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ABSTRACT

DESIGN AND ASSESSMENT OF FLOW-THROUGH CATALYTIC SYSTEM USING
PALLADIUM NANOPARTICLE CATALYST CONFINED ON A POROUS SILICA
SUPPORT

By
Xiaoran Zhang

Catalysis has the potential to play a significant role in the converting biomass
feedstock to commodity chemicals and fuels. There are a few requirements for the
catalysts to fulfill during the biorefinery process: optimal reactivity and high selectivity
under relatively mild reaction conditions. These properties can be optimized through the
choice of catalyst and the morphology of the catalyst support, immobilization chemistry,
solvent system for the reaction, and reaction conditions. The purpose of this work is to
create and demonstrate a flow-through catalytic reaction system that enhances the target
heterogeneous reaction under mild reaction conditions, and to assess the performance of
catalyst reactivity and selectivity.

To design the flow-through catalytic system, we created a silica-polymer composite
inverse opal structure with relatively low defect density to be used as a catalyst support.
The construction of the inverse opal structures involved the self-assembly of a template
with colloidal polystyrene nanospheres, deposition of the poly(ethylene glycol)-silica sol
gel composite precursors in the interstitial spaces between the colloidal spheres, and
removal of the template nanospheres by dissolution. The addition of PEG into the silica
sol gel modifies the morphology of inverse opal structures to reduce defect density. The
resulting inverse opals were characterized by scanning electron microscopy (SEM). By

optimizing the composition and molecular weight of polymer, the composite inverse opal



structure was improved to reduce the number of defects compared to a silica sol gel inverse
opal.

The inverse opal structure was replaced by a porous glass frit because of the improved
structural integrity of the latter as well as its reduced resistance to flow when used in a
flow-through catalytic format. Using Glucose Oxidase (GOx) as a catalyst, a porous glass
frit was shown to be a practical, functional catalyst support that compared favorably to the
inverse opal support. We chose porous glass frits as catalyst supports for further studies
with flow-through catalytic reactions.

Using a porous glass frit support, the catalytic performance of palladium nanoparticles
was evaluated in a flow-through reaction format. The reactivity and selectivity of the
catalyst was assessed by heterogeneous hydrogenation of p-coumaric acid and
cinnamaldehyde under mild conditions and in different solvents. A microelectric actuator
control system was used to maintain H2(g) level in the reaction stream. The results of
this work demonstrate high efficiency and the requisite selectivity for the reactions used.
This work represents an initial step in the development of a catalysis system for biomass

conversion and biorefinery processing.
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CHAPTER 1: Introduction and background

1.1 Biorefinery

Global energy consumption remains heavily dependent on fossil fuels such as
petroleum, coal and natural gas. Due to the finite extent of the world crude oil reserve,
increasing cost of extraction, environmental concerns, unsustainable growth and uneven
product distribution, there is great interest in identifying alternative energy sources.
Immediate benefits to the use of alternative energy sources include a reduced dependence
on fossil fuels, mitigation of climate change and the utilization of renewable resources.!
Biomass, the only carbon-rich resources on earth other than fossil fuels, is abundant, low
cost and is a potential alternative energy source for carbon-based fuels and raw materials
for manufacturing.? The paradigm shift from fossil fuels to biomass resources will be
important to the global environment and sustainable economy through the utilization of
renewable resources and the creation of new opportunities for the chemical industry and
related industries.> The key to the realization of this goal lies in the creation of bio-
refineries, facilities or networks of facilities that converts biomass to biofuels and other
value-added materials.* The notion of a bio-refinery is analogous to a petroleum refinery,
where the catalytic conversion of raw materials to high-value products is central to
industrial development and operation as well as consumer use. There are fundamental
chemical differences between crude oil and biomass that preclude the direct application of
current refinery technology to bioprocessing. For example, hydrocarbons obtained from
crude oil are nonpolar, volatile, thermally robust, and unfunctionalized. In contrast,
biofeedstocks are typically polar, nonvolatile, and are susceptible to degradation on

exposure to acid- and/or heat’>  Oxygen content is biggest difference between



biorenewable feedstock materials and crude 0il.° Typical biofeedstocks contain from 10%
to 44% oxygen. In order to convert biomass into useful biofuels and other compounds,
there is an urgent need to develop technologies for industrial and marketable products that
convert biomass to reduced hydrocarbons under mild conditions and at the scale required.
The replacement of petroleum processing with biofeedstock processing will require
technological breakthroughs that will depend on, among other things, the creation of
catalytic reaction sequences that are capable of performing sequential reduction reactions.

The majority of products formed from biomass, such as sugars, organic acids, polyols
and other partially oxidized organic species, are characterized by the presence of multiple
oxyden-containing functionalities. = The conversion of such products to produce
hydrocarbons via selective deoxygenation, without C-C bond cleavage and in some
instances condensation, will require the development of efficient multistep reactions that
will require catalysts and design formats that are not currently available.b

Catalytic routes and catalysts for bio-refinery operation need to be developed to
optimize turnover rate and extent of completion under mild reaction conditions. Because
of the low volatility and thermal stability of biomass materials, heterogeneous catalysts
will be required that operate on solution phase (dissolved) feedstock, limiting the
temperatures and pressures accessible. Consistent with the principles of green chemistry,
the catalysts to be used for bio-refinery applications should be implemented in a manner
that allows facile separation and product recovery under mild conditions.’

The current goals for renewable bio-refineries are improving the heterogeneous
catalysts used and optimizing catalytic systems to fulfill the two key requirements of high

selectivity and quantitative reactivity to transform biomass derivatives into hydrocarbons.



Fortunately, only a few elementary transformations are required to make a bio-refinery
functional. These are deoxygenation/oxidation, hydrogenation/dehydration,
hydrogenolysis, carbonylation/decarbonylation, and condensation. This research project
will mainly focus on the hydrogenation and deoxygenation reactions of prototypical
organic species that can be used as models for biomass compounds.
1.2 Catalytic cassettes system

The work in this dissertation focuses on the design of a catalytic cassette system
capable of converting biomass feedstock into desired products through a series of reactions,
where the reactions of interest will ultimately be performed sequentially. The catalysts
chosen for this work are either metal nanoparticles or enzymes, and they are immobilized
in the porous catalyst support structures. The catalyst-loaded supports can, in principle,
be arranged in sequences that allow the sequential performance of elementary reactions
relevant to the conversion of biofeedstocks in a single-pass process (Scheme 1). If the
catalysts selected are sufficiently selective and are optimized for specific elementary
reactions, the supported catalysts will be integrated into a flow-through reactor to transform
biomass-derived feedstock to desired products. The ultimate goal is that the modular bio-
refinery system can achieve a functional and predetermined cascade of elementary

reactions by using the order of reaction-specific cassettes in flow reactors.



Biomass [ Final
Feedstock Product 1 Product 2 1 ‘ ‘ Product 3 Products

Catalyst-Loaded cassettes

Figure 1.1 Schematic of proposed catalytic cassette system capable of converting biomass
feedstock into desired products through a series of sequential reactions. The products
from a given reaction are designed to be feedstock for the next cassette.

A key goal of this strategy is to develop catalytic systems that minimize the formation
of side products and operate quantitatively, to minimize the need for post-reaction cleanup
prior to performing the next reaction. It is clear that these are challenging goals, and the
identification of catalysts with high selectivity and optimal reactivity is the necessary first
step. This dissertation will discuss the selectivity and reactivity of nanoparticle catalysts
in later part of this chapter and their catalytic performance on hydrogenation and
deoxygenation catalytic reaction of phenolic compounds in Chapters 4 and 5. The
catalyst alone is not the only requirement for success. The catalyst support can also play
an important role in the development of a model bio-refinery system. To enhance the
reactivity, catalysts were incorporated into porous structures to create flow-through
cassettes. Two silica-based porous catalyst support materials, inverse opals and porous
glass frits, were studied for the immobilization of catalysts. Comparisons of catalytic
performance will be made in Chapter 3.

1.2.1 Inverse opal
The inverse opal structures, also known as three-dimensionally ordered microporous

(3DOM) materials, has captured the interest of scientists for many reasons over last

decade.® These structures offer a high extent of ordering and structural regularity, and



significant control over the characteristic pore size and void volume. Inverse opals are
formed in several steps; layered assembly of a colloidal crystal template of monodisperse
microspheres; filling the void space between microspheres with the matrix material of
choice; and removal of microsphere template.” Such structures are grown routinely in the
Blanchard labs.!!? In this work, a low-defect inverse opal structure was modified to
function as catalyst support in a flow-through cassette system.'?

