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Abstract

Nickel-containing catalysts are developed to oligomerize light olefins. Two nickel-

containing zincosilicates (Ni-CIT-6 and Ni-Zn-MCM-41) and two nickel-containing

aluminosilicates (Ni-HiAl-BEA and Ni-USY) are synthesized as catalysts to oligomer-

ize propylene into C3n (C6 and C9) products. All catalysts oligomerize propylene, with

the zincosilicates demonstrating higher average selectivities to C3n products, likely due

to the reduced acidity of the Zn heteroatom.

To test whether light alkanes can be incorporated into this oligomerization reac-

tion, a supported homogeneous catalyst is combined with Ni-containing zincosilicates.

The homogeneous catalyst is included to provide dehydrogenation/hydrogenation

functions. When this tandem catalyst system is evaluated using a propylene/n-butane

feed, no significant integration of alkanes are observed.

Ni-containing zincosilicates are reacted with 1-butene and an equimolar propylene/1-

butene mixture to study other olefinic feeds. Further, other divalent metal cations

such as Mn2+, Co2+, Cu2+, and Zn2+ are exchanged onto CIT-6 samples to investi-

gate stability and potential use for other reactions. Co-CIT-6 oligomerizes propylene,

albeit less effectively than Ni-CIT-6. The other M-CIT-6 samples, while not able to

oligomerize light olefins, may be useful for other reactions, such as deNOx.

Molecular sieves are synthesized, characterized, and used to catalyze the methanol-

to-olefins (MTO) reaction. The Al concentration in SSZ-13 samples is varied to in-

vestigate the effect of Al number on MTO reactivity when compared to a SAPO-34

sample with only isolated Si Brønsted acid sites. These SSZ-13 samples display re-

duced transient selectivity behavior and extended reaction lifetimes as Si/Al increases;

attributable to fewer paired Al sites. MTO reactivity for the higher Si/Al SSZ-13s re-
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sembles the SAPO-34 sample, suggesting that both catalysts owe their stable reaction

behavior to isolated Brønsted acid sites.

Zeolites CHA and RHO are prepared without the use of organic structure-directing

agents (OSDAs), dealuminated by steam treatments (500°C-800°C), and evaluated as

catalysts for the MTO reaction. The effects of temperature and steam partial pressure

during steaming are investigated. X-ray diffraction (XRD) and Ar physisorption

show that steaming causes partial structural collapse of the zeolite, with degradation

increasing with steaming temperature. 27Al MAS NMR spectra of steamed materials

reveal the presence of tetrahedral, pentacoordinate, and hexacoordinate aluminum.

Proton forms of as-synthesized CHA (Si/Al=2.4) and RHO (Si/Al=2.8) rapidly

deactivate under MTO testing conditions (400°C, atmospheric pressure). CHA sam-

ples steamed at 600°C performed best among samples tested, showing increased olefin

selectivities and catalyst lifetime. Acid washing these steamed samples further im-

proved activity. Reaction results for RHO were similar to CHA, with the RHO sam-

ple steamed at 800°C producing the highest light olefin selectivities. Catalyst lifetime

and C2-C3 olefin selectivities increase with increasing reaction temperature for both

CHA-type and RHO-type steamed samples.
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Chapter 1

Introduction to Part I: Light Olefin
Oligomerization & Molecular Sieve
CIT-6

This chapter serves as an introduction to Part I of my thesis, with a literature review

on light olefin oligomerization, including both the nickel- and acid-catalyzed reaction

pathways. The conversion of light olefins into longer chain hydrocarbons is discussed

as a potential pathway to additional gasoline and distillate transportation fuels. Pre-

viously studied catalysts for both mechanisms of oligomerization are reviewed, and

the desire to use heterogeneous zincosilicates (such as CIT-6) rather than alumi-

nosilicates for nickel-catalyzed oligomerization is explained. Project objectives and

proposed strategies for the oligomerization work are then outlined.

1.1 Background

Molecular sieves, while not currently used industrially for oligomerization, exhibit

many desirable properties for use as industrial catalysts in other reactions. Molecular

sieves are microporous, crystalline solids consisting of a three-dimensional network of

tetrahedrally coordinated atoms (T-atoms), such as silicon, aluminum, or zinc. These

T-atoms are connected to one another at their corners by oxygen atoms; thus, tetrahe-

dra such as SiO4
4- and AlO4

5- are the elementary building units. Secondary building

units may then arise from these tetrahedra to form complex crystal structures.
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Non-tetravalent atoms (such as Al3+) create charges in the molecular sieve frame-

work that must be balanced by countercations such as protons, alkali/alkaline earth

metal cations, or organic molecules like ammonium salts. If protons are the charge-

balancing elements, the molecular sieve materials can exhibit strong Brønsted acidity

and may participate in acid-catalyzed reactions. If the heteroatom is Al3+, these ma-

terials are aluminosilicates called zeolites. Figure 1.1 shows the structure of a typical

zeolite:4

Figure 1.1: Framework structure of zeolite beta.

The pore diameters in microporous materials are less than 20 Å, enabling them

to exhibit shape and size selectivity by restricting the entry of certain molecules

into these pores.5 Furthermore, the inner channel sizes may also restrict the forma-

tion of reaction intermediates and/or products due to their size and/or shape. As

such, molecular sieves are frequently used for tasks such as water purification or

gas separation.6 These materials also tend to be thermally stable, and some can with-

stand intense temperatures (in some cases T>800°C) without structural collapse. The

charged framework sites, in combination with the shape and size selectivity of these

materials, make them excellent catalysts for numerous reactions. For this reason,

microporous materials are frequently used in oil refineries as catalysts for operations

such as cracking, hydrocracking, isomerization, or alkylation.
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1.2 Motivation and Strategy

Fluid catalytic cracking (FCC) is one of the most important refining processes to

convert heavy oils into more valuable products, such as gasoline and distillate fuels.

In the United States, FCC units typically process nearly 5 million barrels of oil per

day, and FCC naphtha provides 35%-45% of the blending stocks in refinery gasoline

blending pools.1,7 A typical FCC flow sheet is shown in Figure 1.2:

Figure 1.2: FCC process flow sheet.1

From the heavy fractions of crude oil processed by these FCC units, typically

65wt% gasoline (C5+) and light cycle oils are produced; however, approximately 15-

20wt% olefinic gases (ethylene, propylene, and butylene) are also produced.1 Other

light gases (methane, ethane, propane, etc.), as well as coke (5wt%), make up the

balance of FCC products.

These olefinic gases (the stream labeled “Gas to Recovery” in Figure 1.2) can

be valuable raw materials for other chemical processes, such as the manufacture of

polymers; however, expensive separations (depropanizers, debutanizers, etc. in a gas

recovery unit) are required to purify them for further use. Typically, the methane and

ethane are separated and used for fuel gas in the refinery, but the higher hydrocar-

bons have limited refinery uses. For example, only minimal amounts of butane and
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butylene can be blended into gasoline before the Reid vapor pressure (RVP) of the

gasoline blend becomes too high, making it unusable in vehicle engines. Therefore, it

is sometimes desirable to convert these gases (particularly propylene, butylene, and

isobutylene) into liquids for subsequent hydrogenation and blending into high-octane

gasoline or diesel feedstocks.

Oligomerization is one such method to convert these olefinic gases into liquids,

and example reactions for the conversion of propylene and butylene into higher hy-

drocarbons are shown below in Figure 1.3:

Figure 1.3: Oligomerization reactions of propylene and butylene.

This oligomerization reaction can occur primarily by two mechanisms: via acid

catalysis or by a nickel-catalyzed mechanism. In the acid-catalyzed mechanism (Fig-

ure 1.4), the acidic proton, typically a Brønsted site within a zeolite, attaches to the

double bond of the olefin, forming a carbocation. This carbocation may then interact

with another olefin, attaching to the double bond in a similar manner to that of the

initial acidic proton. The dimerization product may then eliminate a proton and des-

orb, forming a simple dimer, or it may continue to react with more olefins, forming

an oligomer. Stereochemistry of the resulting oligomer product depends on how the

subsequent olefin attaches to the carbocation. Double-bond or skeletal isomerization

of the resulting oligomers may also occur at these Brønsted acid sites.
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Figure 1.4: Acid-catalyzed oligomerization reaction mechanism.

Microporous solid acid catalysts, such zeolites H-ZSM-5 or H-Y, and nonporous

solid acid catalysts, like phosphoric acid or alumina-silica gels, perform oligomeriza-

tion of light olefins by this mechanism.8

The nickel-based oligomerization process (Figure 1.5), in contrast, involves coor-

dination of an olefin to the Ni metal center. Further addition of another olefin will

then result in the oligomerization product. Depending on the orientation (1’-1’, 1’-2’,

2’-1’, or 2’-2’), different hexene isomers can be formed. These newly formed olefins

may then desorb from the metal center, or they may further react with another bound

olefin to form a longer-chain oligomer.
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Figure 1.5: Nickel-catalyzed oligomerization process.

While the acid-catalyzed mechanism is effective at oligomerizing light olefins, the

product distribution is not always particularly selective due to the acidic proton cat-

alyzing other reactions (such as cracking and isomerization) in addition to simple

oligomerization. With the nickel-catalyzed mechanism, light olefins can more selec-

tively form oligomerization products without excessive undesired side products due to

reactions only occurring via the transition metal. This increased oligomer selectivity

is obviously preferable for industrial applications, where product separations through

processes such as distillation can be very expensive.

Previously, the Ni2+ ion exchanged onto molecular sieves such as faujasite (zeolite

X or zeolite Y) or ZSM-5 have been shown to oligomerize these C2-C4 olefins to liquid

olefins (C6+).9, 10, 11, 12, 13 These catalysts have been reported to exhibit oligomeriza-

tion activity at reaction temperatures from 25°C to 350°C, and from pressures slightly

above atmospheric to over 35 bar. Other aluminosilicates, such as silica-alumina

combined with nickel oxide, have also been shown to perform this oligomerization

reaction.14, 15 Mobil’s Olefins to Gasoline/Distillate (MOGD) process is one attempt
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at a commercial-scale process with a nickel-containing molecular sieve catalyst ca-

pable of producing gasoline and/or distillate fuels from olefinic gases; however, the

process does not produce exclusively C6+ products (liquids), thus requiring a sepa-

rator and second reactor.16 A large-scale MOGD test run was executed in a Mobil

refinery in 1981, but no industrial process is currently employed.17

While these molecular sieves are generally practical and useful catalysts, they do

exhibit some drawbacks if used as oligomerization catalysts. Primarily, since Ni2+ is a

divalent ion, two aluminum tetrahedra in a zeolite (each with a 1- charge) are required

to counterbalance this charge. These aluminum tetrahedra must be adjacent to one

another (separated only by a single SiO4 tetrahedron due to Loewenstein’s rule),18

or the orientation of the zeolite framework must be such that two 1- charges from

aluminum tetrahedra are capable of counterbalancing the Ni2+ charge.19 Adjacent

aluminum tetrahedra are referred to as paired sites, and the high aluminum content in

materials such as zeolite Y (Si/Al molar ratio ⇡ 3) provides an increased probability of

paired aluminum sites occurring in the zeolite framework. While many paired sites in

zeolites can be occupied by these divalent Ni2+ ions, lone aluminum tetrahedra (with

1- charges) still remain throughout the zeolite framework. These lone aluminum sites

may possess strong acid activity or host other species, which can catalyze undesired

side reactions (such as cracking), thereby producing a wide variety of products in

addition to the desired oligomerization products.

Zincosilicates, however, only possess a single type of framework charge site: the

Zn2+ atom in the framework creates a 2- charge on the zinc tetrahedron. Figure 1.6

below demonstrates this difference between zeolites and zincosilicate molecular sieves:

Figure 1.6: Comparison of Ni2+-exchanged zeolites and zincosilicate molecular sieves.
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This charge site can accommodate the Ni2+ ion in a 1:1 exchange ratio, with no

lone 1- sites. Thus, with zincosilicates, no lone charges are present to exhibit strong

acid activity and catalyze undesired cracking reactions. While lone 2- zinc sites are

present, they exhibit reduced acidity relative to the aluminum sites.20 This decreased

acidity allows greater selectivity to the desired oligomerization products without the

production of additional cracking products.

Other desired properties for an industrial oligomerization catalyst include high

olefinic gas conversions, high selectivities to liquid products, and stable catalyst

performance for extended periods of time, with or without regeneration. Nickel-

containing molecular sieves exhibiting high oligomerization activity and selectivity to

desired products may then yield an industrially viable oligomerization catalyst.

1.3 Proposed Catalysts and Objectives

To this end, CIT-6, a zincosilicate molecular sieve with *BEA topology, has been

subjected to Ni2+ exchange and is investigated as an oligomerization catalyst capable

of converting propylene into higher olefins (C6 and C9 products). The synthesis of

CIT-6 was first reported by Takewaki et al. in 1999, and it has been studied as a useful

precursor to a wide range of molecular sieve materials of the *BEA topology.21, 22, 23

In addition to CIT-6, this project compares the oligomerization activity of three

other catalysts that have undergone Ni2+ exchange: Zn-MCM-41, high-aluminum

zeolite beta (HiAl-BEA), and ultra-stable zeolite Y (USY). These nickel-containing

zincosilicate and zeolite catalysts have been synthesized and reaction tested in an

attempt to develop a viable catalyst for the oligomerization of light olefins into liquids

for blending into high-octane gasoline and diesel fuels.

Zn-MCM-41 is a zincosilicate like CIT-6; however, it is mesoporous with the

hexagonal MCM-41 pore structure. Takewaki et al. reported synthesizing this ma-

terial for use as an intermediate material in the formation of molecular sieves with

*BEA framework type, while Hartmann et al. synthesized this material and the

related mesoporous zincosilicate MCM-48 prior to this synthesis for use in redox
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reactions.24, 25, 26 This mesoporous material was chosen to compare the effect of pore

size on the oligomerization activity and product distribution for a mesoporous zin-

cosilicate relative to a large-pore zincosilicate molecular sieve (CIT-6). A Zn-MCM-41

was produced to compare the activity of the two materials.

Typical zeolite beta is available commercially in a Si/Al molar ratio of approx-

imately 12.5-250; however, HiAl-BEA has a Si/Al molar ratio of approximately 5-

7.27, 28 This material has the same *BEA topology as CIT-6, but with aluminum

heteroatoms present in the framework, as opposed to framework zinc, to investigate

the oligomerization activity differences between the two heteroatoms. The higher alu-

minum content in HiAl-BEA increases the probability of paired aluminum tetrahedra

occurring, in turn producing more net 2- charge sites and thus allowing Ni2+ cations

to be exchanged at a comparable level to that of CIT-6 (which has Si/Zn = 10-15).

Unfortunately, the lone aluminum sites present may also exhibit strong acid activity,

catalyzing unwanted cracking or isomerization reactions.

HiAl-BEA has also been industrially synthesized under the trade name ZEOSTAR

BEA (Nippon Chemical Industrial Co., Ltd.), and for this reason the material was

selected as a commercially viable option for the nickel oligomerization catalyst.

Ultra-stable zeolite Y (USY) was used as a comparison to the previous studies of

oligomerization with faujasites (zeolite Y); however, USY has a lower Al content than

these materials (Si/Al = 6.0 in this case, as compared to NaY with a typical Si/Al

molar ratio of 3) to again allow for comparable nickel loadings among each material

tested. The zeolite USY used in this study was obtained from Zeolyst (Zeolyst CBV-

712). USY is typically used as a cracking catalyst in FCC units, due to its strong

acid activity and good thermal stability.

Progress on this project has demonstrated the successful conversion of propylene

into oligomerization products with each of these catalysts; however, improvements

to catalytic activity and stability are still required before any of these catalysts can

be industrially relevant. Other desirable catalyst properties include high propylene

conversion with limited selectivity to cracking products under moderate processing

conditions (e.g., T<300°C) and the ability to be regenerated with negligible loss of
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activity.

While this project initially focuses on development of a catalyst capable of per-

forming light olefin oligomerization, this oligomerization catalyst may also be incor-

porated into a tandem catalysis system for the oligomerization of both light olefins

and light paraffins into liquid hydrocarbons. In such a system, one catalyst (e.g., an

organometallic complex or transition metal deposited onto a molecular sieve) will per-

form a dehydrogenation reaction, producing hydrogen and converting the paraffin to

a more reactive olefin. The second catalyst will then oligomerize the olefin molecules

(both those initially present in the FCC off-gas and those produced by dehydrogena-

tion). Finally, hydrogen produced in the dehydrogenation reaction will be returned

to the oligomerization product. Figure 1.7 demonstrates this desired reaction scheme

for propane:

Figure 1.7: Example reaction scheme for transfer hydrogenation and oligomerization.

Currently, homogeneous organometallic catalysts supported on silica have been

reported to perform the transfer hydrogenation reaction, and these materials may

be combined with the oligomerization catalyst into a single material.29 Platinum has

also been shown to perform propane dehydrogenation when deposited on CIT-6 and

transfer hydrogenation when supported on zeolites, providing additional possibili-

ties for a tandem catalyst (e.g., Ni-CIT-6 impregnated with platinum or another

transition metal).30, 31 Thus, paraffinic gases, as well as olefinic gases, could be con-

verted to liquid products with the combination of an oligomerization catalyst and an

organometallic complex or transition metal.
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Chapter 2

Synthesis of Ni-CIT-6,
Ni-Zn-MCM-41, Ni-HiAl-BEA, and
Ni-USY for the Oligomerization of
Propylene1

2.1 Introduction

Nickel-containing aluminosilicate catalysts are capable of oligomerizing light olefins

(C2-C4) to higher molecular weight liquid hydrocarbons for blending into gasoline

and distillate transportation fuel streams.8, 12 The exchange of Ni2+ cations into zeo-

lites that have framework topologies such as FAU and MFI have been shown to give

catalysts that can oligomerize these light olefins to liquid olefins (C6+) at reaction

temperatures of 25-350°C, and at pressures from slightly above atmospheric to over

35 bar.9, 10, 11, 13, 32, 33 Other aluminosilicates, such as amorphous silica-alumina com-

bined with nickel oxide14, 15, 34 and nickel-exchanged mesoporous materials,35, 36, 37 are

also able to perform these types of oligomerization reactions. While aluminosilicate

materials are generally effective as oligomerization catalysts, they do exhibit some

drawbacks.

As discussed previously, Ni2+ is a divalent cation, requiring two nearby framework

aluminum atoms to counterbalance the positive charge.19 High aluminum content in
1Information contained in this chapter was originally published in ACS Catalysis (Deimund,

M.A.; Labinger, J.A.; Davis, M.E. ACS Catal. 2014, 4, 4189-4195. DOI: 10.1021/cs501313z).
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materials such as zeolites X or Y (Si/Al molar ratio ⇡ 1-3) provide an increased

probability of paired aluminum sites to occur in the zeolite frameworks, and thus

allow for higher Ni2+ exchanges, but unexchanged aluminum can yield additional

Brønsted acid sites. The strong Brønsted acidity can catalyze oligomerization, but

may also give undesired side reactions (such as cracking), thereby producing a wide

variety of products in addition to the desired oligomers.8 It has been shown that

the Ni2+ ion sites alone are sufficient to perform light olefin oligomerization;38 thus,

Brønsted sites are unnecessary in the presence of the Ni2+ cations.

As previously shown, the framework Zn2+ atoms in zincosilicates create two an-

ionic charges per zinc heteroatom that can accommodate the Ni2+ ion in a 1:1 ex-

change ratio, leaving no unpaired charge centers (Figure 1.6). Furthermore, unex-

changed zinc-based charge centers exhibit significantly reduced acidity relative to the

aluminum sites.20 The absence of strong Brønsted acidity may provide greater selectiv-

ity to the desired oligomerization products. Here, we explore the use of zincosilicate-

based catalysts for the oligomerization of light olefins. CIT-6, a zincosilicate molecular

sieve with *BEA topology,21, 22, 23 is exchanged with Ni2+ and tested as a catalyst for

converting propylene into higher olefins (C6 and C9 products). Additionally, we in-

vestigate high-aluminum zeolite beta (HiAl-BEA),39, 40, 41 Zn-MCM-41,24, 25, 26 and

ultra-stable zeolite Y (USY) to study the effects of (i) Al versus Zn heteroatom in the

*BEA topology, and (ii) the nature of the zincosilicate solid (microporous vs meso-

porous), as well as comparison to a previously studied catalyst (USY), respectively.

We attempted to keep the number of Ni2+ exchange sites and Ni2+ loadings compa-

rable between all solids (hence, the use of HiAl-BEA and USY). Similar Si/Zn and

Si/(2Al) ratios are maintained, as well as Ni/Zn and Ni/(2Al) ratios, to allow for

meaningful comparisons.
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2.2 Experimental Section

2.2.1 Synthesis of Porous Materials

All materials (with the exception of USY) were synthesized following known recipes.22, 24, 39

The zeolite USY was obtained from Zeolyst (Zeolyst CBV-712, SiO2/Al2O3 = 12,

NH4
+-form).

CIT-6 was synthesized according to the method of Takewaki et al.22 A synthesis

gel of composition 1 SiO2 / 0.03 Zn(OAc)2 / 0.65 TEAOH / 0.05 LiOH / 30 H2O

was prepared with Ludox AS-40 as the silica source, zinc acetate dihydrate (Aldrich),

tetraethylammonium hydroxide (Aldrich, 35wt% in water), and lithium hydroxide

monohydrate powder (Aldrich). The gel was charged into a Teflon-lined, stainless

steel autoclave and heated statically at 140°C for 7.5 days under autogenous pres-

sure. The crystalline white solid in the bottom of the Teflon liner was recovered

by centrifugation, extensively washed with water and acetone, and dried at 100°C

overnight.

The mesoporous zincosilicate Zn-MCM-41 was synthesized in a manner similar to

that described by Takewaki et al.24 A synthesis gel of composition 1 SiO2 / 0.024

Zn(OAc)2 / 0.5 NaOH / 0.61 CTAB / 60 H2O was prepared with Ludox AS-40

as the silica source, zinc acetate dihydrate (Aldrich), NaOH pellets (Aldrich), and

cetyltrimethylammonium bromide powder (Aldrich). The gel was charged into a

Teflon-lined, stainless steel autoclave and heated statically at 110°C for 5 days under

autogenous pressure. The white solid in the bottom of the Teflon liner was recovered

by centrifugation, extensively washed with water and acetone, and dried at room

temperature overnight.

High-aluminum zeolite beta (HiAl-BEA) was synthesized according to a seeded

procedure similar to that described by Majano et al.39 A synthesis gel of composition

1 SiO2 / 0.025 Al2O3 / 0.325 Na2O / 25 H2O was prepared with Ludox AS-40 as

the silica source, sodium aluminate (Alfa Aesar) as the alumina source, and a 50wt%

NaOH solution. The gel was seeded with commercial zeolite beta from Tosoh (Tosoh

HSZ-930NHA, SiO2/Al2O3 = 27, NH4
+-form). The gel was homogenized and charged
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into a Teflon-lined stainless steel autoclave. The autoclave was heated statically at

110°C for 6 days. The procedure for collection of the zeolite material was similar to

that described for CIT-6.

2.2.2 Ni2+ Exchange and Zn Heteroatom Protection

Ni2+ ion exchange was performed at 75°C (25°C for Zn-MCM-41) for 5 h using a 0.01

M solution of Ni(NO3)2 (Sigma Aldrich, hexahydrate) that had been pH-adjusted to

7.0 using 0.01 M NaOH solution. For each exchange, 250 mg of material was added

to 25 mL of solution. The materials were then separated from the Ni(NO3)2 solution

via centrifugation, washed with distilled water, and dried. After the Ni2+ exchange,

each material exhibited a pale green color.

Calcination or acid extraction is required to remove the tetraethylammonium

(TEA+) cation from CIT-6. Some of the zinc heteroatoms may also be undesirably

removed from the CIT-6 framework via this process, destroying the 2- exchange site

and forming ZnO particles. Thus, a means of protecting the zinc heteroatom while

still allowing for removal of the organic template used in synthesis (consequently

activating the catalyst) is necessary. It was determined that direct exchange of a

divalent cation (Ni2+ used here for catalysis purposes, although Mg2+ or Ca2+ work

as well) onto the as-made material (still containing the TEA+ cation) in a pH-neutral

exchange solution, followed by calcination, could protect the framework zinc while

allowing for removal of the TEA+ cation. This is presumed to be due to the presence

of the divalent M2+ cation, which prevents hydrolysis of framework oxygen bonds

to the zinc heteroatom by blocking the water from interacting with the bonds, as

well as by charge stabilization, wherein a hard cation helps stabilize and preserve the

exchange site under the extreme steaming conditions. In cases where Mg2+ or Ca2+

ions were initially exchanged (using a 1 M MgCl2 or 1 M CaCl2 solution, pH-adjusted

to 7.0 with dilute NaOH, for 5 h at 75°C), calcination and subsequent exchange with

the Ni2+ cation using the procedure described above was possible. CIT-6 samples

that underwent calcination without the initial exchange of Mg2+ or Ca2+ did not give
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good exchange of Ni2+ into the CIT-6 material, presumably due to removal of the zinc

heteroatom from the framework during calcination (as shown by greatly reduced zinc

content from elemental analysis) or hydrolysis of Zn-O bonds to destroy the divalent

framework charge site.

While the as-made material can have the Ni2+ cation directly exchanged onto it

as described previously (provided the pH of the exchange solution is adjusted to 7.0)

and activated via calcination, the protection via divalent cations does provide another

means to protect the divalent zinc exchange site in situations where organic removal

is desired but Ni2+ exchange is not needed.

2.2.3 Characterization

The as-made materials were characterized by powder X-ray diffraction (XRD) on a

Rigaku Miniflex II diffractometer with Cu Ka radiation (l=1.54184 Å), to determine

structure type and give an estimate of purity. In each diffraction pattern for CIT-6,

HiAl-BEA, or USY, 2j angles from 4° to 40° were acquired with a sampling window

of 0.010° and a scan speed of 0.100°/min, while the X-ray source was at 30 kV and 15

mA. For Zn-MCM-41, 2j angles from 1.5° to 40° were acquired, again with a sampling

window of 0.010° and a scan speed of 0.100°/min, while the X-ray source was at 30

kV and 15 mA.

Scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) anal-

yses were conducted on a JEOL JSM-6700F instrument equipped with an Oxford

INCA Energy 300 X-ray energy dispersive spectrometer. The SEM/EDS was used to

determine the morphology, as well as the Si/Zn and Ni/Zn (or Si/Al and Ni/Al) of

the materials.

Solid-state NMR spectroscopy was performed on a Bruker AM 300 spectrometer

equipped with high power amplifiers for solids. Samples were spun at the magic-angle

(MAS) in 4 mm ZrO2 rotors. 27Al MAS NMR (78.2 MHz) spectra were obtained at

a spinning rate of 12 kHz and referenced to a 1 M aqueous aluminum nitrate solution

(0 ppm).
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To quantify the number and strength of the Brønsted acid sites present in each

catalyst, NH3 temperature-programmed desorption (TPD) was performed on each

nickel-exchanged, calcined material. The materials were pelletized, crushed, and

sieved. Particles between 0.6 mm and 0.18 mm were supported between quartz wool

beds in a continuous flow quartz-tube reactor (part of an Altamira AMI-200 reac-

tor system). Bed temperature was monitored via a thermocouple inserted directly

into the catalyst bed, and desorbing products were monitored via a Dymaxion mass

spectrometer with m/z scanning capability.

Once loaded, samples were heated to 150°C for 1 h at 10°C/min, followed by

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

adsorbed species. Samples were then cooled to 160°C, and NH3 was dosed onto each

sample at a flow rate of 5 sccm in 50 sccm helium until no further NH3 uptake was

observed via the mass spectrometer (typically <5 min). After a 8 h purge in flowing

helium (50 sccm) to remove any physisorbed NH3, the sample was heated to 600°C at

rate of 2°C/min in 20 sccm helium 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.

2.2.4 Reaction Testing

Prior to reaction testing, all materials were calcined in breathing-grade air. The

materials were heated to 150°C at 1°C/min, held for 3 h at 150°C, then heated further

to 580°C at 1°C/min and held for 12 h, all under flowing air.

The calcined materials were pelletized, crushed, and sieved. Particles between 0.6

mm and 0.18 mm were supported between glass wool beds in an Autoclave Engineers

BTRS, Jr. 316 SS continuous flow, tubular reactor.

For reaction testing, a mixture of propylene and an inert gas (composition 85mol%

propylene, balance He/Ar) was supplied to the 3/8” ID 316 SS tubular reactor, with

total flow such that a weight-hourly space velocity (WHSV) of 1.0 h-1 was attained.

Each catalyst was tested at 180°C and 250°C after the initial calcination, as well
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as after a second calcination in flowing air to determine regeneration potential. In a

typical run, 200 mg of dry catalyst was loaded. Reactor effluent gases were analyzed

using an on-stream GC/FID/TCD Agilent GC 7890A with Plot-Q capillary columns

installed. Conversions and selectivities were computed on a carbon mole basis.

2.3 Results and Discussion

2.3.1 Characterization of Materials Used as Catalysts

The powder XRD patterns of the porous solids used here, after nickel exchange and

calcination, are shown in Figure 2.1. Additional powder XRD data (for each material

as synthesized, after nickel exchange, and after calcination) are shown in Figures A.1,

A.2, A.3, A.4, and A.5 in the Appendix.

Figure 2.1: Powder XRD patterns of nickel-exchanged, calcined materials: Ni-CIT-6,

Ni-Zn-MCM-41, Ni-HiAl-BEA, and Ni-USY.

A summary of the elemental compositions (by EDS) of the solids used for reaction

testing is shown in Table 2.1. The Si/Zn for CIT-6 (and thus the number of sites
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available for Ni2+ exchange) is similar to the Si/(2Al) ratios in HiAl-BEA and USY,

since these zeolites required paired aluminum sites for the Ni2+ exchange. However,

the Zn-MCM-41 could only be reliably synthesized at a Si/Zn ratio approximately

twice that of these materials. Nonetheless, we were able to maintain a comparable

number of Ni2+ exchange sites.

Material Si/Zn Ni/Zn

Ni-CIT-6 10.8 0.55

Ni-Zn-MCM-41 22.7 0.59

Si/Al Ni/Al

Ni-HiAl-BEA 4.2 0.39

Ni-USY 5.8 0.33

Table 2.1: Elemental compositions for oligomerization catalysts.

Micropore volumes for the microporous materials were determined by Ar adsorp-

tion, and volumes are consistent with previously reported syntheses (Table A.1 and

Figures A.7, A.8, A.9, and A.10 of the Appendix). 27Al MAS NMR spectra were ob-

tained for each aluminosilicate solid, and the results show only tetrahedral aluminum

(Figure A.6 of the Appendix). Ammonia TPD also shows consistently fewer Brønsted

acid sites in the zincosilicates as compared to the aluminosilicates (Figure A.11 and

Table A.2 of the Appendix).

2.3.2 Reaction Testing

Figure 2.2 illustrates typical reaction data for each of the four different catalysts

tested at 180°C. Each material, with the exception of Ni-Zn-MCM-41, exhibits de-

creased propylene conversion with increasing time-on-stream (TOS) as the catalyst

deactivates. The main C6 products observed in all cases are 2-hexene, 2-methyl-2-

pentene, and 4-methyl-2-pentene. One of those, 2-methyl-2-pentene, is likely formed

via double-bond migration of the expected primary products (2-methyl-1-pentene

and 4-methyl-2-pentene) at Brønsted acid sites resulting from unexchanged zinc or
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aluminum heteroatoms. The zincosilicates exhibited only this double-bond isomer-

ization, while the aluminosilicates also catalyzed cracking reactions to form non-C3n

products, likely due to the relative acidic strength of the framework zinc and alu-

minum heteroatoms.20 As TOS increases, these isomerization sites in each material

deactivate, and more primary products are observed in the hexene product mixture.

Selectivity to C9 products (primarily olefins) increases with increasing TOS, and typ-

ically stabilizes by approximately 100 mins on stream. Full conversion and selectivity

data for each of these materials at both 180°C and 250°C are shown in Figures A.12-

A.29 of the Appendix. Reaction data for the materials exchanged with Mg2+ or

Ca2+before calcination and subsequent exchange with Ni2+ are shown in Figure A.30

of the Appendix.

Figure 2.2: Representative time-on-stream profiles of conversion, C6 and C9 selectivity

for Ni-CIT-6 (A), Ni-Zn-MCM-41 (B), Ni-HiAl BEA (C), and Ni-USY (D) at 180°C.

For each material, post-reaction powder XRD patterns show no loss of structure

(Figure A.31 of the Appendix). Additionally, carbon balances are typically over 95%
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for the duration of each reaction run, with the exception of the initial sample for the

run, where propylene is likely initially being held up on the sample to begin forming

the first olefins. Post-reaction thermogravimetric analysis (TGA) experiments on each

spent catalyst reveal mass losses above 150°C of approximately 4%-15%, with less

mass loss observed for the zincosilicates relative to the aluminosilicates (see Figures

A.32-A.37 of the Appendix). Regeneration by calcination in flowing breathing-grade

air recovered nearly all of catalytic activity observed initially for each material.

Both materials with the *BEA framework (Ni-CIT-6 and Ni-HiAl-BEA) exhibit

similar TOS behavior with respect to propylene conversion, but the product dis-

tribution for Ni-HiAl-BEA is not as selective to C3n products as Ni-CIT-6; C7-C9

saturated and unsaturated products are observed in amounts comparable to that of

the C6 products. Selectivity to C4 and C5 saturated and unsaturated products is

low (<10% total); oligomerization and subsequent cracking products are primarily

observed.

The strong Brønsted acid sites in Ni-HiAl-BEA appear to catalyze cracking and

isomerization, resulting in the observed C7 and C8 products. This suggests that the

nickel ions present in the *BEA structure are similarly active for the production of

simple oligomerization products with either heteroatom present (zinc or aluminum),

while residual Brønsted acid sites in the framework are likely responsible for the

observed differences in product selectivity resulting from double-bond isomerization

and/or cracking of primary C3n products.

The two zincosilicates (Ni-CIT-6 and Ni-Zn-MCM-41) exhibit by far the highest

selectivities to C3n oligomerization products, and Ni-Zn-MCM-41 has the most stable

propylene conversion with increasing TOS. This stability observed for the Ni-Zn-

MCM-41 is likely due to the larger mesopores that are not as susceptible to blockage

from carbon deposits as the micropores in Ni-CIT-6. Selectivities to non-C3n products

(Figure 2.2) for Ni-CIT-6 are no more than 6% at any time at 180°C. For Ni-Zn-

MCM-41, propylene conversion remained stable at 6-8% throughout the reaction test;

however, the selectivity to C9 products is approximately half that observed for Ni-

CIT-6. Total selectivities to non-C3n products are <1% for all time-on-stream points.
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The observed increase in propylene conversion and on-stream stability with the

increase in pore size for the zincosilicates (from microporous Ni-CIT-6 to mesoporous

Ni-Zn-MCM-41) is also consistent with that reported by Mlinar et al. in the com-

parison of microporous aluminosilicate Ni-Na-X to mesoporous aluminosilicate Ni-Al-

MCM-41.36 Further, hexene product isomer distributions reported for Ni-Na-X are

similar to those of Ni-CIT-6, although the zincosilicate tends to produce more linear

products.33 The Ni2+-exchanged USY material initially gives the highest propylene

conversion and has the lowest C3n product selectivities (less than 65% at 180°C) of

any material tested. This is likely due to the presence of residual Brønsted acid sites

within the FAU framework that catalyze oligomerization and cracking reactions, in

addition to oligomerization at the nickel cation sites. In agreement with previous

studies, high cracking activity is initially present at these strong acid sites until they

deactivate, after which oligomerization proceeds more selectively.37, 42

Figure 2.3: Representative time-on-stream profiles of conversion and C6 and C9 se-

lectivity for Ni-CIT-6 (A), Ni-Zn-MCM-41 (B), Ni-HiAl-BEA (C), and Ni-USY (D)

at 250°C.
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Figure 2.3 shows similar behavior for each of the four materials at 250°C. TOS

behavior for each material at 250°C is similar to that observed at 180°C, with a few

exceptions. Propylene conversion increases with the increase in temperature for each

material, with the exception of Ni-HiAl-BEA. Ni-CIT-6 gives higher selectivity to

C9 products at 250°C than at 180°C (~22% versus ~18%), with the corresponding

selectivities to C6 products decreasing (non-C3n selectivities are typically less than

20%). However, more hexene products resulting from double-bond isomerization

(such as 2-methyl-2-pentene) are observed at 250°C than at 180°C. A similar increase

in formation of double-bond isomerization products at 250°C relative to 180°C is also

observed for Ni-Zn-MCM-41. A slight decline in propylene conversion is observed over

the reaction time profile, but the material still exhibits very stable conversion with

increasing time on stream. Total selectivities to non-C3n products are again quite low

(<1%) for all data points.

For Ni-HiAl-BEA, propylene conversion decreases with the increase in reaction

temperature from 180°C to 250°C. This suggests that catalyst deactivation may be

more rapid at the higher reaction temperature. Additionally, while carbon balances

remain near 100% for both reaction tests, regeneration does not fully recover the

initial catalyst activity.

At 250°C, Ni-USY exhibits slightly reduced selectivities to C9 products (~30%)

relative to those at 180°C (~30-35%), while total selectivities to C6 products increase

from approximately 30-35% at 180°C to 40-45% at 250°C for most data points. Addi-

tionally, selectivities to C4 and C5 products have slightly decreased, while selectivities

to C7 and C8 products have increased, suggesting increased cracking of C9 products

and reduced cracking of C6 products at 250°C. This could be attributed to faster

deactivation of strong Brønsted acid sites at 250°C. While C3n products were still

the predominant products observed, the wide variety of cracking products and rela-

tively low selectivity to the desired products make Ni-USY unsuitable as a selective

oligomerization catalyst under these conditions.

