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ABSTRACT 

Light olefins, ethylene and propylene, are two of the highest produced 

petrochemicals globally. The methanol-to-olefins (MTO) reaction is a promising route for 

making these chemicals from non-petroleum feedstocks such as natural gas and coal that 

has been successfully commercialized. The catalysts employed for this reaction are 

typically microporous molecular sieves with Brønsted acidity, e.g., zeolites and 

silicoaluminophosphates, that generally require costly organic structure directing agents 

(OSDAs) to synthesize.  

This thesis explores an alternative, low cost method for synthesizing small pore 

zeolite catalysts for the MTO reaction without the use of OSDAs. Small pore zeolites are 

first synthesized in the absence of OSDAs. The resulting high-aluminum materials are then 

converted into useful catalysts via high temperature (500-800°C) steam treatments that 

extract a portion of the framework aluminum, thereby modifying the acid site 

concentration, pore structure and catalytic behavior of the materials. This synthesis method 

is demonstrated on three small pore zeolite structures that are prepared without using 

OSDAs: CHA, RHO and KFI. In the as-synthesized forms, these materials deactivate 

rapidly when evaluated as catalysts for the MTO reaction due to their high aluminum 

contents. Upon steam treatment, however, improved catalyst lifetimes and olefin 

selectivities are observed that are attributed to a decrease in the total Brønsted acid site 

concentration and the creation of mesopores that facilitate transport of reactants and 

products.  



 vi 
Improvements in the activity were observed for all three of the zeolites chosen for 

investigation with CHA-type zeolites performing best, though differences in olefin 

selectivities were observed. Poisoning of acid sites located in the mesopores and on 

external surface of the steamed zeolites did not change the observed product distribution, 

suggesting that these differences do not arise from secondary reactions of olefins and 

instead may be attributed to differences in the pore structures.  

Overall, the successful demonstration of this catalyst preparation method on three 

different zeolite structures suggests that it may be a useful route for converting any small 

pore zeolite that can be synthesized without using OSDAs into catalysts that may be useful 

for reactions like MTO.  
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1 
C h a p t e r  1  

1. Introduction and Thesis Overview 

1.1. Thesis Overview 

This thesis covers a project that I worked on in Professor Mark E. Davis’s group at 

Caltech investigating the synthesis of small pore zeolite catalysts for the methanol-to-

olefins (MTO) reaction without using organic structure directing agents (OSDAs). I also 

worked on a second project investigating zincosilicate molecular sieves as catalysts for 

propane dehydrogenation that is included in the Appendix. The end goal of both projects 

was finding lower cost catalysts that may be useful for obtaining light olefins that are 

currently in high demand.  

Chapter 1 of this thesis will provide a brief introduction to zeolites and molecular 

sieves, the background and motivation for MTO, the objectives for the project, and the 

general approach we took in attempting to synthesize catalysts for the reaction without 

using OSDAs. In brief, this method involved first synthesizing the zeolites in the absence 

of OSDAs and then converting them into useful catalysts via steam dealumination 

treatments. We began the project by demonstrating the effectiveness of the preparation 

method on CHA-type zeolites that were prepared in the absence of OSDAs and post-

synthetically dealuminated via steam and acid treatments. The synthesis, characterizations 

and reaction testing results with CHA are covered in Chapter 2. The success with CHA 

suggested that the preparation method was effective for other zeolite structures, and thus 

Chapter 3 covers the results obtained with two other zeolites, RHO and KFI. While the 



 

 

2 
dealumination method was effective on all three zeolites studied here, the reaction profiles 

for the three materials revealed differences in their product selectivities. This result led us 

to hypothesize that secondary reactions may be occurring in the mesopores and/or surface 

acid sites in the steamed zeolites. We probed the origins of the differences in the product 

distributions by selectively poisoning the acid sites located external to the 8MR cages and 

found that secondary reactions do not contribute significantly to the product distributions 

observed, suggesting that the differences in product selectivities arise from differences in 

the zeolite cage structures. This study is covered in Chapter 4. Chapter 5 provides a 

summary of the methanol-to-olefins project and recommendations for future work. This 

project was performed in collaboration with Mark Deimund and John Birmingham, who 

performed the reaction testing and TPD experiments that are presented in this work.  

Finally, the Appendix details the project investigating microporous zincosilicate 

molecular sieves as catalysts for propane dehydrogenation. Based on recent reports that 

single site Lewis acid catalysts are highly selective for propane dehydrogenation (without 

the addition of platinum that is commonly used in alkane dehydrogenation catalysts), we 

screened several microporous zincosilicate molecular sieves (silica-based molecular sieves 

with isomorphic substitution of T-atoms by Zn2+ centers) as direct catalysts for propane 

dehydrogenation. It was found that zincosilicate CIT-6 and Zn-MFI were active for 

dehydrogenation but less stable compared to standard supported platinum catalysts. Further 

investigation was conducted to understand the type of zinc sites that are responsible for the 

catalytic activity and to improve the stability of the material.  



 

 

3 
1.2. Introduction to Microporous Molecular Sieves 

Microporous molecular sieves are porous crystalline materials whose pore 

diameters are less than 2 nm. The frameworks of these materials are composed of oxide 

tetrahedra (TO4) linked together via shared oxygen bridges so that each oxygen atom is 

shared between two tetrahedra. In a pure silica (SiO4) material, the framework is neutral in 

charge as Si is tetravalent. Substitution of AlO4 units in the framework of a pure silica 

material generates a negative charge (aluminum is trivalent), that requires an extra-

framework cation to maintain a net neutral charge. Such materials composed of only SiO4 

and AlO4 units are aluminosilicates, or zeolites. The framework charge can be balanced by 

inorganic cations (e.g., alkali or alkaline earth cations), organic cations, ammonium or 

protons. When the charge-balancing species are protons (Figure 1-1A), Brønsted acid sites 

are generated that can be useful in catalysis applications requiring Brønsted acidity. 

Besides a charge-balancing cation, water is also typically found in the pores. These species 

are free to diffuse through the pores, and thus ion exchange and reversible hydration-

dehydration can occur. 

Other chemical compositions are possible besides aluminosilicates. 

Aluminophosphates (AlPO4s) are constructed from alternating AlO4 and PO4 tetrahedra 

whose charges balance each other to give rise to a net neutral framework. Substitution of a 

PO4 unit with a SiO4 unit generates a negative framework charge that requires an extra-

framework charge-balancing cation. These materials are known as silicoaluminophosphates 

(SAPOs). Like zeolites, SAPOs also possess Brønsted acidity when the charge balancing 
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cations are protons (Figure 1-1B). Lewis acidic microporous materials can also be 

generated via substitution of isolated tetravalent metal atoms (such as Sn, Ti, Zr and Hf) 

into tetrahedral positions in pure silica frameworks.  

The tetrahedra described above are the basic building units of the zeolite framework 

that consists of a system of channels and cages. Because the T-O-T angle in the tetrahedra 

described above is relatively flexible, a large variety of framework structures can be 

constructed from these units. There are currently more than 200 recognized frameworks for 

microporous molecular sieves. Each framework is designated by a three letter code 

assigned by the International Zeolite Association (IZA) structure commission.  

Frameworks are typically classified according to the size of the pores that allow 

diffusion of guest molecules. The smallest pores that allow molecules larger than water to 

diffuse through are pores circumscribed by 8 tetrahedral atoms (8 membered ring or 8MR) 

and are typically 0.35 to 0.45 nm in diameter. Frameworks with pores composed of 10, 12 

and 14 tetrahedral atoms (10MR, 12MR and 14MR, respectively) also exist. These pores 

may extend in one, two or all three dimensions.  

Figure 1-1. Chemical structure of (A) zeolite and (B) SAPO molecular sieve with Brønsted 
acidity 
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Their uniform pore sizes that are on the order of the size of small molecules give 

zeolites and other microporous molecular sieves unique molecular sieving properties. 

These properties are particularly interesting for catalysis applications. If catalytic sites are 

located within the pores or cages, only molecules of a certain size may access these sites. 

Figure 1-2 shows the types of shape selectivity that can arise within the pore structure. 

Notably, many frameworks contain cages or channel intersections where the internal space 

is larger than the pores leading to them. Thus, bulky transition states or reactive 

intermediates may form inside these cavities that are too large to diffuse out and thus 

remain stabilized inside. 

 

Figure 1-2. Types of shape selectivity 1 
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The first synthetic zeolites were prepared hydrothermally starting from an 

aluminosilicate gel containing alkali hydroxides.2 Because of the high concentration of 

alkali cations, these zeolites contain high aluminum content (typically considered to have 

Si/Al ratios less than 5) and are typically used as adsorbents and in ion-exchange 

applications. The addition of organic cations, such as alkylammonium species,2,3 facilitated 

the synthesis of higher Si/Al zeolites as the organic cations are bulkier than alkali cations 

and thus require less charge density in the framework. With increasing Si/Al ratio, the 

acidity and hydrothermal stability of the zeolite also improve, making zeolites with higher 

Si/Al ratios desirable for catalysis applications. SAPO molecular sieves are also interesting 

materials for catalysis and are typically synthesized from an alumina source, phosphoric 

acid and organic species, such as a quaternary ammonium.  

The use of organic molecules, known as organic structure-directing agents 

(OSDAs), in the synthesis of zeolites and molecular sieves makes has drawbacks including 

high cost and require removal by combustion prior to use. The high cost of the organic 

molecules is often prohibitive to commercialization of new materials.4 One approach to 

lower the cost is to attempt syntheses in the absence of OSDAs by seeding the reaction 

mixture.5 However, the products typically have low yields and lower Si/Al ratios compared 

to their counterparts that are synthesized in the presence of OSDAs and thus limited 

catalysis applications in their as-synthesized forms. Another approach has been to combine 

a less expense organic species that acts as a void filler with the more expensive OSDA that 

is required to nucleate crystallization.4 It has also been demonstrated that certain OSDAs 

can be prepared that may be recovered and used again.6 Finally, if low Si/Al zeolites are 
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synthesized in the absence of OSDAs, it may be possible to post-synthetically remove a 

portion of the framework aluminum to give convert them into useful catalysts.   

1.3. Introduction to Methanol-to-Olefins and Motivation 

Light olefins, ethylene and propylene, are two of the highest produced chemicals 

worldwide. Conventionally, they have been produced via cracking of naphtha. In light of 

growing demand for these chemicals, there has been great interest in utilizing non-

petroleum feed stocks, e.g., natural gas, coal and biomass. A promising and industrially 

viable route that has been extensively studied is to convert these feed stocks to methanol as 

an intermediate followed by conversion of methanol to olefins (MTO). The MTO reaction 

can be carried over microporous molecular sieves with Brønsted acidity, e.g., zeolites and 

SAPOs. The current commercial catalyst is SAPO-34, a SAPO molecular sieve with the 

chabazite (CHA) framework that is currently utilized in commercial MTO plants in China.7 

Depending upon reaction conditions, combined ethylene and propylene selectivities near 

85-90% can be achieved.8 

CHA is one of several small-pore frameworks that contain cage structures 

accessible via 8-ring pores, a feature that is critical to achieving high olefin selectivities in 

the MTO reaction.9,10 It is generally accepted that the reaction occurs via the hydrocarbon 

pool mechanism that has been supported by both experimental evidence and theoretical 

calculations.11-14  

 Figure 1-3 shows a general schematic of the hydrocarbon pool mechanism (there is 

still debate on the mechanism by which the first C-C bond forms) 13. In this reaction 
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scheme, polymethylbenzenes form within the cages of the zeolite and remain trapped 

inside the cages. These species serve as intermediates in the reaction where the side chains 

are continuously methylated by methanol and olefins are eliminated. In some instances, 

polymethylated benzene species have been observed to be confined within the zeolite 

cages.15-17 Frameworks containing 8MR cages possess the appropriate shape selectivity in 

that the cages have 8-ring faces that are large enough to allow small linear molecules to 

diffuse in and out while branched and aromatic species, including polymethylbenzene 

intermediates, remain trapped within the cages.  

 

  

Figure 1-3. General schematic for the hydrocarbon pool mechanism 18 
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With increasing time-on-stream, the polymethylbenzene species age into other 

aromatic species (such as methylnaphthalene and phenanthrene) that are the precursors for 

coke. Coke deposition at the active sites within the pore system leads to eventual catalyst 

deactivation. Depending upon the material, the activity can be regenerated by burning off 

the coke. 

In addition to shape selectivity, the density of acid sites is also of importance for the 

reaction. It has been reported that faster catalyst deactivation occurs for zeolites with higher 

acid site densities 19-21 as higher acid site densities allow molecules to undergo a greater 

number of successive reaction steps within the zeolite crystallites as well as facilitate 

bimolecular hydride transfer reactions. Thus, researchers have explored methods of 

synthesizing various small-pore zeolites with high Si/Al ratios using OSDAs. Among these 

materials, AEI 22, LEV 23, AFX 23, and RTH 24 have shown promising results for MTO. 

Besides MTO, 8MR zeolites with high Si/Al ratios are also currently of interest as deNOx 

catalysts. 

An alternative approach to obtain high Si/Al materials is to post-synthetically 

remove a portion of the framework aluminum. One common dealumination strategy is 

treatment with high temperature steam (typically above 500°C), which preferentially 

hydrolyzes Si-O-Al bonds and extracts aluminum from the framework and leaves behind 

hydroxyl nest vacancies as well as amorphous material (Figure 1-4). It is generally believed 

that the amorphous material serves as a source of mobile silicon species that may heal the 

vacancies, and mesopores are generated in this process.25, 26 Amorphous debris remains 
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within the zeolite pores but may be removed by acid leaching. This method of steaming 

and acid leaching is commonly employed in the preparation of ultrastable Y zeolites that 

serve as fluid catalytic cracking (FCC) catalysts. 27 It is also possible to remove framework 

aluminum via acid leaching alone if the zeolite pores are large enough to accommodate 

removal of the dissolved species. For 8MR zeolites, the pores do not allow removal of 

aluminum from intact cages. However, it may be possible to remove aluminum from these 

materials if mesopores are created via steaming. 

 

 

Figure 1-4. Proposed mechanism for steam dealumination of zeolite framework 

 

Dealumination treatments increase the framework Si/Al ratio and thereby modify 

the catalytic behavior. This effect was demonstrated in our group using SSZ-13 for the 

MTO reaction. SSZ-13 is a synthetic aluminosilicate with the CHA framework 

(isostructural to SAPO-34) that can be prepared with a wide range of Si/Al ratios  using the 

N,N,N-trimethyladamantylammonium OSDA.28 In a previous study 29, it was shown that 

SSZ-13 synthesized at a low Si/Al ratio of 5 could be steamed to yield a catalyst with   
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Figure 1-5. MTO reaction data for unsteamed SSZ-13 with Si/Al=5 29 

Figure 1-6. MTO reaction data for SSZ-13 with Si/Al=5 steamed for 24 h at 750°C 29 
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improved activity for MTO. While the as-synthesized catalyst deactivates rapidly (Figure 

1-5), the steamed sample (Figure 1-6) shows an increased lifetime and olefin selectivities. 

The behavior of the steamed SSZ-13 now resembles that of an SSZ-13 with a higher Si/Al 

ratio. Similar improvements have been reported by Cartlidge et al.30, who prepared CHA-

type zeolites at a Si/Al ratios greater than 2.5 using the hexamethylenetetramine OSDA and 

dealuminated the samples by steam and acid treatments. These reaction data suggested that 

it may be possible to modify the catalytic behavior of zeolites synthesized with low Si/Al 

ratios via dealumination treatments to convert them into useful catalysts for MTO. Several 

small pore zeolites can be synthesized without using OSDAs and consequently have low 

Si/Al ratios (Si/Al < 5). These materials have not been explored extensively for MTO 

because of their high aluminum contents. 

The objective for this project was to synthesize 8MR zeolite catalysts for MTO 

without using OSDAs. We approached this problem by first synthesizing the zeolites in the 

absence of OSDAs and then post-synthetically extracting the aluminum via steam and, in 

some instances, acid leaching treatments. This method was first demonstrated to be 

effective on CHA-type zeolites that were prepared without an OSDA. We then applied this 

method on two other 8MR zeolites, RHO and KFI, to show that this method is effective on 

any 8MR zeolite that can be prepared without an OSDA to create an useful MTO catalyst. 

Table 1-1 provides the cage structures and pore dimensions of the zeolites studied. These 

structures contain cage structures with three-dimensional channel systems and can be 

readily synthesized on a large scale without using OSDAs. CHA-type zeolites can be 

synthesized via an interzeolite conversion from Y zeolites (faujasite) in the presence of 
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potassium hydroxide.31 CHA obtained via this method is commonly used for gas 

separations. RHO and KFI-type zeolites can be synthesized using alkali hydroxides.32, 33 

These materials have been previously explored as catalysts for the synthesis of 

methylamines 34, 35 but have not yet been evaluated in the as-synthesized form for MTO. 

The catalyst preparation method presented here provides a low-cost method for 

synthesizing small pore zeolite catalysts that may be useful for reactions like MTO and 

enables the exploration of new zeolite structures that may not have been previously 

considered for MTO because of their high aluminum content in the as-synthesized form. 

 

 CHA RHO KFI 

Framework structure a 

 
  

Pore diameter a 3.8 Å 3.6 Å 3.9 Å 

Maximum diameter of a 
sphere that can be 

included within cage a 
7.37 Å 10.43 Å 10.67 Å 

Maximum diameter of a 
sphere that can diffuse 
along a-,b- and c-axis a  

a: 3.72 Å 
b: 3.72 Å 
c: 3.72 Å 

a: 4.06 Å 
b: 4.06 Å 
c: 4.06 Å 

a: 4.04 Å 
b: 4.04 Å 
c: 4.04 Å 

a All data from IZA online database (Ref 36) 

Table 1-1. Zeolite frameworks studied and their pore dimensions 
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C h a p t e r  2  

2. OSDA-free synthesis of CHA-type zeolite catalysts for 

methanol-to-olefins 
 

This chapter has been published as: Y. Ji, M.A. Deimund, Y. Bhawe, M.E. Davis, Organic-

free Synthesis of CHA-Type Zeolite Catalysts for the Methanol-to-Olefins Reaction, ACS 

Catal. 5, (2015) 4456-4465. doi: 10.1021/acscatal.5b00404. 

2.1. Abstract 

Chabazite (CHA)-type zeolites are prepared from the hydrothermal conversion of 

faujasite (FAU)-type zeolites, dealuminated by high-temperature steam treatments (500°C-

700°C), and evaluated as catalysts for the methanol-to-olefins (MTO) reaction. The effects 

of temperature and partial pressure of water vapor during steaming are investigated. 

Powder X-ray diffraction (XRD) and Ar physisorption data show that the steam treatments 

cause partial structural collapse of the zeolite with the extent of degradation increasing with 

steaming temperature. 27Al MAS NMR spectra of the steamed materials reveal the 

presence of tetrahedral, pentacoordinate and octahedral aluminum. NH3 and i-propylamine 

temperature-programmed desorption (TPD) demonstrate that steaming removes Brønsted 

acid sites, while simultaneously introducing larger pores into the CHA materials that make 

the remaining acid sites more accessible. Acid washing the steamed CHA-type zeolites 

removes a significant portion of the extra-framework aluminum, producing an increase in 

the bulk Si/Al ratio as well as the adsorption volume. The proton form of the as-
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synthesized CHA (Si/Al = 2.4) rapidly deactivates when tested for MTO at a reaction 

temperature of 400°C and atmospheric pressure. CHA samples steamed at 600°C 

performed the best among the samples tested, showing increased olefin selectivities as well 

as catalyst lifetime compared to the unsteamed CHA. Both lifetime and C2-C3 olefin 

selectivities are found to increase with increasing reaction temperature. At 450°C, CHA 

steamed at 600°C reached a combined C2-C3 olefin selectivity of 74.2% at 100% methanol 

conversion, with conversion remaining above 80% for more than 130 minutes of time-on-

stream (TOS) before deactivating. More stable time-on-stream behavior is observed for 

600°C steamed CHA that underwent acid washing; conversion above 90% for more than 

200 minutes of TOS at 450°C with a maximum total C2-C3 olefin selectivity of 71.4% at 

100% conversion. 

2.2. Introduction 

The methanol-to-olefins (MTO) reaction is an industrially viable route for making 

the light olefins, ethylene and propylene, using feedstocks other than petroleum, e.g., 

natural gas, coal and biomass.1 The reaction can be carried out over solid acid catalysts 

such as microporous aluminosilicate 2 and silicoaluminophosphate (SAPO) 3,4 molecular 

sieves. The industrial catalyst for the MTO reaction is SAPO-34,5,6 a small-pore SAPO 

molecular sieve with the chabazite (CHA) framework topology that is currently utilized in 

commercial MTO plants in China. Depending upon reaction conditions, SAPO-34 can 

convert methanol to ethylene and propylene at 85-90% selectivity.7 The high selectivity 

towards light olefins is attributed to the material’s optimal acidity (acid site strength and 

density)8 as well as the topology of the CHA framework,9,10 consisting of relatively large 
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cavities (8.35 Å x 8.35 Å x 8.23 Å11) that are accessible through 8-membered ring 

(8MR) pore openings (3.8 x 3.8 Å11). Only small linear molecules (alcohols and linear 

alkenes) can diffuse through the 8MR pores, while larger branched and aromatic 

compounds, including methylated aromatic intermediates,9,12 remain trapped inside the 

cages. 

Despite its success, SAPO-34 suffers the shortcoming of requiring the use of an 

organic structure-directing agent (OSDA) to crystallize. Aluminosilicates (zeolites) also 

catalyze the reaction, but synthesizing them at high Si/Al ratios that are desirable for 

catalytic applications, typically requires the use of OSDAs. The high cost and 

environmental concerns associated with removal of the OSDA from the materials prior to 

use has generated considerable interest in developing OSDA-free synthesis methods. While 

the earliest synthetic zeolites were prepared in the absence of OSDAs, using only inorganic 

cations as the structure-directing species, they typically have high aluminum content (Si/Al 

< 5) and thus limited uses, particularly in applications requiring solid acidity.  