There are several advantages to the inverse opal structure for catalyst support
applications. These include a three-dimensional nanoporous structure to achieve usefully
high surface area/volume ratio for catalyst loading. For a reactant stream flowing through
an inverse opal structure, the characteristic internal dimensions and highly porous structure
gives rise to usefully long reactant pathways to increase the probability of reactant-catalyst
interactions in the heterogeneous reactor.’

Tunable pore size is another advantage of inverse opal structures compared to other catalyst

supports, such as zeolites. Zeolites'*!>

are used widely as catalyst supports based on their
relatively high surface area and porosity, but these materials are limited in terms of control
over the characteristic pore size by the chemical identity of the inorganic matrix, which is
not adjustable. With inverse opals, pore size is controlled by the size of the templating
spheres used in constructing the structure. The diameter of the templated voids is related
to the number of interactions a reactant is expected to experience with (surface-bound)
catalyst. If the diameter of the inverse opal void is less than the diffusion length of the

reactant, there will be multiple reactant-catalyst collisions during the reactant’s residence

time in the void volume. Because of the probability of a catalytic event occurring is



proportional to the number of reactant-catalyst interactions, the smaller the void volume,
the higher probability of a catalytic event occurring.

Inverse opals can be constructed using a wide variety of materials, including metals
such as Au,'® Ni,!'” Pt,!% 16 Pd,'® Co,'® Cu' and oxides such as silica,?® titania,?' zirconia??
and alumina,? or conductive oxides such as ITO** and FTO.?>  The ability to form inverse
opal structures using either conductive or dielectric materials provides versatility in their
range of application, including electrochemical and bio-catalytic reactions. In addition,
inverse opal structures are capable surface functionalization to render their surfaces useful
for the immobilization of nanoparticle catalysts or enzymes.

1.2.2  Porous glass frits
Silica-based porous materials have been utilized as heterogeneous catalyst supports

by loading with nanoparticles and enzymes.?¢

Porous oxide supports offer the potential
for enhanced catalytic activity because their characteristically small internal dimensions
create moderately high surface area combined with porosity sufficient for flow-through
reaction applications. Porous oxides are classified into three categories based on pore size.
These are micro- (less than 2 nm diameter), meso- (2 nm to 50 nm diameter) and macro-
porous ( greater than 50 nm diameter) materials.>”  Porous glass frit is the leaching product
of phase-separated alkali borosilicate glass,?® and it can be readily incorporated into flow-
through catalytic cassette systems.

Commercially available fine pore size (0.9 um to 8 pum diameter) meets the
requirement of controlled pore size at an adequate level of precision. As mentioned above,

smaller pore sizes increase the substrate-catalyst interaction and probability of a catalytic

reaction event. The pore diameter also limits the achievable flow rate and if too small,



flow rate can become a limiting factor. Commercial porous glass frit achieves a balance
between pore size and permeability. In contrast to inverse opal structures, porous glass
frit exhibits highly favorable thermal, mechanical and chemical stability on exposure to
mineral acids and organic solvents. Porous glass frits are physically robust and
mechanically much more stable than inverse opal structures when utilized in flow-through
cassettes. Porous glass frits are also easy to process using standard techniques to
regenerate surface silanol functionality.?® Porous glass frits can be surface-modified to

accommodate the binding of nanoparticles and enzymes.?-*°

For catalytic reactions,
post-reaction cleanup and catalyst reusability are primary concerns in heterogeneous
catalysis and porous glass frits are amenable to such processing.
1.3  Metal nanoparticles catalyst

Metal nanoparticles have been used as heterogeneous catalysts for a long time because
of their characteristically high surface area-to-volume ratios compared to the same bulk
metal. For metal atoms organized in a close-packed configuration, for a 2 nm diameter
nanoparticle, ca. 60% of all metal atoms are on the surface, while for a 1 pm diameter

particle, fewer than 0.1% of the metal atoms occupy surface sites.>!

Nanoparticles thus
exhibit a higher degree of atom economy than larger structural formats, and such
considerations are important for rare elements.>’3* It has been found that for
heterogeneous catalytic reactions, the reaction efficiency is sensitive to the nanoscale
morphology of the catalyst nanoparticle because the coordination of reactants to the
surface-active site(s) depends on the ability to form chemical bonds or coordinate with

35,36

surface metal atoms. Therefore, careful control of nanoparticle size and shape is

essential and we have investigated this matter to a limited extent. In some instances,



stabilizing agents can be used to control nanoparticle growth and nucleation process
thermodynamically.’’-3

There is a significant body of work focused on heterogeneous catalysis using precious
metal nanoparticles, with emphasis being placed on nanoparticle stability, selectivity and
activity when bound to various supports.®>  Pd nanoparticles exhibit favorable
heterogeneous catalytic activity for the selective hydrogenation of C=C bonds, the Heck
reaction, Suzuki-Miyaura coupling reactions and hydrodeoxygenation reactions.*04?
These capabilities make Pd especially useful for biomass catalysis.**
1.3.1 Fabrications and Characterization

Wet chemical nanoparticle preparations are performed as the chemical reduction of
metal salts, decomposition of metastable organometallic compounds, with various
stabilizers, such as ligands, polymers, or surfactants present to control nanoparticle size
and morphology.®®  Lin has prepared uniform colloidal Pd nanoparticles (NPs) in the size
range of 2.5 nm to 3 nm by thermal decomposition with biotin as the stabilizing agent.*
In that work, as-synthesized Pd NPs were immobilized in a microfluidic reactor with the
carboxylic acid functionality of the passivating biotin binding to the decorated reactor wall
surface. ~ The catalytic activity of biotinylated Pd NPs was evaluated using the
hydrogenation of 6-bromo-1-hexene at room temperature and one atmosphere of hydrogen
pressure.  First-run conversion of 85% with 100% selectivity was achieved.*

Polymers are widely used in the fabrication of size- and shape- controlled metal
nanoparticles. For example, Hirai et al. reported Pd NPs were fabricated by reducing

PdCl, with poly(N-vinyl-2-pyrrolidone) (PVP).*> PVP is used commonly as steric

stabilizer or capping agent to prevent aggregation because it is a water soluble linear



polymer that contains hydrophilic functionality.*® The catalytic reactivity of the resulting
Pd NPs was evaluated by hydrogenation of 1,3-cyclooctadiene at atmospheric pressure.
With increasing polymer molecular weight the thickness of PVP layer absorbed on the Pd
NPs increased and the initial hydrogenation rate decreased because the polymer film limits
the diffusion of 1,3-cyclooctadiene to the reactive surface of nanoparticle.*’

To minimize the use of toxic chemicals, green synthesis of nanomaterials can be
performed using plant extract(s) as reducing agent and stabilizing agents.  Such
compounds include polyphenols, polysaccharides and others that contain hydroxyl
functionality. The shape, size and stability of nanoparticles is controlled through the pH,
temperature, reaction time and concentrations of plant extract and metal salts used.*’
Mahmoud et al. reported the green synthesis of Pd NPs (2.5 nm - 14 nm size range) using
Hippophae rhamnoides Linn leaf extract as the reducing and stabilizing agent. The
heterogeneous catalytic activity of the resulting Pd NPs was evaluated using the Suzuki—

Miyaura coupling reaction in water.*’

Coupling reactions of different aryl halides with
phenylboronic acid gave high yields (85%-97%) in the presence of as-synthesized Pd NPs
at 100 °C in alkaline medium.