Interestingly, selectivity for the major product, 2-methyl-2-pentene, decreases

slightly with increasing TOS for the zincosilicates, while it increases with TOS for
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the aluminosilicates. This observation suggests that the residual acid sites in zincosil-

icates are not strong enough to catalyze cracking reactions but are still capable of

isomerizing the primary oligomerization products. It is possible that the residual acid

sites in the aluminosilicates are strong enough to catalyze cracking reactions, produc-

ing chiefly cracking products initially and leading to a relative lack of isomerization

products. As these strong acid sites in the aluminosilicates deactivate with increasing

TOS, the isomerization products could then begin to accumulate. These observa-

tions suggest that zincosilicates should be used if selectivity to simple oligomerization

products is desired.

Further analysis of the hexene isomers formed from the oligomerization reaction

also reveals that the zincosilicates typically exhibit much higher linear-to-branched

ratios than the aluminosilicates. These higher linear-to-branched ratios observed for

the zincosilicates are believed to be the result of a difference in the fine structural

details around the nickel cation relative to that of the aluminosilicates. Figure 2.4

shows the linear-to-branched ratios for each material at 180°C and 250°C.

Figure 2.4: Hexene isomer linear-to-branched ratios for Ni-CIT-6, Ni-Zn-MCM-41,

Ni-HiAl-BEA, and Ni-USY at 180°C (A) and 250°C (B).

The ratios are fairly constant with TOS, with the exception of Ni-CIT-6, which

exhibits a maximum before declining to a stable ratio at increasing TOS for both

reaction temperatures. Ni-Zn-MCM-41 has stable linear-to-branched ratios very near

1.0 for both reaction temperatures. At 180°C, both aluminosilicate catalysts have

constant ratios of approximately 0.3, with the exception of the initial Ni-USY ratio.
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However, at 250°C, Ni-HiAl-BEA has a significantly higher linear-to-branched ratio,

again showing behavior similar to that of the zincosilicates at this elevated reaction

temperature. The linear-to-branched ratio observed for Ni-USY at 250°C decreases

to values just above 0.1 for the duration of the reaction test. Linear hexene isomers

may be useful or desirable in the synthesis of specialty chemicals, although in the

synthesis of gasoline, this linearity is undesirable.

2.4 Summary

Ni2+ ion was exchanged onto four molecular sieves and their ability to catalyze propy-

lene oligomerization compared. Each material tested was capable of oligomerizing

propylene, albeit with varying conversions and C3n product selectivities, under the

reaction conditions tested. For all catalysts except Ni-HiAl-BEA, the propylene con-

version increased with increasing temperature. The opposite trend for Ni-HiAl-BEA

could be due to a faster oligomerization site deactivation as temperature increases.

Double-bond isomerization from the hexenes formed directly by propylene dimer-

ization was observed for all catalysts. Further, cracking reactions of these C3n prod-

ucts were observed in the aluminosilicates, particularly Ni-USY (this catalyst was

the least selective to C3n products tested). Detailed characterization of the hexene

isomers formed by each catalyst revealed that the zincosilicates also typically had

much higher linear-to-branched hexene isomer ratios than the aluminosilicates.

The two *BEA framework materials with zinc and aluminum heteroatoms (Ni-

CIT-6 and Ni-HiAl-BEA, respectively) exhibit similar time-on-stream behavior with

respect to propylene conversion; however, the product distribution for Ni-HiAl-BEA

is not as selective to oligomers as Ni-CIT-6, as evidenced by the relative selectivities

to C3n products for the two materials. Cracking products (non-C3n) were also ob-

served with Ni-HiAl-BEA. These additional cracking reactions to produce C7 and C8

products were likely catalyzed by the strong Brønsted acidity of the solid. Hexene se-

lectivity and overall propylene conversion were higher at both reaction temperatures

for the mesoporous Ni-Zn-MCM-41 relative to the microporous Ni-CIT-6. This was
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likely due to the larger pores within Ni-Zn-MCM-41, which remained unblocked by

hydrocarbons for longer periods on stream. Ni-Zn-MCM-41 had the highest, most

stable conversions and highest selectivities to hexene products. Ni-USY, while it had

the highest propylene conversions at each temperature, also exhibited the poorest

selectivities to C3n products. The wide variety of these products makes this material

unsuitable as an oligomerization catalyst under the reaction conditions tested.

These observations validate the hypothesis that matching the charge of the frame-

work heteroatom with that of the exchanged ion can reduce undesirable side reactions

catalyzed by unexchanged, strong Brønsted acid sites, and suggest that zincosilicates

may well be interesting materials for light olefin oligomerization.
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Chapter 3

Combined Oligomerization and
Transfer Hydrogenation Catalysts to
Operate on a Mixed Alkane/Alkene
Feed

This work was partially completed in collaboration with Dr. David Leitch and Dr.

Keith Steelman (Bercaw Group at Caltech), both of whom synthesized and charac-

terized the supported homogeneous catalysts.

3.1 Introduction

Currently, light hydrocarbons (C<6), while abundant from myriad sources such as

fluid catalytic cracking (FCC) units in refineries, natural gas, and Fischer-Tropsch

synthesis, are not particularly useful as fuels due to their low energy density.1, 43, 44

Upgrading of light alkenes into higher molecular weight compounds through oligomer-

ization has been discussed in the previous chapter, but light alkanes have been more

difficult to incorporate into heavier hydrocarbon products. To combine these smaller

molecules for upgrading, mild reaction conditions with lower temperatures are ther-

modynamically preferable, as the entropic cost of combining smaller hydrocarbons

into longer chains excludes higher temperatures (T>250°C for propylene). One possi-

ble means to achieve this coupling of alkanes and alkenes is alkane metathesis, which

has been investigated by several research groups.45, 46, 47 In alkane metathesis, the
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two primary steps are alkane dehydrogenation and alkene metathesis, forming a C2n-2

alkane and an ethane from two Cn alkanes; however, only a few of these reactions avoid

statistical distributions of hydrocarbon products, instead having selectivity to a single

desired C2n-2 product.48, 49, 50 These studies also involve heavier liquid hydrocarbon

molecules, but work is still needed to sufficiently incorporate light hydrocarbons.

While homogeneous transition metal-based transfer hydrogenation catalysts and

oligomerization catalysts have been independently well-studied by several research

groups on pure alkane feeds as cited previously, none have investigated a combined

transfer hydrogenation/oligomerization catalytic system to operate on mixed light

alkane/alkene feeds in either batch or flow reaction systems. Use of such a mixed

feed then takes advantage of many realistic byproduct streams, such as the light gas

stream from FCC units.

In this chapter, a tandem catalyst system51, 52 is proposed as a means to create

longer-chain, gasoline- or diesel-range hydrocarbons from light alkane/alkene mixtures

which better replicate real refinery feed streams. The catalytic system is comprised

of a transfer hydrogenation catalyst that activates the feed alkanes to alkenes, and

an oligomerization catalyst that performs the alkene oligomerization, while the first

catalyst then replaces the abstracted hydrogen atoms onto the resulting alkene to

produce a net alkylation product, as outlined in Section 1.3 of Chapter 1 and shown

in Figure 3.1.53 Such a catalytic system would be able to perform a net alkylation

reaction on hydrocarbons in a mixed alkane/alkene feed without the use of dangerous

sulfuric or hydrofluoric acid, as is currently employed in refineries.1
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Figure 3.1: Tandem catalysis cycle.

Recent work from the Bercaw group at Caltech has demonstrated the poten-

tial for such a catalytic system to occur in both liquid phase batch and semi-batch

reactions.53, 54 In the first reported study,53 an Ir-based pincer ligand transfer hydro-

genation catalyst55, 56, 57, 58, 59, 60, 61, 62 and a Ta-based oligomerization catalyst63, 64

work to dehydrogenate heptane and oligomerize the resulting heptenes and added

1-hexene to form C12, C13, and C14 alkene products, but the catalysts are unable to

perform the final step of the catalytic cycle shown in Figure 3.1 (Part B - hydrogena-

tion of the newly formed alkene dimers). An approach involving an alkene substrate

as a sacrificial hydrogen acceptor to close the cycle has also been shown to work,54

but clearly it is preferable to close the cycle with alkenes formed solely by the transfer

hydrogenation catalyst.

Additionally, while this combined system shows promise in liquid phase hydro-

carbon reactions, industrial alkane/alkene feedstocks are typically gaseous. For this

reason, heterogeneous catalysts are generally preferred. The heterogeneous Ni-based

catalysts described in the previous chapter (specifically Ni-CIT-6 and Ni-Zn-MCM-

41) can be used to perform the oligomerization reaction; however, a heterogeneous

transfer hydrogenation catalyst must be developed. Supporting the previously de-
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scribed homogeneous transfer hydrogenation catalysts on heterogeneous supports

(such as mesoporous carbon, aluminosilicates, or zincosilicates) is one potential so-

lution. These Ir-based catalysts also tend to perform the hydrogenation step more

effectively on linear molecules,54 so the Ni-containing zincosilicates are selected for use

as oligomerization catalysts, due to their higher selectivity to linear hexene products.

Here, the synthesis, preparation, and reactivity of heterogeneous oligomerization

and transfer hydrogenation catalysts in an equimolar gaseous alkane/alkene feed

(propylene/n-butane) are investigated. Ni-CIT-6 and Ni-Zn-MCM-41 are utilized

as oligomerization catalysts, while several Ir-based pincer ligand transfer hydrogena-

tion catalysts are synthesized and tested. Each homogeneous transfer hydrogena-

tion catalyst is deposited on several different supports, such as alumina, Al-MCM-

41, Zn-MCM-41, and mesoporous carbon in loadings from 10wt% to 50wt%, de-

pending upon the catalyst and support. Physical mixtures of these catalyst pairs

then are loaded into a continuous-flow reactor with equimolar alkane/alkene reac-

tant flows, and oligomerization and transfer hydrogenation activity are monitored via

GC/FID/TCD.

3.2 Experimental Section

3.2.1 Synthesis of Porous Heterogeneous Catalysts

CIT-6 was synthesized according to the method of Takewaki et al. as discussed in

Chapter 2.22 The mesoporous zincosilicate Zn-MCM-41 was also synthesized in the

same manner as that described by Takewaki et al., again discussed in Chapter 2.24

Ni2+ ion exchange onto the samples was performed for 5 h at 75°C for Ni-CIT-

6 and 25°C for Zn-MCM-41 using a 0.01 M solution of Ni(NO3)2 (Sigma Aldrich,

hexahydrate) that had been pH-adjusted to 7.0 using 0.01 M NaOH solution. For each

exchange, 250 mg of material was added to 25 mL of solution. The materials were then

separated from the Ni(NO3)2 solution via centrifugation, washed with distilled water,

and dried. After the Ni2+ exchange, Ni-CIT-6 and Ni-Zn-MCM-41 both exhibited a
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pale green color.

3.2.2 Synthesis of Ir-based Homogeneous Catalysts and De-

position on Supports

Each ligand and Ir-based transfer hydrogenation catalyst shown in Figure 3.2 was

prepared according to reported literature procedures from G̈ottker-Schnetmann et al.

(A),59 Huang et al. (B),60 Haenel et al. (C),65 Chao et al. (D),66 Tanaka et al. (E),67

Avent et al. (F),68 and McInturff et al. (G).69 The Ir-based catalysts were then de-

posited on the supports (silica, alumina, Al-MCM-41, Zn-MCM-41, and mesoporous

carbon samples) by incipient wetness impregnation to form the heterogeneous transfer

hydrogenation catalysts.

Figure 3.2: Ir-based pincer ligand catalysts for transfer hydrogenation: Ir-POCOP

(A), Ir-PCP (B), Ir-tBu4-anthraphos (C), Ir-iPr4-tris(phosphinoaryl) benzene (D),

Ir-PNP (E), Ir-ferrocene (F), and Ir-POCSP (G).

3.2.3 Characterization

Powder XRD patterns for the Ni-CIT-6 and Ni-Zn-MCM-41 samples were obtained

with a Rigaku MiniFlex II instrument using Cu Ka radiation (l=1.54184 Å) to deter-

mine structure type and purity. Morphology and elemental composition were deter-

mined via scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS)
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on a ZEISS 1550VP instrument equipped with an Oxford X-Max SDD energy disper-

sive X-ray spectrometer.

To confirm the correct synthesis and purification for the Ir-based ligands, liquid-

phase 1H, 13C, and 31P NMRs were obtained for the homogeneous catalysts tested.

3.2.4 Reaction Testing

Prior to reaction testing, Ni-CIT-6 and Ni-Zn-MCM-41 were calcined in breathing-

grade air by heating to 150°C at 1°C/min, held for 3 h at 150°C, then heated further to

580°C at 1°C/min and held for 6 h, all under flowing air. Ni-CIT-6, Ni-Zn-MCM-41,

and the supported Ir-based materials were then individually pelletized, crushed, and

sieved. Particles between 0.6 mm and 0.18 mm of each catalyst type (a Ni-containing

zincosilicate for oligomerization and a supported Ir-based catalyst for transfer hy-

drogenation) were physically mixed and supported between glass wool beds in an

Autoclave Engineers BTRS, Jr. 316 SS continuous flow, tubular reactor. Due to the

air-sensitive nature of the Ir-based ligands, loading of the reactor tube was performed

in an argon glovebox.

For reaction testing, an equimolar mixture of propylene and n-butane was supplied

to the 3/8” ID 316 SS tubular reactor, with total flow such that a weight-hourly space

velocity (WHSV) of 0.5 h-1 was attained. Each catalyst mixture was tested at 180°C.

In a typical run, 200 mg of each dry solid catalyst was loaded (400 mg total). Reactor

effluent gases were analyzed using an on-stream GC/FID/TCD Agilent GC 7890A

with Plot-Q capillary columns installed. Conversions and selectivities were computed

on a carbon mole basis.

3.3 Results and Discussion

3.3.1 Characterization of Porous Materials

The powder XRD patterns of the Ni-CIT-6 and Ni-Zn-MCM-41 used here, after nickel

exchange and calcination, are shown in Figure 3.3. Additional powder XRD data (for
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both Ni-CIT-6 and Ni-Zn-MCM-41 as synthesized, after nickel exchange, and after

calcination) are shown in Figures B.1 and B.2 of the Appendix.

Figure 3.3: Powder XRD patterns of nickel-exchanged, calcined materials Ni-CIT-6

and Ni-Zn-MCM-41.

The elemental compositions of the two heterogeneous materials are shown in Table

3.1.

Material Si/Zn Ni/Zn

Ni-CIT-6 12.9 0.42

Ni-Zn-MCM-41 21.0 0.86

Table 3.1: Elemental compositions of Ni-CIT-6 and Ni-Zn-MCM-41.

3.3.2 Characterization of Supported Homogeneous Catalysts

Liquid NMRs of each Ir-based catalyst revealed that the correct ligands had been

synthesized and that the catalysts were intact. Weight loadings between 10wt% and

50wt% were achieved, depending upon the ligand and support used. Table 3.2 outlines

the combinations of ligands and supports that underwent reaction testing:
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Ir-based Catalyst
Heterogeneous Support

Silica Alumina Al-MCM-41 Zn-MCM-41
Mesoporous

Carbon

(A) Ir-POCOP 10wt% 10wt% 10wt% 10wt% 10wt%

(B) Ir-PCP 10wt% 10wt% 10wt% 10wt% 10wt%

(C) Ir-tBu4-anthraphos – 10wt% 10wt% 10wt% 10wt%

(D) Ir-iPr4-tris(phosphinoaryl) benzene – 10wt% – 10wt%
10, 30, &

50wt%

(E) Ir-PNP – – – 10wt%
10, 30, &

50wt%

(F) Ir-ferrocene – – 10wt% 10wt%
10, 30, &

50wt%

(G) Ir-POCSP – – 10wt% – –

Table 3.2: Ir-based transfer hydrogenation catalysts tested for the tandem catalysis

system.

3.3.3 Reaction Testing

In reaction testing of the combined catalysts, only significant oligomerization of propy-

lene to C6 and C9 products was observed. Trace C7 products were also observed for

some catalyst combinations (those supported on silica, alumina, or the MCM-41s),

but no appreciable n-butane conversion was observed in these systems (reported con-

versions in the following figures are approaching the analytical limits of the reaction

testing apparatus for butane). The initial “conversions” observed for each reaction

test are likely due to material holdup on the catalyst, as the carbon balances are

quite poor for each initial sample point. Further control experiments with only the

oligomerization catalyst present in the propylene/n-butane feed revealed nearly iden-

tical selectivities to these C7 products. This similarity in C7 selectivities for most

supports in the absence of the transfer hydrogenation catalysts suggests the sup-

ported homogeneous catalysts are inactive for the conversion of n-butane to butenes,
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and consequently to the formation of C7 products. Thus, the observed C7 products

likely result from interaction with the mesoporous carbon or from cracking reactions

in the zincosilicates, not from the transfer hydrogenation catalysts.

Interestingly, however, when the Ir-based catalysts are supported on mesoporous

carbon, some C7 products (primarily toluene), as well as benzene, are formed in more

substantial quantities. Control experiments further revealed that these additional

benzene and toluene products observed were in fact forming as a result of the reac-

tivity of the mesoporous carbon, rather than activity of the Ir-based homogeneous

catalysts themselves. Figures 3.4 and 3.5 show the reaction data for Ni-CIT-6 when

combined with the mesoporous carbon in two cases: one with a transfer hydrogena-

tion catalyst (Ir-PNP) deposited onto the carbon, and one with only the mesoporous

carbon support.

Figure 3.4: Reaction data for Ni-CIT-6 and Ir-PNP supported on mesoporous carbon

with propylene/n-butane at 180°C.
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Figure 3.5: Reaction data for Ni-CIT-6 and mesoporous carbon support with propy-

lene/n-butane at 180°C.

Both reactions were conducted at 180°C in an equimolar propylene/n-butane feed.

Very little difference in activity is observed between the two test cases, again demon-

strating that the Ir-based catalysts are inactive under these conditions. It is also

worth noting that in both cases, the initially high selectivity to C6 products is due

entirely to benzene formation, presumably by the mesoporous carbon. As TOS then

increases, this initial benzene selectivity decreases while toluene (nearly all of the

C7 products observed) production increases to a maximum value before declining.

As this decline in C7 selectivity occurs, the selectivity to C6 and C9 oligomerization

products begins to increase and eventually dominate the reaction, as is observed for

reaction tests with only Ni-CIT-6.

The reaction data for a final control experiment is also shown in Figure 3.6 in

which the pure mesoporous carbon support is the only material present in the reactor

under an equimolar feed of propylene and n-butane. Again, initial formation of



37

benzene followed by toluene is observed in the absence of a transfer hydrogenation

catalyst. The high initial conversion observed is likely due to absorption of propylene

and n-butane to the mesoporous carbon surface.

Figure 3.6: Reaction data for pure mesoporous carbon support with propylene/n-

butane at 180°C.

Interestingly, the presence of both propylene and n-butane was required to form

these aromatic products: a pure feed of either reactant over mesoporous carbon would

not produce any benzene or toluene.

3.4 Summary

The two zincosilicate-based oligomerization catalysts studied in the previous chapter

(Ni-CIT-6 and Ni-Zn-MCM-41) were combined with supported homogeneous Ir-based

transfer hydrogenation catalysts in an attempt to form a heterogenous tandem catal-

ysis system for converting a mixed light alkane/alkene feed into longer-chain hydro-

carbon products. While the nickel-containing zincosilicate oligomerization catalysts
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react with propylene as expected, the transfer hydrogenation catalysts appear inactive

in converting the n-butane to butenes. As a result, only simple C3n oligomerization

products were primarily observed in the reactor effluent. C7 products, suggestive of

some incorporation of n-butane into the alkene dimerization, were also present for ho-

mogeneous catalysts supported on mesoporous carbon; however, control experiments

revealed that the mesoporous carbon support appears to be the source of these prod-

ucts (primarily benzene and toluene). The remainder of any C7 products observed

may simply be attributed to cracking reactions over the oligomerization catalysts.

Thus, at the time of this study, the tandem system cannot yet convert alkanes

from a mixed alkane/alkene gaseous feed into oligomerizable alkenes. Accordingly,

further work is needed to improve the activity of the Ir-based transfer hydrogenation

catalysts, specifically in the gas phase, to realize this tandem catalysis cycle. New

homogeneous catalysts may be developed, and new heterogeneous supports may be

utilized. Additionally, the reaction apparatus may be modified to operate at higher

pressures for the reactant gases, since the higher reaction pressure may increase the

activity of the supported homogeneous catalysts.
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Chapter 4

Additional Oligomerization Work

4.1 Introduction

In addition to the oligomerization work outlined in the previous two chapters, new

reaction stream blends were studied to explore the reactivity of other light olefins

with these new zincosilicate supports (CIT-6 and Zn-MCM-41). Ni-CIT-6 and Ni-

Zn-MCM-41 were studied under flows of 1-butene and an equimolar mixture of

propylene/1-butene to investigate how the different olefins and feed concentrations

could affect conversion and product selectivities.

Pt-Ni-Zn-MCM-41 was also reaction-tested with an equimolar mixture of propy-

lene and n-butane to determine if Pt could act as a heterogeneous transfer hydro-

genation catalyst at elevated temperatures (>400°C), fulfilling the role of the Ir-based

catalysts studied in Chapter 3. As discussed in Chapter 3, such a combined transfer

hydrogenation/oligomerization catalyst could be effective in converting gaseous mixed

alkane/alkene feeds into fuel-range hydrocarbons within a single reactor. To this end,

the mesoporous zincosilicate oligomerization catalyst was chosen for Pt impregnation,

since it is capable of oligomerizing propylene at temperatures much higher than the

aluminosilicates without forming cracking products (up to 450°C for Ni-Zn-MCM-41

vs. approximately 180°C for Ni-Na-Y). Reaction products were again characterized

by GC/FID/TCD.

The discovery of the neutral-pH method to successfully exchange divalent ions onto

CIT-6 without destroying the Zn heteroatom exchange site (presented in Chapter 2)



40

opens up a new family of catalysts based on CIT-6. Such a series of zincosilicate-

supported materials could be very interesting in transition-metal catalyzed reactions,

where high product selectivity is possible and strong Brønsted acidity is not required.

For example, several transition metals (such as Mn2+, Co2+, Cu2+, and Zn2+) on mi-

croporous materials have been shown to be active for a wide range of reactions, such

as oxidation of alkanes, removal of NO and NO2 from exhaust gas streams (deNOx),

acetic acid synthesis, and aromatization of light alkanes.70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83

Accordingly, several divalent transition metals were exchanged onto CIT-6 to investi-

gate catalyst stability, and the resulting catalysts subsequently underwent oligomer-

ization reaction testing as a screening reaction. However, only Co-CIT-6 exhibited

propylene oligomerization activity.

4.2 Experimental Section

4.2.1 Synthesis of Porous Materials

A large batch of CIT-6 was synthesized according to the method of Takewaki et al. as

discussed in Chapter 2.22 The mesoporous zincosilicate Zn-MCM-41 was synthesized

again as described by Takewaki et al. in Chapter 2.24

4.2.2 Divalent Metal Ion Exchanges

All divalent ion exchange were performed for 5 h at 75°C for CIT-6 samples and 25°C

for Zn-MCM-41 samples using a 0.01 M solution of each divalent cation. Ni(NO3)2

was again used to prepare the Ni2+ exchange solution. For Cu2+, Cu(OAc)2·H2O was

used to prepare the exchange solution. Similarly, MnSO4 was used for Mn2+, CoCl2·6

H2O was used for Co2+, and Zn(OAc)2 was used as a Zn2+source. All solutions

were pH-adjusted to 7.0 using 0.01 M NaOH solution. For each exchange, 250 mg of

material was added to 25 mL of solution. The materials were then separated from

the exchange solutions via centrifugation, washed with distilled water three times,

and dried. After the M2+ exchanges, Ni-CIT-6 exhibited a pale green color, Cu-
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CIT-6 exhibited a pale blue color, Mn-CIT-6 exhibited a faint pink color, Co-CIT-6

exhibited a deep blue color, and Zn-CIT-6 remained white.

Pt impregnation was performed on Ni-Zn-MCM-41 samples after Ni2+ exchange

by mixing a solution of Pt(NH3)4Cl2·H2O and water with the Ni-exchanged material

(in a mass ratio of 1.00 g Ni-containing catalyst : 0.0091 g Pt(NH3)4Cl2·H2O : 3.90 g

H2O), stirring vigorously, and drying the sample by rotary evaporation. Platinated

samples were then allowed to further dry overnight at 100°C.

4.2.3 Characterization

Powder XRD patterns for CIT-6 and Zn-MCM-41 materials were obtained with a

Rigaku MiniFlex II instrument using Cu Ka radiation (l=1.54184 Å) to determine

structure type and purity. Morphology and elemental composition were determined

via scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) on a

ZEISS 1550VP instrument equipped with an Oxford X-Max SDD energy dispersive

X-ray spectrometer.

4.2.4 Calcination and Reaction Testing

Prior to reaction testing, all metal-exchanged CIT-6 materials (M-CIT-6s), Ni-Zn-

MCM-41s, and all platinated Ni-containing materials were calcined in breathing-grade

air. Samples were heated to 150°C at 1°C/min, held for 3 h at 150°C, then heated

further to 580°C at 1°C/min and held for 12 h, all under flowing breathing-grade air

in a muffle furnace.

These calcined materials were then pelletized, crushed, and sieved. Particles be-

tween 0.6 mm and 0.18 mm were supported between glass wool beds in an Autoclave

Engineers BTRS, Jr. 316 SS continuous flow, tubular reactor.

Ni-CIT-6 and Ni-Zn-MCM-41 were tested in alternative feed gases to further in-

vestigate the effect of reactant on oligomerization activity: pure 1-butene and an

equimolar mixture of propylene and 1-butene were used. WHSV values of 1.0 h-1

were used in all cases.
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For reaction testing of Pt-Ni-CIT-6 and Pt-Ni-Zn-MCM-41, an equimolar mixture

of propylene and n-butane was supplied to the reactor with total flow such that a

WHSV of 1.0 h-1 was again achieved. These Pt-containing samples were reaction

tested at 400°C after the initial calcination, in an attempt to make use of platinum’s

ability to dehydrogenate alkanes at higher temperatures. If platinum formed any

olefins from the n-butane, these olefins could then be potentially oligomerized by

the Ni cation to form heavier products, essentially performing the tandem catalysis

cycle with a single catalyst. This reaction, while unlikely due to the thermodynamic

unfavorability of oligomerization at elevated temperatures, could be an interesting

method to form heavier products from light olefins.

For reaction testing of the M-CIT-6 samples, a mixture of propylene and an inert

gas (composition 85mol% propylene, balance He/Ar) was supplied to the 3/8” ID 316

SS tubular reactor, with total flow such that a WHSV of 1.0 h-1 was attained. Each

M-CIT-6 catalyst was tested at 180°C and 250°C after the initial calcination.

In a typical reaction testing run for any of the materials, 200 mg of dry catalyst

was loaded. Reactor effluent gases were analyzed using an on-stream GC/FID/TCD

Agilent GC 7890A with Plot-Q capillary columns installed. Conversions and selec-

tivities were computed on a carbon mole basis.

4.3 Results and Discussion

4.3.1 Characterization of Metal-Exchanged Materials Used as

Catalysts

The powder XRD patterns of the M-CIT-6 samples used here, after metal exchange

and calcination, are shown in Figure 4.1.
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Figure 4.1: Powder XRD patterns of M-CIT-6 materials.

Powder XRD patterns for Pt-containing zincosilicate samples are shown in Figure

4.2. The relative intensity of the lower-angle peak is consistent with some framework

damange caused by the platinum impregnation and subsequent calcination of the

CIT-6 sample.

Figure 4.2: Powder XRD patterns of Pt-containing zincosilicates.
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Table 4.1 shows the elemental compositions of each metal-exchanged zincosilicate

sample.

Material Si/Zn M2+/Zn

Mn-CIT-6 10.6 0.13

Co-CIT-6 12.3 0.12

Ni-CIT-6 12.9 0.21

Cu-CIT-6 12.2 0.12

Zn-CIT-6 9.0 -

Ni-Zn-MCM-41 21.0 0.86

Si/Zn Pt wt%

Pt-Ni-CIT-6 12.9 1.1

Pt-Ni-Zn-MCM-41 23.4 2.4

Table 4.1: Elemental compositions of M-CIT-6, Ni-Zn-MCM-41, and Pt-containing

samples.

4.3.2 Reaction Testing

Both Ni-CIT-6 and Ni-Zn-MCM-41 are active for oligomerization under all feed com-

positions. Reaction of Ni-CIT-6 with solely 1-butene produce some C8 products, as

expected; however, the main products are C4 species that underwent double-bond

isomerization to form a mixture of butenes. Figure 4.3 shows this reaction behavior.

Thus, Ni-CIT-6 primarily acts as an isomerization catalyst, with some oligomerization

activity under these feed conditions.

Ni-Zn-MCM-41 exhibits similar behavior, with an initial formation of some lighter

species (namely propane and propylene) from 1-butene before forming C4 and C8

products, as with Ni-CIT-6. Ni-Zn-MCM-41 also produced trace C12 products, unlike

Ni-CIT-6. Figure 4.4 shows this behavior.
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Figure 4.3: Reaction data for Ni-CIT-6 with 1-butene at 180°C.

Figure 4.4: Reaction data for Ni-Zn-MCM-41 with 1-butene at 180°C.
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Thus, both nickel-containing oligomerization catalysts were active for butene oligomer-

ization, but they primarily performed double-bond isomerization of the 1-butene re-

actant.

Reaction with an equimolar feed of propylene and 1-butene for the two nickel-

containing zincosilicates formed a mixture of C6, C7, and C8 products as dimers, in

addition to heavier products from trimerization of each olefin and butene isomers.

Again, C12 products were observed in trace levels for Ni-Zn-MCM-41. Figure 4.5

shows this reaction behavior for Ni-CIT-6 at 180°C.

Figure 4.5: Reaction data for Ni-CIT-6 with equimolar propylene and 1-butene at

180°C.

Isomerization of 1-butene was the primary reaction observed, with the majority

of 1-butene converted to other butenes (cis- and trans-2-butene). By comparing the

ratios of isomerization products to dimerization or co-dimerization products, we see
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that isomerization is approximately 15 times more active for 1-butene than reaction

with another 1-butene or propylene molecule.

As TOS increases for Ni-CIT-6, selectivities to the simple C6, C7, and C8 oligomer-

ization products increase briefly before decreasing after approximately 50 mins TOS.

C9 products build up until approximately 140 mins TOS before declining, and the

other dimers begin to stabilize by approximately 200 mins on stream. Interestingly,

selectivity to C7 products is highest initially, suggesting that co-dimerization of propy-

lene and butene can occur, as this selectivity is much higher than observed for Ni-

CIT-6 on either pure olefin reactant feed. Additionally, C8 products are formed at

a higher selectivity than C6 products. This is an unexpected result, as typically the

shorter-chain olefins should have higher oligomerization reactivity, i.e., propylene >

1-butene; however, the increased coverage of 1-butene on the Ni atoms and/or the

higher isomerization activity of 1-butene could contribute to this shift in observed

selectivities. Selectivity to other products is low, as has been observed previously

with Ni-CIT-6 in these oligomerization reactions.

Ni-Zn-MCM-41 (Figure 4.6 below) exhibits similar behavior, albeit with a faster

drop in 1-butene conversion and higher selectivities to the desired C7 and C8 oligomer-

ization products relative to Ni-CIT-6. However, unlike Ni-CIT-6, the selectivities

for the other oligomerization products remain steadier with increasing TOS. Again,

butene double-bond isomerization forms the products with the highest selectivity,

while C7 and C8 products are formed at unexpectedly high selectivities relative to C6

products, as with Ni-CIT-6.
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Figure 4.6: Reaction data for Ni-Zn-MCM-41 with equimolar propylene and 1-butene

at 180°C.

The Pt-containing materials were then tested at a higher temperature (400°C)

in an attempt to allow the Pt to act as a metal transfer hydrogenation catalyst.

However, any elevated temperatures were not sufficient to incorporate the n-butane

into the product mixture or form observable butenes. This inactivity could be due

to the fact that the temperature was likely insufficiently high for the Pt to per-

form any dehydrogenation (previous reports suggest that temperatures >500°C are

required).30 These higher reaction temperatures also resulted in substantial oligomer

cracking (forming non-C3n products), negating the effects of any combined transfer

hydrogenation-oligomerization that may have been obtained.

Reaction testing of the M2+-containing CIT-6 samples with propylene revealed

interesting trends. Most divalent metals (Mn2+, Cu2+, and Zn2+) were completely
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inactive for propylene oligomerization. However, Co2+ exchanged onto CIT-6 was

in fact active for propylene oligomerization, in agreement with previous reports for

the Co2+ ion on aluminosilicates.84 Figure 4.7 shows this reactivity data at 250°C.

Conversion and selectivity data for Co-CIT-6 are similar to that of Ni-CIT-6.

Figure 4.7: Reaction data for Co-CIT-6 with propylene at 250°C.

While mostly inactive for oligomerization, these M-CIT-6 materials may still prove

useful in other reactions requiring transition metals, such as deNOx. Additionally,

the method developed to perform the divalent ion exchange onto CIT-6 will likely be

useful in creating new zincosilicate *BEA-type catalysts with weaker Brønsted acidity

than their aluminosilicate counterparts, leading to more selective products.

4.4 Summary

Ni-CIT-6 and Ni-Zn-MCM-41 underwent reaction testing with several different reac-

tant streams to investigate their ability to oligomerize other light olefins, in addition to
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propylene, to simulate more realistic FCC gas conditions. Ni-CIT-6 and Ni-Zn-MCM-

41 were both capable of oligomerizing 1-butene into C8 (and C12 for Ni-Zn-MCM-41)

products, as well as forming a range of oligomerization products from an equimolar

propylene/1-butene reactant stream. In each case, however, other C4 products (which

had by far the highest selectivities) were formed by double-bond isomerization of the

1-butene feed.

Pt-containing zincosilicates were inactive for any combined transfer hydrogenation

activity by incorporation of n-butane. Instead, only simple oligomerization products

and resulting cracking products were observed in the reactor effluent. This is likely

due to the fact that temperatures were not sufficiently high for Pt to become active

as a transfer hydrogenation catalyst and successfully incorporate the n-butane into

the reaction.

Additionally, several divalent transition metal cations (Mn2+, Co2+, Cu2+, and

Zn2+) were exchanged onto CIT-6 and reaction tested for oligomerization activity

in a feed stream of propylene and inert. Co-CIT-6 demonstrated its effectiveness at

oligomerizing propylene, but no other metal-exchanged CIT-6 samples exhibited any

oligomerization activity.

While these other samples had no oligomerization activity, they may prove useful

in other transition-metal catalyzed reactions. For example, Cu-CIT-6 and Co-CIT-6

could be useful for deNOx reactions, as both of these cations have proven effective

on other zeolite frameworks such as MFI and CHA.72, 73, 74, 75, 76, 77, 78, 79 Zn-CIT-6,

Cu-CIT-6, and Co-CIT-6 may also be useful for the formation of acetic acid from

methane and CO or CO2, as described by Wu et al.,80 Narsimhan et al.,81 and Huang

et al.82
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Chapter 5

Conclusions and Suggested Future
Work for Part I

This chapter outlines conclusions from the oligomerization work, presenting the key

learnings from studying both the nickel-containing zincosilicates and aluminosilicates.

Suggested future work to improve the oligomerization catalyst and the tandem catal-

ysis system are also presented.

5.1 Conclusions

As shown in Chapter 2, the nickel cation exchanged onto aluminosilicates and zin-

cosilicates can oligomerize propylene under the given reaction conditions, albeit with

varying conversions and C3n product selectivities. For all catalysts except Ni-HiAl-

BEA, propylene conversion increased with increasing reaction temperature. The op-

posite trend for Ni-HiAl-BEA may be due to a faster oligomerization site deactivation

as temperature increases. Higher selectivities to oligomers are obtained with the zin-

cosilicate catalysts relative to the aluminosilicates, presumably due to the weaker

Brønsted acidity of the zinc heteroatom relative to the aluminum heteroatom at un-

exchanged framework sites. All catalysts exhibited double-bond isomerization from

the hexenes formed directly by propylene dimerization. Cracking reactions of these

C3n products were also observed in the aluminosilicates, particularly Ni-USY (this

catalyst was the least selective to C3n products tested), but not significantly in the

zincosilicates. Detailed hexene isomer characterization for each oligomerization cata-
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lyst revealed that the zincosilicates also typically had much higher linear-to-branched

hexene isomer ratios than the aluminosilicates, making them more accessible to the

supported Ir-based homogeneous catalysts of the subsequent tandem catalysis system.

The two *BEA topology materials with zinc and aluminum heteroatoms (Ni-CIT-6

and Ni-HiAl-BEA, respectively) exhibit similar propylene conversions, but Ni-HiAl-

BEA is not as selective to C3n products as Ni-CIT-6. Cracking products (non-C3n)

such as C7s and C8s were also observed with Ni-HiAl-BEA, likely formed by the strong

Brønsted acidity of the microporous solid. Hexene selectivity and overall propylene

conversion were higher at both reaction temperatures for the mesoporous Ni-Zn-

MCM-41 relative to the microporous Ni-CIT-6, likely due to the larger pores within

Ni-Zn-MCM-41 which remained unblocked by hydrocarbons for longer periods on

stream. Ni-Zn-MCM-41 had the highest stable propylene conversions and selectivities

to hexene products. Ni-USY, while it had the highest initial propylene conversions

at each temperature, also exhibited the poorest selectivities to C3n products. The

wide variety of these products makes this material unsuitable as an oligomerization

catalyst under the reaction conditions tested.

These observations validate the hypothesis that matching the framework het-

eroatom charge with that of the exchanged ion can reduce undesirable side reactions

catalyzed by unexchanged, strong Brønsted acid sites, and suggest that the zincosili-

cates Ni-CIT-6 and Ni-Zn-MCM-41 may well be interesting materials for light olefin

oligomerization.

