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Abstract

The catalytic properties of metallic Ni supported on monoclinic and tetragonal ZrO>
for hydrodeoxygenation of stearic acid was investigated. Due to a higher concentration of
oxygen defect sites, monoclinic ZrO supported catalysts were three times more active, be-
cause the adsorption of carboxylic acid was enhanced. An even higher activity was achieved
by incorporation of SiO: into the ZrO> lattice. Those materials form novel nano-layers pos-

sessing Brognsted acid sites and high specific surface area.

Zusammenfassung

Die katalytischen Eigenschaften von metallischem Ni getragert auf monoklinem und
tetragonalem ZrO> wurden fur die Hydrodeoxygenierung von Stearinséure untersucht.
Durch die hohere Konzentration von Sauerstoffdefektenstellen waren die auf monoklinem
ZrO, getragerten Katalysatoren dreimal aktiver, da die Adsorption der Carboxysaure erhoht
wurde. Eine noch hohere Aktivitat konnte durch den Einbau von SiO- in das ZrO; Gitter
erreicht werden. Diese Materialien bilden neuartige Nanoschichten aus, die Brgnsted-Séure-

Zentren und eine hohe spezifische Oberflache besitzen.
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Chapter 1

Introduction and general background

Recent global political events led to an interim drop in crude oil prize (29 $/barrel
for Brent in January 2016)%, pretending that the necessity to displace fossil fuels is less ur-
gent. However, extreme weather events, even in moderate climate regions, are commonly
agreed to be related to climate change and the increase of the average temperature world-
wide. This rise of the mean global temperature is caused by the emissions of greenhouse
gases (GHG).? The European Union (EU) has decided to restrict the increase of the mean
global temperature to 2 °C above pre-industrial levels by mitigating the emissions of GHG
by 20%, increase the share of renewable energy to 20% and raise energy efficiency by 20%
until 2020 compared with the level from 1990 (Europe 2020 strategy targets).® The limit of
2 °C increase was adapted by the “Paris Agreement” under the United Nations Framework
Convention on Climate Change.* CO- is the most abundant GHG, which is predominantly
generated by the combustion of fossil fuels.® With a share of 18%, the transportation sector
is still the second highest contributor of GHG-emissions in Germany (Figure 1-1),% consum-
ing gasoline, diesel, kerosene and heavy fuel oil originated from fossil oil. Renewable fuels
(i.e. biofuels) are the most promising approach to overcome these problems because they are
considered as CO,-neutral.” This means that the emitted amount of CO by combustion of
those biofuels is equal to the sequestered amount of CO., which is captured via photosyn-

thesis during growth of the respective plant of origin.®

In a first generation of biofuels, ethanol is produced by fermentation of glucose from
edible plants (e.g. corn and sugar cane). The second generation of biofuels is fatty acid
methyl ester (FAME), known as bio-diesel, produced from vegetable oil (sunflower oil, palm
oil, rapeseed oil) via transesterification with methanol. Those plant sources of the vegetable
oil, however, compete with arable land necessary for food production and consume fresh
water. Additionally, bio-diesel bears several technical and practical disadvantages compared
to conventional diesel. Microalgae, however, are envisioned as a renewable source for the
production of third generation biofuels, converted to hydrocarbon diesel (i.e. green diesel)

by hydrodeoxygenation.®
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Annual greenhouse gas emissions in Germany [Mio. t CO,-equi.]

LULUCF*

Industrial processes

Fugitive Emissions from Fuels Energy Industries

Other Sectors &
other small sources **

Transport

Figure 1-1. Annual greenhouse gas emissions in Germany in million tons CO; equivalent based on
data from ©: * Land use, land-use change and forestry; ** common reporting format

1.1 Microalgae - a renewable source of triglycerides for biofuels

Microalgae are either prokaryotic or eukaryotic photosynthetic microorganisms,°
directly converting sunlight, CO2 and nutrients into Oz and biomass (i.e. mainly triglycer-
ides, proteins and saccharides).!! Figure 1-2 shows a general molecular formula of a triglyc-
eride representing microalgae oil. The photosynthetic rates of microalgae are higher than
those of terrestrial plants and they capture 10% of incident solar energy.® Reaching up to
70 wit% of dry biomass,*? the oil content is extraordinarily high and the growth rates are 10-
20 times faster than conventional terrestrial oil plants (e.g. rapeseed, palm and sunflower).1%
13 In contrast to the first- and second generation of biofuels, the third generation is advanta-
geous from an ethical point of view, because the production of microalgae is not competing
with agriculture, as no arable land is required.2 1314 In general, microalgae are highly adapt-
able to extreme living conditions.®® *> Halophile microalgae tolerate saline concentrations of
seawater and above, which is a clear advantage at places with high sunlight radiation, often
related to short fresh water supply that is more urgently needed for survival of the domestic
population. In addition to that, salt water as growing media is more resistant against contam-
ination.'* The ideal setup for an integrated production of microalgae at large scale uses

wastewater as N-source'* and flue gas from fossil fuel power plants as COz-source.'® 13
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When the algae is under nutrient stress (limitation of nitrogen or phosphorous),
osmotic stress, radiation, (extreme) pH, temperature, heavy metals or other chemicals, the
cell produces triglycerides. Those lipids provide an energy storage for the cell, enabling the
microalgae to endure unfavorable environmental conditions. This is called lipid induction.
Among those, the limitation of N-source is the most widely applied technique leading to the
accumulation of storage compounds (i.e. triglyceride) within the algae cell.*® In order to
obtain the desired triglyceride out of the cell, it has to be extracted, which is economically
and energetically the most crucial step in the concept of bio-fuels from microalgae. Methods
for cell disruption includes high-pressure homogenization, bead beating, ultrasonication
(micro-cavitation), treatment with microwaves, hydrothermal treatment, supercritical fluid

extraction, solvent extraction and sulfuric acid treatment.t’

O

O)LRZ=

Rf\n,o o\n,Rg,=
0 o}

Figure 1-2. General molecular formular of a triglyceride — R, R;™ and Rs™ are representing saturated
or unsaturated fatty acid residues.

1.2 Routes of triglyceride conversion

Transesterification with alcohol is the most conventional route in upgrading triglyc-
erides from vegetable oil, algae oil or waste fats that has been applied commercially so far
(Scheme 1-1). The composition of a representative microalgae oil and the distribution of
fatty acid residues is compiled in Table 1-1. Depending on the availability and economic
considerations,> '8 the most common product is fatty acid methyl ester (FAME), usually
blended with petroleum diesel and sold as Biodiesel.!® Chemically, however, this Biodiesel
is explicitly different to petroleum diesel, leading to several disadvantages. Due to the
(relatively) high oxygen content, the energy density is lower compared to petroleum diesel.

The flow quality at low temperatures is poor and the thermal- and oxidation stability is low,
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requiring technical solutions necessary that go together with abrasive wear of the engine and

parts thereof.?°

O OH

O)J\Rz acid or base HOWOH

catalyst
H\ + 3H3C-OH —mmmm +

R1\H/O O\n/R3 R1COOCH3 + RzCOOCHg, + R3000CH3

Scheme 1-1. Transesterification of triglyceride with methanol leading to glycerol and fatty acid
methyl ester (FAME).

Table 1-1. Fatty acid composition of microalgae oil.?

Fatty acids composition [wt%o]

Cuo® Cis0 Cisz Cigr Ciso Casa Coo Co6 Coa Ca1 Cao Coso  Sterol

0.04 441 562 322 441 007 043 013 019 097 044 036 0.12

[a] Crude microalgae oil provided by Verfahrenstechnik Schwedt GmbH.

[b] The nomenclature shows the number of carbon atoms and the number of C=C double bonds: e.g.
the alkyl chain of the present fatty acid contains 14 C atoms and no double bonds (Cia:).

This thesis, however, shall deal with a more sustainable approach, focusing on non-
esterified renewable diesel (NERD) also referred to as Green Diesel. As stated above, the
relatively high oxygen content of triglycerides and FAME is disadvantageous and oxygen
has to be removed directly from the triglyceride to obtain long chain alkanes in the diesel
range (Ce-C22).2! Similar to the removal of nitrogen through hydrodenitrogenation (HDN)
and sulfur through hydrodesulfurization (HDS), oxygen can be removed via hydrotreating
catalysts using H2.2? This removal of oxygen from an organic molecule with H; is called
hydrodeoxygenation (HDO). Suitable catalysts are supported or unsupported transition
metal sulfides (e.g. NiMo and CoMo sulfide)?® which are already applied commercially for
this purpose and offer the advantage of using an existing infrastructure.?* With these cata-
lysts, triglycerides can be converted to longchain and unbranched alkanes in the diesel range
at process conditions of 10-200 bar H, at 350-450 °C.2° This renewable diesel has high

cetane numbers in the range of 70-90.?® Transition metal sulfides catalysts, however, are not
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ideal because they deactivate in such oxygen rich (i.e. sulfur free) feeds and contaminate the
product with sulfur leached from the catalyst by a reverse Mars-van-Krevelen-mechanism.?’

In order to overcome this drawback, sulfur free catalysts were developed. Catalytic
deoxygenation of triglycerides and fatty acids was achieved with Ru, Pd, Pt, Re, Ir, Os, Mo,
Rh and Ni supported on SiO2, MgO, C, AlOs or zeolites (HBEA, H-ZSM-5).22 Among
those, Pd and Pt show the highest conversion of stearic acid and high selectivity towards
n-heptadecane. Additionally and in contrast to hydrotreating, catalytic deoxygenation re-
quires lower reaction temperature (250-300 °C),?® provides higher selectivity of the corre-

sponding alkane and has lower consumption of Hy.% 28 29

O
i i Octadecanal
O)LR; Stearic acid Hy, Ni Hy, Ni
‘)\‘ Ho, Ni n-C47H35-COOH ——» n-C47H35-CHO ——» n-C47Hzg + CO
= = ’ n-Heptadecane (C47)
RO OL_R3y —

\'Or \g 260 °C H3C-CHa-CHs 1{ Hy, Ni N
Mi | oil Propane

eroaigae = n-C17H35-CH20H n-C18H38 + HZO

1-Octadecanol (C45-OH) n-Octadecane (C4g)

n-c17H35-Co%

n-C17H35-C(O)O-C H2-f7-C17H35

Stearyl stearate

Scheme 1-2. Proposed reaction network for hydrogenation and hydrogenolysis of microalgae oil and
the hydrodeoxygenation of stearic acid, showing the decarbonylation route towards n-heptadecane
(C17), dehydration/hydrogenation to n-octadecane (Cis) and reversible esterification towards stearyl
stearate.

Starting with microalgae oil as a typical triglyceride (Figure 1-2), the deoxygenation
to alkanes is carried out in a reaction sequence (Scheme 1-2). In a first step, the double bonds
of the unsaturated fatty acid residues are hydrogenated (Eq. 1) and the ester bonds of the
fatty acids with the glycerol backbone are cleaved via hydrogenolysis resulting in the for-
mation of propane and carboxylic acid (Eq. 2). Those fatty acids (e.g. stearic acid) are
hydrogenated (Eq. 3) leading to the corresponding aldehyde (octadecanal), that is equili-
brated with alcohol (1-octadecanol) via hydrogenation-dehydrogenation (Eq. 4).%° The de-
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oxygenation of the aldehyde takes place via decarbonylation (-CO), without a net consump-
tion of Hz (EQ. 5), whereas the alcohol can be deoxygenated by Brensted-acid-catalyzed
dehydration with subsequent hydrogenation over transition metal (Eq. 6 + Eq. 1).3! Alter-
natively, the fatty acid can directly undergo decarboxylation (-CO, Eq. 7) on Pd/SiO; or
hydrodeoxygenation (-H20, Eq. 8) on Pd/NbOPOQ4.32 Both decarbonylation and decarboxy-
lation lead to the loss of one carbon atom, whereas the product formed by dehydration-
hydrogenation or hydrodeoxygenation has the same carbon number as the substrate
carboxylic acid. Therefore, decarbonylation and decarboxylation reaction consume less Hy,
but the carbon economy is lower. The long chain alkane obtained via hydrodeoxygenation
from microalgae oil is chemically indistinguishable from petroleum based diesel fuel.*

However, precious metals are costly and therefore their feasibility for industrial
application is limited. Recently the quantitative conversion of both stearic acid and crude
microalgae oil (without purification) was achieved with supported Ni catalysts, which is
more economical.3! 3% However, H-ZSM-5 (Si/Al = 45) used as a support there, lead to
severe cracking, because of the high concentration of Brgnsted acid sites. Consequently,
those products do not fit in the diesel range. Obviously, in addition to the catalytically active
metal, the support has significant contribution to the catalytic performance. After investigat-
ing a series of oxidic supports including SiOz, Al203, TiO2, CeO2 and ZrO2, ZrO; turned out

to be the best one, enhancing the catalytic activity synergistically.*

In presence of a reducible oxide (i.e. ZrOz), oxygen vacancies of ZrO- facilitate the
concerted adsorption of stearic acid and H> activation (Figure 1-3). The oxygen vacancy
from the transition metal oxide is (re)filled with an oxygen from the carboxylic group of the
acid.®® In line with that, a surface carboxylate is formed and a-hydrogen is abstracted form-
ing a ketene intermediate, which is in turn hydrogenated to aldehyde on Ni and subse-
quently decarbonylated to n-heptadecane and CO.%" Therefore, the oxygen vacancy is an
active site for the first hydrogenation/deoxygenation step and anchoring the reactant mole-
cule. To regenerate the oxygen vacancy of ZrO,, the abstracted a-hydrogen and the proton
from the carboxylic acid OH-group recombine with oxygen bound to ZrO forming H20.
Hence, the selective hydrogenation of fatty acid to aldehyde takes place via a Mars-van-
Krevelen-mechanism.®® The bond strength of the metal oxide is crucial and has to be

balanced that facilitates both the creation of the vacancy and the adsorption of the carboxylic
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groups in fatty acids.®® Together, the redundancy function of Ni and ZrO2 enhances the over-
all hydrodeoxygenation of stearic acid.

C17H35'CH20H ‘l C16H33'CH2'CHO
C6H33-CH,-COOH ”

1 H,0
v

(o}

C46H33-CH,-COOH

Route 2: Route 1:
Synergistic ZrO, and Ni catalyzed hydrogenation Ni catalyzed hydrogenation

Figure 1-3. Proposed reaction mechanism of the hydrogenation of stearic acid to octadecanal by
synergistic catalysis over Ni/ZrO; in the presence of H, (adapted from 372 with permission of John
Wiley and Sons).

The important reactions during the hydrodeoxygenation process are summarized in Eq. 1-8:

Equation 1 Hydrogenation of double bond (e.g. oleic acid):

Ni
H3C(CHy);CH=CH(CH,);COOH + H ———3  n-C4;H35-COOH

Oleic acid Stearic acid

Equation 2  Ester hydrogenolysis:

o}
OJ\ R, Ni R;4COOH + R,COOH + R;COOH
H\ roR T ’
R1\n/0 oer3 P
o} 0
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Equation 3

Equation 4

reaction:

Equation 5

Equation 6

Equation 7

Equation 8

Hydrogenation of carboxylic acid to aldehyde:

Ni o)
n-C17H35-COOH  + H, NI n-C1eHga-CHp-CL +Hy0

Stearic acid Octadecanal N

Hydrogenation of aldehyde to alcohol and equilibrated with reverse

_0O [Ni]
n-C4gH33-CH,-C N + Hy n-C47H35-CH,OH

Octadecanal M 1-Octadecanol

~

Decarbonylation of aldehyde:

o Ni
n-C1eHaa-CHp-CZ NI n-Ci7Hgg +CO

Dehydration of alcohol to alkene:

H+
n-C16H33-CH2-CH20H M’ n-C15H33-CH=CH2 + H2O

1-Octadecanol 1-Octadecene

Decarboxylation of carboxylic acid to alkane:

Pd/SiO
n-C47H35-COOH  + H, _[Pd/SIOy] n-Cq7H3 +CO,

Stearic acid n-heptadecane

Hydrodeoxygenation of carboxylic acid to alkane:

n-C47Hz5-COOH  + 3 H, _[PA/NDOPOL] n-CiHzs  +2H,0

Stearic acid n-heptadecane
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1.3 ZrO: - a multifunctional catalyst support

1.3.1 General properties of ZrO2

Among other disciplines, ZrO- is highly appreciated especially in heterogeneous ca-
talysis inter alia due to its excellent mechanical properties, porosity, low thermal conductiv-
ity, stable surface area at high temperature, high resistance to corrosion and high melting
point (2680 °C).*® Additionally, ZrO, uniquely possesses acid- and base sites as well as ox-
idizing and reducing properties.*

1.3.2 Crystal phases of ZrO2

Zirconia occurs in four polymorphs,*! i.e. monoclinic (m-) at ambient temperature
until 1170 °C, tetragonal (t-) between 1170 and 2370 °C, cubic (c-) until the melting point
(2370-2680 °C) and orthorhombic forming only at elevated pressures (Scheme 1-3).42 At
ambient conditions, monoclinic is the predominant phase and represented by the mineral
Baddeleyite in nature. Tetragonal-phase, however, has the highest mechanical strength and
is more suitable for ceramic applications.*?®“ Ideally, the crystal structure of c-ZrO; is based
on a CaF; lattice type,** where Zr is eightfold coordinated with oxygen and every O is tetra-
hedrally coordinated by Zr. In t-ZrOa, the crystal lattice shows only small deviations from
the ideal CaF-structure and still an eightfold coordination of Zr.* In contrast to that, m-
ZrO; is considerably more distorted with respect to the ideal CaF.-structure and the Zr*
cation is sevenfold coordinated with oxygen, whereas O is either trigonally or tetrahedrally
coordinated by Zr. Detailed crystallographic structures are extensively discussed and visu-

alized in literature.**-6

1170 °C 2370 °C
tetragonal ZrO,

monoclinic ZrO, cubic ZrO, ZrO, (liquid)

o

Scheme 1-3. Phase transition of ZrO, as a function of temperature.
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1.3.3 Generation of Lewis- and Brgnsted acid sites on the surface of ZrO:

Pure ZrO almost exclusively shows Lewis acidic properties, as it was shown by IR
spectroscopy of adsorbed pyridine that is coordinately bound to the surface of ZrO2, whereas
Bransted acid sites are absent.*” By mixing with another oxide, Bragnsted acid sites can be
generated on ZrO>. According to Thomas’ model, a cation of a metal that is isomorphously
substituted into a metal oxide structure comprised of a cation with higher charge (e.g. AIP*
into SiO,), would need a balancing charge, which is most likely a proton.*® That means, Al
adapts the tetrahedral coordination of oxygen and the resulting charge deficit has to be com-

pensated by a proton associated with it. This proton is acidic (Scheme 1-4).

Scheme 1-4. Schematic representation for the generation/formation of an acidic proton in a mixed
SiOz-A'zOs OXidE‘.49

However, this model does not explain the generation of acidity for binary metal ox-
ides (chemically bonded), when both cations have the same charge (e.g. SiO2-ZrO>). Tanabe
et al. elaborated the model, stated above, taking into account the coordination numbers CN

of the oxygen anion and both of the cations.®° It is based on two fundamental assumptions:

i) They hypothesized that in a model structure, the coordination number of each
metal cation is maintained as in its pure oxide.
i) On the contrary, all oxygen anions of a binary metal oxide retain the coordination

number of the major (oxide) component.

A charge imbalance formed by this is generating either LAS or BAS. A positive
excess charge is generating a LAS, whereas a negative excess charge is the reason for a BAS.
The example SiO2-ZrO> is shown in Scheme 1-5. For ZrOz-rich mixed oxides, the four pos-
itive charges of Si are distributed to four bonds (+4/4) and two negative charges of an oxygen

anion are shared by four bonds (-2/4), i.e. the coordination of oxygen in ZrO, according to

assumption 1) in Tanabe’s hypothesis. The charge difference for one bond is +1 —% = +%

10
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and 4 - (+ %) = +2 for the whole valence unit (Scheme 1-5, A). Therefore, Lewis acidity is

predicted (electron acceptor), which is in agreement with experimental observations.*® If the

major part of the binary oxide is SiOz (Scheme 1-5, B), four positive charges of Zr are dis-

tributed among eight bonds (+ g), while two negative charges are shared between two bonds

(— ;) The result for the whole valence unit is 8 - (+% — 1) = —4. Negative excess charge

requires a proton to balance it and thus imparts Brgnsted acidity.>?

A) B)
\l/ \/
/o/ O © AN (|) /c|>
N N
—0—2zf(—0—Si—0% —0—7{—0—Si—0—
VRN ~ Ny |
5 Lo | PN
AN N | |

Scheme 1-5. Model structure of SiO2-ZrO. mixed oxide unit considering assumptions i) and ii). A)
ZrO,-rich binary oxide (containing LAS), B) SiO; is the major component (containing BAS).