Particle size is the most basic and one of the most important pieces of information
available for metal nanoparticles. Transmission electron microscopy (TEM) can provide
an accurate assessment of particle size and shape as well as crystal lattice existence and

8 Particle size distribution information is also available from TEM data and

orientation.*
energy dispersive X-ray spectroscopy (EDS) can be used to confirm the elemental

composition of metal nanoparticles. Dynamic Light Scattering (DLS) can, in certain

cases, also be used for particle size and size distribution determination. For multi-



component mixed metal NPs, the ratio of metals present can be determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). With this technique, the metal
NPs are dissolved in strong acid, such as aqua regia. To information on the crystalline
properties of metal NPs,  X-ray diffraction (XRD) can be used to determine crystal

9

structures using the Scherrer Equation.*” For functionalized nanoparticles, Fourier

Transform Infrared (FT-IR) spectroscopy can be used to probe surface adsorption of ligands

and functional groups on metal nanoparticles.>

In addition, quantitative determination of
the amount of organic coating and its thermal stability can be performed using
Thermogravimetric analysis (TGA).>! There are a number of different techniques
available that can be used to acquire information on metal nanoparticles that are
synthesized in the course of this work.
1.3.2  Supports for metal nanoparticles

As mentioned above, the supports for nanoparticle catalyst can also affect catalytic
activity and selectivity. There is a significant body of literature extant on Pd NPs on oxide

supports, including silica®* and alumina.>®

Silica-based supports are used more widely
than alumina and they exist in various forms, ranging from silica sol-gels to MCM-41 and
zeolites.>*

The classic methods used to synthesize nanoparticles in porous oxides is the wetting
of the solid support with a solution containing the metal salt precursor, which is reduced in
situ.  This technique is referred to as wetness impregnation and simultaneous precipitation
of the metal and the support.®>>>®  This method tends to yield a distribution of nanoparticle

sizes and shapes. Several simple and reliable methods of nanoparticle synthesis and

immobilization on supports will be discussed as examples in Chapter 4.
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The functionalization of oxide support surfaces can prevent metal nanoparticles from
leaching and can improve the activity and reusability of the catalyst-support system.
Mandal et al. reported Pd NPs bound to Na-Y zeolites modified with 3-
aminopropyltrimethoxysilane (APTMS).>”  Catalyst on amine-functionalized zeolites has
demonstrated high activity and reusability as heterogeneous catalysts for hydrogenation
and Heck reactions. As noted previously, Lin used biotinylated-Pd NPs immobilized in a
microfluidic reactor with biotin linked to the surface functionalized with (3-aminopropyl)
trimethoxysilane (APTMS).*

Polymers have also been used for anchoring nanoparticles to supports in various ways,
such as polymer brushes and grafts, monoliths and porous polymers, natural polymers (e.g.

polyphenols, polysaccharides) and conjugated polymers.>¢

Polymer chains are, in many
instances, flexible and contain functional groups that can immobilize nanoparticles through
a variety of chemical interactions. For example, the Ballauff group reported Pd NPs
immobilized on spherical polyelectrolyte brushes (SPB).  The SPB has a solid
poly(styrene) core with a dense layer of polyelectrolytes formed by long chains of poly(2-
methylpropenoyloxyethyl) trimethylammonium chloride (PMPTAC) grafted onto the core.
PdCl4* ions initially bind to the positively charged polymer chains, and the metal ion is
subsequently reduced and dispersed within in the polymer brush region.’%>

The use of ionic liquids for catalysis has drawn much attention over the past decade.**-
62 Their characteristics, such as low vapor pressure, favorable solubility and
acidity/coordination properties, suggest a range of applications in developing green

catalytic technology.®® Huang et al. conducted a study of the immobilization of Pd NP

catalyst onto molecular sieves using the ionic liquid 1,1,3,3-tetramethylguanidinium lactate
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(TMGL) in order to perform a solvent-free hydrogenation reaction.®* The catalyst was
evaluated through the solvent-free hydrogenation of alkenes and demonstrated 100%
conversion of cyclohexene without significant loss of activity after another four runs.

The development of supported catalyst systems is well underway, and the contribution
of this dissertation to the effort lies in the demonstration of metal nanoparticle catalysts and
enzyme catalysts bound to porous silica support structures. The evaluation of two types
of silica support, inverse opals (Chapter 2) and porous glass frits (Chapters 4 and 5), points
the way to further work with the ultimate goal of creating a flow-through, multi-step bio-

refinery that can function under conditions consistent with green chemistry.
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CHAPTER 2: Polymer-Sol Gel Composite Inverse Opal Structures

2.1  Abstract

We report on the formation of composite inverse opal structures where the matrix used
to form the inverse opal contains both silica, formed using sol-gel chemistry, and
poly(ethylene glycol), PEG. We find that the morphology of the inverse opal structure
depends on both the amount of PEG incorporated into the matrix and its molecular weight.
The extent of organization in the inverse opal structure, which is characterized by scanning
electron microscopy and optical reflectance data, is mediated by the chemical bonding
interactions between the silica and PEG constituents in the hybrid matrix. Both polymer
chain terminus Si-O-C bonding and hydrogen bonding between the polymer backbone
oxygens and silanol functionalities can contribute, with the polymer mediating the extent
to which Si-O-Si bonds can form within the silica regions of the matrix due to hydrogen
bonding interactions.
2.2 Introduction

Organic-inorganic hybrid materials have been studied for decades and applied to

optical, electronic and mechanical technologies.! The goal of creating such hybrid
composite materials is to combine the most useful properties of each constituent material
to produce materials with superior performance for specific applications.”  Sol-gel
chemistry is useful in the construction of some composite materials because of its low
temperature processing and its ability to combine with functionalized organic species,
including polymers. The broad range of sol-gel chemistry available allows for the
versatile design of hybrid inorganic/organic materials containing metal alkoxides and

alkoxysilanes,® providing broad control over the properties of the resulting materials.* In
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any such work, the characteristic length scale of the compositional heterogeneity is
critically important, as is the chemical nature of the interface between different
compositional regions.® For this reason, it is necessary to evaluate such systems
experimentally, especially when they are used in the formation of intricate structures such
as inverse opals.

We are interested in inverse opal, also called three-dimensionally ordered macroporous
(3DOM) structures because of their ability to combine several chemical and physical
properties that are useful in catalyst support applications. Specifically, inverse opals are
moderately high surface area, they can form flow-through structures with controllable void
volumes and pore diameters, and the surface reactivity can allow for the chemical
attachment of selected catalytic species. In addition, the close-packed ordered porous
structure with the pore size of a few nanometers to micrometers endows 3DOM materials

®  This material structure can be

with useful optical and photonic crystal properties.
utilized in optical information processing and storage devices, sensors, fuel cell electrodes,
catalyst supports and bioactive materials.”® The construction of inverse opals is well
established, and there is an extensive literature extant on sol gel chemistry.!®!!  When
using sol gel chemistry to create inverse opal structures, it is frequently challenging to
create macroscopic regions that are free of defects and cracks. Such features limit the
utility of the resulting structure because they provide channels that can bypass
functionalized regions of the structure. A major reason for the formation of defects in
inverse opal structures is that the support on which the inverse opal is formed does not

undergo dimensional change as the sol cures and contracts, and the resulting stresses in the

inverse opal structure are alleviated by cracking and defect formation. One goal of our
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work is to create inverse opal structures that can serve as flow-through catalyst supports
and that do not exhibit high defect densities and/or cracks.

In an effort to create inverse opal structures on a porous alumina support that are
characterized by a lower defect density than those formed using silica sol gel chemistry
alone, we have explored the use of poly(ethylene glycol), PEG, as a matrix additive. Our
data reveal a reduction in visible defect and crack density with the addition of PEG, and
the extent of structural improvement is found to depend on the amount of PEG and its
molecular weight. The primary focus of this work is on understanding the dependence of
the hybrid matrix composition on the quality of the inverse opal structure formed.

2.3 Experimental Methods

Experimental materials. Styrene (CgHs, >99%, Sigma-Aldrich), potassium persulfate
(K2S20s), sodium p-styrene sulfonate (CgH7SOsNa), potassium bicarbonate (KHCO3),
sodium hydroxide solution (1 wt% NaOH in water), 2,2-azobisisobutyronitrile (AIBN,

98%, Aldrich), tetraethylorthosilicate (TEOS, >99%, Aldrich), ethanol (anhydrous),

hydrochloric acid (12 M, Columbus Chemical Industries), poly(ethylene glycol) methyl
ether (average M, = 750 g/mol, Aldrich) poly(ethylene glycol) (BioUltra, 2,000 g/mol,
Sigma) poly(ethylene glycol) (10,000 g/mol, Fluka), toluene (>99.5%, Mallinckrodt), and
water (Milli Q), were used as received, without further purification. Whatman® Anodisc
filter membranes (porous alumina substrate, d=13 mm, pore size 200 nm, unsupported)
were used as the inverse opal supports.

Nanoporous silica structure fabrication. Polystyrene colloidal spheres with an
average diameter of 290 nm were synthesized by an emulsion polymerization method.'?