CHA-type zeolites can be prepared in the absence of OSDAs, but their Si/Al ratios 

are too low to be of use in catalyzing reactions like MTO. However, it may be possible to 

remove aluminum from the framework through post-synthetic treatments, thereby 

modifying the acidity and catalytic behavior of the materials. Since CHA is an 8MR 

zeolite, the extracted aluminum cannot be removed from intact cages. However, if 

mesoporosity is formed during the dealumination, then it may be possible to extract the 

extra-framework aluminum via the larger pores. Here, we show that CHA-type zeolites 
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synthesized without OSDSAs can be subjected to dealumination to provide active MTO 

catalysts. This strategy may enable the preparation of low cost MTO catalysts. 

Additionally, there are a number of other framework topologies that may be interesting 

catalysts for the MTO reaction that have yet to be evaluated because of their low Si/Al. The 

dealumination strategy provided here will allow for investigation of other framework types 

(we are currently exploring several other zeolites, and the results will be reported at a later 

time). 

SSZ-1313 is the synthetic aluminosilicate analog of SAPO 34, and can be 

synthesized over a wide range of Si/Al ratios using the N,N,N-

trimethyladamantylammonium OSDA.  While also active for converting methanol to 

olefins, SSZ 13 deactivates more rapidly than SAPO 34, and initially produces a significant 

amount of C1-C4 alkanes.14,15 Recently, our research group showed that an SSZ-13 

synthesized with high aluminum content (Si/Al=5) could be steamed to obtain a catalyst 

with improved olefin selectivities and lifetime, comparable to that of an SSZ-13 with 

Si/Al=15. Reaction data from this study are provided in the Supporting Information 

(Figures 2-11 and 2-12). In a similar study, Cartlidge et al.16 prepared CHA-type zeolites at 

Si/Al ratios of greater than 2.5 using the hexamethylenetetramine OSDA, dealuminated the 

samples by steam and acid treatments, and observed improved olefin selectivities.  

Based on these results, we hypothesized that a dealumination strategy could be 

applied to aluminum-rich CHA-type zeolites prepared without the use of an OSDA to 

create selective catalysts for converting methanol to light olefins. CHA-type zeolite is 
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prepared from the hydrothermal conversion of zeolite Y (FAU), and then steamed at 

temperatures of 500°C, 600°C or 700°C to partially extract the framework aluminum. CHA 

steamed at 600°C is additionally acid washed to remove the extra-framework aluminum. 

The effects of the dealumination treatments on the solids are analyzed by powder X-ray 

diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), and Ar physisorption. 

Removal of aluminum from the zeolite framework is observed by 27Al and 29Si MAS 

NMR. The acid site concentrations of the samples were measured by temperature 

programmed desorption (TPD) using NH3 and i-propylamine. The catalytic performance of 

the materials is evaluated by the use of the MTO reaction. 

2.3. Experimental Section 

2.3.1. CHA Synthesis 

CHA-type zeolites were prepared from the hydrothermal conversion of zeolite Y 

(FAU) following the method of Bourgogne et al.17 In a typical synthesis, 238 mL of 

deionized water was mixed with 32.2 mL of 45 wt.% aqueous potassium hydroxide 

solution (Aldrich), to which 30 g of USY (Zeolyst, CBV712, SiO2/Al2O3=12) was added. 

The mixture was shaken for about 30 s and heated in a sealed polypropylene vessel at 

100°C for 4 days under static conditions. The solid product was recovered by 

centrifugation, washed with water and acetone, and dried overnight at 100°C. The as-

synthesized product, that had potassium as the counter-cation (designated K-CHA), was 

ion-exchanged three times with 1 M aqueous ammonium nitrate solution at 90°C for 2 h at 

a ratio of 100 mL of liquid per gram of solid to obtain the NH4
+ form (designated NH4-

CHA).  
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2.3.2. Steaming and Acid Washing Treatments  

Table 2-1 provides a summary of the steaming and acid washing treatments. 

Steaming was conducted under atmospheric pressure in an MTI OTF-1200X horizontal 

tube furnace fitted with a 3 in. ID mullite tube. NH4-CHA samples (approximately 1.2 g 

in a typical experiment) were loaded in ceramic calcination boats and placed in the center 

of the tube furnace. The furnace was ramped at 1°C/min to the desired steaming 

temperature, held at temperature for 8 h, and then allowed to cool. The entire process was 

carried out under a flow of moist air that was created by bubbling zero-grade air at 50 

cc/min through a heated water saturator (bubbler) upstream of the furnace. Samples were 

steamed at temperatures of 500°C, 600°C and 700°C with the bubbler held at 80°C 

(water saturation pressure of 47.3 kPa) and the resulting materials designated CHA-

S500B80, CHA-S600B80 and CHA-S700B80, respectively. The effect of the partial 

pressure of steam was investigated by two additional steaming experiments at 600°C 

where the bubbler temperature was changed to 60°C and 90°C (water saturation pressures 

of 19.9 and 70.1 kPa, respectively). For each of the bubbler temperatures tested (60°C, 

80°C and 90°C), the air was approximately 50% saturated with water vapor. A dry 

calcination of NH4-CHA was conducted in the same tube furnace for 8 h at 600°C 

(1°C/min ramp) under 50 cc/min of zero-grade air, and the product was designated CHA-

C600. A portion of the CHA steamed at 600°C with the bubbler held at 80°C was 

additionally acid washed with 0.1 N aqueous hydrochloric acid at a liquid-to-solid ratio 

of 100:1 (w/w) for 2 h at 100°C in a sealed vessel. The product, designated CHA-

S600B80A, was recovered by filtering, washed extensively with water and dried 

overnight at 100°C. 
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2.3.3. Characterizations 

Powder X-ray diffraction (XRD) patterns were obtained on a Rigaku MiniFlex II 

instrument with Cu Kα radiation (λ=1.54184 Å) at a sampling window of 0.01° and scan 

speed of 0.05°/min. Scanning electron microscopy/energy dispersive spectroscopy 

(SEM/EDS) was used to determine the morphology and bulk elemental composition of the 

materials and was conducted on a ZEISS 1550VP instrument equipped with an Oxford X-

Max SDD energy dispersive X-ray spectrometer. Powder patterns were normalized to the 

highest intensity peak. 

Entry Sample 

Steaming Conditions 

Si/Al 
Bulk Si/AlT  

b 

Acid Site 
Conc. by 
NH3 TPD 
[mmol/g] 

Acid Site 
Conc. by i-

propylamine 
TPD 

[mmol/g] 

Steaming 
Temp.a 

Water 
Saturator 

Temp. 

1 CHA-
S500B80 500°C 80°C 2.4 11 1.07 0.24 

2 CHA-
S600B80 600°C 80°C 2.4 16 0.94 0.30 

3 c CHA-
S600B80A 600°C 80°C 7.8 12 0.80 0.39 

4 CHA-
S700B80 700°C 80°C 2.3 17 0.72 0.20 

5 CHA-
S600B90 600°C 90°C 2.5 16 0.84 0.29 

6 CHA-
S600B60 600°C 60°C 2.4 15 0.92 0.16 

7 CHA-C600 600°C Dry 
Calcination 2.7 38 0.09 0.08 

a Furnace was held at temperature for 8 h for all samples 
b Calculated from 27Al NMR, AlT denotes tetrahedral Al only 
c Steamed sample was acid washed with 0.1 N HCl for 2 h at 100°C 

 

Table 2-1. Summary of steaming conditions, Si/Al ratios and acid site concentrations 
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Solid-state 27Al MAS NMR spectra were acquired on a Bruker AM 300 MHz 

spectrometer operated at 78.2 MHz using a 90° pulse length of 2 µs and a cycle delay time 

of 1 s. Samples were loaded in a 4 mm ZrO2 rotor and spun at 12 kHz. Chemical shifts 

were referenced to 1 M aqueous aluminum nitrate solution. Solid-state 29Si MAS NMR 

spectra were acquired on a Bruker Avance 200 MHz spectrometer operated at 39.78 MHz 

with 1H decoupling. A 90° pulse length of 4 µs and a cycle delay time of 60 s were used for 

recording. Samples were loaded in a 7 mm ZrO2 rotor and spun at 4 kHz, and chemical 

shifts were referenced to tetramethylsilane. Reported spectra are scaled to the same 

maximum intensity. 

Argon physisorption was conducted on a Quantachrome Autosorb iQ instrument. 

Prior to adsorption measurements, samples were outgassed by heating (at a rate of 

10°C/min) the sample under vacuum for 1 h at 80°C, 3 h at 120°C and 10 h at 350°C. 

Adsorption isotherms were collected using argon at 87.45 K using the constant dose (quasi-

equilibrium) method. Micropore volumes were obtained from the adsorption branch of the 

isotherms using the t-plot method (0.1 < P/P0 < 0.3). Pore size analyses were obtained from 

the adsorption branches using the non-local density functional theory (NLDFT) model 

provided by Micromeritics (based on model of Ar at 87 K on a zeolite with cylindrical 

pores). 

NH3 and i-propylamine TPD were performed on each ammonium-exchanged, 

steamed CHA sample to quantify the number and accessibility of the Brønsted acid sites 

present, NH3 TPD is able to titrate essentially all acid sites both external to and within the 
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8MR pore system, while i-propylamine only accesses acid sites external to the 8MR pore 

system (and in areas of mesoporosity created by the steam treatment), as i-propylamine is 

too large to fit within the 8MR pores. When i-propylamine desorbs from a Brønsted acid 

site, it reacts with the site to form propylene and ammonia. The propylene desorption peak 

was integrated to determine the number of Brønsted acid sites accessible to i-propylamine. 

The materials were pelletized, crushed, and sieved, with particles between 0.6 mm 

and 0.18 mm being retained and loaded between quartz wool beds in a continuous-flow 

quartz-tube reactor (part of an Altamira AMI-200 reactor). A thermocouple inserted 

directly into the bed monitored temperature, and a Dymaxion mass spectrometer monitored 

desorbing products. Once loaded, samples were heated to 150°C for 1 h at 10°C/min and 

then to 600°C for 1 h at 10°C/min in flowing helium (50 sccm) to remove any adsorbed 

species. For NH3 TPD, samples were then cooled to 160°C, and NH3 was dosed onto each 

sample. After a 6 h purge in flowing argon (50 sccm) at 50°C to remove any physisorbed 

NH3, the sample was heated to 600°C at a rate of 10°C/min in 30 sccm argon while the 

mass spectrometer monitored desorbing products, namely m/z = 17 fragments 

corresponding to NH3. The sample was held at 600°C for 2 h to ensure all species had fully 

desorbed. For i-propylamine TPD, after the initial heating to 600°C, samples were cooled 

to 50°C, and i-propylamine was dosed onto each sample by means of a vapor saturator. The 

sample was then purged in a flow of helium (50 sccm) for 6 h before heating to 600°C at 

10°C/min, with the mass spectrometer monitoring the main propylene and NH3 signals 

(m/z = 41 and 17, respectively) formed by the decomposition reaction of the i-propylamine 

at Brønsted acid sites in the sample.  
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2.3.4. MTO Reaction Testing 

Samples used for reaction testing were approximately 200 mg of pure zeolite that 

had been pelletized, crushed and sieved to obtain particles between 0.6 mm and 0.18 mm. 

A sample was supported between glass wool beds in a tubular, continuous flow reactor. 

Prior to reaction, all samples were calcined in-situ under a flow of breathing-grade air, 

during which the temperature was ramped at 1°C/min to 150°C, held for 3 hours, then 

ramped at 1°C/min to 580°C and held for 12 hours. The reaction was conducted at 350°C, 

400°C or 450°C with a feed of 10% methanol/inert at a WHSV of 1.3 h-1. Reaction testing 

of unsteamed CHA was conducted on a sample in the H+ form (H-CHA), which was 

obtained by calcining the NH4-CHA in-situ. Regeneration of spent catalysts was conducted 

in-situ by heating at 1°C/min from the reaction temperature to 580°C, holding for 6 h, and 

then cooling at 1°C/min back to the reaction temperature, all under a flow of breathing-

grade air. Conversions and selectivities are computed on a carbon mole basis according to 

Equations 2-1 and 2-2, respectively, where ni and nc,i represent the molar flow rate for 

species i and carbon number for species i, respectively. Carbon balances are reported based 

on the moles of methanol converted (Equation 2-3).  

𝑋"#$% =
'()*+,-./'()*+,012

'()*+,-.
∙ 100% (2-1) 

𝑆8 =
'-,012∙'9,-

'-,012∙'9,--:;<<	>?0@192A
∙ 100% (2-2) 

𝐶𝑎𝑟𝑏𝑜𝑛	𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 	 '-,012∙'9,--:;<<	>?0@192A
'()*+,-./'()*+,012

∙ 100% (2-3) 
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2.4. Results and Discussion 

2.4.1. Sample Characterizations 

2.4.1.1. Effect of Steaming Temperature and Acid Washing 

The powder XRD patterns of the as-synthesized NH4-CHA and the CHA samples 

steamed at 500°C-700°C under the same steam partial pressure are shown in Figure 2-1. 

The baseline signal increases relative to the peaks for the steamed samples, indicating the 

presence of amorphous material and a loss of crystallinity upon steaming. Increasing the 

steaming temperature, and thus the severity of steaming, results in increasingly greater 

Figure 2-1. Powder XRD patterns of the as-synthesized CHA, CHA samples steamed at 500°C, 
600°C and 700°C with water saturator at 80°C, and the 600°C steamed and acid-washed CHA 

(bottom to top) 
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structural degradation, with the 700°C steamed sample showing the greatest loss in 

crystallinity. Further, the XRD peaks are shifted to lower d-spacings for the steamed 

samples, which can be attributed to contractions of the unit cell due to extraction of 

framework aluminum. The bulk Si/Al ratios of the steamed samples (Table 2-1) are 

essentially the same as that of the starting CHA (Si/Al=2.4), accommodating for minor 

deviations that are within measurement error. Acid washing the 600°C steamed CHA 

sample results in additional degradation and produces an increase in the bulk Si/Al ratio 

from 2.4 to 7.8.  

Indications that aluminum is removed from the zeolite framework after the steam 

and acid treatments are provided by the 27Al MAS NMR spectra that are shown in Figure 

2-2. The spectra of both the as-synthesized K-CHA (Supporting Information Figure 2-13) 

and NH4
+-exchanged CHA show a single sharp resonance centered at approximately 55 

ppm, corresponding to tetrahedral, framework aluminum. In addition to this resonance, the 

spectra of the steamed samples show two additional resonances centered at approximately 

30 ppm and 0 ppm that are attributed to pentacoordinated and octahedral aluminum 

species, respectively.  

As the steaming temperature is raised from 500°C to 700°C, an increasing fraction 

of aluminum is converted from tetrahedral to penta- and hexacoordination (indicated by 

increases in the intensities of the resonances centered at 30 ppm and 0 ppm relative to the 

resonance centered at 55 ppm). Accordingly, the silicon to tetrahedral aluminum (Si/AlT) 

ratios (Table 2-1), calculated from the bulk Si/Al and deconvolution of the 27Al NMR, 
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increase with increasing steaming temperature. The intensities of the resonances 

associated with penta- and hexacoordinated aluminum are reduced after acid washing the 

600°C steamed CHA, with nearly complete removal of the pentacoordinated aluminum 

species. These NMR data for the acid treated sample are consistent with the elemental 

analyses in that the bulk Si/Al increases after acid treatment. These results also suggest that 

the bulk of the higher-coordinated (above 4) aluminum is extra-framework.  

 

 

Figure 2-2. 27Al MAS NMR spectra of the as-synthesized CHA, the CHA samples steamed at 
500°C, 600°C and 700°C with water saturator at 80°C, and the 600°C steamed and acid-washed 

CHA (bottom to top). 
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Further indication that the aluminum content of the zeolite framework changes 

after steaming is provided by the 29Si MAS NMR spectra (Figure 2-3) of the steamed CHA. 

The spectrum of the as-synthesized NH4-CHA shows four resonances centered at 

approximately -109 ppm, -104 ppm, -98 ppm and -93 ppm that can be attributed to Si(0Al), 

Si(1Al), Si(2Al) and Si(3Al) environments, respectively. The silicon environment changes 

to predominantly Si(0Al) and Si(1Al) after steaming, with the Si(0Al) resonance becoming 

the largest peak 

 

. 

 

Figure 2-3. 29Si MAS NMR spectra of the as-synthesized CHA, the CHA samples steamed at 
500°C, 600°C and 700°C with water saturator at 80°C, and the 600°C steamed and acid-washed 

CHA (bottom to top). 
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Figure 2-4A shows the full Ar physisorption isotherms of the as-synthesized 

NH4-CHA and steamed CHA samples along with the isotherm of a pure silicon dioxide 

sample (Si CHA) that is used as a control for illustrating the adsorption isotherm for a pure 

(cation-free) CHA material. The steamed CHA samples show decreased micropore 

adsorption volumes (Table 2-2) compared to the NH4-CHA due to partial collapse of the 

framework.  

The micropore filling region is illustrated in Figure 2-4B that shows the adsorption 

branches  of the isotherms (on a semi-logarithmic scale) normalized by the adsorption 

volume of Si CHA at P/P0 = 0.1. Acid washing the 600°C steamed CHA produces a 

significant increase in the adsorption volume that can be attributed to the removal of extra-

framework aluminum localized within the channels and pores of the sample prior to acid 

leaching. This treatment, however, does not produce an increase in the micropore volume 

(Figure 2-4B).  

Table 2-2. Micropore volumes of the as-synthesized and steamed CHA 

Sample Micropore Volume 
(cc/g) 

Pure Si CHA 0.221 

NH4-CHA 0.190 

CHA-S500B80 0.149 

CHA-S600B80 0.0765 

CHA-S700B80 0.0379 

CHA-S600B60 0.0466 

CHA-S600B90 0.0753 
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Figure 2-4. Ar physisorption isotherms of the as-synthesized and 500°C -700°C steamed CHA 
samples, and 600°C steamed and acid-washed CHA: (A) full isotherms, (B) normalized 

adsorption isotherms plotted on a semi-logarithmic scale and (C) NLDFT pore size distributions  
plotted on a semi-logarithmic scale 
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At pressures above the micropore filling P/P0 range, the adsorption isotherms of 

the steamed samples differ in shape from that of the NH4-CHA and Si CHA in that the 

adsorption volumes of the steamed samples increase continuously and at a higher rate per 

P/P0 compared to the unsteamed samples. The pore size distributions (obtained from the 

NLDFT method on the adsorption branches of the isotherms) are illustrated in Figure 2-4C 

that show the distributions in the mesopore range (greater than 2 nm diameter). While the 

NH4-CHA does not show any pores with diameters larger than 2 nm, the steamed samples 

show a contribution in their distributions from pores between 2-6 nm in diameter. These 

data suggest that mesopores are created by the steam treatments. The pore size distribution 

of the acid-washed sample shows an even greater contribution from these larger pores, 

consistent with the removal of amorphous debris from the mesopores. 

Entries 1, 2 and 4 of Table 2-1 also demonstrate how steaming decreases the total 

number of Brønsted acid sites from 3.75 mmol/g for the unsteamed material (NH4-CHA by 

NH3 TPD) to 1.07 mmol/g, 0.94 mmol/g and 0.72 mmol/g for the CHA samples steamed at 

500°C, 600°C and 700°C, respectively. The number of Brønsted acid sites decreases as 

steaming temperature increases, consistent with increasing framework aluminum removal 

and degradation. These total acid site densities also correlate well with the predicted 

numbers based on the amount of tetrahedral aluminum remaining in each sample by 27Al 

NMR. 

The sites accessible by i-propylamine (presumably accessible via the mesopores 

introduced by steaming) exhibit a maximum with increasing steaming temperature at CHA-
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S600B80. This result suggests that the steaming process has an optimal temperature 

(600°C for CHA) before framework degradation becomes too severe and access to acid 

sites decreases. For comparison, the unsteamed NH4-CHA has 0.08 mmol/g of acid sites by 

i-propylamine TPD. Acid washing of the steamed CHA-S600B80 sample (Entry 3 in Table 

2-1) reveals the presence of fewer total Brønsted acid sites, but a higher fractional 

accessibility, as indicated by the reduced NH3 and increased i-propylamine acid site counts, 

respectively, from the TPDs.  

These TPD results are consistent with the other characterization data for the 

samples that suggest steaming converts tetrahedral framework aluminum to 

pentacoordinate or octahedral aluminum species, consequently eliminating Brønsted acid 

sites (as seen via 27Al NMR and NH3 TPD), and introduces mesoporosity (as seen via Ar 

adsorption and i-propylamine TPD). The samples steamed at 600°C demonstrate the best 

balance of access to Brønsted acid sites without excessive framework degradation. 

2.4.1.2. Effect of Steam Partial Pressure 

Figure 2-5 shows the XRD patterns of the samples steamed at 600°C with varying 

partial pressures of steam. The XRD patterns show that lowering the steam partial pressure 

results in increased amorphization, as indicated by an increasing baseline intensity relative 

to the peak intensities. Almost complete collapse of the structure was observed when NH4-

CHA is calcined under dry air for 8 h at 600°C.The 27Al NMR spectra of the steamed 

samples (Figure 2-6), however, do not show significant differences in the relative 

intensities of the tetrahedral, pentacoordinated and hexacoordinated aluminum signals, 



 

 

37 

although the intensity of the tetrahedral aluminum signal relative to the higher coordinated 

aluminum was the lowest for the CHA calcined under dry conditions. 29Si NMR spectra of 

the samples steamed under varying steam partial pressures is shown in Figure 2-7, that 

shows differences in the silicon environments for the samples steamed under varying water 

vapor pressures. 