The combined transfer hydrogenation/oligomerization catalyst system using these

two new zincosilicate catalysts, while an interesting proposition, does not yet seem to

be significantly effective. Ni-CIT-6 and Ni-Zn-MCM-41 are both capable of oligomer-

izing the propylene in the equimolar propylene/n-butane feed streams; however, the

Ir-based transfer hydrogenation catalysts appear to be mostly inactive at converting

butane to butenes in the gas phase under the given reaction conditions. While meso-

porous carbon (one of the Ir-based homogeneous catalyst supports) on its own was

capable of forming benzene and toluene from propylene, the conversions were so low

at 180°C and 250°C that further study was not warranted.
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Further investigation of the Ni-containing zincosilicate oligomerization catalysts

was also conducted. Ni-CIT-6 and Ni-Zn-MCM-41 were tested with several different

reactant feeds (1-butene and equimolar propylene/1-butene). Oligomerization prod-

ucts were observed in all cases, and, additionally, the tests with 1-butene formed

a significant amount of other butene products via double-bond isomerization. An

additional attempt to integrate n-butane into this reaction process was made by

impregnating Ni-CIT-6 and Ni-Zn-MCM-41 with platinum. As platinum exhibits de-

hydrogenation activity at higher temperatures, it was postulated that some butenes

may be formed and incorporated into the products via oligomerization with these Pt-

Ni-CIT-6 and Pt-Ni-Zn-MCM-41 samples. Accordingly, the reactions were conducted

at 400°C to enhance activity of the Pt, but reactivity at this higher temperature only

demonstrated simple propylene oligomerization products, along with some cracking

products.

Aside from focus on the tandem catalysis reaction scheme for mixed alkane/alkene

feeds, the potential of CIT-6 to form catalysts useful for other reactions was studied.

Specifically, several additional divalent metals (Mn2+, Co2+, Cu2+, and Zn2+) were

exchanged onto CIT-6, making use of the neutral-pH exchange procedure discovered

through this thesis work and first mentioned in Chapter 2. These materials were then

tested using the propylene oligomerization reaction, with the same conditions as used

for Ni-CIT-6. Only Co-CIT-6 was capable of oligomerizing propylene, but the other

transition-metal catalysts may show promise in reactions such as deNOx and acetic

acid synthesis.

5.2 Recommended Future Work

If desired, the Ni-containing oligomerization catalysts may be further explored under

other reaction conditions, although the work presented here effectively highlights the

main features and differences of the four new materials synthesized. The ability of

Ni-CIT-6 to perform oligomerization of both propylene and 1-butene, both isolated

and in the presence of other alkanes and alkenes, suggests that it is could be useful for
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oligomerizing light olefins, although the isomerization activity observed for 1-butene

may produce undesired selectivity issues if specific product isomers are desired.

As for future work with the combined oligomerization/transfer hydrogenation sys-

tem, focus is most required on the transfer hydrogenation catalyst to enhance its

activity. While the oligomerization catalysts appear to be effective at forming dimers

and trimers from propylene, the homogeneous transfer hydrogenation catalysts are

not as effective in gas-phase reactions to form alkenes from alkanes. In the current

system, the oligomerization catalyst far outperforms the deposited homogeneous cata-

lysts’ activity, indicating that substantial improvements to the homogeneous catalysts

are required before such a system capable of integrating both alkanes and alkenes is

feasible. If, however, the reaction apparatus was modified to operate at higher pres-

sure of the reactant gases, the catalyst system could also be revisited, since higher

reaction pressures may be more conducive to operation of the supported homogeneous

catalysts on these reactants.

The formation of benzene and toluene over mesoporous carbon in the presence of

both propylene and n-butane, however, is an interesting result. Follow-up work could

include additional reaction testing to better understand the necessary temperatures

and WHSV values to maximize yields of these products in this system.

Additonally, the other transition metal-exchanged CIT-6 samples may prove to be

useful in several diferent types of reactions. The divalent cation exchange procedure

developed in this work will prove invaluable in synthesizing these new catalysts, effec-

tively opening up a new area of zincosilicate-based catalysts for interesting chemistry.

For example, Cu-CIT-6 and Co-CIT-6 could be useful for deNOx reactions, as both

of these cations have proven effective on other zeolite frameworks such as MFI and

CHA.72, 73, 74, 75, 76, 77, 78, 79 Zn-CIT-6, Cu-CIT-6, and Co-CIT-6 may also be useful for

the formation of acetic acid from methane and CO or CO2, as described by Wu et

al.,80 Narsimhan et al.,81 and Huang et al.82
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Part II

Organic SDA-Free Materials for the

Methanol-to-Olefins Reaction
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Chapter 6

Introduction to Part II: The
Methanol-to-Olefins (MTO) Reaction

This chapter introduces Part II of my thesis (work on the methanol-to-olefins reac-

tion), with a literature review on the conversion of alcohols into olefinic products, as

well as the molecular sieve catalysts commonly employed to perform this reaction.

The MTO “hydrocarbon pool” mechanism is outlined, and commercialized catalysts

are introduced. Project objectives are outlined, and previous work on the synthesis

and modification of MTO catalysts within the Davis lab is explained, setting the

stage for the remaining chapters of this thesis.

6.1 Background

Microporous solid acid catalysts such as aluminosilicates (zeolites)85 and silicoalu-

minophosphates (SAPOs),86, 87 particularly those with eight-membered ring pores

(8MRs) and a cage structure, are capable of converting methanol to light olefins,

such as ethylene and propylene. The methanol-to-olefins (MTO) reaction is an in-

dustrially viable route for making light olefins from nonpetroleum feedstocks, e.g.,

natural gas, coal, and biomass,88 and is of economic value in times of high petroleum

feedstock prices.89

In the proposed mechanism for the MTO reaction, the substituted aromatic

molecules90 create a “hydrocarbon pool”91 that is instrumental in forming light olefins

from methanol via side chain reactions.92 These reactive aromatic intermediates (poly-
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methylbenzenes) have kinetic diameters ranging from 6.2 Å for o-xylene to 7.5 Å for

hexamethylbenzene; hence, it is believed that pores or cages of sufficient size and

shape to allow formation of these intermediates are critical to the hydrocarbon pool

mechanism in these solid acid catalysts.93 Figure 6.1 shows this proposed overall reac-

tion cycle, with the side-chain and paring reactions of carbocations in the hydrocarbon

pool serving to form the desired olefin products.2 The “Z-H” and “Z-” refer to the ze-

olite in its protonated or deprotonated forms, respectively. Once the initial aromatic

species form, methanol continually reacts to methylate these aromatics, releasing wa-

ter and producing light olefins. These carbocation intermediates are contained within

the pore and cage structures of the microporous solid acid catalysts.

Figure 6.1: MTO hydrocarbon pool mechanism.2

Microporous materials with ten-membered-ring (10MR) or twelve-membered-ring

(12MR) pores (such as MFI or *BEA, respectively) may additionally involve the olefin

methylation/cracking cycle to form hydrocarbon products from methanol.89 The pores

of these 10MR and 12MR systems, however, typically cannot retain the aromatic
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intermediates of the hydrocarbon pool mechanism, and thus they form significant

heavier and/or aromatic products in addition to the desired light olefins.

Small-pore materials (8MRs) with cages, conversely, are more effective in retaining

these reactive polymethylbenzene intermediates, and accordingly show increased se-

lectivity to light olefins and other nonaromatic products.94 For example, the chabazite

(CHA) topology shown in Figure 6.2 consists of relatively large cavities (8.35 Å x 8.35

Å x 8.23 Å) that are accessible through 8MR pore openings (3.8 Å x 3.8 Å).95 Small

linear molecules (alcohols and linear alkenes) may diffuse through these 8MR pores;

however, the larger branched and aromatic compounds, including the methylated

benzene intermediates,96, 97 can only form in these cages where they remain trapped.

While within the cages, these aromatics react with methanol to form light olefins as

part of the reaction cycle shown previously in Figure 6.1.

Figure 6.2: CHA cage structure.3

SAPO-34, discovered at Union Carbide (now UOP) in 1984,98, 99 is one such 8MR

SAPO molecular sieve with CHA framework topology that is preferred for the MTO

reaction.100, 101 Commercial MTO plants in China currently employ this catalyst,

which can exhibit combined ethylene and propylene selectivities as high as 85-90%,

depending on reaction conditions.102 A similar MTO catalyst, SSZ-13,72 is the syn-

thetic aluminosilicate analog of SAPO-34. While SSZ-13 also has the CHA topology,

it deactivates more rapidly than SAPO-34, in addition to initially producing a signif-

icant amount of C2-C4 alkanes.103, 104 Aside from these CHA materials, several other
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8MR framework topologies such as LEV, AFX, and RTH have also been shown to

exhibit MTO activity.105, 106

Typical reaction profiles for SSZ-13 and SAPO-34 are shown in Figure 6.3. Note

the high selectivities to ethylene and propylene for each catalyst. With SSZ-13,

propylene selectivity initially is higher, while ethylene selectivity slowly increases

with increasing time on stream before finally becoming the most selective product

at approximately 250 mins. Additionally, high selectivity to light alkanes (mostly

propane) is observed initially, but selectivity to these transient products declines

quickly. In SAPO-34, both ethylene and propylene are formed at stable selectivities,

with no transient behavior observed while methanol conversion is at 100%.

Figure 6.3: Typical reaction data for SSZ-13 (A) and SAPO-34 (B) at 400°C, 1.3 h-1

WHSV (10% MeOH in inert), and atmospheric pressure.

6.2 Motivation and Strategy

While SSZ-13 and SAPO-34 are effective MTO catalysts, they both require the use

of organic structure-directing agents (OSDAs) in their respective syntheses. Typically

these are quaternary ammonium cations such as N,N,N-trimethyl-1-adamantylammonium

hydroxide (shown in Figure 6.4), that are both toxic and expensive.107 Such OSDAs

in fact may be prohibitively expensive, restricting the ability of a material to be com-
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mercialized, except in high value-added cases. Therefore, synthesis of such materials

in the absence of these OSDAs could provide significant cost savings and improve the

commercialization ability of catalysts for the MTO reaction.

Figure 6.4: N,N,N-trimethyl-1-adamantylammonium hydroxide.

Chabazite, the naturally occurring mineral counterpart to SSZ-13, can easily be

made synthetically using only an alkali cation (K+, specifically); however, the alu-

minum content is much higher than SSZ-13, with a typical Si/Al ratio of ~2.5 for

chabazite, relative to Si/Al ~ 15 for SSZ-13. This higher aluminum content generally

leads to faster catalyst deactivation in the MTO reaction, since the acid-site density

is greater, causing more hydrocarbon species to react in close proximity within the

same intra-crystalline spaces. As these carbocations react, they may deactivate the

acid sites or block the pore system as larger polycyclic aromatic species form withn

the zeolite cages. In fact, an NH4-exchanged chabazite sample synthesized with K+

(Si/Al = 2.4) will deactivate in less than 60 mins under the tested MTO reaction

conditions, while SSZ-13 samples (Si/Al ~ 15) will continue to react and selectively

form light olefins for hundreds of minutes on stream.

Aluminosilicates with reduced aluminum content (and thus a lower acid-site den-

sity) like SSZ-13 tend to have greater catalytic lifetimes and higher olefin selectivities,108

possibly due to the fact that the reactive species are further apart and may thus deac-

tivate more slowly without interfering with one another. Hence, a method to remove

some aluminum from this easily prepared chabazite could alleviate the poor activity

and longevity issues, forming an inexpensive, stable MTO catalyst.

One previously employed strategy to reduce the aluminum content of a zeolite

is high-temperature steam treatment. The most well-known example of this dea-
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lumination technique is its use in the conversion of zeolite Y (faujasite, a mineral

with Si/Al of approximately 3) into USY, a stable, highly dealuminated (Si/Al =

50 or higher) catalyst used for catalytic cracking of heavy oils in refineries.109 To

test the transferability of this technique to other zeolite frameworks such as CHA,

an SSZ-13 sample synthesized in the presence of an OSDA (Si/Al = 5) was ammo-

nium exchanged, calcined, and steamed at 750°C for 24 h previously in the Davis lab.

MTO reaction testing was then performed on this steamed sample, with comparison

to the unsteamed H-SSZ-13 (Si/Al = 5) as a control. The results of these MTO

reaction tests for the unsteamed and steamed samples are shown in Figures 6.5 and

6.6, respectively.

Figure 6.5: Unsteamed H-SSZ-13 sample (Si/Al = 5).
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Figure 6.6: Steamed H-SSZ-13 sample (Si/Al = 5).

Clearly, the steamed SSZ-13 exhibited much greater stability in selectivity to

light olefins, as well as greatly increased TOS before deactivation, suggesting that

the steaming process may be an effective way to bring the catalytic activity of high-

aluminum materials closer to that of lower-aluminum materials. Additionally, the

activity of this steamed sample begins to resemble that of a traditional SSZ-13 sample,

as shown in Figure 6.3A of the previous section. The steaming of the SSZ-13 sample

also introduced mesoporosity to the zeolite framework, further improving reactant

and product transport into and out of the 8MR pores of the crystalline system.

From this pair of MTO reaction results, we believe that the reduced transient be-

havior with respect to propane and light olefin selectivities observed from the steamed

SSZ-13 sample could be brought about by a reduction of paired Al sites (two adjacent

aluminum atoms bonded as -Al-O-Si-O-Al- due to Loewenstein’s rule,18 correspond-

ing to two adjacent Brønsted acid sites) in the framework due to the dealumination of

the steaming process, as mild steaming selectively removes one of the framework Al
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atoms in paired Al framework sites.110 To further study this transient phenomenon

and to test this paired-site hypothesis, a SAPO-34 sample and a series of SSZ-13

samples with varying Al content were synthesized, characterized, and reaction tested

to compare their physical and chemical properties with MTO reactivity.

Additionally, while an SSZ-13 with an Si/Al = 5 has twice the aluminum content

of a CHA sample with Si/Al = 2.5, the results of the steaming study at this lower

Si/Al ratio suggested that steaming OSDA-free CHAs could effectively dealuminate

them and improve their MTO activity. This result, along with the ability to synthesize

CHA in the absence of OSDAs, suggests that a much less expensive path to selective

MTO catalysts may be possible by combining the two techniques.

To test this hypothesis, we synthesized several CHA samples from the hydrother-

mal conversion of zeolite Y (FAU) following the method of Bourgogne et al.111 and

steamed them under a range of conditions. The resulting steamed materials were

then subjected to the MTO reaction test, with dramatic increases in light olefin

selectivities and catalyst lifetime compared to their unsteamed counterparts. This

simple OSDA-free synthesis and steaming treatment combination lends itself to trial

on other framework topologies as well. To that end, zeolite RHO was also synthesized

in the absence of OSDAs and subjected to high-temperature steam treatment. The

results of these steaming studies are presented in the following two chapters.

6.3 Proposed Catalysts and Objectives

Before any steaming work with CHA or RHO catalysts was conducted, a SAPO-

34 sample and a series of SSZ-13 samples with varied Al content were synthesized,

characterized, and reaction tested. The SAPO-34 sample was ensured to have only

“isolated” Si sites (no pairing of Si Brønsted acid sites) by both 29Si MAS NMR and

elemental analysis. Such a sample should then behave as has been observed previously,

with steady light olefin selectivities and no high initial light alkane selectivity.

The SSZ-13 series consisted of five samples with increasing Si/Al ratios to inves-

tigate how Al content (and consequently, paired Al acid site concentrations) affected
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MTO reactivity, namely the transient alkane formation noted earlier in Sections 6.1

and 6.2. These two materials series were intended to provide more information about

how the acid site concentration and proximity (isolated for the SAPO-34 sample or

paired vs. isolated for SSZ-13 samples) affected MTO reactivity, and hence to learn

more about the MTO reaction mechanism in materials with the CHA topology. Previ-

ous work by Dahl et al. involved synthesis of two SAPO-34 samples and two chabazite

samples to study how acid site concentration (simply high or low) affected catalyst

deactivation, but this short study was significantly lacking in characterization for each

sample and does not address the issue of paired acid sites, instead serving only to

prove that materials with higher acid site densities tend to deactivate more rapidly in

the MTO reaction, with no explanation as to why.108 Mechanistic information gained

from this proposed study with both SAPO-34 and a range of SSZ-13 samples could

then be useful in the subsequent work with steaming of the OSDA-free CHA and

RHO catalysts to improve light olefin yields.

For example, as mentioned previously, mild steaming tends to selectively attack

one of the Al heteroatoms located at paired Al sites in zeolites, forming a stronger,

isolated Brønsted acid site for the remaining heteroatom, which consequently can

improve reactivity.110 If the SSZ-13 samples with lower concentrations of paired sites

exhibited higher light olefin selectivity and longer times on stream before deactivation

in the MTO reaction tests, these data would then suggest that removing paired sites

from the zeolite framework for the higher Al-content zeolites (such as the OSDA-free

CHA and RHO studied subsequently) by steaming them is indeed an effective way

to cheaply improve MTO activity.

To determine paired site content (or lack thereof in SAPO-34 samples), a few

techniques are available. For the SSZ-13 series, Cu2+ exchange at pH = 5, followed

by subsequent elemental analysis, can titrate the paired site content in each sample

from the Cu/Al ratio.112 For SAPO-34 samples, a combination of 29Si solid-state NMR

and elemental analysis can show that Si atoms are in a single, isolated coordination

environment (only one NMR resonance), and that Si has not substituted for Al atoms

(another sign of isolated Si sites, as Al should be 0.50 of the T-atom content, with
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anything less than 0.5 suggesting Si islanding is occurring).113, 114, 115, 116, 117

To then produce such a simple, inexpensive MTO catalyst, CHA and RHO mate-

rials are synthesized using only alkali metal cations (K+ and Cs+, respectively), in the

absence of any OSDAs. These catalysts are then steamed and/or acid washed under a

wide range of conditions to determine optimal steaming conditions for each material.

Steam was produced for these steaming treatments by passing zero-grade air through

a water saturator (bubbler) and then sending this moist air into a high-temperature

tube furnace, where calcination boats containing the CHA or RHO materials were

placed. Steaming times and temperatures could be controlled by the furnace heater

controller. By combining the OSDA-free synthesis and steaming process, a stable

MTO catalyst can be produced cheaply and efficiently.

An OSDA-free CHA initially underwent steaming to replicate the conditions tested

with the initial steamed SSZ-13 sample. MTO reactivity of this steamed sample

was then compared to that of the unsteamed material, with marked improvement

in olefin selectivity and catalyst lifetime for the steamed sample. Steaming times,

temperatures, and steam partial pressures were then varied to further investigate the

steaming parameter space for CHA and RHO samples. While these two materials

have been thoroughly explored, additional 8MR topologies that can be synthesized

without OSDAs, such as LEV, KFI, and MER, have yet to be investigated and may

provide interesting catalysts for a myriad of reactions in addition to the conversion

of methanol into light olefins.

While the steaming procedure for each material is simple enough to perform, the

steaming process itself brings about several physical changes to the zeolites (most

notably the change of aluminum coordination environment and introduction of meso-

porosity), so characterization techniques to better study and quantify the new proper-

ties are needed as well. For example, the dealumination will correspond with changes

in the 27Al SS NMR signal as aluminum converts from tetrahedral (framework) to

penta- and hexacoordinate coordinations (extraframework). Further, destruction of

Brønsted acid sites by removal of this framework aluminum will be reflected and

quantified in the NH3 temperature-programmed desorption (TPD) results. Similarly,
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the bulk elemental Si/Al ratio will change for acid-washed samples as aluminum is re-

moved from the materials via the washing process. The observed 29Si SS NMR signal

may change as well with the variations in silicon-aluminum connectivity environments

caused as the samples undergo dealumination during steaming.

Additionally, the mesoporosity introduced through steaming can be character-

ized with Ar adsorption and by a new technique for the steamed 8MR systems:

i -propylamine TPD. Ar adsorption is capable of showing finer detail in adsorption

isotherms than N2; hence, it should reveal finer details in pore size and distribution

than possible with standard nitrogen adsorption isotherms. In TPD work, this new

i -propylamine method is useful for two reasons: (i) it reacts at Brønsted sites to form

ammonia and propylene, thus proving the reactivity of the acid site, and (ii) it is

too large to fit within the 8MR pore structure, thus it can only react at Brønsted

acid sites on the crystal surface or in mesoporous areas introduced by the steaming

process. Thus, comparison of total Brønsted sites titrated with NH3 TPD and those

observed by i -propylamine TPD can provide valuable information about the relative

accessibility of acid sites for the MTO mechanism. A higher fraction of accessible sites

may lead to increased efficiency of each site (similar to the effect of smaller crystal

size and mesoporosity on MTO activity, as has been studied previously), while those

acid sites that are further within the intra-crystalline structure may not be as active

due to diffusion limitations.94, 118, 119, 120, 121

The methanol-to-olefins reaction reveals some interesting trends with varying

steaming treatment for each framework type, and these analytical techniques are

invaluable in tracing the sources of these reactivity differences to further reveal the

critical parameters and properties of effective MTO catalysts.
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Chapter 7

Effect of Heteroatom Concentration
in SSZ-13 on the Methanol-to-Olefins
Reaction

Work for this chapter was done in collaboration with Luke Harrison of Caltech, as

well as Yu Liu, Jonathan Lunn, and Andrzej Malek of The Dow Chemical Company.

7.1 Introduction

The formation of light olefins from methanol provides a commercially feasible route

to ethylene and propylene from nonpetroleum sources, such as natural gas, coal, and

biomass.88, 89, 122, 123 Microporous aluminosilicate (zeolite)85 and silicoaluminophos-

phate (SAPO)86, 87 solid acid catalysts are most commonly employed to perform this

methanol-to-olefins (MTO) reaction.

Although several zeolite and SAPO framework structures with varying pore sizes

and connectivity are capable of performing the MTO reaction (e.g., MFI), microp-

orous materials with pore-and-cage systems, such as the chabazite (CHA) topology,

are of particular interest.89 The reaction proceeds via a “hydrocarbon pool” mech-

anism, with polymethylaromatic species remaining trapped in the cages as alcohols

and linear alkenes flow into and out of these cages via the eight-membered ring (8MR)

pores.96, 97, 104, 124, 113

SAPO-34 and SSZ-13 are two molecular sieves commonly used for the MTO reac-
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tion, both with this CHA topology. SAPO-34, discovered in 1984 at Union Carbide

(now UOP),98, 99 has, in fact, been commercialized for use in the MTO reaction in

China, with light olefin selectivities approaching 85-90%.100, 101, 102 SSZ-13, discov-

ered by Zones at Chevron in 1985, is the zeolite analog of SAPO-34, and can exhibit

similar ethylene and propylene selectivities.72

In each material, Brønsted acid sites catalyze the methanol-to-olefins transfor-

mation. However, despite the identical crystal structure and use of protons as the

catalytic sites, the observed reactivities for SAPO-34 and SSZ-13 are quite different in

the MTO reaction, both during reaction and deactivation.125, 108, 126, 127 When com-

pared to SAPO-34, SSZ-13 typically exhibits differences in light olefin selectivities

and higher alkane formation (primarily propane), the magnitudes of which depend on

the reaction conditions used. Propane formation is typically associated with forma-

tion of aromatic species within the catalyst pore system.128, 129 Additionally, SSZ-13

samples with comparable acid site densities to SAPO-34 samples tend to deactivate

faster, forming more (and larger) polycyclic species.126, 127

This difference in reaction behavior is commonly attributed to disparities in acid

site strength between the two materials,127, 130 with the stronger Brønsted acid sites

in SSZ-13 leading to increased reaction rates and therefore increased coking and deac-

tivation. However, acid site density has also been shown to play a role in deactivation

time and product selectivity for each CHA-type catalyst.108 Increasing Si/Al ratios

in SSZ-13 samples has been shown to increase catalyst stability and reaction time

before deactivation.104

To date, the effect of heteroatom concentration (and accordingly, acid site den-

sity/proximity) in these two CHA-type materials has not been well studied to further

explore this reactivity difference. In this work, we thus attempt to vary the het-

eroatom concentrations in these materials (SAPO-34 and SSZ-13) to investigate their

effect on the selective conversion of methanol to light olefins. Specifically, we wish

to investigate whether paired/adjacent Brønsted acid sites within the cages of these

catalysts may contribute to this observed reactivity difference, particularly during the

induction period of SSZ-13. In previous work with SAPO-34 and chabazite samples,
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Dahl et al. briefly speculated at the possibility of two acid sites interacting within

the same CHA cage, but we are not aware of any further follow-up work to test this

hypothesis in detail.108

First, we must compare how the requisite Brønsted acid sites may form in each

CHA-type material. With SAPO-34, a cation is required to counterbalance the nega-

tive charge introduced when Si4+ replaces P5+ in the framework.98 For SSZ-13, coun-

tercations are required to balance the substitution of Al3+ for Si4+ in the zeolite

framework. In as-synthesized materials, these countercations are usually ammonium

or alkali metal cations. After post-synthetic modifications (such as ammonium ex-

change and calcination), these cations are normally protons, thus giving Brønsted

acidity to each material.

Typically in SAPO-34 samples, these Si sites (and thus the associated acid sites)

will be isolated (surrounded only by 4 Al atoms via oxygen), but syntheses with high

Si content may form “islands” of Si in the sample.113 Islanded Si sites in SAPO-

34 form when, in addition to Si replacing P atoms, additional Si-O-Si pairs re-

place Al-O-P pairs in the framework (resulting in no net addition of framework

charge).113, 114, 115, 116, 117 This additional substitution may lead to a large area of

Si atoms bound only to other Si atoms via oxygen, while the Si atoms on the edge

of this island (bound to other Al atoms via oxygen) retain their acidity. Si substi-

tution in SAPO frameworks is limited by the inability of the Si-O-P bond structure

to form.98, 114 Thus, the only bond structures formed through Si exchanging into the

framework are Al-O-P, Si-O-Al, and Si-O-Si.

The type of Si sites present in SAPO-34 can be investigated both by solid-state
29Si NMR and by elemental analysis. 29Si NMR reveals the resonances of all Si sites,

Si(4Al) through Si(0Al) (typically -91 to -110 ppm, respectively).113, 117 In SAPO-34

samples with Si islands (both P and Al substitutions) all Si resonances will be present,

while samples with isolated Si sites (only Si(4Al) sites) will have only a single 29Si

NMR resonance from these lone P substitution sites at either -91 ppm or -94 ppm for

as-made or calcined samples, respectively.

Elemental analysis can also give clues as to whether islanding is present or not
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in SAPOs. Since isolated Si sites in SAPO-34 should only replace P atoms, the Al

mole fraction (for T-atoms only) should be 0.5, with Si and P also summing to 0.5,

making the (Si+P)/Al ratio equal to 1.0.113 As Si content increases, Al also begins to

be replaced by Si, and the relative fractions change as the Al ratio decreases below

0.5 with the formation of these Si islands.

Similarly in the aluminosilicate SSZ-13, due to Loewenstein’s rule,18 Al atoms

cannot be immediately adjacent to one another (connected only via oxygen atoms),

but they may be spaced by a single Si atom. This separation forms an -Al-O-Si-O-Al-

bond, which is known as a “paired site”. As Si/Al ratio decreases in SSZ-13 (increasing

Al content), the likelihood of paired Al sites occurring increases statistically, although

there are no simple, direct methods such as solid-state NMR to measure the fraction

of paired sites in aluminosilicates. Exchange of a divalent ion onto these SSZ-13

samples, with subsequent elemental analysis and comparison of the M2+/Al ratio,

can, however, serve as one technique to determine the paired site content (and Al

sites close enough in the orientation of the crystal to support a divalent cation) by

proxy. By synthesizing SSZ-13s in a wide range of Si/Al ratios, the Al content, and

thus the probability of a paired site (or two Al sites close enough to accomodate a

divalent ion due to orientation of the crystal framework), can be varied.

Thus, changing the relative amounts of Si for SAPO-34 and Al for SSZ-13 in the

respective synthesis gels can vary the concentration and type of acid sites within the

materials. Figure 7.1 shows diagrams of the isolated, islanded, and paired sites in

these materials.
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Figure 7.1: Isolated vs. islanded Si sites in SAPO-34 (A) and isolated vs. paired sites

in SSZ-13 (B).

To then study the effect of heteroatom concentration (and accordingly, acid site

density/proximity) on the methanol-to-olefins reaction in these two CHA-type ma-

terials, one SAPO-34 sample and five SSZ-13 samples with varying Al content are

prepared to form samples with varying degrees of isolated acid sites. Once synthe-

sized, these materials were calcined (SAPO-34) or calcined, ammonium exchanged,

and calcined (SSZ-13s) to convert them to their proton forms. To prove the pres-

ence of only isolated Si sites (SAPO-34) or isolated and paired Al sites (SSZ-13),

several techniques were employed. For the SAPO-34 material, solid-state 29Si NMR

and elemental analysis were performed. For SSZ-13 samples, acid sites were titrated

using Cu2+ exchange as has been reported by Bates et al. to determine paired site

content.112 This exchange technique can also titrate two Al sites close enough to ac-

comodate a divalent ion due to orientation of the crystal framework, even if they are
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not simply paired, as shown previously.

All samples were also characterized via powder X-ray diffraction (PXRD), scan-

ning electron microscopy/energy dispersive spectroscopy (SEM/EDS), thermogravi-

metric analysis (TGA), Ar adsorption, and NH3 temperature-programmed desorption

(TPD).

Each SAPO-34 or SSZ-13 sample then underwent MTO reaction testing in an at-

tempt to discern any differences in reactivity and selectivity, particularly with respect

to any transient behavior present for the SSZ-13s.

7.2 Experimental Section

7.2.1 Synthesis of Microporous Materials

7.2.1.1 Isolated Si SAPO-34 Material

The synthesis gel molar composition for the SAPO-34 sample (with only isolated Si

sites) was 1 Al2O3 / 1 P2O5 / 0.075 SiO2 / 3 TEAOH / 50 H2O.113 The alumina source,

Catapal B alumina, was dissolved in all the water required before adding Ludox HS-

40 to the mixture. This solution was homogenized, and then the phosphoric acid

(85wt% solution) was added slowly while stirring. Finally, the tetraethylammonium

hydroxide (TEAOH) was added to the gel and stirred until homogeneous. The gel

mixture was then poured into a Teflon-lined Parr reactor and heated at 200°C for 24

h.

7.2.1.2 SSZ-13 Materials

The desired synthesis gel molar compositions of the SSZ-13 samples was of the

form 1 SiO2 / x Al2O3 / 0.2 SDAOH / 0.2 NaOH / 40 H2O, where SDAOH is

N,N,N-trimethyl-1-adamantylammonium hydroxide.131 The value for x was varied

from 0.0052 to 0.078, as shown in Table 7.2. In a typical synthesis, Mallinckrodt

NaOH pellets were dissolved in water, and N,N,N-trimethyl-1-adamantylammonium

hydroxide (Sachem, 25wt%) was added to this solution. Reheiss F2000 (55wt% Al2O3)
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was then added as an alumina source, according to the desired value of x, and stirred

together until the solution cleared. Finally, fumed silica (Cab-O-Sil M-5) was added,

and the gel was stirred until homogeneous. The solution was placed in a Teflon-lined

Parr reactor and heated in a rotating oven at 160°C for approximately 7 days.

7.2.1.3 Product Recovery

Aliquots of each material were taken periodically by first quenching the Parr reactors

in water and then removing enough material for powder X-ray diffraction (PXRD).

All materials were recovered by centrifugation. Once the syntheses were completed,

each material was washed three times with water and once with acetone before drying

in air overnight at 100°C.

7.2.2 Calcination and Ammonium Exchange

All materials were calcined in flowing breathing-grade air in a Nabertherm DKN400

muffle furnace. Materials were initially heated to 150°C at a heating rate of 1°C/min

and held for 3 h before being heated to 580°C (again at a heating rate of 1°C/min)

and held for 12 h to assure complete combustion of any remaining organic structure

directing agents.

The calcined SSZ-13 materials were then converted to the ammonium form by ion

exchanging them three times with 1 M aqueous NH4NO3 solution at 90°C for 2 h.

The solid product from each exchange was again recovered by centrifugation, washed

with water and acetone, and dried overnight at 100°C. These SSZ-13 samples were

then calcined using the method described above to convert them to the proton form.

7.2.3 Characterization

PXRD patterns were obtained with a Rigaku MiniFlex II instrument using Cu Ka

radiation (l=1.54184 Å) to determine structure type and purity. Crystallite sizes

were calculated for each peak using the Scherrer equation with a shape factor of

0.9.132 The reported crystallite sizes are the average of the crystallite sizes calculated



74

from each peak. Morphology and elemental composition were also determined via

scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) on a ZEISS

1550VP instrument equipped with an Oxford X-Max SDD energy dispersive X-ray

spectrometer.

Thermogravimetric analysis (TGA) was conducted using a Netzsch STA-449C

Jupiter instrument for the SAPO-34 sample and a Perkin Elmer STA-6000 instrument

for the SSZ-13 materials. The SAPO-34 sample was ramped to 150°C at 1°C/min and

held 3 h before ramping to 600°C (again at 1°C/min) followed by a final hold for 1 h

at 600°C. SSZ-13 samples were heated to 900°C at a steady ramp rate of 10°C/min.

Each sample exhibited two distinct mass loss regions, corresponding to water loss and

organic loss, with organic mass loss reported as the second region (typically above

250°C).

To determine micropore volume (using the t-plot method), Ar adsorption was

performed on each sample at 87.45 K with a Quantachrome Autosorb iQ adsorption

instrument using a constant-dose method. Samples were off-gassed at 80°C for 1 h,

followed by holds for 3 h at 120°C and 10 h at 350°C prior to adsorption measurements.

NH3 temperature-programmed desorption (TPD) experiments were performed on

the proton form of each material using an Altamira Instruments AMI-200 apparatus

with an online Dymaxion Dycor mass spectrometer to quantify desorbed species.

Once loaded into the quartz reactor tube, samples were heated to 150°C for 1 h at

10°C/min, followed by heating to 600°C for 1 h at 10°C/min in flowing argon (50

sccm) to remove any adsorbed species. Samples were then cooled to 160°C, and NH3

was dosed onto each sample at a flow rate of 5 sccm in 50 sccm argon until no further

NH3 uptake was observed via the mass spectrometer. After a 2 h purge in flowing

argon (50 sccm) to remove any physisorbed NH3, the sample was heated to 600°C at

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.

Room temperature 29Si NMR spectra were obtained on a Bruker Avance 500 MHz

spectrometer with a triple resonance probehead using 4 mm ZrO2 rotors. The 29Si
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MAS NMR spectra with high power proton decoupling were obtained at 99.33 MHz

using a 4.0 µs p/2 pulse. To allow for experiments with shorter delay times, the

samples were evacuated under heating, and O2 was adsorbed into the materials. This

allowed useable spectra to be obtained with a delay time of 10 s. The spinning

speed was 8 kHz, and chemical shift was referenced to tetrakis(trimethylsilyl)silane

(TKTMS).

To determine the number of paired sites present in SSZ-13 samples, the Cu2+

cation was exchanged onto each sample, and the resulting copper content (Cu/Al

ratio) of each sample was determined via SEM/EDS. Copper cation exchange was

performed by liquid-phase ion-exchange of a Cu(NO3)2 solution (0.01 M-0.001 M,

approximately 100 mL of solution per 1 g of solids) at 25°C for 5 h. The solution pH

was adjusted to 5 using a 0.1M NH4OH solution to prevent formation and/or precip-

itation of Cu(OH)n species. The materials were then separated from the Cu(NO3)2

solution via centrifugation, washed with distilled water and acetone, and dried.

7.2.4 MTO Reaction Testing

Catalyst evaluation was carried out in a fixed bed reactor at ambient pressure. 200

mg catalyst (35-60 mesh size) were loaded between layers of 35-60 mesh quartz chips

in a ¼” I.D. X 6” stainless steel reactor tube. Methanol flow rate was controlled

by an ISCO pump (100DM, Teledyne Technologies Inc.) to achieve a weight-hourly

space velocity (WHSV) of ~1.3h-1. The methanol was diluted in 30 cc/min He to a

concentration of 10%. The temperature in each experiment was set at 400°C and was

controlled using a brass heating block around the reactor tube. Prior to reaction, the

catalyst was pretreated at 500°C for 2 hours in He. Product evaluation was performed

using a Siemens Maxum Process GC. Conversions and selectivities were computed on

a carbon mole basis.
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7.3 Results and Discussion

7.3.1 Characterization

Figure 7.2 contains the PXRD pattern for the SAPO-34 sample. The PXRD patterns

of the proton-form SSZ-13 samples are shown in Figure 7.3. Additionally, for each

material the elemental compositions (by SEM/EDS), organic content (by TGA), mi-

cropore volumes (Ar adsorption), and acid site counts (by NH3 TPD) are shown in

Table 7.1 for the SAPO-34 sample and Table 7.2 for SSZ-13 samples.

Figure 7.2: Powder XRD pattern of the proton form of the SAPO-34 sample with

isolated Si sites.
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Figure 7.3: Powder XRD patterns of the proton forms of (A) SSZ-13A, (B) SSZ-13B,

(C) SSZ-13C, (D) SSZ-13D, and (E) SSZ-13E.

As calculated by the Scherrer equation and shown in Table 7.2, the SSZ-13 samples

have primary crystallite sizes increasing from 0.025 mm to 0.058 mm as Si/Al increases

from 4.7 to 54.5 for samples SSZ-13A through SSZ-13E, respectively. Table 7.1 shows

the average primary crystallite size for the SAPO-34 sample is similar to that of the

lower Si/Al SSZ-13 samples.

Similarly, organic mass losses determined by TGA reveal a trend for the SSZ-

13 samples with organic mass loss increasing from 12.6% to 23.3% as Si/Al ratio

increases, while the SAPO-34 sample again is similar to the lower Si/Al SSZ-13 sam-

ples at approximately 15% organic mass loss.

Micropore volumes for both the SAPO-34 and SSZ-13 samples as determined by

Ar adsorption and the t-plot method are consistent with the CHA topology.