Styrene was washed using a 1% sodium hydroxide solution and distilled prior to use to

22



remove the stabilizer. Distilled styrene monomer was added into 100 mL DI water and
heated to 72 °C. Potassium bicarbonate and sodium p-styrene sulfonate were dissolved
in DI water, preheated to 72 °C and transferred to the styrene-containing solution. The
reaction is initiated by AIBN and refluxed at 72 °C for 28 h. The resulting solution was
evaporated to dryness using a rotary evaporator.

Colloidal crystal templates were made by the evaporation method.'*!* Porous alumina
substrates were placed vertically into 0.25 wt% polystyrene solution. After evaporation
at 65 °C for 10 hours, close-packed colloidal crystal templates were formed on the porous
alumina substrates as uniform films that exhibited strong diffraction of light.

15,16 Gijlica sol-

The silica-PEG hybrid matrix was prepared using sol-gel chemistry.
gel solutions were made for deposition with a range of PEG loadings (0 wt%, 10 wt%, 20
wt% and 30 wt%, each with M, = 2,000 g/mol PEG) and with a range of PEG molecular
weights (750 g/mol, 2,000 g/mol and 10,000 g/mol, each at 10 wt%). After the dissolution
of PEG in ethanol (7.5 mL), precursor solutions were obtained by mixing TEOS (1.15 mL),
Milli Q water (0.9 mL), 12 M HCI (65 pL) and PEG for 1 hour. The polystyrene (PS)
nanosphere template on a porous alumina substrate (PAS), PS/PAS for short, was supported
on a glass frit and a vacuum is applied (water aspirator).'” The sol-gel solution is added
drop-wise on the PS/PAS structure so that the sol-gel can fill the interstitial spaces within
the nanosphere array. The resulting assembly is dried at 50 °C for 48 hours, then placed
in toluene for 24 hours to remove the polystyrene nanospheres.

Transmission Electron Microscopy (TEM): TEM images were obtained using an

ultra-high resolution JEOL 2200FS transmission electron microscope located in the Center
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for Advanced Microscopy at Michigan State University (MSU). Acceleration voltage
was 200 kV.

Scanning Electron Microscopy (SEM): Samples were sputter-coated with Os for 20
seconds and SEM images were obtained using an ultra-high resolution JEOL 7500F
scanning electron microscope housed in the Center of Advanced Microscopy at Michigan
State University. Acceleration voltage was 5 kV for all images.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR): ATR-IR spectra were
obtained using a Perkin Elmer Spectrum One FT-IR spectrometer over the spectral range
of 650 cm™ to 1500 cm™.  Spectral resolution for all measurements was 4 cm™ and each
spectrum was the result of 1024 acquisitions.

Ultraviolet-Visible (UV-vis) spectroscopy:  UV-visible reflectance spectra were
obtained using a Perkin Elmer Lambda 35 UV/Visible spectrometer. Data were acquired
from 200 nm to 1000 nm, with a spectral resolution of 1 nm.

Thermogravimetric Analysis (TGA): TGA measurements were performed using a TA
Q500 instrument (TA Instruments) in high-resolution mode with a thermal ramp rate of 25
°C/min between room temperature and 750 °C, under dry nitrogen. For these
measurements, samples were measured before and after thermal curing at 200 °C for two
hours.

Dynamic light scattering (DLS) : The size of the polystyrene spheres was measured

using Malvern Zetasizer Nano ZS. The spheres were suspended in an aqueous solution

for analysis.
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2.4  Results and Discussion

We are interested in understanding the effect of adding PEG to a silica sol-gel matrix
for the purpose of making high quality inverse opal structures, schematized in Fig. 2.1.
The properties of the inverse opal structures as a function of PEG molecular weight and

loading in the sol are of primary interest but issues other than the composition of the hybrid

matrix can play a role in the quality of the resulting inverse opal structures.

Figure 2.1 Schematic of the construction of an inverse opal structure. In this work, a) The
support is a porous alumina membrane. b) The nanospheres are polystyrene and template
self-assembles. c¢) The matrix material is formed using silica sol gel d) The nanosphere
template is removed by toluene.
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Figure 2.2 TEM image of the polystyrene nanospheres used in this work. The
nanospheres appear as dark circles, with the larger light circles being openings in the TEM

grid.
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Figure 2.3 SEM image of a colloidal crystal template formed by the polystyrene
nanospheres.
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A key factor in the growth of high quality inverse opal structures is the monodispersity and
surface properties of the polystyrene nanospheres used. Polystyrene colloidal spheres
with an average size of 290 = 30 nm were prepared using emulsifier-free emulsion
polymerization (Fig. 2.2).!> From these nanospheres the template was self-assembled by
evaporation (Fig. 2.3).!>  The sol-gel precursor mixture was aspirated into the nanosphere
template and the sol-gel reaction was allowed to proceed, resulting in the formation of a
silica matrix. Once the matrix was formed, the polystyrene nanospheres were removed
by dissolution and a 3D nanoporous inverse opal structure resulted.

241 Effect of PEG loading on the hybrid matrix.

To investigate the effect of PEG in silica-PEG hybrid materials, the nanoporous
matrices have been fabricated using silica precursor only and silica precursor mixed with
10% PEG (Mx = 2,000 g/mol). For the silica-only matrix (Fig. 2.4), significant cracks
were formed in the structure and these were associated with matrix curing and consequent
contraction. With the addition of PEG, the uniformity of the nanoporous matrix improves
significantly, as can be seen in Fig. 2.5. In the Si02-PEG composite system, any covalent
chemical interaction between the polymer and silica network must be through Si-O-C
covalent bonds at the polymer chain termini, and hydrogen bonding may also occur
between ether oxygens in the polymer backbone and free silanol groups in the silica
matrix.'®  We note that the propensity for the Si-O-C bonds to form will differ for the PEG
of My = 750 g/mol because it is present as the methyl ether, while the higher molecular
weight PEGs exist in the hydroxyl-terminated form. These interactions allow the silica

sol-gel to produce a matrix with fewer defects while retaining properties of the polymer,
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Figure 2.4 SEM images of an inverse opal formed using silica sol gel chemisti‘y with n
added PEG. The magnifications are (left to right) 1200, 5000, and 23000, with
corresponding scale bars indicating 20 um, 5 um, and 1 pm.

added PEG. The magnifications are (left to right) 1200, 5000, and 23000, with
corresponding scale bars indicating 20 um, 5 um, and 1 pm.
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Figure 2.6 Types of defects characterized for inverse opal structures. (a) an inverse opal
structure characterized primarily by type V and P defects. (b) an inverse opal structure
that contains type H and W defects in addition to type V and P defects. The boxed areas
are representative selected areas (2 pum x 2 um) in which defect type densities were
counted.
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such as elasticity and mechanical robustness.!” The central question is why the addition
of PEG to the silica sol-gel mitigates the formation of defect structures. It is likely that
the presence of PEG occupies a sufficient number of silanol groups that the silica matrix
does not “cure” (i.e. form Si-O-Si bonds) fully, thereby reducing contraction in the
formed material and leading to increased elasticity. We will explore this possibility using
FTIR and thermogravimetric analysis (vide infra).

To evaluate the nature of the matrix enhancement produced by the addition of PEG to
the silica sol-gel, it is important to consider both the chemical structure and the thermal
properties of the resulting hybrid material. We consider first the effect of PEG loading in
hybrid, sol-gel solutions. We have made hybrid systems for deposition on a nanoparticle
scaffold with PEG
loadings of 0 wt%, 10 wt%, 20 wt% and 30 wt% (Mn = 2,000 g/mol). Although the
addition of PEG improves the quality of the matrix, increasing the polymer loading results
in the appearance of defects on its surface, as is seen by comparing Figs. 2.4 and 2.5.