However, this model is lacking an explanation for the simultaneous presence of both
BAS and LAS at the same material in most of the binary oxides. This can be explained by
the concept of micro-regions,>® where inhomogeneities of the mixed oxides being
responsbile for either of the oxide beeing the major or minor part, respectively. Nevertheless,
they are assuming that the coordination number of the cation is not changing in the mixed
oxide.®® ®3 This is not the case for SiO.-TiO-, as demonstrated experimentally by EXAFS
and XRD.> Miller and Ko are generally following Tanabe’s model explaining the generation
of BAS and LAS and mention the heterolinkage Si-O-Zr as the acid site. Additionally, they

point out that Zr enters the SiO,-network maintaining its coordination number of 7 or 8.5

Kataoka and Dumesic also use valence and coordination of the cation to explain the
generation of acidity in binary metal oxides, derived from Paulings electrostatic valence
rule.>® Different valence and coordination number of the cations generate undersaturated
oxygen, that are compensated by Si-O-Zr bridges bearing a formal negative charge as in the
case of SiO2-Al,03.%® Therefore, an acidic proton, located at the Si-O-Zr bond, is necessary
to compensate the neative charge at the bridging oxygen.>® Formally, this can be imagined
like Thomas’ model (Scheme 1-4, page 10).

11
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1.4 Bimetallic catalysts for hydrodeoxygenation

In the previous chapter 1.2 (page 3), sulfur free catalysts were presented for the
hydrodeoxygenation of triglycerides and fatty acids. Unfortunately, the most active and se-
lective metals (i.e. Pd and Pt) are precious metals and rather expensive. Base metals (e.g. Ni,
Co, Cu, Fe, Mo), as a more economic alternative, suffer from lower activity, stability, re-
cyclability and selectivity, especially under the circumstances of biomass feeds with high
chemical complexity.®” Therefore, the combination of two active metals is a promising op-
tion to optimize such catalysts in terms of catalytic parameters, mechanical properties and

economic feasibility.

Combinations of Pt, Pd and Ru with Ni, Co, Cu, Fe and Mo are successfully investi-
gated in the de-functionalization of sugar monomers and polysaccharides (especially cellu-
lose), glycerol, hemicellulose, furfural, fatty acid esters, carboxylic acids, lignin and deriva-

tives thereof.%®

The advantageous effect of the second metal is that it helps reducing the first one or
keep it reduced.®® Further, there are geometric effects altering the geometry of the active site,

electronic effects by electron transfer between metals,38d &

stabilizing effects (preventing
particles to sinter or the deposition of coke), synergistic effects (both metals interact forming
intermediates and transitions states) or bi-functional effects (i.e. both metal species con-
tribute with different catalytic functions).>” The beneficial effect of the bimetallic catalysts
is often related to the formation of an alloy.5! The properties of such an alloy are distinct
from those of the individual metals.®? Ni particles alloyed with Pt for example are smaller
and stronger bound to the support.®® % Also the higher activity of Ni-Pt-catalysts for hydro-
genation of propanal is related to lower binding energy of propanal on the Ni-Pt-Ni(111)
subsurface as it is characterized by TPD and DFT calculations.®* In a very recent contribu-
tion, Ni catalysts were promoted with Cu, Au, Ag, Ru, Rh, Pd, Ir, Fe, Co, Ni, and Sn in order
to investigate the hydrogenolysis of lignin. Here, especially Au improves the activity due to
smaller Ni-particle size and higher dispersion.®® Nevertheless, it is costly to use noble metals

like Au, Pd, and Pt to form the bimetallic species.

Besides the emerging popularity of research on bimetallic catalysts and the advances
made, there is still a lack of knowledge on the mechanism responsible for these improve-
ments, and more studies are required to establish correlations between results and catalyst

modifications at the molecular level °’.

12
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1.5 Scope of the thesis

The aim of this thesis is to further understand and develop active catalysts for the
hydrodeoxygenation of stearic acid working at mild conditions based on Ni/ZrO». Therefore,
supported metal catalysts were independently investigated by the impact of the support on
the one hand side and the effect of the active metal species on the other hand side. The
influence of the support on activity and selectivity will be pointed out. It was investigated in
two aspects: First, the impact of the crystal phase of ZrO> was examined, that synergistically
enhances the catalyst activity and providing a higher concentration of oxygen vacancies.
Therefore, pure phases of monoclinic and tetragonal ZrO, were synthesized and examined
inter alia by means of EDX-TEM, XAS and isotopic exchange experiments. Second, ZrO>
was modified with a hydrothermal synthesis or an impregnation with SiO», introducing a
novel morphology, increasing the specific surface area and changing the acid-base-proper-
ties by the introduction of Brgnsted acid sites, shown by high resolution SEM and IR of
adsorbed pyridine. This further increases the activity and shifts the selectivity. Moreover,
the effect of the metal site was examined. Ni was mixed with Cu that is also an economic
metal and reported to be highly active in hydrogenation of carboxylic acid. Physical mixtures
with close proximity of Ni and Cu are compared with a NixCui-x-alloy obtained by co-im-
pregnation. This promotes the hydrodeoxygenation of stearic acid by faster conversion of
the substrate and a more rapid formation of long chain alkane in the diesel range

(n-heptadecane).
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Chapter 2

Impact of the Oxygen Defects and the Hydrogen
Concentration on the Surface of Tetragonal and
Monoclinic ZrO- on the Reduction Rates of Stearic Acid on

Ni/ZrO:

This chapter is based on the following publication:

Foraita, S.; Fulton, J. L.; Chase, Z. A.; Vjunov, A.; Xu, P.; Baréath, E.; Camaioni, D. M.;
Zhao, C.; Lercher, J. A., “Impact of the Oxygen Defects and the Hydrogen Concentration on
the Surface of Tetragonal and Monoclinic ZrO. on the Reduction Rates of Stearic Acid on
Ni/ZrO2.” Chem. - Eur. J. 2015, 21, 2423-2434.

Reprinted with permission of John Wiley and Sons (license number 4010231326492).

Three different Ni/ZrO, catalysts have been tested with regard to their efficiency in the
hydrogenation reaction of stearic acid. The Ni/m-ZrO> catalyst was found to be the best one.
A higher concentration of active oxygen defects present in this combination was identified
to be responsible for the superiority of this catalyst over the other systems.

Stearic acid hydrogenation 16 Ni/mix-ZrO,
14 A
C.7H35-COOH C4/H35-CHO 12 Ni/m-ZrO,
\ / = 10 Ni/m:t ZrO4
. (2:1)
H,0 S 1:1)
c 6
)
O 4. 1:2)
5 Ni/t-ZrO,
0 1 1 1 1 1 1
hydrogen hydrogenation  vacancy 0 20 40 60 80 100 120 140
activation creation Time [min]

Keywords: Microalgae oil * Hydrodeoxygenation * Decarbonylation « EDX-TEM ¢ XAFS
« in situ IR Spectroscopy * Ni/ZrO; * Temperature Programmed Isotope (*30;-
1860,) Exchange
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2.1 Abstract

The role of the specific physicochemical properties of ZrO» phases on Ni/ZrO> has
been explored with respect to stearic acid reduction. Conversion on pure m-ZrQO> is 1.3 times
more active than on t-ZrO, while Ni/m-ZrO is three times more active than Ni/t-ZrOs..
While the hydrodeoxygenation of stearic acid can be catalyzed solely by Ni, the synergistic
interaction between Ni and the ZrO» support causes the variations in rates. Adsorption of the
carboxylic acid group on an oxygen vacancy of ZrO» and the abstraction of the a-H with the
elimination of the O atom to produce ketene is the key to enhance the overall rate. The
hydrogenated intermediate 1-octadecanol is in turn decarbonylated to n-heptadecane with
identical rates on all catalysts. Decarbonylation of 1-octadecanol is concluded to be limited
by the competitive adsorption of reactants and intermediate. The substantially higher adsorp-
tion of propionic acid demonstrated by IR spectroscopy and the higher reactivity to O, ex-
change reactions with the more active catalyst indicate that the higher concentration of active

oxygen defects on m-ZrO» compared to t-ZrO> causes the higher activity of Ni/m-ZrOa.

2.2 Introduction

Microalgae are seen as ideal basis for third-generation biofuels, because of their high
growth rates and oil contents as well as the independence of fresh water and arable lands.!
Their high content of triglycerides makes them a promising resource for liquid transportation
fuels. The traditional hydrotreating using sulfided NiMo/Al>Os3 catalysts has been commer-
cially realized, i.e., the NExBTL process (Neste Oil, Porvoo, 340 kt-a1).2 Although the pro-
cess for hydrotreating of triglycerides can use the existing infrastructure and requires mod-
erate capital investment, the sulfide catalysts are not ideal for the conversion of a nearly
sulfur-free triglycerides feedstock, because they deactivate via sulfur elimination and con-

taminate the product stream with organic sulfides.®

As sulfur-free supported metal catalysts would be attractive alternatives, two types
of novel Ni based catalysts to directly convert crude microalgae oil quantitatively to diesel-
range hydrocarbons at mild conditions of 260 °C and 40 bar Hz were developed. 4 The cata-
lysts used are stable, economic, and scalable. The conversion of the representative model
compound stearic acid on Ni/ZrO2 in presence of H2 shows that it undergoes reduction of
fatty acid solely by Ni and synergistically by Ni and the ZrO> support. In the presence of Ni,
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the acid is hydrogenated to the aldehyde, followed by decarbonylation of the aldehyde to an
alkane. The oxygen vacancies of the ZrO, support facilitate the concerted adsorption of fatty
acid and the activation of H,. The a-H abstraction and elimination of H.O leads to ketene
that is formed as a relatively stable intermediate, which has been directly monitored by in
situ IR spectroscopy.® In the following step, the ketene is hydrogenated to the corresponding
aldehyde, which is in turn hydrodeoxygenated to the corresponding alkane via decarbonyl-

ation. The redundancy of the two catalytic sites increases the overall rate.

The best results are obtained by combining an appropriate concentration of the oxy-
gen defect sites with the metal providing the required dissociated hydrogen. It should be
noted in passing that much higher rates of the hydrogenation of CO to methanol were ob-
served for Cu/m-ZrO; than for Cu/t-ZrO,,° the higher apparent first order rate constant for
Cu/m-ZrQO; than for Cu/t-ZrO> being attributed to the higher concentration of H on the sur-
face of m-ZrO,. The difference in the properties of the lattice oxygen of the two ZrO, phases
was speculated to be related to the specific adsorption properties for H and CO. As the prop-
erties of oxygen vacancies of supports are critical elements for the hydrodeoxygenation of
fatty acids, the effect of m-, t-, and mix- phases of ZrO on the hydrodeoxygenation of stearic
acid and 1-octadecanol was explored in the liquid phase. The relation between the physico-
chemical properties of the support, as well as its influence on the properties of the supported
Ni particles for catalytic activity and selectivity are explored in the quest to find more active

and selective catalysts for fuel synthesis from biomass.

2.3 Results and Discussion

2.3.1 Catalyst characterization

The two phases of m- and t-ZrO> were synthesized by the solvothermal method using
water and methanol as solvents, respectively. The XRD patterns for the three ZrO> supports
are displayed in the appendix of this chapter (page 49). The diffractogram of monoclinic
ZrO> showed the typical characteristic 2 6 reflections at 24.5, 28.3, 31.6, and 34.5° (JCPDS
card No. 37-1484). The crystal phase of pure t-ZrO, was confirmed by XRD diffraction
peaks at 2 6 of 30.4 and 35.1° (JCPDS card No. 17-0923), without peaks from m-ZrO..

Mixed-phase ZrO> from calcination of Zr(OH)4 showed both, characteristic reflections from
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m- and t-ZrOz, and the specific sample consisted of 83% monoclinic and 17% tetragonal
phase as derived from Equation 2-6 (Experimental Section — Materials and Methods,

page 44).

The N2 sorption showed that the specific BET surface areas of three ZrO; supports
varied between 117 and 160 m?g! (Table 2-1). After Ni incorporation and further thermal
treatment by calcination and reduction, the specific BET surface areas decreased to approx-
imately 70 m2-g’! for the three Ni/ZrO- catalysts (Table 2-2). The concentration of acid and
base sites of the parent ZrO, and Ni/ZrO, were determined from the temperature-pro-
grammed desorption (TPD) of NH3 and CO», respectively. The concentrations of Lewis acid
and base sites of three ZrO, supports were almost identical at 0.30 and 0.04 mmol-g?, re-
spectively. Normalized to the specific surface areas, Lewis acidity and basicity of the sup-
ports were 2.0 and 0.3 pmol-m, which demonstrates that the acid and base properties are
very similar. With Ni deposited, the acid site concentrations of the three Ni/ZrO, samples
decreased by 50% to 0.11-0.14 mmol-g, while the concentrations of base sites were almost
unchanged (0.04 mmol-g™t). This suggests that deposited Ni (metal, oxide or hydroxide) par-
ticles interact with and block Lewis acid sites. The surface areas as well as the concentration
and strength of acid and base sites for three ZrO and Ni/ZrO, samples are shown to be very

similar; therefore, the influence from these factors is expected to be minimal.

Table 2-1. Physicochemical properties of ZrO, supports.

SeeT Concentration of acid sites®  Concentration of basic sites
Support
[m?-g?] [mmol-g?] [umol-m?] [mmol-g] [umol-m?]
mix-ZrO; 162 0.33 2.0 0.06 0.37
m-ZrO; 117 0.30 2.5 0.04 0.36
t-ZrO; 149 0.30 1.9 0.04 0.27

[a] Determined by TPD of NHs. [b] Determined by TPD of CO..
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Table 2-2. Physicochemical properties of Ni incorporated ZrO, catalysts.

Ni Concentration of acid  Concentration of basic
loading SgeT dniq1y) itos ¢ tos d
Catalyst oaaing SItes Sites
[wt%] [m2-g?] [nm]  [mmol-g?] [umol'm?] [mmol-g?] [pmol-m?]
Ni/mix-ZrO, 9.7 75 12 0.14 1.8 0.05 0.69
Ni/m-ZrO, 9.7 69 13 0.11 1.6 0.04 0.58
Ni/t-ZrO» 10 70 12 0.11 15 0.04 0.54

[a] Determined by Ni-AAS. [b] Calculated from XRD by Scherrer equation. [c] Determined by TPD
of NHs. [d] Determined by TPD of CO..

A) EDX-TEM images

Ni/mix-ZrO, Ni/m-ZrO, Ni/t-ZrO,

25%
B) Particle size distribution

20%
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Ni/m-ZrO,
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15% A

10% A
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Figure 2-1. A) TEM images with Energy-dispersive X-ray spectroscopy (EDX) mapping (Ni in red,
Zr in green, O in blue) and B) corresponding Ni particle size distribution of three Ni/ZrO, catalysts.

The characteristic diffraction peaks for m- and t-ZrO, for the three Ni/ZrO;
(Figure A 2-1, B, Appendix) samples were in good agreement with the diffractogram of

parent supports (Figure A 2-1, A), suggesting that the synthesized phases are very stable
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against phase transformation during impregnation, calcination, and reduction. The distinc-
tive peaks at 2 0 of 44.6° and 51.9° are assigned to Ni(111) and Ni(200), respectively. Based
on the Scherrer equation, the average particle diameter, dnii11), Of Ni/mix-ZrOz, Ni/m-ZrOo,
and Ni/t-ZrOz were 12, 13, and 12 nm, respectively.

Apart from XRD measurement on determining the Ni-particle size, TEM images
with Energy-dispersive X-ray spectroscopy (EDX) mapping of Ni on ZrO> (Figure 2-1, A)
and the corresponding particle size distributions (Figure 2-1, B) are also shown. Note that
the TEM images of ZrO; supported Ni particles are difficult to interpret because of the low
metal/support contrast.” Therefore, element sensitive EDX-technique was applied to differ-
entiate between metal species and the support. It shows Ni particles in contact with ZrO,.
From TEM micrographs spherically shaped Ni particles with a heterogeneous size distribu-
tion, typically for wetness impregnation technique, and an average diameter of 14-15 nm
were detected, i.e., larger in size than the average size determined from XRD. This is
attributed to the fact that TEM counts the size of visible Ni° particles, while XRD accounts
also for particles with too low contrast to be determined by TEM measures.® Generally, Ni
particles show comparable sizes and distributions and shapes on three ZrO; supports deter-

mined from both XRD patterns and TEM images.

Thax (Ni/mix-ZrO,) = 515 °C
—> LRE Tinax (NIt-Zr0y)
\ =528 °C

Tmax (Ni/m-ZrQ,)
=483°C —>/

Intensity H,O [a. u.]

200 300 400 500 600 700 800
Temperature [ °C]

Figure 2-2. Temperature programmed reduction with H, on Ni/mix-ZrO,, Ni/m-ZrO,, and Ni/t-ZrO5.
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The state of Ni on ZrO, was probed by TPR of three calcined Ni/ZrO> catalysts using
H> (Figure 2-2). TPR showed that the maximum rates of reduction (monitored by H->O for-
mation) appeared between 483 °C and 528 °C. The maximum reduction rate for Ni/m-ZrO;
occurred at 483 °C, whereas for Ni/mix-ZrO; and Ni/t-ZrO, the reduction rates peaked at
somewhat higher temperatures, 515 and 528 °C, respectively. Bulk NiO is usually reduced
at 400 °C,° and the higher temperature observed here is tentatively attributed to the reduction
of small nickel oxide crystallites interacting strongly with ZrO,.8 Reducing the three calcined
Ni/ZrO- catalysts at 500, 550, 600 °C showed that the Ni particles gradually grew as a func-
tion of the reduction temperature, leading to particles with 13, 14, and 19 nm diameter, re-
spectively (determined by Scherrer Equation from XRD patterns, Table A 2-1). The cata-
Iytic activities for stearic acid hydrogenation decreased in the order of 2.6, 2.0, and
1.0 mmol-g*h?, indicating that the specific rates of hydrogenation decreased in accordance
with the increasing size of the Ni particles. To achieve a high hydrodeoxygenation rate, the
calcined Ni/ZrO, sample were reduced at 500 °C for all samples discussed here.

2.3.2 States of Ni and the ZrO2 polymorphic phases by XAFS

The states of Ni and Zr in the three different Ni/ZrO, catalysts are analyzed by Ni-
and Zr-K edge XAFS. The Ni K-edge XANES spectra demonstrate that Ni/m-ZrOa,
Ni/t-ZrO, and Ni/mix-ZrO; catalysts contained a higher concentration of Ni° than Ni"
(Figure 2-3, A). The Fourier transformed Ni K-edge EXAFS spectra were quite similar for
the three Ni/ZrO; catalysts, which is in good agreement with the other results discussed. The
fractions of Ni® and Ni", analyzed by a linear combination from XANES, are compiled in
Table A 2-2. The three Ni/ZrO; catalysts contained approximately 70-79% metallic Ni® and
21-30% Ni" before reaction. The Ni-Ni distances and coordination numbers (Figure 2-3, B)
are identical to that of bulk Ni. After reaction in presence of Ha, the fraction of metallic Ni°
increased to 84-86%. Fitting the EXAFS using a theoretical standard (Figure A 2-2) showed
that also for these experiments the coordination number of the first Ni-Ni shell was identical
to that for a bulk metal. This is consistent with Ni nanoparticle diameters that are greater
than about 5 nm as shown also by TEM (Figure 2-1, B). No indication of Ni-Zr scattering,
that would be present as a result of a separate, atomically dispersed Ni phase, was observed.
The Ni EXAFS structure for Ni/m-ZrO, and for Ni/t-ZrO> were nearly identical up to
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R =8 A and hence the observed higher reactivity of Ni/m-ZrO2 (described below) does not

appear to be related to differences in the Ni nanostructures.

A)
15 20 1
<
o 10 4 = 01
= =
£ Ni Foil =
2 o5 | —_ NioStandard 20 — NiO Standard
Ni/mix-ZrO, — Ni/mix-zro,
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Figure 2-3. A) Ni K-edge XANES spectra, and B) Ni K-edge EXAFS Fourier transforms (FTs)
Im[x(R)1(A®) spectra of Ni-standards (Ni° foil, NiO) and Ni/ZrO. catalysts (Ni/mix-ZrO,, Ni/m-
ZrO;, Ni/lt-ZrO,) at ambient temperature.

The XAS of the Zr K-edge of the three ZrO, (Figure 2-4, A) shows that the XANES
of mix-ZrO2, m-ZrO2, and t-ZrO; indicate profound differences for t-ZrO; in comparison to
m-ZrO2 including the stronger 1s — 4d shoulder at 18000 eV, the apparent white line doublet
at 18020 eV and the scattering peak at 18045 eV. A more subtle feature is the shoulder on
the leading edge of the white line at 18015 eV, which appeared also for the pure t-ZrO,. All
features are consistent with published values of ZrO.1° Using the XANES to differentiate
t-ZrO2 and m-ZrOz, a linear combination fit to the mix-ZrO yields a ratio of 25% t-ZrO, and
75% m-ZrO, (Table A 2-3), which is in good agreement with the XRD results in
Figure A 2-1. After deposition of Ni, the structure of ZrO, was hardly changed
(Figure A 2-3). Calcination and reduction steps, however, alter the ZrO, phase distribution
of t-ZrO2 and mix-ZrO>. In both instances, t-ZrO> is partially converted to m-ZrO. phase.
The t-ZrO> is converted to about 38% m-ZrO; while mix-ZrO; is converted to about 94%
m-ZrO;.
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Figure 2-4. A) Zr K-edge XANES spectra and B) Zr K-edge EXAFS spectra Fourier transforms
(FTs) Im[x(R)](A™) spectra of mix-ZrO,, m-ZrO,, and t-ZrO, at ambient temperature.