Ar physisorption measurements on the steamed samples (Figure 2-8A) show that 

with decreasing steam partial pressure, the samples show decreasing adsorption volume. 

This trend is also observed in the micropore filling region of the isotherms (Figure 2-8B) 

and corroborated by the intact micropore volumes (Table 2-2). The pore size distributions 

of the samples (Figure 2-8C) show that they have mesopore sizes that are approximately in   

Figure 2-5. Powder XRD patterns of CHA samples steamed at 600°C with varying partial 
pressures of steam 
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 Figure 2-6. 27Al MAS NMR spectra of CHA samples steamed at 600°C with varying partial 
pressures of steam 

  

Figure 2-7.29Si MAS NMR spectra of CHA samples steamed at 600°C in order of increasing 
steam partial pressures (bottom to top). 
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the same range, with the size of these pores increasing slightly with the steam partial 

pressure. 

Interestingly, as steam partial pressure decreases, the total Brønsted acid sites 

titrated by NH3 TPD remain relatively similar (Entries 2, 5 and 6 in Table 2-1, consistent 

with the 27Al NMR results), with a maximum value at CHA-S600B80. The i-propylamine 

TPD results are quite different, however, with the greatest accessibility observed for the 

two samples that were steamed with the water saturator at 80°C and 90°C (CHA-S600B80 

and CHA-S600B90, respectively). The sample with the lowest steam partial pressure, 

CHA-S600B60, has approximately half the i-propylamine accessibility of these other 

samples 

The trend of increased degradation with decreasing steam partial pressure is the 

opposite of what has been reported for larger pore zeolites such as zeolites Y, 18,19 (FAU) 

and ZSM-5 20 (MFI). Our steaming experiments with zeolite Y at 550°C and 650°C using a 

similar steam procedure to those reported by Wang et al.19, are consistent with the literature 

results in that zeolite Y samples calcined in the presence of steam undergo greater 

dealumination compared to samples calcined in dry air. Characterizations (powder XRD 

patterns and 27Al NMR) for the 550°C and 650°C steamed zeolite Y samples are provided 

in the Supporting Information (Table 2-4 and Figures 2-14 through 2-17). However, when 

zeolite Y is steamed under more severe conditions (8 h at 800°C) using the same steaming 

procedure. that was used with the CHA zeolites, the results (Supporting Information Table 

2-4 and Figures 2-18 and 2-19) show the reversed trend of greater degradation with  
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Figure 2-8. Ar physisorption isotherms of the as-synthesized and 600°C steamed CHA samples 
under varying steam partial pressures: (A) full isotherms, (B) normalized adsorption isotherms 
plotted on a semi-logarithmic scale and (C) NLDFT pore size distributions  plotted on a semi-

logarithmic scale 
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decreasing steam partial pressure, consistent with the behavior of the CHA zeolites. 

Furthermore, steam treatment of CHA at milder conditions (3 h at 500°C) using the 550°C 

and 650°C Y steaming procedure produces increasing dealumination with increasing steam 

partial pressure (Supporting Information Table 2-4 and Figures 2-20 and 2-21), consistent 

with the behavior of zeolite Y at the lower steaming temperatures. The similar behaviors 

between CHA and zeolite Y at these steaming conditions suggest that the trend reported 

here is not unique to CHA. 

It has been proposed that the steaming involves hydrolyses of Al-O-Si bonds by 

water vapor at high temperatures, resulting in extra-framework aluminum species and the 

formation of vacant silanol nests.19,21,22 As an increasing number of the framework 

aluminum is extracted, portions of the zeolite collapse, forming amorphous regions. 

Investigations on the steam dealumination of Y zeolites further suggest that in the presence 

of steam, silicon may migrate in the form of ortho-silicic acid (H4SiO4) to fill in the 

aluminum vacancies and thus “heal” the structure so that the resulting structure shows 

increased thermal stability.22,23  

It is likely that a similar stabilization process may be occurring during the heating 

period for the zeolites studied here. When heated to temperatures at which the zeolite 

normally becomes amorphous under dry conditions (600°C for CHA and 800°C for Y in 

this study), the presence of steam provides stabilization of the structure. Due to the slow 

ramp rate (1°C/min) used during the steaming experiments for CHA and Y where the 

reversed trend of increased degradation with decreasing steam partial pressure was 
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observed, the samples spend approximately the first half of the duration of the steaming 

experiment in heating under a steam atmosphere. A significant portion of the steaming 

process would thus occur in the heating period, during which the dealumination and 

healing steps described above are occurring at the same time. Under the higher steam 

partial pressures tested, healing of the framework may be facilitated and occurs at a rate 

that is fast enough to compensate for the dealumination process, and thus the structure is 

stabilized during the heating period. At a low steam partial pressure, the rate of healing 

could be too slow to compensate for dealumination and dehydroxylation and thus 

significant loss of crystallinity occurs. The 29Si NMR of the samples steamed under varying 

steam partial pressures suggest that as the steam partial pressure is increased, the Si(0Al) 

peak grows in intensity relative to the downfield peaks, which would be consistent with 

increasing formation of Si-O-Si bonds with increasing availability of water during 

steaming.  

2.4.2. MTO Reaction Testing 

2.4.2.1. Effect of Steaming Temperature and Acid Washing 

Figure 2-9 illustrates representative TOS reaction data obtained at 400°C for the as-

synthesized CHA, the CHA samples steamed at 500°C-700°C with the water saturator at 

80°C, and a SAPO-34. Table 2-3 provides a summary of the reaction data that includes the 

maximum methanol conversion, maximum combined C2-C3 olefin selectivity at maximum 

conversion Each of the catalysts is initially active in producing C2-C4 olefins when 

methanol conversion is close to 100%. With increasing TOS, methanol conversion 

decreases, and is accompanied by a decrease in olefin selectivities and a simultaneous 
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increase in dimethyl ether (DME) production. C3-C5 alkanes, mainly propane and butane, 

are also observed among the products at the start of the reaction, with selectivities 

decreasing with increasing TOS. Lower alkanes (methane and ethane) are not observed 

among the products. and the approximate time to deactivation (arbitrarily defined as the 

first time point where the conversion drops below 80%). 

The as-synthesized CHA, while initially active in producing ethylene and 

propylene, has the shortest catalyst lifetime. Methanol conversion starts at 100%, but 

decreases rapidly after approximately 45 min (0.93 g MeOH/g-cat) TOS, and DME 

becomes the main reaction product. The fast deactivation may be attributed to the high 

 

 

Sample Reaction 
Temperature 

Maximum 
MeOH 

Conversion 

Combined C2-C3 
Olefin Selectivity 
at Max. MeOH 

Conversion 

Time to Deactivation a 

H-CHA 400°C 100.0% 59.0% 61 min (1.3 g MeOH/g cat) 

CHA-S500B80 400°C 100.0% 55.3% 80 min (1.6 g MeOH/g cat) 

CHA-S600B80 350°C 98.6% 58.6% 59 min (1.2 g MeOH/g cat) 

 400°C 100.0% 65.6% 108 min (2.3 g MeOH/g cat) 

 450°C 100.0% 74.2% 152 min (3.2 g MeOH/g cat) 

CHA-S700B80 400°C 97.4% 58.8% 69 min (1.4 g MeOH/g cat) 

CHA-
S600B80A 400°C 94.4% 58.9% 240 min (5.0 g MeOH/g cat) 

 450°C 100.0% 71.4% >439 min (> 9.0 g MeOH/g cat) 

SAPO-34 400°C 100.0% 86.3% >448 min (> 9.8 g MeOH/g cat) 
a First time point where methanol conversion drops below 80% 

Table 2-3. Maximum combined C2-C3 olefin selectivities near complete conversion, and 
deactivation times of catalysts tested 
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Figure 2-9. Representative MTO reaction data obtained at 400°C for: (A) unsteamed H-CHA, (B) 
500°C steamed CHA, (C) 600°C steamed CHA, (D) 700°C steamed CHA, (E) 600°C steamed 

and acid washed CHA, and (F) SAPO-34 
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framework aluminum content of the as-synthesized CHA (Si/Al = 2.4) that leads to rapid 

coke deposition.  

Whereas deactivation occurs abruptly for the as-synthesized CHA, the steamed 

materials show more gradual deactivation profiles that vary depending on the severity of 

steaming. CHA steamed at 500°C has a slightly improved lifetime compared to the as-

synthesized CHA. Methanol is initially completely converted and remains above 80% 

conversion for 64 min (1.3 g MeOH/g cat) TOS. However, olefin selectivities for CHA-

S500B80 are comparable to the unsteamed CHA.  

CHA steamed at 600°C shows the most stable reaction profile and longest lifetime 

among the steamed samples. Methanol conversion starts at 100% and remains above 80% 

for more than 92 min (2.0 g MeOH/g cat) TOS before deactivation occurs, with DME 

becoming the main product. Importantly, improved olefin selectivities are also observed for 

this sample. C2-C3 olefin selectivities increase gradually with increasing TOS when 

conversion is near 100% and reach maximum selectivities of 29.7% and 35.9%, 

respectively, at complete conversion, and approaches olefin selectivities for SAPO-34 

(Figure 2-9F). Upon regeneration of the spent catalyst, similar olefin selectivities are 

observed with only a slight decrease in catalyst lifetime (Supporting Information Figures 

2-22 and 2-23).  

The lifetime of the 600°C steamed CHA is improved further after acid washing 

(Figure 2-9E). Methanol conversion decreases slowly and remains steady around 80% until 

approximately 240 min (5.0 g-MeOH/g-cat) TOS. The combined ethylene and propylene 
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selectivity remains steady at approximately 61% for 100 min TOS before gradually 

declining.  

Increasing the steaming temperature further to 700°C gives poorer MTO activity 

compared to CHA S600B80, likely due to the increased severity of steaming at 700°C. 

Ethylene and propylene reach selectivities of 24.3% and 35.4%, respectively, at 96.8% 

methanol conversion (21 min TOS). Conversion drops below 80% by approximately 60 

min TOS, giving a reaction profile similar to the 500°C steamed CHA.  

The improvements in selectivities and catalyst lifetime of the 600°C-steamed CHA 

may be attributed to modifications in the acidity of the catalysts resulting from the 

extraction of framework aluminum. It is also likely that the mesoporosity created by 

steaming plays a role in the extended lifetimes. It has been observed that the introduction of 

mesopores in microporous zeolite catalysts facilitates mass transport to the micropores and 

leads to longer catalyst lifetimes.24 This trend has been reported by Wu et al.,25 who 

evaluated hierarchical SSZ-13 that was synthesized using the N,N,N 

trimethyladamantylammonium OSDA in combination with a mesoporogen. These 

introduced mesopores result in improved lifetimes for the MTO reaction by allowing 

greater utilization of the micropore volume. As demonstrated by the NH3 and i-

propylamine TPD data, the 600°C-steamed CHA sample appears to have the best balance 

of intact Brønsted acid sites and access to those sites via the mesoporosity introduced by 

the steaming process that could account for the excellent reaction behavior observed.   
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2.4.2.2. Effect of Reaction Temperature 

The effects of reaction temperature on the activity of CHA-S600B80 and CHA-

S600B80A are illustrated in Figure 2-10. The most apparent trend in the reaction profiles 

for CHA S600B80 when the reaction temperature is increased from 350°C to 450°C is the 

increase in catalyst lifetime. At 350°C, methanol conversion is initially near 100%, but 

declines below 80% after approximately 59 min (1.3 g MeOH/g cat) of TOS, while at 

Figure 2-10. Representative MTO reaction data for 600°C steamed CHA (CHA-S600B80) 
obtained at reaction temperatures of (A) 350°C, (B) 400°C, (C) 450°C and (D) 600°C steamed 

and acid-washed CHA (CHA S600B80A) at a reaction temperature of 450°C 
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400°C, the lifetime was 108 min (2.3 g MeOH/g cat). Increasing the reaction temperature 

further to 450°C results in the longest lifetime at 152 min (3.2 g MeOH/g cat). Further, the 

maximum combined ethylene and propylene selectivity increases at 450°C to 74.2% at 

100% conversion, approaching olefin selectivities observed for SAPO-34 (Figure 2-9F). 

Similarly, the acid washed sample shows increases in lifetime and olefin 

selectivities at 450°C. CHA-S600B80A converts methanol to ethylene and propylene 

steadily at an average of 69% combined selectivity for almost 200 min (4.1 g MeOH/g cat) 

TOS before DME becomes the main product. Further, ethylene selectivities increase for 

both CHA S600B80 and CHA S600B80A when the reaction temperature is increased from 

400°C to 450°C so that more ethylene than propylene is produced at 450°C. Regeneration 

of CHA S600B80A at 450°C results in some loss in olefin selectivities and lifetime 

(Supporting Information Figures 2-24 and 2-25).  

2.5. Conclusions 

CHA type zeolites were prepared from the hydrothermal conversion of zeolite Y, 

NH4
+-exchanged, and dealuminated post-synthetically by steam and acid treatments to 

create selective catalysts for converting methanol to olefins. Characterizations by XRD and 

Ar physisorption of the steamed samples showed that partial collapse of the framework 

occurs during the steaming process with the degree of degradation increasing with 

steaming temperature. 27Al MAS NMR spectra of the steamed samples revealed the 

presence of tetrahedral, pentacoordinate and octahedral aluminum species. NH3 and i-

propylamine TPD results further corroborated that steaming converted tetrahedral 
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aluminum to pentacoordinate and octahedral species while also introducing pores larger 

than 8MR pores to the samples (simultaneously reduced the number of total Brønsted acid 

sites, but made them more accessible). As steaming temperature increases, the total 

Brønsted acid sites decreased, but accessibility via mesopores exhibited a maximum when 

samples were steamed at 600°C.  

When evaluated for the MTO reaction, the unsteamed H-CHA (Si/Al = 2.4) 

deactivated quickly whereas the steamed samples showed longer lifetimes and increased 

olefin selectivities. CHA steamed at 600°C achieved the highest olefin selectivities 

(comparable to that of the commercial catalyst) and lifetime among the steamed samples, 

and the activity was retained upon regeneration of the spent catalyst. The results presented 

here show that the acidity and catalytic behavior of an aluminum-rich CHA zeolite 

prepared without using an OSDA can be modified by post-synthetic dealumination 

treatments to create a selective catalyst for converting methanol to olefins. It is likely that 

this dealumination strategy may be effective for preparing useful catalysts starting from 

small-pore zeolites of other topologies that are currently of interest for applications such as 

MTO and deNOx. 
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2.8. Supporting Information for Chapter 2 

2.8.1. Study on the effect of steam treatment on SSZ-13 for MTO 

SSZ-13 was synthesized following the method reported in literature13 at a Si/Al 

ratio of 5 using the N,N,N-trimethyladamantylammonium hydroxide SDA. The product 

was calcined, NH4
+-exchanged and then steamed for 24 h at 750°C under a flow of water 

vapor/inert mixture, which was accomplished by bubbling inert through a water saturator 

held at 75°C. Reaction testing of the samples was conducted at 400°C using a 10% 

methanol/inert feed at a WHSV of 1.3 h-1. The MTO reaction profiles for the fresh 

(unsteamed) SSZ-13 with Si/Al = 5 and steamed SSZ-13 are shown in Figure 2-11 and 

2-12, respectively. The unsteamed SSZ-13 initially converts methanol at 100% but 

Figure 2-11. MTO reaction data for fresh (unsteamed) H-SSZ-13 Si/Al=5 
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deactivates rapidly after approximately 45 min TOS. Both the catalyst lifetime and olefin 

selectivities are improved after steam treatment. Methanol conversion remains above 80% 

for more than 200 min TOS for the steamed SSZ-13. Further, whereas the unsteamed 

SSZ-13 shows a transient period at the start of the reaction in which a significant amount of 

propane is observed in addition to rising olefin selectivities, the steamed material has a 

more stable reaction profile, similar to SAPO-34 (Figure 2-9F). 

2.8.2. Further Characterization of Catalysts 

A 27Al MAS NMR spectrum of the as-synthesized K-CHA was obtained and is 

shown in Figure 2-13. The spectrum contains only a single sharp peak centered at 

Figure 2-12. MTO reaction data for steamed H-SSZ-13 Si/Al=5 
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approximately 55 ppm, corresponding to tetrahedral aluminum, and indicates that all 

aluminum is initially incorporated in the framework.  

 

Figure 2-13. 27Al MAS NMR of as-synthesized K-CHA 

 

2.8.3. Steaming Experiments with Zeolite Y and CHA 

Three series of steaming experiments were conducted using zeolite Y (FAU) for the 

purposes of verifying that the steaming and dry calcination results previously reported in 

the literature on Y can be reproduced as well as determining whether the trend observed 

with CHA under varying partial pressures is also observed in Y when steamed using the 

same procedure. For all of the Y steaming experiments, the starting zeolite was a 

commercial NaY with Si/Al=2.97 that had been NH4
+ exchanged three times for 2 h at 

90°C with 1 M NH4NO3. The NH4
+ exchanged Y, designated NH4NaY, had a Na/Al ratio 

of 0.28 (measured by EDS) and was steamed using the same tube furnace set up as that 

used for the CHA samples.   
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A summary of the steaming conditions is provided in Table 2-4. Two sets of 

steaming experiments were conducted at 550°C and 650°C under similar conditions 

reported by Wang et al.19, who investigated the effect of the water partial pressure on  

steaming of zeolite Y. Samples were heated at 5°C/min to the steaming temperature (550°C 

or 650°C) under 50 cc/min of dry air and then subjected to flowing steam (created by 

Sample 
Heating 
Ramp 
Rate 

Steaming 
Time 

Steaming 
Temp. 

Bubbler 
Temp. 

Duration of 
Flowing Steam AlT/AlTotal 

NH4NaY-
S550B90 5°C/min 3 h 550°C 90°C At steaming 

temperature only 0.144 

NH4NaY-
S550B80 5°C/min 3 h 550°C 80°C At steaming 

temperature only 0.288 

NH4NaY-
S550B60 5°C/min 3 h 550°C 60°C At steaming 

temperature only 0.387 

NH4NaY-
C550 5°C/min 3 h 550°C - Dry calcination 0.822 

NH4NaY-
S650B90 5°C/min 3 h 650°C 90°C At steaming 

temperature only 0.394 

NH4NaY-
S650B80 5°C/min 3 h 650°C 80°C At steaming 

temperature only 0.325 

NH4NaY-
S650B60 5°C/min 3 h 650°C 60°C At steaming 

temperature only 0.308 

NH4NaY-
C650 5°C/min 3 h 650°C - Dry calcination 0.444 

NH4NaY-
S800B90 1°C/min 8 h 800°C 90°C Entire period 0.230 

NH4NaY-
S800B80 1°C/min 8 h 800°C 80°C Entire period 0.670 

NH4NaY-
S800B60 1°C/min 8 h 800°C 60°C Entire period 0.713 

NH4NaY-
C800 1°C/min 8 h 800°C - Dry calcination 0.234 

CHA-
S500B90 5°C/min 3 h 500°C 90°C At steaming 

temperature only 0.139 

CHA-
S500B60 5°C/min 3 h 500°C 60°C At steaming 

temperature only 0.156 

CHA-C500 5°C/min 3 h 500°C - Dry calcination 0.201 

Table 2-4. Summary of zeolite Y and additional CHA steaming conditions 
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bubbling 50 cc/min of dry air through a heated water saturator) for 3 h at the steaming 

temperature. Samples were cooled under 50 cc/min of dry air flow at the end of the 3 h 

steaming period. Steaming experiments were conducted with the bubbler (providing 

approximately a 50% saturated air and water vapor mixture) held at 60°C, 80°C and 90°C, 

for which the water saturation pressures are 19.9 kPa, 47.3 kPa and 70.1 kPa, respectively. 

An additional dry calcination was carried out on the NH4NaY using the same temperature 

profile under flowing dry air (50 cc/min). 

In the third set of steaming experiments, NH4NaY samples were steamed under 

more severe conditions using the same procedure that was used for the CHA samples 

steamed at 600°C under varying steam partial pressures. Samples were heated at 1°C/min 

to 800°C and held for 8 h at the steaming temperature. The entire process, including 

heating and cooling, was carried out under flowing air. An additional dry calcination was 

conducted under 50 cc/min of dry air using the same temperature profile. 

To determine whether CHA would also show the same trend that was observed 

with Y steamed at 550°C and 650°C, an additional series of steaming experiments was 

conducted with CHA using the same steaming procedures that were used for the 550°C and 

650°C zeolite Y steaming experiments, where NH4-CHA samples were steamed for 3 h at 

500°C under varying steam partial pressures. The furnace was ramped at 5°C/min to 500°C 

under 50 cc/min of dry air, steam was introduced for 3 h at 500°C only, and the sample was 

then allowed to cool under flowing dry air (50 cc/min).  
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Figures 2-14 and 2-15 show the powder XRD patterns of the NH4NaY samples 

steamed at 550°C and 650°C, respectively. 27Al MAS NMR spectra of the 550°C and 

650°C steamed samples are shown in Figures 2-16 and 2-17. At both steaming 

temperatures, the 27Al NMR indicates that a greater fraction of tetrahedral aluminum is 

converted to pentacoordinated and octahedral aluminum for the steamed NH4NaY samples 

compared to the dry calcined samples, consistent with what has been reported by Wang et 

al.19 

 

 

Figure 2-14. Powder XRD patterns of unsteamed NH4NaY and NH4,NaY samples steamed for 3 
h at 550°C in order of increasing steam partial pressure (bottom to top). 
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Figure 2-15. Powder XRD patterns of NH4NaY samples steamed for 3 h at 650°C in order of 
increasing steam partial pressure (bottom to top). 