At this point it is important to consider how the characterization of defects can be
organized for such systems. Clearly, defect structures exist on several different length
scales and to speak simply of a defect density is a misleading oversimplification. For this
reason we identify five different types of defects. These are cracks, void defects, pore
defects, hole defects and wall defects. Cracks are breaks in the inverse opal structure and
can range from macroscopic (Fig. 2.4, center) to more localized in extent (Fig. 2.4, right).
For the inverse opal structures we report here, the expected void diameters are from 0.23-
0.26pm. Voids are considered to be defective if their diameters are less than 0.20 pm or

greater than 0.29um (“V”, Fig. 2.6a). In certain instances, void defects are of sufficient
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size to encompass more than one void, causing disruption of inter-void walls both in-plane
and between planes of the inverse opal structure (“H”, Fig. 2.6b). Such defects are termed
hole defects. In a regular inverse opal structure based on a hexagonal close packed
nanosphere multilayer structure, there are three pores that can be seen in each void. These
pores correspond to the three point contacts made by each nanosphere in the scaffold with
its under-layer, and interlayer dislocations or mis-registrations cause disruptions in this
pattern. When a void has more or less than three pores, it is characterized as a pore defect
(“P”, Figs. 2.6a,b). The fifth type of defect is termed a wall defect (“W”, Figs. 2.6a,b).
The normal thickness of the walls between voids is less than 0.045 pm and wall thickness
greater than 0.05um are considered to be defective. We have not placed a lower bound
on this type of defect because the partial or complete absence of a wall leads to a hole-type
defect.

Defect densities were determined by counting the number of defects of each type per
unit area (Table 2.1). Such a reporting of defect density relies on the measurement of
multiple samples to provide reasonable accuracy. The structures we report are
reproducible in terms of defect densities for each composition, despite the uniqueness of
each individual structure. The addition of PEG to the sol gel significantly decreases the
appearance of cracks in the inverse opal structure and depending on the density of pore
defects. The most regular inverse opal structure, in terms of P type defects, appears for
10 wt% PEG, with substantial degradation in the regularity of the structure for higher
polymer loadings. The pore defect density increases with that of wall defects. It appears
(Fig. 2.7) that the wall thickness of the inverse opal structures depends on the polymer

loading and we understand this in the context of PEG altering the surface tension of the sol
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gel precursor solution, a factor which influences the size of the pores formed. As noted
above, the interactions between PEG and the silica matrix are covalent (chain-end) bonds
and hydrogen bonds between the polymer ether oxygens and free silanol groups in the silica
matrix. PEG is a linear polymer and morphological effects relating to the molecular
weight of the polymer represent a balance between H-bonding and terminal group effects.
Because of the relative contribution of each interaction, we assert that it is changes in the
extent of H-bonding interactions that are responsible for the observed changes in
morphology. Specifically, the presence of the polymer in the hybrid matrix serves to relax
strain imposed on the silica matrix by the formation of Si-O-Si bonds. If the polymer
content of the material is too high, however, it can limit the extent of Si-O-Si bond
formation to the point where the integrity of the matrix is compromised. While it is not
possible to quantify this effect because of the complexity and molecular scale disorder in
the hybrid matrix, we attempt to characterize this balance phenomenologically through
FTIR and thermogravimetric means.

One issue that is useful to consider is the relative size of the species and features in the
matrix. The nanospheres used to form the scaffold structures for the formation of the
matrix are ca. 290 nm diameter. The radius of gyration for PEG provides a qualitative
measure of the expected spatial extent of the PEG-containing features in the hybrid matrix.
The hydrodynamic radius of PEG in water has been determined to be ca. 4 nm for M, =
20,000.2°  Given that the PEG polymers we use are all lower molecular weight, the radius

of gyration will be less than 4 nm, and in any event this length scale is much shorter than

33



Table 2.1 Densities of different types of defects as a function of PEG loading.

Number/pum? Cracks Void defects  Pore defects  Hole defects ~ Wall defects

10wt% 0 1.2+1.3 3.9+1.7 0 3.0£1.9

30wt% 0 0.6£0.4 14.0+1.7 0 42421

Uncertainties are reported as + 1 for six individual determinations.
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Figure 2.7 SEM images of inverse opal structures reulting from the aditi of PEG
(Mn = 2000 g/mol) to the sol used in matrix formation. a) 0 wt% PEG, b) 10 wt% PEG, c)
20 wt% PEG, d) 30 wt% PEG.
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that of the physical features that characterize the inverse opal structure. Thus the defects
seen in the hybrid matrix structure for higher molecular weight polymers cannot be
attributed directly to the increase in polymer molecular weight. Rather, we believe it is
the extent of matrix “curing” that is achievable for the different polymer molecular weights
that is responsible for the differences we observe. We turn next to consideration of the
molecular-scale organization of the hybrid matrix.

ATR-FTIR: One of the more sensitive structural probes for the hybrid matrices considered
here is vibrational spectroscopy. Attenuated total reflectance (ATR) infrared spectra of
the silica-PEG hybrid matrix, as an inverse opal structure, are shown in Fig. 2.8 as a
function of PEG loading. The spectra are for hybrid matrices containing 0 wt%, 10 wt%,
20 wt% and 30 wt% PEG (M, = 2,000 g/mol), as indicated. = Also shown is the ATR-FTIR
spectrum of PEG (top). Based on the spectra of PEG and of silica, we can assign the Si-
O-Si asymmetric stretching mode at 1067 cm™ and at 1108 cm™ (shoulder), and the C-O-
C symmetric stretching band at 1097 cm™'. By increasing the PEG loading, the C-O-C
peak shifts from 1030 cm™ to 1100 cm™!, consistent with the introduction of PEG into the
silica sol-gel system. The CH» bending and wagging modes appear at 841 cm™!, 1146 cm™
11279 cm™, 1341 cm™! and 1467 cm™, and the CH, asymmetric stretch at 2882 cm™.!32!
The peak at 950 cm™ is assigned to the silanol Si-O symmetric stretch and the peak at 958

1321 The absence of a peak in the vicinity of 3500 cm™ indicates

cm! is ~CH, rocking.
that there are few residual silanol functionalities that are not involved in H-bonding. What
is important to note is the changes associated with the addition of PEG to the hybrid matrix.

We focus primarily on the CH stretching region because that is the most information-rich

in terms of the polymer-silica interactions. For both silica (only) and PEG (only), there
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are no significant spectral features in the vicinity of 3700 cm™ and we understand this in
terms of the comparative absence of silanol groups for silica and small number of terminal
functionalities for PEG. For 20 wt % and 30 wt % PEG in silica, there are measurable
bands in the 3700 cm! region, indicating the presence of unassociated silanol functionality

2 For 10 wt % PEG, there is relatively little feature in this region,

in the silica matrix.
suggesting much less unassociated silanol functionality. This finding is consistent with
only modest structural disruption being imposed by 10 wt % PEG, but higher PEG loadings
giving rise to structural disruption that is more extensive, presumably by preventing Si-O-
Si linkages from being formed to their fullest extent. We assert that it is the inability to
form Si-O-Si linkages extensively that is correlated with the increase in structural defects
in the inverse opal structures. Taken collectively, the ATR-FTIR show that the PEG
incorporates into the sol-gel matrix and that the organization of both the polymer and the
silica matrix depends on the amount of polymer present.

Thermogravimetric Analysis (TGA) analysis can be useful in evaluating the structural
integrity of the hybrid matrix. Approximately 10 mg of the inverse opal on the porous

23 Because the inverse opal

alumina substrate was heated to 750 °C in an alumina pan.
samples were bound to the porous alumina substrate, it is not possible to know the mass of
each component, and the weight loss curves were normalized to the same baseline in order
to compare trends in the data (Figs. 2.9 and 2.10). The absolute weight loss is not the
focus of these results. The TGA measurements provide information on the relative

thermal stability of the silica-PEG inverse opal matrix as a function of matrix composition.