The NH3 TPDs reveal that as Si/Al increases for each SSZ-13 material, the Brøn-

sted acid site count decreases, corresponding to the reduced aluminum content in

each sample and in general agreement with the elemental Si/Al ratios determined.
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For the SAPO-34 sample, NH3 TPD demonstrates that Brønsted acid sites are indeed

present and in a density near that of the lower Si/Al SSZ-13 samples.

Further, the SAPO-34 sample contains only isolated Si sites, as shown by the

single resonance observable from 29Si solid-state NMR in Figure 7.4.

Figure 7.4: 29Si NMR spectra for the calcined SAPO-34 sample.

Elemental analysis corroborates these 29Si solid-state NMR results for the SAPO

sample, as the sample has an Al mole fraction of exactly 0.5 and an (Si+P)/Al ratio

of 1, consistent with Si substituting only for P in the SAPO framework and creating

only isolated Si sites.

For the SSZ-13 samples, Si/Al ratios from 4.7-54.5 were obtained. Paired site

fractional probabilities range from approximately 0.25 to 0.025 for this Si/Al ratio

range, as computed by Bates et al. for SSZ-13 samples.112 Copper exchange confirms

these paired site values decrease with increasing Si/Al, as shown in Table 7.2. As

Si/Al increases (Al content decreases), the fraction of paired Al sites decreases, with

the corresponding fraction of isolated Al sites increasing. This range of values is

sufficient to investigate a wide range of compositions and Al site proximities for the

MTO reaction.
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7.3.2 MTO Reaction Testing

Figure 7.5 shows the reaction profile for the SAPO-34 sample. Time on stream until

deactivation began was approximately 100 mins, with relatively steady light olefin

selectivities and a low initial alkane formation observed for this sample.

Figure 7.5: Representative MTO reaction data obtained at 400°C for the calcined

SAPO-34.

Figure 7.6 illustrates representative time-on-stream reaction data obtained at

400°C for the ammonium-exchanged and calcined SSZ-13 samples. Each of the SSZ-

13 catalysts is active in producing C2-C4 olefins when methanol conversion is at or

near 100%. As time on stream increases, methanol conversion eventually decreases,

with catalyst longevity differing for each sample. No significant trends in aggregate

crystallite size were noted for the SSZ-13 samples. Catalyst lifetimes varied drasti-

cally with Si/Al ratio for the SSZ-13 samples, with higher Si/Al ratios having the

longest lifetimes and most stable olefin selectivities, as also noted by Zhu et al.104 and

Dahl et al.108
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Figure 7.6: Representative MTO reaction data obtained at 400°C for the ammonium-

exchanged and calcined: (A) SSZ-13A, (B) SSZ-13B, (C) SSZ-13C, (D) SSZ-13D, and

(E) SSZ-13E.

Light alkanes, mainly propane, are observed among the products at the start

of the reaction for all of the SSZ-13s, with selectivities to these alkanes decreasing

with time on stream. Samples with lower Si/Al ratios (and consequently, higher

paired site content from Table 7.2) exhibit higher initial selectivities to these transient

light alkane products. Additionally, as Si/Al ratio increases for the SSZ-13 samples,
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the crossover point where ethylene selectivity surpasses propylene selectivity occurs

at decreasing TOS values. Both of these observations in the transient behavior of

SSZ-13 suggest that mechanistically, the MTO reaction in CHA is being affected by

the acid site concentration (and potentially proximity), thus producing the differing

selectivities to alkanes and light olefins observed.

Interestingly, as Si/Al ratio increases, the SSZ-13 samples begin to resemble

SAPO-34 in their reactivity. In fact, the activity of SSZ-13E very closely resem-

bles that of the SAPO-34 sample, both in total light olefin selectivities and catalyst

lifetime The key difference observed is the higher ethylene selectivity in the SSZ-13

samples, compared to the higher propylene selectivity for the SAPO-34 sample shown

here, although ethylene selectivity in SAPO-34s has been reported to increase rela-

tive to propylene with sufficient time on stream.108, 133 This similarity in reactivity

between SSZ-13 and SAPO-34 could be due to the increasing isolation of Al sites

in higher Si/Al SSZ-13s, analogous to the more-isolated Brønsted acid sites in the

SAPO-34s.

In fact, if we plot both the initial propane selectivities from each MTO reaction

and the Cu/Al ratios as a function of framework Si/Al ratio for each SSZ-13 sample,

as shown in Figure 7.7, we observe that they each exhibit a similar decreasing trend

with increasing framework Si/Al ratio. Additionally, Cu/Al ratios obtained for the

SSZ-13 samples match well with the calculated theoretical values for paired framework

Al sites, suggesting that we have fully titrated each paired Al site with Cu2+ in these

samples.112 Thus, it becomes apparent that higher Al content (and thus, higher paired

Al site content) in the SSZ-13 materials has some significant effect on the observed

transient behavior of these materials in the MTO reaction.
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Figure 7.7: Cu/Al ratio, initial propane selectivity, and theoretical paired framework

Al site content, as a function of framework Si/Al ratio for the SSZ-13 samples.

7.4 Summary

A SAPO-34 sample was synthesized with only isolated Si sites, as shown by 29Si

solid-state NMR and elemental analysis. When tested for the MTO reaction, this

SAPO-34 sample exhibited relatively stable light olefin selectivities before beginning

to deactivate at approximately 100 mins TOS.

SSZ-13 samples were also synthesized in a wide range of Si/Al ratios to vary the

paired Al site content, with several trends appearing. As Si/Al increased, crystallite

size and organic mass loss (by TGA) increased, while Brønsted acid site density (by

NH3 TPD) and paired Al site content (by Cu2+ exchange and SEM/EDS) decreased.

Furthermore, as the Si/Al ratio of the SSZ-13s varied, the MTO reactivity changed

markedly. In these materials, samples with a higher probability of having paired acid
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sites (lower Si/Al ratios) have very different MTO reactivity compared to materi-

als with a high probability of having only isolated acid sites (higher Si/Al ratios).

This is best illustrated in the quicker deactivation times and initial transient prod-

uct selectivities (such as high initial propane selectivities) for the lower Si/Al ratio

materials.

Increasing the Si/Al of the SSZ-13 samples reduced these transient selectivities.

In fact, as the Si/Al ratios of the SSZ-13 samples increased, the MTO product selec-

tivities began to resemble those observed for the SAPO-34 sample. This difference in

reactivity among the SSZ-13 samples could potentially be attributed to the decreas-

ing paired Al site content as Si/Al ratio increases. When overlaid with the Cu/Al

ratios of each SSZ-13 sample, the initial propane selectivities decreased in a similar

fashion with increasing framework Si/Al ratio. Cu/Al ratios were also very near the

calculated theoretical paired site values, suggesting good titration of paired Al sites

in the SSZ-13 framework.

In conclusion, SAPO-34 appears to exhibit stable MTO reactivity due to its iso-

lated Brønsted acid sites. As paired Brønsted site content is reduced in the SSZ-13

samples (increasing isolated site content), these samples begin to have more stable

olefin selectivities and on-stream behavior, similar to the SAPO-34 sample with iso-

lated acid sites. Hence, to form an MTO catalyst with stable light olefin selectivities

and with lower initial alkane formation (MTO behavior similar to the commercial

SAPO-34 catalyst), it seems that isolated Brønsted acid sites are preferable. This

also suggests that steaming low Si/Al materials (to selectively reduce paired acid

sites) will be effective in increasing the catalytic lifetime and olefin selectivity of

these materials. Further investigation of catalyst steaming is then outlined in the

subsequent chapters.

As follow-up to this investigation, detailed hydrocarbon analysis of the coke species

present on each spent catalyst in this study is underway currently at The Dow Chemi-

cal Company. Identification and quantification of these hydrocarbon species can then

help provide more mechanistic details for deactivation pathways based on this paired

site observation.
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Chapter 8

Post-Synthetic Treatments on CHA
and RHO to Enhance
Methanol-to-Olefins Activity1

Work for this chapter was done in collaboration with Lucy Ji.

In this chapter, the techniques of steaming and subsequently acid washing high-

aluminum OSDA-free zeolite samples (CHA and RHO) are explored as a means to

increase olefin selectivity and catalyst lifetime. New analytical techniques (namely Ar

adsorption and reactive TPD) are developed to study these steamed and acid-washed

materials, primarily as methods to characterize the pore structure differences and

quantify the types of acid sites present in each material. Additionally, conventional

techniques such as powder X-ray diffraction, 29Si and 27Al SS NMR, and SEM/EDS

are employed to learn more about the acid site environment and crystal structure of

each sample. Differences in each material brought about via steaming are highlighted

and explained.

8.1 Introduction

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

light olefins, ethylene and propylene, using feedstocks other than petroleum, e.g.,
1Information contained in this chapter has been submitted as a manuscript to ACS Catalysis

and is currently under revision before publication (Ji, Y.; Deimund, M.A.; Bhawe, Y.; Davis, M.E.
Submitted to ACS Catal. 24 Feb. 2015).
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natural gas, coal, and biomass.88 The reaction can be carried out over solid acid cat-

alysts such as aluminosilicate134 and silicoaluminophosphate (SAPO)86, 87 molecular

sieves. The industrial catalyst for the MTO reaction is SAPO-34,100, 101 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.102 The high selectivity towards light olefins is attributed to the material’s

optimal acidity (acid site strength and density)127 as well as the topology of the CHA

framework,96, 135 consisting of relatively large cavities (8.35 Å x 8.35 Å x 8.23 Å)

that are accessible through 8 membered ring (8MR) pore openings (3.8 Å x 3.8 Å).95

Only small linear molecules (alcohols and linear alkenes) can diffuse through the 8MR

pores, while larger branched and aromatic compounds, including methylated benzene

intermediates,96, 97 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 as well. 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 produces materials

with have high aluminum content (Si/Al < 5) and thus limited use, 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 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



87

zeolites synthesized without OSDAs 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-1372 is the synthetic aluminosilicate analog of SAPO-34 and can be synthe-

sized over a wide range of Si/Al ratios using the N,N,N-trimethyl-1-adamantylammonium

OSDA. While also active for converting methanol to olefins, SSZ-13 deactivates

more rapidly than SAPO-34 and initially produces a significant amount of C2-C4

alkanes.103, 104 Recently, our research group showed that an SSZ-13 synthesized with

high aluminum content (Si/Al = 5) could be dealuminated via steaming 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 is provided in the Appendix

(Figures C.1 and C.2, with H-SAPO-34 data shown for comparison in Figure C.3).

In a similar study, Cartlidge et al.136 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 a selective catalyst for converting methanol to light olefins. CHA-type zeolite

is 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.

Similarly, zeolite RHO, another aluminum-rich zeolite that could be prepared in

the absence of an OSDA, also underwent steaming as a means of testing whether

this steaming procedure was effective only for CHA, or for 8MR zeolites in general.

RHO exhibited better hydrothermal stability than CHA, and thus was steamed at
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temperatures of 600°C, 700°C, and 800°C to partially extract framework aluminum;

however, the RHO framework collapsed during the subsequent acid-washing under

the given conditions. Zeolites CHA and RHO exhibit similar but not identical trends

in their responses to steam treatment.

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 ph-

ysisorption. Removal of aluminum from the zeolite framework is observed by 27Al

and 29Si solid-state MAS NMR. The acid site densities of the samples were mea-

sured by temperature programmed desorption (TPD) using NH3 and i -propylamine.

NH3 is able to titrate all Brønsted acid sites (both within and outside the crystal),

while i -propylamine, being too large to fit inside intra-crystalline areas bounded by

8MRs, can only react with Brønsted acid sites on the crystal surface or within meso-

porous regions introduced by steaming. The catalytic performance of the materials

is evaluated by the use of the MTO reaction.

8.2 Experimental Section

8.2.1 CHA Synthesis

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

following the method of Bourgogne et al.111 In a typical synthesis, 238 mL of deion-

ized water was mixed with 32.2 mL of 45wt% aqueous potassium hydroxide solution

(Aldrich), to which 30 g of zeolite Y (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, which had potassium as the countercation (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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8.2.2 RHO Synthesis

RHO-type zeolites were prepared according to the method of Robson described in

the patent literature.131 A synthesis gel was prepared with molar composition 0.3

Na2O / 0.1 Al2O3 / 1 SiO2 / 0.04 Cs2O / 8 H2O using Catapal B as the alumina

source, Ludox HS-40 as the silica source, Mallinckrodt NaOH pellets as the NaOH

source, and Aldrich 50wt% CsOH aqueous solution as the Cs source. In a typical

synthesis, the alumina source was added to a solution containing NaOH and water.

The mixture was heated at 110°C until the alumina was dissolved, forming a clear

solution. The CsOH was then added to the solution, followed by addition of the silica

source. The reaction mixture was covered and stirred for 72 h at room temperature

before being 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 and

acetone, and dried overnight at 100°C. The NH4
+ form of the product was obtained

via NH4
+ exchange in the same manner as that described for CHA.

8.2.3 Steaming and Acid Washing Treatments

Table 8.1 provides a summary of the steaming and acid washing treatments for CHA.

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

tal tube furnace fitted with a 3” 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 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 CHA materials

were designated CHA-S500B80, CHA-S600B80, and CHA-S700B80, respectively.

The effect of the partial pressure of steam on CHA was investigated by two ad-

ditional steaming experiments at 600°C where the bubbler temperature was changed
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to 60°C and 90C (water saturation pressures of 19.9 kPa and 70.1 kPa, respectively).

For each of the bubbler temperatures tested (60°C, 80°C, amd 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.

Sample
Steaming

Temp.a

Bubbler

Temp.

Si/Al

Bulk
Si/AlTb

Acid Site

Concentration

by NH3 TPD

[mmol/g]

Acid Site

Concentration

by

i -propylamine

TPD [mmol/g]

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

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

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

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

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

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

CHA-C600 600°C N/A 2.7 38 0.09 0.08

Table 8.1: Summary of steaming conditions, Si/Al ratios, and acid site concentrations

for dealuminated CHA samples.
a Furnace was held at temperature for 8 h for all samples

b Calculated from 27Al NMR

Similarly, the RHO materials were subjected to the same steam treatment, al-

though it was determined that RHO samples were more resilient to higher steaming

temperatures than CHA. Accordingly, RHO samples were steamed at the higher tem-
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peratures of 600°C, 700°C, and 800°C with the bubbler held at 80°C (corresponding

to a steam partial pressure of 47.3 kPa), and the resulting RHO materials were des-

ignated RHO-S600B80, RHO-S700B80, and RHO-S800B80, respectively. The effect

of steam partial pressure on RHO was also investigated by two additional steaming

experiments at 800°C where the bubbler temperature was changed to 60°C (steam

partial pressure of 19.9 kPa) and 90°C (steam partial pressure of 70.1 kPa). A dry

calcination of NH4-RHO was also conducted in the same tube furnace for 8 h at 800°C

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

RHO-C800. Acid washing work with steamed RHO is currently ongoing. Table 8.2

provides a summary of the steaming treatments for these RHO samples.

Sample
Steaming

Temp.a

Bubbler

Temp.

Si/Al

Bulk
Si/AlTb

Acid Site

Concentration

by NH3 TPD

[mmol/g]

Acid Site

Concentration

by

i -propylamine

TPD [mmol/g]

RHO-S600B80 600°C 80°C 3.2 25 0.30 0.28

RHO-S700B80 700°C 80°C 3.2 28 0.26 0.14

RHO-S800B60 800°C 60°C 3.1 39 0.28 0.14

RHO-S800B80 800°C 80°C 3.2 27 0.45 0.15

RHO-S800B90 800°C 90°C 3.1 32 0.30 0.22

RHO-C800 800°C N/A 3.1 53 0.11 0.11

Table 8.2: Summary of steaming conditions, Si/Al ratios, and acid site concentrations

for dealuminated RHO samples.
a Furnace was held at temperature for 8 h for all samples

b Calculated from 27Al NMR
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8.2.4 Characterization

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

instrument with Cu Ka radiation (l = 1.54184 Å) at a sampling window of 0.01°

and scan speed of 0.05°/min. Scanning electron microscopy/energy dispersive spec-

troscopy (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.

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 ms 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 ms and a cycle delay time of

60 s was 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.

Ar physisorption was conducted on a Quantachrome Autosorb iQ instrument.

Prior to adsorption measurements, samples were outgassed by heating the sample

at 10°C/min to 80°C, holding for 1 h, then heating at 10°C/min to 120°C, holding

for 3 h followed by heating at 10°C/min to 350°C and holding for 10 h. Adsorp-

tion isotherms were collected using Ar 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).

To quantify the number and accessibility of the Brønsted acid sites present, NH3

and i -propylamine TPD were performed on each ammonium-exchanged, steamed
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CHA and RHO sample. NH3 TPD allows access to all acid sites both external to and

within the 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 treat-

ment), 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 am-

monia. This propylene desorption peak can be integrated to determine the number

of Brønsted acid sites accessible to the sterically hindered 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 helium (50 sccm) to remove any physisorbed

NH3, the sample was heated to 600°C at rate of 10°C/min in 30 sccm helium 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 a Brønsted acid site in the sample. Acid site count was

determined by integration of the propylene peak.
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8.3 Results and Discussion

8.3.1 Characterization

Tables 8.1 and 8.2 show the results of the elemental analysis, Si/AlT ratios, and TPD

results (both NH3 and i -propylamine) for the CHA and RHO samples, respectively.

All samples before and after steaming have similar bulk Si/Al ratios, with the ex-

ception of the acid-washed chabazite, CHA-S600B80A, which had extracted alumina

removed in the washing procedure. Si/AlT ratios (determined from 27Al NMR) show

the amount of tetrahedrally coordinated aluminum in each sample. As this ratio

increases, more aluminum is changing coordination and presumably being extracted

from the zeolite framework. Acid-washing is effective in removing this extraframe-

work aluminum, as demonstrated by CHA-S600B80A, which has a much higher bulk

Si/Al (7.84 vs 2.38 for the steamed sample, CHA-S600B80) than the samples that

were only steamed.

8.3.2 Effect of Steaming Temperature and Acid Washing for

CHA

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 (47.3 kPa) are shown

in Figure 8.1. These XRD data indicate that partial degradation of the structure

takes place during steaming. The baseline signal increases relative to the peaks for

the steamed samples, indicating the presence of amorphous material and a loss of crys-

tallinity upon steaming. Increasing the steaming temperature, and thus the severity

of steaming, results in increasingly greater 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 8.1) are essentially the same as that of

the starting CHA (Si/Al = 2.4), accommodating for minor deviations that are within
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measurement error. Acid washing the 600°C steamed CHA sample results in ad-

ditional degradation and produces an increase in the bulk Si/Al ratio from 2.4 to

7.8.

Figure 8.1: Powder XRD patterns of the as-synthesized CHA, CHA samples steamed

at 500°C, 600°C, and 700°C at a steam partial pressure of 47.3 kPa, and the CHA

sample steamed at 600°C and acid washed (bottom to top).

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

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

8.2. The spectra of both the as-synthesized K-CHA (Figure C.4) 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
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the steamed samples show two additional resonances centered at approximately 30

ppm and 0 ppm, that are attributed to pentacoordinated and hexacoordinate alu-

minum 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 8.1) calculated from the
27Al NMR increase with increasing steaming temperature. The intensities of the reso-

nances associated with penta- and hexacoordinated aluminum were reduced after acid

washing the 600°C steamed CHA, with nearly complete removal of the pentacoordi-

nated aluminum species. These NMR data for the acid treated sample are consistent

with the elemental analyses in that the Si/Al increases after acid treatment. These

results also suggest that the bulk of the higher-coordinated (above 4) aluminum is

extra-framework.

Figure 8.2: 27Al MAS NMR spectra of the as-synthesized CHA, the CHA samples

steamed at 500°C, 600°C, and 700°C at a steam partial pressure of 47.3 kPa, and the

CHA sample steamed at 600°C and acid washed (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 NMR spectra (Figure 8.3) of the steamed CHA.

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

proximately -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 environ-

ment changes to predominantly Si(0Al) and Si(1Al) after steaming, with the Si(0Al)

resonance becoming the largest peak.

Figure 8.3: 29Si MAS NMR spectra of the as-synthesized CHA, the CHA samples

steamed at 500°C, 600°C, and 700°C at a steam partial pressure of 47.3 kPa, and the

CHA sample steamed at 600°C and acid washed (bottom to top).

Figure 8.4A 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
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for a pure (cation-free) CHA material. The steamed CHA samples show decreased

micropore adsorption volumes (Table 8.3) compared to the NH4-CHA due to partial

collapse of the framework. The micropore filling region is illustrated in Figure 8.1B

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 ad-

sorption 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

8.4B).

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 NLDFT analyses of pore

size distributions are illustrated in Figure 8.4C and show the cumulative pore volumes

as a function of pore diameter. All of the samples show an initial steep increase in

cumulative pore volume corresponding to micropore filling. While the NH4-CHA

does not show any additional pore filling in pores larger than approximately 0.5 nm

in diameter, the steamed samples show a second step increase in cumulative pore

volume for pores between 2-4 nm in diameter. These data suggest that mesopores

are created by the steam treatments.
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Figure 8.4: 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 cumulative pore volume vs. pore diameter.
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Sample Micropore Volume (cc/g)

Pure Si CHA 0.221

NH4-CHA 0.190

CHA-S500B80 0.149

CHA-S600B80 0.077

CHA-S700B80 0.038

CHA-S600B60 0.047

CHA-S600B90 0.075

Table 8.3: Micropore volumes of the as-synthesized and steamed CHA samples.

Entries 1, 2, and 4 of Table 8.1 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 CHAs

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-S600B80. This result suggests that the steaming process has an optimal temper-

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

to acid sites decreases. For reference, 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 8.1) reveals

the presence of fewer total Brønsted acid sites, but a higher fractional accessibil-

ity, 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 Al to pentacoordinate
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or hexacoordinate Al, consequently destroying 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.

8.3.3 Effect of Steaming Temperature for RHO

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

steamed at 600°C-800°C under the same steam partial pressure (47.3 kPa) are shown

in Figure 8.5. As with the CHA samples, these XRD data indicate that partial

degradation of the structure takes place during steaming, albeit at higher tempera-

tures than the CHA materials. Increasing the steaming temperature again results in

increasingly greater structural degradation, with the 800°C steamed sample showing

the greatest loss of crystallinity under these conditions.

Figure 8.5: Powder XRD patterns of the as-synthesized RHO, RHO samples steamed

at 600°C, 700°C, and 800°C at a steam partial pressure of 47.3 kPa (bottom to top).
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The 27Al NMR spectra shown in Figure 8.6 again confirm that aluminum is re-

moved from the zeolite framework during the steam treatment, as with CHA. The

spectrum of the NH4
+-exchanged RHO also shows a single sharp resonance centered

at approximately 55 ppm, corresponding to tetrahedral, framework aluminum. The

spectra of the steamed samples also show two additional resonances centered at ap-

proximately 30 ppm and 0 ppm, corresponding again to pentacoordinated and hex-

acoordinated aluminum species, respectively. As the steaming temperature is raised

from 600°C to 800°C, more 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 8.2) calculated from the
27Al NMR increase with increasing steaming temperature.

Figure 8.6: 27Al MAS NMR spectra of the as-synthesized RHO and the RHO samples

steamed at 600°C, 700°C, and 800°C at a steam partial pressure of 47.3 kPa (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 NMR spectra (Figure 8.7) of the steamed

RHO. The spectrum of the as-synthesized NH4-RHO shows the same 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 8.7: 29Si MAS NMR spectra of the as-synthesized RHO and the RHO samples

steamed at 600°C, 700°C, and 800°C at a steam partial pressure of 47.3 kPa (bottom

to top).

Entries 1, 2, and 4 of Table 8.2 also demonstrate how steaming decreases the

total number of Brønsted acid sites in RHO from 0.55 mmol/g for the unsteamed

material (NH4-RHO by NH3 TPD) to 0.30 mmol/g, 0.26 mmol/g, and 0.45 mmol/g
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for the RHO samples steamed at 600°C, 700°C, and 800°C, respectively. As steaming

temperature increases, the number of accessible Brønsted acid sites remains nearly

constant and then increases, exhibiting a maximum at 800°C (RHO-S800B80). The

acid sites titrated for this RHO-S800B80 sample are the closest to the theoretical

value for the tetrahedral Al present (0.46 mmol/g for Si/AlT = 27.2), while NH3

TPD for the samples steamed at lower temperatures show far fewer Brønsted sites

than are expected. This suggests that accessibility to the acid sites for the samples

steamed at 600°C and 700°C may be restricted due to framework collapse.

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

introduced by steaming) exhibit the opposite behavior with increasing steaming tem-

perature, with acid site counts decreasing as steaming temperature increases. The

RHO-S800B80 sample has one of the lowest values for i -propylamine TPD, which

could suggest that the micropore structure remains the most intact at this higher

steaming temperature. Ar micropore analysis is needed to follow up on these results

and provide confirmation. (For reference, the unsteamed NH4-RHO has 0.33 mmol/g

of acid sites by i -propylamine TPD.)

As observed with CHA, these TPD results are consistent with the other character-

ization data for the samples that suggest steaming converts tetrahedral framework Al

to pentacoordinate or hexacoordinate Al, consequently destroying Brønsted acid sites

(as seen via 27Al NMR and NH3 TPD), causing framework collapse, and introducing

mesoporosity (as seen via i -propylamine TPD) to the RHO samples.

8.3.4 Effect of Steam Partial Pressure for CHA

Figure 8.8 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.
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Figure 8.8: Powder XRD patterns of CHA samples steamed at 600°C with varying

partial pressures of steam.

The 27Al NMR spectra of the steamed samples (Figure 8.9), however, do not show

significant differences in the relative intensities of the tetrahedral, pentacoordinated,

and hexacoordinated aluminum signals, although the intensity of the tetrahedral alu-

minum 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 are shown in Figure 8.10 and show differences in the

silicon environments for the samples steamed under varying water vapor pressures.
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Figure 8.9: 27Al MAS NMR spectra of CHA samples steamed at 600°C with varying

partial pressures of steam.

Figure 8.10: 29Si MAS NMR spectra of CHA samples steamed at 600°C with varying

partial pressures of steam.
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Figure 8.11: Ar physisorption isotherms of the as-synthesized and 600°C steamed

CHA samples under varying steam partial pressures: (A) full isotherms, (B) nor-

malized adsorption isotherms plotted on a semi-logarithmic scale and (C) NLDFT

cumulative pore volume vs. pore diameter.
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Ar physisorption measurements on the steamed samples (Figure 8.11) show that

with decreasing steam partial pressure, the samples show decreasing adsorption vol-

ume. This trend is also observed in the micropore filling region of the isotherms

(Figure 8.11B) and corroborated by the intact micropore volumes (Table 8.3). Figure

8.11C indicates that the steamed samples have essentially the same pore size distri-

bution, showing a large step increase in cumulative pore volume for pores of 2 nm in

diameter and larger.

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 8.1,

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 ac-

cessibility observed for the two samples at steam partial pressures of 47.3 kPa and

70.1 kPa (CHA-S600B80 and CHA-S600B90, respectively). The sample with the low-

est steam partial pressure, CHA-S600B60, had approximately half the i -propylamine

accessibility of these samples.

8.3.5 Effect of Steam Partial Pressure for RHO

Figure 8.12 shows the XRD patterns of the samples steamed at 800°C for 8 h with

varying partial pressures of steam. The XRD patterns show that 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. Almost complete collapse of

the structure is observed when NH4-RHO is calcined under dry air for 8 h at 800°C.
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Figure 8.12: Powder XRD patterns of RHO samples steamed at 800°C with varying

partial pressures of steam.

As with the CHA samples, the 27Al NMR spectra of the steamed samples (Figure

8.13) do not show significant differences in the relative intensities of the tetrahedral,

pentacoordinated, and hexacoordinated aluminum signals. 29Si NMR spectra of the

samples steamed under varying steam partial pressures is shown in Figure 8.14, that

shows differences in the silicon environments for the samples. As with the CHA

samples, the 29Si NMR data for the steamed RHO samples suggest that with increas-

ing steam partial pressure, an increasing portion of the silicon exists in the Si(0Al)

environment.
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Figure 8.13: 27Al MAS NMR spectra of RHO samples steamed at 800°C with varying

partial pressures of steam.

Figure 8.14: 29Si MAS NMR spectra of RHO samples steamed at 800°C with varying

partial pressures of steam.
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As steam partial pressure decreases, the total Brønsted acid sites titrated by NH3

TPD (Entries 3, 4, and 5 in Table 8.2) experience a maximum at the 800°C-steamed

sample (RHO-S800B80). The i -propylamine TPD results are different, however, with

the greatest accessibility observed for the sample at the highest steam partial pressure

(70.1 kPa for RHO-S800B90). The two samples with the lowest steam partial pres-

sure, RHO-S800B60 and RHO-S800B80, had approximately 75% of the i -propylamine

accessibility of this sample.

The trend of increased degradation with decreasing steam partial pressure ob-

served for both materials is the opposite of what has been reported for larger pore

zeolites such as zeolite Y (FAU)137, 138 and ZSM-5 (MFI).110 Our steaming experi-

ments with zeolite Y at 550°C and 650°C using a similar steam procedure to those

reported by Wang et al.,138 who investigated the effect of steam partial pressure on

the steaming of Y, are consistent with the literature results in that 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 Y samples are provided in the Appendix (Table C.1 and Figures

C.5-C.8). 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 (Table C.1 and Figures C.9-C.10) show the reversed trend of greater degrada-

tion with 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 (Table C.1 and Figures C.11-C.12), consistent

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

between CHA and 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.138, 139, 140 As an increasing number of the

framework aluminum is extracted, portions of the zeolite collapse, forming amorphous
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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.140, 141

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 observed, the samples spend approximately the first half of the dura-

tion 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 dealumi-

nation 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.

8.4 Summary

CHA-type and RHO-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. Char-

acterizations by XRD and Ar physisorption of the steamed samples showed that
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partial collapse of the framework occurs during the steaming process with the de-

gree of degradation increasing with steaming temperature. 27Al MAS NMR spec-

tra of the steamed samples revealed the presence of tetrahedral, pentacoordinate,

and hexacoordinate aluminum species. NH3 and i -propylamine TPD results further

corroborated that steaming converted tetrahedral aluminum to pentacoordinate and

hexacoordinate 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 for CHA and 800°C for RHO.
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Chapter 9

Effect of Post-Synthetic Treatments
on MTO Reactivity for CHA-Type
and RHO-Type Materials1

Work for this chapter was done in collaboration with Lucy Ji.

9.1 Introduction

This chapter presents and explains MTO reaction data observed for each of the

steamed and acid-washed samples from the previous chapter, highlighting impor-

tant trends in product selectivities and catalytic lifetimes from each set of steaming

and/or acid washing conditions. The effect of reaction temperature on steamed CHA

and RHO samples is also studied (at 350°C, 400°C, and 450°C). From the combination

of characterization data and reaction data, a new process to synthesize cheaper and

comparably selective MTO catalysts becomes defined.
1Information contained in this chapter has been submitted as a manuscript to ACS Catalysis

and is currently under revision before publication (Ji, Y.; Deimund, M.A.; Bhawe, Y.; Davis, M.E.
Submitted to ACS Catal. 24 Feb. 2015).
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9.2 Experimental Section

9.2.1 MTO Reaction Testing

The CHA and RHO samples described in the previous chapter were used for reac-

tion testing. For each sample, approximately 200 mg of pure zeolite was pelletized,

crushed, and sieved to obtain particles between 0.6 mm and 0.18 mm. This material

was then 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 h,

then ramped at 1°C/min to 580°C and held for 12 h. 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. Re-

action testing of unsteamed CHA or RHO was conducted on a sample in the H+ form

(H-CHA or H-RHO), which was obtained by calcining the NH4-CHA or NH4-RHO

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, and reported selectivities are

normalized by the total selectivity of the products observed. Carbon mole balances

were near 100% in all cases.

9.3 Results and Discussion

9.3.1 Effect of Steaming Temperature and Acid Washing for

CHA

Figure 9.1 illustrates representative TOS reaction data obtained at 400°C for the

as-synthesized CHA and CHA steamed at 500°C-700°C with the water saturator at

80°C, and a SAPO-34. 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
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simultaneous increase in dimethyl ether (DME) production. C3-C5 alkanes, mainly

propane and butane, are also observed among the products at the start of the reac-

tion, with selectivities decreasing with increasing TOS. Lower alkanes (methane and

ethane) are not observed among the products.

Figure 9.1: Representative MTO reaction data obtained at 400°C for: as-synthesized

H-CHA (A), 500°C steamed CHA (B), 600°C steamed CHA (C), 700°C steamed CHA

(D), and 600°C steamed and acid washed CHA (E).
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Sample
Reaction

Temperature

Maximum

Methanol

Conversion

Combined

C2-C3 Olefin

Selectivity at

Maximum

Methanol

Conversion

Time to

Deactivation

(g-MeOH/g-cat)a

H-CHA 400°C 100.0% 59.0% 1.3

CHA-S500B80 400°C 100.0% 55.3% 1.6

CHA-S600B80 350°C 98.6% 58.6% 1.2

CHA-S600B80 400°C 100.0% 65.6% 2.3

CHA-S600B80 450°C 100.0% 74.2% 3.2

CHA-S700B80 400°C 97.4% 58.8% 1.4

CHA-S600B80A 400°C 94.4% 58.9% 5.0

CHA-S600B80A 450°C 100.0% 71.4% >9.0

Table 9.1: Maximum combined C2-C3 olefin selectivities for CHA near complete con-

version and deactivation times of catalysts tested.
a First time point where methanol conversion drops below 80%

Table 9.1 provides a summary of the reaction data that includes the maximum

methanol conversion, maximum combined C2-C3 olefin selectivity at or very near

100% conversion, 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 ap-

proximately 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 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
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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 life-

time 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 and 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. Upon regeneration of the

spent catalyst, similar olefin selectivities are observed with only a slight decrease in

catalyst lifetime (Figures C.13 and C.14).

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

(Figure 9.1E). 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 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 intro-

duction of mesopores in microporous zeolite catalysts facilitates mass transport to

the micropores and leads to longer catalyst lifetimes.120 This trend has been reported

by Wu et al.,121 who evaluated mesoporous SSZ-13 that was synthesized using the
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N,N,N-trimethyl-1-adamantylammonium 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 mesoporos-

ity introduced by the steaming process, that could account for the excellent reaction

behavior observed.

9.3.2 Effect of Reaction Temperature for CHA

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

S600B80A are illustrated in Figure 9.2. 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 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% MeOH conversion.

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 (Figures C.15 and C.16).
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Figure 9.2: MTO reaction data for CHA-S600B80 obtained at reaction temperatures

of 350°C (A), 400°C (B), 450°C (C), and CHA-S600B80A at 450°C (D).

9.3.3 Effect of Steaming Temperature for RHO

Figure 9.3 illustrates representative TOS reaction data obtained at 400°C for the as-

synthesized RHO and RHO steamed at 600°C-800°C under a steam partial pressure

of 47.3 kPa. As with CHA, each of the catalysts initially produces 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. For the H-RHO and

RHO-S600B80 samples, DME production also increases with deactivation, while for

RHO-S700B80 and RHO-S800B80, DME production does not increase as methanol

conversion decreases; instead, olefin selectivities remain steady. This result suggests

that a different mechanism of deactivation may be at play in CHA as compared

to RHO. C3-C5 alkanes, mainly propane and butane, are also observed among the
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products at the start of the reaction in the H-RHO and RHO-S600B80 samples, with

selectivities decreasing with increasing TOS. The RHO-S700B80 and RHO-S800B80

samples have very stable selectivities to the alkanes and light olefins for all points on

stream. Lower alkanes (methane and ethane) are not observed among the products

for any samples.

Figure 9.3: Representative MTO reaction data obtained at 400°C for as-synthesized

H-RHO (A), 600°C steamed RHO (B), 700°C steamed RHO (C), and 800°C steamed

RHO (D).
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Sample
Reaction

Temperature

Maximum

Methanol

Conversion

Combined

C2-C3 Olefin

Selectivity at

Maximum

Methanol

Conversion

Time to

Deactivation

(g-MeOH/g-cat)a

H-RHO 400°C 100.0% 43.2% 1.0

RHO-S600B80 400°C 100.0% 51.6% 2.3

RHO-S700B80 400°C 99.1% 58.8% 1.5

RHO-S800B80 350°C 91.9% 50.2% 0.5

RHO-S800B80 400°C 96.1% 61.5% 1.2

RHO-S800B80 450°C 100.0% 66.1% 1.8

Table 9.2: Maximum combined C2-C3 olefin selectivities for RHO near complete

conversion and deactivation times of catalysts tested.
a First time point where methanol conversion drops below 80%

Table 9.2 provides a summary of the reaction data for the RHO samples. The

as-synthesized RHO, while initially active in producing ethylene and propylene, has

the shortest catalyst lifetime, as was also observed for the as-made CHA.

Methanol conversion for this as-made RHO starts at 100%, but decreases rapidly

after approximately 60 min (1.3 g-MeOH/g-cat) TOS, and DME becomes the main

reaction product. This fast deactivation may again be attributed to rapid coke for-

mation from the high framework aluminum content of the as-synthesized RHO (Si/Al

= 2.8).

Despite rapidly deactivating in the as-made form, the steamed RHO samples de-

activate more gradually and depend upon steaming severity. When RHO is steamed

at 600°C, the methanol conversion remains higher for longer on stream, staying above

80% for 109 min (2.3 g-MeOH/g-cat) TOS. Additionally, the olefin selectivities be-

come much more stable with less DME formed during deactivation, and initial alkane
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formation is greatly reduced.

The RHO sample steamed at 700°C also has very stable olefin selectivities, as was

observed for the RHO sample steamed at 600°C. Methanol conversion falls below 80%

sooner on this material (70 mins TOS, 1.5 g-MeOH/g-cat) than the sample steamed

at 600°C, and in fact it has the shortest catalytic lifetime of all the steamed samples.

Interestingly, the initial transient alkane behavior is totally absent in this sample,

and no significant DME is observed as the catalyst deactivates. This is in contrast to

CHA samples, wherein DME production takes over as soon as the catalyst deactivates,

suggesting that differing MTO reaction and/or deactivation mechanisms are at play

in the steamed CHA and RHO samples. Further study into these differences could

provide significant insight into the MTO mechanism, and more research is warranted.

