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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 Cs, (Cg and Cg) products. All catalysts oligomerize propylene, with
the zincosilicates demonstrating higher average selectivities to Cs, 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 Mn?", Co?", Cu?", and Zn?" 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 deNOsy.

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 Brgnsted 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 Brgnsted 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. 2”Al1 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 Cy-Cjs olefin selectivities increase with increasing reaction temperature for both

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

Nickel-Exchanged Zincosilicate
Catalysts for the Oligomerization of

Propylene



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* and AlO,% 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 AI3") 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 Brgnsted acidity
and may participate in acid-catalyzed reactions. If the heteroatom is AI**, these ma-
terials are aluminosilicates called zeolites. Figure 1.1 shows the structure of a typical

zeolite:*

Figure 1.1: Framework structure of zeolite beta.

The pore diameters in microporous materials are less than 20 A, enabling them
to exhibit shape and size selectivity by restricting the entry of certain molecules
into these pores.® 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.® 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.b” A typical FCC flow sheet is shown in Figure 1.2:

FLUE GAS
(TO FINAL DUST COLLECTION)

A

) REGENERATOR REACTOR FRACTIONATOR

RECOVERY

| WATER
e GASOLINE _
\v,\wrm-'n-rCMMYSI — LIGHT GAS OIL
BOILER |
L1 L
FRESH FEED SLURRY
lriedaigy A
@ SETTLER -]
A
AIR BLOWER

- RECYCLE HEAVY GAS OIL

)
WASH OIL

SLURRY DECANT OIL

Figure 1.2: FCC process flow sheet.!

From the heavy fractions of crude oil processed by these FCC units, typically
65wt% gasoline (Cjs. ) and light cycle oils are produced; however, approximately 15-
20wt% olefinic gases (ethylene, propylene, and butylene) are also produced.! 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:

Propylene Oligomerization

2N
/\ + /\ — N —> Cg_ /=, Can=
Butylene Oligomerization N —\‘
N+ N — NN —> Cpo. —»  Cypno

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 Brgnsted 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 Brgnsted 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.®

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’-17, 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.



1' Adsorption 2' Adsorption

Di-Branched

(cis/trans)

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 Ni?" ion exchanged onto molecular sieves such as faujasite (zeolite
X or zeolite Y) or ZSM-5 have been shown to oligomerize these Co-Cy olefins to liquid
olefins (Cg, ). 10 11, 12,13 Thege 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.!® 1> 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 Cg, products (liquids), thus requiring a sepa-
rator and second reactor.'® A large-scale MOGD test run was executed in a Mobil
refinery in 1981, but no industrial process is currently employed.!”

While these molecular sieves are generally practical and useful catalysts, they do
exhibit some drawbacks if used as oligomerization catalysts. Primarily, since Ni?" 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 SiO, tetrahedron due to Loewenstein’s rule),'®
or the orientation of the zeolite framework must be such that two 1- charges from
aluminum tetrahedra are capable of counterbalancing the Ni?*" charge.!® 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 Ni*™ 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
Zn*" 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:

Zeolites (e.g., zeolite X or Y) Zincosilicates (e.g., CIT-6)
Ni2+ Ni2+
© O © O
.0, .0__.0_ .0, .0._ 0.
st AT ST Al s Ssitzn ST
d 4 L4 4" 4d -~ 4 ("

Figure 1.6: Comparison of Ni*"-exchanged zeolites and zincosilicate molecular sieves.
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This charge site can accommodate the Ni** 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.?’ 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 Ni?" exchange and is investigated as an oligomerization catalyst capable
of converting propylene into higher olefins (Cg and Cg 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.?! 22 23

In addition to CIT-6, this project compares the oligomerization activity of three
other catalysts that have undergone Ni?*" 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.

/n-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.?* 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-
7.2": 2 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 Ni?" 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:

1. Dehydrogenation 2. Oligomerization 3. Hydrogenation
2\
2>~ —>» + — \/\/\ — NN
2 H2 \//<

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

1.29 Platinum has

be combined with the oligomerization catalyst into a single materia
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).3% 3! 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-HiAIl-BEA, and
Ni-USY for the Oligomerization of
Propylene!

2.1 Introduction

Nickel-containing aluminosilicate catalysts are capable of oligomerizing light olefins
(C3-Cy4) to higher molecular weight liquid hydrocarbons for blending into gasoline
and distillate transportation fuel streams.® 2 The exchange of Ni?>" cations into zeo-
lites that have framework topologies such as FAU and MFT have been shown to give
catalysts that can oligomerize these light olefins to liquid olefins (Cg, ) at reaction
temperatures of 25-350°C, and at pressures from slightly above atmospheric to over

35 bar.? 10: 11,13, 32,33 Qther aluminosilicates, such as amorphous silica-alumina com-

14, 15, 34 36, 37

bined with nickel oxide and nickel-exchanged mesoporous materials,®> 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, Ni?* is a divalent cation, requiring two nearby framework

aluminum atoms to counterbalance the positive charge.!® High aluminum content in

nformation 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).



13

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 Ni?" exchanges, but unexchanged aluminum can yield additional
Brgnsted acid sites. The strong Brgnsted 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.® It has been shown that
the Ni?" ion sites alone are sufficient to perform light olefin oligomerization;*® thus,
Brgnsted sites are unnecessary in the presence of the Ni* cations.