In line with the XRD patterns, the Fourier transformed Zr EXAFS (Figure 2-4, B)
showed high similarity between mix-ZrO, and m-ZrO,. The first maximum at 1.5 A is as-
signed to the nearest shell (O), while the second peak at 3.0-3.3 A is attributed to the next
nearest shell (Zr) around the Zr central atom.!* The shift of the peak at 3.3 A for t-ZrO;
(compared to 3.0 A for m-ZrO) in the FT imaginary x(R) plot (Figure 2-4, B) is attributed
to the fact that the Zr-O bond distance is different in m-ZrO; (Zr-O,, trigonal and Zr-Oy,
tetrahedral) and t-ZrO (Zr-Ou, tetrahedral).*? This peak shift from 3.3 to 3.0 A is also related
to a decreasing symmetry as varying from tetragonal to monoclinic phase.1!?

2.3.3 Hydrogenation of stearic acid over ZrO:

To investigate the effect of ZrO> morphologies, stearic acid was converted first on
the bare supports. The three supports led to similar distributions of product after 6 h
(Figure 2-5, B). The major products were the aldehyde (selectivity: 60-75%) and dihepta-
decyl ketone (selectivity: 18-27%), as well as small concentrations of n-heptadecane
(selectivity: 6-13%).

The reduction and ketonization of the carboxylic acid has been reported to be cata-
lyzed by modestly redox active oxides such as ZrO», CeOz, Cr.03, Fe203, ZnO, and TiO2 at
300-400 °C.%2 The catalyzed reaction involves the adsorption of the acid on oxygen defect
sites of the metal oxides to form a carboxylate. The carboxylates are assumed to be adsorbed
parallel to the oxide surface because of the strong interaction of the o-H with the surface.
Ketene and H»O are formed through abstraction by one of the a-H. Subsequently, a nearby
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carboxylate reacts with the activated H (Scheme 2-1, A) atoms to form the aldehyde or with
adsorbed ketene to form the ketone by eliminating CO2 (Scheme 2-1, B).
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Figure 2-5. A) Conversion of stearic acid over m-ZrO2, mix-ZrO, and t-ZrO; as a function of time.
B) Yields of octadecanal, diheptadecyl ketone, and n-heptadecane over m-ZrO; as a function of
stearic acid conversion. Reaction conditions: stearic acid (0.5 g), ZrO- (0.5 g), dodecane (100 mL),
260 °C, p(H2) = 40 bar, stirring at 600 rpm. Reproducibility of the rates has been better than + 5%.

(A) Stearic acid hydrogenation (B) Stearic acid ketonization

C,7H35-COOH C,7H35-CHO C,7H35-COOH C,7H35-C(=0)-Cy;H35

hydrogen hydrogenation vacancy adsorption ketonization vacancy
activation creation creation

Scheme 2-1. Mechanisms for (A) hydrogenation and (B) ketonization of stearic acid on the surface
of ZrO..

The rates of stearic acid conversion on mix- and m-ZrO were similar at 28% and
29% after 6 h corresponding to rates of 0.017 and 0.016 mmol-g*-h%, respectively. The rate
on t-ZrO2 was 20% lower (Table 2-3). The mix-ZrO- consisted of a majority of 83% m-ZrO-
evidenced by the XRD patterns. This demonstrates that the monoclinic phase of ZrO; is more

active for stearic acid reduction even in the absence of metal sites.
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Table 2-3. Comparison of stearic acid conversion over ZrO; supports.?

Rate Conv. Selectivity [C%)]
Catalyst
[mmol-g*-h?] [%] Cu7 C17-CHO (C17H35)2C=0
mix-ZrO; 0.017 28 13 60 27
m-ZrO, 0.016 29 6.9 75 18
t-ZrO; 0.013 21 6.0 72 22

[a] Reaction conditions: stearic acid (0.5 g), ZrO: (0.5 g), dodecane (100 mL), 260 °C, p(Hz) = 40
bar, 6 h, stirring at 600 rpm. Reproducibility of the rates has been better than + 5%.

2.3.4 Hydrogenation of stearic acid with Ni/ZrOz

The results of the conversion of stearic acid on Ni supported on m-, t-, and mix-ZrO;
are shown in Figure A 2-4, A. The primary initial product was the hydrogenated alcohol
with a selectivity of 86-94%, and further decarbonylated C17 and hydrodeoxygenated Cisg
hydrocarbons were obtained in minor quantities (total selectivity: 5-10%) (Figure A 2-4, B).
With Ni/ZrO; ketonization was eliminated. In addition, the hydrogenation rate on Ni/m-ZrO;
(2.6 mmol-g*-h?) was two orders of magnitude higher than that on m-ZrO;
(0.017 mmol-g*-h™1). This is attributed to the fact that Ni aided the dissociation of Hy, dra-
matically enhancing the rate of formation and consequently increasing the number of oxygen
vacancies on the ZrO> support, thereby substantially increasing the rate of ketene formation
by the support. Additionally, in presence of Hz, the direct Ni catalyzed hydrogenation of
stearic acid dominates the overall catalytic chemistry. The facile availability of H essentially

eliminates the much slower ketonization route.

Comparison of the three different Ni/ZrO- catalysts shows that the rate of conversion
of stearic acid over Ni/m-ZrO; (2.6 mmol-g’*-h"!) was almost three times higher than that
over Ni/t-ZrOz (0.9 mmol-g*-ht) (Table 2-4). The catalytic activities of Ni/mix-ZrO, and
Ni/m-ZrO, for producing 1-octadecanol were quite similar with rates of 2.5 and
2.6 mmol-g-h%, respectively. To further verify such a phase effect, Ni supported on physical
mixtures of m-ZrO. and t-ZrO> (Figure A 2-4, A) were used to reduce stearic acid under
otherwise identical conditions. The hydrogenation rates followed the sequence of 1.7, 1.5,
and 1.0 mmol-g’*-h™ for the 1:2, 1:1, and 2:1 ratios of and Ni/m:t-ZrO, samples (Table 2-4).
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The rates with the physically mixed supports were expectedly between the rates of pure
Ni/m-ZrO; (2.6 mmol-g*ht) and Ni/t-ZrO, samples (0.9 mmol-g*-h). These results show
that the rate of reduction is directly correlated with the concentration of m-ZrO;
(Figure 2-6).

Table 2-4. Comparison of stearic acid conversion over different Ni/ZrO, catalysts.?

Rate Conv. Selectivity [C%)]
Catalyst
[mmol-g™-h] [%] Cur Cis Ci15-OH

Ni/mix-ZrO; 25 13.3 5.5 0.4 94
Ni/m-ZrO, 2.6 12.7 6.3 0.5 93
Ni/2:1 m:t-ZrO, 1.7 7.1 11 2.0 87
Ni/1:1 m:t-ZrO, 15 7.3 94 1.6 89
Ni/1:2 m:t-ZrO, 1.0 4.4 12 2.0 86
Ni/t-ZrO, 0.9 4.1 7.8 0.2 92

[a] Reaction conditions: stearic acid (1.0 g), Ni/ZrO; (10 wt%, 0.10 g), dodecane (100 mL), 260 °C,
p(H2) = 40 bar, 2 h, stirring at 600 rpm. Reproducibility of the rates has been better than + 5%.
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Figure 2-6. Rates for the conversion of stearic acid depending on the content of monoclinic ZrO- in
a Ni/ZrO, catalyst. Reaction conditions: stearic acid (1.0 g), Ni/ZrO;, (10 wt%, 0.1 g), dodecane
(100 mL), 260 °C, p(Hz) = 40 bar, stirring at 600 rpm.
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2.3.5 Decarbonylation of 1-octadecanol over Ni/ZrO:2

The hydrodeoxygenation of stearic acid on Ni/ZrO. proceeded with hydrogenation
to 1-octadecanol as the apparent primary product (Figure A 2-4, B). To better understand
the kinetic sequence, 1-octadecanol conversion was studied in separate experiments
(Figure 2-7). Selectivities of 95% n-heptadecane (C17) and 5% n-octadecane (C1g) were ob-
served at 36% conversion after 2 h for all samples. This shows that direct decarbonylation
(-CO) of the aldehyde, formed via the dehydrogenation of the alcohol took place. The minor
concentration of n-octadecane is concluded to be catalyzed by the sequential dehydration-
hydrogenation of the alcohol on acid sites of Ni/ZrO,. The rate of decarbonylation of
1-octadecanol (6.3 mmol-g-h'!) was identical on all Ni/ZrO; catalysts (Figure 2-7 and
Table 2-5), and such rate was 3-7 times higher than that of stearic acid hydrogenation (2.6
and 0.9 mmol-g™*-h™t) on Ni/m-ZrO, and Ni/t-ZrO; catalysts. This suggests that the rate-de-
termining step is related to the reductive deoxygenation of the fatty acid. The result also
implies that the decarbonylation of 1-octadecanol is not sensitive with respect to the ZrO;

phases, and that the active sites of Ni particles convert 1-octadecanol with identical rates.
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Figure 2-7. A) Conversion of 1-octadecanol as a function of time. B) Yield of n-heptadecane and
n-octadecane over Ni/m-ZrO, as a function of 1-octadecanol conversion. Reaction conditions:
1-octadecanol (1.0 g), Ni/ZrO; (10 wt%, 0.10 g), dodecane (100 mL), 260 °C, p(H) = 40 bar, stir-
ring at 600 rpm. Reproducibility of the rates has been better than £ 5%.
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Table 2-5. Comparison of 1-octadecanol conversion over three Ni/ZrO, catalysts.?

Rate Conv. Selectivity [C%)]
Catalyst
[mmol-g‘l-h‘l] [%] Ci7 Cis
Ni/mix-ZrO: 6.3 33 95 5.0
Ni/m-ZrO; 6.3 33 96 4.0
Ni/t-ZrO; 6.2 32 97 3.0

[a] Reaction conditions: 1-octadecanol (1.0 g), Ni/ZrO, (10 wt%, 0.10 g), dodecane (100 mL),
260 °C, p(H2) =40 bar, 2 h, stirring at 600 rpm. Reproducibility of the rates has been better than
+ 5%.

2.3.6 Overall hydrodeoxygenation of stearic acid to n-heptadecane over Ni/ZrO:

The kinetics of overall hydrodeoxygenation of stearic acid to n-heptadecane over
Ni/m-ZrO; and Ni/t-ZrO at 260 °C is shown in Figure 2-8. 1-Octadecanol is the initial
product, being formed in yields of 60-80%, although the final product is primarily n-hepta-
decane. Octadecanal and 1-octadecanol being in equilibrium via facile Ni-catalyzed hydro-
genation/dehydrogenation reactions account for this conversion of 1-octadecanol to
n-heptadecane. At the high Hz pressure (40 bar), the concentration of aldehyde is too low to
be observed. Nevertheless, the intermediate octadecanal is slowly and irreversibly de-
carbonylated to n-heptadecane, effectively converting 1-octadecanol into n-heptadecane.
1-Octadecanol also underwent esterification with stearic acid to form stearyl stearate (re-
versible reaction) as well as dehydration/hydrogenation to n-octadecane as side-products.
Ni/m-ZrO; achieved a much higher rate for reduction of stearic acid forming 1-octadecanol
as well as overall hydrodeoxygenation rates for producing n-heptadecane from stearic acid

(Figure 2-8), which is fitted with the results from kinetic measurements of individual steps.
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Figure 2-8. Fitting data for hydrodeoxygenation of stearic acid using Ni/m-ZrO, and Ni/t-ZrO, as a
function of time (solid point: experimental data, line: fitted data). Reaction conditions: stearic acid
(0.5 g), Ni/ZrO; (10 wt%, 0.2 g), dodecane (100 mL), 260 °C, p(H2) = 40 bar, stirring at 600 rpm.
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(S((::hime 2-2. Proposed elementary steps for hydrodeoxygenation of stearic acid to n-heptadecane
17).

A simplified network for hydrodeoxygenation of stearic acid over Ni/ZrO- catalysts
is displayed in Scheme 2-2. The elementary steps include hydrogenation of stearic acid (A)
to 1-octadecanol (B), then 1-octadecanol (B) is decarbonylated to n-heptadecane (C). In ad-
dition, dehydration/hydrogenation of 1-octadecanol (B) forms n-octadecane without carbon
loss, and esterification of stearic acid (A) and 1-octadecanol (B) produces stearyl stearate
ester (D). The latter esterification reaction is in equilibrium. The Hz partial pressure before
and after reaction was 40 bar. Assuming first-order reaction steps, the elementary rate equa-

tions are listed as follows (Equation 2-1 to Equation 2-5):
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Equation 2-1
dc(A)
T —k,c(A) — ksc(A)c(B) + k_3c(D)
Equation 2-2
dc(B)
T kic(A) — ky,c(B) — k3c(B)c(A) + k_3¢c(D) — kyc(B)
Equation 2-3
dc(C)
P k,c(B)
Equation 2-4
dc(D
Cd(t ) _ kac(A)e(B) — k_ye(D)
Equation 2-5
dc(E) koc(B)
dr e

The rate Equation 2-1 to Equation 2-5 were numerically integrated and fit by least
squares to the kinetic data for hydrodeoxygenation of stearic acid over Ni/m-ZrO and
Ni/t-ZrO, (Figure 2-8). The fitted rate constant (ki = 2.7 x 10 min™?) for stearic acid
hydrogenation over Ni/m-ZrO, was almost identical to the value (k1 = 2.2 x 10 min) from
individual reaction step measurement (Table 2-6). However, the reaction rates for alcohol
decarbonylation were not consistent between the fitted data (k2 = 2.4 x 10 mint) and cal-
culated individual measurement (k2 = 7.5 x 10" mint). The rate constants of the side-reac-
tions ks (ks = 5.0 x 10 min™?) for esterification as well as k4 for dehydration/hydrogenation
towards n-octadecane (ks = 1.2 x 10° min') were two orders of magnitude lower than ki (k1
= 2.7 x 10 min). The substantially lower rate constant k» in the fitted overall hydrode-
oxygenation is attributed to either competition of stearic acid and 1-octadecanol in the con-
version (major part), or to side reactions such as esterification and dehydration of 1-octa-
decanol (a very minor part). Meanwhile, the apparent esterification rate constant ks (5.0 x
10 min't) was five magnitudes higher than its reverse rate k-3 (1.9 x 10** mint). Therefore,
the forward reaction of esterification is concluded to be more favored in the tested time
period. Note that as 1-octadecanol and stearic acid are consumed continuously along the
reaction time, the equilibrium would be shifted to the reverse reaction for cleavage the C—O

bond of stearyl stearate. Compared to Ni/m-ZrO; (k1 = 2.7 x 10 min), Ni/t-ZrO, showed
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three times lower hydrogenation rate (k1 = 9.2 x 10 mint) for hydrogenation of stearic acid
(Table 2-6, B), which was identical to the rate comparison in the individual steps measure-
ment (Table 2-6, A). The rate of 1-octadecanol decarbonylation on Ni/t-ZrO; (ko = 2.1 x
10" min') was identical to that on Ni/m-ZrO; (k2 = 2.4 x 10 min') in the overall hydrode-
oxygenation of stearic acid (Table 2-6, B), which is in agreement with the rate comparison
in the individual measurements (k. = 7.4 and 7.5 x 10 min’, respectively, Table 2-6, A).
The lower rate of 1-octadecanol decarbonylation in the overall hydrodeoxygenation process
compared to individual steps is majorly attributed to the competition in species adsorption
with stearic acid onto the active Ni sites. For the reversible esterification (ks and k.3) and
dehydration (ks) of 1-octadecanol, the rates were comparable on Ni/m-ZrOz and Ni/t-ZrO-
catalysts (Table 2-6, B) probably because of their similar acidity and basicity. In addition,
the rate constants of the side reactions (ks, k-3, and ks) were magnitudes lower than the major
reaction steps of stearic acid hydrogenation (k1) and decarbonylation of 1-octadecanol (k2),
implying the influence of side reactions is minimal compared to the overall

hydrodeoxygenation.

Table 2-6. A) Rate constants in the individual steps and B) fitted rate constants in the overall hydro-
deoxygenation of stearic acid with Ni/m-ZrO, and Ni/t-ZrO, (normalized to conditions: stearic acid
1.0 g, catalyst 0.1 g, 260 °C, p(H.) = 40 bar, stirring at 600 rpm).

A) Rate constants determined from individual steps

Catalyst Step 1: Hydrogenation of stearic acid  Step 2: Decarbonylation/ hydrogenation

of 1-octadecanol

r1 = ki ¢(C17H3sCOOQOH) r2 = k2 ¢(C17H3s-CH20OH)
Ni/m-ZrO, ki =2.2 x 10° min! k, =7.5 % 10° min!
Ni/t-ZrO, ki =7.9 x 10* min! k, = 7.4 x 10° min!

B) Fitted rate constants in the overall hydrodeoxygenation of stearic acid

ki (min?) k2 (mint) ks (mint) ks (min?) K4 (mint)
Ni/m-ZrO, 2.7x10° 2.4 x10* 5.0 x 10°® 1.9 x 10 1.2 x10°
Ni/t-ZrO, 9.2 x 10* 2.1x10* 1.5x10° 29 x 10" 8.5 x 10°®
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The mechanism for hydrodeoxygenation of stearic acid proceeds via two routes. The
first relies on the Ni catalyzed reductive deoxygenation to octadecanal, which is equilibrated
with 1-octadecanol. The aldehyde is in turn decarbonylated on Ni. The second pathway starts
with the adsorption of stearic acid on the oxygen vacancies of ZrO, to form the carboxylate,
and then through deoxygenation to aldehyde. The reductive deoxygenation on pure ZrO;
support is quite low (0.016 mmol-g*-h™) presumably because H, dissociation — required to
maintain oxygen vacancies through desorption of water — is slow (the HD formation,
characteristic for H, dissociation was at least 102 times faster in presence of Ni than with
ZrOz alone). The redundant catalytic pathways of Ni and ZrO> generate the appropriate com-
bination enhancing the hydrogenation rate of stearic acid by 150 times (2.6 mmol-g*-h?)
compared to m-ZrO; (0.016 mmol-g*-h™?). The rate on Ni/ZrO- is much higher than that on
other Ni based catalysts such as Ni/C, Ni/Al.Os, and Ni/SiO-,> suggesting a strong support
effect. In summary, it can be concluded that the major active sites are the Ni particles. The
Ni particles on m- and t-ZrO, supports have been shown to be almost identical by TEM,
XRD, TPR, EXAFS, and XANES, as well as by the rates of decarbonylation of 1-octa-
decanol. It should be emphasized at this point that the BET surface areas, the concentrations
of acid and base sites on parent m- and t-ZrOz and Ni/ZrO> were nearly identical. Therefore,
the rate differences of stearic acid hydrodeoxygenation on Ni/m-ZrO2 and Ni/t-ZrO are con-
cluded to be related to differences in the adsorption and/or redox properties. These properties
will be explored by spectroscopically characterizing variations in the sorption mode and
strength of propionic acid as well as with the temperature programmed isotopic exchange
(*80-1°0) of m- and t-phases of ZrO,.

2.3.7 Comparison of in situ IR spectroscopy of adsorbed propionic acid on m- and

t-ZrOz2 in the gas phase

The IR spectra of free propionic acid in the gas phase and adsorbed propionic acid
on m-ZrO; are shown in Figure 2-9. The absorbance bands at 3600-3700 cm™ for propionic
acid in the gas phase (Table A 2-4) are ascribed to the O—H stretching vibration of the
carboxylic acid group. The C=0 vibration of the carboxylic acid group is assigned to the
doublet at 1700 and 1800 cm™ and the C—O vibration to the band at 1150 cm™. The C—H
stretching vibrations of —CH3z and —CH, are assigned to the bands at 2945 and 2986 cm™.
The in-plane bending vibration of C—H are assigned to the triplet bands between 1400-
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1500 cm™ and at 1080 cm™. When the carboxylic group of the propionic acid was adsorbed
on the ZrO; surface, the v(O—H) disappeared and the C=0 vibrations at 1700-1800 cm™
became indistinguishable. This is a primary indication that propionic acid adsorbs on the

catalyst surface as bidentate via the carboxylic group (Figure 2-10).

1556

2986
3784 2945
3683 Mpionic acid ads. on m-ZrO,

Absorbance [a.u.]

propionic acid reference

3500 3000 2500 2000 1500 1000
Wavenumber [cm]

Figure 2-9. IR spectra of propionic acid (0.05 mbar) adsorbed on m-ZrO; at 40 °C and free propionic
acid in vapor phase as reference.

A) Symmetric v, (left) and anti-symmetric v, B) Monodentate species
(right) bidentate stretching vibration of adsorbed on the
carboxyl species catalyst surface

C,Hs C,H CoHs 0

vs(-CO0) | v4(-CO0) |2 ’ \C,'/"
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Figure 2-10. Adsorbed carboxyl species in A) bidentate and B) monodentate conformation on the
surface of ZrOs.

The bands at 1556 and 1419 cm™ are attributed to the O—C—O anti-symmetric (va)
and symmetric (vs) vibrations (Figure 2-10, A), which suggest the presence of a symmetric
bidentate species with two indistinguishable O atoms. The band at 1419 cm™ (symmetric vs

vibrations) may overlap with the more intense v-CHs vibration as part of the C—H triplet

39



Impact of the Oxygen Defects and the Hydrogen Concentration on the Surface of
Tetragonal and Monoclinic ZrO on the Reduction Rates of Stearic Acid on Ni/ZrO;

(1400-1500 cm™),13¢. 134 14 The bands for C—H vibrations remained unchanged at 2986 and
2945 cm as well as the vibrations of triplet (1400-1500 cm™) and v-CHs (1080 cm™). This
leads to the conclusion that when propionic acid is adsorbed on ZrO2, the C=0 vibrations at
1800 and 1700 cm™ and the C—O vibration at 1150 cm™ in free propionic acid disappear due
to the formation of a surface carboxylate (Figure 2-10, A).