When steamed at 800°C, RHO has the highest combined C2-C3 olefin selectivity

and a relatively long catalytic lifetime, with no significant DME formation and no

initial transient alkane formation (similar to that observed when steamed at 700°C,

but with improved lifetime). The improvements in selectivities and catalyst lifetime

of the steamed RHO are likely due to changes in the framework aluminum content

(and thus acidity) in the material, as well as the mesoporosity introduced, which

contributes to improved mass transport of reactants and products within the zeolite.

9.3.4 Effect of Reaction Temperature for RHO

The effects of reaction temperature on the activity of RHO-S800B80 is illustrated in

Figure 9.4. At 350°C, RHO-S800B80 only achieves a maximum of 92% MeOH con-

version and deactivates very quickly, dropping below 80% MeOH conversion after 26

min (0.5 g-MeOH/g-cat). When reaction temperature is increased to 400°C or 450°C,

catalyst lifetime and MeOH conversion both increase dramatically. At 400°C, cata-

lyst lifetime is 72 mins (1.5 g-MeOH/g-cat), and olefin selectivities are very stable.

Further increase in reaction temperature to 450°C results in the longest time before

MeOH conversion drops below 80% (89 min, 1.8 g-MeOH/g-cat). C2-C3 olefin selec-

tivities at 400°C and 450°C are both very similar, but the RHO-S800B80 at 450°C
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slightly edges out the 400°C sample and has longer TOS before deactivation.

Figure 9.4: MTO reaction data for RHO-S800B80 obtained at reaction temperatures

of 350°C (A), 400°C (B), and 450°C (C).

9.4 Summary

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

RHO (Si/Al = 2.8) samples 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. Steaming of OSDA-free RHO samples also improved both the
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catalytic lifetime and light olefin selectivity. As it has been demonstrated for two

different 8MR zeolites, 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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Chapter 10

Conclusions and Suggested Future
Work for Part II

The final chapter on MTO work summarizes the effects of heteroatom concentrations

and post-synthetic treatments and draws general conclusions from the frameworks

studied. Additionally, discussion of the reactivity of the OSDA-free MTO catalysts

and potential directions for future research to improve their industrial viability are

outlined and explained.

10.1 Conclusions

Chapter 7 demonstrates the effects of heteroatom concentration by synthesizing two

zeotype materials with CHA topology (SAPO-34 and SSZ-13) commonly employed

for the MTO reaction. The SAPO-34 sample is synthesized with only isolated Si

sites. This sample began to deactivate after approximately 100 mins TOS, but had

relatively stable light olefin selectivities and low initial alkane formation, as is typical

with SAPO-34 samples.

SSZ-13 samples are synthesized in a range of Si/Al ratios, from 4.7 to 54.5. The

physical properties and MTO reaction differences are much more significant with

these samples. As Si/Al increased, crystallite size and organic mass loss (by TGA)

increase, while Brønsted acid site density (by NH3 TPD) and paired Al site content

(by Cu2+ exchange and SEM/EDS) decrease.

Additionally, the MTO reactivity for these SSZ-13 samples varies drastically. The
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samples with lower Si/Al ratios exhibit shorter catalytic lifetimes and significant

initial selectivities to light alkanes as transient products. As Si/Al ratio increases,

these transient selectivities are reduced, while catalytic lifetime increases. In fact, the

MTO activity of the SSZ-13 sample with an Si/Al ratio of 54.5 begins to resemble

that of the SAPO-34 sample. This difference in reactivity among the SSZ-13 samples

could likely be attributed to the decreasing paired Al site content as Si/Al ratio

increases, with SSZ-13 samples ultimately becoming more like the SAPO-34 sample

with essentially isolated Brønsted acid sites.

As demonstrated in the two previous chapters, zeolites CHA and RHO can be syn-

thesized quickly and reliably in the absence of organic SDAs. Furthermore, steaming

of these 8MR materials has been shown to drastically improve their activity and

selectivity to light olefins in the MTO reaction.

From the characterization and reaction testing work, several trends have appeared.

Primarily, for both CHA and RHO, as steaming temperature increases, the degrada-

tion of the framework increases (as shown by powder XRD). Interestingly, as water

content decreases, framework crystallinity decreases as well. This trend has, how-

ever, also been observed for faujasite (FAU) at elevated temperatures, as discussed in

Section 8.3 of Chapter 7 and in the Appendix.

During these steaming processes, 27Al SS NMR confirms that pentacoordinate and

hexacoordinate (extraframework) aluminum species are formed in each material. 29Si

SS NMR corroborates this change in Al coordination, as all samples exhibit primarily

Si(0Al) and Si(1Al) sites after steaming. Ar adsorption isotherms of all samples also

reveal the formation of mesopores after steaming, in agreement with the removal of

framework aluminum species (by 27Al SS NMR) and degradation of the microporous

crystal structure (as shown by powder XRD). The combination of NH3 TPD and reac-

tive i -propylamine TPD further show that the introduction of mesopores by steaming

occurs, as the acid sites titrated by i -propylamine TPD (and thus accessible to this

larger molecule) increase with increasing steaming severity. Sites titrated by NH3

similarly decrease with increasing steaming severity, as the crystalline framework de-

grades and Brønsted acid sites are destroyed. These mesopores, in combination with
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framework Al removal, are thought to enhance MTO activity by improving transport

into the crystal structure and reducing the framework Al content (and thus effective

Si/Al ratio) within the samples, respectively.

With both CHA and RHO, there is an optimum temperature for steaming before

the framework degradation becomes too severe and MTO activity suffers. Typically,

increasing the steaming temperature for both topologies serves to improve the catalyst

lifetime and olefin stability. However, CHA experiences a maximum in MTO activity

improvement when steamed at 600°C, before declining in performance when steamed

at 700°C (while still remaining crystalline), while RHO is capable of withstanding

steaming temperatures of up to 800°C while continually improving TOS and light

olefin selectivities until its total framework collapse at 850°C.

Acid washing of CHA samples appears to remove the extraframework (pentaco-

ordinate and hexacoordinate) aluminum generated by the steaming process, thereby

improving catalyst lifetime and olefin stabilities relative to the samples that were not

acid-washed. For zeolite RHO, the acid-washing work to determine optimal conditions

for removal of extraframework aluminum is still in progress.

As reaction temperature increases from 350°C to 450°C, TOS before deactivation

increases for both CHA and RHO. To produce the highest light olefin selectivities

and longest TOS before deactivation, CHA should be steamed at 600°C for 8 h in a

steam partial pressure of 47.3 kPa, with the MTO reaction run at 450°C. This steamed

sample may also be acid-washed to remove additional extraframework aluminum, and

the resulting product will exhibit longer TOS before deactivation. For zeolite RHO,

steaming conditions of 800°C for 8 h at a steam partial pressure of 47.3 kPa should be

used, again with the MTO reaction run at 450°C, to produce the highest light olefin

selectivities.

10.2 Recommended Future Work

For the SAPO-34 and SSZ-13 samples, a detailed hydrocarbon characterization of

the coke remaining on each catalyst after reaction could provide valuable information
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about how each catalyst deactivates. Identifying and quantifying each species, par-

ticularly the polycyclic species, could give mechanistic insight into how deactivation

may be occurring at these paired site locations, as the samples with higher paired

site concentrations may exhibit unusually high content of certain species. The Dow

Chemical Company is in the process of performing this analysis on the post-reaction

catalysts currently.

Much work has been done to develop a robust synthesis and steaming treatment

process for both CHA and RHO. Now that both materials have been investigated un-

der a wide variety of steaming temperatures and partial pressures, this methodology

may be expanded to other zeolites (both 8MR and larger-pore materials) to discover

additional useful catalysts. Zeolites KFI, LEV, and MER are other interesting 8MR

materials that can be synthesized OSDA-free and should be initially studied. Fur-

ther expansion to other frameworks may be desired if new OSDA-free syntheses are

discovered. The combination of OSDA-free syntheses and steam treatments is a sim-

ple method that can result in useful catalysts at greatly reduced costs compared to

existing methods.

While both CHA and RHO exhibited similar trends in stability, such as increased

degradation with both increasing steaming temperature and reduced steam partial

pressure, observed trends in MTO reaction data showed some differences. Most no-

tably, as CHA deactivates and MeOH conversion declines, it becomes more and more

selective to DME, while RHO tends to have steady olefin selectivities and little to

no DME formation, regardless of MeOH conversion. This difference in selectivities

during deactivation suggests that there may be some differences in the MTO reaction

and/or deactivation mechanism on CHA when compared to RHO. Such differences

could be a result of the effect steaming has on each framework type, or simply as a

result of the differences in the 8MR frameworks during the reaction itself.

To study how these two materials may differ during the MTO reaction, some of

the acid sites for each zeolite after steaming could be selectively deactivated using a

trimethyl phosphite exchange, followed by calcination, as has been done for ZSM-5.142

Trimethyl phosphite, which is too large to fit into the 8MR pores, will bind to and
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deactivate Al sites (after calcination) in the mesopores or external crystal surface,

leaving Al acid sites within the 8MR pore system intact. Correct exchange of the

trimethyl phosphite can be verified by 31P SS NMR.

Once only the Al sites within the 8MR pores are active, the zeolites can undergo

MTO reaction testing again to determine if reactivity and selectivity to DME change.

If the same DME selectivity behavior is observed for the CHA and RHO samples with

and without the presence of the trimethyl phosphite, it then suggests that the different

DME selectivities are a result of the unique 8MR pore structures for each material.

However, if DME selectivity differences are noted for each sample before and after

the exchange, this suggests that DME may be forming on the external/mesoporous

acid sites created during steaming, rather than in the 8MR pore system. In any case,

further study of these two materials and their mechanisms of reaction and deactivation

is warranted.
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Chapter 11

Summary and Future Direction

Overall conclusions of both thesis parts will be briefly presented, and suggested future

directions will be highlighted.

11.1 Overall Conclusions

As Part I shows, the Ni2+ cation exchanged onto zincosilicates is capable of oligomeriz-

ing propylene and is more selective to C3n products than nickel-containing aluminosil-

icate catalysts. These zincosilicate catalysts are additionally capable of oligomerizing

1-butene and mixed alkene feeds such as equimolar propylene and 1-butene. When

exposed to mixed alkane/alkene feeds (such as equimolar propylene and n-butane),

however, they can only oligomerize the olefin and do not react with the alkane at all.

In an attempt to activate the alkane in such a mixed feed, a series of supported

homogeneous Ir-based transfer hydrogenation catalysts were synthesized. These cat-

alysts were reaction tested both on their own and in physical mixtures with the zin-

cosilicate oligomerization catalysts in reactant feed streams of equimolar propylene

and n-butane, but did not exhibit any significant dehydrogenation/hydrogenation ac-

tivity. Similarly, catalysts formed by depositing Pt on Ni-CIT-6 and Ni-Zn-MCM-41

were reaction tested at higher temperatures (400°C) in an equimolar alkane/alkene

feed (propylene and n-butane), but the materials were not capable of forming dehy-

drogenated products or incorporating these dehydrogenated alkanes into the oligomers

formed.
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Through development of the Ni-containing zincosilicate catalysts, the capability

to exchange other divalent transition metals onto CIT-6 without removal of the frame-

work Zn or destruction of the crystal structure was developed. This ability may lead

to several new catalysts based on the zincosilicate *BEA structure of CIT-6, such as

Mn-CIT-6, Co-CIT-6, Cu-CIT-6, and Zn-CIT-6. For example, Cu-CIT-6 may prove

useful in deNOx applications, while Co-CIT-6 and Zn-CIT-6 may be effective in form-

ing acetic acid from methane and carbon dioxide. Additional applications with these

and other divalent transition metals exchanged onto CIT-6 will likely continue to

appear as catalysis research progresses.

The second part of this thesis has explored two avenues of the MTO reaction:

first, by synthesizing materials with differing heteroatom concentrations to learn more

about MTO reaction behavior as acid site type and concentration changes, and sec-

ond, by synthesizing OSDA-free materials and post synthetically treating them as a

path to cheaper MTO catalysts.

Initially, the effect of heteroatom (and consequently, Brønsted acid site) distribu-

tion on the physical properties and MTO reactivity of the two conventional MTO

catalysts, SAPO-34 and SSZ-13, was studied. A SAPO-34 sample with isolated Si

sites exhibited typical MTO reactivity, with stable light olefin selectivities and low

initial alkane selectivity. SSZ-13 samples, however, showed drastic differences as Si/Al

ratio was increased. Most notably, as Si/Al ratio increases, the initial selectivity to

light alkanes decreases and catalyst lifetime increases. This change in reactivity with

changing Al content can be correlated with the concentration of paired Al sites in

these SSZ-13 samples. Additionally, as Si/Al increases for the SSZ-13s, reactivity

begins to resemble that of SAPO-34s, which typically have only isolated Brønsted

acid sites.

Cheaper MTO catalysts may be manufactured by first synthesizing CHA-type

and RHO-type zeolites in the absence of OSDAs and subsequently steam-treating

these materials. While steaming conditions to produce the optimal MTO activity

vary for each material, several trends are noted. Most notably, as steaming temper-

ature increases, framework damage also increases for the zeolites, until the materials
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eventually become amorphous above a certain upper temperature limit. Additionally,

as water partial pressure increases during steaming, the extent of degradation of the

framework decreases, as has been observed for FAU at elevated temperatures (800°C).

After steam treatment, Al is extracted from the zeolite frameworks, forming penta-

coordinate and hexacoordinate aluminum species, as demonstrated by 27Al SS NMR.

Ar adsorption isotherms also reveal introduction of mesoporosity after steaming, and

i -propylamine TPD work shows an increase in the number of accessible acid sites

outside of the 8MR pore systems.

Reaction testing demonstrates that steam treatment dramatically improves olefin

selectivity and time on stream before deactivation for both CHA and RHO. In fact, at

specific steaming conditions (600°C for 8 h with the water bubbler held at 80°C), CHA

can exhibit selectivities to light olefins (C2 and C3) of nearly 75%, approaching the

selectivities reported with commercial SAPO-34 MTO catalysts. Similarly, a RHO

sample steamed at 800°C for 8 h with the water bubbler held at 80°C can exhibit

combined C2-C3 selectivities over 65% when undergoing the MTO reaction at 450°C.

11.2 Future Directions

Although the combined catalyst system does not appear to be effective with the

current supported homogeneous catalyst, the idea may be revisited if improved ho-

mogeneous transfer hydrogenation catalysts are developed. Focus on improving the

homogeneous catalyst loading onto a support and its activity in gas phase reactions

are of the utmost importance to making the tandem catalysis system capable of

oligomerizing mixed alkane/alkene feeds. If the reaction apparatus was modified to

operate at higher pressure of the reactant gases, the catalyst system could be revis-

ited as well, since this higher pressure may be more conducive to operation of the

supported homogeneous catalysts.

While Ni-CIT-6 has been extensively studied in this work, the new M-CIT-6 cat-

alysts are relatively unexplored outside of propylene oligomerization. They may pro-

vide interesting new activity and should be considered for future reaction testing
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where divalent transition metals are involved. Example reactions such as deNOx and

acetic acid synthesis should be pursued, but they should not serve as limiting cases.

It is quite likely that the divalent ion exchange procedure for CIT-6 (with pH bal-

ancing and/or heteroatom protection via Mg2+ or Ca2+ exchange) may in fact be

translatable to other zincosilicate frameworks or in materials where the heteroatom

is somewhat unstable in the framework.

Post-MTO reaction SAPO-34 and SSZ-13 catalysts should undergo a detailed

hydrocarbon characterization of the coke present to gain more information about each

catalyst. Identifying and quantifying each species, particularly the polycyclic species,

could give insight into the deactivation mechanism, particularly as it may change

with paired site content. Currently, The Dow Chemical Company is performing this

analysis.

The CHA and RHO materials examined here for their MTO activity are already

useful as catalysts in their own right, but improved understanding of the MTO mech-

anisms at play in these two materials would be desirable. Steamed CHA and RHO

exhibit very different light olefin selectivities and on-stream behavior, particularly

during deactivation. The suite of characterization tools (such as Ar adsorption, NH3

TPD, and i -propylamine TPD) that have become available to the Davis lab over the

past few years could provide valuable insight into the physical and chemical properties

of these steamed catalysts. Further investigation of these specific MTO mechanisms

and selectivity differences by targeted deactivation of Al acid sites within the meso-

pores of each material with phosphite compounds (such as trimethylphosphite) may

shed more light on how olefins are formed in CHA and RHO. Along this same vein,

expansion of the steam treatment technique to other OSDA-free 8MR zeolite frame-

work types, such as MER, LEV, and KFI, might reveal other interesting trends in

light olefin selectivities.
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Appendix A

Oligomerization Catalyst
Characterization and Reaction Data

A.1 Characterization of Materials Used as Catalysts

All materials (with the exception of USY) were synthesized in-house. The powder

X-ray diffraction (XRD) patterns for each of these materials as made, after nickel

exchange, and after calcination are shown in the following figures.

Figure A.1: Patterns of a.) as-received USY, b.) Ni-USY, and c.) calcined Ni-USY.
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Figure A.2: XRD patterns of a.) as-made CIT-6, b.) Ni-CIT-6, and c.) calcined

Ni-CIT-6.

Figure A.3: XRD patterns of a.) as-made Zn-MCM-41, b.) Ni-Zn-MCM-41, and c.)

calcined Ni-Zn-MCM-41.
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The high-aluminum zeolite beta (HiAl BEA) was synthesized according to a seeded

procedure similar to that described by Majano et al.39 The XRD pattern for the

zeolite beta seeds is shown in Figure A.4 below. Additionally, the XRD pattern for

the resulting solids as made, after nickel exchange, and after calcination are shown

below in Figure A.5.

Figure A.4: XRD pattern of Tosoh zeolite beta used as seeds.

Figure A.5: XRD patterns of a.) as-made HiAl-BEA, b.) Ni-HiAl-BEA, and c.)

calcined Ni-HiAl-BEA.
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Additionally, a solid-state 27Al NMR experiment was conducted to confirm that

all aluminum atoms in HiAl BEA were tetrahedrally coordinated within the zeolite

framework. The NMR spectrum is shown in Figure A.6.

Figure A.6: 27Al NMR of HiAl BEA.

The peak centered near 50 ppm is characteristic of aluminum atoms in tetrahedral

coordination, suggesting all aluminum was incorporated into the zeolite framework.39, 40, 41

No other peaks were observed in the 27Al NMR spectrum.

To determine micropore volume, Ar adsorption was performed on each sample at

87.45 K with a Quantachrome Autosorb iQ adsorption instrument using a constant-

dose method. Samples were off-gassed at 80°C for 1 h, followed by 3 h at 120°C and

10 h at 350°C prior to adsorption measurements. Table A.1 displays the pore volumes

for each material in the Ni2+-exchanged, calcined form (determined using the t-plot

method).

Material Micropore Volume [cc/g]

Ni-CIT-6 0.18

Ni-HiAl-BEA 0.16

Ni-USY 0.22

Pore Volume [cc/g]

Ni-Zn-MCM-41 0.53

Table A.1: Pore volumes for porous materials.
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Argon adsorption isotherms for each material after Ni2+ exchange and calcination

are shown in Figures A.7, A.8, A.9, and A.10.

Figure A.7: Argon adsorption isotherm for Ni-CIT-6.

Figure A.8: Argon adsorption isotherm for Ni-HiAl-BEA.
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The calculated micropore volume for Ni-HiAl-BEA (0.16 cc/g) is lower than ex-

pected for a typical *BEA sample, although this micropore volume is consistent with

that reported by Kamimura et al. for a calcined high-aluminum *BEA sample.40

Figure A.9: Argon adsorption isotherm for Ni-USY.

Figure A.10: Argon adsorption isotherm for Ni-Zn-MCM-41.
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The results of the NH3 TPD experiments are also shown for each nickel-exchanged,

calcined material in Figure A.11.

Figure A.11: Ammonia TPD for nickel-exchanged, calcined samples.

Mass-spectrometer signal quantification also allowed for determination of the

Brønsted acid site concentration for each material. Table A.2 below shows these

acid site concentrations, which are consistent with the elemental analyses determined

previously.

Material Acid Site Concentration [mmol/g]

Ni-CIT-6 0.18

Ni-Zn-MCM-41 0.04

Ni-HiAl-BEA 0.73

Ni-USY 0.68

Table A.2: Brønsted acid site concentrations for the nickel-containing materials.
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A.2 Reaction Data at Two Reaction Temperatures

Figure A.12: Propylene conversion vs. TOS for all catalysts at 180°C.

Figure A.13: Propylene conversion vs. TOS for all catalysts at 250°C.
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A.3 Complete Selectivity Graphs for All Reaction

Runs

Note: Run 1 and Run 2 designate catalyst testing before and after regeneration by

calcination in air, respectively.

Figure A.14: All selectivities vs. TOS for Run #1 Ni-CIT-6 at 180°C.

Figure A.15: All selectivities vs. TOS for Run #2 Ni-CIT-6 at 180°C.
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Figure A.16: All selectivities vs. TOS for Run #1 Ni-CIT-6 at 250°C.

Figure A.17: All selectivities vs. TOS for Run #2 Ni-CIT-6 at 250°C.
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Figure A.18: All selectivities vs. TOS for Run #1 Ni-Zn-MCM-41 at 180°C.

Figure A.19: All selectivities vs. TOS for Run #2 Ni-Zn-MCM-41 at 180°C.



157

Figure A.20: All selectivities vs. TOS for Run #1 Ni-Zn-MCM-41 at 250°C.

Figure A.21: All selectivities vs. TOS for Run #2 Ni-Zn-MCM-41 at 250°C.
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Figure A.22: All selectivities vs. TOS for Run #1 Ni-HiAl-BEA at 180°C.

Figure A.23: All selectivities vs. TOS for Run #2 Ni-HiAl-BEA at 180°C.
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Figure A.24: All selectivities vs. TOS for Run #1 Ni-HiAl-BEA at 250°C.

Figure A.25: All selectivities vs. TOS for Run #2 Ni-HiAl-BEA at 250°C.
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Figure A.26: All selectivities vs. TOS for Run #1 Ni-USY at 180°C.

Figure A.27: All selectivities vs. TOS for Run #2 Ni-USY at 180°C.
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Figure A.28: All selectivities vs. TOS for Run #1 Ni-USY at 250°C.

Figure A.29: All selectivities vs. TOS for Run #2 Ni-USY at 250°C.



162

A.4 Comparisons of Reaction Data at 180°C and

250°C For Ni-CIT-6 and Samples Exchanged with

Mg2+ or Ca2+, Calcined, and Ni2+-Exchanged

Figure A.30: Reaction comparisons for Ni-CIT-6 at 180°C (A), Ni-CIT-6 at 250°C

(B), Ni-Mg-CIT-6 at 180°C (C), Ni-Mg-CIT-6 at 250°C (D), Ni-Ca-CIT-6 at 180°C

(E), and Ni-Ca-CIT-6 at 250°C (F).



163

A.5 Post-Reaction Powder XRDs

Figure A.31: XRD patterns for all catalysts post-reaction.

A.6 Post-Reaction TGAs of Spent Catalysts

Figure A.32: TGA for Ni-CIT-6 at 180°C post-reactions.
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Figure A.33: TGA for Ni-Zn-MCM-41 at 180°C post-reactions.

Figure A.34: TGA for Ni-Zn-MCM-41 at 250°C post-reactions.
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Figure A.35: TGA for Ni-HiAl-BEA at 180°C post-reactions.

Figure A.36: TGA for Ni-HiAl-BEA at 250°C post-reactions.
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Figure A.37: TGA for Ni-USY at 250°C post-reactions.
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Appendix B

Mixed Catalysts Characterization

B.1 Characterization of Materials Used as Catalysts

Figure B.1: XRD patterns of a.) as-made CIT-6, b.) Ni-CIT-6, and c.) calcined

Ni-CIT-6 for use in the tandem catalyst system.
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Figure B.2: XRD patterns of a.) as-made Zn-MCM-41, b.) Ni-Zn-MCM-41, and c.)

calcined Ni-Zn-MCM-41 for use in the tandem catalyst system.
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Appendix C

Post-Synthetic Treatment
Characterization and Reaction Data

Work for this section was done in collaboration with Lucy Ji.

C.1 Study on the Effect of Steam Treatment on SSZ-

13 for MTO

SSZ-13 was synthesized following the method reported in literature72 at a Si/Al ratio

of 5 using the N,N,N-trimethyl-1-adamantylammonium hydroxide SDA. The SSZ-13

with Si/Al = 5 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 Figures C.1 and C.2, respectively. The unsteamed SSZ-13 initially converts

methanol at 100% but 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
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SAPO-34. For comparison, the reaction data for a SAPO-34 that was synthesized

in-house is graphed in Figure C.3.

Figure C.1: MTO reaction data for fresh (unsteamed) H-SSZ-13 Si/Al = 5.
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Figure C.2: MTO reaction data for steamed H-SSZ-13 Si/Al=5.

Figure C.3: MTO reaction data for H-SAPO-34.
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C.2 Further Catalyst Characterization

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

in Figure C.4. The spectrum contains only a single sharp peak centered at approx-

imately 55 ppm, corresponding to tetrahedral aluminum, and indicates that all alu-

minum is initially incorporated in the framework.

Figure C.4: 27Al NMR of as-synthesized K-CHA.

C.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 re-

ported 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 start-

ing 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 apparatus as that used for the CHA samples.

A summary of the steaming conditions is provided in Table C.1. Two sets of

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

reported by Wang et al.,138 who investigated the effect of the water partial pressure on
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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 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 held at 60°C, 80°C, and 90°C, corresponding to steam partial pressures

of 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. 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).

Figures C.5 and C.6 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 C.7 and C.8. At both steaming

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

is converted to pentacoordinated and hexacoordinated aluminum for the steamed

NH4NaY samples compared to the dry calcined samples, consistent with what has

been reported by Wang et al.138
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Figure C.5: Powder XRD patterns 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 C.6: Powder XRD patterns of NH4NaY samples steamed for 3 h at 650°C in

order of increasing steam partial pressure (bottom to top).
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Figure C.7: 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).

Figure C.8: 27Al NMR spectra of NH4NaY samples steamed for 3 h at 650°C in order

of increasing steam partial pressure (bottom to top).



178

The powder XRD patterns and 27Al NMR spectra of the NH4Na-Y samples

steamed at 800°C are shown in Figures C.9 and C.10, respectively. At these con-

ditions, the NH4NaY 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 hexacoordinated aluminum increase relative to the tetrahedral

aluminum as the water partial pressure is lowered. This trend is 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.

Figure C.9: Powder XRD patterns 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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Figure C.10: 27Al MAS NMR of NH4Na-Y samples steamed for 8 h at 800°C in order

of increasing steam partial pressure (bottom to top).

Figures C.11 and C.12 show the powder XRD patterns and 27Al NMR, respec-

tively, 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 penta-

coordinate and hexacoordinate aluminum and is consistent with what was observed

for the 550°C and 650°C steamed Y.
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Figure C.11: Powder XRD patterns of CHA samples steamed for 3 h at 500°C in

order of increasing steam partial pressure (bottom to top).

Figure C.12: 27Al MAS NMR of CHA samples steamed for 3 h at 500°C in order of

increasing steam partial pressure (bottom to top).
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C.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 C.13 and C.14, 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 C.15 and C.16.

Figure C.13: MTO reaction data obtained at 400°C for 600°C steamed CHA during

the initial reaction run.
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Figure C.14: MTO reaction data obtained at 400°C for 600°C steamed CHA after

regeneration of spent catalyst.

Figure C.15: MTO reaction data obtained at 450°C for 600°C steamed and acid

washed CHA during the initial reaction test.
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Figure C.16: MTO reaction data obtained at 450°C for 600°C steamed and acid

washed CHA after regeneration of spent catalyst.
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A B S TR A CT :  Surfactant-free mixed-metal hydroxide water 
oxidation nanocatalysts were synthesized by pulsed-laser 
ablation in liquids. In a series of [Ni-Fe]-layered double hy-
droxides with intercalated nitrate and water, 
[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O, higher activity was 
observed as the amount of Fe decreased to 22%.  Addition of 
Ti4+ and La3+ ions further enhanced electrocatalysis, with a 
lowest overpotential of 260 mV at 10 mA cm−2. Electrocata-
lytic water oxidation activity increased with the relative pro-
portion of a 405.1 eV N 1s (XPS binding energy) species in 
the nanosheets. 

Conversion of solar energy into storable fuels in a sustain-
able way will be essential to meet future global energy de-
mands.  Worldwide scalability requires materials to be made 
from earth-abundant elements.  Splitting water into oxygen 
and hydrogen with only sunlight as energy input is seen as a 
particularly attractive route.1  But such systems for the pro-
duction of solar fuels will require robust, highly active cata-
lysts.2-4 

Most widely used water oxidation catalysts are based on ra-
re metals such as Ru and Ir.5,6  First-row transition metal ox-
ides and hydroxides continue to attract attention because of 
their low cost and stability in base.7-14  The overpotentials of 
earth-abundant catalysts at 10 mA cm−2 typically range from 
350 to 430 mV in pH 14 aqueous electrolytes.15,16 In recent 
work, Yan showed that hollow spheres of α-Ni(OH)2 cata-
lyzed water oxidation in base with an overpotential of 331 
mV at 10 mA cm−2 on glassy carbon working electrodes.17  
Here we report surfactant-free, highly active 

[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O nanosheet water 
oxidation catalysts with admixed ions. Our best catalyst had 
an overpotential of 260 mV at 10 mA cm−2 on flat highly-
ordered pyrolytic graphite working electrodes. We attribute 
the higher activity to unique morphological and structural 

properties, which were synthetically accessible by the use of 
pulsed-laser ablation in liquids (PLAL).  In PLAL, nanopar-
ticles are formed by very rapid cooling of a plasma comprised 
of elements from the solid ablation target and the surround-
ing liquid.  This condensation process, which is kinetically 
controlled, produces predominantly crystalline nanomateri-
als.18 PLAL offers size and composition control through a 
wide range of tunable experimental parameters.19   

With PLAL, mixed-metal nanomaterials with tailored 
compositions can be prepared readily by adding metal ions 
into the aqueous ablation liquid.  We intentionally incorpo-
rated different amounts of Fe into our α-Ni(OH)2 nanocata-
lysts, as variable concentrations of Fe in electrodeposited 
nickel (oxy)hydroxides have been shown to improve electro-
catalytic activity.20-25  We also added Ti4+ and La3+ ions to the 
ablation liquid and screened the resulting materials for water 
oxidation activity.  

Eight mixed-metal catalysts were synthesized using PLAL 
by varying ablation targets, metal ion type and concentra-
tions, and laser pulse energies (see SI for experimental de-
tails, all ablation solutions contained nitrate). The nano-
materials were prepared with Fe concentrations ranging from 
22 to 95% of the total metal content (Table 1). We identified 
their compositions spectroscopically; and, notably, they all 
exhibited high electrocatalytic oxygen-evolution activities in 
basic solutions.  

Powder X-ray diffraction (XRD) measurements (SI) indi-
cate that the Fe-rich nanoparticles 1-3 are poorly crystalline; 
the Ni-rich nanoparticles 4-8 display diffraction patterns 
consistent with layered double hydroxide (LDH) structures. 
XRD data indicate minor contributions from Fe(O)OH;26 6 
also contained the crystalline spinel NiFe2O4,27 and Ti-based 
oxides were present in 7 and 8.  LDHs have the general for-
mula [M1−xM!x(OH)2](Am−)x/m•nH2O; the structures are 
comprised of sheets of [M1−xM!x(OH)2]x+ edge-shared octa-
hedra. Cationic charges arising from M!3+ in the sheets are 
balanced by intercalated hydrated anions (Am−).28-30  
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Table 1: Preparation conditions of catalysts 1 to 8 and 
concentrations of Fe with respect to total metal content. 

Cata-
lyst 

Solid 
target 

Added 
ions 

Ion con- 
centra-

tion (M) 

Pulse 
energy 
(mJ) 

Fe 
(% metal 

con-
tent)a 

1 Ni Fe 0.1 90 95 
2 Ni Fe 0.01 90 86 
3 Fe Ni 0.1 90 70 
4 Fe Ni 1.0 90 36 
5 Fe Ni 3.0 90 22 
6 Fe Ni 3.0 210 30 

7 Fe Ni 
Ti 

3.0 
0.015 210 23 

8 Fe 
Ni 
Ti 
La 

3.0 
0.015 
0.023 

210 29 

a Determined by XPS. 

X-ray photoelectron spectroscopy (XPS) was employed to 
obtain binding energies of Ni 2p and Fe 2p core levels in 1-8; 
these energies are indicative of Ni(OH)2 and (hydrous) iron 
oxides (SI). In addition, Mössbauer31,29 and x-ray 
absorption32-34 spectroscopic data indicate that Fe is incorpo-
rated as Fe3+ in place of Ni2+ in [Ni-Fe]-LDHs.  Two well-
resolved N 1s peaks appear in the XP spectra of nanoparticles 
4-8, with binding energies of 407.3 and 405.1 eV. The higher 
binding-energy feature (407.3 eV) is assigned to nitrate.35-40   
The 2.2 eV reduction in N 1s binding energy for the second 
feature could arise from nitrate in an unusual electronic envi-
ronment, although nitrogen in a lower oxidation state (e.g., 
NO2, NO2

–) cannot be ruled out. Infrared spectra are con-
sistent with the presence of a second type of NOx species 
(SI). Infrared and Raman data (SI) support the presence of 
intercalated nitrate anions in the LDH structure.41 On the 
basis of these data, the predominant crystalline material in 4-
8 can be assigned to the [Ni-Fe]-LDH 
[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O (Figure 1). 

Nanoparticle sizes were obtained from transmission elec-
tron micrographs (TEM), and crystalline domain sizes were 
determined by Scherrer analysis of XRD data.  Lateral sizes 
ranged from ~7 to 22 nm (Table S1).  Catalysts 1 to 5 con-
sisted of nanosheets, as expected for layered structures.  
Analysis of TEM and XRD data for 6 revealed that two types 
of nanoparticles were formed; smaller, more spherical (6.5 ± 
0.8) nm particles are attributed to the spinel NiFe2O4, and 
larger (13 ± 1) nm sheets are assigned to the LDH 
[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O. Also, differences in 
TEM contrast, shape, and size were found for 7 and 8 (SI).42  
Specific surface areas of catalysts 5 to 8 determined by 
Brunauer-Emmett-Teller (BET) measurements are in 
agreement with particle sizes derived from TEM data.  Cata-
lysts 6 to 8, which were synthesized at 210 mJ pulse energy, 
had similar BET surface areas (193±1 m2 g−1), whereas 5, 
prepared at 90 mJ/pulse, exhibited a slightly higher surface 
area (220 m2 g−1) (SI).43 

 
 Figure 1. Schematic structural representation of the [Ni-

Fe]-LDH [Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O. 
We assessed electrocatalytic oxygen-evolution activity in 1 

M aqueous KOH.44  Faradaic yields of oxygen evolution for 
5, 6 and 8 were all essentially 100%. Steady-state Tafel data 
were measured to obtain overpotentials; virtually identical 
mass loadings were used in all electrochemical experiments 
(all current densities are reported per geometric area). Im-
portantly, chronoamperometry data showed that the catalytic 
activity of nanoparticles 5-8 was maintained for more than 5 
hours (SI). 

The electrocatalytic activities of materials 1 to 5, synthe-
sized at virtually the same pulse energy, steadily increased 
with decreasing Fe content (Figure S13).  Catalyst 5 (22% Fe 
relative to total metal content) performed best in the [Ni-
Fe]-LDH materials, with an overpotential of 280 mV at 10 
mA cm−2.  Incorporation of less than 22% Fe relative to total 
metal content was limited by the solubility of Ni nitrate in 
the aqueous ablation liquid.  XRD data for 5, collected before 
and after 30 min of anodic polarization, confirmed that the 
crystallinity of the [Ni-Fe]-LDH material was retained (Fig-
ure S5).  The Fe content of our best performing catalyst is in 
agreement with Dai's report.34  It differs, however, from find-
ings for amorphous materials, which performed best with 
40% Fe.45 

We made catalyst 6 employing virtually the same precursor 
conditions as for 5, but with a pulse energy of 210 instead of 
90 mJ.  We have shown before with cobalt oxide that pulse 
energy can be used to control particle size.19  Varying pulse 
energy in the synthesis of more complex mixed-metal mate-
rials led to particles with different compositions (Figure 2).  
While 5 consisted mainly of crystalline [Ni-Fe]-LDH, 6 was 
mixed crystalline [Ni-Fe]-LDH/NiFe2O4.  Catalyst 6 showed 
inferior activity for water oxidation relative to 5, presumably 
because the active [Ni-Fe]-LDH was diluted by the spinel 
oxide. This finding suggests that crystalline 
[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O is the more active 
species in our materials for catalytic water oxidation. IR spec-
tra of 5 and 6 are consistent with 
[Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O with high interstitial 
water and nitrate content.46-48 The positions of peaks in the 
IR spectrum of catalyst 5 indicated the incorporation of Fe 
into the α-Ni(OH)2 lattice (SI).49  
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Figure 2. (a) Tafel plots of current density (j) as a function 

of electrode polarization potential (Ep) (red, 5; blue, 6; gray 
squares, Ni oxide electrodeposited according to ref. 50; gray 
circles, bare electrode), and a photograph of 5 and 6; (b) 
XRD data * [Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O, 
| NiFe2O4 spinel; (c) far-IR spectra (red, 5; blue, 6). 