 

Figure 2-16. 27Al NMR spectra of unsteamed NH4NaY and NH4NaY samples steamed for 3 h at 
550°C in order of increasing steam partial pressure (bottom to top). 
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Figure 2-17. 27Al NMR spectra of NH4NaY samples steamed for 3 h at 650°C in order of 
increasing steam partial pressure (bottom to top) 

The powder XRD patterns and 27Al NMR spectra of the NH4,Na-Y samples 

steamed at 800°C are shown in Figures 2-18 and 2-19, respectively. At these conditions, 

the NH4,Na-Y samples show increased degradation when the water partial pressure is 

lowered, with the sample calcined under dry air showing the greatest degradation. The 27Al 

NMR is consistent with the XRD data in that the amount of pentacoordinated and 

octahedral aluminum increase relative to the tetrahedral aluminum as the water partial 

pressure is lowered.  This trend is the opposite of what was observed for the 550°C and 

650°C steamed NH4NaY but consistent with the behavior of CHA steamed at 600°C under 

varying steam partial pressures. The similarity in the behavior of steamed Y compared to 

CHA at these conditions suggests that the trend of increased degradation with decreasing 

steam partial pressure is not unique to CHA. 
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Figure 2-18. Powder XRD patterns of NH4Na-Y samples steamed for 8 h at 800°C in order of 
increasing steam partial pressure (bottom to top) 

 

Figure 2-19. 27Al MAS NMR of NH4Na-Y samples steamed for 8 h at 800°C in order of 
increasing steam partial pressure (bottom to top) 
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Figures 2-20 and 2-21 show the powder XRD patterns and 27Al MAS NMR, 

respectively, of the CHA samples steamed at 500°C where steam is introduced at 500°C 

only. While the powder XRD patterns of the steamed samples are very similar to each 

other, the 27Al NMR spectra indicate that as the steam partial pressure is increased, an 

increasing portion of the tetrahedral aluminum is converted to pentacoordinated and 

octahedral aluminum and is consistent with what was observed for the 550°C and 650°C 

steamed Y.  

 

 

 

Figure 2-20. Powder XRD patterns of CHA samples steamed for 3 h at 500°C in order of 
increasing steam partial pressure (bottom to top) 
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Figure 2-21. 27Al MAS NMR of CHA samples steamed for 3 h at 500°C in order of increasing 
steam partial pressure (bottom to top) 

 
2.8.4. MTO Reaction Data for Fresh and Regenerated Steamed CHA 

An additional batch of steamed CHA was prepared to determine whether the 

activity could be recovered by regeneration. CHA was steamed for 8 h at 600°C under a 

steam partial pressure of 47.3 kPa, and a portion of the steamed material was acid washed 

in the same manner as described in the Experimental section. Reaction testing was 

conducted using a 10% methanol/inert feed at a WHSV of 1.3 h-1. The reaction profiles at 

400°C of the fresh and regenerated 600°C steamed CHA are shown in Figures 2-22 and 

2-23, respectively. The activity of the 600°C steamed and acid washed CHA was evaluated 

over two reaction cycles at 450°C and the reaction profiles are shown in Figures 2-24 and 

2-25. 
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Figure 2-22. MTO reaction data obtained at 400°C for 600°C steamed CHA during the initial 
reaction run 

 
 

 

Figure 2-23. MTO reaction data obtained at 400°C for 600°C steamed CHA after regeneration of 
spent catalyst 
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Figure 2-24. MTO reaction data obtained at 450°C for 600°C steamed and acid washed CHA 
during the initial reaction test 

 
 

 

Figure 2-25. MTO reaction data obtained at 450°C for 600°C steamed and acid washed CHA 
after regeneration of spent catalyst
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C h a p t e r  3  

3. OSDA-free synthesis of RHO and KFI-type zeolite catalysts 

for methanol-to-olefins  
 

Information in this chapter has been published in: Ji, Y.; Birmingham, J.; Deimund, M.A.; 

Davis, M.E. Steam-Dealuminated, OSDA-free RHO and KFI-Type Zeolites as Catalysts 

for the Methanol-to-Olefins Reaction. Micropor. Mesopor. Mater. 2016, 232, 126-137. 

doi:10.1016/j.micromeso.2016.06.012. 

3.1. Abstract 

The steam dealumination strategy is extended to two other 8MR zeolites: RHO and 

KFI. RHO and KFI-type zeolites are synthesized in the absence of organic structure-

directing agents (OSDAs), post-synthetically dealuminated via high temperature (600-

800°C) steam treatments, and evaluated as catalysts for converting methanol-to-light 

olefins (MTO). The proton forms of the as-made zeolites deactivate rapidly when tested for 

the MTO reaction (conducted at 400°C and atmospheric pressure) due to their high 

aluminum content. Steam treatments lead to improvements in olefin selectivities and 

catalyst lifetimes with samples steamed at 600°C giving the best combination of lifetime 

and olefin selectivity. The effects of steaming temperature and partial pressure of water are 

investigated, and similar trends are observed compared to those for CHA. Zeolite 

characterizations by 27Al NMR, 29Si NMR and argon physisorption indicate that the steam 



 

 

68 
treatments extract framework aluminum, leading to reductions in the total number of 

Brønsted acid sites and the creation of mesopores that can facilitate transport of reactants.  

3.2. Introduction 

Ethylene and propylene are key components of the petrochemical industry that are 

currently obtained primarily from cracking of naphtha. The methanol-to-olefins (MTO) 

reaction provides a route for producing these light olefins from non-petroleum feedstocks 

such as natural gas, coal or biomass. Microporous molecular sieves with Brønsted acidity, 

i.e., aluminosilicates (zeolites) and silicoaluminophosphates (SAPOs), can be used to 

catalyze the conversion of methanol into light olefins. Among these materials, SAPO-34, a 

microporous SAPO molecular sieve with the chabazite (CHA) topology, is currently 

utilized in commercial MTO plants in China1. 

Molecular sieves with frameworks containing cages that have limiting pore sizes 

consisting of 8 tetrahedral atoms (8MR pores) possess the appropriate shape selectivity for 

MTO.2 The pores of 8MR frameworks (typically 0.35-0.45 nm in diameter) allow small 

molecules such as methanol and linear alkenes to diffuse through the cages while 

restricting larger branched and aromatic species that may form. These cages also stabilize 

polymethylated benzene intermediates that act as a hydrocarbon pool for continuous 

methanol addition and olefin elimination.3-5 

Zeolites with high Si/Al ratios are desirable for catalysis requiring Brønsted acidity 

as high aluminum zeolites possess poor acidity and hydrothermal stability. Researchers 

have explored direct syntheses of small-pore zeolites at high Si/Al ratios,6-11 but the 
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materials typically utilize organic structure-directing agents (OSDAs) in order to 

facilitate low framework charges. The use of these organic molecules has drawbacks such 

as high cost12 that typically cannot be recovered as they are removed via combustion prior 

to use. An incentive therefore exists to develop low-cost catalyst preparation methods 

without the use of OSDAs. While various zeolites can be synthesized in the absence of 

OSDAs, the resulting materials typically have Si/Al ratios that are too low to be of use for 

catalytic applications requiring Brønsted acidity. However, it may be possible to post-

synthetically remove framework aluminum and thus modify the acidity of the materials.  

We have recently explored a post-synthetic dealumination strategy to convert high 

aluminum 8MR zeolites that are prepared without the use of OSDAs into useful catalysts 

for MTO and demonstrated the preparation method with CHA-type zeolites.13 CHA was 

synthesized in the absence of OSDAs at a Si/Al ratio of 2.4, steam-treated to extract a 

portion of the framework aluminum and evaluated for MTO. While the as-made CHA 

deactivated quickly due to the high aluminum content, the dealuminated samples showed 

increased olefin selectivities and lifetimes. The results were attributed to a reduction in the 

number of Brønsted acid sites and the introduction of mesopores that increase the reactant 

accessibility to the remaining acid sites. 

The results obtained with CHA suggest that the preparation method used is broadly 

applicable to any 8MR zeolite that can be synthesized without using OSDAs. Here, we 

show that two additional high-aluminum 8MR zeolites prepared in the absence of OSDAs, 

zeolite rho (RHO) and ZK-5 (KFI), can also be dealuminated by steam treatments to make 

them active for MTO. The RHO framework has a three-dimensional channel system 
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consisting of cubic lta cages whose faces are connected with each other via double 8-

rings (pore size 0.36 x 0.36 nm).14 Zeolite ZK-5 (pore size 0.39 x 0.39 nm)14 also possesses 

a three-dimensional channel system consisting of alternating 8MR lta and paulingite cages 

that are connected via shared 8-ring faces. These two zeolites can be synthesized in the 

absence of OSDAs using alkali hydroxides and have been previously explored for the 

synthesis of methylamines.15 However, neither material has been evaluated for MTO 

because of their high aluminum content in the as-synthesized form.  

3.3. Experimental Section 

3.3.1. RHO and KFI Syntheses 

RHO- and KFI-type zeolites were synthesized following methods described in the 

patent literature.16,17 For RHO, a synthesis gel was prepared with molar composition 0.3 

Na2O /0.1 Al2O3/1 SiO2 /0.04 Cs2O /8H2O. In a typical synthesis, 1.78 g of alumina 

(Catapal B) source was dissolved in a solution containing 3.17 g NaOH (Mallinckrodt 

pellets) and 4.67 g water and heated at 110°C until a clear solution formed. 3.2 g of CsOH 

(Aldrich 50 wt% aqueous solution) was then added followed by 20 g colloidal silica 

(Ludox HS-40). The reaction mixture was covered and stirred for 72 h at room 

temperature, transferred to a Teflon-lined autoclave, and heated for 1-3 days at 100°C. The 

crystallized product was recovered by centrifugation, washed with water followed by 

acetone and dried overnight at 100°C.  

KFI was prepared from a synthesis gel with molar composition 0.24 K2O/0.167 

Al2O3/1 SiO2/0.030 Cs2O/7.5 H2O. In a typical synthesis, 3.295 g of Al(OH)3 (JT Baker) 
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was added to a solution of 3.825 g KOH (Macron pellets) and 1.396 g CsOH·H2O 

(Aldrich powder) in 2 g water. The mixture was heated at 110°C until a clear solution 

formed and 25 g of colloidal silica (Ludox LS-30) was added. The gel was stirred until 

homogenous, transferred to a Teflon-lined autoclave and heated at 100°C for 4.5 days. The 

product was recovered by centrifugation, washed extensively with water followed by 

acetone, and dried overnight at 100°C.  

3.3.2. Steam Treatments  

Prior to steaming, the as-synthesized zeolites were ion-exchanged into the NH4
+ 

form by exchanging three times with 1 M ammonium nitrate aqueous solution (100 mL 

liquid per gram of solid) for 2 h at 90°C. The solids were recovered by centrifugation, 

washed with water followed by acetone, and dried overnight at 100°C. Steaming was  

 

Entry Sample 
Steaming Conditions 

Si/Al 
Bulk Si/AlT  

a Steaming 
Temperature a 

Water Saturator 
Temperature 

1 NH4-RHO - - 2.8 2.8 
2 RHO-S600B80 600°C 80°C 3.2 25 
3 RHO-S700B80 700°C 80°C 3.2 27 
4 RHO-S800B80 800°C 80°C 3.2 27 
5 RHO-S800B60 800°C 60°C 3.1 39 
6 RHO-S800B90 800°C 90°C 3.1 32 
7 RHO-C800 800°C Dry Calcined - - 
8 NH4-KFI - - 3.1 3.1 
9 KFI-S600B80 600°C 80°C 3.1 17 

10 KFI-S700B80 700°C 80°C 3.2 23 
11 KFI-S800B80 800°C 80°C 3.0 35 

a Calculated from 27Al NMR and bulk Si/Al, AlT denotes tetrahedral Al only 

Table 3-1. Summary of RHO and KFI steaming conditions and Si/Al ratios 



 

 

72 
conducted in a horizontal tube furnace (MTI OTF-1200X) under a flowing mixture of 

steam and air that was generated by bubbling zero-grade air (50 cc/min) through a water 

saturator held at 80°C upstream of the sample. Samples were exposed to flowing steam 

and heated at 1°C/min to the desired steaming temperature (600, 700 or 800°C) and held 

there for 8 h. An additional series of steaming experiments were conducted with RHO 

where samples were steamed for 8 h at 800°C under different steam partial pressures that 

were varied by changing the bubbler temperature (60, 80 or 90°C). Table 3-1 provides a 

summary of the steaming conditions for RHO and KFI. 

3.3.3.  Characterizations 

Powder X-ray diffraction (XRD) patterns were obtained on a Rigaku MiniFlex II 

instrument with Cu Kα radiation (λ= 1.54184 Å) at a sampling window of 0.01° and scan 

speed of 0.3°/min. Powder patterns were normalized to the highest intensity peak. Bulk 

elemental analysis was conducted by energy dispersive spectroscopy (EDS) on a ZEISS 

1550VP instrument equipped with an Oxford X-Max SDD.  

Solid-state 27Al were acquired on a Bruker DSX 500 MHz spectrometer. 27Al NMR 

spectra were recorded with the spectrometer operating at 130.3 MHz using a 90° pulse 

length of 6 µs, a recycle time of 2 s, and a spinning rate of 12 kHz. Samples were hydrated 

overnight over a saturated KCl solution and loaded in a 4 mm ZrO2 rotor. Chemical shifts 

were referenced to 1 M aqueous aluminum nitrate solution. Solid-state 29Si MAS NMR 

spectra were acquired on a Bruker Avance 200 MHz spectrometer operated at 39.78 MHz 

with 1H decoupling. Spectra were recorded using a 90° pulse length of 4 µs and a cycle 

delay time of 60 s, and a spinning rate of 4 kHz. Samples were loaded in a 7 mm ZrO2 
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rotor, and chemical shifts were referenced to tetramethylsilane. Reported spectra are 

scaled to the same maximum intensity. 

Argon physisorption was conducted on a Quantachrome Autosorb iQ instrument. 

Prior to adsorption measurements, samples were outgassed by heating (at a rate of 

1°C/min) the sample under vacuum for 0.5 h at 60°C, 0.5 h at 120°C and 5 h at 350°C. 

Adsorption isotherms were collected using argon at 87.45 K using the constant dose (quasi-

equilibrium) method. Micropore volumes were obtained from the adsorption branch of the 

isotherms using the t-plot method (0.1 <P/P0< 0.3). Pore size analyses were obtained from 

the adsorption branches using the nonlocal density functional theory (NLDFT) model 

provided by Quantachrome’s data reduction software (modeling Ar at 87 K on a zeolite 

with cylindrical pores). 

3.3.4. MTO Reaction Testing 

Catalysts for reaction testing were crushed and sieved to obtain particles between 0.15 

mm and 0.6 mm. Approximately 200 mg of the sieved catalyst was supported between 

quartz wool beds in a tubular, continuous flow reactor (Autoclave Engineers BTRS, Jr. SS-

316). Samples were calcined in-situ by heating (at a rate of 1°C/min) for 3 h at 150°C and 

then 12 h at 580°C under a flow of breathing-grade air. Reactions were conducted at 400°C 

and atmospheric pressure with a feed of 10% methanol in inert (5% Ar, bal. He) pumped at 

a WHSV of 1.3 h-1. Effluent gases were monitored by an on-stream GC/MS (Agilent 

6890/MSD5793N). Methanol conversion, product selectivities and carbon balances are 

reported on a carbon mole basis and calculated as previously described (Equations 2-1 

through 2-3).  
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3.4. Results and Discussion 

3.4.1. Effects of Steaming Temperature 

The as-made RHO and KFI have Si/Al ratios of 2.8 and 3.1, respectively. In order 

to extract aluminum from their frameworks, the zeolites were NH4
+ exchanged and steamed 

at temperatures of 600, 700 or 800°C. Figures 3-1 and 3-2 show the PXRD patterns of the 

as-synthesized (NH4 form) and the RHO and KFI samples steamed at 600-800°C with the 

bubbler held at 80°C (water vapor pressure of 47.3 kPa). At steaming temperatures up to 

800°C, the crystallinity of the RHO sample is still preserved. An x-ray amorphous material 

was obtained when RHO was steamed at 850°C (not shown). The steamed KFI samples 

show good crystallinity up to a steaming temperature of 700°C. Steaming of KFI at 800°C 

Figure 3-1. Powder XRD patterns of as-synthesized and 600, 700 and 800°C steamed RHO 
(bottom to top) 



 

 

75 

produced an X-ray amorphous material (this sample was not further characterized).  With 

increasing steaming temperature, peaks are shifted further to lower d-spacings, consistent 

with a decreasing unit cell size due to decreasing framework aluminum in the zeolites.  

Evidence for extraction of framework aluminum is provided by the 27Al and 29Si 

MAS NMR spectra of the materials (Figures 3-3 through 3-6). The 27Al MAS NMR spectra 

of the as-made materials show that all of the aluminum is in tetrahedral (framework) 

coordination (Figures 3-3 and 3-4). After steaming, the samples show additional peaks at 

approximately 30 and 0 ppm, which are assigned to penta-coordinated and octahedrally-

coordinated aluminum. The results of the 27Al NMR and bulk Si/Al ratios (measured by   

Figure 3-2. Powder XRD patterns of as-synthesized and 600, 700 and 800°C steamed KFI 
(bottom to top) 
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Figure 3-3.27Al NMR spectra of as-synthesized and 600-800°C steamed RHO (bottom to top) * 
denotes spinning sideband. 

  

Figure 3-4. 27Al NMR spectra of as-synthesized and 600-700°C steamed KFI (bottom to top) * 
denotes spinning sideband 
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 Figure 3-5. 29Si NMR spectra of as-synthesized and 600-800°C steamed RHO (bottom to top) 

  

Figure 3-6. 29Si NMR spectra of as-synthesized and 600-800°C steamed RHO (bottom to top) 
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EDS) were used to estimate the silicon to tetrahedral aluminum ratios (Si/AlT) of the 

steamed samples (Table 3-1), that ranged from 25-27 for the steamed RHO samples and 

17-23 for the steamed KFI samples. The 29Si NMRs (Figures 3-5 and 3-6) show that the 

signals associated with SiO4 tetrahedra coordinated to AlO4 tetrahedra (Si(1Al), Si(2Al) 

and Si(3Al) located at approximately -107, -98 and -92 ppm, respectively) decrease 

significantly while the signal associated with Si(0Al) (approximately -112 ppm) increases 

in intensity after steaming, suggesting that there is increasingly less aluminum coordinated 

to the framework silicon. 

Changes to the accessible pore volume were characterized by Ar physisorption at 

87 K. Figures 3-7 and 3-8 shows the full adsorption and desorption isotherms of the 

steamed RHO and KFI samples, respectively. In both cases, steaming leads to a reduction 

in the accessible micropore volume (Figures 3-7A and 3-8A insets) due to partial structural 

collapse. As with CHA, the micropore volumes decrease with increasing steaming 

temperature (Table 3-2).  

 

Table 3-2. Micropore volumes of RHO and KFI samples 

Sample Micropore Volume 
(cc/g) 

H-RHO 0.26 
RHO-S600B80 0.18 
RHO-S700B80 0.096 
RHO-S800B80 0.059 
RHO-S800B90 0.051 
RHO-S800B60 0.033 

H-KFI 0.18 
KFI-S600B80 0.13 
KFI-S700B80 0.062 



 

 

79 

 

Figure 3-7. (A) Ar physisorption isotherms of the as-synthesized and steamed RHO samples, (B) 
adsorption isotherms in the micropore filling region and (C) NLDFT pore size distributions 

plotted on a semi-logarithmic scale 
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Figure 3-8. (A) Ar physisorption isotherms of the as-synthesized and steamed KFI samples, (B) 
adsorption isotherms in the micropore filling region and (C) NLDFT pore size distributions 

plotted on a semi-logarithmic scale 
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Pore size distribution analyses were performed using the NLDFT method on the 

adsorption branch of the isotherms, and the mesopore range of the distributions is shown in 

Figures 3-7C and 3-8C. In contrast to the unsteamed H-RHO, the steamed RHO samples 

show an increasingly greater contribution from pores of approximately 2-5 nm in diameter 

with increasing steaming temperature, while contributions in this range are not seen in the 

unsteamed H-RHO. Similarly for KFI, an increasing contribution from pores with diameter 

2-4 nm is observed as the steaming temperature is increased from 600 to 700°C that are 

greater than what is observed for the H-KFI. These data suggest that mesopores are 

introduced during the steam treatments and that their contribution increases with the 

severity of steaming. 

As with CHA, we attempted to remove the extra-framework aluminum from the 

steamed RHO and KFI samples via acid washing treatments. A summary of the treatment 

conditions and characterizations are provided in the supporting information Table 3-4 and 

Figures 3-16 through 3-21. 27Al NMR spectra of the acid washed materials showed that 

while there was a small decrease in the peak corresponding to penta-coordinated aluminum, 

a significant amount of octahedral aluminum still remained after acid treatment. One 

possibility for the difference in acid washing results seen for RHO and KFI compared to 

CHA is that the extra-framework aluminum species in RHO and KFI may be located in 

regions that do not accommodate diffusion of hydrated alumina. Although Ar physisorption 

data indicate that mesoporosity is generated in the steamed materials, there may be 

additional isolated cavities that are inaccessible and thus limits the amount of extra-

framework aluminum that can be removed. 
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3.4.2. Effects of Steam Partial Pressure 

Previously, it was observed for CHA that lowering the steam partial pressure during 

steaming leads to increased degradation (Chapter 2). This trend was attributed to the 

presence of water during the initial heating period that helped stabilize the framework. To 

verify whether this behavior is also seen in another 8MR zeolite, a series of experiments 

was carried out with RHO where samples were steamed for 8 h at 800°C under varying 

steam partial pressures (water saturator temperatures of 60, 80 and 90°C).   