Figure 2-11 shows the IR spectra of propionic acid adsorbed on m-ZrO; and t-ZrO;
at partial pressures 0.02-0.05 mbar and temperatures of 100-250 °C. The spectra are obtained
by subtracting the activated ZrO, sample. With increasing pressure of propionic acid at
40 °C, the intensity of the characteristic bands on m-ZrO (va, vs, vc-H, 6-CHz3, p-CH3) in-
creased (Figure 2-11, A), while the intensity of the ZrO—H vibration decreased. The con-
centration of Zr—OH groups on the surface decreased as the acid adsorbed on the ZrO: sur-
face. At the highest dosing pressure of 0.05 mbar, the peak at 1556 cm™ of propionic acid
was split into two bands at 1583 and 1525 cm™. This suggests that propionate partially ad-
sorbs in a monodentate configuration (Figure 2-10, B) which is characterized by a much
larger splitting of the va(COOQ) and vs(COO) carboxylate stretching frequencies.®® These ad-
sorbate molecules are competing for the active sites of ZrO,, monodentate dominates over
bidentate at high pressures due to its lower space requirement. Near the reaction temperature
of 250 °C (Figure 2-11, B), only va(COQ) and vs(COQ) decreased markedly in intensity. At
the elevated temperatures, more molecules were desorbed, lessening the surface coverage
and competition by carboxylic acid for the actives sites (i.e. oxygen vacancies). Accordingly,
the splitting and difference of symmetric and asymmetric carboxylate stretching frequencies
decreased, consistent with the bidentate configuration being dominant over the monodentate
one. For propionic acid adsorbing on t-ZrO, principally the same species and vibration
bands were observed. On increasing the pressure of propionic acid to 0.05 mbar at 40 °C
(Figure 2-11, C), the intensity of the characteristic bands increased, indicating an increasing
amounts of adsorbed molecules. Increasing the temperature caused the concentration of ad-

sorbate to decrease (Figure 2-11, D).

The Ni/m-ZrO; and Ni/t-ZrO; catalysts showed the same trend upon adsorption of
propionic acid as the bare supports, but the concentrations of adsorbed propionic acid was
lower (Figure A 2-5, A-D). This is consistent with observations that the lower BET surface

areas as well as the concentrations of acid sites for Ni/ZrO; are lower in comparison to the
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bare ZrO> supports. The concentration of propionic acid adsorbed on the ZrO> and Ni/ZrO>
catalyst surface was quantified via the peak area at 1080 cm™ (p(CHs)). As shown in
Figure 2-12, the coverage of propionic acid was generally much higher for the bare ZrO>
supports than Ni/ZrO, samples. The adsorbed amount increased linearly as a function of the
partial pressure of propionic acid from 0.02 to 0.05 mbar (Figure 2-12, A). The results also
suggest that m-ZrO; adsorbed 1.5 times more propionic acid than t-ZrO> at 0.05 mbar and
40 °C, which in both cases expectedly decreased exponentially with temperature
(Figure 2-12, B). The amount of propionic acid adsorbed on m-ZrO, and Ni/m-ZrO, was
always more than that on t-ZrO2 and Ni/t-ZrO», respectively. Due to this higher coverage
and surface concentration, m-ZrO is concluded to be the more active support for converting
stearic acid, because the reaction order is positive in the reactant concentration. This is in
good agreement with the experimental results above showing m-ZrO, to have the higher

activity than t-ZrOo.
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Figure 2-11. IR spectra of adsorbed propionic acid on m-ZrO and t-ZrO,, (A and C) with increasing

pressures from 0.02 to 0.05 mbar at 40 °C, and (B and D) with increasing temperatures from 100 °C
to 250 °C at 0.05 mbar pressure.
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Figure 2-12. Adsorption of propionic acid on m-ZrO,, t-ZrO2, Ni/m-ZrO,, and Ni/t-ZrO- as a func-
tion of A) partial pressure, and B) temperature determined by IR spectroscopy, shown as specific
amount (peak area at v = 1080 cm™) normalized by specimen mass.

2.3.8 Temperature programmed isotopic exchange (*0-80) of m- and t-ZrO-

Figure 2-13 shows the TPIE profiles for m-ZrOz and t-ZrO», respectively, where the
mol% of %0, (M32), $80-1°0 (M34), and 80, (M36) are presented as a function of temper-
ature. The signal of 0, with m-ZrO, (Figure 2-13, A) decreased from 2.5 to 1.0 mol%.
This conversion on m-ZrO: is obviously much faster compared to t-ZrO» (Figure 2-13, B),
which showed a small decrease of the 30 signal from 2.5-2.0 mol%. Consistent with this,
the concentration of 00 increased much faster with m-ZrO.. The consumption and ex-
change of 80, (M36) at m-ZrO, (A = 1.5 mol%) was three times higher than on t-ZrO;
(A =0.5mol%), which parallels the difference in rates of stearic acid conversion on
Ni/m-ZrO2 and on Ni/t-ZrO,. In summary, m-ZrO2 shows higher activity towards 30, ex-
change due to its higher concentrations of defect sites.'® Therefore, carboxylic acid adsorbs
at the exchange sites of the catalyst to a much higher extent, as shown by IR spectroscopy,
hence, leading to higher reactivity in the reduction of stearic acid.
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Figure 2-13. Temperature programmed isotopic exchange of *¥0-1%0 with m-ZrO, A) and t-ZrO, B).
Mol% of M32 (*°0,), M34 (*¥0-1%0), and M36 (*20.) as a function of temperature from 450 °C to
650 °C with a temperature increase interval of 5 °C-min™.

2.4 Conclusions

The ZrO2 morphology of m-, t-, and mix-phases affects markedly the hydrodeoxy-
genation of stearic acid over Ni/ZrO; (with identical Ni particle sizes and distribution, as
well as BET surface areas and acid and base site concentration) in dodecane. Ni/m-ZrO- has
a three times higher activity towards stearic acid hydrogenation than Ni/t-ZrO2 both selec-
tively forming 1-octadecanol at low conversions. Surprisingly, this ratio agrees well with the
ratio found for hydrogenation on bare m- and t-ZrO,. Rate constants for Ni/ZrO catalyzed
stearic acid hydrogenation are comparable in the fitted and calculated individual measure-
ment indicating very similar adsorption constants for reactants, intermediates, and products.
The much lower (fitted) rate constant for decarbonylation of 1-octadecanol in the overall
stearic acid hydrodeoxygenation is attributed primarily to competition of reactant and inter-
mediates for sites in the conversion. The positive effect of m-ZrO; is concluded to be related
to the substantially higher adsorbed concentration of the acid (concluded from the higher
concentration of adsorbed propionic acid) on m-ZrO, compared to t-ZrO». The higher con-
centration of adsorbed reactants is related to the higher concentration of defect sites on the
ZrOz-surface as detected by the higher oxygen exchange ability of m-ZrO, support (quanti-
fied in the temperature programmed isotope exchange experiment). The results show that it
Is possible to enhance reactivity for the reductive conversion of fatty acids by maximizing

the concentration of oxygen defects sites.

43



Impact of the Oxygen Defects and the Hydrogen Concentration on the Surface of
Tetragonal and Monoclinic ZrO on the Reduction Rates of Stearic Acid on Ni/ZrO;

2.5 Experimental Section - Materials and Methods

25.1 Chemicals

All chemicals, i.e., Zr(OH)s x H20 (XZO 1247/01, MEL Chemicals), ZrO(NO3), x
x H20 (Sigma-Aldrich, 99%), methanol (Sigma-Aldrich, 99%), urea (Grinning, 99.5%),
Ni(NO3)2:6 H20 (Acros Organics, >98.5%), stearic acid (Sigma-Aldrich, >99.5% analytical
standard), 1-octadecanol (Sigma-Aldrich, >99.5% Selectophore™), n-octadecane (Sigma-
Aldrich, 99%), n-heptadecane (Sigma-Aldrich, 99%), dodecane (Sigma-Aldrich, >99%,
ReagentPlus), propionic acid (Sigma-Aldrich, ACS grade >99.5%) were purchased com-

mercially and were not further purified.

2.5.2 Catalyst preparation

Three types of ZrO, supports were synthesized. Mix-phase ZrO, was prepared by
calcination of Zr(OH)s*H20O at 400 °C in ambient air for 4 h. Monoclinic- and tetrago-
nal-ZrO; were prepared by the solvothermal method by mixing ZrO(NO3z). with water and
methanol, respectively.!” An aqueous or methanolic solution of ZrO(NOs), (0.6 mol-L™) was
added with urea (urea/Zr = 10:1). The solvothermal reaction was performed in a stainless-
steel autoclave with Teflon® liner at 160 °C and autogenous pressure for 21 h. After wash-
ing five times the precipitate with H2O or MeOH, it was dried over night at 110 °C and then
ground and calcined in air at 400 °C for 4 h at a heating rate of 2 °C-min* (flow rate:
100 mL-min™).

The 10 wt% Ni/ZrO, catalysts were prepared by impregnation. Ni(NO3)2:6 H.O
(3.30 g) was dissolved in deionized H>O (5.0 g), and the resulting solution was added drop-
wise to the support under stirring in ambient air. The slurry was further stirred for 4 h, fol-
lowed by drying at 110 °C overnight. Subsequently, the ground solid was calcined in syn-
thetic air (flow rate: 100 mL-min™) at 450 °C for 4 h (heating rate: 2 °C-min™) and reduced
in Hy flow (flow rate: 100 mL-min™*) at 500 °C for 4 h (heating rate: 2 °C-min™).
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2.5.3 Catalyst characterization

X-ray powder diffraction (XRD) was performed on Philips X Pert Pro System
equipped with a Cu Ko radiation source (40 kV/45 mA) with 1.08 © min't in the 2 6 range
of 5-70 °. The ratio of monoclinic and tetragonal phases in mix-ZrO, was determined by
Equation 2-6 using the integrated intensities of the (111) and (11-1) reflecting monoclinic
and tetragonal XRD patterns, respectively.!® The (111)m and (11-1)n reflections for the
monoclinic phase are at 2 6 of 31.4 ° and 28.3 °, respectively, while the (111): reflection
from tetragonal phase is at 2 6 of 30.4 °. Accordingly, the actual ratio of monoclinic to
tetragonal ZrO; in the physically mixed Ni/m:t-ZrO, was determined using Equation 2-6
after fitting and integrating the corresponding peaks from the XRD (Figure A 2-1, B and
Figure A 2-6).

Equation 2-6
(11) + 1(111),
(1) +1(212), + 1(11D),

Xm

Atomic absorption spectroscopy (AAS) was used to determine the Ni content of
the catalysts with a UNICAM 939 AA-Spectrometer. Prior to measurement, the sample was

dissolved in boiling concentrated hydrofluoric acid.

The BET surface area was determined by adsorption-desorption with nitrogen
at -196 °C using a Sorptomatic 1990 series instrument. The sample was activated in vacuum

at 250 °C for 2 h before measurement.

The EDX mappings were obtained using a JEM-ARMZ200CF operated at 200 kV
with an integrated probe aberration (Cs) corrector and a cold-field emission gun (CFEG)
electron source After reduction the finely ground powdered catalyst samples were stored and

mounted under Ar atmosphere.

Temperature programmed desorption (TPD) of ammonia and carbon dioxide was
carried out in a 6-fold parallel reactor system. The pressed samples (500-710 pum) were
firstly activated in He at 500 °C for 1 h and loaded with the adsorbent NH3 or CO; at a partial

pressure of 1 mbar and 100 °C or 40 °C, respectively. The samples were then purged with

45



Impact of the Oxygen Defects and the Hydrogen Concentration on the Surface of
Tetragonal and Monoclinic ZrO on the Reduction Rates of Stearic Acid on Ni/ZrO;

He for 1 h in order to remove physisorbed species. After activation, the six samples were
heated from 100-770 °C with a rate of 10 °C-min™* to desorb NH3z and from 40 to 700 °C to

remove COg, and the signals were detected by a Balzers QME 200 mass spectrometer.

Temperature programmed reaction (TPR) with H> was performed in a packed
bed flow reactor equipped with a mass spectrometer. First, 100 mg calcined Ni/ZrO- catalyst
(250-400 um) was activated in He at 200 °C (heating rate 10 °C-min™) for 30 min. and
cooled to ambient temperature. The reduction was carried out from ambient temperature to
800 °C (heating rate: 10 °C-min*) and maintaining 800 °C for 30 min in 10% Hz/He mixture
gas (2 mL-min? H2/18 mL-min He). The amount of water produced in the reaction was

determined by an online mass spectrometer.

IR spectroscopy of adsorbed propionic acid was performed on a Bruker VERTEX
70 spectrometer at a resolution of 2 cm™ with 128 scans in the range of 400-4000 cm™. For
the measurements, the samples were pressed into self-supporting wafers and mounted in the
sample holder. The ZrO, samples were activated in vacuum (p = 10" mbar) at 300 °C for
1 h. The Ni/ZrO; catalysts were activated in Hz at 400 °C for 1 h, and then subsequently
outgassed under vacuum (p = 107" mbar) to remove H, while cooling to 40 °C. The adsorp-
tion of propionic acid was performed from 0.01 to 0.05 mbar until equilibrium was reached.
In addition, the effect of temperature was investigated by heating the cell stepwise up to
250 °C. The IR spectra of adsorbed propionic acid were obtained by subtracting the activated

sample, and then were normalized by the weight of sample wafer.

The near-edge structure (XANES) and extended X-ray absorption fine-structure
(EXAFS) measurements were performed in transmission mode at the Pacific Northwest
Consortium/X-ray Science Division (PNC/XSD) bending-magnet beamline at Sector 20 of
the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Both
Ni (8331.5¢eV) and Zr (17995.88 eV) K-edge spectra were acquired. A combination of
monochromator detuning (10%) and a harmonic rejection mirror placed upstream of the lo
detector reduced contributions from higher harmonics. A Ni or Zr foil was placed down-
stream of the sample cell as a reference to calibrate the photon energy of each spectrum.
Typically, two 15 min scans (Ni-edge spectra) and four 15 min scans (Zr-edge spectra) were
averaged to generate the spectra. The catalyst samples were ground and mixed with boron
nitride (catalyst:boron nitride, 20:80 wt%, 5:95 wt% for Ni- and Zr-edges, respectively),

then pressed into 5 x 12 mm pellets (80 mg) and mounted onto a multiple sample holder.
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ATHENA software package!® was used to remove the background from the y(k) oscillations.
The Fourier transform of the k-space EXAFS data (both real and imaginary parts of y(R))
were fitted to a theoretical model (FEFF9) calculated using the ARTEMIS software package.
A starting point for evaluating the nanoparticle structure was the measurement of reference
standards including bulk (fcc) NiO, bulk (hep) a-Ni(OH)2, and bulk (fcc) Ni using literature
values for their lattice parameters.?® A combination of different single and multiple photo-
electron scattering paths were used to fit the first 5 shells of the NiO, a-Ni(OH)2, and Ni
nanoparticles.?! For samples containing both oxidation states, the structural parameters were
constrained and then the percentage of each phase was fitted. As a starting point for modeling
the ZrO2 nanoparticles, crystalline m-ZrO; and bulk t-ZrO; structures derived from their lat-
tice parameters were used.?? Single scattering paths of Zr and O for the monoclinic and

tetragonal phase were fitted according to Rush et al.?3

For the temperature programmed isotope (¥0O2 — %02) exchange of m- and
t-ZrO2, 100 mg of the pelletized supports (500-710 pm) were diluted in 300 mg of SiC and
packed into a fixed-bed reactor (inner diameter 4 mm). After outgassing the samples for 2 h
at 450 °C in 10 mL-min of He, 80, and %0, were fed simultaneously (each 2.5 mol%)
while increasing the temperature to 650 °C (5 °C-min™). The atomic mass units of 32 (°0,),
34 (800 ) and 36 (380,) in the product stream were recorded as a function of time by a
Pfeiffer OmniStarTM GSD 320 OC mass spectrometer.

2.5.4 Measurement of the catalytic activity

For atypical experiment to convert stearic acid or 1-octadecanol 1.0 g of the reactants
and 0.1 g catalyst were mixed with 100 mL dodecane, loaded into the reactor (Parr, 300 mL),
and then purged three times with H. The reaction was carried out at 260 °C in presence of
40 bar Hy for 2 h at a stirring speed of 600 rpm. In situ sampling was performed every
20 min., and the liquid samples were analyzed by a Shimadzu 2010 GC-MS using a HP-5
capillary column (30 m, 0.32 mm inner diameter, 0.25 pum film) equipped with a flame ion-
ization detector (FID). Reproducibility of the rates has been better than £ 5% for all

experiments.
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2.8 Appendix
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Figure A 2-1. XRD of A) mixed phase ZrO, (mix-ZrO), monoclinic ZrO, (m-ZrO), and tetragonal
ZrO; (t-ZrOy) and B) Ni incorporated Ni/mix-ZrO,, Ni/m-ZrO, and Ni/t-ZrO5.
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Table A 2-1. Effect of the reduction temperature of Ni/m-ZrO. on stearic acid conversion and Ni-

particle size.
Reduction temperature Ni loading Rate 2 dni
[°C] [wt%] [mmol-gea *-h] [nm]
500 9.7 2.6 13
550 9.7 2.0 14
600 9.7 1.0 19

[a] Reaction conditions: stearic acid (1.0 g), Ni/ZrO2 (10 wt%, 0.1 g), dodecane (100 mL), 260 °C,
p(H:) = 40 bar, stirring at 600 rpm. [b] Determined by Scherrer Equation.

Table A 2-2. Ni-species of Ni/ZrO, catalysts determined by linear combination analysis from Ni-

edge XANES.

Ni° Ni'"
Catalyst

[%] [%]
Ni/mix-ZrO; (before reaction) 70 30
Ni/m-ZrO; (b. rct.) 79 21
Ni/t-ZrO- (b. rct.) 77 23
Ni/mix-ZrO; (after reaction) 84 16
Ni/m-ZrO; (a. rct.) 85 15
Ni/t-ZrO- (a. rct.) 86 14

50



Impact of the Oxygen Defects and the Hydrogen Concentration on the Surface of
Tetragonal and Monoclinic ZrO on the Reduction Rates of Stearic Acid on Ni/ZrO»

Im[x(R)] (A”)

Ni/m-ZrO, data
Nifm-ZrO, fit

Figure A 2-2. Ni K-edge EXAFS spectra Fourier transforms (FTs) Im[y(R)](A®) spectra of Ni/m-
ZrO; and the corresponding fit (line).

Table A 2-3. ZrO, phase distributions in pure and Ni nanoparticle catalyst materials determined by
linear combination analysis from Zr K-edge XANES.

t-ZrO, m-ZrO;

Catalyst

[%] [%]
mix-ZrO; 25 75
m-ZrO; 0 100
t-ZrO; 100 0
Ni/mix-ZrO; 6 94
Ni/m-ZrO, 0 100
Ni/t-ZrO, 62 38
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Im[x(R)] (A”)

m-ZrO, data
Ni/m-ZrO, data
—— Nifm-ZrQ, fit

Figure A 2-3. Zr K-edge EXAFS spectra Fourier transforms (FTs) imaginary y(R) plots of m-ZrOa,
and Ni/m-ZrO; at ambient temperature and the corresponding fit (line).
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Figure A 2-4. A) Conversion of stearic acid as a function of time. B) Yields of 1-octadecanol and
n-heptadecane over Ni/m-ZrO; as a function of stearic acid conversion. Reaction conditions: stearic
acid (1.0 g), Ni/ZrO, (10 wt%, 0.1 g), dodecane (100 mL), 260 °C, p(Hz) =40 bar, stirring at
600 rpm. Reproducibility of the rates has been better than + 5%.
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Table A 2-4. Infrared vibrational frequencies and band attributions for free propionic acid and ad-

sorbed on ZrO; according to 1> 24,

Vibration mode Free propionic acid

Adsorbed on ZrO;

v(ZrO-H) (doublet) Negative 3774, 3668
v(O-H) 3600 /
v(C-H sp3) 2986, 2945 2986, 2945
v(C=0) 1800, 1700 (doublet)
v4(O-C-0) 1556
vs(0-C-0) 1419, 1475
C-O 1146 1302
S(CHs) Triplett 1500-1400 1475, 1419, 1379, 1302
0(CHs) 1080 1080

A) Ni/m-ZrO, 40 °C B) Ni/m-ZrQO, 0.05 mbar

15431475 1443
11443 153%437311318502
—_ —_ T \/ \. 1080
E. E, -\_,__ZS_OJ /V,\KJL
::i — % 200 °C Vf
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Figure A 2-5. IR spectra of adsorbed propionic acid on Ni/m-ZrO. and Ni/t-ZrO,, with increasing
pressures from 0.02 to 0.05 mbar at 40 °C (A and C), and with increasing temperatures from 100 °C

to 250 °C at 0.05 mbar pressure (B and D).
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Ni (200)
Ni (111) 52°
45° Ni/1:2 m:t-ZrO,

Rel. Int. [a.u.]