The precise nature of the electrocatalytically active species 
in Fe–Ni–O catalysts has been much discussed.51,52,45,53 In 
work on crystalline Fe–Ni–O thin films, Boettcher suggested 
(Fe,Ni)(O)OH was the catalytically active phase.24,25  
Whereas Dai found that crystalline α-(Fe,Ni)(OH)2 had 
highest activity with an Fe:Ni ratio of 5:1, 34,54 Hu demon-
strated higher intrinsic activity of exfoliated LDHs with a 
nominal Fe:Ni ratio of 1:3.55 In other work of note, O'Hare 
demonstrated that NiTi layered double hydroxide nano-
sheets were effective visible-light-driven water oxidation pho-
tocatalysts with AgNO3 as sacrificial electron acceptor.56 

We found that addition of Lewis-acidic Ti4+ and La3+ ions 
to the ablation liquid improved catalytic activity relative to 
our most active [Fe-Ni]-LDH catalyst (5).  We synthesized 
catalysts 7 and 8 using virtually the same precursor condi-
tions as for 5, but with Ti4+ (7) or Ti4+ and La3+ (8) added to 
the ablation solution (Table 1).  XRD data revealed that both 
catalysts were primarily [Ni-Fe]-LDH materials (SI).  Oxides 
containing added elements were also present; TiO2 and 
Fe2TiO4 were found in 7, whereas crystalline Ni3TiO5 and 
La(Ni,Fe)O3 were detected in 8.  The spinel oxide NiFe2O4 
was absent from both 7 and 8.  XPS data showed that 8 con-
tained 1% La relative to total metal content.  Both catalysts 
were more active than LDHs 5 and 6, with 7 and 8 exhibiting 
the lowest overpotentials at 10 mA cm−2 of 270 and 260 mV, 
respectively (SI). 

 
Figure 3. (a) TOF vs. N405.1 eV/N407.3 eV (purple, neat Fe–

Ni-based catalysts; black, 7 and 8); (b) XPS data of catalysts 
4 to 8 (the gray dashed lines mark the N 1s binding energies 
(405.1 and 407.3 eV).  

Highly active, surfactant-free, mixed transition metal hy-
droxide water oxidation nanoparticle catalysts can be made 
by PLAL. We spectroscopically identified a crystalline [Ni-
Fe]-LDH as the catalytically most active material. We dis-
covered that turnover frequency (TOF) correlated with the 
ratio of two nitrogen species detected by XPS in the as-
synthesized catalysts (Figure 3). Addition of Ti4+ and La3+ 
ions further enhanced activity (reaching 10 mA cm−2 at an 
overpotential of 260 mV).  On a flat electrode, this is the 
lowest overpotential reported to date for mixed metal oxide 
catalysts.   

AS S OC IAT E D  C O N T E N T   

Supporting Information. General experimental conditions and 
apparatus; physical characterization; electrochemical characteri-
zation.  This material is available free of charge via the Internet 
at http://pubs.acs.org. 

AU T H O R  IN F O R M AT IO N  

C o rre sp o n d in g  A u th o r 
astridm@caltech.edu 

N o tes  
No competing financial interests have been declared. 

The authors’ institution (California Institute of Technology) 
has filed a provisional U.S. patent application directly relating to 
the work described in the manuscript (provisional patent appli-
cation no. 62/013,976; filed on June 18, 2014). 

A CK N OWL E D GM E N T   

We thank Richard Gerhart for fabrication of an electrochemical 
cell, Alasdair McDowall for help with TEM, and George 
Rossman for help with solid-state Raman and IR spectroscopies.  
Research was carried out in the Laser Resource Center and the 
Molecular Materials Research Center of the Beckman Institute 
of the California Institute of Technology. This work was sup-
ported by the NSF CCI Solar Fuels Program (CHE-1305124) 
and the Arnold and Mabel Beckman Foundation. 

188



 

R E F E R E N C E S  
 (1) Gray, H. B. Nature Chem. 2009, 1, 7. 
 (2) Lewis, N. S.; Nocera, D. G. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 

15729. 
 (3) Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, 

Q.; Santori, E. A.; Lewis, N. S. Chem. Rev. 2010, 110, 6446. 
 (4) McKone, J. R.; Lewis, N. S.; Gray, H. B. Chem. Mater. 2013, 26, 407. 
 (5) Trasatti, S. Electrochim. Acta 1984, 29, 1503. 
 (6) Man, I. C.; Su, H.-Y.; Calle-Vallejo, F.; Hansen, H. A.; Martínez, J. 

I.; Inoglu, N. G.; Kitchin, J.; Jaramillo, T. F.; Nørskov, J. K.; Rossmeisl, J. 
ChemCatChem 2011, 3, 1159. 

 (7) Gilbert, J. A.; Eggleston, D. S.; Murphy, W. R.; Geselowitz, D. A.; 
Gersten, S. W.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem. Soc. 1985, 107, 
3855. 

 (8) Limburg, J.; Brudvig, G. W.; Crabtree, R. H. J. Am. Chem. Soc. 1997, 
119, 2761. 

 (9) Ruettinger, W.; Yagi, M.; Wolf, K.; Bernasek, S.; Dismukes, G. C. J. 
Am. Chem. Soc. 2000, 122, 10353. 

 (10) Dau, H.; Limberg, C.; Reier, T.; Risch, M.; Roggan, S.; Strasser, P. 
ChemCatChem 2010, 2, 724. 

 (11) Yin, Q.; Tan, J. M.; Besson, C.; Geletii, Y. V.; Musaev, D. G.; 
Kuznetsov, A. E.; Luo, Z.; Hardcastle, K. I.; Hill, C. L. Science 2010, 328, 342. 

 (12) Wiechen, M.; Zaharieva, I.; Dau, H.; Kurz, P. Chem. Sci. 2012, 3, 
2330. 

 (13) Du, P.; Eisenberg, R. Energy Environ. Sci. 2012, 5, 6012. 
 (14) Singh, A.; Spiccia, L. Coord. Chem. Rev. 2013, 257, 2607. 
 (15) McCrory, C. C. L.; Jung, S.; Peters, J. C.; Jaramillo, T. F. J. Am. 

Chem. Soc. 2013, 135, 16977. 
 (16) Yang recently reported a highly active graphene FeNi double 

hydroxide hybrid on Ni foam working electrodes (Long, X.; Li, J.; Xiao, S.; 
Yan, K.; Wang, Z.; Chen, H.; Yang, S. Angew. Chem., Int. Ed. Engl. 2014, 53, 
7584), although the high porosity of the electrode substrate leads to a surface 
area enlargement, inflating current densities that were normalized to the 
geometric electrode area; this makes a performance comparison impossible. 

 (17) Gao, M.; Sheng, W.; Zhuang, Z.; Fang, Q.; Gu, S.; Jiang, J.; Yan, Y. J. 
Am. Chem. Soc. 2014, 136, 7077. 

 (18) Yang, G. W. Prog. Mater. Sci. 2007, 52, 648. 
 (19) Blakemore, J. D.; Gray, H. B.; Winkler, J. R.; Müller, A. M. ACS 

Catal. 2013, 3, 2497. 
 (20) Corrigan, D. A. J. Electrochem. Soc. 1987, 134, 377. 
 (21) Risch, M.; Klingan, K.; Heidkamp, J.; Ehrenberg, D.; Chernev, P.; 

Zaharieva, I.; Dau, H. Chem. Commun. 2011, 47, 11912. 
 (22) Li, X.; Walsh, F. C.; Pletcher, D. Phys. Chem. Chem. Phys. 2011, 13, 

1162. 
 (23) Lyons, M. E. G.; Cakara, A.; O'Brien, P.; Godwin, I.; Doyle, R. L. 

Int. J. Electrochem. Sci. 2012, 7, 11768. 
 (24) Trotochaud, L.; Ranney, J. K.; Williams, K. N.; Boettcher, S. W. J. 

Am. Chem. Soc. 2012, 134, 17253. 
 (25) Trotochaud, L.; Young, S. L.; Ranney, J. K.; Boettcher, S. W. J. Am. 

Chem. Soc. 2014, 136, 6744. 
 (26) Powder diffraction file no. 00-029-0713 (ICDD, 2012). 
 (27) Powder diffraction file no. 01-076-6119 (ICDD, 2012). 
 (28) Demourgues-Guerlou, L.; Fournès, L.; Delmas, C. J. Solid State 

Chem. 1995, 114, 6. 
 (29) Axmann, P.; Glemser, O. J. Alloys Compd. 1997, 246, 232. 

 (30) Trolard, F.; Bourrié, G. In Clay Minerals in Nature - Their 
Characterization, Modification and Application; Valaskova, M., Ed.; InTech: 
Ostrava, Czech Republic, 2012. 

 (31) Corrigan, D. A.; Conell, R. S.; Fierro, C. A.; Scherson, D. A. J. Phys. 
Chem. 1987, 91, 5009. 

 (32) Balasubramanian, M.; Melendres, C. A.; Mini, S. J. Phys. Chem. B 
2000, 104, 4300. 

 (33) Landon, J.; Demeter, E.; İnoğlu, N.; Keturakis, C.; Wachs, I. E.; 
Vasić, R.; Frenkel, A. I.; Kitchin, J. R. ACS Catal. 2012, 2, 1793. 

 (34) Gong, M.; Li, Y.; Wang, H.; Liang, Y.; Wu, J. Z.; Zhou, J.; Wang, J.; 
Regier, T.; Wei, F.; Dai, H. J. Am. Chem. Soc. 2013, 135, 8452. 

 (35) Wagner, C. D. R. W. M. D., L.E.;Moulder,J.F.;Mullenberg, G. E. 
Handbook of X-Ray Photoelectron Spectroscopy; Perkin-Elmer Corporation: 
Eden Prairie, MN, 1979. 

 (36) Bandis, C.; Scudiero, L.; Langford, S. C.; Dickinson, J. T. Surf. Sci. 
1999, 442, 413. 

 (37) Wei, M.; Xu, X.; Wang, X.; Li, F.; Zhang, H.; Lu, Y.; Pu, M.; Evans, 
D. G.; Duan, X. Eur. J. Inorg. Chem. 2006, 2006, 2831. 

 (38) Baltrusaitis, J.; Jayaweera, P. M.; Grassian, V. H. Phys. Chem. Chem. 
Phys. 2009, 11, 8295. 

 (39) Wang, X.; Deng, R.; Kulkarni, S. A.; Wang, X.; Pramana, S. S.; 
Wong, C. C.; Gratzel, M.; Uchida, S.; Mhaisalkar, S. G. J. Mater. Chem. A 
2013, 1, 4345. 

 (40) Nanayakkara, C. E.; Jayaweera, P. M.; Rubasinghege, G.; 
Baltrusaitis, J.; Grassian, V. H. J. Phys. Chem. A 2013, 118, 158. 

 (41) Frost, R. L.; Erickson, K. L.; Kloprogge, T. J. Spectrochim. Acta A 
2005, 61, 2919. 

 (42) Co-crystallization of several crystal phases cannot be excluded in 
such small size domains. 

 (43) We note that, strictly speaking, BET surface areas are not necessarily 
equivalent to electroactive surface areas. 

 (44) Pourbaix, M. Atlas of Electrochemical Equilibria in Aqueous Solutions; 
Pergamon Press: New York, 1966. 

 (45) Louie, M. W.; Bell, A. T. J. Am. Chem. Soc. 2013, 135, 12329. 
 (46) Oliva, P.; Leonardi, J.; Laurent, J. F.; Delmas, C.; Braconnier, J. J.; 

Figlarz, M.; Fievet, F.; Guibert, A. d. J. Power Sources 1982, 8, 229. 
 (47) Kermarec, M.; Carriat, J. Y.; Burattin, P.; Che, M.; Decarreau, A. J. 

Phys. Chem. 1994, 98, 12008. 
 (48) Hall, D. S.; Lockwood, D. J.; Poirier, S.; Bock, C.; MacDougall, B. R. 

J. Phys. Chem. A 2012, 116, 6771. 
 (49) Hannoyer, B.; Ristić, M.; Popović, S.; Musić, S.; Petit, F.; Foulon, 

B.; Dalipi, S. Mater. Chem. Phys. 1998, 55, 215. 
 (50) Dincă, M.; Surendranath, Y.; Nocera, D. G. Proc. Natl. Acad. Sci. U. 

S. A. 2010, 107, 10337. 
 (51) Bediako, D. K.; Lassalle-Kaiser, B.; Surendranath, Y.; Yano, J.; 

Yachandra, V. K.; Nocera, D. G. J. Am. Chem. Soc. 2012, 134, 6801. 
 (52) Smith, R. D. L.; Prévot, M. S.; Fagan, R. D.; Trudel, S.; Berlinguette, 

C. P. J. Am. Chem. Soc. 2013, 135, 11580. 
 (53) Chen, J. Y. C.; Miller, J. T.; Gerken, J. B.; Stahl, S. S. Energy Environ. 

Sci. 2014, 7, 1382. 
 (54) For a comparison of activities see Table S3. 
 (55) Song, F.; Hu, X. Nat. Commun. 2014, 5. 
 (56) Zhao, Y.; Li, B.; Wang, Q.; Gao, W.; Wang, C. J.; Wei, M.; Evans, D. 

G.; Duan, X.; O'Hare, D. Chem. Sci. 2014, 5, 951. 
 
  

189



 

 

5 

TOC graphic: 

 

 

190



!

The!Facile!Preparation!of!Aluminosilicate!RTH!Across!a!Wide!Com:
position!Range!Using!a!New!Organic!Structure!Directing!Agent!
Joel E. Schmidt, Mark A. Deimund and Mark E. Davis* 

Chemical Engineering, California Institute of Technology, Pasadena, CA 91125 
 

RTH-type zeolite (aluminosilicate) is a potentially useful catalytic material that is limited by the inability to easily prepare the mate-
rial over a wide composition range. Here, we report the use of pentamethylimidazolium to prepare aluminosilicate RTH across a 
wide range of compositions in both fluoride and hydroxide inorganic systems.  RTH-type zeolites are crystallized with a calcined 
product Si/Al of 7-27 from fluoride media and 6-59 from hydroxide media. The use of this new, simple organic structure directing 
agent that can be prepared in one step, allows for dramatic improvement in the compositional space where aluminosilicate RTH can 
be formed. RTH is tested as a catalyst for the methanol-to-olefins reaction, and at complete conversion shows a high propylene to 
ethylene ratio of 3.9 at a propylene selectivity of 43%. 

1.!Introduction!
Molecular sieves have diverse applications including cataly-

sis, ion exchange and adsorption, where their utility depends 
on the properties of each material, such as pore size, composi-
tion and hydrothermal stability.1–3 In many applications, there 
is only a single structure and composition to achieve optimal 
performance, motivating much of the research directed at cre-
ating new materials.4 Currently, most discovery of new mate-
rials is based on trial and error, although there are a growing 
number of guiding principles and advances in methodologies 
that attempt to computationally predict materials.5,6 One of the 
most important methods of discovery has been the use of or-
ganic structure directing agents (OSDAs), that are normally 
alkylammonium cations.  The use of OSDAs began with the 
work of Barrer and Denny to incorporate alkylammonium 
cations in reactions,7 and since that time, numerous mono-, di-, 
and polyquaternary OSDAs have been examined.8–18 OSDAs 
have been instrumental in the discovery of new frameworks, 
and they have also expanded the composition range for many 
materials, that has allowed for enhanced material properties, 
e.g., catalytic activity and stability.  

Recently, microporous materials with 8-membered rings 
(MRs, number of tetrahedral atoms in the ring) have received 
considerable interest as catalysts for the methanol-to-olefins 
reaction (MTO) and NOx reduction. MTO is of high economic 
demand due to the increasing price of petroleum feedstocks.19 
Many different frameworks have been considered for this ap-
plication, but microporous materials with 8MRs have been 
found to give good yields of olefins,20 and selecting materials 
with the right number and location of  acid sites can limit the 
formation of coke.20 SAPO-34 (CHA framework topology) 
has been commercialized for MTO, and shows good perfor-
mance with high selectivity to light olefins and a suppressed 
rate of coke formation.19,20 SSZ-13 (aluminosilicate CHA) is 
also promising for MTO, as its high silica to alumina ratio 
helps prevent the severe coking found on CHA with a lower 
silica to alumina ratio.20 One limitation of CHA type materials 
is the high cost of the OSDA used to prepare them.21 

A second, high-demand application of 8MR materials is for 
NOx reduction, as these small-pore materials exhibit long-term 
hydrothermal stability under demanding conditions.22 The 
CHA framework exchanged with either Cu2+ or Fe2+ is promis-

ing,23 and both Cu-SSZ-13 and Cu-SAPO-34 function well as 
catalysts for this reaction.24,25 In order to accommodate the 
charge of the copper, these materials generally have lower 
silica to alumina ratios (one Cu2+ requires two closely spaced 
aluminum atoms to balance the charge). As with the MTO 
reaction, limitations of using CHA type materials for NOx 
reduction include the high cost of the OSDA required to make 
these materials as well as catalyst lifetime. Another promising 
material for NOx reduction is SSZ-39 (AEI framework), that 
has a three-dimensional, 8MR system and shows superior ac-
tivity and hydrothermal stability to Cu-CHA, but is limited in 
that it can only be produced at very narrow Si/Al ratios.26 The 
results from SSZ-39 demonstrate that improvement is possible 
for NOx reduction applications with new, 8MR materials with 
specific Si/Al ratios. 

A promising zeolite type for the aforementioned catalytic 
applications is the RTH framework, a graphical representation 
of the structure can be found on the IZA website.27–31 RTH has 
8MRs with openings of 4.1 x 3.8 Å and 5.6 x 2.5 Å along the 
a and c axes, respectively, and a free volume of 408 Å3 
(smaller than that of CHA, 415 Å3).29 The geometry of the 
cages is different, as the largest sphere that can be occluded in 
the CHA framework is 7.37 Å in diameter while in RTH it is 
8.18 Å in diameter. As RTH has a unique framework struc-
ture, it may exhibit catalytic properties indicative of an 8MR 
system but with specific new attributes. RTH was first dis-
closed as a borosilicate (RUB-13) in 1995 using 1,2,2,6,6-
pentamethylpiperidine as the OSDA.23,32 The aluminosilicate 
version of this material (SSZ-50) was first reported in 2002 
(date of first publication, first patent application filed in 1999), 
and is made using the N-ethyl-N-methyl-5,7,7-
trimethylazoniumbicyclo[4.1.1]octane cation.28,33 This OSDA 
was found to be strongly directing to SSZ-50, as it directed its 
formation across a wide synthesis gel composition range. 
Small changes to the organic were found to alter the product 
selectivity, thus demonstrating the specificity of this organic 
for SSZ-50. It was reported that pure-phase SSZ-50 could be 
prepared in gel compositions ranging from Si/Al=15 all the 
way to the pure-silica material, but product compositions were 
not reported.15,28,34 Unfortunately, this organic is not commer-
cially available and must be prepared through an elaborate, 
multi-step synthesis, limiting the potential applications of 
SSZ-50 unless other preparation methods can be found.  
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Recently, methods to prepare RTH without an OSDA have 
been reported, and draw upon methods employed to find 
OSDA-free methods for other frameworks such as 
*BEA.29,30,35,36 It was reported that RTH could be synthesized 
without any organics by using RUB-13 as seeds and carefully 
controlling the amount of sodium hydroxide and water in the 
synthesis.29 Using this method, the product Si/Al ratio was 
limited to the range of 37 to 57.29,35 It was also found that a 
wide variety of amines could be used in the synthesis of alu-
minoborosilicate RTH to give products with Si/Al=48-259 and 
Si/B=18-66.35 The catalytic activity of aluminosilicate RTH 
prepared without OSDAs (TTZ-1) was evaluated for the MTO 
reaction, and it showed a higher selectivity to propylene than 
SAPO-34 or ZSM-5, as well as a longer catalyst lifetime.29 
While these OSDA-free methods do show promise for the 
production of aluminosilicate RTH, they suffer from a limited 
composition range. The relatively high Si/Al values reported 
for OSDA-free RTH are unusual for organic free syntheses 
and are higher than those generally used for MTO and NOx 
reduction.  

In order to fully evaluate the catalytic potential of RTH, a 
method to easily produce this material across a wide composi-
tion range with an OSDA that is easy to prepare (if an OSDA 
is necessary) is needed. Recently, we have been exploring 
substituted imidazoles in fluoride-mediated, low-water sys-
tems (pioneered by Corma and Camblor).14,15,17 While several 
substituted imidazoles have been previously evaluated, there 
are many permutations of carbon atoms around the imidazole 
ring that remain to be explored, as well as their combinations 
with different inorganic conditions. In particular, we have 
been investigating fluoride-mediated syntheses of aluminosili-
cates in order to produce materials with catalytic activity. In 
some known synthetic systems, it is possible to add aluminum 
to obtain catalytically active materials, though a change in 
zeolite product selectivity can sometimes be observed.37–39 We 
recently reported using a computational method to predict 
chemically synthesizable OSDAs for desired microporous 
material frameworks, and used pure-silica STW (HPM-1) as 
the test case for this method.40 Pentamethylimidazolium was 
predicted to be the most strongly directing OSDA for STW, 
and this was confirmed experimentally. In attempting to pre-
pare aluminosilicate STW in fluoride media, we found that the 
RTH framework formed instead. Here, we use this ODSA for 
the preparation and characterization of aluminosilicate RTH 
(in both fluoride and hydroxide mediated syntheses) that has a 
wide composition range. Included in the product characteriza-
tions are results from MTO reaction testing. 

2.!Experimental!Section!

2.1!Synthesis!!

OSDA Synthesis 
Pentamethylimidazolium was synthesized by dissolving 

1,2,4,5-tetramethylimidazole (TCI Chemicals) in methanol 
and then cooling in a dry ice bath. A three-fold molar excess 
of iodomethane (Aldrich) was then slowly added (Caution: 
Highly exothermic reaction!), and the mixture was then slowly 
warmed to room temperature and stirred for one day. The sol-
vent and excess iodomethane were then removed using rotary 
evaporation (Caution: Highly toxic vapors present, use appro-
priate precautions), and the product was recrystallized from 
acetone and washed with ether. The structure was verified 

using 1H and 13C NMR (D2O, methanol added as internal 
standard) and the product was converted from the iodide to the 
hydroxide form using hydroxide exchange resin (Dowex Mar-
athon A, hydroxide form) in water, and the product was titrat-
ed using a Mettler-Toledo DL22 autotitror using 0.01 M HCl 
as the titrant. 1H-NMR (500 MHz, D2O): δ 3.60 (s, 6H), 2.54 
(s, 3H), 2.20 (s, 6H). 13C-NMR (125 MHz, D2O): δ 7.99, 9.76, 
31.58, 125.42, 142.21.  

Microporous Materials Synthesis 
Fluoride mediated reactions 
A general synthesis procedure was as follows. Tetraethylor-

thosilicate (Aldrich) and aluminum isopropoxide (Aldrich) 
were added to the organic in its hydroxide form in a Teflon 
Parr reactor liner. The container was closed and stirred for at 
least 12 hours to allow for complete hydrolysis. The lid was 
then removed, and the alcohol and appropriate amount of wa-
ter were allowed to evaporate under a stream of air. Composi-
tion was monitored gravimetrically. Additional water was 
added as necessary, and then aqueous HF (Aldrich) was added 
and the mixture was stirred by hand until a homogenous gel 
was obtained. (Caution: Use appropriate personal protective 
equipment, ventilation and other safety measures when work-
ing with HF.) The final molar ratios of the gel were:  

(1-x)SiO2:xAl:0.5ROH:0.5HF:yH2O.  
The parameters x and y were varied depending on the syn-

thesis and the desired composition. For low water syntheses, a 
final evaporation step was used after the addition of HF to 
reach the desired water ratio. The Teflon-lined Parr reactor 
was sealed and placed in a rotating oven at 160°C. Aliquots of 
the material were taken periodically by first quenching the 
reactor in water and then removing enough material for pow-
der X-ray diffraction (PXRD). 

Hydroxide Mediated Syntheses 
For the hydroxide syntheses, several variations on gel Si/Al 

as well as the sources of silica and alumina were used. Specif-
ic synthesis preparations are below. For all hydroxide reac-
tions, seeds were added after 1 day at reaction temperature, 
once a decrease in pH was observed. Normally seeds were 
added as a homogeneous aliquot of the contents of a previous, 
completed reaction (less than 0.3 mL) as these were found to 
be more active than seeds that had been washed. The use of 
seeds was found to speed the formation of RTH and to help 
avoid the formation of dense phases, but this influence was not 
extensively investigated. Aliquots were taken periodically, and 
crystallization was monitored by both PXRD and pH, as an 
increase in pH was generally observed when the product crys-
tallized. After the product crystallized, the material was 
washed with DI water and then collected via centrifugation. 
This process was repeated at least three times, and a final wash 
was performed using acetone. The product was dried at 100°C 
in air. 

Sodium aluminate (or Reheiss F-2000) and Ludox AS-40 
(or Cabosil) 

The OSDA in its hydroxide form, sodium hydroxide (if nec-
essary), any necessary water and sodium aluminate (Pfaltz & 
Bauer) were combined in a Teflon Parr reactor liner and 
stirred until the sodium aluminate completely dissolved. Lu-
dox AS-40 (Aldrich) was then added and stirred until a ho-
mogenous gel was obtained. In sodium-free syntheses, Reheiss 
F-2000 (55wt% Al2O3) was used as the source of aluminum 

192



 

instead of sodium aluminate, and Cabosil M-5 was used in-
stead of Ludox AS-40. The gel pH was measured, and then the 
Teflon-lined Parr reactor was placed in a rotating oven at 
160°C.  

Si/Al=15 (NH4-Y and Sodium Silicate) 
Following the method of Wagner et al.41 2 mmol of OSDA 

was mixed with 0.20 g of 1 M NaOH, and water was added to 
give a total mass of 6 g. Then 2.5 grams of sodium silicate 
(PQ Corporation, 28.6wt% SiO2 and 8.9wt% Na2O) was added 
to the mixture and finally 0.25 g of NH4-Y (Zeolyst CBV 500, 
Si/Al=2.55) was added. The solution was heated at 140°C in a 
rotating oven. 

Si/Al=15 (CBV 720) 
3 mmol of OSDA was mixed with 1 g of 1 M NaOH and 

water was added to bring the total mass to 7 g. Then 1 g of 
CBV 720 (Zeolyst, Si/Al=15) was added. The solution was 
heated at 175°C in a rotating oven. 

Si/Al=30 (CBV 760) 
3 mmol of OSDA was mixed with 1 g of 1 M NaOH and 

water was added to bring the total mass to 7 g. Then 1 g of 
CBV 760 (Zeolyst. Si/Al=30) was added. The solution was 
heated at 175°C in a rotating oven. 

SSZ-13 Synthesis 
SSZ-13 was synthesized using a standard method.42 In a 

typical preparation, 3.33 g of 1 M NaOH was mixed with 2.81 
g of N,N,N-trimethyl-1-adamantammonium hydroxide (Sa-
chem, 1.18 mmol OH/g) and 6.62 g of water. Then 0.077 g of 
Reheiss F-2000 (55wt% Al2O3) was added and stirred until the 
solution cleared. Finally, 1.00 g of Cabosil M-5 was added and 
stirred until a homogeneous solution was obtained. The solu-
tion was heated at 160°C in a rotating oven for approximately 
6 days.  

SAPO-34 Synthesis 
SAPO-34 was prepared from the following gel composition: 

0.5(TEA)2O:1.5Pr2NH:0.6SiO2:1Al2O3:1P2O5 :70H2O. In a 
typical preparation, 11.5 g of 85 wt% phosphoric acid were 
dissolved in 4.35 g of water and stirred for 5 minutes. Then 
6.875 g of Catapal B alumina were added to 20 g of water and 
stirred for 10 minutes. The mixtures were then slowly com-
bined and stirred for 1 hour at room temperature. Next 4.48 g 
of Ludox HS-40 was added and stirred by hand until a homog-
enous gel was obtained. Then 20.8 g of 35 wt% TEAOH and 
7.61 g of dipropylamine were added and the gel was homoge-
nized by manual stirring. Then the gel was stirred at room 
temperature for 2 hours. Finally, the gel was added to a Tef-
lon-lined Parr reactor and heated at 200°C without stirring for 
24 hours.  

Calcination 
All products were calcined in breathing grade air. The mate-

rial was heated to 150°C at 1°C/min, held for three hours, then 
heated to 580°C at 1°C/min and held for six hours to assure 
complete combustion of the organic.  

2.2!Characterization!!
The 13C CP-MAS NMR spectra were recorded using a 

Bruker Avance 200 MHz spectrometer with a 7 mm rotor at a 
spinning rate of 4 kHz and were conducted in a 4.7 T magnetic 
field, corresponding to Larmor frequencies of 200 MHz and 
50.29 MHz for 1H and 13C respectively. The 13C spectra are 
referenced to adamantane as a secondary external standard 

relative to tetramethylsilane. The 27Al MAS NMR were rec-
orded using a Bruker AM 300 MHz spectrometer with a 4 mm 
rotor at a spinning rate of 8 kHz, and were conducted in a 
7.0 T magnetic field corresponding to a Larmor frequency of 
78.172 MHz. The 27Al spectra are referenced to 1.1 M 
Al(NO3)3 as an external standard. All argon adsorption iso-
therms were performed at 87.45 K using a Quantachrome Au-
tosorb iQ and were conducted using a quasi-equilibrium, vol-
umetric technique.43 All powder X-ray diffraction (PXRD) 
characterization was conducted on a Rigaku MiniFlex II with 
Cu Kα radiation. SEM images were acquired on a ZEISS 1550 
VP FESEM, equipped with in-lens SE. EDS spectra were ac-
quired with an Oxford X-Max SDD X-ray Energy Dispersive 
Spectrometer system. 

2.3!Reaction!Testing!

!!!!!Prior to reaction testing, all materials were calcined as de-
scribed in section 2.1. After calcination they were exchanged 
to ammonium form using 1 M NH4NO3 (100 mL of solution 
per gram of catalyst) at 95°C with stirring for three hours, this 
was done a total of three times per sample. After ammonium 
exchange the materials were washed with water and dried and 
then calcined using the method in section 2.1. The calcined 
materials were then pelletized, crushed, and sieved. Particles 
between 0.6 mm and 0.18 mm were supported between glass 
wool beds in an Autoclave Engineers BTRS, Jr. SS-316 tubu-
lar, continuous flow reactor.!

All catalysts were dried at 150°C in situ in a 30 cm3/min 
flow of 5% Ar/95% He for 4 h prior to the reaction. The reac-
tions were conducted at 400°C in a 10% methanol/inert flow. 
Methanol was introduced via a liquid syringe pump at 
5.4 µL/min, into a gas stream of the inert blend at 30 cm3/min. 
The reactant flow had a weight hourly space velocity of 1.3 
h−1. In a typical run, 200 mg of dry catalyst was loaded. Efflu-
ent gases were evaluated using an on-stream GC/ MS (Agilent 
GC 6890/MSD5793N) with a Plot-Q capillary column in-
stalled. Conversions and selectivities were computed on a 
carbon mole basis. Catalyst regeneration between reaction 
tests was done in-situ by exposing the catalyst to breathing 
grade air at reaction temperature, ramping to 580°C at 
1°C/min, holding at 580°C for 6 hours, and then cooling to 
reaction temperature.!

3.!Results!and!Discussions!

3.1!Fluoride:Mediated!Reactions!
We recently reported a computational method to construct 

chemically synthesizable OSDAs for desired frameworks that 
successfully identified pentamethylimidazolium as an OSDA 
for producing pure-silica STW.40 After the successful synthe-
sis of pure-silica STW using this OSDA, fluoride-mediated 
aluminosilicate reactions were then conducted with pentame-
thylimidazolium. These reactions produced aluminosilicate 
RTH (SSZ-50). This is the first report of aluminosilicate RTH 
produced in fluoride media (Zones and co-workers reported 
pure-silica RTH in fluoride media15). This result highlights the 
influence that small amounts of aluminum can have on low-
water, fluoride-mediated syntheses.39 

A representative PXRD of the calcined material produced in 
fluoride media (sample F3) is shown in the upper diffraction 
pattern in Figure 1, and a summary of all synthetic results is 
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presented in Table 1. The fluoride method was able to produce 
RTH across a wide range of compositions, but at the highest 
Si/Al ratios tested, STW appeared as a competitive phase 
(sample F9). This phase competition is an expected result 
based on work using pentamethylimidazolium to make pure-
silica STW.40 A representative SEM of the material produced 
in the fluoride method is shown in Figure 2a (sample F4). The 
crystal size and morphology are consistent with pure-silica 
RTH produced in fluoride media,15 and the large crystal size is 
what is generally observed for low-water, fluoride-mediated 
syntheses. It was determined that pentamethylimidazolium, 
and not a decomposition product, led to the formation of alu-
minosilicate RTH using 13C CP-MAS NMR, and the spectrum 
compared to the 13C liquid NMR of pentamethylimidazolium 
is shown in Figure 3. In order to determine the coordination of 
the aluminum in the material, 27Al MAS NMR was performed 
on the calcined sample containing the highest amount of alu-
minum (sample F2), and the spectrum is shown in  Figure 4. 
The single resonance in this sample at 54 ppm is consistent 
with tetrahedrally coordinated aluminum, and there is no evi-
dence of octahedrally coordinated aluminum, normally found 
around 0 ppm. 

 
Figure 1. Calcined aluminosilicate RTH prepared in fluoride (up-
per, sample F3) and hydroxide media (lower, sample H4). 

Table 1. Synthesis of RTH in fluoride media 

Gel 
Si/Al 

Product 
Si/Ala 

Gel 
H2O/SiO2 

Time 
(days) 

Sample 

5 -- 7 No 
product 

F1 

10 7 7 29 F2 
15 10 14 46 F3 
20 16 14 22 F4 
20 18 4 10 F5 
33 22 14 20 F6 
40 26 14 17 F7 
50 27 14 20 F8 
150 STW impuri-

ty 
7 7 F9 

aReported Si/Al is of calcined material  

  
Figure 2. SEM images: (a) Calcined RTH prepared in fluoride 
media (sample F4), (b) calcined RTH synthesized in hydroxide 
media with sodium (sample H4), (c) calcined RTH synthesized in 
hydroxide media without sodium (sample H5). 
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Figure 3. 13C NMR of pentamethylimidazolium in D2O with 
methanol standard (lower), 13C CP-MAS NMR of as-made RTH 
prepared in hydroxide media (middle, sample H4) and 13C CP-
MAS NMR of as-made RTH prepared in fluoride media (upper, 
sample F4). 

 
 Figure 4. 27Al MAS NMR of low silica RTH synthesized in hy-
droxide media (lower, sample H1) and prepared in fluoride media 
(upper, sample F2). The single resonance is at 54 ppm. 

3.2!Hydroxide:Mediated!Reactions!
The success of using pentamethylimidazolium in fluoride-

mediated reactions to produce aluminosilicate RTH led us to 
work in hydroxide-mediated reactions as well, with seeds of 
RTH added to promote its formation. The results of the syn-
theses are shown in Table 2. In general, these syntheses were 
found to be sensitive to reaction time and temperature, and 
required careful monitoring to avoid the formation of dense 
phases. Seeds of RTH were added to all reactions to promote 
the formation of RTH, but the exact influence of the seeds was 
not extensively investigated. A representative PXRD of the 
calcined material produced in hydroxide media is shown in the 

lower diffraction pattern in Figure 1. The crystal sizes of the 
products were generally much smaller in hydroxide syntheses 
than in the fluoride syntheses, as is shown in Figure 2. The 
smaller crystal sizes observed under these conditions are con-
sistent with what is generally reported in hydroxide syntheses. 
It is interesting to note that the aggregation appeared to be 
different in reactions where no sodium was present compared 
to those with sodium present (Figure 2). 13C CP-MAS NMR 
showed that pentamethylimidazolium was also occluded intact 
in the material prepared in hydroxide media (Figure 3). 27Al 
MAS NMR was used to characterize the sample containing the 
largest amount of aluminum (sample H1), as was done in the 
fluoride-mediated case, and is shown in Figure 4. There is a 
single resonance at 54 ppm corresponding to tetrahedrally 
coordinated aluminum and no evidence of any significant 
amount of octahedral aluminum. An argon adsorption iso-
therm for sample H4 is shown in Figure 5, and the micropore 
volume was calculated to be 0.16 cm3/g (t-plot method). The 
EDS analyses of the materials synthesized in hydroxide media 
are given in Table 2, and the results show that RTH can be 
crystallized across a wide range of compositions from Si/Al of 
6 to 59 in the calcined product (a large expansion over previ-
ously reported results). Of significant interest are the low-
silica syntheses (the lowest product found was Si/Al=6, sam-
ple H1), much lower than any other reported compositions. 

 
Table 2. Synthesis results in hydroxide media 

Gel 
Si/Al 

Product 
Si/Ala 

Gel 
Na/Si 

Gel 
ROH
/Si 

Gel 
H2O/S
i 

Time 
(days) 

Sam
ple 

5b 6 0.16 0.16 30 10 H1 
10b 9 0.16 0.16 30 10 H2 
15c 9    9 H3 
15b 14 0.16 0.16 30 10 H4 
15d 15  0.32 30 15 H5 
15e 17    10 H6 
20b 20 0.16 0.16 30 12 H7 
30f 29    13 H8 
50b 45 0.10 0.20 30 9 H9 
75b 59 0.10 0.20 30 9 H10 
aReported Si/Al is of calcined material. 
bMade with Ludox AS-40 and sodium aluminate 
cMade with NH4-Y and sodium silicate 
dMade using Cabosil M-5 and Reheiss F-2000 
eMade using CBV 720 as only source of Si and Al 
fMade using CBV 760 as only source of Si and Al 
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Figure 5. Argon isotherm for aluminosilicate RTH prepared in 
hydroxide media with product Si/Al=14 (sample H4). 

3.3! Comparisons! between! Materials! Prepared! from!
Fluoride!and!Hydroxide!Media!