Figure 3-9 shows the powder XRD patterns of the RHO samples steamed under 

varying steam partial pressures. The samples steamed with the water saturator held at 80°C 

and 90°C (corresponding to steam partial pressures of 47.3 kPa and 70.1 kPa, respectively) 

are very similar to each other, as with CHA. However, lowering the bubbler temperature 

from 80°C to 60°C (17.7 kPa of steam) results in increased structural degradation. Like 

CHA, dry calcination of NH4-RHO in air for 8 h at 800°C results in essentially an X-ray 

amorphous material. 

As with the CHA samples, the 27Al NMR spectra of the steamed samples do not 

show significant differences in the relative intensities of the tetrahedral, pentacoordinated, 

and hexacoordinated aluminum signals. On the other hand, the 29Si NMR spectra of the 

samples (Figure 3-11) show a large peak centered at approximately -105 ppm that 

corresponds to Si(0Al) and overlaps with smaller upfield peaks. With increasing steam 

partial pressure, an increasing portion of the silicon exists in the Si(0Al) environment. 
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Figure 3-9. Powder XRD patterns of RHO steamed at 800C under increasing steam partial 
pressures (bottom to top) 

 

Figure 3-10. 27Al NMR spectra of RHO steamed at 800°C under increasing steam partial 
pressures (bottom to top) 
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Figure 3-11. 31Si NMR spectra of RHO steamed at 800°C under increasing steam partial pressures 
(bottom to top) 

The Ar physisorption isotherms (Figure 3-12A and 3-12B) indicate that the sample 

steamed with the water saturator held at 60°C (RHO-S800B60) also has the lowest 

accessible micropore volume (0.34 cc/g), while the sample steamed with the water 

saturator at 80°C had the highest accessible micropore volume (0.59 cc/g). Increasing the 

water saturator temperature to 90°C results in a slightly lower micropore volume of 0.51 

cc/g, a trend that was also observe with CHA. The pore size distributions (Figure 3-12C) 

shows that with increasing steam partial pressure, the range of pore diameters estimated for 

the mesopores increases slightly. The increased degradation at lower steam partial 

pressures observed here are consistent with those for CHA and zeolite Y, providing further 

indication that this is a general trend and not unique to any one 8MR zeolite. 
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Figure 3-12. Ar physisorption isotherms of the 800°C steamed RHO samples under varying steam 
partial pressures (A) full isotherms, (B) adsorption isotherms plotted on a log scale and (C) 

NLDFT pore size distributions 
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3.4.3. MTO Reaction Testing 

3.4.3.1. Effects of steaming temperature 

 The as-made and steamed zeolites were evaluated as catalysts for the MTO 

reaction at 400°C and atmospheric pressure, and the time-on-stream reaction profiles are 

shown in Figures 3-13 and 3-14. The maximum conversions, combined ethylene and 

propylene selectivities and catalyst lifetimes are summarized in Table 3-3. All of the 

catalysts tested initially convert methanol at or close to 100%. In addition to C2-C4 olefins, 

C3-C5 alkanes (mainly propane), and dimethylether (DME) are also observed in the product  

 

 

Sample Reaction 
Temperature 

Maximum 
MeOH 

Conversion 

Combined C2-
C3 Olefin 

Selectivity at 
Max. MeOH 
Conversion 

Time to Deactivation a 

H-RHO 400°C 100% 43.3% 64 min (1.3 g MeOH/g cat) 

RHO-S600B80 400°C 100% 51.6% 125 min (2.6 g MeOH/g cat) 

RHO-S700B80 400°C 100% 54.8% 112 min (2.3 g MeOH/g cat) 

RHO-S800B80 400°C 96.6% 59.6% 88 min (1.8 g MeOH/g cat) 

RHO-S800B80 350°C 91.9% 48.0% 42 min (0.87 g MeOH/g cat) 

RHO-S800B80 450°C 100% 66.2% 105 min (2.2 g MeOH/g cat) 

H-KFI 400°C 99.7% 44.7% 52 min (1.0 g MeOH/g cat) 

KFI-S600B80 400°C 99.6% 51.6% 80 min (1.7 g MeOH/g cat) 

KFI-S700B80 400°C 99.3% 52.6% 75 min (1.5 g MeOH/g cat) 
a First time point where conversion drops below 80% 

 

Table 3-3. Maximum combined C2-C3 olefin selectivities near complete conversion, and 
deactivation times of RHO and KFI catalysts tested 
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stream. The most prominent changes observed after steaming are an increase in the 

catalyst lifetime (quantified by comparing the first time point where conversion drops 

below 80%) and increases in the ethylene and propylene selectivities. 

 The as-made H-RHO (Figure 3-13A) reaches a maximum combined ethylene and 

propylene selectivity of 43.3% at 100% conversion but, due to its high aluminum content 

(Si/Al = 2.8), deactivates rapidly after approximately 64 min (1.3 g MeOH/g cat), after 

which dimethylether (DME) becomes the main product. Steaming produces catalysts with 

more stable reaction profiles that depend upon the severity of steaming. RHO steamed at 

600°C converts methanol at above 80% for approximately 125 min TOS (2.6 g MeOH/g 

cat) and reaches a maximum combined ethylene and propylene selectivity of 51.6% at 

100% conversion. This sample had the best combination of lifetime and olefin selectivity.  

Steaming at higher temperatures (700 and 800°C) produces catalysts with slightly 

increased ethylene and propylene selectivities, but conversion starts to decrease more 

quickly (conversion first drops below 80% after approximately 112 and 80 min TOS for 

RHO-S700B80 and RHO-S800B80, respectively). RHO steamed at 800°C had the highest 

olefin selectivity (maximum combined C2= and C3= selectivity of 59.6% at 96.6% 

conversion) but also deactivated the fastest among the steamed samples.  

A similar trend is observed for KFI (Figure 3-14). The unsteamed H-KFI 

(Si/Al=3.1) deactivates rapidly (after approximately 52 min TOS or 1.0 g MeOH/g cat) and 

reaches a maximum combined ethylene and propylene selectivity of 44.7% at 99.7% 

conversion. As with CHA and RHO, higher methanol conversion capacities and olefin 
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selectivities are observed after steam treatment. KFI steamed at 600°C reaches a 

maximum combined C2= and C3= selectivity of 51.6% at 99.6% conversion, and methanol 

conversion stays above 80% for 80 min TOS (1.7 g MeOH/g cat). Olefin selectivities are 

increased slightly for KFI steamed at 700°C (maximum combined C2= and C3= selectivity 

was 52.6% for KFI-S700B80), but as with the other steamed zeolites, deactivation also 

occurs more quickly.  

 

  

 

Figure 3-13. MTO reaction data obtained at 400°C for (A) as-synthesized, (B) 600°C steamed, 
(C) 700°C steamed and (D) 800°C steamed RHO samples.  
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The fast deactivation of the as-made H-RHO and H-KFI can be attributed to the 

high framework acid site density of the materials that lead to quick coke deposition. After 

steaming at 600°C, the framework aluminum content decreases (the estimated Si/AlT ratios 

are 25 and 17 for the RHO-S600 and KFI-S600, respectively), leading to increased olefin 

selectivities and lifetimes. The presence of mesopores after steam treatment of these 

Figure 3-14. MTO reaction data obtained at 400°C for (A) as-synthesized, (B) 600°C steamed 
and (C) 700°C steamed KFI samples 
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materials, as indicated by Ar physisorption measurements, likely also contribute to the 

increased lifetimes of the steamed zeolites by allowing for greater accessibility of reactants 

to the acid sites in the remaining microporous regions. We have previously observed using 

NH3 and i-propylamine TPD that steam treatment of high-aluminum CHA-type zeolites 

lead to decreased total Brønsted acid site densities while simultaneously increasing 

accessibility of the remaining acid sites via mesopores.13 An optimal steaming temperature 

of 600°C for CHA was found that gave the best balance of intact acid sites and 

accessibility. The RHO and KFI samples appear to show a similar behavior where steaming 

at 600°C produces the greatest improvement in catalyst performance. These samples show 

the best combination of olefin selectivity and catalyst lifetime. Increasing the steaming 

temperature leads to slight increases in the olefin selectivities but decreased lifetimes, 

presumably a result of increased degradation and lowered accessibility to the acid sites. 

Interestingly, the more severely steamed RHO and KFI (RHO-S700B80, RHO-

S800B80 and KFI-S700B80) samples produce little to no DME. This behavior contrasts 

with the reaction behaviors seen for the steamed CHA samples where deactivation is 

accompanied by a simultaneous rise in DME production so that DME becomes the main 

product. Furthermore, higher amounts of butene are produced for the steamed RHO and 

KFI samples compared to CHA. In particular, the C4=/C2= ratio is nearly 1:1 for the 700 and 

800°C steamed RHO samples, while this ratio is typically 1:2 for 600°C steamed CHA. 

These differences in the product distribution suggest that there may be different reaction 

mechanisms for RHO and KFI compared to CHA. These differences are investigated 

further in Chapter 4. 
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3.4.3.2. Effect of reaction temperature for RHO 

The effect of reaction temperature was explored for RHO steamed at 800°C that 

was tested at temperatures of 350, 400 and 450°C (Figure 3-15). At 350°C, the 800°C 

steamed RHO deactivates after only 42 min (0.87 g MeOH/g cat) and reaches a maximum 

combined C2= and C3= selectivity of 48% at 91.9% conversion. As with CHA, increasing 

the reaction temperature leads to an increase in the combined olefin selectivities as well as 

Figure 3-15. MTO reaction data for RHOS800B80 obtained at reaction temperatures of (A) 
350°C, (B) 400°C and (C) 450°C 
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catalyst lifetime. The best activity was obtained at 450°C where the maximum combined 

C2= and C3= selectivity was 66.2% at 100% conversion, and conversion remained above 

80% for 105 min (2.2 g MeOH/g cat). 

3.5. Conclusions 

High aluminum RHO and KFI-type zeolites were prepared in the absence of 

OSDAs, dealuminated by steam treatments, and evaluated for MTO. While the proton 

forms of the as-synthesized RHO and KFI deactivate quickly due to their high aluminum 

content, the steamed samples show increased lifetimes and olefin selectivities. 

Characterizations by 27Al and 31Si NMR indicate that the steam treatments extract 

framework aluminum while simultaneously introducing mesoporosity that may facilitate 

transport of reactants to the micropores. The effects of the steaming temperature and steam 

partial pressure are investigated and similar trends are observed for all three of the 8MR 

zeolites studied, indicating that these material and likely other small pore zeolites will 

behave similarly under steam treatment. The reaction results for RHO and KFI presented 

here (in addition to CHA shown previously) show that the catalytic behavior of high 

aluminum 8MR zeolites prepared without OSDAs can be modified by the steam 

dealumination method to create selective catalysts for MTO. The successful demonstration 

of this method on three 8MR zeolites suggests that it is likely to be effective on any small-

pore zeolite that is prepared without an OSDA to convert them into useful catalysts for 

reactions like MTO. 
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3.7. Supporting Information for Chapter 3 

Table 3-4. Summary of acid washing treatments for steamed RHO and KFI samples and bulk 

Si/Al Ratios 

 Steaming Conditions a Acid Washing Conditions b Si/Al Ratio 
RHO 700°C Steamed - 2.9 

700°C Steamed 0.1 N HCl 2 h 100°C 3.0 
700°C Steamed 1 N HCl 2 h 100°C 4.2 
800°C Steamed - 2.8 
800°C Steamed 0.1 N HCl 2 h 100°C 3.2 
800°C Steamed 1 N HCl 2 h 100°C 4.2 

KFI 700°C Steamed - 3.2 
700°C Steamed 0.1 N HCl 2 h 100°C 4.3 

a Samples were steamed for 8 h at the steaming temperature with the water saturator at 80°C 
b Acid washing was performed with 100 mL liquid per gram solid. Solids were recovered by filtration, 
washed with water and dried at 100°C 

 

 

 

Figure 3-16. Powder XRD patterns for (A) 700°C steamed RHO and 700°C steamed RHO 
after acid washing with (B) 0.1 N HCl or (C) 1 N HCl for 2 h at 100°C 
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Figure 3-17. 27Al MAS NMR for (A) 700°C steamed RHO and 700°C steamed RHO after acid 
washing with (B) 0.1 N HCl or (C) 1 N HCl for 2 h at 100°C 

Figure 3-18. Powder XRD patterns for (A) 800°C steamed RHO and 800°C steamed RHO 
after acid washing with (B) 0.1 N HCl or (C) 1 N HCl for 2 h at 100°C 
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Figure 3-19. 27Al MAS NMR for (A) 800°C steamed RHO and 800°C steamed RHO after acid 
washing with (B) 0.1 N HCl or (C) 1 N HCl for 2 h at 100°C 

Figure 3-20. Powder XRD patterns for (A) 700°C steamed KFI and (B) 700°C steamed and 
acid washed KFI. 
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Figure 3-21. 27Al MAS NMR for (A) 700°C steamed KFI and (B) 700°C steamed and acid 
washed KFI. 
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C h a p t e r  4  

4. Role of acid sites internal vs. external to 8MR cages of 

steamed 8MR zeolites 
 

Information in this chapter has previously appeared in: Y. Ji, J. Birmingham, M.A. 

Deimund, M.E. Davis, Steam-Dealuminated, OSDA-free RHO and KFI-Type Zeolites as 

Catalysts for the Methanol-to-Olefins Reaction, Micropor. Mesopor. Mater. 232, (2016) 

126-137. doi:10.1016/j.micromeso.2016.06.012. 

4.1. Abstract 

Three 8MR zeolites: CHA, RHO and KFI, are prepared in the absence of OSDAs, 

dealuminated by steam treatments and poisoned with trimethylphosphite to eliminate acid 

sites in the mesopores and on the external surface of the crystallites to investigate the role 

of these sites in the product distributions observed for the steamed materials. 

Characterizations by EDS, 31P NMR and 27Al NMR provide evidence of attachment of 

phosphorus to aluminum species after phosphite treatment. Elimination of acid sites 

external to the 8MR pores is verified by i-propylamine TPD. When evaluated for MTO 

activity, all of the phosphite-treated samples show longer catalyst lifetimes (and less coke 

content) but no changes in olefin selectivities are observed, suggesting that olefins do not 

undergo secondary dimerization or methylation reactions that affect the resulting product 

distributions observed for the steamed zeolites. Differences in the product distributions are 

instead attributed to differences in the unique pore structures of each of the zeolites.  
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4.2. Introduction 

Previously, we showed that high aluminum 8MR zeolites (CHA, RHO and KFI) 

prepared without using OSDAs could be dealuminated by steam treatments to convert them 

into catalysts with improved activity for MTO. A comparison of the reaction profiles for 

the three 8MR zeolites evaluated (CHA, RHO and KFI) shows differences in their 

selectivities towards ethylene, propylene, butene and DME. The orgins of these differences 

are investigated here via poisoning experiments. 

Evaluation of the steamed materials for MTO showed that the steamed RHO and 

KFI catalysts have higher selectivities towards butylene (2-butylene and isobutylene) 

compared to the CHA-type zeolites. All of the steamed RHO samples produce ethylene and 

butylene at ratios close to 1:1 while this ratio is typically around 2:1 for the steamed CHA-

type zeolites that are prepared without OSDAs. For instance, the average C2=/C3=/C4= ratio 

near complete conversion for the 800°C steamed RHO is 1/1.7/1.1 while for a 

representative 600°C steamed CHA sample, the ratio is 1/1.2/0.5. Similarly, the steamed 

KFI samples show higher butylene selectivities compared to CHA. The 600°C steamed 

KFI sample has a C2=/C3=/C4= ratio of 1/1.3/0.77. Increasing the steaming temperature to 

700°C results in increased butylene selectivity (average C2=/C3=/C4= ratio of 1/1.3/0.99), 

similar to the 800°C steamed RHO.  

Further, olefin selectivities remain stable with increasing time on stream even as 

conversion decreases and little to no DME is observed among the products for both the 

800°C steamed RHO and 700°C steamed KFI samples. This behavior contrasts that 
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observed for the steamed CHA samples as well as the RHO and KFI samples steamed 

at lower temperatures where, with increasing time on stream, coke formation at strong 

Brønsted acid sites responsible for converting methanol to olefins leads to decreasing 

conversion and olefin selectivities (resulting in DME, produced from the dehydration of 

methanol on weak acid sites, becoming the main product in the effluent).  

We have previously shown with NH3 and i-propylamine TPD experiments on 

steamed CHA samples (Chapter 2) that Brønsted acid sites are located both in the intact 

8MR cages as well as in the mesopores and external surface of the steamed samples. To 

assess whether these external sites are the origin of the differences in DME production or 

secondary reactions of olefins (such as dimerization of ethylene to butylene) that are 

responsible for the differences in product selectivities observed for the three zeolite 

structures, poisoning experiments with trimethylphosphite are performed to eliminate the 

mesoporous and surface sites and the resulting materials are tested for MTO. Similar 

trimethylphosphite treatments have been commonly used to modify the acidity and shape 

selectivity of ZSM-5 for various catalytic processes.1-3 Trimethylphosphite may be 

exchanged onto zeolites where it binds to aluminum sites. Calcination to remove the 

organic ligands then leaves phosphate groups permanently attached onto the acid sites in 

the zeolites. In the steamed 8MR zeolites, trimethylphosphite is able to access acid sites in 

the mesopores and external surface but is too large to diffuse into 8MR cages and thus can 

be used to selectively poison acid sites external to the 8MR pore system.  

In this study, batches of the three zeolites (CHA, RHO and KFI) were synthesized, 

steamed, treated with trimethylphosphite and evaluated for MTO reactivity. CHA steamed 
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at 600°C (CHA-S600) was prepared following the OSDA-free method that we 

previously reported (Chapters 2 and 3) and compared to 800°C steamed RHO (RHO-S800) 

and 700°C steamed KFI (KFI-S700). These samples were chosen because they showed the 

most stable C4=/C2= ratio and lowest DME production. Elimination of mesoporous and 

external surface sites after trimethylphosphite treatment is verified by i-propylamine TPD. 

4.3. Experimental Section 

4.3.1. Synthesis and treatment of 8MR zeolites 

CHA, RHO and KFI-type zeolites were synthesized without using OSDAs 

following the procedures previously described in Chapters 2 and 3. CHA was synthesized 

via the interzeolite transformation from FAU, following the method of Bourgogne et al.4 

RHO5 was prepared from a synthesis gel with molar composition 0.3 Na2O /0.1 Al2O3/1 

SiO2 /0.04 Cs2O /8H2O that was aged for 3 days at room temperature and then heated for 1 

day at 100°C. KFI6 was prepared from a synthesis gel with molar composition 0.24 

K2O/0.167 Al2O3/1 SiO2/0.030 Cs2O/7.5 H2O. The gel was heated for 4.5 days at 100°C. 

The solids were recovered by centrifugation, washed with water and acetone and dried 

overnight at 100°C. Prior to reaction testing and steam treatment, the as-synthesized 

samples were exchanged three times with aqueous 1 M NH4NO3 solution (100 mL liquid 

per gram solid) for 2 h at 90°C. After the final exchange, the solids were centrifuged, 

washed with water and acetone and dried overnight at 100°C 

Steaming was conducted in a horizontal tube furnace (MTI OTF-1200X) under a 

flowing mixture of steam and air that was generated by bubbling zero-grade air (50 cc/min) 
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through a water saturator held at 80°C upstream of the sample. Samples were loaded in 

ceramic boats, exposed to flowing steam and heated at 1°C/min to the desired steaming 

temperature (600, 700 or 800°C) and held there for 8 h.  

4.3.2. Trimethylphosphite Treatment 

Trimethylphosphite was exchanged onto the zeolites via a liquid phase exchange, 

similar to those that have been carried out for ZSM-5.7 Prior to exchanging with 

trimethylphosphite, steamed samples were dried under vacuum at 300°C to remove 

adsorbed water. The steamed CHA was dried for 2 h at 300°C while the steamed RHO and 

KFI samples were dried for 16 h as it was determined a longer drying time was necessary 

to remove adsorbed water from the samples. Exchanges were carried out by refluxing 1 g 

of dried solids in 1.6 mL trimethylphosphite (Aldrich, 99.99%) and 5 mL octane (Aldrich, 

anhydrous) for 20 h at 125°C under flowing argon. The amount of trimethylphosphite 

added was approximately a three-fold excess of the total aluminum present in the zeolite 

sample. The solids were then filtered, washed with dichloromethane followed by pentane, 

and dried at 100°C. A final calcination was performed to remove the organic components 

by heating the samples for 2 h at 150°C and 5 h at 500°C (1°C/min) in a flow of breathing-

grade air. The phosphite-treated samples are designated CHA-S600-P, RHO-S800-P and 

KFI-S700-P. This procedure was also performed on H-ZSM-5 (Zeolyst CBV3024E, Si/Al 

= 15) where each framework aluminum is accessible to trimethylphosphite to verify that 

the method is effective in poisoning all Brønsted acid sites. Characterizations for the H-

ZSM-5 sample are provided in the supporting information (Figures 4-5 through 4-7). 
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4.3.3. Characterizations 

Powder X-ray diffraction (XRD) patterns were obtained on a Rigaku MiniFlex II 

instrument with Cu Kα radiation (λ= 1.54184 Å) at a sampling window of 0.01° and scan 

speed of 0.3°/min. Powder patterns were normalized to the highest intensity peak. Bulk 

elemental analysis was conducted by energy dispersive spectroscopy (EDS) on a ZEISS 

1550VP instrument equipped with an Oxford X-Max SDD.  

Solid-state 27Al and 31P MAS NMR spectra were acquired on a Bruker DSX 500 

MHz spectrometer. 27Al NMR spectra were recorded with the spectrometer operating at 

130.3 MHz using a 90° pulse length of 6 µs, a recycle time of 2 s, and a spinning rate of 12 

kHz. Samples were hydrated overnight over a saturated KCl solution and loaded in a 4 mm 

ZrO2 rotor. Chemical shifts were referenced to 1 M aqueous aluminum nitrate solution.  