20 25 30 35 40 45 50 55 60 65 70
2Theta[ ]

Figure A 2-6. XRD of Ni catalysts supported on 2:1-, 1:1-, 1:2-ratio mixture of monoclinic and tetra-
gonal ZrOs.
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Chapter 3

Controlling Hydrodeoxygenation of Stearic Acid to
n-Heptadecane and n-Octadecane via Chemical
Properties of Ni/SiO>-ZrO;

This chapter is based on the following publication:

Foraita, S.; Liu, Y.; Haller, G. L.; Barath, E.; Zhao, C.; Lercher, J. A., “Controlling Hydro-
deoxygenation of Stearic Acid to n-Heptadecane and n-Octadecane by Adjusting the
Chemical Properties of Ni/SiO,-ZrO, Catalyst. ChemCatChem 2017, 9, 195-203.

Reprinted with permission of John Wiley and Sons (license number 4010240025059).

Hydrothermally synthesized SiO»-ZrO, mixed oxide has novel nano-layers possessing
Bregnsted acid sites and high specific surface area. Used as supports for Ni catalyst, they
enhanced the activity for fatty acid reduction compared to Ni/ZrOx.
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3.1 Abstract

A series of SiO2-ZrO> mixed oxide with varying SiO> concentrations was hydro-
thermally synthesized and used as support for Ni in the hydrodeoxygenation of stearic acid.
ZrO- provides a relatively low surface area and only Lewis acid sites, and Ni supported on
ZrO- produces n-heptadecane from stearic acid via hydrogenation and decarbonylation. The
Si0.-ZrO2 mixed oxides have a higher specific surface area as well as a novel spherical and
nano-layer shaped morphology. Brgnsted acid sites are created by incorporation of SiOz into
ZrO, promoting the hydrodeoxygenation activity of Ni and specifically opening a new reac-
tion route to n-octadecane via the dehydration of 1-octadecanol intermediate into 1-octa-

decene with subsequent hydrogenation.

3.2 Introduction

The high growth rates and oil content, as well as the independence from arable land
make microalgae the ideal basis for third-generation biofuels.! The conversion of algae oil
into hydrocarbon transportation fuel requires removing of oxygen from triglycerides. This
can be achieved using commercially available sulfide catalysts, e.g. NiMoS/Al>Ogz, and ex-
isting hydrotreating infrastructure.> However, the sulfide catalysts are not ideal for the con-
version of the nearly sulfur-free triglycerides, because they deactivate via sulfur elimination

and contaminate the product stream with organic sulfides.®

Supported noble metal Ru, Pd and Pt catalysts overcome such disadvantages offering
high activity and selectivity for hydrodeoxygenation of triglycerides and fatty acids, but are
rather expensive.* A more economic alternative would be tungsten carbide based catalysts,
however, their performance has not been able to reach the performance of commercial
hydrotreating catalysts (NiMo/Al>O3).°

In order to directly convert microalgae oil to diesel-range hydrocarbons at 260 °C
and 40 bar H,, two types of novel sulfur-free Ni based catalysts were developed.® The cata-
Iytic process starts with fast hydrogenolysis into propane and fatty acids followed by slower
hydrodeoxygenation of the fatty acids into alkanes.®® The conversion of fatty acids, e.g.
stearic acid, on Ni/ZrO; occurs via two pathways, one catalyzed solely by Ni and one cata-

lyzed synergistically by Ni and the ZrO. support, both leading to an alkane with one carbon
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less than the fatty acid, i.e., n-heptadecane (C17) from stearic acid (C1g). On Ni, the fatty acid
is hydrogenated to the aldehyde, followed by decarbonylation of the aldehyde to an alkane.
On ZrOz, a-H abstraction and elimination of H2O from the fatty acid adsorbed on the oxygen
vacancies leads to a ketene intermediate, which is further hydrogenated to an aldehyde that

decarbonylates to an alkane on Ni.’

Generally, ZrO> is an excellent catalytic support, inter alia due to its high hydro-
thermal stability.® The relatively low specific surface area poses some drawbacks, as the sites
involved in the hydrodeoxygenation pathway on ZrO, contribute markedly to the overall
conversion. The incorporation of SiO2 has been reported to enhance the specific surface area
of ZrO, ° through formation of a mixed oxide phase, and can additionally induce Brgnsted
acid sites. It has been shown previously that the presence of Bransted acid sites in proxim-

ity to Ni in zeolites enhances the hydrogenation activity.

Therefore, the general applicability of the concept of rate enhancement by introduc-
ing Bransted acid sites via SiO2-ZrO, mixed oxides on the support for Ni with respect to the
hydrodeoxygenation of stearic acid, one of the most abundant fatty acids from algae oil, was
explored. It was hypothesized that the combination of the large pore Brgnsted acid support
with Ni as hydrogenation catalyst function may lead to high activity and high selectivity

retaining all carbon atoms in the fatty acid.

3.3 Results and Discussion

The catalytic properties of two types of Ni catalysts, prepared by wet impregnation
on hydrothermally synthesized and impregnated SiO»-ZrO> supports are investigated. For

details of the preparation procedure please see experimental part (page 74).

3.3.1 Catalyst characterization

The X-ray powder diffractogram (XRD) of the ZrO, samples, prepared by the
hydrothermal synthesis (H), are presented in Figure 3-1. The diffractogram of unmodified
monoclinic ZrO2 (m-ZrOz) with its characteristic diffraction pattern is shown as well for

comparison. It shows the expected diffraction peaks at 24.5, 28.3, 31.6 and 34.5° with a
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shoulder at 35.3° (JCPDS card No. 37-1484).12 With increasing SiO2-content, the peak in-
tensity (6 SiO2-ZrO, (H)) decreased, suggesting lower crystallinity. In parallel, the crystal

phase of ZrO; changed from monoclinic to a new phase (27 SiO,-ZrO and 37 SiO2-ZrO;

(H)), which has been assigned to tetragonal ZrO- in literature.*?> 124 Above 40 wt% SiO,

only broad signals characteristic for amorphous oxides!® were observed, while diffraction

peaks of either monoclinic or tetragonal ZrO; were absent, implying an amorphous structure

of the resulting materials.* In line with that, the peak attributed to pure SiO, was lowered in

intensity. Presumably, this is the result of atomic dispersion in mixed SiO2-ZrO, where Zr-

O units are alternating with SiO4-tetrahedra. In contrast, the diffraction patterns remain iden-

tical when the ZrO is modified by impregnation with SiOz, indicating the crystal structure

of ZrO; is not affected by SiO; (Figure 3-2).

A)
37 Si0,-Zr0, _/\\ﬁ_
(111),
(002),
(200),
27 Si0,-2r0,

rel. Int. [a.u.]

6 Si0,-Zr0, *

rel. Int. [a.u.]

In(111), 002,

B)
,.,/""/"'"‘~\""““‘-—~.~.~_fifii,,.-
67 SiO,-Zr0,
T st tntposs i

|

61 SiO,-ZrO,
49 Si0,-Zr0,
w
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Figure 3-1. XRD patterns of ZrO, modified with increasing concentrations of SiO, by the hydro-
thermal method. A) 0-37 mol% SiO.. B) 49-100 mol% SiOx.
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Figure 3-2. XRD patterns of ZrO, modified with increasing amount of SiO, by impregnation method
(0-29 mol%).

High Resolution Scanning Electron Microscopy (HR-SEM)

The highly increased specific surface area of the materials prepared by the hydro-
thermal method is also manifested in the HR-SEM micrographs. While unmodified ZrO;
(Figure 3-3, upper left) showed particles with several micrometers in diameter, the surface
of ZrO2-SiO; is more facetted, forming nano-layers with increasing content of SiOz. For
37 Si0,-Zr0O3, highly organized structures with a primary particle size of 1 um are formed.
Nano layers arrange in a way that spheres with sponge like morphologies are formed. Similar
structures were reported by Faria et al.® The 67 ZrO,-SiO; had an extraordinary morphol-
ogy, in which the excess SiO2 not incorporated into ZrO, was deposited on the surface of
the lamellar structure as SiO2-nanoparticles with a size of 10 nm (Figure 3-3, bottom right).
In contrast, the SiO2 impregnated ZrO, samples did not show such a change in morphology
and were comparable in shape to the reference material independent of the degree of the

SiO2 loading (Figure 3-4). The silica deposits are visible on the ZrO, surface.
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Figure 3-3. High resolution scanning electron microscopy (HR-SEM) images of untreated ZrO,
(0 mol% Si0y), 6 SiO2-Zr0,, 27 SiO2-ZrO,, 37 Si02-ZrO,, 67 SiO2-ZrO; prepared by one-pot
hydrothermal method.
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Figure 3-4. HR-SEM images of untreated ZrO; (0 mol% SiO;) and ZrO- impregnated with SiO; at
increasing loadings.

Physicochemical properties

As shown in Table 3-1, with the increase of SiO. concentration, the BET surface
areas of the Ni/SiO2-ZrO., determined by N2 physisorption, increased from 72 m?-g for
Ni/m-ZrO, to 193 m?-g* for Ni/37 SiO,-ZrO, significantly higher than reported before,®
while it afterwards decreased to 67 m?-g for Ni/67 SiO2-ZrO2, which is close to the value
for Ni/SiO2. The high BET surface area for Ni/37 SiO2-ZrO, (193 m?-g%) is due to the small
crystal size, which was only 2.5 nm compared to 7.1 nm of m-ZrO, (Table A 3-1, Appen-
dix, page 79). In contrast, the catalysts prepared by the SiO2-impregnation method only had

specific surface areas between 71-97 m?g* (Table 3-2).
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Table 3-1: Physicochemical properties of SiO2 modified Ni/ZrO, catalysts (one-pot hydrothermal).

Catalyst Suer wit% D¢ D¢ Concentration ~ Concentration
Ni ° of acid sites  of basic sites
[m*g*]  [%] [%]  [nm] [mmol-g”] [mmol-g™]
Ni/ZrO, 72 9.7 2.9 35 0.15 0.30
Ni/6 SiO.-ZrO; 122 9.4 2.5 41 0.23 0.25
Ni/27 SiO.-ZrO; 128 9.8 1.8 57 0.34 0.23
Ni/37 SiO.-ZrO; 193 10 1.7 61 0.28 0.12
Ni/49 SiO.-ZrO; 141 9.8 1.9 52 0.24 0.10
Ni/61 SiO.-ZrO; 111 9.8 2.1 49 0.19 0.09
Ni/67 SiO.-ZrO; 67 10 2.5 40 0.11 0.06
Ni/SiO> 75 9.5 3.8 27 0 0

[a] Number in the label is mol% SiO. [b] Determined by Ni-AAS. [c] Dispersion (D) and particle
size (d) were determined by H,-Chemisorption. [d] Determined by TPD of NHs. [e] Determined by
TPD of CO..

Table 3-2: Physicochemical properties of SiO, impregnated Ni/ZrO; catalysts.

wit% Concentration  Concentration
Catalyst® B onin P faciasites® o basic sites®
[m*g?]  [%] [%]  [nm] [mmol-g”] [mmol-g*]
Ni/ZrO; 72 9.7 2.9 35 0.15 0.30
Ni/4 SiOx-ZrO; 71 10 3.0 33 0.16 0.19
Ni/16 SiO.-ZrO, 86 9.7 3.1 33 0.16 0.14
Ni/29 SiO2-ZrO- 97 9.9 3.6 28 0.16 0.10

[a] Number in the label is mol% SiO,. [b] Determined by Ni-AAS. [c] Dispersion (D) and particle
size (d) were determined by H,-Chemisorption. [d] Determined by TPD of NHs. [e] Determined by
TPD of CO..

The concentration of acid sites were always lower for the Ni-impregnated catalysts
than for the parent supports (compare Table 3-1 with Table A 3-1 and Table 3-2 with
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Table A 3-2). The acid site concentration increased from 0.15 to 0.34 mmol-g™* for Ni/ZrO;
to Ni/27 SiO2-ZrO, (H) and decreased to 0 for Ni/SiO2 (Table 3-1). The concentration of
acid sites for the Ni-catalysts, modified by SiO2-impregnation was constant at 0.16 mmol-g™
(Table 3-2) and was lower than that of the corresponding parent support (Table A 3-2). This
indicates that the ZrO, surface and its acid sites are partially blocked by SiO>. With the
increase of the SiO> content, the basic site concentration for the mixed oxides prepared with
the hydrothermal method decreased from 0.25 to 0 mmol-g*, and that for the SiO, impreg-
nated samples decreased from 0.19 to 0.10 mmol-g*, in line with similar studies on SiO;-

ZrO, mixed oxides by Yamaguchi et al.'’

IR spectra of adsorbed pyridine

In Figure 3-5 the IR spectra of adsorbed pyridine are shown for unmodified mono-
clinic ZrO2, SiO2-ZrO2 (37 SiO2-ZrOz, H), SiOz-impregnated ZrOz (29 SiO2-ZrO,, Imp.)
and a pure SiO> reference. The ZrO, showed the bands of pyridine adsorbed on Lewis acid
sites (LAS) at 1610 and 1448 cm™ (Figure 3-5, A). SiO2-ZrO, showed emerging peaks at
1630 and 1547 cm™ attributed to pyridinium ions formed by adsorption on Brgnsted acid
sites (BAS). The band at 1462 cm™ is attributed to pyridine coordinately adsorbed on Lewis
acid sites (LAS), the band at 1491 cm™ to pyridine adsorbed on both strong LAS and BAS.18
Table 3-3 shows the quantification of BAS and LAS for 27 SiO»-ZrO, (H) and 37 SiO-
ZrO; (H). 27 Si02-Zr0O; (H) had the highest total concentration of acid sites (0.93 mmol-g™),
and 37 SiO,-ZrO- (H) has the highest concentration of BAS (0.36 mmol-g™). In contrast, the
impregnated material (29 SiO»-ZrO», Imp.) showed adsorption on identical sites as on ZrO»,
but in lower concentrations. This is attributed to the fact that ZrO; is partially covered by
SiO», leading to fewer accessible Lewis acid sites. Finally, the pure SiO; reference did not

adsorb significant concentrations of pyridine after evacuation at 150°C.

The broad peaks at 3774 and 3680 cm™ (Figure 3-5, B) are assigned to the stretching
vibrations of terminal and bridging surface OH groups of Zr, respectively, that disappear
upon adsorption of pyridine and are visible as negative peaks in the difference spectra.®
184,19 The band at 3735 cm™ (37 Si0O2-ZrO; (H) and 29 SiO2-ZrO, Imp.) is attributed to iso-
lated SiOH groups.182 20
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Figure 3-5. IR spectra of pyridine adsorbed on ZrO; (black), 37 SiO,-ZrO, (one-pot hydrothermal
synthesis) in orange, 29 SiO,-ZrO, (Impregnation) in blue and SiO; reference (gray). A) Pyridine
vibrations region (1700-1400 cm™) B) Surface Zr-OH and Si-OH stretching vibration region (3800-
3500 cm?).

Table 3-3: Concentration of Brensted and Lewis acid sites quantified by IR spectra of adsorbed
pyridine.

Total concentration Concentration Concentration

Support/ of acid sites of BAS of LAS
modification [umol-g] [umol-g 1] [wmol-g]
Ni/27 SiO,-ZrO; 930 136 794
Ni/37 SiO,-ZrO; 730 356 374

The IR spectra of adsorbed pyridine for all samples prepared by the one-pot hydro-
thermal synthesis method with different SiO2-contents are compared in Figure 3-6, A. As
indicated in the previous paragraph, the spectrum of bare ZrO» and 6 SiO.-ZrO> showed
broad bands with low intensities at 3774 and 3680 cm™ that are attributed to ZrOH groups
(Figure 3-6, B). For higher contents of SiO, (27-61 mol%), bands at 3745-3735 cm™ ap-
peared that correspond to isolated SiOH groups. Like SiO, the mixed oxide with the highest
SiO2-content (69 SiO2-ZrO2) showed negligible adsorption of pyridine. The peak at
3608 cm™* that only appeared for 27-SiO,-ZrO, and 37 SiO2-ZrO2, should be highlighted,
which also had the highest concentrations of BAS. This band at 3608 cm™ is similar in wave-
number to the bridging OH groups in zeolites?! responsible for the high Brensted acid
strength. Bragnsted acid sites were suggested to be present in SiO2-ZrO; as well (Scheme 3-1,
A).21% 22 However, in a classic substitution model this would require a sufficient number of

Zr¥*-cations?, which are unlikely to be formed under the conditions employed.?* Therefore,
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a structure (Scheme 3-1, B) based on Pauling’s electrostatic valence rule is tentatively pro-
posed.?®> The coordination number (CN) of Zr in tetragonal ZrO2, which is the dominating
phase in the presence of SiOg, is eight, whereas the CN(Si) = 4 in SiO,. The incorporation
of SiO> into the ZrO, structure and, thus, the formation of a mixed oxide lead to an under-
coordination of the surface oxygen for ZrO rich samples. This is hypothesized to be bal-
anced by a proton, leading to an OH band at 3608 cm™ accounting for the Bransted acid
site.?® With increasing SiO2-content, the incorporation cannot be stabilized, resulting in

phase segregation and a lower concentration of BAS.

ZrO, LA
A 6 Si0,-2r0, 1448
1500 37 Si0,-Zr0, ;
49 Si0,-Zr0, -
_ . 61 Si0,-Zr0,
3 ga i 67 Si0,-Zr0, El Zro
2 1630 sio, o 6 Si0,-Zr0,
£ e 1491 2 2-ZrO,
< = 37 Si0,-Zr0,
- = at : ; 49 Si0,-Zr0,
\l ; : 61 Si0,-Zr0O,
P - - 67 Si0,-Zr0,
Sio,
1700 1650 1600 1550 1500 1450 1400 3800 3750 3700 3650 3600 3550 3500

Wavenumber [cm] Wavenumber [cm?]
Figure 3-6. IR spectra of pyridine adsorbed on SiO»-ZrO; (one-pot hydrothermal synthesis) with

varying mol% SiO,. A) Pyridine vibrations region (1700-1400 cm?) B) Surface Zr-OH and Si-OH
stretching vibration region (3800-3500 cm™).

A) Bridging Si-O(H)-Zr B) Terminal Zr-OH in SiO,-ZrO,

H
y Hzls y O//O\\
"Si P \Z r/ ""Si e \Zvr s

Scheme 3-1. Schematic representation of bridging OH and terminal OH group of Si-O-Zr in mixed
oxide SiO,-ZrOs..

The model is derived from the considerations of Tanabe'®®, taking into account the
coordination numbers of both cations and anions. According to this model, all oxygen anions
are assumed to maintain the coordination number of the major oxide component. In contrast
to that, the metal cations may retain the coordination number of their pure metal oxides for
both major and minor component. This leads to an excess charge in a model structure. If the

excess charge is negative, it has to be balanced by a proton generating a BAS. Accordingly,
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a positive excess charge leads to the introduction of an oxygen vacancy, and hence to a LAS.
The simultaneous occurrence of BAS and LAS, like here, may point to the existence of do-
mains with varying concentrations of the constituents.?’ Note that such a model is in agree-

ment with the Sanderson electronegativity concept?® and the mixing rule.?®

29Si-NMR Spectroscopy

-114 ppm
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x 0.05
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Figure 3-7. Si-MAS-NMR spectra of ZrO,, 37 SiO,-ZrO- (one-pot hydrothermal) and 29 SiO»-
ZrO; (Impregnation).

The SiO2-modified sample (Figure 3-7) prepared by the one-pot hydrothermal
method (e.g. 37 SiO2-ZrO. (H)) shows two peaks with chemical shifts of -83 ppm
and -96 ppm, that represent a 2-fold (Q2) and 3-fold (Q3) coordination of Si-atoms as in
Si(0Si)2(0Zr), and Si(0Si)s(0Zr)1 or Si(0Si)2(OH), and Si(OSi)3(OH):, respectively. %
Si-O-H and Si-O-Zr bonds are not distinguishable in 2°Si-NMR.??2 This allows us to con-
clude that SiO2 and ZrO; exist in dispersed form in a mixed oxide. In contrast, the spectrum
of the 29 SiO2-ZrO> (Imp.) showed a broad signal at -114 ppm corresponding to Q4, the 4-
fold coordination of siloxane bonds Si(OSi)s. This point to the fact that the SiO> phase and
the ZrO; phase are partially segregated. Thus, it is concluded that SiO, forms a mixed oxide
phase with ZrO> through a hydrothermal synthesis, whereas it is only deposited onto the
ZrO2 support by the impregnation method. With increasing SiO> concentration, these peaks
are shifted towards lower field, due to the coordination of Si with Si increases
(Figure A 3-1).