There are clear trends in the TGA data.
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Figure 2.8 Infrared spectra of (bottom to top) 0 wt%, 10 wt%, 20 wt% and 30 wt% PEG
(Mn=2,000 g/mol) in silica-PEG inverse opal matrix, and pure PEG (Mn = 2000 g/mol).
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The first feature of note is that the thermal profile for PEG is a clean step-wise change at ~
380 °C, indicative of the decomposition of the polymer backbone. For the silica matrix,
however, there is a more gradual change with increasing temperature. We attribute this
loss to the progressive dehydration of silanol groups and, the formation of Si-O-Si linkages
where it is structurally feasible. It is worth noting that the addition of PEG increases the
thermal stability of the silica sol-gel prior to curing, and for temperatures below ca. 300 °C.
This result is different with the traditional organic-inorganic hybrids, which exhibit
increased thermal stability with increasing inorganic component content. A likely
explanation for our results is incomplete curing of the silica-sol gel. The samples were
cured for 2 hours at 200 °C and TGA trace changes were observed. The network might
experience further condensation and form larger scale networks. During further curing at
200 °C, the reaction of “dangling” bonds to form the bridging bonds is possible.** The
thermal decomposition curves for silica and the hybrid matrix with 10 wt% PEG are similar,
and both are different than the (similar) curves for 20 and 30 wt%. We understand these
differences in terms of the extent of structural disruption within the hybrid matrix imposed
by the presence of PEG. What is somewhat surprising is the similarity of the TGA data
for the silica matrix and the hybrid matrix with 10 wt% PEG. These two matrices are
characterized by the greatest difference in macroscopic morphology while retaining the
greatest similarity in terms of thermal properties. This is a matter that remains under
investigation. The overall trend in the TGA data as a function of matrix composition is
that the thermal properties progress qualitatively from being silica-like to being PEG-like,

but the trend is not a smooth function of matrix composition.
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Figure 2.9 Thermogravimetric analysis of silica-PEG inverse opal structures with PEG

loadings of 0 wt%, 10 wt%, 20 wt%, 30 wt% and pure PEG, without curing at 200 °C for
two hours.
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Figure 2.10 Thermogravimetric analysis of silica-PEG inverse opal structures with PEG

loadings of 0 wt%, 10 wt%, 20 wt%, 30 wt% and pure PEG, after initial curing at 2000C
for 2 hours.
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2.4.2 Effect of PEG molecular weight on the hybrid matrix.

In addition to the effect of matrix composition, it is also important to consider the effect of
PEG molecular weight on the morphology and properties of the hybrid matrix. To
evaluate the PEG molecular weight dependence, we used PEG with molecular weights of
750 g/mol, 2,000 g/mol, 10,000 g/mol, each at 10 wt% loading in the sol-gel solution. It
is shown in Table 2 that no cracks appear with PEG of any molecular weight loading in
matrix. Increasing the molecular weight of PEG in the hybrid matrix influences the
resulting matrix structure, as shown in Fig 2.11. The number of void, wall and pore
defects for 10,000 g/mol PEG loading is lower than is seen for PEG of 2,000 g/mol,
although this is not clear based on casual inspection. The reason for this is that the larger
hole area takes the space that would have been occupied by regular voids, and the actual
number of void, wall and pore defects that result from this vacancy are not counted. This
finding does not mean that highest molecular weight PEG necessarily minimizes the defect
density in these materials. Rather, we find that once the molecular weight of the PEG
increases to 10,000 g/mol, the walls between voids cannot connect consistently and
relatively large holes are formed that are sufficiently deep to access lower layers of the
structure.  For these systems, hole defects become a critical issue that affects the utility of
these materials.

We understand the effect of molecular weight in the same context as that of the mass
loading. The only expected difference between these two variables is the ratio of end
group (Si-O-C) bonds to silanol H-bonds, but the effect of adding more polymer to the
matrix (i.e. increasing the number of H-bonds between silanol groups and the polymer

backbone) will be the same, and this is found to be the case experimentally.
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While it is clear from the SEM micrographs that the organization of the inverse opal
structures depends on the composition of the hybrid matrix, attempting to quantitate such
organization poses a challenge.  Three-dimensional, periodic micro/nanostructured
materials such as inverse opals diffract photons from the lattice of dielectric planes. When
the refractive index is large enough, a complete photonic band gap is formed in which
Bragg diffraction inhibits a range of wavelengths from propagating through the photonic
crystal.  This condition can result in the localization of photons and the bands are
manifested as brightly colored reflections and an optical filtering effect.>>** The optical
properties of these materials are influenced by their structural parameters, specifically the
topology, symmetry, defect density and refractive index contrast inside the photonic crystal

26

determine its optical properties.” We can assess the extent of structural organization and

defect density by examining the reflective properties of the samples.?’

Through the use
of an integrating sphere reflectance accessory to a UV-visible spectrometer, reflectance
measurements of opaque solids or powders, and total transmittance scans of translucent
films and scattering creams can be recorded. The data presented in Fig. 2.12 show the
UV-visible reflectance spectrum of inverse opal structures containing PEG with molecular
weights of 750 g/mol, 2,000 g/mol and 10,000 g/mol. The highest contrast peak (ca. 270
nm) is observed for the inverse opal made with PEG of M, = 750 g/mol. Increasing the
molecular weight of PEG produces a peak, with wavelength consonant with the diameter
of the void spaces (ca. 290 nm), that is characterized by broad shoulders, consistent with

the existence of larger size scale void regions, or defects. It is important to note that the

data for the hybrid matrix containing 10 wt% PEG of My = 750 g/mol is characterized by
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molecular weights (from left to right): 750 g/mol, 2,000 g/mol and 10,000 g/mol.

Table 2.2 Defect densities as a function of PEG molecular weight (10 wt. % loading)

Number/pm? Cracks Void Pore defects Hole defects Wall defects
defects

Mn=750g/mol*> O 0.08+0.13  2.16+1.30 0 0.75+0.89

M»n=2000g/mol 0 1.17£1.33  3.92+1.71 0 2.96+1.91

M»=10000g/mol 0 0 2.42+0.82 1.29+0.43 1.29+0.9

a

PEG is methoxy-terminated.

Uncertainties are reported as + 1o for six individual determinations.
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Figure 2.12 Normalized UV- visible reflectance spectra of inverse opal structures with
PEG of Mn = 750 g/mol, 2,000 g/mol and 10,000 g/mol. Data were acquired using an

integrating sphere
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a band with a much less prominent shoulder than that seen for the inverse opal structure
made using silica sol-gel only.We attribute the morphology differences of nanoporous
structure correlation with the molecular weight to the micro-scale phase separation.
Studies on the silica-PEG hybrid by Jung et al.'® (in non-inverse opal structural format)
indicate that such differences are considered to be the result of micro-scale phase separation
related to the volume of trapped PEG. Takahashi’s results®® showed the characteristic
length scale of phase separation depends strongly on the amount of polymer, the molecular
weight of the polymer, the solvent composition and the pH. The phase separation that
occurs in the silica-PEG sol-gel clearly influences the morphology of resulting inverse opal
structure, and the critical H-bonding interactions between the polymer and the silica
regions of the matrix are the chemical means by which these separated nano-domains
interact. Phase separation mechanisms of silica-PEG/PEQ hybrid bulk materials (in non-
inverse opal strucutural format) has been studied since 1990s by Surviet et al. *’and Wilkes

et al.>®

For shorter polymer chains, like PEG 750, the chance of being encapsulated or
forming a mixed phase with condensed TEOS is higher than it is for longer polymer chains.
For a longer chain such as PEG 10,000, the formation of an oligomer-rich phase and
condensed TEOS clusters is more likely. Therefore, compositional heterogeneity may be
seen more readily at the surface of the matrix formed with higher molecular weight PEG.*°
ATR infrared spectra of the silica-PEG inverse opal structures were also studied as a
function of PEG molecular weight (Fig. 2.13). Increasing polymer loading and molecular
weight both appear to have a structurally perturbative effect on these composite materials.

The observed bands (a composite of silica and PEG bands in the ~1000 cm™ — 1200 cm!

region) undergo a shift to higher frequency with the increasing PEG molecular weight. In
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Figure 2.13 ATR spectra of 10 wt% PEG with Mn =750 g/mol, 2,000 g/mol, 10,000 g/mol,
and pure PEG (Mn = 2,000 g/mol), respectively, from the bottom to top.
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analogy with the data shown in Fig. 6, the peaks at 1180 cm™, 1276 cm™!, 1345 cm™ and
2900 cm! confirm the presence of PEG. While these data do not address the issue of
spatial heterogeneity directly, they provide evidence that there is strong interaction between
the two phases, as would be expected based on the SEM data on these systems.

2.5 Conclusion

Traditional silica sol gel inverse opal structures form significant cracks and defects
during the curing process due to shrinkage of the matrix. Addition of poly(ethylene
glycol) to the silica sol-gel mitigates cracking and allows for the formation of a matrix
containing comparatively few defects. Five kinds of defect density were investigated
quantitatively. The morphology of the hybrid matrix depends on the amount of PEG
added and its molecular weight. Increases in polymer loading beyond 10 wt. % or the use
of higher molecular weight PEG leads to structural disruption of the inverse opal matrix
structure. The conformation of interactions between the polymer and silica network
components mediates the morphological and thermal properties of the hybrid matrix
material.