Pentamethylimidazolium was successful in preparing alu-
minosilicate RTH in both fluoride and hydroxide mediated 
syntheses. The size and morphology of the RTH crystals are 
very different between the two synthetic methods, and this 
could lead to differences in catalyst activity and lifetime. The 
product composition ranges produced using pentamethylimid-
azolium are much wider than the previously reported results.  
The ability to vary the composition of the material will likely 
be important for specific applications. NOx reduction generally 
requires lower Si/Al ratios than MTO reactions, so the ability 
of pentamethylimidazolium to produce RTH across such a 
wide composition space is important. Using the OSDA-free 
methods, the lowest Si/Al ratio reported is 37, and in the re-
sults reported by Zones and co-workers, the synthesis using 
the largest amount of aluminum resulted in ANA as a phase 
impurity, so the current method is a significant improvement 
over the known methods. 

3.4!Reaction!Testing!

The catalytic activity of RTH for the MTO reaction was 
evaluated using three different samples of RTH prepared in 
hydroxide media at different Si/Al ratios, and the results were 
compared to samples of SSZ-13 and SAPO-34. The samples 
of RTH tested were prepared using the CBV 720, CBV 760 
and the sodium aluminate and Ludox synthesis routes, with 
product Si/Al values of 17, 29 and 59, respectively (samples 
H6, H8, H10). The sample of SSZ-13 had a product Si/Al of 
19. The MTO reaction data for the RTH materials is given in 
Figure 6, the data for SSZ-13 and SAPO-34 are given in Fig-
ures S1 and S2, respectively. 

The propylene to ethylene ratio is much higher for RTH 
than SSZ-13 or SAPO-34. In sample H6 with Si/Al=17, the 
maximum propylene to ethylene selectivity ratio observed was 
3.6 at 96 minutes on stream. For sample H8 with Si/Al=29, the 
maximum propylene to ethylene selectivity ratio observed was 
3.9 at 96 minutes on stream. For sample H10 with Si/Al=59, 
the maximum propylene to ethylene selectivity ratio observed 
was 3.6 between 25 and 41 minutes on stream. These selectivi-
ty ratios are much higher than those observed with SSZ-13 or 
SAPO-34, where the maximum propylene to ethylene ratios 
are 1.7 at 96 minutes on stream and 1.3 across several time 
points, respectively (Figure S1 and Figure S2). This result 

shows that RTH would be a superior catalyst in applications 
where a higher propylene to ethylene ratio is desired.  

The selectivity towards butene is also higher for RTH than 
for SSZ-13 or SAPO-34. The maximum selectivities to butene 
for the RTH samples were 0.22, 0.27 and 0.25 for the samples 
with Si/Al=17, 29 and 59, respectively (H6, H8, H10). The 
highest selectivity observed for SSZ-13 was 0.15 and for 
SAPO-34 was 0.17 (Figure S1 and S2). 

     

 

  

!
Figure 6. MTO reactivity data for (from top to bottom): RTH with 
Si/Al=17 (sample H6), RTH with Si/Al=29 (sample H8), RTH 
with Si/Al=59 (sample H10). 

With the RTH samples, one of the main differences between 
the samples was the selectivity to C1-C4 saturates (mainly pro-
pane). The maximum selectivity for each sample occurred at 
the first time point, and the values were 0.39, 0.28 and 0.19 for 
the samples with Si/Al=17, 29 and 59, respectively (samples 
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H6, H8, H10). It was also observed that time on stream with 
complete methanol conversion decreased with increasing Si/Al 
ratios. We are currently investigating the origins of these phe-
nomena. 

When comparing RTH to SSZ-13 or SAPO-34, one of the 
main differences observed is the time on stream until the cata-
lyst deactivates. In all the RTH samples, this was significantly 
less than it was for either SSZ-13 (Figure S1) or SAPO-34 
(Figure S2). However, an industrial scale MTO reaction will 
likely be run in a fluidized-bed reactor, which allows continu-
ous regeneration of the catalyst.44 This will allow a system to 
be operated at any time point along a fixed bed reactor profile, 
assuming the catalyst can be regenerated. To this end, the abil-
ity of RTH to be regenerated was tested by running the 
Si/Al=17 material (sample H6) for three consecutive MTO 
reaction runs with regeneration between each run, and the 
results are given in the supporting information, Figures S3 
through S5. There are some small differences between the 
fresh catalyst (Figure S3) and first regeneration of the catalyst 
(Figure S4), but the MTO reaction behavior is similar between 
the first regeneration (Figure S4) and second regeneration 
(Figure S5) of the material. The regeneration experiment 
demonstrates that RTH would be suitable for use in fluidized 
bed systems as it can maintain its activity across multiple re-
generation cycles.  

4.!Conclusions!
Pentamethylimidazolium can be easily synthesized from 

commercially available 1,2,4,5-tetramethylimidazole, and is 
used to form aluminosilicate RTH in both fluoride and hy-
droxide-containing syntheses across a wide range of composi-
tions. The flexibility of product composition and relative ease 
of preparing the OSDA may open new opportunities for eval-
uating the potential of RTH in applications such as MTO, NOx 
reduction and other catalytic uses. When tested for the MTO 
reaction, RTH shows a higher propylene to ethylene ratio, as 
well as a higher selectivity towards butene compared to SSZ-
13.  
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Figure S1.  SSZ-13 with Si/Al=19 
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Figure S2. SAPO-34 

 

Figure S3. Fresh Si/Al=17 RTH (sample H6) 
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Figure S4. Si/Al=17 RTH regenerated one time (sample H6)

 

Figure S5. Si/Al=17 RTH regenerated two times (sample H6) 
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Synthesis of RTH-type Zeolites Using a Diverse Library of 

Imidazolium Cations 
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2Chevron Energy Technology Company, Richmond, CA 94802, USA 
 

RTH-type zeolites are promising catalytic materials for applications that include the important methanol-to-olefins (MTO) and 
NOX reduction reactions. Here, RTH-type zeolites are prepared using a wide-range of imidazolium-based, cationic organic struc-
ture directing agents (OSDAs), that greatly expand the methodologies and compositions that can be used to synthesize these materi-
als. The abilities of the OSDAs to produce RTH-type zeolites agree well with results from molecular modeling studies of predicted 
stabilization energies of the OSDAs in the RTH framework. The RTH-type zeolites are stable to steaming up to 900°C, and are 
shown to be active MTO catalysts.                 

1. Introduction 
It is estimated that over 90% of chemical processes use a cata-
lyst, with 80% being a heterogeneous catalyst, amounting to a 
global demand of $15 to $20 billion per year.1 Microporous 
materials (pores less than 2 nm) are an important type of het-
erogeneous catalyst, as they offer shape and size selective 
environments for catalysis to occur. Additionally, they often 
exhibit robust hydrothermal stability that allows them to be 
used under demanding process conditions, such as fluidized 
catalytic cracking or NOX reduction in exhaust streams. Syn-
thetic zeolites are produced on a scale 1.7-2 million metric 
tons per year, and their use as catalysts comprises 27% of the 
world market for zeolites.2 As the cost of the catalyst is esti-
mated to be only 0.1% of the cost of the final product, the 
demand to innovate in this area remains high.1  

There currently exist over 200 known microporous 
material frameworks, but of these, less than 20 have been 
commercialized, and the market is dominated by only five 
major frameworks.2,3 The motivation to develop new materials 
is strong as there normally is only a single structure and com-
position for satisfactory performance in a given application.4 
Much of the discovery of new frameworks and compositions 
in recent years has resulted from the use of organic structure 
directing agents (OSDAs), that are normally alkylammonium 
cations. While OSDAs have led to many new materials, their 
cost contributes a significant portion of the material cost, that 
often cannot be recovered as they are generally removed using 
combustion.3,5,6 In some systems, it is possible to partially 
replace high cost OSDAs with cheaper organics, such as with 
SSZ-13, where it has been  shown that over 80% of the expen-
sive trimethyl-N-1-Adamantammonium hydroxide OSDA can 
be replaced with the much cheaper benzyltrimethylammonium 
hydroxide.3 Alternatively, methods to synthesize the materials 
in the absence of OSDAs are being explored. However, this 
route can often lead to limited product compositions, and does 
not eliminate processing steps such as ion exchange and calci-
nation.7 Therefore, an attractive route to lower OSDA costs is 
to find simpler OSDAs to synthesize desired materials. 
 We have recently reported on a method to synthesize 
aluminosilicate RTH8 (SSZ-50) across a wide compositional 
range using a simple OSDA, pentamethylimidazolium.9 Prior 
to this discovery, SSZ-50 was prepared using a difficult to 

produce OSDA (Figure 1) requiring an elaborate, multi-step 
synthesis or by OSDA free methods that only reported the 
material over a very limited compositional range.10–13 RTH 
has a 2-dimensional system of 8-membered ring (8MR) pores, 
leading to larger cages. It shows good activity for the metha-
nol-to-olefins reaction (MTO) and has also been proposed as a 
material for catalytic NOX reduction.9  

 
Figure 1. Original OSDA reported to synthesize aluminosili-
cate RTH (SSZ-50). 
 

Here, we show that RTH-type zeolites can be pro-
duced by a wide range of substituted imidazolium OSDAs. 
The general structure directing ability of these OSDAs agrees 
well with the molecular modelling predictions. This study was 
prompted by our recent work in which we screened a number 
of imidazoliums to make pure-silica STW.14 We found with 
many of these OSDAs, that the addition of aluminum to fluo-
ride-mediated systems caused RTH to form instead of STW. 
These results are not trivial, as in the original work to produce 
SSZ-50, modifying the OSDA by a single carbon atom led to a 
change in product.10 Additionally, the hydrothermal stability 
of the RTH materials is evaluated and the zeolites are found to 
be stable under severe hydrothermal conditions and maintain 
good catalytic activity (MTO). 

2. Experimental Section 

2.1 OSDA Synthesis  
Two different types of reactions were used to produce the im-
idazolium OSDAs in this work. Specific details including re-
action types and product characterizations for each OSDA can 
be found in  
Table 1. 
Reaction type 1: The parent imidazole was dissolved in meth-
anol and then cooled in a dry ice/acetone bath. Then a three-
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fold molar excess of methyl iodide was slowly added. (Cau-
tion: These reactions can be highly exothermic, use appropri-

ate precautions.) The mixture was then allowed to slowly 
warm to room 

 

Table 1. Characterization of imidazolium cations. 

Organic Parent Imidazole Supplier Reaction Type 13C NMR δ (ppm) 

1 N-methylimidazole Aldrich 1 36.32, 123.76, 136.86 

2 1,2-Dimethylimidazole Aldrich 1 8.52, 34.48, 121.64, 144.63 

3 4-methylimidazole Aldrich 2 8.52, 33.37, 35.87, 120.37, 132.33, 135.86 

4 2-ethylimidazole Aldrich 2 9.92, 16.59, 34.71, 122.07, 148.16 

5 2,4-dimethylimidazole Synquest 2 8.62, 9.38, 31.46, 34.36, 118.64, 130.14, 143.89 

6 2-ethyl-4-methylimidazole Aldrich 2 8.80, 10.17, 16.93, 31.52, 34.36, 118.83, 120.23, 
130.23, 147.32 

7 2-isopropylimidazole TCI 2 17.55, 24.79, 35.68, 122.65, 149.69 

8 1,2,4,5-tetramethylimidazole TCI 1 7.99, 9.76, 31.58, 125.42, 142.21 
temperature and finally refluxed overnight. After cooling, the 
solvent and excess methyl iodide were removed using rotary 
evaporation (Caution: Highly toxic vapors present, use appro-
priate precautions), and the product was recrystallized from 
acetone and washed with ether.  

Reaction type 2: The parent imidazole was dissolved 
in chloroform and then a two-fold molar excess of potassium 
carbonate was added. The mixture was cooled in a dry 
ice/acetone bath and then a two-fold molar excess of methyl 
iodide was slowly added. (Caution: These reactions can be 
highly exothermic, use appropriate precautions.) The mixture 
was then allowed to slowly warm to room temperature and 
finally refluxed overnight. After cooling to room temperature 
the potassium carbonate was filtered, and the solids were 
rinsed with extra chloroform to recover all the product. Then 
the solvent and excess methyl iodide were removed using rota-
ry evaporation (Caution: Highly toxic vapors present, use ap-
propriate precautions), and the product was recrystallized from 
acetone and washed with ether. 

In both types of reactions the structure was verified 
using 13C NMR in D2O with methanol added as an internal 
standard. The products were then converted from iodide to 
hydroxide form using hydroxide exchange resin (Dowex Mar-
athon A, hydroxide form) in water, and the product was titrat-
ed using a Mettler-Toledo DL22 autotitrator using 0.01 M HCl 
as the titrant. 

 

2.2 Microporous Materials Synthesis 
2.2.1 Characterization 

A general synthesis procedure for the microporous materials 
can be found below. In all situations the samples were spun at 
43 rpm in a rotating oven. The 27Al MAS NMR were recorded 
using a Bruker AM 300 MHz spectrometer with a 4 mm rotor 
at a spinning rate of 8 kHz, and were conducted in a 7.0 T 
magnetic field corresponding to a Larmor frequency of 78.172 
MHz. The 27Al spectra are referenced to 1.1 M Al(NO3)3 as an 
external standard. Prior to 27Al NMR analysis, the samples 
were hydrated by placing them in a desiccator containing a 
saturated aqueous salt solution. All powder X-ray diffraction 
(PXRD) characterization was conducted on a Rigaku MiniFlex 
II with Cu Kα radiation. Nitrogen adsorption isotherms were 

performed on a Quantachrome Autosorb iQ at 77 K. Mi-
cropore volume was determined using the t-plot method. 
Scanning electron microscope (SEM) images were acquired 
on a ZEISS 1550 VP FESEM, equipped with in-lens SE. EDS 
spectra were acquired with an Oxford X-Max SDD X-ray En-
ergy Dispersive Spectrometer system. 
 
For all microporous material syntheses, aliquots of the materi-
al were taken periodically (generally every 3-4 days) by first 
quenching the reactor in water and then removing enough 
material for PXRD. Syntheses were considered to be finished 
when a crystalline product was observed via PXRD and the 
broad peak indicative of amorphous material, between 20 and 
30° 2θ, had disappeared. If incomplete crystallization or no 
crystalline product was observed in PXRD, the syntheses were 
replaced in the oven. For all syntheses that produced RTH, 
representative synthesis times are included in Table 2. As 
some variation in synthesis times is generally observed in zeo-
lite synthesis, all samples were evaluated using PXRD to de-
termine completion. 
 

2.2.2 Fluoride-mediated reactions 
Tetraethylorthosilicate (TEOS) and aluminum isopropoxide (if 
necessary) were added to the OSDA in its hydroxide form in a 
Teflon Parr Reactor. The container was closed and stirred 
overnight to allow for complete hydrolysis. The lid was then 
removed, and the ethanol and appropriate amount of water 
were allowed to evaporate under a stream of air. Once the 
appropriate mass was reached, aqueous HF was added and the 
mixture was stirred by hand until a homogenous gel was ob-
tained. In the cases of H2O/SiO2=4 a second evaporation step 
was normally used. The final gel molar ratios were: 

1SiO2:0.5ROH:0.5HF:xH2O, x=4, 7 
0.95SiO2:0.05Al:0.5ROH:0.5HF:4H2O 

 The autoclave was sealed and placed in a rotating oven at 
175°C. Aliquots of the material were taken periodically by 
first quenching the reactor in water and then removing enough 
material for XRD. 
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2.2.3 Si/Al=15 (NH4-Y and Sodium Sili-
cate) 

Following the method of Wagner et al.15 2 mmol of OSDA 
was mixed with 0.20 g of 1 M NaOH, and water was added to 
give a total mass of 6 g. Then 2.5 grams of sodium silicate 
(PQ Corporation, 28.6wt% SiO2 and 8.9wt% Na2O) was added 
to the mixture and finally 0.25 g of NH4-Y (Zeolyst CBV 500, 
Si/Al=2.55) was added. The solution was heated at 140°C in a 
rotating oven. 

2.2.4 Si/Al=15 (CBV 720) 
3 mmol of OSDA was mixed with 1 g of 1 M NaOH and water 
was added to bring the total mass to 7 g. Then 1 g of CBV 720 
(Zeolyst, Si/Al=15) was added. The solution was heated at 
160°C in a rotating oven. 

2.2.5 Si/Al=30 (CBV 760) 
3 mmol of OSDA was mixed with 1 g of 1 M NaOH and water 
was added to bring the total mass to 7 g. Then 1 g of CBV 760 
(Zeolyst, Si/Al=30) was added. The solution was heated at 
175°C in a rotating oven. 

2.2.6 Si/Al=50 (Ludox AS-40 and sodium 
aluminate) 

4 mmol of OSDA was mixed with 1.56 g of 1 M NaOH and 
the total mass was brought to 9.66 g with the addition of wa-
ter. Then 0.038 g of sodium aluminate (Pfaltz & Bauer) was 
added and stirred until dissolved. Finally 3 g of Ludox AS-40 
was added and stirred until a homogeneous gel was obtained. 
Seeds were added and then the gel was heated at 160°C in a 
rotating oven. 

2.3 Calcination and Ammonium Exchange 
All products were calcined in breathing grade air. The material 
was heated to 150°C at 1°C/min, held for three hours, then 
heated to 580°C at 1°C/min and held for six hours to assure 
complete combustion of the organic. After calcination they 
were exchanged to ammonium form using 1 M NH4NO3 (100 
mL of solution per gram of catalyst) at 95°C with stirring for 
three hours, this was done a total of three times per sample. 
After ammonium exchange the materials were washed with 
water and dried and then calcined to proton form using the 
standard method. 

2.4 Material Steaming 
Steaming was performed at atmospheric pressure in an MTI 
OTF-1200X horizontal tube furnace fitted with a 3 in. ID mul-
lite tube. Proton form RTH samples (approximately 0.5 g in a 
typical experiment) were loaded into ceramic calcination boats 
and placed in the center of the tube furnace. The furnace was 
then ramped at 1°C/min to the desired steaming temperature 
(700°C-1000°C) and held at this temperature for 8 h before 
cooling to room temperature. Flowing steam (present for the 
entire procedure) was created by bubbling zero-grade air at 50 
cc/min through a heated water saturator (bubbler) upstream of 
the furnace. Proton form RTH samples were steamed at tem-
peratures of 700°C, 800°C, 900°C and 1000°C, with the bub-
bler held at 80°C for each sample (corresponding to a steam 
partial pressure of 47.3 kPa). 

2.5 MTO Reaction Testing 
The calcined materials were then pelletized, crushed, and 
sieved. Particles between 0.6 mm and 0.18 mm were support-

ed between glass wool beds in an Auto-clave Engineers 
BTRS, Jr. SS-316 tubular, continuous flow reactor. 

All catalysts were dried at 150°C in situ in a 30 
cm3/min flow of 5% Ar/95% He for 4 h prior to the reaction. 
The reactions were conducted at 400°C in a 10% metha-
nol/inert flow. Methanol was introduced via a liquid syringe 
pump at 5.4 µL/min, into a gas stream of the inert blend at 30 
cm3/min. The reactant flow had a weight hourly space velocity 
of 1.3 h−1. In a typical run, 200 mg of dry catalyst was loaded. 
Effluent gases were evaluated using an on-stream GC/ MS 
(Agilent GC 6890/MSD5793N) with a Plot-Q capillary col-
umn installed. Conversions and selectivities were computed on 
a carbon mole basis. 

2.6 Molecular Modelling 
The location and the van der Waals (vdW) interaction energy 
of the OSDA within the RTH framework were studied by 
molecular mechanics simulations using the Materials Studio 6 
software.16 The CVFF forcefield17 was selected for the calcula-
tion, and the most stable locations for the OSDA molecules 
were obtained by simulated annealing. The zeolite framework 
was assumed to be pure silicate, because the distribution of the 
Al atoms in the framework is not clear. We limited the model-
ing strictly to vdW interaction energies between the OSDAs 
and the framework, and did not include inorganic cations and 
water molecules to the calculation. The unit cell and the 
framework atoms were fixed during the calculation, and in this 
case, there is no need to generate a supercell. The geometry of 
the OSDA molecule was first optimized using the CVFF 
forcefield, and then allowed to change after it was docked to 
the zeolite framework. Initially, two OSDA molecules were 
docked per unit cell (as there are two cages per unit cell), and 
then the number was increased. The results indicated that the 
most stable situation was when there were four imidazolium 
OSDA molecules per unit cell, or in the case of the OSDA in 
Figure 1, two OSDAs per unit cell. 

3. Results and Discussions 

3.1 Synthesis of aluminosilicate RTH 
Results of the imidazolium screening reactions are given in 
Table 2. It was found that nearly all of the imidazolium cations 
screened in this study led to the formation of RTH-type mate-
rials. The simplest imidazolium OSDA, 1, did not produce 
RTH and was found to decompose under many of the condi-
tions tested in this study. However, 1 led to framework materi-
als in fluoride-mediated reactions, and these results are con-
sistent with previous reports.18,19 Additionally, OSDA 7 was 
also unstable under many of the conditions tested in these 
screening reactions, and was not found to lead to RTH under 
any conditions tested. 
 Other than OSDAs 1 and 7, all of the other OSDAs 
tested were able to produce aluminosilicate RTH under a ma-
jority of the inorganic conditions employed in this study. The 
formation of aluminosilicate RTH using pentamethylimidazo-
lium was first observed in fluoride-mediated, aluminosilicate 
conditions, and OSDAs 2-6, 8 were all able to produce RTH 
under this condition, without the use of seeds. Under more 
conventional, hydroxide-mediated conditions, they also 
formed RTH across a wide range of compositions. In some 
cases, such as with OSDAs 2-4, the use of seeds was found to 
be necessary to cause the formation of RTH. It is likely that 
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these organics were less directing to RTH, but are still able to 
form the material when nucleation to RTH is induced through 
seeding (discussed further in section 3.2). The OSDAs found 
to be the most strongly directing to RTH are 2, 5 and 8. (We 
have previously reported OSDA 8 to produce aluminosilicate 
RTH.9) The ability to obtain RTH using a variety of imidazo-

lium cations may open possibilities for OSDA availability. 
Industrially, imidazoles are produced using the Radziszewski 
reaction or by dehydrogenation of imidazolines, and are avail-
able in high purity; quaternary imidazoliums can then be pre-
pared by standard alkylation methods.20  
 

 

Table 2. Results from synthesis experiments and molecular modelling calculations. All syntheses that produced RTH-type 
materials are shaded. 
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1 TON 

4 days 
 FER 

11 days 
X  X X TON 

12 days 
TON 

12 days 
 -15.94 

 

2 ITW 
5 days 

ITW 
5 days 

RTH 
Si/Al=9 
12 days 

(S1) 

RTH 
3 days 

RTH 
Si/Al=9 
6 days 
(S2) 

 RTH 
Si/Al=14 

5 days 
(S3) 

RTH 
Si/Al=18 
28 days 

(S4) 

X RTH 
+ dense 
30 days 

 

-18.29 

 

3 ITW 
5 days 

ITW 
12 days 

RTH 
Si/Al=10 

7 days 
(S5) 

RTH 
Si/Al=9 
3 days 
(S6) 

MOR 
20 days 

X X TON 
12 days 

X TON 
31 days 

-17.40 

 

4  CIT-7, 
ITW, 
STW, 
STF, 

MTW 
>4 days 

ITW 
29 days 

RTH 
Si/Al=12 
20 days 

(S7) 

RTH 
Si/Al=8 
7 days 
(S8) 

RTH 
Si/Al=9 
8 days 
(S9) 

RTH 
Si/Al=14 
14 days 
(S10) 

X X X MTW 
11 days 

-17.90 

 

5 STW 
4 days 

STW 
4 days 

RTH 
Si/Al=10 

5 days 
(S11) 

RTH 
10 days 

RTH + 
MOR 

12 days 

RTH 
Si/Al=13 

5 days 
(S12) 

RTH 
5 days 

RTH 
Si/Al=27 
12 days 
(S13) 

RTH 
12 days 

 -18.62 

 

6 STW 
16 days 

HPM-2 
20 days 

RTH 
Si/Al=13 
20 days 
(S14) 

RTH 
Si/Al=9 
15 days 
(S15) 

MOR + 
RTH 

16 days 

X X X X MTW 
13 days 

-15.00 

 

7 STF 
9 days 

Unknown 
21 days 

Unknown 
45 days 

MOR 
16 days 

MOR 
16 days 

X X X   -16.45 

 

8 STW 
5 days 

STW 
7 days 

RTH 
Si/Al=18 
10 days 
(S16) 

RTH 
Si/Al= 9 
4 days 
(S17) 

RTH 
Si/Al=14 
10 days 

RTH 
Si/Al=17 
10 days 

RTH 
Si/Al=15 
20 days 
(S18) 

RTH 
Si/Al=29 
13 days 

RTH 
Si/Al=22 
20 days 
(S19) 

RTH 
Si/Al=45 

9 days 

-20.02 

X=Organic Decomposed 
Interaction Energy (kJ/mol per T-atom) = vdW energy values shown in the Table were averaged from 3 repeated runs.  
Synthesis times are reported in days.  
Material Si/Al ratios were determined using EDS. 
Samples with numbers in parentheses refer to SEM images that can be found in the Supporting Information. 
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The morphology and composition of the samples that that 
produced RTH were studied using SEM and EDS. The SEM 
images can be found in the Supplementary Information for 
samples in Table 2. In general fluoride-mediated reactions led 
to larger crystals than the hydroxide-mediated syntheses. 
However, there was a large amount of variability found be-
tween OSDAs using the same inorganic conditions.  

3.2 Molecular Modelling 
To gain deeper insight into the ability of the imidazolium cati-
ons used in this study to structure direct RTH-type materials, 
molecular modelling calculations were performed and the 
results are shown in Table 2. In these calculations, 4 OSDAs 
were populated per unit cell based on energy optimizations for 
the framework space filling. The results of the predicted inter-
action energies agree well with the observed experimental 
results. The OSDAs with the most favorable interaction ener-
gies, 5 and 8, were found to produce RTH under many inor-
ganic conditions, with and without seeds. However, OSDAs 
with less favorable interaction energies compared to 8 did not 
lead to the formation of RTH as readily and generally required 
seeds to favor the formation of RTH. These results were then 
compared to the stabilization energy for the original RTH 
OSDA (Figure 1), that was found to be -11.10 kJ/mol (for 2 
OSDAs per unit cell, the optimal packing). It was surprising 
that this interaction energy is much less favorable than any of 
the imidazoliums in this study. One possible explanation for 
the large energy difference is that the imidazoliums all re-
quired two OSDAs per cage while the OSDA in Figure 1 only 
has a single molecule per cage, requiring less ordering be-
tween OSDAs. The positions of the OSDAs within the cages 
are shown in Figure 2, as determined by molecular modelling.   
 

    

Figure 2. Positions of OSDAs within the RTH framework for 
pentamethylimidazolium (left) and the original SSZ-50 OSDA 
(right). 

3.3 Hydrothermal Stability 
The hydrothermal stability of RTH-type zeolites prepared 
from CBV 720 was assessed by steaming the proton form of 
the material to various temperatures, and then characterizing 
the solids thus obtained by PXRD, 27Al MAS NMR, nitrogen 
adsorption isotherms and the MTO reaction to test for catalytic 
activity. The material was steamed to temperatures ranging 
from 700 to 1000°C, and details of the steaming procedure can 

be found in the experimental section. The PXRDs of the 
steamed materials (Figure 3) show that the framework struc-
ture is intact until at least 900°C, but that the structure essen-
tially collapses by 1000°C. The 27Al MAS NMRs of the proton 
form and steamed materials are shown in Figure 6, and the 
distribution of aluminum coordination environments for the 
various samples is given in Table 3. As the results from the 
27Al quantification show, higher temperature steam treatment 
decreases the amount of tetrahedral (framework) aluminum in 
the samples, consistent with framework damage. Nitrogen 
adsorption isotherms of the proton form sample as well as the 
material after steaming to 900°C (the highest steaming tem-
perature with the structure intact) are shown in Figure 4. The 
proton form of the material has a micropore volume of 0.24 
cc/g while the steamed material has a micropore volume of 
0.19 cc/g. The reduced micropore volume of the steamed ma-
terial indicates that some framework destruction has occurred. 
 
Table 3. Distribution of aluminum coordination in steamed 
samples from 27Al MAS NMR 

 Tetrahedral Pentacoordinated Octahedral 

Proton Form 100% -- -- 

Steamed 700°C 55% 8% 38% 

Steamed 800°C 15% 15% 70% 

Steamed 900°C 14% 21% 64% 
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Figure 3. PXRDs of steamed and proton form RTH 

 

Figure 4. Nitrogen isotherms of fresh and steamed RTH 
 
The steamed materials were also studied as catalysts 

using the MTO reaction, and the results are shown in Figure 5. 
The fresh RTH sample has a significantly longer lifetime than 
the steamed samples. However, the purpose of this test was to 
assess the effects of hydrothermal treatment on MTO reactivi-
ty, and the MTO results show that these materials are catalyti-
cally active after severe steam treatments. The sample steamed 
to 1000°C was also tested for MTO reactivity, and showed no 
catalytic activity, consistent with the severe degradation evi-
dent from PXRD. The steaming studies demonstrate that the 
RTH-type materials are highly resistant to degradation, even 
under severe hydrothermal conditions. 
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Figure 5. MTO reaction data for (a) fresh RTH catalyst, (b) steamed to 700°C, (c) steamed to 800°C, (d) steamed to 900°C and (e) 
steamed to 1000°C 
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Figure 6. 27Al MAS NMRs of proton form and steamed RTH 

 

4. Conclusions 
RTH-type zeolites can be produced by a wide-range of imid-
azolium cations, diversifying the methods for its synthesis. 
The structure directing ability of the OSDAs used here agrees 
well with the results predicted by molecular modelling for the 
stabilization energies of the organics in the RTH framework. 
Additionally, the RTH framework is found to be stable to 
steaming to 900°C, demonstrating potential for utility under 
demanding process conditions.  
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Representative SEM images of selected samples. References to specific SDAs and synthesis 
conditions can be found in Table 2. 

 

Si/Al=20, fluoride media 

S1 S5 

 

S7 S11 

 

212



S14 S16 

 

  

Si/Al=15, seeds 

S6 S8 

 

S15 S17 

 

213



Si/Al=15, no seeds 

S2 S9 

 

  

CBV720, seeds 

S10 S12 

 

  

  

  

  

  

  

  

214



CBV720, no seeds 

S3 S18 

 

  

CBV760, seeds 

S4 S13 

 

  

  

  

  

  

  

  

215



CBV760, no seeds 

S19  

 

 

 

 

 

216



1"

Effect&of&Pore&and&Cage&Size&on&the&Formation&of&Aromatic&
Intermediates&During&the&Methanol<to<Olefins&Reaction&
Mark A. Deimund, Joel E. Schmidt and Mark E. Davis* 

Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, United States 
KEYWORDS: Methanol-to-olefins, zeolites, silicoaluminophosphates, hydrocarbon pool, CHA  

 

ABSTRACT: Six eight-membered-ring (8MR), microporous materials are synthesized and evaluated as catalysts for the methanol-
to-olefins (MTO) reaction. The molecular sieves SSZ-13, SAPO-34, SAPO-39, MCM-35, ERS-7 and RUB-37 are investigated 
since they have 8MR access to the crystal interior but have differences in pore structure and cage size. The polymethylbenzene 
species that are the proposed reaction intermediates of the MTO reaction should only be able to form in materials with intra-
molecular sieve void spaces of sufficient size to accommodate them. Thus, it is hypothesized that 8MR materials without 
adequately large pores or cages will be inactive for the MTO reaction. SSZ-13 and SAPO-34 (both with CHA framework topology) 
have interconnected 3-dimensional pore-and-cage systems sufficiently large for formation of the proposed reaction intermediates, 
while the other 8MR materials have intra-molecular sieve void spaces that are too small to allow formation of these species. The 
molecular sieves are tested as MTO catalysts at 400°C, and only the molecular sieves with the CHA topology show MTO activity. 
Post-reaction analysis of the organic content of each solid material is accomplished by HF acid digestion with subsequent 1H NMR 
analysis of the extracted hydrocarbon products to confirm the presence of aromatics in the 8MR materials with sufficiently large 
cages (those with CHA topology), and absence with materials that have smaller void spaces. These data provide further support for 
the necessity of polymethylbenzene species in the hydrocarbon pool for MTO activity.  

1.&INTRODUCTION&&
Solid acid catalysts such as aluminosilicates (zeolites)1 and 

silicoaluminophosphates (SAPOs),2,3 particularly those with 
eight-membered ring pores (8MRs) and a cage structure, are 
capable of converting methanol to light olefins, such as 
ethylene and propylene. The methanol-to-olefins (MTO) 
reaction is an industrially viable route for making light olefins 
from nonpetroleum feedstocks, e.g., natural gas, coal and 
biomass,4 and is of economic value in times of high petroleum 
feedstock prices.5 

In the proposed mechanism for the MTO reaction, 
substituted aromatic molecules6 create a “hydrocarbon pool”7 
that is instrumental in forming light olefins from methanol via 
side chain reactions.8 These reactive aromatic intermediates 
(polymethylbenzenes) have kinetic diameters ranging from 6.2 
Å for o-xylene to 7.5 Å for hexamethylbenzene; hence, it is 
believed that pores or cages of sufficient size and shape to 
allow formation of these intermediates are critical to the 
hydrocarbon pool mechanism.9 Microporous materials with 
ten-membered-ring (10MR) or twelve-membered-ring (12MR) 
pores (such as MFI or *BEA, respectively) may additionally 
involve the olefin methylation/cracking cycle to form 
hydrocarbon products from methanol.5 The pores of these 
10MR and 12MR systems typically cannot retain the aromatic 
intermediates of the hydrocarbon pool mechanism, and thus 
they form significant heavier and/or aromatic products in 
addition to light olefins.  

Small-pore materials (8MRs) with cages, conversely, are 
more effective in retaining these reactive polymethylbenzene 

intermediates, and as such, show increased selectivity to light 
olefins and other nonaromatic products.10 For example, the 
chabazite (CHA) topology consists of relatively large cavities 
(8.35 Å x 8.35 Å x 8.23 Å) that are accessible through 8MR 
pore openings (3.8 x 3.8 Å).11 Small linear molecules 
(alcohols and linear alkenes) may diffuse through these 8MR 
pores; however, the larger branched and aromatic compounds, 
including the methylated benzene intermediates,12,13 can only 
form in these cages where they remain trapped. While 
remaining in the cages, these aromatics react with methanol to 
form light olefins as part of the reaction cycle. 

SAPO-34 is one such 8MR SAPO molecular sieve with 
CHA framework topology that is preferred for the MTO 
reaction.14,15 Commercial MTO plants in China currently 
employ this catalyst, that can exhibit combined ethylene and 
propylene selectivities as high as 85-90%, depending on 
reaction conditions.16 A similar MTO catalyst, SSZ-13,17 is the 
synthetic aluminosilicate analog of SAPO-34. While SSZ-13 
also has the CHA topology, it deactivates more rapidly than 
SAPO-34, in addition to initially producing a significant 
amount of C2-C4 alkanes.18,19 Aside from these CHA materials, 
several other 8MR framework topologies such as LEV, AFX 
and RTH have been shown to exhibit MTO activity.20,21 

Here, we focus on how the molecular sieve pore structure 
and cage dimensions impact the ability of an 8MR material to 
form and retain the necessary polymethylbenzene 
intermediates for the hydrocarbon pool mechanism of the 
MTO reaction, and thus, to selectively produce light olefins. 
To study the effects of pore systems and cage sizes, six 
microporous, 8MR materials were synthesized and tested as 
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catalysts for the MTO reaction. In addition to the previously 
mentioned MTO catalysts (SAPO-34 and SSZ-13), three 8MR 
zeolites with 1-dimensional pore structures (SAPO-39, MCM-
35 and ERS-7), as well as one 8MR with a 2-dimensional pore 
system (RUB-37), were synthesized to observe the impact of 
pore structure and cage size on MTO activity. Each of these 

four materials has a cage size smaller than the minimum 
kinetic diameter of the smallest polymethylbenzenes, and thus 
should exhibit no MTO activity due to the hydrocarbon pool 
mechanism. Table 1 summarizes the pore structures and other 
pertinent dimensions for each material. 

 
Table 1. Material Pore Structure and Dimensions 

Framework Material Channel 
System 8MR Opening (Å) DM (Å)a  Da (Å)b Db (Å)b Dc (Å)b 

CHA SSZ-13 3D 3.8 x 3.8 7.37 3.72 3.72 3.72 

CHA SAPO-34 3D 3.8 x 3.8 7.37 3.72 3.72 3.72 

ATN SAPO-39 1D 4.0 x 4.0 5.91 1.94 1.94 4.11 

MTF MCM-35 1D 3.6 x 3.9 6.25 1.58 1.49 4.03 

ESV ERS-7 1D 3.5 x 4.7 6.22 1.78 3.66 1.78 

CDO RUB-37 2D 
3.1 x 4.7 
2.5 x 4.2 

5.78 3.44 1.52 3.35 

a DM is the maximum included sphere diameter within cages of the material. 
b Da, Db and Dc are the maximum free sphere diameters that can diffuse along the a-, b- and c-axis, respectively. 
All data obtained from the IZA website.22 
 

Once synthesized, these materials were calcined, 
ammonium exchanged (if necessary) and activated via 
calcination in air to place them in their acidic forms. NH3 
temperature-programmed desorption (TPD) was used to 
quantify the Brønsted acid sites present in each material. 
Materials were then reaction tested for MTO activity. Upon 
completion of each reaction test, the spent material was 
digested with HF, and any hydrocarbons remaining on the 
samples were extracted with chloroform. NMR spectroscopy 
was then used to evaluate the occluded organics from each 
material for the presence or absence of aromatic compounds, 
associated with the hydrocarbon pool mechanism. Correlation 
between the presence of aromatics on each spent catalyst and 
significant MTO activity was sought. Thermogravimetric 
analysis (TGA) was additionally used to measure the amount 
of organic deposited on each material upon completion of the 
reaction test.  

