mechanism of the MTH reaction. Reproduced from [6] with permission of Elsevier.



[image: Catalysts 11 01204 g001]







[image: Catalysts 11 01204 g002] 





Figure 2. Polycyclic aromatic molecules found in zeolites. (a) Naphthalene, (b) anthracene, (c) phenanthrene, and (d) pyrene. For naphthalene and anthracene, the IUPAC numbering scheme of the carbon atoms is also shown. 






Figure 2. Polycyclic aromatic molecules found in zeolites. (a) Naphthalene, (b) anthracene, (c) phenanthrene, and (d) pyrene. For naphthalene and anthracene, the IUPAC numbering scheme of the carbon atoms is also shown.



[image: Catalysts 11 01204 g002]







[image: Catalysts 11 01204 g003] 





Figure 3. The MFI structure displayed in the bc plane, looking along a. The left panel shows the bare framework, the middle and right panels show the same view with the Connolly surface superimposed (top of surface in blue, underside in grey). Connolly diameter = 1 Å (middle) and 5 Å (right). 
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Figure 4. Comparison of the channel structure of (a) H-ZSM-5 and (b) H-ZSM-11. Reproduced from [57] with permission of the American Chemical Society. 






Figure 4. Comparison of the channel structure of (a) H-ZSM-5 and (b) H-ZSM-11. Reproduced from [57] with permission of the American Chemical Society.



[image: Catalysts 11 01204 g004]







 





Table 1. Molecular volume and the minimum diameter of a range of molecules relevant to the MTH process.
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Molecule

	
Volume 1/Å3

	
Min. Diameter/Å




	
Molinspiration

	
Structure

	
Density






	
Methanol

	
37

	
50 [13]

	
67

	
1.73




	
Water

	
19

	
32 [14]

	
30

	
0.70




	
Dimethylether

	
55

	
78 [15]

	

	
1.52




	
Ethene

	
41

	
63 [16]

	

	
1.83




	
Propene

	
57

	

	
135

	
2.74




	
1-Octene

	
141

	

	
261

	
2.83




	
1,2,4,5-Tetramethylcyclopenta-1,3-diene

	
140

	

	
221

	
5.20




	
Pentamethylcyclopenta-1,3-diene

	
156

	
221 [17]

	
258

	
5.88




	
Benzene

	
84

	
103 [18]

	
148

	
4.30




	
Methylbenzene (toluene)

	
101

	
140 [19]

	
176

	
5.86




	
1,2-Dimethylbenzene (o-xylene)

	
117

	
159 [20]

	
200

	
5.07




	
1,3-Dimethylbenzene (m-xylene)

	
117

	
160 [21]

	
204

	
5.49




	
1,4-Dimethylbenzene(p-xylene)

	
117

	
155 [21]

	
205

	
4.28




	
1,2,3-Trimethylbenzene

	
134

	

	
223

	
5.92




	
1,2,4-Trimethylbenzene

	
134

	

	
228

	
5.11




	
1,3,5-Trimethylbenzene (mesitylene)

	
134

	
192 [22]

	
231

	
6.19




	
1,2,3,4-Tetramethylbenzene

	
150

	

	
246

	
5.3




	
1,2,3,5-Tetramethylbenzene

	
150

	

	
250

	
5.9




	
1,2,4,5-Tetramethylbenzene (durene)

	
150

	
205 [23]

	
266

	
4.83




	
Pentamethylbenzene

	
167

	
225 [24]

	
268

	
5.64




	
Hexamethylbenzene

	
183

	
237 [25]

	
253

	
6.95




	
Naphthalene

	
128

	
170 [26]

	
221

	
4.98




	
1-Methylnaphthalene

	
145

	

	
231

	
5.85




	
2,3-Dimethylnaphthalene

	
161

	
231 [27]

	
259

	
4.97




	
Anthracene

	
172

	
229 [28]

	
231

	
4.75




	
9-Methylanthracene

	
189

	
249 [29]

	
300

	
5.76




	
9,10-Dimethylanthracene

	
205

	
279 [30]

	
329

	
6.79




	
Phenanthrene

	
172

	
245 [31]

	
302

	
5.54




	
Pyrene

	
189

	
254 [32]

	
264

	
6.57








1 The molecular volume determined by a range of methods. The column “Density” is based on the density of the liquid obtained from [33], except for the values in italics. See Section 4 for details.













 





Table 2. Accessible volume and largest opening for a range of zeolites and related materials.
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Zeolite

	
Accessible Volume per Unit Cell 1/Å3

	
Limiting Sizes 2

/Å




	
Name

	
Type 2

	
Volume 1

of Unit Cell/Å3

	
IZA 2

	
Connolly 3

	
Smallest

	
Largest




	
1 Å

	
5 Å






	
H-ZSM-22 [37]

	
TON

	
608

	
49

	
202

	
100

	
4.6

	
5.7




	
SSZ-13 [38]

	
CHA

	
792

	
126

	
357

	
235

	
3.8

	
3.8




	
SAPO-34 [39]

	
CHA

	
814

	
141

	
456

	
328

	
3.8

	
3.8




	
Nu-3 [40]

	
LEV

	
1113

	
159

	
512

	
373

	
3.6

	
4.8




	
Sigma-1 [41]

	
DDR

	
2267

	
209

	
928

	
593

	
3.6

	
4.4




	
H-ZSM-11 [42]

	
MEL

	
2696

	
369

	
1066

	
785

	
5.3

	
5.4




	
Mordenite [43]

	
MOR

	
2702

	
332

	
595

	
391

	
2.6

	
7.0




	
Beta [44]

	
BEA

	
4074

	
836

	
954

	
812

	
5.6

	
7.7




	
H-ZSM-5 [45]

	
MFI

	
5211

	
511

	
1911

	
1186

	
5.1

	
5.6




	
TNU-9 [46]

	
TUN

	
5502

	
704

	
2209

	
1648

	
5.2

	
6.0




	
IM5 [47]

	
IMF

	
8130

	
1051

	
3181

	
2301

	
4.8

	
5.9








1 Primitive or rhombohedral cell. 2 Obtained from the International Zeolite Association (IZA) database [34]. 3 Measured by the Connolly method [35,36] using spheres with 1 and 5 Å diameter.
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