This work points the way to the use of other more structurally versatile polymers as
potential components in hybrid matrix structures. In addition to the matrix components,
there are also structural and physical issues to be addressed, including more thorough
characterization of the polymer-matrix interactions and the interactions between the matrix
and its support. These issues will be important for further improvements in the

construction of low-defect hybrid matrix inverse opal materials.
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CHAPTER 3: Catalytic assessment of glucose conversion with porous glass frit-
supported glucose oxidase
3.1 Introduction

Low defect density polymer-sol gel composite inverse opal structures have been
described in Chapter 2. The high surface area and the porosity of inverse opals offer great
potential for catalytic applications. The Blanchard group has reported on an enhancement
in enzyme activity due to confinement in a silica inverse opal structure.! Enhancement of
the turnover rate of glucose oxidase (GOx) bound to an inverse opal structure was observed
relative to GOx bound to a planar silica surface and free in solution. Both the pore size
and void volume of inverse opal structures are controllable through the size of the (polymer)
spheres used during the formation of the inverse opal scaffold. These physical properties
are important in terms of the probability of a substrate-enzyme reaction event occurring.
A key limitation to this approach is the existence of cracks and other structural defects in
inverse opal materials.

The work presented in Chapter 2 demonstrated improved quality silica-based inverse
opal structures through the reduction in visible defects afforded by using a hybrid matrix,
an advance that is expected to facilitate other applications of these materials. However,
the comparative fragility of inverse opal matrices and porous alumina supports, and the
relatively complicated fabrication protocols pose challenges to the utilization of these
materials on large and/or industrial scales. To accomplish our goals of performing
heterogeneous catalytic reactions in support of biomass refinery processes, several catalyst
support materials have been demonstrated, including mesoporous silica,”> silica

nanospheres,® zeolites* and polymeric matrixes.”> Several physical requirements obtain
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for practical catalyst supports, including the ability to withstand reactant flow through the
porous medium, relatively high surface area, ease of permeability, physical and chemical
stability, the ability to functionalize the surface of the support to allow binding of enzymes
and other catalysts to the support surface, facile device fabrication and easy post-reaction
cleanup. We proposed the use of porous glass filter frits as catalyst supports based on
their structural integrity, commercial availability, range of available pore sizes, ability to
be chemically functionalized, relatively high surface area combined with porosity, high
thermal, chemical and mechanical stability, and reusability.®

In this Chapter, we demonstrate that GOx confined in a porous glass filter frit is a
practical, functional catalyst support and the turnover rate is comparable to the enzyme

being supported on a silica inverse opal matrix.’

The extent of spatial confinement is
related directly to the catalytic reaction turnover rate. The dimensional irregularity of the
porous frit material could lead to a number of deleterious phenomena. For example, the
large pore regions could lead to either loss of enzyme or lack of exposure to reactant, and
small pore regions could inhibit the diffusion of either enzyme during functionalization or
reactant during the flow reaction, diminishing the rate of reaction.” The diameter(s) of
the pores in the porous catalyst supports determine the average residence time of a molecule

within the matrix and, during this residence time, the reactant molecule will execute

diffusional motion.
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Figure 3.1 Dependence of number of collisions of reactant with walls of a confined volume
as a function of the size of the confining volume. Number of collisions with the wall is
proportional to the probability of a catalytic reaction event occurring.
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The characteristic diffusion length is 2(Dt)”, where D is the diffusion constant, represents
the average distance the reactant molecule travels while in the void space (Fig. 3.1). We
can estimate the probability of a reactive substrate-enzyme interaction in a flow-through
system by plotting the number of expected molecule-surface interactions expected
(2(Dt)2/d) as a function of pore diameter, d. The smaller pore size, the more reactant-
pore-surface interactions are experienced and the higher the probability of a catalytic
reaction event occurring. We have found that both enzymes and metallic nanoparticles
can be incorporated into porous glass frits and they can exhibit relatively efficient catalytic
behavior under flowing reaction conditions. In this Chapter we focus on the incorporation
of GOx into the porous glass frit supports and characterize the efficiency of its catalytic
reaction with glucose.
3.2 Experimental

Chemicals: (3-Aminopropyl)triethoxysilane (APTES, >99%, Sigma-Aldrich),
glutaraldehyde (50 wt% in water, Sigma-Aldrich), toluene (>99.5%, Mallinckrodt),
glucose oxidase from Aspergillus Niger (GOXx, lyophilized powder, Aldrich), B-D-glucose
(ACS reagent grade, Fluka), sodium acetate buffer (50 mM sodium carbonate, sodium
bicarbonate, sodium hydroxide, acetate acid in MilliQ water, pH 4), hydrogen peroxide (30%
(w/w) in water, Fisher Chemical), ferrous sulfate heptahydrate (ACS reagent grade, Sigma-
Aldrich)

Enzyme immobilization.  Glass filter frits (25 mm diameter, 3.5 mm thickness, grade
E, Ace Glass) were cleaned with piranha solution (3 parts 18 M H2SO4 to 1 part 30% H>0»)
for one hour and soaked in 0.05 M hydrochloric acid solution overnight to remove any

residual hydrogen peroxide in the pores. The glass frits were heated in an oven to 70 °C
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to remove moisture, followed by immersion in 10% (v/v) APTES in toluene for 30 minutes
at 35 °C. The dried and aminosilanized glass frits were exposed to 1% (v/v) aqueous
glutaraldehyde solution. The resulting supports were immersed in a 1 mg/mL GOx
solution in sodium acetate buffer (pH 4) for 24 hours at 4 °C. The resulting GOx-
modified glass frit support was stored in sodium acetate buffer at 4 °C when not in use.

Flow-through experiment. 100 mM B-D-Glucose in sodium acetate buffer (pH 4)
was flowed through the enzyme-functionalized glass frit which was mounted in an in-
house-made Teflon® flow cell. Reactant flow was controlled by a syringe pump operating
at flow rates of 25 pL/min or 50 pulL/min at room temperature. Eluent aliquots were
collected every 20 minutes.

Glucose oxidase assay. P-D-Glucose is oxidized to D-gluconolactone with glucose
oxidase, and spontaneously hydrolyzed to the D-gluconic acid and H>O,.  Fenton’s assay®
was used to determine the H>O> produced by the oxidation of glucose and thereby evaluate
the enzyme catalytic activity. Fenton’s reagent (FR) is 1 mM ferrous sulfate in sodium
acetate buffer (pH 4). Glucose assay based upon the interaction between glucose oxidase

and Fenton reagent is depicted by Woodward:’

HO HO

GOx
HO M OH + O —— HOM- o + H202
HO “/”OH HO -'ZOH
B-D-glucose D-gluconolactone
OH gH o
HDM
H H OH
8+ oH

D-gluconic acid

H,0, + 2Fe?* + 2H* - 2Fe3* + 2H,0
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Hydrogen peroxide oxidizes Fe** to Fe*" resulting in an increase in a near UV absorbance
which is measured at 340 nm. The molar absorptivity of this band has been quantitated
before (& =3,000 L/mol-cm).® A 1.5 mL aliquot of Fenton reagent and 1.5 mL aliquot of
buffer solution was mixed and added to a quartz cuvette along with 0.2 mL of the collecting
sample to perform the assay. A calibration curve was generated with standard samples of
hydrogen peroxide solution to quantitate the conversion of glucose.

Ultraviolet-visible spectroscopy (UV-Vis). UV-visible absorbance data were acquired
using an ATI UNICAM UV2 UV/visible spectrometer. Data were acquired over the
wavelength range of 250 nm to 400 nm at a scan rate 600 nm/min. Spectral resolution of
the measurement was set to 1 nm.

Thermogravimetric Analysis (TGA). Glass frits that had been reacted with glucose
oxidase were analyzed thermogravimetrically from 20 °C to 800 °C to determine the weight
of the enzyme on the support. Samples were broken into small pieces and dried under
N2(g) before measurement. TGA measurements were performed using a Perkin Elmer
TGA 7 instrument with a thermal ramp rate of 15 °C/min. from 30 °C to 120°C, under a
dry N2(g) atmosphere. Samples were maintained isothermally at 120 °C for 30 minutes
to remove moisture, and then ramped to 800 °C at 15 °C/min.