2.&MATERIALS&AND&METHODS&

2.1.&Synthesis&of&Microporous&Materials&

2.1.1$SSZ'13$(CHA) 
SSZ-13 was synthesized using a standard method.23 In a 

typical preparation, 3.33 g of 1 M NaOH was mixed with 
2.81 g of N,N,N-trimethyl-1-adamantammonium hydroxide 
(Sachem, 1.18 mmol OH/g) and 6.62 g of water. Then 0.077 g 
of Reheiss F-2000 (55wt% Al2O3) was added and stirred until 
the solution cleared. Finally, 1.00 g of Cabosil M-5 was added 
and stirred until a homogeneous solution was obtained. The 
solution was heated at 160°C in a Teflon-lined Parr reactor in 
a rotating oven for approximately 6 days.  

2.1.2$SAPO'34$(CHA) 
SAPO-34 was prepared from the following gel composition: 

0.5(TEA)2O:1.5Pr2NH:0.6SiO2:1Al2O3:1P2O5:70H2O. In a 
typical preparation, 11.5 g of 85wt% phosphoric acid were 
dissolved in 4.35 g of water and stirred for 5 minutes. Then 
6.875 g of Catapal B alumina were added to 20 g of water and 
stirred for 10 minutes. The mixtures were then slowly 

combined and stirred for 1 h at room temperature. Next, 4.48 g 
of Ludox HS-40 was added and stirred by hand until a 
homogenous gel was obtained. Then 20.8 g of 35wt% TEAOH 
and 7.61 g of dipropylamine were added, and the gel was 
homogenized by manual stirring. The gel was stirred at room 
temperature for 2 h before being added to a Teflon-lined Parr 
reactor and heated at 200°C without stirring for 24 hours.  

2.1.3$SAPO'39$(ATN) 
The SAPO-39 material was supplied by S.I. Zones (Chevron 

Energy and Technology Company) as prepared in U.S. Patent 
6,281,404.24 

2.1.4$MCM'35$(MTF) 
MCM-35 was prepared according to the method reported in 

Example 1 of US Patent 4,981,663.25 In a typical synthesis 
0.6 g of Al2(SO4)3·18H2O was dissolved in a solution of 1.14 g 
of 45wt% KOH and 24.7 g of water. Then 4.25 g of Cabosil 
M-5 was added to the solution and thoroughly mixed. Finally 
2.1 g of hexamethyleneimine was added, and the gel was put 
in a Teflon-lined Parr reactor and heated at 175°C in a rotating 
oven for 12 days. 

2.1.5$ERS'7$(ESV) 
ERS-7 was prepared using a modified version of the 

reported method.26 N,N-dimethylpiperidinium hydroxide was 
prepared by reacting N-methylpiperidine with an excess of 
iodomethane (Caution: use appropriate precautions when 
using iodomethane. An exotherm is possible on addition of 
iodomethane to a solution of N-methylpiperidine, so cooling 
may be needed) at reflux in methanol. After cooling to room 
temperature, the solvent was then removed using rotary 
evaporation, and the product was washed with ether. The 
product was converted to the hydroxide form using hydroxide 
exchange resin (Dowex Marathon A, hydroxide form) in 
water, and the product was titrated using a Mettler-Toledo 
DL22 autotitrator with 0.01 M HCl as the titrant. ERS-7 was 
prepared from a gel composition of 
1SiO2:0.04Al2O3:0.3Na2O:0.2ROH:40H2O. In a typical 
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preparation, 6.46 grams of dimethylpiperidinium hydroxide 
(1.01 mmol OH/g) was added to 13.6 g of water. Then 0.87 g 
of Al2(SO4)3·18H2O was dissolved in the solution. Finally 
7.00 g of sodium silicate (PQ Corporation, 28.6wt% SiO2 and 
8.9wt% Na2O) was added and stirred until a homogeneous gel 
was obtained. The gel was put in a Teflon-lined Parr reactor 
and heated at 175°C in a rotating oven for 5 days. 

2.1.6$RUB'37$(CDO) 
Aluminosilicate RUB-37 was prepared using a previously 

reported method.27 Seeds of pure silica RUB-36 were prepared 
by mixing diethyldimethylammonium hydroxide (20wt% 
solution in water, provided by Sachem Inc.) with Cabosil M-5. 
The mixture was stirred until the gel became homogenous, and 
then some water was evaporated under a stream of air with 
stirring at room temperature until a final gel molar ratio of 
1SiO2:0.5ROH:10H2O was obtained. The mixture was then 
added to a Teflon-lined Parr reactor and heated at 150°C 
without stirring for 17 days. Aluminosilicate RUB-36 was 
prepared using the same method used for pure silica RUB-36, 
but Reheiss F-2000 was used as a source of aluminum. The gel 
composition used was 1SiO2:0.01Al2O3:0.5ROH:10H2O. 
Seeds of pure-silica RUB-36 were added and stirred into the 
gel prior to the addition to a Teflon-lined Parr reactor. The 
mixture was heated in the reactor at 150°C without stirring for 
10 days. Subsequent calcination of the as-made 
aluminosilicate RUB-36 material formed the desired RUB-37. 

2.1.7$Product$Recovery 
Aliquots of the materials were taken periodically by first 

quenching the Parr reactors in water and then removing 
enough material for powder X-ray diffraction (PXRD). All 
materials were recovered by centrifugation. Once the 
syntheses were complete, the materials were subjected to at 
least three cycles of water washing and recovery by 
centrifugation, as well as a final wash using acetone. Each 
material was then dried in air at 100°C. 

2.2.&Ammonium&Exchange&and&Calcination&

All materials were calcined in flowing breathing-grade air. 
Materials were initially heated to 150°C at a heating rate of 
1°C/min and held for 3 h before being heated to 580°C at a 
heating rate of 1°C/min and held for 6 h to assure complete 
organic combustion. 

The materials containing inorganic cations were exchanged 
to the ammonium form by ion exchanging them three times 
with 1 M aqueous ammonium nitrate solution at 90°C for 3 h 
at a ratio of 100 mL of liquid per gram of solid to obtain the 
NH4

+ form. The solid product from each exchange was again 
recovered by centrifugation, washed with water and acetone, 
and dried overnight at 100°C. These materials were then 
calcined using the standard method to convert them to proton 
form. 

2.3.&Characterization&

PXRD patterns were obtained with a Rigaku MiniFlex II 
instrument using Cu Kα radiation (λ=1.54184 Å) to determine 
structure type and purity. Morphology and elemental 
composition were determined via scanning electron 
microscopy/energy dispersive spectroscopy (SEM/EDS) on a 
ZEISS 1550VP instrument equipped with an Oxford X-Max 
SDD energy dispersive X-ray spectrometer.  

To quantify the number of Brønsted acid sites present in 
each catalyst, NH3 temperature-programmed desorption (TPD) 

was performed on each ammonium-exchanged, calcined 
material.  The materials were pelletized, crushed and sieved. 
Particles between 0.6 mm and 0.18 mm were supported 
between quartz wool beds in a continuous flow quartz-tube 
reactor (part of an Altamira AMI-200 reactor system).  

Once loaded, samples were heated to 150°C for 1 h at 
10°C/min, followed by heating to 550°C for 1 h at 10°C/min 
in flowing argon (50 sccm) to remove any adsorbed species. 
Samples were then cooled to 160°C, and NH3 was dosed onto 
each sample at a flow rate of 5 sccm in 50 sccm argon until no 
further NH3 uptake was observed via the mass spectrometer. 
After a 8 h purge in flowing argon (50 sccm) to remove any 
physisorbed NH3, the sample was heated to 550°C at 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 550°C for 2 h 
to ensure all species had fully desorbed. 

2.4.&MTO&Reaction&Testing&

The samples in proton form were pelletized, crushed and 
sieved to retain particles between 0.6 mm and 0.18 mm. 
Approximately 200 mg of each calcined material was then 
supported between two glass wool beds in an Autoclave 
Engineers BTRS, Jr. 316SS tubular, continuous flow reactor. 

Prior to reaction, all samples were again dried in-situ under 
a flow of breathing-grade air (30 sccm), during which the 
temperature was ramped at 1°C/min to 150°C and held for 3 h 
before being ramped at 1°C/min to 400°C (reaction 
temperature). The reaction was conducted at 400°C in a feed 
of 10% methanol in an inert gas blend (95mol% He, 5mol% 
Ar) at a weight-hourly space velocity (WHSV) of 1.3 h-1 and 
atmospheric pressure. A syringe pump introduced methanol at 
5.4 µL/min into a stream of the inert gas blend (flowing at 
30 sccm). Reactor effluent gases were analyzed using an 
online GC/MS (Agilent GC MSD5793N) with a Plot-Q 
capillary column installed. Conversions and selectivities were 
computed on a carbon mole basis. 

2.5.&Post<Reaction&Catalyst&Characterization&

After the MTO reaction, each catalyst was digested using 
48wt% HF. Each spent catalyst was suspended in water, and 
the digestion vessel was cooled in an ice bath during the 
addition of HF. Solutions were neutralized using potassium 
hydroxide (1 M and finally 45wt%, exotherm on addition), 
and hydrocarbon products were extracted with deuterated 
chloroform. The extract solution was then dried using 
magnesium sulfate and filtered to remove any remaining 
solids. Tetramethylsilane was used as an internal 1H NMR 
standard.  

To test for the presence or absence of aromatics in each 
extracted solution, 1H NMR was performed on a 500 MHz 
NMR. Peaks from approximately 7-9 ppm were attributed to 
aromatic compounds, and peaks from approximately 2-3 ppm 
were attributed to the hydrocarbon (methyl, ethyl, etc.) groups 
attached to these aromatic rings, consistent with the 
polymethylbenzene species formed in the hydrocarbon pool 
mechanism. 

Thermogravimetric analyses (TGAs) were performed to 
quantify the organic remaining on each catalyst after the MTO 
reaction was completed using a PerkinElmer STA 600. In a 
typical TGA experiment, approximately 10 mg of spent 
catalyst was loaded into a pan and heated to 900°C at a heating 
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rate of 10°C/min in zero-grade air. Mass loss above 300°C 
was attributed to combustion of coke on each sample.  

3.&RESULTS&AND&DISCUSSION&

3.1.&Characterization&

The PXRD patterns of the as-synthesized samples are 
shown in Figure 1. Additionally, the elemental compositions 
of each material (by EDS) and the acid site counts (by NH3 
TPD) are shown in Table 2.  

 

Figure 1. Powder XRD patterns of the proton-form of: (A) SSZ-
13, (B) SAPO-34, (C) SAPO-39, (D) MCM-35, (E) ERS-7 and 
(F) RUB-37. 

 

Table 2. Elemental Compositions for Materials  

Material Si/Al Acid Site Count 
[mmol/g] 

SSZ-13 17.4 ± 0.6 0.90 

SAPO-34 - 0.94 

SAPO-39 - 0.31 

MCM-35 31.7 ± 2.1 0.59 

ERS-7 8.1 ± 0.04 1.41 

RUB-37 204 ± 44 0.20 

&

3.2.&MTO&Reaction&Testing&

Figure 2 illustrates representative time-on-stream reaction 
data obtained at 400°C for the samples with CHA topology 
(SSZ-13 and SAPO-34). Each of the catalysts with CHA 
topology is active initially in producing C2-C4 olefins when 
methanol conversion is at or near 100%. As time on stream 
increases, methanol conversion eventually decreases, 
accompanied by a decrease in olefin selectivities and a 
simultaneous increase in dimethyl ether (DME) production.  

Light alkanes, mainly propane and butane, are also observed 
among the products at the start of the reaction for the SSZ-13, 
with selectivities decreasing with time-on-stream.  

In addition to the samples with CHA topology, the materials 
with 1D 8MR structures (SAPO-39, MCM-35 and ERS-7) 
also underwent MTO reaction testing. For each reaction test, 
no light olefins were observed at any sample points: the sole 
product was dimethyl ether (DME) in each case. The final 
material, RUB-37, which has a 2D 8MR pore system, was also 
MTO reaction tested. In this case, the primary product was 
DME, just as with the 1D 8MR materials; however, traces of 
other hydrocarbon products were also observed initially. 
Figure 3 shows the reaction profiles for these 8MR materials. 
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Figure 2. Representative MTO reaction data obtained at 400°C for the proton-form of: (A) SSZ-13 and (B) SAPO-34. 

 

 

Figure 3. Representative MTO reaction data obtained at 400°C for the proton-form of: (A) SAPO-39, (B) MCM-35, (C) ERS-7 and (D) 
RUB-37. 
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From these reaction results, it is clear that the materials with 
CHA topology (and thus sufficient cage space to form 
polymethylbenzenes) are active for MTO, while the materials 
with 1D and 2D 8MR structures and smaller cages do not 
exhibit MTO activity. RUB-37 forms some alkanes, but the 
total selectivity to light olefins (ethylene, propylene and 
butylene) is less than 5% at nearly all points on stream. 

3.3.&1H&NMR&Results&

Upon completion of the MTO reaction test, the catalysts 
were acid digested, and 1H NMR spectra were obtained for the 
organics extracted from these spent materials. Figure 4 shows 
the 1H NMR spectra gathered. The chloroform peak is at 
7.26 ppm, with associated spinning sidebands. Peaks from 

approximately 7-9 ppm are attributed to aromatic species 
extracted from the cages of the microporous materials. The 
two CHA materials exhibit these peaks, while the remaining 
four materials with smaller pores and cages do not. The lack of 
aromatic species for the 1D and 2D materials correlates with 
the absence of MTO activity, suggesting that the smaller cages 
prevent formation of the required aromatic intermediates for 
the “hydrocarbon pool”. 

Peaks approximately in the 2-3 ppm range are attributed to 
protons associated with methyl, ethyl or propyl groups on the 
aromatic rings. These peaks are strongly present in the four 
materials with MTO activity, further confirming the presence 
of polymethylbenzene species in the microporous materials. 

 

 

Figure 4. 1H NMR spectra gathered for (A) SSZ-13, (B) SAPO-34, (C) SAPO-39, (D) MCM-35, (E) ERS-7 and (F) RUB-37 after MTO 
reaction and acid digestion. 

 

3.4.&Thermogravimetric&Analysis&

Table 3 shows the mass losses for each sample above 
300°C, attributed to deposits of organic species. Mass losses 
for materials with the CHA topology (SSZ-13 and SAPO-34) 
are higher than for the materials with the other framework 
topologies. These greater mass losses are consistent with 
formation of reaction intermediate organic species on the 
MTO-active CHA samples as part of the hydrocarbon pool 
mechanism, while the samples inactive for the MTO reaction 
typically have much smaller mass losses. 

 
Table 3. Organic Mass Losses for Materials by TGA 

Material 
Mass Loss from 
300°C to 900°C 

(wt%) 

SSZ-13  20.8 

SAPO-34 12.3 

SAPO-39 4.9 

MCM-35 1.9 

ERS-7 1.8 

RUB-37 3.1 

 

CONCLUSION&
Several 8MR aluminosilicate and silicoaluminophosphate 

materials are tested for their ability to catalyze the MTO 
reaction, and the presence or absence of polymethylbenzenes 
(a key part of the proposed MTO “hydrocarbon pool” 
mechanism) measured in order to correlate MTO activity and 
presence of polymethyaromatics with molecular sieve pore 
and cage sizes.  

Both materials with the CHA topology (3D 8MR pore 
system with sufficiently large cages) exhibited MTO activity 
to form light olefins and demonstrated evidence of aromatic 
compounds in the extracted solutions of acid-digested, spent 
catalysts via 1H NMR spectroscopy. Materials that did not 
have MTO activity (SAPO-39, MCM-35, ERS-7 and RUB-37) 
did not form polymethylbenzene reaction intermediates (no 
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evidence of aromatic species in these 1H NMR spectra). 
Further, TGA of each sample post-MTO reaction revealed 
higher mass losses for MTO-active CHA materials, suggesting 
that a hydrocarbon pool was indeed forming on these samples. 
Significantly lower mass losses for the 1D and 2D materials 
suggest a lack of organic buildup in the catalyst, correlating 
with the lack of MTO activity. 
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Abstract 
Light hydrocarbons, with relatively low fuel value, are abundant from several sources, 
including mixed alkane/alkene refinery byproduct streams.  A tandem system consisting 
of a compatible combination of a homogeneous alkane dehydrogenation catalyst (known 
to be kinetically efficient but thermodynamically disfavored at low temperatures) with an 
olefin dimerization catalyst could effect the coupling of an alkane and alkene to produce 
a heavier, more valuable fuel molecule (CnH2n+2 + CnH2n = C2nH4n+2), a reaction that is 
thermodynamically favorable below 250 °C.  We have demonstrated that coupling with a 
tandem homogeneous catalyst, consisting of a pincer-ligated iridium alkane 
dehydrogenation catalyst and an organometallic tantalum alkene dimerization catalyst; 
the combination couples 1-hexene/n-heptane to C13/C14 products at temperatures ranging 
from 100-150°C, operating with up to 90% cooperativity.  This particular combination 
generates alkene products rather than the desired alkanes, however, because the 
regioselectivity of the dimerization catalyst preferentially yields highly substituted 
alkenes that are not reactive towards hydrogen transfer.  A complete cycle should be 
attainable by combining the dehydrogenation catalyst with an alternate dimerization 
catalyst that gives mostly linear and monosubstituted alkenes; we have synthesized a 
novel class of nickel-exchanged zincosilicates that exhibit the desired dimerization 
catalytic behavior. 
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Introduction (Part I): Mark Davis and Me1 
 
In 1991, Mark moved from VPI to Caltech, where I had been since 1986.  My research 
work at Caltech was almost entirely focused on organometallic chemistry and 
homogeneous catalysis.  I had formed strong interests in heterogeneous catalysis, and 
especially on making productive connections between the two (often disjunct) fields, 
during my preceding position at ARCO, but there was little or no heterogeneous catalysis 
going on in either chemistry or chemical engineering (Henry Weinberg left Caltech just 
around the time I arrived).  Mark’s remarkable program on zeolitic and other catalytic 
materials, with its strong emphasis on understanding structure and reactivity as close to 
the molecular level as possible, looked to offer an great opportunity for reviving those 
interests!  And so it proved to be: continuously since his arrival, Mark and I have 
interacted and collaborated on many projects.  Not only in research, but also teaching: we 
introduced and jointly taught a new Caltech course “Catalysis” that covered a wide range 
of topics in heterogeneous and homogeneous catalysis, and the relations between them. 
 
Our2 first idea for a joint project — generation of novel forms of zeolite-supported 
transition metal catalysts using metal complexes as structure-directing agents — never 
quite worked out.  (There have been a few such syntheses reported subsequently [1], but 
no especially interesting catalysts have resulted.)  Our first productive joint project was 
an investigation of the mechanism of alkane oxidation by TS-1 [2], a problem for which 
my work on homogeneous catalytic oxidation mechanism [3,4] and Mark’s expertise in 
zeolite chemistry nicely dovetailed. 
 
Soon afterwards we were approached by BP, who were interested in new methodology 
for the selective oxidation of light alkanes, especially propane and butane.  Mark and I 
(with a couple of additional collaborators) put together a proposal centered around 
constructing selective oxidation catalysts by stabilizing small metal oxide clusters inside 
microporous solids.  It was accepted, and that initial program resulted in promising 
catalysts, some directly based on the initial premise [5], and others following new leads 
suggested thereby [6].  Even more importantly, that initial interaction with BP soon 
underwent inflationary expansion.  First our colleague John Bercaw joined the program, 
with the addition of homogeneous catalysis, for not only alkane oxidation but also other 
projects that took us in important new directions, such as selective alkene trimerization 
[7]. 
 
Out of that enlarged program grew the even bigger “MC2” (Methane Conversion 
Cooperative) program, a joint venture between BP, Caltech, UC Berkeley and several 
other labs, that is ongoing (with some modification of title and aims) right up to the 
present.  Within this program, John, Mark and I have looked at several ways to combine 
the advantages of homogeneous and heterogeneous catalysis — of which the material that 
makes up the bulk of this paper is a prime example.  And I have continued my 

                                                
1 JAL 
2 Actually it was mostly mine, and reflected more than a little naïvete on my part.  Mark 
was (correctly) dubious about its prospects, but graciously agreed to give it a chance. 
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interactions with Mark’s catalysis group, always learning more from Mark’s 
encyclopedic knowledge and amazing intuition, and (hopefully) contributing a little from 
my own areas of expertise now and then [8].  Unquestionably my experience and career 
at Caltech would have been seriously impoverished had Mark not decided to join us.  I 
appreciate this opportunity to congratulate him on the well-deserved award that this 
symposium recognizes, and to thank him for everything we’ve done together. 
 
Introduction (Part II): Upgrading Light Hydrocarbons via Tandem Catalysis 
 
Effective utilization of light hydrocarbons represents a significant challenge in the current 
energy landscape.  This is by no means a new problem: a long-forgotten document found 
in the Caltech archives (Fig. 1) shows that an academic-industrial collaboration in this 
area was contemplated fully 70 years ago, although there is no surviving evidence that it 
actually came to pass, nor what approach was to have been followed.  Now increased 
natural gas production and burgeoning interest in Fischer-Tropsch are adding new light 
alkane sources to the ongoing abundance of off-streams from refinery processes such as 
catalytic cracking, making the question of what to do with relatively low value “light 
ends” such as C2-5 alkanes and C4-5 alkenes more pressing.  Upgrading to fuels — say, 
highly branched C6-10 alkanes for gasoline, unbranched or lightly branched C10-16 alkanes 
for diesel and jet fuel (the latter appears a more attractive target under current market 
projections) would be a highly attractive approach.  Light alkenes can be oligomerized — 
although to date there is no really good technology for the sort of highly selective 
(including regioselectivity) dimer- and trimerization catalysis that would be needed — 
but it is far from clear what to do with light alkanes. 
 

 
Fig. 1 Excerpt from a document found in the Caltech archives 

 
 
The potential for homogeneous catalysis in such large-scale processes has long been 
intriguing.  It has been known for over 25 years that organometallic complexes are able to 
activate C-H bonds, even in alkanes, under remarkably mild conditions [9], suggesting 
the tantalizing possibility of carrying out low-temperature chemistry that would be more 
amenable to product control and selectivities generally unattainable with more traditional, 
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high-temperature heterogeneous catalysts.  Most of the promising advances here, though, 
have involved oxidative functionalization of C-H bonds; transformations involving only 
hydrocarbons are constrained by thermodynamics, often unfavorable at lower 
temperatures. 
 
Thus, for example, dehydrogenation of light alkanes to alkenes can be readily achieved 
with a number of organometallic catalysts, most notably an array of iridium complexes 
with “pincer” ligands (see below), at temperatures typically below 200 °C [10].  
However, at such low temperatures the reaction (Eq 1) is uphill; the reaction must be 
driven by providing a sacrificial H2 acceptor — obviously impractical for the industrial-
scale processes considered here — or, in special cases, with higher-boiling hydrocarbons 
(again, not applicable to the present goals), by shifting the unfavorable equilibrium by 
purging liberated H2.  The same considerations would apply to the (as yet hypothetical) 
dehydrogenative coupling of alkanes (Eq 2). 
 
One interesting approach to alkane coupling involves so-called alkane metathesis (Eq 3), 
whereby alkanes are in effect cut up and redistributed, analogously to the far-better-
known alkene metathesis reaction.  Alkane metathesis over a single catalyst, derived from 
surface-supported organometallic complexes, was first reported in 1997 [11]; only low 
activities were obtained.  Although there was no mechanistic explanation at the time, 
subsequent studies implicated a sequence of dehydrogenation via C-H activation and 
alkene metathesis.  That in turn suggested the possibility of improving performance by 
means of tandem catalysis — two catalysts, one to carry out each of those steps — 
allowing in principle for their separate optimization.  Indeed, such an experiment had 
been reported earlier, using two well-known heterogeneous catalysts, platinum on 
alumina for dehydrogenation and tungsten oxide on silica for alkene metathesis; it gave 
moderate conversion at relatively high temperature (400 °C) [12]. 
 

 
 
More recently, recognizing the possibility of combining the remarkable alkene metathesis 
activity of homogeneous catalysts with the pincer-iridium dehydrogenation catalysts 
mentioned above, Goldman, Brookhart and coworkers devised an all-homogeneous 
tandem catalytic system and applied it to a prime target, conversion of n-hexane to n-
decane (Eq 3) as a test reaction at a much lower temperature, 125 °C [13].  Note that 
there should be little or no thermodynamic constraints: converting two alkanes to two 
other alkanes will have very little enthalpic or entropic consequences.  And indeed it 
works — but there are limitations.  The reaction showed low to moderate activity (TOF ~ 
10-3 sec-1), stability (1-2 days), and especially selectivity, with maximum C10 yields 

CnH2n+2 CnH2n  +  H2           (1)

2 CnH2n+2 C2nH4n+2  +  H2        (2)

2 C6H14 C10H22  +  C2H6       (3)
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around 5% (19% selectivity at 24% conversion).  Constraints on selectivity are inherent 
in this approach, as the reactivity of products and reactants are (necessarily) virtually the 
same.  Also Eq 3 depends on metathesis involving exclusively terminal alkenes, which 
are indeed selectively produced by these dehydrogenation catalysts; but there is 
competing isomerization, and metathesis of the resulting internal alkenes will eventually 
generate a wide distribution of products.  Finally, for any Cn reactant, 1/n of the feed 
must be wasted (or, at least, converted to a less valuable product) in the form of ethane.  
So although this approach is highly interesting, and might offer some practical 
possibilities, it appears worthwhile to seek potentially more selective alternatives. 
 
One such is alkane-alkene coupling, represented schematically in Scheme 1, which could 
be applied to mixed light alkane-alkene streams that are common byproducts of refinery 
processes.  Here, as in alkane metathesis, the fed alkane undergoes a small equilibrium 
degree of dehydrogenation at one catalyst; the resulting alkene is coupled to the fed 
alkene by the second catalyst, giving a higher alkene which is hydrogenated by the first 
catalyst.  The thermodynamic considerations are a bit more complex here: in contrast to 
straightforward alkane dehydrogenation, the overall reaction is enthalpically favored but 
entropically disfavored, imposing a maximum rather than a minimum temperature, 
estimated to be around 250 °C [14]; but that should be compatible with the temperature 
range expected to be compatible with a tandem system containing (at least) one 
homogeneous catalyst.  Accordingly we set out to assess the feasibility of this approach, 
and here report our preliminary, but quite encouraging, results. 
 

 
 

Scheme 1 
 
Alkane-Alkene Coupling via Tandem Catalysis: Proof of Concept 
 
For our initial studies, the pincer-Ir complexes were an obvious choice for transfer 
hydrogenation, but what should the dimerization catalyst be?  The most important criteria 
at this stage had to be compatibility.  The vast majority of known 
dimerization/oligomerization catalysts exhibit (one or both) of the following undesirable 
(for this purpose) properties.  First, they may not be operable within the temperature 
window required by the Ir catalyst, typically 100-200 °C: too low for good activity with 
many heterogeneous catalysts; too high for thermal stability with most homogeneous 
catalysts.  Second, many catalysts (both homogeneous and heterogeneous) require a 
potent activator, often acid or a strong reductant such as an alkylaluminum reagent; while 

CnH2n+2 CnH2n + H2

x CnH2n CxnH2xn

dehydrogenate

oligomerize

CxnH2xn + H2
hydrogenate

CxnH2xn+2

Net: CnH2n+2 + (1-x) CnH2n CxnH2xn+2
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the Ir complexes are remarkably thermally robust, they are chemically quite the opposite 
and would not survive such conditions.  Hence, to demonstrate the viability of our 
approach, we selected a homogeneous catalyst developed by Schrock et al. in the 1970s, 
Cp*TaCl2(C2H4) [15], which offers the major advantages of 1) high thermal stability; 2) 
requiring no activator; and 3) good specificity (for terminal alkenes) and regioselectivity 
(Eq. 4), although as we will see the particular alkene isomers it generates are actually not 
desirable for completing the target transformation. 
 
As a test, we examined the reaction of 1-hexene in n-heptane in the presence of the two 
catalysts, and after some initial adjustment of reaction parameters (by trial and error), 
obtained the results shown in Scheme 2.  The formation of n-hexane (along with 
heptenes, presumably, but they were hard to detect in the presence of the large excess of 
heptane) shows that transfer hydrogenation has taken place, while the formation of (large 
amounts of) C12 alkenes shows that dimerization is operating as well, so at least the two 
catalysts do not interfere with one another.  More importantly, the appearance of C13 and 
C14 products demonstrates tandem catalysis: the heptene produced by transfer 
hydrogenation has been successfully coupled with the hexene (as well as with itself)!  
How well did it work?  We can define two measures of efficacy.  Tandem yield is the 
number of moles of monomeric alkene incorporated into C13/14 products divided by the 
number of moles of hexene initially present; tandem cooperativity is the fraction of 
heptenes produced by transfer hydrogenation (measure by the amount of hexane formed) 
that end up in the C13/14 products.  For this initial demonstration, those are 21% and 35% 
respectively [14]. 
 

 
 

Scheme 2 
 
Tandem Catalysis: Optimization via Mechanism 
 
Improving catalytic performance by adjusting the nature of the catalyst and/or the 
reaction parameters, in a rational as opposed to Edisonian, trial-and-error manner, is 
facilitated by thorough mechanistic study.  (At least, academic chemists like to believe 
that!)  This issue is particularly crucial to the case of tandem catalysis, for which we need 
to understand not only how each catalyst operates on its own, but also whether and, if so, 
how the presence of one may modify the behavior of the other [16].  For the present Ir/Ta 
tandem system, we first addressed the latter question: do transfer hydrogenation and 
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dimerization function independently in a common solution?  Fig. 2 shows that in fact 
they do: each catalyst performs exactly the same, within experimental precision, with or 
without the other present. 
 

 
 

Fig 2 Time evolution of products from the reaction of Scheme 2: n-hexane (squares) and 
C12 (diamonds) obtained with Ir and Ta catalysts respectively, by themselves (open 

shapes) and in the presence of the other (filled shapes) 
 
Next we examined the detailed mechanisms for each of the two components.  The basic 
sequences had already been established for both the Ta-catalyzed dimerization [17] and 
the Ir-catalyzed transfer hydrogenation [10], as shown in Schemes 3 and 4 respectively, 
and our findings confirm them, with some additional details specifically relevant to the 
conditions where the tandem process may operate.  Most importantly, the two processes 
exhibit  very different dependencies on both alkene concentration and temperature.  Ir-
catalyzed transfer hydrogenation is inversely dependent on [alkene], while the competing 
isomerization of 1-alkene to internal alkenes (which are not dimerized at all by the Ta 
catalyst) is approximately first-order in [alkene] (Fig. 3).  In contrast, Ta-catalyzed 
dimerization is directly related to [alkene]; more precisely, it exhibits saturation kinetics: 
first-order at low [alkene] turning to zero-order at higher levels (Fig. 4).  Furthermore, 
transfer hydrogenation rates increase strongly (both absolutely and relative to competing 
isomerization), whereas dimerization rates decrease modestly, with increasing 
temperature; these behaviors are entirely consistent with the mechanisms of Schemes 3 
and 4 [16]. 
 

230



 
 

Scheme 3 
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Fig 3 Rate constants for Ir-catalyzed transfer hydrogenation (diamonds) and 
isomerization (squares) of 1-hexene as a function of concentration 

 

 
 

Fig 4 Rate constants for Ta-catalyzed dimerization of 1-hexene to major (diamonds) and 
minor (squares) isomers as a function of concentration 

 
This mismatch in optimal conditions for the individual reactions imposes constraints on 
the tandem process: at high [alkene], dimerization will far outpace transfer 
hydrogenation, resulting in very inefficient alkane utilization; while at low [alkene] only 
a limited overall conversion can be achieved.  The solution to this dilemma is gradual 
addition of alkene to the reaction mixture.  Table 1 shows the striking improvement 
achieved by slow addition of the 1-hexene by syringe pump, such that the concentration 
at any given time is kept quite low.  Compared to the initial results of Scheme 2, the 
overall yield of tandem product is doubled; and cooperativity is now over 90%, showing 
that the two catalytic processes are working together with excellent efficiency [14]. 
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Table 1 Effect of slow addition of alkene on tandem catalytic performance  
 

[1-Hexene] 
added (mM) 

C12 
mM (%) 

C13 + C14 
mM (%) 

TON 
for Ta 

TON 
for Ir 

Yield 
% 

Cooperativity 
% 

1200 
(~50 mM h-1) 

293 (49) 240 (40) 67 (30) 66 (60) 40 91 

1000 (one shot) 432 (86) 29 (6) 58 (4) 17 (8) 13 45 
 
 
Unfortunately this demonstration system does not carry out the entire target cycle: the 
dimeric hydrocarbons are alkenes, not alkanes; the net reaction is that of Scheme 5, not 
Scheme 1, with the alkene feedstock acting as sacrificial hydrogen acceptor as well as 
substrate.  The reason for this shortcoming is clear: the highly-branched dimeric alkene 
isomers preferentially produced by the Ta catalyst are too sterically encumbered to 
undergo transfer hydrogenation at Ir.  To complete the cycle, we need to find a 
dimerization catalyst that can produce less-branched alkene isomers, and/or a transfer 
hydrogenation catalyst that can operate on highly substituted ones.  Both approaches are 
being pursued; here we will present some preliminary findings on the former. 
 

 
 

Scheme 5 
 
Ni-Exchanged Zincosilicates: Advantages of Charge Matching 
 
As noted earlier, there is a large array of known alkene dimerization/oligomerization 
catalysts, both homogeneous and heterogeneous, but not so many that seem likely to be 
compatible with the Ir transfer hydrogenation catalysts and thus be viable tandem 
catalysis candidates.  The most common issue of concern is the need for activation by 
“harsh” reagents such as alkylaluminum compounds.  One potentially interesting class of 
catalyst that does not (always) require such activation is nickel-exchanged zeolitic 
materials, such as zeolites with FAU or MFI topology as well as mesoporous 
aluminosilicates; these convert light alkenes such as propene to dimers and higher 
oligomers, with moderate selectivity and activity at temperatures generally in the range of 
100-300°C [18].  It occurred to us that one cause of less-than-optimal performance might 
be charge mismatch: nickel is incorporated in the form of Ni2+, whereas the substitution 
of Al for Si in the framework results in but a single negative charge, requiring two such 
sites for each Ni.  In contrast, zincosilicates have a double negative charge at each 
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heteroatom site (Fig. 5). One might thus expect that, for a given heteroatom (Al or Zn) 
content, the probability of finding a suitable exchange site would be considerably higher 
for Zn, permitting higher Ni loadings.  More importantly, unpaired Al sites where 
exchange does not occur will remain in the H+ form and generate fairly strong Brønsted 
acid sites, which under reaction conditions are likely to catalyze unselective side 
reactions such as cracking and isomerization.  Hence Ni-exchanged zincosilicates might 
well afford improved catalytic performance for alkene oligomerization. 
 

 
 

Fig 5 Interaction of Ni2+ ion with dinegative sites in aluminosilicate (left) vs. 
zincosilicate (right) frameworks 

 
Two zincosilicates synthesized in the Davis lab, CIT-6 (a zeolite with *BEA topology)  
[19] and Zn-MCM-41 [20], were exchanged with Ni(NO3)2 and tested as propene 
oligomerization catalysts at 180 and 250 °C, with high-aluminum zeolite beta (HiAl-
BEA) and ultra-stable zeolite Y (USY) as reference materials; loadings were chosen so as 
to maintain approximately comparable numbers of Ni2+ exchange sites in each. Typical 
results are shown in Fig. 4; while there are no obvious trends in activity or stability, the 
zincosilicate-based catalysts show clear superiority in selectivity.  For Ni-CIT-6, 
selectivity to oligomers (C6 + C9) is on the order of 95%, with the majority consisting of 
the linear (2-hexene) and monobranched (2-methyl-2-pentene + 4-methyl-2-pentene) C6 
isomers, along with smaller amounts of C9 and other C6 isomers.  Ni-Zn-MCM-41 is even 
more selective for oligomers: less than 1% of non-C3n products are produced.  With both 
of these Ni-zincosilicates, the linear:branched ratio of isomers is (desirably) high, around 
1 for Ni-CIT-6 and 1.3 for Ni-Zn-MCM-41.  In contrast, the Ni-aluminosilicate catalysts 
show much lower C3n selectivity, with concomitantly higher levels of products resulting 
from cracking, isomerization, and recombination (C4, C5, C7, C8).  The linear/branched 
ratios are also much lower, on the order of 0.25-0.3 [21]. 
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Fig 2 Representative time-on-stream profiles of conversion, C6 and C9 selectivity for Ni-

CIT-6 (A), Ni-Zn-MCM-41 (B), Ni-HiAl BEA (C), and Ni-USY (D) at 180 °C [21] 
 
We interpret these findings as a consequence of the presence of strong Brønsted sites, 
which are (at least) comparably active to the Ni sites but not nearly so selective for alkene 
oligomerization, validating the hypothesis that matching the negative charge created by 
the framework heteroatom to the positive charge of the exchanged ion should lead to a 
more effective catalyst. 
 
Conclusions and Prospects 
 
We have shown above that the concept of combining two catalysts — one to activate 
alkanes by transfer hydrogenation and the other to oligomerize alkenes — can be a viable 
route for incorporating light alkanes and alkenes into higher hydrocarbon products.  By 
means of mechanistic analysis, we have shown how performance of a tandem catalytic 
system may be optimized, and also understood the failure of our initial model to achieve 
the complete targeted process as a consequence of a mismatch between the preferred 
isomeric substrates and products, respectively, of the two individual catalysts.  Lastly, we 
have generated a new class of oligomerization catalyst that exhibits improved behavior in 
several key aspects; in particular, it produces isomers that should be compatible with the 
specificity of the Ir-based transfer hydrogenation catalyst, and allow the complete cycle 
to operate. 
 
It now remains to be shown that we can in fact combine these two catalysts and 
demonstrate the full cycle.  Chemical compatibility does not appear to be an 
insurmountable issue: we have found that the Ir catalysts operate normally in a solution 
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containing suspended Ni-CIT-6.  Also there are several known methods for supporting Ir 
catalysts on silica or alumina, so operating in a flow reactor with a physical mixture of 
catalysts (or even supporting the Ir catalyst directly on the Ni-zincosilicate) should be a 
viable option.  Work along these lines is being actively pursued. 
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