31P NMR spectra were recorded with the spectrometer operating at 202.4 MHz with 

1H decoupling using a 90° pulse length of 8.5 µs, a recycle time of 40 s, and spinning rate 

of 12 kHz. Chemical shifts were referenced to aqueous phosphoric acid. 31P NMR spectra 

were obtained for trimethylphosphite-treated samples in both hydrated and dehydrated 

states. To prepare dehydrated samples, the sample was packed in the rotor and then heated 

for 1 h at 150°C followed by 1 h at 500°C (at a 5°C/min ramp rate) under vacuum. 

i-Propylamine TPD was performed on samples to assess whether acid sites external 

to the 8MR pores of the steamed zeolites (on the surface and within the mesopores) were 

eliminated by the trimethylphosphite treatments. As described in Chapter 2, i-Propylamine 

is too large to diffuse through 8MR pores and thus can only access acid sites located on the 
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surface and in mesoporous regions of the steamed zeolites. Reaction of the probe 

molecule at acid sites produces NH3 and propylene that can be monitored and quantified. 

Samples were pelletized, crushed, and sieved to obtain particle sizes between 0.18 and 0.6 

mm. In a typical measurement, approximately 200 mg of the sample was loaded between 

supporting quartz wool beds in a continuous flow quartz tube reactor (Altamira AMI-200). 

Any initially adsorbed species were removed by heating the samples at 10°C/min to 150°C 

for 1 h, followed by heating at 10°C/min to 600°C for 1 h, in 30 sccm flowing helium. 

Samples were then cooled to 50°C and dosed with i-propylamine by means of a vapor 

saturator, purged for 2 h at the dosing temperature under 30 sccm flowing helium to 

remove weakly physisorbed species and then heated to 600°C at 10°C/min and held there 

for 2 h. Desorbing products, NH3 (m/z = 17) and propylene (m/z = 41), were monitored by 

an online mass spectrometer.   

4.3.4. MTO Reaction Testing 

Catalysts for reaction testing were pelletized, crushed and sieved to obtain particles 

between 0.15 mm and 0.6 mm. Approximately 200 mg of the sieved catalyst was supported 

between quartz wool beds in a tubular, continuous flow reactor (Autoclave Engineers 

BTRS, Jr. SS-316). Samples were calcined in-situ by heating (at a rate of 1°C/min) for 3 h 

at 150°C and then 12 h at 580°C under a flow of breathing-grade air. Reactions were 

conducted at 400°C and atmospheric pressure with a feed of 10% methanol in inert (5% Ar, 

bal. He) pumped at a WHSV of 1.3 h-1. Effluent gases were monitored by an on-stream 

GC/MS (Agilent 6890/MSD5793N). Conversions, selectivities and carbon balances are 

reported on a carbon mole basis as previously described (Equations 2-1 through 2-3).  
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Coke contents of the spent catalysts were determined from the organic mass 

losses measured by thermogravimetric analysis (TGA). TGAs were performed in a 

PerkinElmer STA 6000 instrument by heating the solids to 900°C at a rate of 10°C/min 

under a flow of zero-grade air (20 sccm).  

4.4. Results and Discussion 

4.4.1. Characterizations 

 Elemental analysis by EDS showed that the steamed and phosphite-treated CHA, 

RHO and KFI samples have P/Al ratios of 0.046, 0.023 and 0.026, respectively, after the 

phosphite exchange and calcination (Table 4-1). From fraction of tetrahedral Al 

(AlT/AlTotal) estimated from the 27Al NMR and the bulk P/Al ratio, the ratio of phosphorus 

to tetrahedral Al (P/AlT) is estimated to be 0.38 for CHA-S600-P. From our previous 

work8, the ratio of acid sites measured by i-propylamine TPD to that measured by NH3 

TPD for CHA steamed at 600°C was 0.32. This ratio is equivalent to the ratio of accessible 

Sample Si/Al P/Al AlT/AlP/AlO 

CHA-S600 2.5 - 1/1.86/5.49 

CHA-S600-P 2.5 0.046 1/2.35/6.65 

RHO-S800 2.7 - 1/2.41/1.43 

RHO-S800-P 2.6 0.023 1/2.95/1.94 

KFI-S700 2.8 - 1/0.82/1.32 

KFI-S700-P 2.8 0.026 1/1.09/1.53 

Table 4-1 Si/Al and P/Al ratios of phosphite-treated samples and their estimated 
tetrahedral / penta-coordinated / octahedral Al (AlT/AlP/AlO) ratios from 27Al NMR 
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mesoporous and external surface acid sites to the total number of accessible acid sites 

(observed to correspond one-to-one with the number of tetrahedral aluminum). The P/Al 

ratio measured for CHA-S600-P is thus consistent with the ratio that would be expected if 

each phosphorus is attached to an accessible acid site external to the 8MR cages. The P/AlT 

ratios are estimated to be 0.11 and 0.08 for RHO-S800-P and KFI-S700-P, respectively. 

While these ratios are lower than that of the CHA sample, the i-propylamine TPD results 

(Figure 4-3) indicate that a significant portion of the accessible mesoporous and external 

surface sites are poisoned by the treatments. The PXRD patterns (Supporting Information 

Figures 4-8 through 4-10) of the samples after treatment are essentially unchanged from the 

starting steamed materials, suggesting that the treatments do not cause significant 

degradation of the framework. 

Incorporation of phosphorus into the steamed zeolites was further confirmed by 31P 

MAS NMR (Figure 4-1). In the hydrated samples, the 31P NMRs show a broad peak that 

spans from approximately 0 to -40 ppm, and can be assigned to overlapping signals from 

phosphate groups that may be either free or coordinated to aluminum. For example, the 31P 

signals occurring at -6 and -12 ppm are typically assigned to terminal and middle 

phosphate groups in short chain polyphosphates.9,10 31P signals occurring at lower 

frequencies of approximately -15 to -40 ppm have been attributed to highly condensed 

polyphosphate species, aluminum-bound polyphosphates in phosphorus-modified ZSM-5, 

as well as amorphous aluminum phosphate.9-13 For instance, 31P signals at 

approximately -17 ppm and -20 to -30 ppm have been assigned to phosphate groups located 

at terminal and middle positions, respectively, of polyphosphates coordinated to 
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aluminum.9 The 31P signal of branching groups in P4O10 occurs at -46 ppm,12 while signals 

occurring at approximately -40 ppm have been assigned to branched groups in highly 

condensed polyphosphates bound to aluminum.10 

Since the TPD and MTO reactivity data were obtained for samples that had been 

dehydrated, 31P NMR spectra were also obtained on dehydrated samples in order to observe 

the coordination environment of the phosphorus under similar conditions. After 

dehydration at 500°C, the lower frequency 31P signals increase in intensity relative to the 

higher frequency signals, resulting in a single broad peak centered at approximately -25 

ppm that is observed for all of the samples. The shift towards lower frequencies suggests 

Figure 4-1. 31P MAS NMR of steamed and phosphite-treated zeolites 
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that the shorter chain polyphosphates condense to form longer chain polyphosphates 

during the dehydration procedure. We note that the chemical shifts observed in these 

samples are also consistent with those reported for microporous aluminophosphates 

(AlPO4’s) and SAPO’s (typically -20 to -35 ppm).14 

 

 

The 27Al NMRs of the phosphite-treated samples show that the peak corresponding 

to octahedral aluminum increases in intensity relative to the downfield peaks (Figure 4-2). 

This peak is further shifted to a slightly lower frequency and may be assigned to 

Figure 4-2. 27Al MAS NMR spectra of the steamed zeolites before and after phosphite 
treatment 
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tetrahedral, framework aluminum that is converted to octahedrally-coordinated 

aluminum by the presence of phosphate groups.15 The increase in intensity of the 

octahedral aluminum species is most prominent for the CHA sample, which has the highest 

phosphorus content. The bulk Si/Al ratios of the phosphite-treated samples (Table 4-1) 

were the same as that of the parent zeolites, indicating that no aluminum was further 

extracted from the zeolites during the treatments.  

TPD with i-propylamine was performed on the steamed zeolites before and after 

phosphite treatment in order to verify that the acid sites external to the 8MR cages have 

been poisoned. i-Propylamine TPD of trimethylphosphite-treated H-MFI (Si/Al ratio of 

15), where each framework aluminum corresponds to a Brønsted acid site that is accessible 

to i-propylamine, shows that the treatment results in nearly complete elimination of the 

accessible acid sites (Figure 4-7). Figure 4-3 shows the i-propylamine TPDs of the steamed 

8MR zeolites before and after phosphite treatment. Unreacted i-propylamine as well as 

molecules associated with Lewis acid sites, hydroxyl defects and molecules that are 

hydrogen bonded to protonated amines at Brønsted acid sites desorb below approximately 

500 K.16 Above 500 K, propene and ammonia desorption peaks are observed that are the 

result of the decomposition of i-propylamine at Brønsted acid sites. Since i-propylamine is 

too large to diffuse through 8MR pores, these higher temperature propene peaks represent 

decomposition reactions that occur at acid sites located either in the mesopores or on the 

external surface. These peaks are significantly reduced to near-baseline levels after 

phosphite treatment for all three of the steamed samples, suggesting that a significant 

portion of the sites external to the 8MR pore system have been poisoned.    
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4.4.2. MTO Reaction Testing 

The steamed samples were tested for MTO reactivity, and they did not show 

significant differences in their C2=/C3=/C4= selectivities after phosphite treatment (Figure 

Figure 4-3. i-Propylamine TPD for steamed and phosphite-treated zeolite samples 
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4-4 and Table 4-2). The main difference after treatment is an increase in lifetime that is 

observed for all three of the zeolites studied. Whereas the steamed samples show a 

deactivation that is marked by a sudden decrease in conversion and olefin selectivities, 

conversion decreases more gradually for the phosphite-treated samples. This behavior was 

most apparent for KFI, that showed the greatest relative increase in lifetime after phosphite 

treatment (conversion remained above 80% for 102 min for KFI-S700-P compared to 72 

min for the KFI-S700). The coke content of the phosphite-treated KFI after reaction was 

also significantly lower than that of the untreated KFI-S700 (9.8% vs. 18.7%). The 

phosphite-treated CHA and RHO samples similarly had lower coke content after reaction 

compared to the untreated samples (Table 4-2), though the change was not as significant 

compared to that of the KFI samples. We note that while the selectivities for C5 and C6 

hydrocarbons appear higher in the RHO and KFI samples before phosphite treatment 

(Figure 4-4C through F), the total products that can be accounted for is lower for the 

untreated samples and thus causes the C5 and C6 selectivities to appear higher for those 

samples. 31P NMR spectra of the spent catalysts were obtained (Figure 4-11), and they 

show a broad signal spanning from approximately 0 to -50 ppm (as with the fresh 

catalysts), suggesting that phosphorus remains in the catalysts during the reactions.  

The increased lifetime and lower coke content of the phosphite-treated samples 

suggest that acid sites in the mesopores may serve as sites for coke deposition. For small- 

pore zeolites such as CHA, it has been established that deactivation occurs via the 

formation of polycyclic aromatic compounds inside the cavities that hinders diffusion   
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through the crystal and leads to blockage of the pore structure.17-19 In the steamed zeolites 

studied here, coke may also adsorb onto the acid sites located in the mesopores and 

contribute to pore blockage. It has been reported that while introduction of mesopores in 

SSZ-13 results in increased catalyst lifetimes for MTO by facilitating greater utilization of 

the micropores, the coke content of the spent catalysts increased with increasing mesopore 

volume.20 For the 8MR zeolites studied here, poisoning of the mesoporous sites with 

trimethylphosphite likely limits coking reactions that occur at acid sites external to the 

8MR pores and thus maintains the accessibility of the pore structure for a longer period of 

time on stream (consistent with the lower coke content observed in the spent phosphite 

treated samples). As conversion decreases for the phosphite-treated samples, the fraction of   

Sample 
Maximum 

MeOH 
Conversion 

Maximum C2= + 
C3= Selectivity at 

Maximum 
Conversion 

Average 
C2=/C3=/C4= 
Ratio Near 
Complete 

Conversion 

Catalyst 
Lifetime a 

Coke 
Content b 

CHA-S600 100% 71.5% 1.0/1.2/0.49 119 min 16.9% 

CHA-S600-P 100% 69.1% 1.0/1.1/0.46 160 min 16.7% 

RHO-S800 99.5% 60.6% 1.0/1.8/1.0 101 min 16.9% 

RHO-S800-P 99.6% 61.6% 1.0/1.8/0.99 134 min 16.8% 

KFI-S700 99.4% 55.3% 1.0/1.6/1.0 72 min 18.7% 

KFI-S700-P 98.5% 54.6% 1.0/1.5/1.0 102 min 9.8% 
a First time point where conversion drops below 80% 

b Estimated from TGA of spent catalyst 
 

Table 4-2. Summary of MTO reaction data for steamed zeolites before and after 
trimethylphosphite treatment 
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methanol converted to products that can be accounted for remains higher than that of the 

corresponding untreated samples.- 

Figure 4-4. MTO reaction data for steamed zeolites before and after phosphite treatment 
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The lack of changes in the observed olefin selectivities after poisoning the 

mesoporous and surface acid sites suggest that the olefins produced inside the 8MR cages 

do not undergo further dimerization or methylation and that the increased C4=/C2= ratios 

observed for RHO and KFI compared to CHA likely do not result from dimerization of 

ethylene to butylene at the mesoporous and external surface sites. Differences in olefin 

selectivities among the three zeolites may instead result from differences in their pore 

structures (has been reported previously to play a significant role in differing olefin 

selectivities.21-23 It has been observed, for example, that the maximum ethylene selectivity 

decreases as the cage size is increased in a comparison of LEV, CHA and AFX zeolites.21 

On the other hand, increased propylene and butylene formation (compared to that of CHA) 

have been observed for AEI-type materials (SSZ-3924 and SAPO-1822), whose cages are 

pear-shaped and wider at the bottom compared to the CHA cage. Li et al23 have studied the 

effects of cavity size on the product distribution of SAPO-type catalysts, SAPO-35 (LEV), 

SAPO-34 (CHA) and DNL-6 (RHO), and also observed increasing butylene production 

with increasing cage size. Quenching and isotopic tracing experiments indicated that 

smaller cavities limit the size of polymethylbenzene intermediates and result in higher 

ethylene selectivities. The finding was supported by DFT calculations suggesting that the 

larger cavity size of the RHO structure could stabilize polymethylbenzenium cations with 

butyl side chains while the CHA cavity better stabilizes polymethylbenzeium cations with 

shorter alkyl chains (ethyl and propyl).  

In this work, RHO and KFI contain cubic lta cages that can accommodate larger 

species compared to the elongated cages found in CHA (the maximum diameter of a sphere 
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that can be accommodated in the cages are 7.37 Å, 10.43 Å and 10.67 Å for CHA, 

RHO and KFI, respectively25) and likely also contributes to the higher propylene and 

butylene selectivities observed for RHO and KFI. Further, RHO and KFI have larger 

channel dimensions (the maximum free sphere diameter that can diffuse through the 

channels along the a-, b-, or c-axis is approximately 3.72 Å for CHA, 4.04 Å for KFI and 

4.06 Å for RHO24) that may accommodate better diffusion of higher-chain molecules like 

butylene.  

4.5. Conclusions 

The origins of the differences in the product distributions observed for steamed 

CHA, RHO and KFI are investigated by trimethylphosphite treatments that selectively 

poison acid sites external to the 8MR pore structures of the materials. When evaluated for 

MTO activity, the poisoned samples show longer catalyst lifetimes and lower coke contents 

but maintain the same olefin selectivities. This finding suggests olefins do not undergo 

secondary reactions at mesoporous and external surface acid sites, such as dimerization of 

ethylene to butylene, that are responsible for the increased C4=/C2= ratios observed for 

steamed RHO and KFI compared to CHA. Instead, differences in the C2=/C3=/C4= ratios 

likely result from the unique pore structure of each zeolite. The increased lifetimes and 

lower coke contents of the trimethylphosphite-treated samples compared to the untreated 

steamed samples suggest that the mesoporous and surface sites serve as sites for coke 

deposition. 
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4.7. Supporting Information for Chapter 4 

4.7.1. Trimethylphosphite Treatment of H-ZSM-5 

The trimethylphosphite treatment method was applied to a commercial ZSM-5 

(MFI) sample (Zeolyst CBV3024E, Si/Al=15) to verify that the method effectively poisons 

all accessible Brønsted acid sites. 1.5 g of the calcined (H-form) zeolite was dried for 2 h at 

300°C under vacuum and then refluxed for 20 h at 125°C in 7.5 mL octane and 1.6 mL 

trimethylphosphite. The solids were filtered, washed with dichloromethane and pentane, 

and dried at 100°C. The dried solids were then calcined in breathing-grade air by heating at 

1°C/min to 150°C, holding for 2 h, and then 5 h at 500°C.  

Elemental analysis by EDS of the phosphite-exchanged and calcined H-ZSM-5 

samples shows that the sample has a P/Al ratio of 1.14, suggesting that all of the aluminum 

sites were exchanged. The 31P NMR spectra of the hydrated trimethylphosphite-treated H-

ZSM-5 (Figure 4-5) shows overlapping peaks that can be assigned to free and coordinated 

phosphorus species. The peak at approximately 0 ppm is likely free phosphate species, 

while signals at -6 and -12 ppm are typically assigned to terminal and middle phosphate 

groups in short chain polyphosphates.9,10 On the other hand, signals at lower frequencies 

(approximately -15 to -40 ppm) have been typically assigned to highly condensed 

polyphosphate species and polyphosphates coordinated to aluminum.9-13 Dehydration of the 

trimethylphosphite-treated H-MFI shifts the peaks to lower frequencies, consistent with 

condensation of the shorter chain phosphates to longer chain polyphosphates. The 27Al 

NMR of the trimethylphosphite-treated sample (Figure 4-6) shows that after phosphite 

exchange and calcination, a peak occurs at approximately -8 ppm that can be assigned to 
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tetrahedral framework aluminum that is converted to octahedral coordination by the 

coordination of phosphate groups.15 These characterization data are consistent with 

coordination of phosphate to aluminum in the zeolite sample. 

 

 

Figure 4-5. 31P NMR spectra of trimethylphosphite-exchanged and calcined H-ZSM-5 (A) 
hydrated and (B) dehydrated 

 

Figure 4-6. 27Al NMR spectra of (A) H-ZSM-5 and (B) trimethylphosphite-exchanged and 
calcined H-ZSM-5 
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i-Propylamine TPD was performed on the samples to verify that Brønsted acid 

sites are poisoned by the treatment (Figure 4-7). The TPD results show that the higher 

temperature propene peak above 550 K (associated with the reaction of i-propylamine at 

Brønsted acid sites to form propene and ammonia) is significantly reduced to near-baseline 

levels after treatment. 

 

 
 

 

Figure 4-7. i-Propylamine TPDs of (A) H-MFI and (B) H-MFI after trimethylphosphite 
treatment 
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4.7.2. Additional Characterizations of Trimethylphosphite-Treated 8MR zeolites 

 

Figure 4-8. Powder XRD patterns of NH4-exchanged, steamed and phosphite-treated CHA 

 

Figure 4-9. Powder XRD patterns of NH4-exchanged, steamed and phosphite-treated RHO 
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Figure 4-10. Powder XRD patterns of NH4-exchanged, steamed and phosphite-treated KFI 

 

Figure 4-11. 31P NMR spectra of trimethylphosphite-treated samples post MTO reaction: (A) 
CHA-S600-P, (B) RHO-S800-P and (C) KFI-S700-P 
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C h a p t e r  5  

5. Conclusion and Future Directions for OSDA-free synthesis of 

8MR zeolite catalysts for MTO 
 

5.1. Conclusions 

This part of the thesis explored a low-cost synthesis method for preparing small 

pore zeolite catalysts for the MTO reaction without using OSDAs. The preparation method 

entails synthesizing high aluminum 8MR zeolites (Si/Al typically less than 5) in the 

absence of OSDAs and extracting a portion of the framework aluminum via high 

temperature steam treatments to convert the materials into catalysts that may be useful for 

MTO. This dealumination method was first demonstrated successfully on CHA and then 

extended to two other 8MR zeolites, RHO and KFI. These materials can be synthesized 

reliably and on a large scale in the absence of OSDAs by using alkali cations, but they have 

not yet been explored for MTO in the as-synthesized form because of their high aluminum 

contents. 

The effects of steaming temperature and steam partial pressure on the structures 

were investigated. Characterizations by XRD and argon physisorption indicate that 

steaming causes partial structural collapse of the frameworks (including loss of micropore 

volume), with the extent of degradation increasing with increasing steaming temperature, 

while simultaneously introducing mesopores. Extraction of framework aluminum is 

supported by 27Al NMR that shows the conversion of tetrahedral (framework) aluminum to 
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penta-coordinated and octahedral aluminum. These data were consistent with 29Si NMR 

spectra of the steamed samples that showed decreasing aluminum in the second 

coordination spheres of the framework silicon. Extraction of framework aluminum leads to 

decreased Brønsted acid site concentrations in the steamed samples, as titrated by TPD 

using ammonia on steamed CHA samples. The accessibility of these remaining acid sites is 

increased via the introduced mesopores, as titrated by reactive TPD with i-propylamine.  

The effects of steam partial pressure were investigated for CHA and RHO by 

changing the water saturator temperature (60°C, 80°C or 90°C, corresponding to 19.9, 47.3 

and 70.1 kPa, respectively). Interestingly, increased degradation is observed when the 

zeolites are steamed under lower steam partial pressures (19.9 kPa) for both materials. It is 

believed that the presence of steam is necessary during the initial heating period to stabilize 

the zeolite framework particularly at temperatures where the framework would normally 

collapse under dry calcination conditions. Steaming of zeolite Y under these same steaming 

conditions exhibits the same trend of increased degradation at lower steam partial 

pressures, suggesting that this trend is not unique to 8MR zeolites.  