69



Controlling Hydrodeoxygenation of Stearic Acid to n-Heptadecane and n-Octadecane via
Chemical Properties of Ni/SiO2-ZrO>

3.3.2 Hydrodeoxygenation of stearic acid

H,, [Ni] Octadecanal

Ha, [Ni]
n-C17H35-COOH—> n—C17H35-CHO —_— ”'C17H36 + CO
Stearicacid 20 n-Heptadecane (C47)

1 Ho, [Ni]
Bronsted
N-C17Hgg-CH,OH —299S o 1 CigHgg  + H,0
1-Octadecanol (C43-OH) n-Octadecene (C457)
/'017H35'COOH Mo TN
n-C47H35-C(0)0O-CH;-n-C47H35 + H,0 n-CygHzg
Stearyl stearate (Ester) n-Octadecane (C3)

Scheme 3-2. Proposed reaction network for the hydrodeoxygenation of stearic acid, showing the
decarbonylation route towards n-heptadecane (Ci7), dehydration/hydrogenation to n-octadecane
(Cus) and reversible esterification towards stearyl stearate.® 7 32

Catalytic hydrodeoxygenation of stearic acid was carried out on the Ni/SiO2-SiO>
catalysts. As shown in Figure 3-8, the initial conversion of stearic acid on Ni/37 SiO2-ZrO-
(H) resulted in 1-octadecanol as primary product, formed by the hydrogenation of the fatty
acid (Figure 3-9, B).% Further conversion led to the appearance of secondary product,
stearyl stearate ester, n-heptadecane (Ci7) and n-octadecane (Cig). Stearyl stearate was
formed through esterification of 1-octadecanol with stearic acid.®® 3! This reaction is reversi-
ble and stearyl stearate reached a maximum at 8 h and decayed afterwards until depletion
after 20 h. Only alkane products, n-heptadecane and n-octadecane, remained after 24 h.
n-Heptadecane was formed via dehydrogenation of the 1-octadecanol intermediate to octa-
decanal with subsequent decarbonylation, and n-octadecane was formed via dehydration of
1-octadecanol to 1-octadecene with subsequent hydrogenation (Scheme 3-2).
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Figure 3-8. Product distribution for the hydrodeoxygenation of stearic acid over 10 wt% Ni/37 SiO--
ZrO; (H) as a function of time, stearic acid (®), 1-octadecanol ( A ), n-heptadecane (#), n-octadecane
(m) and stearyl stearate (x). Reaction conditions: stearic acid (0.5 g), 0.05 g 10 wt% Ni/37 SiO,-ZrO;
(H), dodecane (100 mL), 260 °C, p(H-) = 40 bar, stirring at 600 rpm, 8 h.
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Figure 3-9. A) Conversion of stearic acid as a function of time. B) Yields of 1-octadecanol, stearyl
stearate, n-heptadecane and n-octadecane over Ni/37 SiO,-ZrO, (one-pot hydrothermal) as a function
of stearic acid conversion. 1-octadecanol (A), n-heptadecane (¢), n-octadecane (m) and stearyl
stearate (x). Reaction conditions: stearic acid (0.5 g), Ni/SiO.-ZrO; catalyst (10 wt% Ni, 0.05 g),
dodecane (100 mL), 260 °C, p(H) = 40 bar, stirring at 600 rpm, 2 h.

Figure 3-10 shows the Turnover frequency (TOF) of stearic acid and the concentra-
tion of BAS as a function of SiO2-content for Ni/ZrO,-SiO; (H) catalysts. Ni/ZrO; has a
TOF of 64 (conversion rate of 3.2 mmol-ger2-h™t). With increasing SiOz-content, the TOF
increased. The TOF of 297 (conversion rate of 8.6 mmol-gear :-h™) for Ni/37 SiO2-ZrO, (H)
was the highest TOF (Figure 3-9, A and Figure 3-10), decreasing with further increasing

SiO2 content (Table A 3-3). This trend is in line with the variation of BAS concentrations
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and the specific surface area of the catalysts. The conversion rate of stearic acid on Ni fol-
lows approximately the concentration of BAS from the SiO2-ZrO> support (Figure 3-10),
indicating a promotion of hydrogenation activity of Ni by close BAS. Similar observations
were made for hydrodeoxygenation of phenolic substrates by Song et al.'! Because the con-
version of stearic acid can be synergistically enhanced by ZrO,,” the markedly higher spe-
cific surface area may also contribute to the activity (Figure A 3-2). In contrast, hydrode-
oxygenation of stearic acid over SiOz-impregnated Ni/ZrO> catalysts showed a decrease of
conversion rate with increasing SiOz-content from 3.2 mmol-gea:-h? for Ni/ZrO; to
1.4 mmol-gear 2-ht for Ni/29 SiO,-ZrO, (Imp.) (Figure A 3-3, A and Table A 3-4). The
products evolving with increasing stearic acid conversion is similar to that on Ni/ZrO.. The
decrease in activity is attributed to the SiO> partly covering ZrO>, reducing so the accessible

ZrO, surface.5 7

350 500
Ni/SiO,-ZrO, (one-pot hydrothermal)
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Figure 3-10. Turnover frequency (TOF) for the hydrodeoxygenation of stearic acid and concentra-
tion of Brgnsted acid sites as a function of SiO-content in the Ni/SiO»-ZrO, catalyst prepared by the
hydrothermal method. Reaction conditions: stearic acid (0.5 g), Ni/SiO.-ZrO; catalyst (10 wt% Ni,
0.05 g), dodecane (100 mL), 260 °C, p(H2) = 40 bar, stirring at 600 rpm, 2 h.

It is noticeable that on Ni/ZrO- catalyst, n-heptadecane was the dominant hydrocar-
bon product at full conversion and the n-octadecane yield was negligible,> while on
Ni/37 SiO2-ZrO2 (H), n-octadecane had a yield as high as 60%. Bare ZrO> only possesses
LAS, whereas the presence of BAS in (H) catalysts enhanced the rate of 1-octadecanol de-
hydration, causing a shift in selectivity towards n-octadecane. This shift in product distribu-
tion from n-heptadecane to n-octadecane is advantageous from a carbon-economy point of

view.%® 3 In Figure 3-11 the rate constants for the dehydration of 1-octadecanol leading to
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Cis and esterification of stearic acid with C1s-OH leading to stearyl stearate are shown. The
rate constants for both reactions have a positive correlation with the BAS concentrations on
the catalysts, indicating Brensted acidic proton as the active site. Obviously, the conversion
of stearic acid over Ni/37 SiO2-ZrO; has the highest yield of n-octadecane, because it has

the highest concentration of Brgnsted acid sites.
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Figure 3-11. Rate constant for the dehydration of 1-octadecanol (m) and esterification of stearic acid
and 1-octadecanol (x) normalized to catalyst weight as a function of concentration of BAS on
Ni/SiO2-ZrO; catalyst. Reaction conditions: stearic acid (0.5 g), Ni/SiO,-ZrO, catalyst (10 wt% Ni,
0.05 g), dodecane (100 mL), 260 °C, p(H2) = 40 bar, stirring at 600 rpm, 2 h.

3.4 Conclusions

Hydrothermal synthesis of SiO2-ZrO. mixed oxides led to materials with a maximum
in Brgnsted acid site concentration at approximately 40 mol% of SiO2 and 60 mol% ZrO..
Brgnsted acid sites are concluded to be induced by the substitution in oxide lattices differing
in the coordination of the cations, Si** and Zr**. Differences in morphology resulted in high
specific surface areas of these mixed oxides, having a spherical morphology with agglomer-
ates of nano-layered materials. The higher concentration of Brgnsted acid sites and higher
specific surface area led to a maximum in the catalytic activity for stearic acid deoxygenation
for Ni/37 SiO2-ZrO.. Remarkably, an increase in the rates of hydrogenation reactions by

neighboring Bransted acid sites and Ni particles was observed. While the high Brgnsted acid
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site concentration facilitates the dehydration of 1-octadecanol intermediate, which leads to

an enhanced n-octadecane formation.

3.5 Experimental Section - Materials and Methods

3.5.1 Chemicals

All chemicals were purchased commercially: ZrO(NO3), x x H,O (Sigma-Aldrich,
99%), urea (Sigma-Aldrich ACS reagent, 99.0-100.5%), LUDOX TM-40 (40 wt% SiO»-
suspension, Sigma-Aldrich), Ni(NO3)2:6 H2O (Acros Organics, >98.5%), stearic acid
(Sigma-Aldrich, >99.5% analytical standard), 1-octadecanol (Sigma-Aldrich, >99.5%
Selectophore™), n-octadecane (Sigma-Aldrich, 99%), n-heptadecane (Sigma-Aldrich,
99%), dodecane (Sigma-Aldrich, >99%, ReagentPlus).

3.5.2 Catalyst preparation

Silica modified ZrO> supports with various SiO,-content were prepared by two dif-
ferent methods (Table 3-4). For the first pathway, a hydrothermal synthesis route in the
presence of ZrO, and a SiOz precursor was chosen. Various amount of LUDOX TM-40
(colloidal SiO2-suspension), 44.4 g ZrO(NOs)2 « X H20 and urea were dissolved in bi-dis-
tilled water according to Table A 3-5 (Appendix, page 79). The solution was transferred to
a stainless steel autoclave with a Teflon® liner. Herein, at 180 °C and autogenous pressure
a precipitate was formed after 24 h. Therefore, this procedure is called one-pot hydrothermal
method (H). After washing the precipitate with H>O five times, it was dried overnight at
110 °C and then ground and calcined in synthetic air at 400 °C for 4 h at a heating rate of
2 °C-min’! (flow rate: 100 mL-min). The labeling of both catalysts as well as supports cor-
responds to the mol% of SiOo, derived from Si elemental analysis by ICP-OES.
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Table 3-4: Overview of all SiO.-ZrO. supports prepared by two different methods.

mol% mol% mol% mol%
Catalyst ?

SiO; Si ZrO; Zr
Zr0; <1 <1 100 33
6 Si0,-Zr0O; (H) 6 2.1 94 31
27 Si02-ZrO; (H) 27 9.0 73 24
37 Si02-ZrO; (H) 37 13 63 21
49 Si0,-Zr0; (H) 49 16 51 17
61 SiO,-ZrO; (H) 61 20 39 13
67 Si0-Zr0; (H) 67 22 33 11
SiO2 99 33 <1 <1
4 Si0,-Zr0; (Imp.) 4 1.4 96 32
16 Si02-ZrO; (Imp.) 16 5.5 83 28
29 Si0,-Zr0, (Imp.) 29 9.7 71 24

[a] Number in the label is mol% SiO,. (H) = one-pot hydrothermal synthesis method; (Imp.) = Im-

pregnation method

For the second route, monoclinic ZrO, was impregnated with LUDOX TM-40 to
prepare a mixed oxide enriched at the surface with SiO». For this, monoclinic ZrO, was
prepared as shown previously 232 and LUDOX was added dropwise onto the powdered
ZrO- with various amounts as shown in Table A 3-6. Subsequently, the SiO2 impregnated
ZrO- was suspended with water, stirred for 3 h at ambient temperature and dried overnight

at 110 °C. This is called impregnation method (Imp.).

The 10 wt% supported Ni catalysts were prepared by the wet impregnation tech-
nique. The Ni metal precursor, Ni(NOz3)2-6 H20 (3.30 g), was dissolved in deionized H20O,
and the resultant solution was added dropwise into 6.0 g of the powdered support with stir-
ring in ambient air. The slurry was further stirred for 4 h, followed by drying at 110 °C over-
night. Subsequently, the ground solid was calcined in synthetic air (flow rate: 100 mL-min™)
at 450 °C for 4 h (heating rate: 4 °C-min) and reduced in Hz flow (flow rate: 100 mL-min™)
at 500 °C for 4 h (heating rate: 4 °C-min™).
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3.5.3 Catalyst characterization

X-Ray powder diffraction (XRD) was performed on a Philips X Pert Pro System
equipped with a Cu Ko radiation source (40 kV/45 mA) with 1.08° min in the 2 0 range of
5-70°. The crystal size of ZrO> was determined via Scherrer equation from full width at half

maximum of the (111) diffraction peak of ZrO,.3

N2-sorption. The BET surface area was determined by adsorption-desorption with
N2 at -196 °C using the Sorptomatic 1990 series instrument. The sample was activated in
vacuum at 250 °C for 2 h before measurement. In order to measure Hz-chemisorption in
Thermo Scientific’s Surfer instrument, the Ni based catalysts were reduced in Ho-flow at
450 °C for 1 h and then evacuated at 300 °C for 1 h. The H> adsorption isotherms accounting
for both chemisorption and physisorption were measured at a pressure ranging from 9 to
400 mbar at 25 °C. Afterwards, the system was evacuated for 20 min to remove physisorbed
H> and to obtain chemisorbed H. after subtraction. The concentration of chemisorbed
hydrogen on the metal was determined by extrapolating the isotherm to zero H» pressure.
The Ni dispersion was deduced by assuming an average surface Ni to H ratio of 1.

Temperature programmed desorption (TPD) of ammonia and carbon dioxide was
carried out in a 6-fold parallel reactor system. The pressed samples (500-710 pum) were first
activated in He at 500 °C for 1 h and loaded with the adsorbent NH3z or CO at a partial
pressure of 1 mbar and 100 °C or 40 °C, respectively. The samples were then purged with
He for 1 h in order to remove physisorbed species. After activation, the six samples were
heated from 100-770 °C with a rate of 10 °C-min™* to desorb NHs and from 40 to 700 °C to

remove COz, and the signals were detected by a Balzers QME 200 mass spectrometer.

Atomic absorption spectroscopy (AAS) was used to determine the Ni content of
the catalysts with a UNICAM 939 AA-Spectrometer. Prior to Ni determination, the catalysts
were dissolved in boiling concentrated sulfuric acid. Si-content of the supports was obtained
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using a
HORIBA Jobin Yvon Ultima Il spectrometer. In order to prepare the sample for measure-

ment, the finely ground powder was digested in Merck‘s Spectromelt A14 (Li2B4O7, LiBO2).

High Resolution Scanning Electron Microscopy (HR-SEM) of the SiO2 modified
supports was performed with a JOEL JSM-7500F SEM. The finely ground samples were
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mounted on a multi-sample-holder by standard preparation technique and measured with a

secondary electron ionization detector (SEI).

IR spectroscopy of adsorbed pyridine (py-1R) was performed on a Thermo Fisher
Nicolet 5700 IR spectrometer at a resolution of 4 cm™ with 120 scans in the range of 1000-
4000 cm™* equipped with CaF, windows. For the adsorption measurements, the samples of
ZrO2 with various content of SiO> were pressed into a self-supporting disc (wafer) and
mounted on the sample holder. The samples were activated under vacuum (p = 10 mbar) at
450 °C for 1 h (heating ramp: 10 K-min). As soon as the sample cooled to 150 °C, a spec-
trum of the activated sample was taken. Subsequently, adsorption of pyridine was performed
at 0.1 mbar for 30 min until saturation/equilibration of the surface was reached and the peak
area of the IR signal remained constant. After physisorbed pyridine was removed by evacu-
ation (p = 10 mbar) at 150 °C, another spectrum was recorded. Finally, a spectrum was
taken after desorption at 450 °C for 30 min (p = 10 mbar). The IR spectra of adsorbed
pyridine were obtained by subtracting the spectrum of the activated sample, and then were
normalized by the weight of the sample wafer. For quantification, the spectra were analyzed
according to the procedure described earlier, using molar integral extinction coefficients of
0.73 cm-pmol™* (BAS) and 0.96 cm-pmol™? (LAS).*®

Solid state 2°Si MAS NMR spectroscopy measurements (>°Si-NMR) of SiO2-ZrO;
samples were obtained using a Bruker Advance 300 MHz multinuclear FT spectrometer
(B=7.05T) at the corresponding 2°Si resonance frequency of 59.6 MHz. The powdered
samples were fully hydrated before packing them into a 4 mm ZrO- pencil type rotor. Spin-
ning at a speed of 10 kHz, 7000-8000 scans were recorded using a single-pulse technique
with a pulse length of 6 ps and a repetition time of 10 s. The external standard Si[Si(CH3)3]a

with a chemical shift of 9.8 ppm for 2°Si (versus TMS) was used.

3.5.4 Measurement of the catalytic activity

In order to test the described catalyst systems, stearic acid (0.5 g) and the correspond-
ing catalyst (0.05 g) were first loaded into the autoclave reactor (Parr, 300 mL) with do-
decane (100 mL), and then purged three times with Ho. The reaction was carried out at
260 °C under 40 bar of H» for 2 h at a stirring speed of 600 rpm. In situ samples were drawn
after 20, 40, 60, 90 and 120 min, and were analyzed by Agilent 7890B GC system, equipped
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with a flame ionization detector (FID) and Agilent 5977 MS detector, using a HP-5 capillary
column (30 m, 0.32 mm inner diameter, 0.25 um film). Reproducibility of the rates was

better than +5% for all experiments.

Conversion = (weight of converted reactant / weight of the starting reactant) x 100%.
Yield (C%) = (C atoms in each product / C atoms in the starting reactant) x 100%. Selectivity
(C%) = (C atoms in each product/sum of C atoms in all the products) x 100%. Turnover
frequency (TOF) is the reaction rate normalized by accessible surface Ni atoms, which were
determined by chemisorption of hydrogen or concentration of BAS, which was determined
by py-IR (where applicable). TOF = mole of converted reactant / mole of accessible Ni on
the catalyst’s surface or mole of converted reactant / concentration of BAS. Rate of de-
hydration = A yield of Cig / A time). Rate constant of dehydration = rate of dehydration /

concentration of 1-octadecanol.
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3.8 Appendix

Table A 3-1. Physicochemical properties of SiO, modified ZrO, supports prepared by one-pot
hydrothermal method.

mol%  Grain size of Concentration  Concentration

Support Sur Si0, ? Zr0, " of acids sites ¢ of basic sites ¢
modification

[m*g'] [nm] [mmol-g"] [mmol-g']
m-7Z10; 123 0.2 7.1 0.23 0.091
One-pot hydrothermal
6 Si02-ZrOs 171 6.3 43 0.36 0.25
27 Si02-ZrO; 176 27 8.7 0.93 0.05
37 Si01-ZrO; 235 37 2.5 0.73 0.03
49 Si0,-ZrO; 175 49 0.44 0
61 Si0»-ZrO; 140 61 0.42 0
67 Si0,-ZrO; 130 67 0.34 0
Si0; 81 99 0 0

[a] Derived from Si-ICP-OES analysis. [b] Determined from ZrO, (111) reflex via Scherrer equation.
[c] Determined by TPD of NHs. [d] Determined by TPD of CO..
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Table A 3-2. Physicochemical properties of SiO, modified ZrO. supports (impregnation).

mol% Concentration  Concentration

Support/ SeeT . L L
SiO, 2 of acids sites®  of basic sites °
modification
[m2g1] [mmol-g*] [mmol-g]
m-ZrO; 123 0.2 0.23 0.091

Impregnation SiO;

4 Si02-Zr0; 111 4.1 0.26 0.11
16 SiO2-ZrO; 125 16 0.22 0.10
29 Si02-ZrO; 130 29 0.19 0.08

[a] Derived from Si-ICP-OES analysis. [b] Determined by TPD of NHs. [c] Determined by TPD of
CO..

-83 ppm “seppm _111 ppm 67 S|02-Zr02 (H)
61 SiO,-Zr0, (H)
49 Si0,-Zro, (H)
79 ppm 37 Si0,-Zr0, (H)

6 Si0,-Zr0O, (H)

-50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150
3(2°Si) [ppm]

Figure A 3-1. °Si-MAS-NMR spectra of SiO,.ZrO, (one-pot hydrothermal) with increasing mol%-
SiO,. Details of 6-, 27- and 37 SiO.ZrO; as an enlargement of Q1, Q2 and Q3 range (top left).
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Table A 3-3. Comparison of stearic acid conversion over SiO,-ZrO-supported Ni catalysts.

Catalyst/ Rate Conv. Selectivity [%]
Modification [mmol-gear™*h™]  [%] Cuwr Cie  Ci-CHO Cy3-OH Ester
Ni/ZrO, 3.2 19 10 - - 90 -

one-pot hydrothermal

Ni/6 SiO,-ZrO: 3.6 21 8.0 - - 92 -

Ni/27 SiO2-ZrO; 6.1 39 6.4 8.7 - 77 7.9
Ni/37 SiO,-ZrO; 8.6 43 14 12 - 49 25
Ni/49 SiO-ZrO; 7.1 41 13 8.5 0.6 55 24
Ni/61 SiO2-ZrO; 6.6 42 11 6.9 0.4 60 21
Ni/67 SiO.-ZrO; 4.7 27 15 9.2 0.7 56 19
Ni/SiO; 1.7 9.9 12 2.1 1.9 79 5.0

[a] Reaction conditions: stearic acid (0.5 g), Ni/SiO2-ZrO; catalyst (10 wt% Ni, 0.05 g), dodecane
(100 mL), 260 °C, p(H2) = 40 bar, stirring at 600 rpm, 2 h.
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Figure A 3-2. Reaction rate and turn over Frequency (TOF) for the conversion of stearic acid as a
function of specific surface area (BET). Reaction conditions: stearic acid (0.5 g), Ni/SiO,-ZrO, cat-
alyst (10 wt%, 0.05 g), dodecane (100 mL), 260 °C, p(H.) = 40 bar.
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Figure A 3-3. A) Conversion of stearic acid as a function of time. B) Yields of 1-octadecanol, stearyl
stearate, n-heptadecane and n-octadecane over Ni/29 SiO,-ZrO; (SiO, Impregnation) as a function
of stearic acid conversion. 1l-octadecanol (A), n-heptadecane (#), n-octadecane (m) and stearyl
stearate (x). Reaction conditions: stearic acid (0.5 g), Ni/SiO.-ZrO; catalyst (10 wt% Ni, 0.05 g),
dodecane (100 mL), 260 °C, p(H) = 40 bar, stirring at 600 rpm, 2 h.

Table A 3-4. Comparison of stearic acid conversion over SiO.-impregnated ZrO,-supported Ni
catalysts.[?