As previously shown, the framework Zn?" atoms in zincosilicates create two an-
ionic charges per zinc heteroatom that can accommodate the Ni?' 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.?’ The absence of strong Brgnsted 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,?! 2% 23 is exchanged with Ni?" and tested as a catalyst for
converting propylene into higher olefins (Cg and Cg products). Additionally, we in-
vestigate high-aluminum zeolite beta (HiAl-BEA),3% %41 Zn-MCM-41,%* 2% 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 Ni?* exchange sites and Ni?* loadings compa-
rable between all solids (hence, the use of HIAI-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.?? 24 39

The zeolite USY was obtained from Zeolyst (Zeolyst CBV-712, SiOy/Al, O3 = 12,
NH, " -form).

CIT-6 was synthesized according to the method of Takewaki et al.?2 A synthesis
gel of composition 1 SiOy / 0.03 Zn(OAc), / 0.65 TEAOH / 0.05 LiOH / 30 HyO
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.?* A synthesis gel of composition 1 SiO, / 0.024
Zn(OAc), / 0.5 NaOH / 0.61 CTAB / 60 HyO 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.3® A synthesis gel of composition
1 Si0y / 0.025 Al,O3 / 0.325 NayO / 25 HyO 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, SiOy/Al,03 = 27, NH, -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 Ni?" Exchange and Zn Heteroatom Protection

Ni?" ion exchange was performed at 75°C (25°C for Zn-MCM-41) for 5 h using a 0.01
M solution of Ni(NOj)s (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(NOj), solution
via centrifugation, washed with distilled water, and dried. After the Ni** 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 (Ni*" used here for catalysis purposes, although Mg?" or Ca?" 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 M?" 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 Mg*" or Ca?"
ions were initially exchanged (using a 1 M MgCl, or 1 M CaCls solution, pH-adjusted
to 7.0 with dilute NaOH, for 5 h at 75°C), calcination and subsequent exchange with
the Ni?* cation using the procedure described above was possible. CIT-6 samples

that underwent calcination without the initial exchange of Mg?" or Ca?" did not give
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good exchange of Ni?" 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 Ni** 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 Ni?" exchange is not needed.

2.2.3 Characterization

The as-made materials were characterized by powder X-ray diffraction (XRD) on a
Rigaku Miniflex IT diffractometer with Cu Ko radiation (A=1.54184 A), to determine
structure type and give an estimate of purity. In each diffraction pattern for CIT-6,
HiAl-BEA, or USY, 20 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, 20 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 ZrO, rotors. 2"Al 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 Brgnsted 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 scem 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 scem) to remove any physisorbed NHg, 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 NH;. 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'! 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,

A2, A3, A4, and A.5 in the Appendix.
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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 Ni*" exchange) is similar to the Si/(2Al) ratios in HiAl-BEA and USY,
since these zeolites required paired aluminum sites for the Ni?* 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 Ni?" 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). 2"Al 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 Brgnsted
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 Cg 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 Brgnsted 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-Cs,
products, likely due to the relative acidic strength of the framework zinc and alu-
minum heteroatoms.?’ As TOS increases, these isomerization sites in each material
deactivate, and more primary products are observed in the hexene product mixture.
Selectivity to Cg 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 Mg?" or
Ca? " before calcination and subsequent exchange with Ni?* are shown in Figure A.30

of the Appendix.
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Figure 2.2: Representative time-on-stream profiles of conversion, Cg and Cg 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 Cs, products as Ni-CIT-6; C;-Cy
saturated and unsaturated products are observed in amounts comparable to that of
the Cg products. Selectivity to C4 and Cj saturated and unsaturated products is
low (<10% total); oligomerization and subsequent cracking products are primarily
observed.

The strong Breonsted acid sites in Ni-HiAl-BEA appear to catalyze cracking and
isomerization, resulting in the observed C; and Cg 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 Brgnsted 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 Cs, products.

The two zincosilicates (Ni-CIT-6 and Ni-Zn-MCM-41) exhibit by far the highest
selectivities to Cg, 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-Cs, 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 Cy products is approximately half that observed for Ni-

CIT-6. Total selectivities to non-Cs, 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.® The Ni?"-exchanged USY material initially gives the highest propylene
conversion and has the lowest Cs, product selectivities (less than 65% at 180°C) of
any material tested. This is likely due to the presence of residual Brgnsted 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.3” 42
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Figure 2.3: Representative time-on-stream profiles of conversion and Cg and Cg 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
Co products at 250°C than at 180°C (722% versus ~18%), with the corresponding
selectivities to Cg products decreasing (non-Cs, 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-Cs, 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 Cg products (730%)
relative to those at 180°C (730-35%), while total selectivities to Cg 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 Cs products have slightly decreased, while selectivities
to C; and Cg products have increased, suggesting increased cracking of Cg products
and reduced cracking of Cg products at 250°C. This could be attributed to faster
deactivation of strong Bregnsted acid sites at 250°C. While Cs, 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.
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Figure 2.4: Hexene isomer linear-to-branched ratios for Ni-CIT-6, Ni-Zn-MCM-41,
Ni-HiAlI-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

Ni%* 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 Cs, 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-HiAI-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 Cs, prod-
ucts were observed in the aluminosilicates, particularly Ni-USY (this catalyst was
the least selective to Cs, 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 Cs, products for the two materials. Cracking products (non-Cs,) were also ob-
served with Ni-HiAl-BEA. These additional cracking reactions to produce C; and Cg
products were likely catalyzed by the strong Brgnsted 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 Cs, 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 Brgnsted 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_g), 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.! 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.*> 4% 47 In alkane metathesis, the
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two primary steps are alkane dehydrogenation and alkene metathesis, forming a Cop_o
alkane and an ethane from two C, alkanes; however, only a few of these reactions avoid
statistical distributions of hydrocarbon products, instead having selectivity to a single
desired Cano product.*® 4% 30 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.

51,52 is proposed as a means to create

In this chapter, a tandem catalyst system
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.% 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.!
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Figure 3.1: Tandem catalysis cycle.
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