Evaluation of the materials for MTO showed that the steam treatments lead to 

improved olefin selectivities as well as lifetimes. The improved MTO activity is attributed 

to the extraction of framework aluminum that reduces the concentration of Brønsted acid 

sites as well as the introduction of mesopores that facilitate transport of reactants into the 

crystallites. For CHA, an optimal steaming temperature of 600°C (at a water saturator 

temperature of 80°C) was identified that gave the best lifetime and olefin selectivities 
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comparable to SAPO-34. The MTO activity of this sample was retained upon 

regeneration of the spent catalyst. Extra-framework aluminum could be removed from this 

sample by acid washing, leading to a further enhancement in the lifetime. 600°C was also 

the optimal steaming temperature for RHO and KFI. Samples steamed at this temperature 

had the best combination of catalyst lifetime and olefin selectivity, while samples steamed 

at higher temperatures had lower lifetimes with only minimal improvements in olefin 

selectivities.  

Overall, CHA performed the best out of the three 8MR zeolites studied in terms of 

combined olefin selectivities and lifetimes. At a reaction temperature of 450°C, CHA 

steamed at 600°C (and water saturator temperature of 80°C) reached a combined ethylene 

and propylene selectivity of 74.2% at 100% conversion, approaching that of the 

commercial catalyst. On the other hand, the highest selectivity towards propylene was 

achieved with 800°C steamed RHO that had an average C3=/C2= ratio of 1.8/1 compared to 

1.2/1 for 600°C steamed CHA. The higher propylene selectivity for RHO makes it an 

interesting material given that propylene demand is growing and has a higher value than 

ethylene.  

Comparison of the reaction profiles of the three zeolites studied here showed 

differences in their product distributions. In particular, the RHO and KFI samples showed 

higher butylene and lower ethylene selectivities (C4=/C2= ratios of approximately 1:1) 

compared to CHA (C4=/C2= ratios of approximately 1:2) as well as lower DME production. 

To assess whether these differences arise from secondary reactions at the mesoporous and 
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external surface acid sites of the steamed zeolites, trimethylphosphite treatments are 

carried out to selectively poison these sites. The attachment of phosphorus onto the 

steamed zeolites is verified by 31P NMR and 27Al NMR, and elimination of acid sites 

external to the 8MR pores is verified by i-propylamine TPD. When evaluated for MTO 

activity, all of the phosphite-treated samples show longer catalyst lifetimes and less coke 

content but no changes in olefin selectivities are observed. These results suggest that 

olefins do not undergo secondary dimerization or methylation reactions that affect the 

resulting product distributions observed for the steamed zeolites, and instead, the 

mesoporous and surface acid sites serve as sites for coke deposition. Differences in the 

product distributions are instead attributed to differences in the unique pore structures of 

each of the zeolites.  

5.2. Recommended Future Work 

The results presented here show that high aluminum 8MR zeolites that are 

synthesized without OSDAs can be dealuminated by steam treatments to convert them into 

useful catalysts for MTO. The successful demonstration of this low-cost method on three 

8MR zeolite structures suggests that it may be effective on many other small pore zeolites 

that are synthesized without using OSDAs. Other structures with 8MR pores that may be 

interesting to explore are LEV and RTH. These materials can be synthesized via OSDA-

free, seeded synthesis methods and show interesting MTO behavior in the as-synthesized 

forms.1,2 If new OSDA-free synthesis methods are discovered for additional 8MR zeolites, 

those materials may also be of interest to investigate.  
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The MTO reaction data for CHA, RHO and KFI suggest that the cage size plays 

a role in controlling the selectivities towards different olefins. This effect may be better 

understood by investigating the types of aromatic intermediates in each of the structures. 

Occluded carbon analyses and mechanistic studies would provide greater insight into the 

underlying mechanisms that give rise to the differing olefin selectivities observed. The 

study with trimethylphosphite treatment suggests that olefins do not undergo secondary 

methylation and cracking reactions at acid sites located external to the 8MR pore system. 

The absence of secondary reactions may be further confirmed by cofeeding of ethylene and 

13C-labeled methanol. The production of propylene with one 13C atom incorporated would 

indicate occurrence of secondary methylation. Comparison of the reaction results on the 

steamed samples with and without phosphite treatment would thus provide further 

confirmation of whether secondary reactions occur at the mesoporous and external surface 

sites. 

Finally, in addition to MTO, 8MR zeolites are also currently of interest as deNOx 

catalysts (via ammonia selective catalytic reduction of NOx species) for diesel engines. 

Small-pore zeolites with high Si/Al ratios are also desirable as deNOx catalysts due to their 

robust hydrothermal stability. Thus, the dealumination method presented here may also be 

of interest to investigate as catalysts for deNOx.  
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A p p e n d i x  A  

A. Microporous zincosilicate molecular sieves as catalysts for 

propane dehydrogenation 
 

A.1 Abstract 

Three microporous zincosilicate molecular sieves are explored as catalysts for 

propane dehydrogenation: Zn-MFI (zincosilicate of the MFI framework), CIT-6 (BEA) and 

VPI-8 (VET). Both Zn-MFI and CIT-6 are active for dehydrogenation, but their activity 

depend upon the treatment conditions. In CIT-6, framework zinc sites without associated 

alkali, e.g., lithium, (resembling Zn2+ sites on amorpohous silica) are identified as 

catalytically active for propane dehydrogenation while alkali-bearing zinc sites are inactive. 

CIT-6 that has been ammonium exchanged to remove lithium shows high initial activity for 

dehydrogenation, reaching maximum propylene selectivities above 90% but deactivates 

faster than supported platinum catalysts. The stability of the catalyst could be improved by 

a reduction treatment prior to reaction or by the addition of nickel as a promoter. However, 

the addition of platinum to CIT-6 provided the most stable catalyst. 

A.2 Introduction 

Propylene is currently predominantly obtained via steam cracking or catalytic 

cracking of crude oil where it is viewed mainly as a byproduct. However, the recent 

abundance of shale gas has both lowered propane prices and caused a shift in feedstocks for 

cracking operations from heavier (naphtha) to lighter fractions (mainly ethane) that produce 
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relatively low yields of propylene compared to cracking of heavier fractions. At the 

same time, propylene demand is expected to rise faster than production, creating 

opportunities for on-purpose propylene production technologies, particularly via propane 

dehydrogenation. 

Nonoxidative alkane dehydrogenation is highly endothermic (ΔH⁰298 = 124.3 

kJ/mol for the dehydrogenation of propane: C3H8 ↔ C3H6 + H2) and thus equilibrium 

limited. At the high temperatures required to obtain significant olefin yields, undesired side 

reactions such as cracking and coking (generally regarded as the major cause of catalyst 

deactivation)1 are also favorable. A suitable dehydrogenation catalyst must therefore 

possess good activity and be selective for activation of C-H bonds over C-C bonds. 

Two types of catalysts have typically been used in commercial dehydrogenation 

processes: chromium oxide-based catalysts and supported platinum catalysts with various 

promoters. Chromia supported on alumina has been studied extensively for 

dehydrogenation of alkanes2 and is the basis of the Catofin process (CB&I Lummus). 

Platinum is also active for dehydrogenation in the metallic state and identified to be 

superior for activation of C-H bonds compared to other noble metals. Both the Pacol and 

the Oleflex processes developed by UOP are based on a platinum supported on alumina 

catalyst. While dehydrogenation of alkanes is structure insensitive (the reaction rate is 

independent of the size of the platinum particles), the rates of undesired side reactions such 

as hydrogenolysis, isomerization and coking increase with increasing particle size. The 

addition of promoters modifies the catalytic properties of the platinum and improves its 
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activity.3 Tin is the most studied promoter, and it is generally accepted that the addition 

of tin (forming a Pt-Sn alloy) increases the platinum dispersion, thus suppressing the rate of 

the undesired structure-sensitive reactions.1 It has also been proposed that Sn modifies the 

electronic properties of platinum and decreases the energy barrier for desorption of 

propylene.4 Another common promoter is zinc that improves the performance of supported 

platinum catalysts for similar reasons.5,6 The nature of the support plays a role in the 

reactivity. Desirable supports must be thermally stable, allow for high dispersion of metal 

particles (high surface area and porosity), and have limited Brønsted acidity to avoid side 

reactions.7 Two common supports are alumina as well as zeolites with added alkali metals 

that neutralize the acidity of the support. 

Recently, it was reported that single site Zn2+ supported on amorphous silica are 

active and highly selective (greater than 95%) catalysts for propane dehydrogenation, albeit 

with low reaction rates.8 The active site was identified to be isolated, 3-coordinate Lewis 

acidic Zn2+ sites. The proposed mechanism involves cleavage of a terminal C-H bond on 

propane to form a zinc alkyl (with a proton transferred to a bridging oxygen) followed by 

beta hydride elimination to form propylene and zinc hydride. In addition to zinc, several 

other single-site Lewis acid catalysts have also been identified to be active for 

dehydrogenation including Fe2+  and Co3+.9,10 

The results reported for these single site Lewis acid catalysts suggested to us that 

Lewis acid molecular sieves (pure silica based microporous molecular sieves with isolated 

metal (IV) centers) may also be active for dehydrogenation without the use of platinum. 
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The objective of this project was to screen a variety of Lewis acid molecular sieves for 

dehydrogenation activity focusing on microporous zincosilicates. While Lewis acidic 

zeotypes have been investigated for a wide range of reactions (e.g., Baeyer-Villiger 

oxidation, Meerwein-Ponndorf-Velley-Oppenauer reduction, and isomerization of 

sugars),11,12 they have not yet been explored for alkane dehydrogenation. Moreover, in 

zinc-containing catalysts that have been studied for dehydrogenation, zinc is either added 

as a promoter for a second metal, e.g., platinum, in a bimetallic system or exchanged onto 

aluminosilicate supports. For instance, zinc- and gallium-exchanged ZSM-5 

(aluminosilicate of the MFI type) have been studied extensively for alkane 

dehydrogenation and aromatization.13,14 Zhang et al. investigated platinum supported on H-

ZSM-5 and found improved activity and stability when Sn or Zn was incorporated in the 

zeolite framework.15,16 Similarly, workers at BP reported high activity and selectivity for 

platinum-impregnated Zn-MFI (zincosilicate of the MFI type).17  

CIT-6 is a zincosilicate molecular sieve with the beta (BEA) framework that was 

first synthesized in the M.E. Davis group.18,19 Framework zinc sites in CIT-6 are accessible 

to guest molecules and behave as Lewis acid centers in probe molecule IR spectroscopy.20 

Previously, CIT-6 has mainly been studied as a support for other metals and not yet 

explored as a direct catalyst for dehydrogenation (though it is reported to be a selective 

catalyst for the Diels-Alder cycloaddition-dehydration reactions of ethylene and substituted 

furans). Previous work in our lab showed that platinum supported on CIT-6 is an active and 

selective catalyst for propane dehydrogenation with performance comparable to the 

platinum supported on Zn-MFI catalyst developed by BP (CIT-6 was never tested by itself 
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in this study),21 while Ni2+ exchanged on CIT-6 has been investigated as a catalyst for 

propylene oligomerization.22 The propane dehydrogenation results with zinc supported on 

amorphous silica suggested to us to explore zincosilicates as direct catalysts for the 

reaction. In addition to CIT-6, two other microporous zincosilicates, Zn-MFI and VPI-8 

(VET), were explored. 

A.3 Experimental Section 

A.3.1 Synthesis of Materials 

A.3.1.1 Zn-MFI 

Zincosilicate MFI (Zn-MFI) was synthesized following the BP patent method.17 In 

a typical synthesis, 0.9 g of ZnSO4·7H2O (Aldrich 99.7%) was dissolved in 3 g distilled 

water. NH4OH solution (JT Baker 25-30% in water) was added dropwise until the pH was 

6. The precipitated solids were filtered, washed with water, dried at room temperature, and 

then dissolved in a solution of 0.404 g NaOH (Mallinckrodt pellets) in 4.626 g distilled 

water. 3.985 g of tetrapropylammonium hydroxide (TPAOH) (Acros Organics 25 wt% 

aqueous solution) was then added to the solution followed by 6.984 g colloidal silica 

(Ludox AS-40). The final gel had molar composition: 1.6 Na2O/1.57 TPAOH/14.9 SiO2/1 

ZnO/217 H2O. The gel was loaded in Teflon-lined autoclaves and heated for 4 days at 

175°C with tumbling. The solids were then centrifuged, washed with water and acetone 

and dried overnight at 100°C. 
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A.3.1.2 CIT-6 and VPI-8 

CIT-6 was synthesized following the method reported by Takewaki et al.18 In a 

typical synthesis, 40.055 g tetraethylammonium hydroxide (TEAOH) (Aldrich, 35 wt% 

aqueous solution) was diluted with 39.651 g distilled water. 0.307 g LiOH·H2O (Aldrich, 

98+%) was added to the solution followed by 0.964 g Zn(OAc)2·2H2O (Aldrich, 99.999%). 

Once dissolved, 22 g of colloidal silica (Ludox AS-40) was added, and the solution was 

stirred for 2 h at room temperature. The final gel molar composition was 1 SiO2/0.03 

Zn(OAc)2/0.65 TEAOH/0.05 LiOH/30 H2O. This gel was loaded into three Teflon liners 

and then heated for 12 days at 140°C. The solids were recovered by centrifugation as 

described previously. Three batches of CIT-6 were used in this study and are designated 

CIT-6A, CIT-6B and CIT-6C. VPI-8 was prepared from a synthesis gel that was prepared 

in the same manner as CIT-6, but the gel was heated at 150°C for 15 days. The as-

synthesized product was calcined for 6 h at 580°C in breathing air, exchanged with 1 M 

NH4NO3 for 24 h at 80°C, and calcined again for 6 h at 580°C. 

A.3.1.3 Si-BEA 

Pure silica BEA (Si-BEA) was prepared following previously reported 

procedures.23 3.862 g tetraethylammonium fluoride dihydrate (TEAF·2H2O) (Aldrich, 

98.5%) was dissolved in 10 g of distilled water, and then 10.204 g tetraethylorthosilicate 

(TEOS) (Aldrich, 98%) was added. The solution was covered and stirred overnight to 

hydrolyze. The solution was then allowed to evaporate until the desired composition was 

reached. The final composition was 1 SiO2/0.55 TEAF/7.25 H2O. The gel was transferred 

to a Teflon-line autoclave and heated for 7 days at 140°C with tumbling. 
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A.3.1.4 Zn/SiO2 

Zn supported on amorphous silica (Zn/SiO2) was prepared following the method 

reported by Schweitzer et al.8 10 g of silica (Davisil 646, 35-60 mesh, 300 m2/g) was stirred 

in 80 g distilled water, and the pH was adjusted to 11 using NH4OH (JT Baker 25-30 wt% 

in water). A separate solution was prepared by dissolving 2 g Zn(NO3)2·6H2O (Aldrich, 

98%) in 20 g distilled water that was pH adjusted to 11 using NH4OH. The zinc solution 

was rapidly added to the silica, and the resulting mixture was stirred for approximately 10 

min before the liquid was decanted. The solids were filtered, washed with water, dried 

overnight at 100°C and finally calcined for 3 h at 300°C in breathing air.  

A.3.2 CIT-6 Exchange Treatments 

To investigate the catalytically active zinc sites in CIT-6 for dehydrogenation, Li 

and N(CH3)4 exchanges were performed following the method reported by Orazov et al.20 

that shift the distribution of sites. Exchanges were performed with CIT-6 that had been 

calcined for 2 h at 150°C and then 10 h at 550°C (1°C/min) in breathing air. Li exchange 

was performed using 1 M LiNO3 (with pH adjusted to 10 using 5 wt% LiOH solution) for 

12 h at room temperature (100 mL liquid/g solid). N(CH3)4 exchange was performed using 

1 M N(CH3)4Cl (pH adjusted to 10 using NH4OH) for 12 h at room temperature (100 mL 

liquid/g solid). The solids were recovered by centrifugation, washed with water and 

acetone, and dried overnight at 100°C. The resulting products were calcined again for 10 h 

at 550°C in breathing air. A portion of the N(CH3)4 exchanged sample was back exchanged 

with Li to determine the effect on reactivity. This sample was exchanged with LiNO3, 

calcined in the same manner as previously described and designated (CIT-6B-N(CH3)4-Li). 
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Zinc-exchanged CIT-6 was prepared by stirring as-synthesized CIT-6 in 0.01 M 

Zn(OAc)2·2H2O (Aldrich, 99.999%) solution (100 mL liquid/g solid) for 5 h at 75°C. The 

pH of the zinc solution was adjusted to 7 using NH4OH solution to avoid excessive 

extraction of framework zinc during the exchange. The solids were recovered by 

centrifugation, washed with water and acetone and dried at 100°C. The dried solids were 

then calcined for 2 h at 150°C and then 10 h at 550°C (1°C/min) in breathing air. 

A.3.3 Platinum and Nickel Impregnation 

Platinum-impregnated Zn-MFI (Pt/Zn-MFI) was prepared following the BP patent 

method.17 As-made Zn-MFI was calcined for 6 h at 550°C, exchanged twice with 1 M 

NH4NO3 for 1 h at room temperature, and calcined again for 6 h at 550°C. 1 g of the dried 

solids was stirred in a solution of 0.0091 g Pt(NH4)4Cl2 hydrate (Aldrich, 98%) and 3.9 g 

distilled water and dried in a rotary evaporator under vacuum. The resulting solids were 

dried overnight at 70°C. The amount of platinum added was calculated to be 0.5 wt% of the 

solids. 

Platinum-impregnated CIT-6 (Pt/CIT-6) was prepared according to the method 

reported by Andy et al.21 As-made CIT-6 was contacted four times with 1 M NH4NO3 

solution for 10 h at 80°C to extract a portion of the OSDA. The resulting solids were 

calcined for 10 h at 550°C in breathing air, and then exchanged with 1 M NH4NO3 for 10 h 

at 80°C. The solids were recovered by centrifugation, washed with water and acetone and 

dried at 100°C. Platinum impregnation of the NH4-exchanged CIT-6 was performed in the 

same manner as described above.  
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Nickel-impregnated CIT-6 was carried out by stirring 0.7 g of solids (CIT-6 that 

had been contacted with NH4NO3, calcined and NH4 exchanged) in a solution of 1.4 g 

distilled water and 0.0173 g Ni(NO3)2·6H2O (Aldrich) (the amount of nickel added was 0.5 

wt% of the solids). The liquid was removed in a rotary evaporator under vacuum, and the 

remaining solids were dried overnight at 70°C. A 2.5 wt% nickel-loaded CIT-6 sample was 

prepared in the same manner but with five-fold the nickel loading. 

A.3.4 Reaction Testing 

Reaction testing was conducted in a Parker Autoclave Engineers BTRS-JR reactor 

system fitted with a stainless steel reactor tube that had been passivated with a silicon 

coating (SilcoNert 1000). Catalysts were pelletized, crushed and sieved to obtain particles 

between 0.15 and 0.6 mm in diameter. Approximately 400 mg of the sieved material was 

suspended between quartz wool beds in the reactor tube. Reactions were conducted at 

atmospheric pressure and 540°C with a propane WHSV of 2.2 h-1 and propane to inert 

molar ratio of 4:1. 5% argon bal. helium was used as the inert gas with argon serving as the 

internal standard. Effluent gases were monitored by an online GC (Agilent 7890A) with 

FID and TCD detectors. 

Once loaded in the reactor, samples were heated in helium (approximately 50 

cc/min) at 1°C/min to 150°C, held there for 2 h, and then heated at 1°C/min to the reaction 

temperature. Once the temperature stabilized, the reactant streams were switched to flow 

over the sample. For NH4 exchanged CIT-6 samples, the materials were calcined in-situ in 

breathing air prior to reaction by heating at 1°C/min to 550°C and held for 10 h. Afterward, 
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the reactor was cooled to 540°C, and flushed with helium (approximately 50 cc/min) for 

at least 1 h before starting the reaction. For platinum and nickel impregnated samples, the 

catalysts were first calcined in-situ in breathing air (approximately 50 cc/min) for 2 h at 

150°C and then 8 h at 400°C (1°C/min ramp rate). After cooling, the sample was flushed 

with helium for at least 1 h and then reduced in hydrogen (20 cc/min) by heating at 

1°C/min to 540°C and held there for 6 h. At the end of the reduction period, the sample was 

flushed with helium before starting the reaction. 