Catalyst/ Rate Conv. Selectivity [%]
Modification [mm01~gca{1'h'1] [0/0] Ci7 Cis C1s-OH Ester
Ni/ZrO, 3.2 19 10 - 90 -

Impregnation SiO,

Ni/4 SiO-ZrO2 2.3 15 4.9 0.3 91 3.6
Ni/16 SiO.-ZrO, 1.6 9.0 3.2 0.2 88 9.1
Ni/29 SiO,-ZrO, 1.4 10 4.4 0.3 82 13

[a] Reaction conditions: stearic acid (0.5 g), Ni/SiO2-ZrO; catalyst (10 wt% Ni, 0.05 g), dodecane
(100 mL), 260 °C, p(H,) = 40 bar, stirring at 600 rpm, 2 h.
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Table A 3-5. Detailed amounts of LUDOX (SiO2), ZrO(NOs), and urea used to synthesize the sup-
ports with one-pot hydrothermal method.

m[ZrO(NO3) . .
Support H,0] n(Zr*) m(LUDOX) m(SiOz) n(SiOz) m(urea) n(urea)
X H2

[a] [mol] [a] [g]  [mol]  [g]  [mol]

m-ZrO> 44.4 0.13 0 0 0 115 1.92
6 Si0.-Zr0O; 44.4 0.13 1.29 0.52 0.0086 115 1.92
27 Si0z-Zr0O; 44.4 0.13 7.08 2.83 0.047 115 1.92
37 Si0z-Zr0O; 44.4 0.13 16.09 6.44 0.107 115 1.92
49 Si02-Zr0O; 44.4 0.13 22.28 8.91 0.148 115 1.92
61 SiOz-ZrO; 44.4 0.13 31.66 1266 0.211 115 1.92
67 Si0,-Zr0; 44.4 0.13 67.98 2719 0.453 115 1.92
SiO; 0 0 15.74 6.30 0.105 115 1.92

Table A 3-6. Detailed amounts of m-ZrO, and LUDOX used for SiO; impregnation of ZrOs.

Support m(m-ZrOz) m(LUDOX) m(SiO,)
[a] [a] [a]

4 Si0,-Zr0; 6.0 0.32 0.13

16 SiO.-ZrO; 6.0 1.60 0.51

29 SiOx-Zr0; 6.0 3.21 1.30
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Chapter 4

Hydrodeoxygenation of Stearic Acid on bimetallic
Nixcu1-x/2r02

A manuscript with the content of the following chapter will be submitted to ChemCatChem
for publication. Contributions from colleagues in addition to the author of this thesis are

stated at the end of this chapter (page 103).

The physical or chemical mixture of Ni and Cu metal supported on ZrO> led to catalysts

converting stearic acid to long chain alkanes more efficiently than monometallic Ni/ZrO..

B
, (3y &R
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S e i |
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Keywords: Hydrodeoxygenation ¢ Bimetallic Catalystse Alloy ¢ Ni Cu * ZrO> ¢ Stearic

acid

4.1 Abstract

Hydrodeoxygenation of stearic acid to n-heptadecane on Ni/ZrO, proceeds via
hydrodeoxygenation of stearic acid to octadecanal with subsequent decarbonylation of the
aldehyde to n-heptadecane. The addition of Cu to Ni/ZrO enhanced the total reaction rate.
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This effect is seen for a physical mixture with Cu/ZrO; and for the ZrO; supported NixCu1-x
alloy. Cu/ZrO2 was significantly more active for the hydrodeoxygenation of stearic acid to
1-octadecanol than Ni/ZrO,. Decarbonylation of octadecanal that is in equilibrium with
1-octadecanol proceeded, however, with a much higher rate on Ni/ZrO2 or NixCui-x /ZrOs.
The combination of the higher hydrodeoxygenation of the acid to the aldehyde or alcohol
and the high rate of elimination of water on Ni or NixCuz-x lead to the superior properties of

the new catalyst.

4.2 Introduction

Microalgae are envisioned as the optimal raw material for producing third generation
biofuels, because they are rich in lipids, provide rapid growth rates and are independent of
arable land. In order to obtain molecules in the diesel and kerosene range, the triglycerides
need to be cleaved and deoxygenated. The commercial applicability of hydrotreating vege-
table oils has been demonstrated by the NExBTL process (Neste Oil, Porvoo, 340 kt-at)
utilizing sulfide NiMo/Al.Os catalysts.? Although such a process can use the existing infra-
structure, the sulfide catalysts are disadvantageous for the conversion of triglyceride feed-
stocks that are virtually free of sulfur, because leaching of the sulfide catalysts leads to de-
activation of the catalyst and contamination of the product stream.® Supported noble metals
such as Ru, Pd and Pt catalysts offer high activity and selectivity for hydrodeoxygenation of
triglycerides and fatty acids without catalyst leaching, but the use of such catalysts is
economically challenging due to the high cost of such precious metals.* Other catalysts re-
ported have been based on tungsten carbide. However, their activity was significantly lower
than that of commercial hydrotreating catalysts (NiMo/Al>Os).°

Therefore, two types of novel sulfur-free Ni based catalysts were developed in order
to directly convert microalgae oil quantitatively to diesel-range hydrocarbons at 260 °C and
40 bar H.% After fast hydrogenolysis of microalgae oil (triglycerides) into propane and fatty
acids, the latter are hydrodeoxygenated into alkanes.5?

Stearic acid is one of the most abundant fatty acids in a representative microalgae oil
and therefore used as a model compound.® Its reductive conversion on Ni/ZrO2 occurs via
two redundant pathways — either by Ni alone or synergistically enhanced by Ni and the ZrO>

support. On Ni, stearic acid is reduced to the alkane by hydrodeoxygenation and subsequent
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decarbonylation via the aldehyde. Oxygen defect sites of ZrO, enable the combined adsorp-
tion and deoxygenation of fatty acid and the abstraction of a-H, leading to the formation of
a ketene intermediate and the elimination of H20.” This ketene is in turn hydrogenated to
aldehyde on Ni and subsequently decarbonylated to the corresponding alkane and CO.8 Con-
sequently, both routes lead to an alkane with one carbon less than the fatty acid, i.e. n-

heptadecane (C17) from stearic acid (Cas).

Two problems are prominent with Ni based catalysts. Their intrinsic rate for hydro-
gen addition reactions to oxygenates is significantly lower than those of noble metals and,
moreover, Ni tends to form relatively large metal particles, further reducing the overall cat-
alytic activity.3 Therefore, the focus of this research included Cu, as a catalyst component,
that is well-known to catalyze hydrodeoxygenation of fatty acids to alcohols (e.g., Adkins
catalyst)® and which also helps keeping the base metal catalysts dispersed.'® Thus, the impact
of Cu on the Ni/ZrO> based catalysts is explored in this chapter, showing that both the frac-
tion of exposed metal as well as the electronic properties were favorable modified to enhance

the rates of hydrodeoxygenation and decarbonylation.

4.3 Results and Discussion

4.3.1 Catalyst characterization
Physicochemical properties

Five catalysts with different NixCui-x-ratios were prepared, ranging from ZrO> sup-
ported pure Ni to pure Cu catalysts. The labeling denotes the atomic fraction of the two
elements. The overall concentration of Ni and Cu is compiled in Table 4-1. N2 physisorption
showed the specific surface area of all catalysts to be (84 + 3) m2.g™t. The varying NixCui.x-
concentrations did not influence the overall specific surface area. However, as the Cu and
Ni fractions increased from 0.21:0.79 to 0.71:0.29, the dispersion of Ni increased from 1.5
to 2.8% and the particle size of Ni decreased from 68 to 36 nm (except Ni/ZrO) as calculated
from Hz-chemisorption 1! and determined from the line broadening of the Ni peaks in the X-
ray diffractogram (XRD).'? The acid-base-properties of the catalysts did not change across
all catalysts. The acidity was 0.19 + 0.04 mmol-g, the basicity 0.27 + 0.02 mmol-g, both
originating from the ZrO2 support.*® From the constant BET surface area, concentration of

acid-base-sites and diffraction pattern it is concluded that the support was not modified by
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the present preparation method and subtle variations did not influence the Kinetic

measurements.

Table 4-1: Physicochemical properties of bimetallic NixCu1-«/ZrO; catalysts.

wt%  wt% Conc. of Conc. of
Catalyst Seet . duiaan © dewiny © Dni® dni® L
Ni® Cub acid sites ¢ basic sites f

[m>g*] [%] [%] [om]  [hm]  [%] [nm] [mmol-g?] [mmol-g™]

Ni/ZrO; 82 10 0 20 - 35 29 0.19 0.28
Nio.79CuUo21/ZrO, 81 75 21 10 - 15 68 0.23 0.27
NioseCUo.41/Zr0O, 87 56 4.2 - - 18 55 0.23 0.27
Nio29CUo71/Zr0, 83 25 6.5 - 85 28 36 0.16 0.25
Cu/ZrO, 85 0 8.7 - >100 - - 0.15 0.29

[a] Label according to molar ratio of Cu-Ni. [b] Determined by AAS. [c] Calculated from XRD by
Scherrer equation. [d] Dispersion (D) and particle size (d) were determined by H,-Chemisorption.
[e] Determined by TPD of NHs. [f] Determined by TPD of CO..

Monoclinic ZrO, was detected by X-ray powder diffractogram (XRD) via the corre-
sponding peaks at 24.5, 28.3, 31.6, 34.5°, 35.3° and 40.7° (JCPDS card No. 37-1484)%
(Figure 4-1). A small shoulder at 30.2° is assigned to tetragonal ZrO, (JCPDS card No. 17-
0923),° but it was only present in very low concentrations. Most diffractograms showed the
distinctive peaks of Ni(111) at 44.6° and Ni(200) at 51.9° corresponding to Ni° (JCPDS 04-
0850) primarily for Ni/ZrO,.
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Figure 4-1. XRD patterns of NixCu1../ZrO; (x = 1, 0.79, 0.59, 0.29, 0) in the 26 range of 20-70°.
Monoclinic ZrO; (A), tetragonal ZrO; (m).
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Figure 4-2. XRD patterns of NixCu1/ZrO; (x =1, 0.79, 0.59, 0.29, 0) catalysts by subtraction of
the support m-ZrO; in the 20 range 42-47°,

In contrast, a signal of Cu(111) at 43.4° was only observed for Cu/ZrO, and
Nio.29CUo.72/ZrO2 (JCPDS 04-0836). The Cu(200) peak at 50.6° overlaps with ZrO2(220)
at 50.1°.5%% 17 jt should be noted that the particle size of Cu in Cu/ZrO is beyond the limita-
tion of the Scherrer equation.'® Between the peak of Cu(111) at 43.4° and Ni(111) 44.6° a

broad signal appeared, attributed the presence of a NixCui-x-alloy.'® This broad reflection is
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more visible, after subtraction of the m-ZrO, pattern (Figure 4-2), a peak broadening for
increasing Cu content is overserved, which can be assigned to a decrease of the particle size
of the alloy.

Figure 4-3 shows the IR spectra of adsorbed CO on various NixCu1-«/ZrO> catalysts
at 40 °C and p(CO) = 0.3 mbar. For monometallic Ni/ZrO,, the band at 2038 cm™ is
attributed to linearly bound CO on Ni° (CO-Ni).*® For the bimetallic NixCu1-«/ZrO2 catalysts,
the band of CO-Ni decreased to 2019, 2011 and 2004 cm™ with increasing concentrations of
Cu. This gradual downward shift indicates an increase in the electron density at the Ni sur-
face atoms.!t 2% Using rigid band to approximate the changes, it is hypothesized that elec-
trons from the fully occupied d-band (4s* 3d'%) of Cu are donated to the partially unoccupied
d-band (4s? 3d®) of Ni.2% Bridged carbonyls (b-CO-Ni) are visible at 1921 cm™ as a distinct
peak for Ni/ZrO, and a small peak or shoulder for the NixCu1-x/ZrO, materials. Cu/ZrO. only
shows minor adsorption of CO, which led to a band at 2100 cm™.1

Cu/zrO,
Nig ,9CUg 7,/ZrO, !
! i} 2004 cm-

Nig 70CUg 21/ZrO, ik
=| Niizro, |
S, |
E
o 2019 cnj-

2100 cm?! :

2300 2200 2100 2000 1900 1800

Wavenumber [cm™1]

Figure 4-3. IR spectra of CO (0.3 mbar) adsorbed at 40 °C on NixCui1-x/ZrO; (x =1, 0.79, 0.59, 0.29,
0).
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4.3.2 Kinetic measurements and product distribution

Proposed reaction network for hydrodeoxygenation of stearic acid is shown in
Scheme 4-1. The first step of the HDO reaction sequence is the hydrodeoxygenation of the
stearic acid to octadecanal followed by a reversible hydrogenation to 1-octadecanol. This
step is catalyzed by each of Ni, Cu or ZrO,with varying rates. In the subsequent step, octa-
decanal is decarbonylated to n-heptadecane. This reaction occurs only on Ni. Catalyzed by
Brgnsted acid sites, water is eliminated from 1-octadecanol forming n-octadecene, which is
further hydrogenated to n-octadecane. It should be pointed out that additionally 1-octa-
decanol and stearic acid reversibly form stearyl stearate, which is consumed during the

reaction.® 7-8

Hz, NiXCU1_xIZr02 Hz, [Nl]

n-C47H35-COOH Ho n-C47H;35-CHO n-Cy7Hzs + CO
Stearic acid 2 Octadecanal n-Heptadecane (C,7)
Hz, NixCU1_x/Zr02 1
Bronsted
acid site
n'C17H35'CH20H > n'C13H36 + Hzo
1-Octadecanol (C,3-OH) n-Octadecene (C4g°)
n-C,7H35-COOH H,, [Ni]
n-C47H35-C(0)0-CH,-n-C47H;5 + H0 n-C4gHzg
Stearyl stearate n-Octadecane (C4g)

Scheme 4-1. Proposed reaction network for the hydrodeoxygenation of stearic acid. 78

The reaction network presented in Scheme 4-1 consists of two key pathways, which
require in-depth analysis, (i) the hydrodeoxygenation to 1-octadecanol via octadecanal and
(ii) the decarbonylation of octadecanal. As presented previously, the hydrodeoxygenation of
stearic acid to the aldehyde is the rate determining step on Ni/ZrO2 (Scheme 4-1).% Since
this reaction step can be catalyzed by all catalyst components, adjustments of the individual

rates to hydrodeoxygenation are critical in order to achieve higher activity.
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Figure 4-4. Product distribution for the hydrodeoxygenation of stearic acid over Ni/ZrO; (A) and
Cu/ZrO, (B) as a function of time, conversion of stearic acid (), yield of 1-octadecanol ( A ), n-hepta-
decane (¢), n-octadecane (m), octadecanal (+) and stearyl stearate (x). Reaction conditions: Stearic
acid (0.5 g), Ni/ZrO; or Cu/ZrO; (0.2 g), dodecane (100 mL), 260 °C, p(H2) = 40 bar, stirring at
600 rpm.
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n-Cq7Has-COOH — M2 NBCUIZr0; - (o  cHo H2 NI, e iHye + €O
Stearic acid -H;0 Octadecanal n-Heptadecane (C,7)
Hy, NixCu1_xIZr021
Bronsted
acid site
n-Cq7H35-CH,0H || — > n-CygHze + H,0
1-Octadecanol n-Octadecene (C457)
Cu Cwom
Ha, [Ni]
n-C47H35-COOH
n-C47H35-C(0)0O-CH,-n-C4;H35 + H,0 n-C4gHag
Stearyl stearate n-Octadecane (C,3)

Scheme 4-2. Schematic representation of the hydrodeoxygenation sequence of stearic acid on
Ni/ZrO, and Cu/ZrOs.

In Figure 4-4 the full conversion of stearic acid over Ni/ZrO; and Cu/ZrO, are com-
pared as a function of time. On both catalysts, hydrodeoxygenation of stearic acid to 1-octa-
decanol via octadecanal appears as a primary reaction, and the formation rates of alkanes
including n-heptadecane and small amount n-octadecane were secondary reactions. Stearyl
stearate is concluded to be caused by the reversible esterification between 1-octadecanol and
stearic acid and only occurring on Ni/ZrOz. Despite the fast consumption of stearic acid on
Cu/ZrO», 1-octadecanol was hardly converted further, in line with earlier observations by
Ponec.?! Thus the formation of hydrocarbons were very slow. In contrast, Ni/ZrO catalysts

showed a faster formation of hydrocarbons even though the conversion of stearic acid was
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slower.% 7 This observation clearly indicates that Cu is active in the hydrodeoxygenation of
the carboxylic acid, but not in the decarbonylation of the aldehyde formed (Scheme 4-2).

Stearic acid hydrodeoxygenation

In order to enhance the overall conversion rate of stearic acid, physical mixtures of
monometallic Ni/ZrO, and Cu/ZrO, were used as catalysts. With increasing content of
Cu/ZrO; in the mixture, the reaction rate increased linearly (Figure 4-5). The slope in the
yield of 1-octadecanol versus the conversion of stearic acid is only slightly lower than one

for all five materials, indicating a very selective conversion (Figure 4-6).

N
(6]

Rate [mmol - g, * - h]
= [ [N)
o (6} o

o

0 T T T T
0 2 4 6 8 10

Cu content [wt%]

Figure 4-5. Initial reaction rate for the hydrodeoxygenation of stearic acid over physical mixtures of
monometallic Ni/ZrO, and Cu/ZrO; as a function of Cu content. Reaction conditions: Stearic acid
(0.59), x Ni/ZrO, + (1-x) Cu/ZrO; catalyst (x = 1, 0.79, 0.59, 0.29, 0, sum 0.05 g), dodecane
(100 mL), 260 °C, p(Hz) = 40 bar, stirring at 600 rpm. Cu/ZrO; (%), 0.29 Ni/ZrO, + 0.71 Cu/ZrO;
(®), 0.59 Ni/ZrO; + 0.41 Cu/ZrO, (A), 0.79 Ni/ZrO; + 0.21 Cu/ZrO; (#), Ni/ZrO; (m).
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Figure 4-6. Yield of 1-octadecanol as function of stearic acid conversion over physical mixtures of
monometallic Ni/ZrO, and Cu/ZrO,. Reaction conditions: Stearic acid (0.5 g), Stearic acid (0.5 g),

X Ni/ZrO; + (1-x) Cu/ZrO, catalyst (x =1, 0.79, 0.59, 0.29, 0, sum 0.05 g), dodecane (100 mL),
260 °C, p(H2) = 40 bar, stirring at 600 rpm.

In addition, co-impregnated NixCuix/ZrO, led to identical reaction rates
(Figure A 4-1, Appendix, page 104) than for the physical mixtures (Figure 4-5). Thus, it is
concluded that the alloy formation does not enhance the rate of hydrodeoxygenation.

Decarbonylation of 1-octadecanol

Under typical reaction conditions (p(Hz2) = 40 bar), mainly 1-octadecanol is present
and the concentration of octadecanal is low at equilibrium concentration.® Thus, to explore
the decarbonylation 1-octadecanol was used as starting material. The respective turn over
frequencies (TOF) are given in Figure 4-7. On Cu/ZrO,, 1-octadecanol was not converted
to n-heptadecane. In general, the physically mixed Ni/ZrO, + Cu/ZrO; catalysts had a
slightly higher TOF than Ni/ZrO,. The similar TOFs for the three physical mixtures demon-
strate the absence of a promoting effect on the Ni sites by the physical mixture. In contrast,
all co-impregnated NixCui.«/ZrO catalysts had higher TOF (> 440 mol,, o moly;-h™) than
the physically mixed equivalents (< 125 m01C18-OH'm01i\11i'h-1)- This higher activity is at-
tributed to the higher electron density on Ni in NixCuix. In line with the lower wave number

of adsorbed CO with increasing Cu concentration, the TOFs increased gradually in parallel.
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Figure 4-7. Turn over frequency converting 1-octadecanol as a function of Cu content. Reaction
conditions: 1-octadecanol (0.5 g), x Ni/ZrO; + (1-x) Cu/ZrO; (o) or NixCui/ZrO, (m), x =1, 0.79,
0.59, 0.29 (sum 0.05 g), dodecane (100 mL), 260 °C, p(H.) = 40 bar, stirring at 600 rpm.