Propane conversions (XC3H8) and selectivities (Si) are computed on a carbon mole 

basis according to Equations A-1 and A-2, respectively. Carbon balances are calculated 

based on the moles of carbon converted (Equation A-3), where ni and nc,i represent the 

molar flow rate and carbon number for species i, respectively 

 

𝑋LM%N =
'OP+Q,-./'OP+Q,012

'OP+Q,-.
∙ 100% (A-1) 

𝑆8 =
'-,012∙'9,-

M 'OP+Q,-./'OP+Q,012
∙ 100% (A-2) 

𝐶𝑎𝑟𝑏𝑜𝑛	𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 	 '-,012∙'9,--:;<<	>?0@192A
M 'OP+Q,-./'OP+Q,012

∙ 100% (A-3) 

   

Coke contents of the spent catalysts were measured by thermogravimetric analysis 

(TGA) that were performed in a PerkinElmer STA 6000 instrument by heating the solids to 

900°C at a rate of 10°C/min under a flow of zero-grade air (20 sccm).  
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Table A-1. Summary of catalyst treatments and Si/Zn ratios 

 

A.4 Results and Discussion 

Table A-1 provides a summary of the catalysts tested, the post-synthetic treatments 

that were performed and the Si/Zn ratios as measured by EDS. Three separate batches of 

CIT-6 were used for reaction testing, and samples from different batches that underwent 

the same treatments are grouped together in Table A-1 where applicable. A summary of the 

reaction testing results is provided in Table A-2, which shows conversions and propylene 

Sample 
Treatment 

Si/Zn 
Step 1 Step 2 Step 3 Step 4 Step 5 

Zn-MFI-NH4 Calcination NH4 
exchange Calcination - - 32.3 ± 1.9 

Pt/Zn-MFI Calcination NH4 
exchange Calcination 0.5 wt% Pt 

impregnation - 25.5 ± 1.9 

CIT-6A-C Calcination - - - - 14.2 ± 1.4 

CIT-6A-Li 
Calcination Li 

exchange Calcination - - 
13.3 ± 1.1 

CIT-6B-Li 13.2 ± 1.1 

CIT-6A-N(CH3)4 
Calcination N(CH3)4 

exchange Calcination - - 
14.7 ± 1.8 

CIT-6B-N(CH3)4 13.3 ± 1.9 
CIT-6B- 

N(CH3)4-Li Calcination N(CH3)4 
exchange Calcination Li exchange Calcination 15.0 ± 1.6 

CIT-6A-Zn Zn exchange Calcination - - - 8.2 ± 0.4 

CIT-6A-NH4 SDA extraction 
with NH4NO3 

Calcination NH4 
exchange - - 

20.1 ± 2.4 
CIT-6B-NH4 18.7± 1.6 
CIT-6C-NH4 22.3± 1.3 

CIT-6A-Pt SDA extraction 
with NH4NO3 

Calcination NH4 
exchange 

0.5 wt% Pt 
impregnation - 18.5 ± 1.0 

Ni/CIT-6B-0.5 SDA extraction 
with NH4NO3 

Calcination NH4 
exchange 

0.5 wt% Ni 
impregnation - 21.2 ± 3.0 

Ni/CIT-6C-2.5 SDA extraction 
with NH4NO3 

Calcination NH4 
exchange 

2 wt% Ni 
impregnation - 23.6 ± 2.5 

VPI-8-C Calcination - - - - 27.9 ± 4.9 

VPI-8-NH4 Calcination NH4 
exchange Calcination - - 29.7 ± 4.6 
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selectivities at two time points: approximately 1 h and 10 h time on stream (or the final 

time point if the reaction was stopped before 10 h). 

Table A-2. Reaction data at specific time points for Zn-MFI and CIT-6 samples. Reaction 
conditions: 540°C, 4:1 (mol/mol) propane:inert, 2.2 h-1 WHSV and 0.4 gcat. unless otherwise 

specified 

Entry Sample Time (min) Conversion (%) Propylene Selectivity (%) 

1 Pt/Zn-MFI 63 30.2 99.5 
434 28.5 100 

2 Zn-MFI-NH4 54 15.2 100 
592 8.9 95.9 

3 CIT-6A-Pt 55.2 29.5 92.5 
445 29.6 98.8 

4 CIT-6A-NH4 66 27.3 75.6 
529 15.3 97.0 

5 CIT-6B-NH4 55 27.1 66.0 
595 15.2 89.5 

6 CIT-6C-NH4 62 26.1 64.4 
600 15.8 92.2 

7 CIT-6C-NH4 a 68 21.7 91.5 
608 14.0 95.8 

8 CIT-6C-NH4 b 69 8.4 79.9 
609 4.3 91.4 

9 CIT-6A-C 67 11.6 86.9 
605 8.7 66.1 

10 CIT-6A-Zn 68 23.9 84.9 
605 11.9 86.4 

11 CIT-6A-Li 53 2.6 68.2 
591 1.7 74.3 

12 CIT-6A-N(CH3)4 53 28.7 77.9 
608 15.8 86.2 

13 CIT-6B-N(CH3)4-Li 54 3.5 95.0 
594 2.7 80.8 

14 Ni/CIT-6B-0.5 62 22.8 85.8 
602 15.0 88.1 

15 Ni/CIT-6C-2.5 53 19.6 73.5 
612 12.1 79.8 

a In-situ pre-treatment used Pt/CIT-6 conditions 
b Reaction was carried out using 0.05 gcat for a propane WHSV of 17.6 h-1  
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A.4.1 Zn-MFI Reaction Testing Results 

Figure A-1 shows the reaction data for Zn-MFI with and without platinum. The 

Pt/Zn-MFI (Figure A-1A) sample achieves nearly 100% propylene selectivity, maintains a 

stable propane conversion averaging 29% and is resistant to coke (the catalyst had 

approximately 0.6 wt% coke post-reaction). While the equilibrium conversion of 28.3% for 

540°C and a propane:inert ratio of 4:1 is slightly below this value, it is within error. This 

result is consistent with previously reported results for Pt/Zn-MFI by Andy et al.21 and 

verifies that the reactor system is working correctly. On the other hand, the Zn-MFI-NH4 

sample (Figure A-1B and Table A-2 entry 2) shows a similarly high propylene selectivity 

but deactivates gradually with time on stream. Minor amounts of lower hydrocarbons 

including methane, ethylene and ethane (less than 1% selectivity), as well as small amounts 

of (unidentified) higher molecular weight species (C6 and higher), were also observed in 

the reactor effluent. 

 

 
 

 Figure A-1. Reaction data for (A) Pt/Zn-MFI and (B) Zn-MFI-NH4  
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A.4.2 Zn/SiO2 Reaction Testing Results 

 

 

 

EDS measurement of the Zn/SiO2 catalyst indicates that this material has 

approximately 5.2 wt% zinc, consistent with results reported by Schweitzer et al.8 Figure 

A-2 shows the reaction profile for zinc on amorphous silica (Zn/SiO2). Under the reaction 

conditions here, the material shows very low activity and is not selective for 

dehydrogenation. Conversion was between 2 and 4% for this material. 

A.4.3 CIT-6 Reaction Testing Results 

A.4.3.1 Effect of Exchange Treatments 

Figure A-3 shows representative reaction profiles for platinum-impregnated CIT-6 

(Pt/CIT-6A), NH4-exchanged CIT-6 (CIT-6A-NH4), zinc-exchanged CIT-6 (CIT-6A-Zn), 

and a pure-silica beta control. Similar to Pt/Zn-MFI, the platinum-impregnated CIT-6 

(Figure A-3A) maintains a stable, near-equilibrium conversion of 29% and high C3= 

Figure A-2. Reaction data for Zn/SiO2 



 

 

146 
selectivity of near 100% for over 7 h time on stream, in agreement with previously 

reported results.21  

The reaction profile for NH4-exchanged CIT-6 without platinum (CIT-6A-NH4) is 

shown in Figure A-3B that indicates the material is also active for dehydrogenation but 

deactivates faster than Pt/CIT-6. Conversion initially starts at 31% and gradually decreases 

with time on stream, reaching 50% of its initial value after approximately 8.5 h while 

Figure A-3. Reaction data for (A) Pt/CIT-6A, (B) CIT-6A-NH4, (C) CIT-6A-Zn and (D) pure 
silica BEA. 
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propylene selectivity starts at 64% and increases to between 95-98% gradually. This 

material had approximately 21.3 wt% coke compared to approximately 5.2 wt% for 

Pt/CIT-6A. The zinc-exchanged CIT-6 (Figure A-3C) shows a similar deactivation profile. 

Initial conversion is at 25% and drops to 50% of the initial value after approximately 8 h, 

but propylene selectivity remains stable near an average of 88%. A pure-silica beta sample 

was prepared and reaction tested as a control (Figure A-3D). Conversion remained below 

2% during the entire reaction period for this sample. 

Reaction testing of NH4 exchanged CIT-6 samples (Figures A-3B and A-4A) 

consistently show that when the conversion is near equilibrium at the start of the reaction, 

propylene selectivity is initially low and then increases with time on stream as conversion 

decreases below the equilibrium value. The initial conversion that is above equilibrium 

suggests that side reactions such as cracking or polymerization of olefins may be occurring 

that lead to coke deposition responsible for the low carbon balance initially observed. As 

the deactivation zone moves down the catalyst bed, the conversion capacity decreases 

while selectivity increases. To observe the true reactivity below equilibrium conversion, an 

NH4-exchanged CIT-6 sample was reaction tested where the propane WHSV was increased 

8 fold (17.6 h-1) by lowering the catalyst mass from 400 mg to 50 mg. Figure A-4 shows a 

comparison of reaction data for CIT-6C-NH4 obtained at space velocities of 2.2 and 

17.6 h-1.  At the higher space velocity, conversion starts near 11% and decreases to 50% of 

the initial conversion after approximately 5.5 h. The initial transient period where 

propylene selectivity rises is shorter (selectivity reaches 90% after approximately 3 h at a 

WHSV of 17.6 h-1 vs. 7.5 h at a WHSV of 2.2 h-1).  
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We also note that the CIT-6 used in this study was synthesized using Ludox 

colloidal silica that may contain trace aluminum and iron impurities. The presence of these 

impurities can give rise to Brønsted acid sites that can lead to cracking reactions and coke 

deposition and may also contribute to the initially lower selectivity observed in these 

samples. Deactivation via coke formation at these Brønsted acid sites would then lead to 

the observed rise in propylene selectivity as well as decrease in conversion. While it has 

been reported that CIT-6 can be synthesized using fumed silica that is higher purity,19 we 

were not successful in synthesizing a phase-pure sample. Reaction testing of a CIT-6 

sample prepared using fumed silica would allow one to determine whether Brønsted acid 

sites play a significant role in the reactivity observed for the CIT-6 samples studied here.  

Figure A-4. Reaction data for CIT-6C-NH4 tested at a propane WHSV of (A) 2.2 h-1 and (B) 
17.6 h-1  
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A.4.3.2 Catalytically Active Zinc Sites in CIT-6 

Previous investigation of CIT-6 with probe molecule spectroscopy showed that 

there are two types of framework zinc sites in the as-synthesized material: lithium-bearing, 

ion-exchangeable zinc sites  that are analogous to framework aluminum sites in zeolites (Z1 

and Z2 sites in Figure A-5) and sites that resemble zinc supported on amorphous silica (Z0 

in Figure A-5).20 The distribution of sites can be shifted to obtain CIT-6 with 

predominantly Z1 and Z2 or Z0 sites via lithium and N(CH3)4 exchanges, respectively, in 

near-neutral pH. While both types of sites behave as Lewis acid centers, it was found via 

these exchange treatments that Z0 sites are the catalytically active sites for Diels Alder 

cycloaddition-dehydration reaction of methyl 5-(methoxymethyl)furan-2-carboxylate 

(MMFC) with ethylene. To determine the catalytically active zinc sites in CIT-6 for 

dehydrogenation, similar exchange treatments were performed.  

 

 

Figure A-6A shows the reaction data for as-made (calcined) CIT-6 that contains 

both types of zinc sites. Conversion starts at 14% and gradually decreases to 8% after 

approximately 10 h while selectivity reaches a maximum of approximately 95% and 

decreases with time on stream. Lithium exchange of the calcined CIT-6 generates a 

material with predominantly Z1 and Z2 sites. This material (Figure A-6B) shows very low 

Figure A-5. Proposed framework zinc sites in microporous zincosilicates, from ref. 20  
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activity when tested for dehydrogenation. Conversion remained between 1 and 3% 

during the entire reaction period while the average propylene selectivity was 68%. 

Exchange with N(CH3)4, on the other hand, generates a material with predominantly sites 

that resemble zinc on amorphous silica (Z0 sites), and this material shows the highest 

activity out of the exchanged samples. Conversion initially starts at 31% and decreases to 

approximately 50% of the initial value after 10 h while propylene selectivity approaches 

90%.  

 

 

 

Figure A-6. Reaction data for (A) CIT-6A-C, (B) CIT-6A-Li, (C) CIT-6A-N(CH3)4, (D) CIT-
6B-N(CH3)4-Li, 
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Comparison of these reaction data suggests that the Z0 sites are the catalytically 

active sites for dehydrogenation while the lithium-bearing zinc sites appear to be inactive. 

To further confirm that lithium-bearing sites are not active for dehydrogenation, a N(CH3)4 

exchanged CIT-6 sample (CIT-6B-N(CH3)4) was prepared that was then back-exchanged 

with lithium (CIT-6B-N(CH3)4-Li). After back exchange of lithium, the material loses 

activity and resembles the lithium-exchanged CIT-6 (Figure A-6D and Table A-2 entry 

13), providing further indication that the lithium-bearing zinc sites are not catalytically 

active for dehydrogenation. While this sample was prepared from a different batch of CIT-

6 (CIT-6B), the lithium and N(CH3)4 exchanged samples for this batch (CIT-6B-Li and 

CIT-6B-N(CH3)4, respectively) were reaction tested (Figure A-10 and A-11, respectively) 

and show the same trend as that shown in Figure A-6. These data are consistent with the 

reaction data for NH4-exchanged CIT-6 (Figure A-3B), where the exchange treatment most 

likely converts lithium-bearing zinc sites into the more catalytically active Z0 sites. 

 We also note that the bulk Si/Zn ratios for CIT-6A-Li and CIT-6A-N(CH3)4 

(Si/Zn=13.3 and 14.7, respectively) do not deviate significantly from the parent CIT-6A-C 

(Si/Zn = 14.2). Back-exchange of lithium onto N(CH3)4 exchanged CIT-6 does not produce 

a significant change in the bulk zinc content (Table A-1) either. These data would suggest 

that the changes in reactivity observed cannot be wholly attributed to the loss of zinc from 

the materials.  
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A.4.3.3 Nickel Impregnation 

The reaction results with Zn-MFI and CIT-6 suggest that certain zincosilicate 

molecular sieves may directly catalyze the dehydrogenation reaction. While they are active 

and can reach propylene selectivities above 95% depending upon the treatment conditions, 

the materials deactivate faster compared to their platinum-impregnated counterparts. In 

supported platinum catalysts, it is generally believed that the addition of promoters such as 

zinc and tin reduce the size of platinum particles, thereby lowering the rate of undesired 

side reactions, and modify the electronic properties of platinum that lower the energy 

barrier for desorption of propylene, leading to improved selectivity and stability. However, 

in the zincosilicate samples studied here, platinum appears to act as a promoter that 

improves the stability of the catalyst though the exact mechanism is unclear at present. 

These results prompted us to try using nickel as a replacement for platinum on CIT-6. 

Nickel supported on alumina catalysts have been explored previously for dehydrogenation 

of cyclohexane and were shown to have comparable activity to platinum catalysts.24  

NH4-exchanged CIT-6 samples were impregnated with either 0.5 or 2.5 wt% nickel 

(Ni/CIT-6B-0.5 and Ni/CIT-6C-2.5, respectively) in the same manner as the platinum-

impregnated samples. Figure A-7 shows the reaction data for the CIT-6 samples before and 

after nickel loading. Loading with 0.5 wt% nickel (Figure A-7B and Table A-2 entry 14) 

results in more stable propylene production (selectivities remained between 85-90%) as 

well as a minor improvement in the deactivation profile (time for conversion to reach 50% 

of its initial value was approximately 12.8 h for Ni/CIT-6B-0.5 vs. approximately 10.3 h 

for CIT-6B-NH4).  
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Increasing the nickel loading to 2.5 wt% (Figure A-7D and Table A-2 entry 15) 

does not significantly change the deactivation profile (the time for conversion to reach 50% 

of the initial value was approximately 12.2 h) but results in lower propane selectivities 

compared to Ni/CIT-6B-0.5. Furthermore, both nickel-impregnated samples produced 

greater methane compared to Pt/CIT-6A with Ni/CIT-6B-2.5 producing greater methane 

compared to Ni/CIT-6B-0.5. In addition to dehydrogenation, nickel is also known to 

catalyze hydrogenolysis of alkanes25 with methane being one of the main products. The 

Figure A-7. Reaction data for (A) CIT-6B-NH4, (B) Ni/CIT-6B-0.5, (C) CIT-6C-NH4 and (D) 
Ni/CIT-6C-2.5 
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lower propylene selectivity and higher methane production would suggest that 

hydrogenolysis rates (a structure-sensitive reaction) increase at the higher nickel loading.  

A.4.3.4 Effect of In-Situ Pretreatment 

In-situ pretreatment of CIT-6 samples differ for those containing platinum or nickel 

compared to samples without a second metal where Pt/CIT and Ni/CIT-6 samples are 

calcined and reduced successively while NH4 exchanged CIT-6 is only calcined prior to 

reaction. To assess whether the reduction pretreatment causes a difference in the reactivity 

of CIT-6 itself, two samples of NH4-exchanged CIT-6 (CIT-6C-NH4) were each subjected 

to either the standard in-situ pretreatment (calcine 10 h at 550°C in air) for CIT-6 or the 

pretreatment for platinum-impregnated samples (calcine 8 h at 400C in air and then reduce 

6 h at 540°C in H2) and then reaction tested.  

Figure A-8 shows the reaction data for these two samples. The most apparent 

Figure A-8. Reaction data for CIT-6C-NH4 samples (A) after the standard in-situ pre-treatment 
and (B) after in-situ pre-treatment for platinum-impregnated samples  
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differences when the NH4-exchanged CIT-6 receives pretreatment for platinum-

impregnated samples are a lower initial conversion (initial conversion was 22.6% vs. 

32.3% for CIT-6C-NH4 receiving pretreatment for platinum-containing samples vs. 

pretreatment under standard conditions) and the disappearance of the initial transient rise in 

propylene production so that propylene selectivities are stable, averaging 95%, for the 

entire reaction period.  

The change in reactivity may be attributed to a change in the state of zinc as a result 

of reduction treatment. It is well-known that framework zinc in CIT-6 may be removed 

during high temperature calcination and presumably exists as ZnO in the pore space. In the 

NH4 exchanged CIT-6 samples, there is likely extra-framework ZnO that is generated 

during the two calcination treatments prior to reaction that may be contributing to the initial 

dehydrogenation activity observed for samples that undergo the standard pre-treatment.  

Liu et al.26 have recently investigated ZnO supported on alumina (ZnO/Al2O3) for 

propane dehydrogenation and found that the addition of trace amounts (0.1%) of platinum 

lead to improved stability (rate of deactivation was significantly slower). Via XPS 

characterization of the fresh and spent catalysts, it was found that the addition of platinum 

inhibits the reduction of Zn2+ to Zn0 during the course of the reaction, leading to greater 

stability of the catalyst (Zn2+ is generally believed to be active for dehydrogenation while 

Zn0 is inactive14). It is thus likely that extra-framework ZnO in CIT-6C-NH4 that 

underwent standard pretreatment contributes to an initially high propane conversion. The 

rising selectivity may be attributed to the reduction of ZnO during the course of the 
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reaction as well as possibly the deactivation via coking of Brønsted acid sites that may 

be present due to impurities in the catalyst. On the other hand, ZnO in CIT-6C-NH4 sample 

that underwent the reduction pretreatment should be completely reduced to Zn0 prior to 

reaction and thus a more stable reaction profile is observed. These data would also suggest 

that the stabilization observed for the nickel and platinum-impregnated CIT-6 samples may 

be due in part to the reduction of ZnO species. 

A.4.4 VPI-8 Reaction Testing 

Figure A-9 shows the reaction data for VPI-8. Neither the calcined (lithium-

bearing) nor the NH4-exchanged material is active for dehydrogenation with observed 

conversions of less than 2% for both samples. It may also be the case that framework zinc 

sites in VPI-8 possess weaker Lewis acidity compared to those found in CIT-6 and Zn-MFI 

that is insufficient for activating C-H bonds. IR spectroscopy of deuterated acetonitrile 

(CD3CN) adsorption and desorption on these samples would allow for a comparison of the 

Figure A-9. Reaction data for (A) VPI-8-C and (B) VPI-8-NH4 
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relative strengths of the Lewis acid centers in the materials studied here. Further, VPI-8 

possesses a 1-dimensional channel system that may hinder diffusion of reactants and 

therefore limit its activity. 

A.5 Conclusions and Recommended Future Work 

This work investigated microporous zincosilicate molecular sieves as direct 

catalysts for propane dehydrogenation. Zn-MFI and CIT-6 were both found to be active for 

dehydrogenation with the activity depending upon their post-synthetic treatments while 

VPI-8 was inactive. In CIT-6, framework zinc sites resembling isolated zinc centers on 

amorphous silica were identified as the catalytically active sites for dehydrogenation while 

zinc sites bearing lithium are inactive. Thus, CIT-6 that was treated to remove the lithium 

via exchange with NH4 or N(CH3)4 was found to be active for dehydrogenation and 

reached maximum propylene selectivities of 90% or higher. These samples had initial 

conversions near equilibrium but deactivated faster compared to platinum-impregnated 

samples. In-situ reduction of NH4-exchanged CIT-6 prior to reaction improved the stability 

of the catalyst likely by reducing Zn2+ to Zn0 species. The stability could also be improved 

by the addition of nickel.  

Overall, this work shows that zincosilicate molecular sieves, particularly CIT-6, 

may be active and selective for propane dehydrogenation but lack the stability of supported 

platinum catalysts. The nickel impregnation results with CIT-6 hint that the stability of 

catalyst may be further improved to be comparable to platinum-based catalysts. Further 

work may be performed to investigate the mechanistic role of platinum (and nickel) in the 
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Pt/CIT-6 and Pt/Zn-MFI catalyst system that might provide greater insight into 

improving the stability of CIT-6. In addition to zincosilicates, other Lewis acid molecular 

sieves may also be of interest to explore as direct catalysts for dehydrogenation. These 

materials include Sn-BEA, Sn-MFI and Zr-BEA where their interaction strengths with 

CD3CN observed via IR are comparable to those seen for CIT-6 and thus may show 

interesting activity. 
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Figure A-10. Reaction data for CIT-6B-Li 
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Figure A-11. Reaction data for CIT-6B-N(CH3)4 