Full conversion experiments with stearic acid

The first reaction step (hydrodeoxygenation of the carboxylic acid) occurred mainly
on Cu. The second reaction step (decarbonylation of 1-octadecanol) was not catalyzed by
Cu (Figure 4-4). The yield of 1-octadecanol as a function of reaction time is given for the
physical mixtures x Ni/ZrOz and (1-x) Cu/ZrO; catalyst (x = 1, 0.79, 0.59, 0.29, 0) in
Figure 4-8, A and for co-impregnated catalysts NixCu1x/ZrOz (x = 1, 0.79, 0.59, 0.29, 0) in
Figure 4-9, A. Note that the rate for hydrodeoxygenation of stearic acid is the same for
physical mixtures and respective NixCu1x/ZrO. catalysts (Figure A 4-1). The decarbonyla-
tion is more sensitive to the Nickel content and the alloy formation (Figure 4-7). Conse-
quently, the same formation rate of 1-octadecanol is seen in Figure 4-8, A and Figure 4-9,
A, but a more rapid consumption of the intermediately formed 1-octadecanol on NixCui-
x/ZrO> than on respective physical mixtures. Within the physical mixtures, 0.29 Ni/ZrO; +
0.71 Cu/ZrO2 gave the highest yield of 1-octadecanol after eight hours and consequently the
lowest yield of n-heptadecane (Figure 4-8, B). For the other two mixtures with a higher
content of Ni, 1-octadecanol is formed comparably fast, but consumed more rapidly in line
with a higher rate of n-heptadecane formation. Additionally, the obtained yields of n-hepta-
decane are higher than over pure Ni/ZrO,,% " which emphasizes the benefit of Cu/ZrO; as

a co-catalyst for the conversion of stearic acid to n-heptadecane.
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Figure 4-8. Yield of 1-octadecanol (A) and yield of n-heptadecane (B) as function of time over
physical mixtures of monometallic Ni/ZrO; and Cu/ZrO, (molar ratio Cu:Ni). Reaction conditions:
Stearic acid (0.5 g), x Ni/ZrO; and (1-x) Cu/ZrO; catalyst (x = 1, 0.79, 0.59, 0.29, 0, sum 0.20 g),
dodecane (100 mL), 260 °C, p(Hz) = 40 bar, stirring at 600 rpm. Cu/ZrO; (¢), 0.29 Ni/ZrO; + 0.71
Cu/ZrOz (+), 0.59 Ni/ZrO; + 0.41 Cu/ZrO; (¢), 0.79 Ni/ZrO; + 0.21 Cu/ZrO; (#), Ni/ZrO; (#).

The TOF (Figure 4-7) for the decarbonylation was higher on co-impregnated
NixCu1.x/ZrO> catalysts than on physical mixed, leading to a more rapid consumption of
1-octadecanol (Figure 4-9, A) and higher yields of n-heptadecane (Figure 4-9, B). For
Nio.20Cuo.71/ZrO2, Figure 4-9, B shows a lower yield of n-heptadecane compared to the other
two alloys. Hence, the yield of n-heptadecane increased with decreasing Cu content. The
influence of the electronic promotion effect of Cu becomes more visible through enhanced
decarbonylation. After four hours of reaction, nearly quantitative conversion to n-hepta-
decane was achieved for Nios9Cuo.41/ZrO2 and Nio.79CUo21/ZrO2, when starting with stearic

acid. In the same time, less than 10% of n-heptadecane was formed on Ni/ZrO,.
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Figure 4-9. Yield of 1-octadecanol over NixCui«/ZrO, (A) and yield of n-heptadecane over
NixCu1/ZrO; (B) as a function reaction time. Reaction conditions: Stearic acid (0.5 g), NixCua.
«ZrO; catalyst (x =1, 0.79, 0.59, 0.29, 0, 0.20 g), dodecane (100 mL), 260 °C, p(H2) = 40 bar, stirring
at 600 rpm. Cu/Zro, (0), Nio,ngUo_n/ZFOz (0), Nio_sgCUo_41/Zl’Oz ( ), Nio_7gCUO,21/Zr02 (0), Ni/ZrO,

(#).
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On pure Ni catalyst (e.g. Ni/ZrO) stearic acid is hydrodeoxygenated to 1-octa-
decanol and further decarbonylated to alkane.”® In presence of Cu, the first step, the hydro-
deoxygenation is enhanced by nearly a factor of eight. The decarbonylation (cleaving a C—
C bond) was however, not affected by Cu.?? The higher electron density of Ni in NixCu-x-
alloy accelerates the decarbonylation of octadecanal to n-heptadecane by a factor of four to
six (Figure 4-7) compared to Ni/ZrO». Therefore, the content of Ni and Cu has to be bal-

anced in order combine high conversion rates with a high yield of n-heptadecane.

4.4 Conclusions

The physical or chemical mixture of Ni and Cu metal supported on ZrO led to cata-
lysts converting stearic acid to long chain alkanes more efficiently than monometallic
Ni/ZrO.. The conversion rate of stearic acid increased linearly with increasing content of Cu
concentration and the selectivity of 1-octadecanol was nearly 100% under initial conditions,
independent from the content of Cu and the preparation method. The higher electron density
of Ni in NixCu1x/ZrO, enhanced the rate of decarbonylation up to six times compared to
Ni/ZrO.. Too high Cu concentrations in the alloy, however, reduced the rate of n-hepta-
decane formation (not the TOF), because of the lower concentration of nickel available at
the surface. Thus, the present catalyst demonstrates how two functions can be combined in
this bimetallic catalyst to optimize the conversion of carboxylic acids to alkanes.

4.5 Experimental Section - Materials and Methods

45.1 Chemicals

All chemicals, i.e., Zr(OH)s x H2O (XZO 1247/01, MEL Chemicals), Ni(NOgz)2 x
6 H20 (Acros Organics, >98.5%), Cu(NOs3)2 x H20 (Sigma-Aldrich, 99.999%), synthetic air
(20.5% O/ 79.5% N», Westfalen), hydrogen (Westfalen, 99.9999%), argon (Westfalen,
99.9999%), stearic acid (Sigma-Aldrich, >99.5% analytical standard), 1-octadecanol
(Sigma-Aldrich, >99.5% SelectophoreTM), n-octadecane (Sigma-Aldrich, 99%), n-hepta-
decane (Sigma-Aldrich, 99%), dodecane (Sigma-Aldrich, >99%, ReagentPlus), were pur-
chased commercially and were not further purified.
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45.2 Catalyst preparation

The support ZrO, material was prepared by calcination of Zr(OH)4 x H20 at 400 °C
in ambient air for 4 h (heating rate: 10 °C min™). Bimetallic NixCu1-«/ZrO2 catalysts with
five different NixCuix-ratios and a total metal loading of 10 wt% were prepared by wetness
impregnation. Ni(NO3). x 6 H20 and Cu(NO3)2 x H.O (Table A 4-1) were dissolved in de-
ionized H20 (5.0 g), and the resulting solution was added dropwise to the support under
stirring in ambient air (co-impregnation). The slurry was further stirred for 4 h, followed by
drying at 110 °C overnight. Subsequently, the ground solid was calcined in synthetic air
(flow rate: 100 mL min™t) at 450 °C for 4 h (heating rate: 2 °C-min) and reduced in H; flow
(flow rate: 100 mL min) at 500 °C for 4 h (heating rate: 2 °C min).

4.5.3 Catalyst characterization

X-Ray powder diffraction (XRD) was performed on a Philips X’Pert Pro and a
PANalytical Empyrean System equipped with a Cu Ko radiation source (40 kV/45 mA) with
a step size of 0.01711° and a scan rate of 1.08° min™ in the 20 range of 5—70°; with a step
size of 0.0131303° and a scan rate of 0.002205° min™ in the 20 range of 42—47° using Kal).
The particle size of Ni- and Cu-metal clusters was determined from peak broadening of
Ni(111) and Cu(111) reflex, fitted with HighScore Plus program,'? using the Scherrer equa-
tion. Deconvoluted diffraction patterns resulted by subtracting the diffractogram of the ZrO,-
support normalized to the maximum intensity of the m-ZrO, peak from the diffractogram of

NixCu1.x/ZrO> catalyst normalized to the maximum intensity of the m-ZrO, peak.

N2-sorption: For measurement of the BET surface area, the sample was activated in
vacuum at 250 °C for 2 h before measurement. The adsorption of N, was performed

at -196 °C by using the Sorptomatic 1990 series instrument.

Hz-chemisorption: After reducing the Ni based catalyst samples in Hx-flow at
450 °C for 1 h, they were evacuated at 300 °C for 1 h. The H2 adsorption isotherms account-
ing for both chemisorption and physisorption were measured on a Thermo Scientific’s Surfer
instrument at a pressure ranging from 9 to 400 mbar at 25 °C. For removing physisorbed H,
the system was evacuated for 20 min afterwards. By extrapolating the isotherm to zero Ho-

pressure, the concentration of chemisorbed hydrogen on the metal was determined. The Ni
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dispersion was derived by assuming an average surface Ni to H ratio of 1. Furthermore, it is
assumed that Cu does not chemisorb Ha.

Temperature programmed desorption (TPD) of ammonia and carbon dioxide was
carried out in a parallel reactor system (six fold). A prior activation of the pressed samples
(500-710 pum) in He at 500 °C for 1 h was conducted. Consequently, the sample was evacu-
ated at 10 mbar the adsorbent NH3 or CO, was loaded at a partial pressure of 1 mbar and
100 °C or 40 °C, respectively. The sample was then purged with He for 1 h in order to re-
move physisorbed molecules. After activation, the six samples were heated from 100 to
770 °C with a rate of 10 °C-min’* to desorb NHz and from 40 to 700 °C to desorb CO-. The
signals were detected by a Balzer QME 200 mass spectrometer. For calibration purposes,
NH3s was desorbed from a HMFI-90 standard and CO> generation from NaHCO3z decompo-
sition was used for CO; calibration.

Atomic absorption spectroscopy (AAS) was used to determine the Ni and Cu con-
tent of the catalysts with a ThermoFisher Solaar M5 AA-Spectrometer. Prior to Ni and Cu
determination, the catalysts were dissolved in a mixture of HF, HNO3 and boiling concen-
trated H2SOg.

IR spectroscopy of adsorbed CO was performed on a Bruker VERTEX 70 spec-
trometer at a resolution of 2 cm™ with 128 scans in the range of 1000-4000 cm™. For the
measurements, the samples were pressed into self-supporting wafers and mounted in the
sample holder. The Ni-Cu/ZrO; catalysts were activated in Hz-flow at 450 °C for 1 h, and
then subsequently outgassed under vacuum (p = 10" mbar) to remove H, while cooling to
40 °C. The adsorption of CO was performed at 0.3 mbar until equilibrium was reached, then
evacuated (p = 107 mbar) for 5 min to remove physisorbed and gas phase CO. The IR spectra
of adsorbed CO were obtained by subtracting the activated sample, and then were normal-
ized by the weight of the Ni in the respective wafer.

4.5.4 Catalyst activity and kinetic measurement

Catalytic reactions were carried out in an autoclave (Parr, 300 mL). Stearic acid or
1-octdadecanol, catalyst and 100 mL dodecane were loaded into the autoclave and pressur-

ized with Hz (3 x 20 bar). Typically, the reaction was carried out at 260 °C in presence of
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40 bar H at a stirring speed of 600 rpm. In situ sampling was performed during the reaction.
Typically, each sample of max. 0.5 mL was withdrawn from the reaction slurry and filtered
through a 2 um filter at the bottom of the reactor in order to make sure that the sample is free
of catalyst, that the reaction in the sample vial is stopped and that the mass of catalyst in the
reactor stays constant. The dead volume between filter and end of the sampling tube
(0.05 mL) was flushed and discarded prior to every sampling. The liquid samples were ana-
lyzed by a Agilent 7890B GC system, equipped with a flame ionization detector (FID) and
Agilent 5977 MS detector, using a HP-5 capillary column (30 m, 0.32 mm inner diameter,

0.25 pm film). Quantification error is less than £5% for all experiments.

Conversion = (weight of converted reactant / weight of the starting reactant) x 100%.
Yield (C%) = (C atoms in each product / C atoms in the starting reactant) x 100%. Selectivity
(C%) = (C atoms in each product/sum of C atoms in all the products) x 100%. The initial
reaction rate was deduced from the slope of the linear fit to the conversion versus time plot
in the linear region at low conversions (<20%). Rate = mole of converted reactant/ mass of
catalyst / reaction time. TOF = rate / mole of accessible Ni on the catalyst’s surface = mole

of converted reactant / mole of accessible Ni on the catalyst’s surface / reaction time.

4.6 Contributions

In addition to the author of this thesis, Christoph Denk carried out the full conversion
experiments of physical mixed x Ni/ZrO, + (1-x) Cu/ZrO; catalysts and the experiments
with 1-octadecanol as starting material. Eszter Barath drew the graphical abstract.
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4.7 Appendix
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Figure A 4-1. Initial reaction rate for the hydrodeoxygenation of stearic acid over physical mixtures
of monometallic x Ni/ZrOz and (1-x) Cu/ZrO: and co-impregnated NixCu1.x/ZrO; as a function of Cu
content. Total wt% metal (= Ni+Cu) is 10 wt%. Reaction conditions: stearic acid (0.5 g), Ni-Cu/ZrO;
(0.05 g), dodecane (100 mL), 260 °C, p(H) = 40 bar, stirring at 600 rpm. Cu/ZrO; (x), 0.29 Ni/ZrO;
+ 0.71 Cu/ZrOz (©), 0.59 Ni/ZrO; + 0.41 Cu/ZrO; (A), 0.79 Ni/ZrO, + 0.21 Cu/ZrOz (0), Ni/ZrO;
(l),Nio,ngUo,n/ZrOz ( ), Nio_sgCUo,Al/Zl’Oz ( ), Nio,7gCUO,21/ZfOz (0)

Table A 4-1. Detailed amounts of reagents to synthesize bimetallic Ni-Cu/ZrO, via wetness impreg-
nation technique.

Catalyst 2 m(ZrO2)  m[Ni(NOs)2 x 6 H,O]  m[Cu(NOs), x H20]
a] [a] [a]
Ni/ZrO 7.0 3.85 -
Nio.76CU0.21/ZrO> 7.0 2.89 0.57
Nio.59CU0.41/ZrO> 7.0 1.93 1.15
Nio.20CUo.71/ZrO; 7.0 0.96 1.72
Cu/zrO, 7.0 - 2.30

[a] Label according to atomic ratio of Cu-Ni.
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Chapter 5

Conclusions and Outlook

Renewable diesel can be produced from microalgae oil and is therefore envisioned
as a promising third generation sustainable energy carrier. The potential for increasing the
rate of stearic acid conversion of a supported and bi-functional hydrodeoxygenation catalyst
and enhancing the selectivity towards desired products was demonstrated. Although it is
difficult to differentiate contributions caused by the oxide from those of the metal in sup-
ported metal catalysts, the support’s properties were separately investigated from the state
of the active metals. Due to thorough catalyst characterization, dependencies of the reaction

results on catalyst properties could be derived.

One key towards increasing the activity is the role of the support. Bare ZrO, support
alone is active for the hydrodeoxygenation of stearic acid. The crystal phase of the support
has an effect to the overall rate that was deduced to be related to significantly higher adsorp-
tion of carboxylic acid on monoclinic ZrO> than tetragonal (Chapter 2). This was measured
by IR spectroscopy due to higher concentration of oxygen defects, which were quantified by
isotope exchange experiments (TPIE) and the ability of dissociating H2. From that, a corre-
lation of reaction rate and phase composition of ZrO and a three times higher activity of
stearic acid hydrogenation on Ni/m-ZrOz than on Ni/t-ZrO could be derived. The experi-
mentally determined reaction rate constants were comparable with fitted values for individ-

ual reactions.

In this thesis, the investigations of the support were focused on ZrO,. Furthermore,
the addition of SiOg, substituted into the crystal lattice of ZrO2, was forming a binary oxide,
increasing the specific surface area of the support, forming novel nano-layered spherical
particles and generating Brgnsted acid sites (Chapter 3). In proximity of Ni, those BAS pro-
mote the conversion of stearic acid. Moreover, the reaction pathway is controlled towards

dehydration, increasing the selectivity of n-octadecane over n-heptadecane.
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Furthermore, the impact of the active metal site was enhanced without the use of
precious metals (Chapter 4). The addition of Cu to Ni (both base metals) increased the rate
of 1-octadecanol formation from stearic acid — hence enhancing the first step of the reaction
sequence. Mixing Ni with Cu resulted in the formation of a NixCui-x-alloy with higher elec-
tron density at Ni. This catalyzes the decarbonylation of 1-octadecanol to alkane more
rapidly, leading to higher yield of n-heptadecane. On pure Cu/ZrO> no alkanes are formed.

In this thesis, catalysts were developed that increased the rate for the hydrodeoxy-
genation of stearic acid by an order of magnitude. The perceptions of this work can make a
valuable contribution to the mild production of third generation biofuels. They offer mag-
nificent potential for new means of novel catalyst design. Although not explicitly mentioned,
the catalysts described in this work are stable and recyclable. In order to develop those sys-
tems towards large-scale use and technical application, further investigations in a continuous

system are required.

Moreover, many other preparation techniques for advanced ZrO, supports with
beneficial properties (e.g. specific surface area, pore distribution, concentration-, strength-
and type of acid sites) that deserve investigation in more depth. Analog, the dispersion of Ni
can be increased by alternative preparation conditions leading to a higher rate of hydrode-
oxygenation as well. Here, a more homogenous particle size distribution would reduce the

scatter of the experimental results.
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Chapter 6

Schlussfolgerungen und Ausblick

Erneuerbarer Diesel kann aus Mikroalgendl hergestellt werden und gilt als vielver-
sprechender und nachhaltiger Energietrager der dritten Generation. In dieser Arbeit wurden
Madglichkeiten gezeigt, wie die Reaktionsgeschwindigkeit auf getragerten und bifunktionel-
len Katalysatoren fur die Hydrodeoxygenierung erhéht und die Selektivitat zu erwiinschten
Produkten verbessert werden kann. Obwohl es bei getréagerten Metallkatalysatoren schwierig
ist, die Beitrage des Oxids von denen des Metalls zu differenzieren, wurden die Eigenschaf-
ten des Tragers getrennt vom Zustand des aktiven Metalls untersucht. Durch griindliche Cha-
rakterisierung der Katalysatoren konnten Ursachen der Reaktionsergebnisse von den Kata-
lysatoreigenschaften ab- und hergeleitet werden.

Der Trager nimmt eine Schlisselrolle ein um die Aktivitat des Katalysators zu erho-
hen. ZrO, Tréger alleine ist bereits fur die Hydrodeoxygenierung von Stearinséure aktiv. Die
Kristallphase des Tragers hat einen Einfluss auf die Gesamtrate, was von der signifikant
hoheren Adsorption der Carboxyséure auf monoklinem im Vergleich zu tetragonalem ZrO>
hergeleitet wurde (Kapitel 2). Dies wurde mittels IR Spektroskopie durch eine hthere Kon-
zentration von Sauerstoffdefektstellen gemessen, welche durch Isotopenaustauschexperi-
mente und die Dissoziationsfahigkeit von H, quantifiziert wurden. Daraus l&sst sich eine
Korrelation der Reaktionsrate mit der Phasenzusammensetzung von ZrO> und eine dreimal
héhere Aktivitat der Hydrierung von Stearinsaure auf Ni/m-ZrO- als auf Ni/t-ZrO; ableiten.
Die experimentell bestimmten Reaktionskonstanten waren mit den numerisch bestimmten

Werten der einzelnen Reaktionen vergleichbar.

Die Untersuchungen des Tréagers waren in dieser Arbeit auf ZrO, konzentriert. Des
Weiteren wurde durch Zugabe von SiO — eingebaut in das Kristallgitter von ZrO> — ein
bindres Oxid gebildet, welches die spezifische Oberflache des Trégers erhoht, neuartige
runde Partikel mit Nano-Schichtstruktur bildet und Brgnsted-S&ure-Zentren generiert

(Kapitel 3). In der N&he von Ni erhéhen diese Brgnsted-Sdure-Zentren die Umsetzung von
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Stearinsdaure. Zudem wird der Reaktionspfad zur Dehydratisierung hin gesteuert, was die
Selektivitat von n-Octadecan gegentiber n-Heptadecan erhoht.

Weiterhin wurde der Einfluss des aktiven Metallzentrums ohne den Einsatz von
Edelmetallen erhdht (Kapitel 4). Durch das Hinzuftigen von Cu zu Ni (beides Nichtedel-
metalle) wurde die Rate der Bildung von 1-Octadecanol aus Stearinsdaure erhéht — folglich
wurde der erste Schritt des Reaktionsnetzwerkes verbessert. Durch Mischen von Ni und Cu
wurde eine NixCuix-Legierung gebildet, die eine hohere Elektronendichte als Ni besitzt.
Dadurch wird die Decarbonylierung von 1-Octadecanol zu einem Alkan schneller kataly-
siert, was zu einer hoheren Ausbeute von n-Heptadecan fuhrt. Durch reines Cu/ZrO> werden
keine Alkane gebildet.

In der vorliegenden Arbeit wurden Katalysatoren entwickelt, welche die Reaktions-
rate zur Hydrodeoxygenierung von Stearinsdure um mehr als eine GrélRenordnung erhéhen.
Die Erkenntnisse dieser Arbeit kénnen einen wertvollen Beitrag zur Produktion von Bio-
kraftstoffen der dritten Generation unter milden Bedingungen leisten. Sie bieten vielfaltige
Madglichkeiten, neue Verfahren zur Herstellung neuartiger Katalysatoren zu entwickeln.
Auch wenn es nicht ausdriicklich dargestellt wurde, sind die in dieser Arbeit beschriebenen
Katalysatoren stabil und mehrfach verwendbar. Um sie fiir groRtechnische Anwendungen
nutzbar zu machen, sind weitere anknlpfende Untersuchungen in einem kontinuierlichen

Verfahren notwendig.

Daruber hinaus verdienen weitere Préparationsmethoden flir hoch entwickeltes ZrO»
mit vorteilhaften Eigenschaften (z. B. spezifische Oberflache, Porenverteilung, Konzentra-
tion-, Starke- und Arten von Sdurezentren), eine eingehende Untersuchung. Entsprechend
kann auch die Dispersion von Ni durch andere Préparationsbedingungen erhéht werden, was
zu einer hoheren Hydrodeoxygenierungsrate fiihrt. Zudem wirde eine homogenere Partikel-

groRenverteilung die Streuung der Versuchsergebnisse verringern.
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