3.3 Result and Discussion

Enzyme immobilization and quantification. Enzymes are biocatalysts that are not
only essential to life, but several have found use in large-scale industrial processes because
of their combined efficiency and selectivity for specific reactants and products. The use
of enzymes is challenged by several limitations, however, including limited stability in

some instances, high cost, relatively complicated separation steps for reaction clean-up,
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reusability, and loss of enzyme activity.'! The immobilization of enzymes on support
structures may overcome several of these drawbacks and allow the use of enzymes in multi-
step cascade process, which is the ultimate goal of this research effort.  The
immobilization of enzymes minimizes post-reaction cleanup by facilitating the separation
of the enzyme from the product, and increases the operational stability of the enzyme
through the reduction of denaturing by reaction products or other agents. Immobilization
can help to stabilize the activity of enzymes during reactions. There are, however, several
possible issues that can occur with the immobilization of an enzyme. One such issue is
denaturation of the enzyme on exposure to the chemical agents used for immobilization.®
It is also possible that the enzyme binds to the support in such a manner that the active site

11

is blocked, precluding substrate access.”” It is also known that binding of the enzyme to

a support can result in a structural conformation that is less than optimally active, reducing

12° It is thus important to investigate immobilization methods

the efficiency of reaction.
and techniques for a particular system to optimize the activity and effectiveness of the
resulting bound system.

There have been several methods reported for enzyme immobilization. These
include enzyme entrapment or encapsulation, self-immobilization by cross-linking, and
support binding.!>  Each method has its own advantages and limitations. ~For entrapment
or encapsulation, the enzyme is protected from the external environment, thereby
minimizing issues related to mechanical shear and solvents, but this method limits mass
transport and contact with substrate molecules.'* Enzymes can be immobilized on

prefabricated supports by means of physisorption, van der Waals interactions, hydrogen

bonding, ionic binding or covalent bonding. Such immobilization can provide rigidity,
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but can also be limited by dissociation of the enzyme from the support. For self-
immobilization, enzymes are aggregated through cross-linking agents without residing on
the support surface. The carrier-free aggregates can grow up from 1 to 100 pm, which is

too large to exit through the pores.!*

The enzyme aggregates or crystals can be physically
separated from the reaction medium, but such aggregation runs the risk of rendering the
enzyme active sites inaccessible.

Previous work demonstrated a novel immobilization method using a silica inverse opal
matrix as the support structure for enzyme binding.! In this work, rather than using an
inverse opal as the support, the enzyme is bound directly to a porous glass frit using the
same immobilization chemistry that was used for binding to the inverse opal structure; the
support structure is aminated with APTES, followed by glutaraldehyde, and then cross-
linked through amino moieties on enzymes (e.g. Asn, Arg, Gln).!>1¢
3.3.1 Assessment of glucose conversion with glass frit-supported GOx.

A typical UV-visible absorbance spectrum of the Fenton assay is shown in Fig. 3.2 to
demonstrate the absorbance maximum at 340 nm.  Although higher monotonic
background absorbance was observed at shorter wavelengths, the absorbance feature at 340
nm is used to quantify the conversion of glucose by GOx because the shorter wavelength
background is associated with FeSO4 in solution and does not change quantifiably on
exposure to H>0,. Solutions of known H,O> concentration were used to establish
calibration for Fenton’s reagent so that catalytic glucose oxidation with GOx could be

quantitated. Fig. 3.3 contains the best-fit calibration line for this analysis with a slope of

0.162 a.u./mM, an intercept of 0.0139 a.u./mM and R* = 0.999.
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Figure 3.2 UV-visible spectrum of Fenton’s reagent showing the analytical band maximum
at 340 nm and a broad increasing background associated with FeSO4(aq) at shorter
wavelengths.
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Figure 3.3 Fenton reagent calibration curve generated using known concentrations of
H202. Absorbance was measured at 340 nm.
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A solution of 100 mM B-D-glucose was flow-through a glass frit containing immobilized
GOx and aliquots was collected and analyzed by Fenton’s assay. The percentage
conversion of 100 mM B-D-glucose to D-gluconic acid is calculated based on the
production of H202 (Fig. 3.4). Approximately 6% of the B-D-glucose substrate has been
catalyzed by GOx at the beginning of the flow-through reaction and this efficiency
decreased with the increasing time for both flow rates studied (25 pL/min and 50 pL/min).
This finding indicates that glucose can pass through the catalyst-decorated support
structure without reacting because the reaction kinetics are comparatively slow.
Comparing these results to those reported previously using an inverse opal support reveals
the same extent of conversion (ca. 6%) of the feedstock. The catalytic efficiency of the
immobilized GOx is the same for both supports even though the pore size of inverse opal
support (0.2 - 1 um) is much smaller than that of the glass frit (4 - 8 um). One possible
explanation is that the reaction is kinetically limited, and it is also possible that a simple
geometric estimate of the relevant pore size and length scale may be too simplistic to
account for the geometric features of these support structures.” Regardless of the actual
reason, the commercial glass frit support is fully appropriate for use in a flow-through
catalytic format. In addition, the glass frit support available commercially and is more
amenable to physical and chemical manipulation than inverse opal structures on a porous
alumina support.

Since the work reported earlier did not show results of B-D-glucose conversion as a
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Figure 3.4 Conversion of B-D-glucose as a function of reaction run time at the flow rates
indicated.
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function of (flow-through) reaction time, 1 no direct comparison can be made regarding the
catalytic performance of the two supports over time. In this work, comparing GOx
performance on a glass frit support at different flow rates (25 and 50 uL/min) reveals a

clear flow rate-dependence (Fig. 3.4). The time-dependent decrease in [(-D-glucose

conversion for 25 pulL/min flow rate is much slower than the same data acquired at a flow
rate of 50 pL/min. Over a 180 min run time, the B-D-glucose conversion decreased to a
level of 2.5% at flow rate of 25 pulL/min, and 0.7% conversion at flow rate of 50 uL/min.
These results are consistent with the residence-time dependence of the probability of
substrate-enzyme interaction (Fig.3.1). There are several possible reasons for the decline
in B-D-glucose conversion with increasing reaction run time, such as removal of the
immobilized enzyme or denaturation/degradation of enzyme due to product (H20:)
formation. If the reaction kinetics are slow, then substrate is effectively saturated and the
reaction is proceeding under pseudo-first order kinetics, where the product formed is

7

directly proportional to the amount of GOx available for reaction.!” It has been reported

that GOx exhibits first-order deactivation kinetics and the slope of the time-dependence

yields the first-order rate constant.'8

Oxygen was found to increase the deactivation rate
constant and the product of the glucose to gluconic acid reaction catalyzed by GOx, H>O»,
was found to deactivate the GOx more effectively than O,."° Malikkides?® concluded that
the mechanism of immobilized GOx deactivation is dominated by H»>O» attack of the

glucose-GOx complex. The accumulation of reaction products in the porous support

structure can thus serve to facilitate enzyme degradation.
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3.3.2  Assessment of turnover rate

Turnover rate (s™') is used to evaluate the enzymatic activity of GOx, which is defined
as the number of molecules of a specified product made per catalytic site and per unit
time.?! It is known that there are two active site in the dimeric GOx protein.”> To
calculate the turnover rate of the reaction, the GOx loading in the system was quantified
using thermogravimetric analysis. The glass frit supports containing immobilized GOx
were weighed and broken into pieces for the TGA measurement. These data showed a
weight loss of 0.28% + 0.06% for a single glass frit sample (2.92 g) after heating to 800 °C.
These data indicate that the GOx loading on the glass frit support is ca. 8.28 mg or
3.11x10'® GOx molecules. This loading on the glass frit support is substantially higher
than that found on the inverse opal/PAS support, 35 ug or 1.32x10'* GOx molecules.
Despite this difference in absolute loading, the (initial) conversion of B-D-glucose was
substantially the same for both supported systems, ca. 6% of 100 mM glucose solution.
This result reveals a much lower turnover rate (ca. 50 s™') for GOx immobilized on a glass
frit compared to a turnover rate of 11,500 s™') for GOx immobilized on an inverse opal/PAS
support. On the glass frit support, it appears that a significant fraction of the enzyme is
either inactive or inaccessible to the substrate.
3.4 Conclusion

GOx immobilized on a porous glass frit support and an inverse opal/PAS support both

produce ca. 6% initial catalytic conversion of B-D-glucose. The inverse opal support
structure, however, requires multiple steps of fabrication, is physically fragile and
incapable of operating as a free-standing support for flow-through catalytic reactions.

Replacing the inverse opal support with a porous glass frit overcomes the physical
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limitations of the inverse opal structure and produces the same reaction efficiency, albeit at
the expense of somewhat greater amounts of catalyst being required. The porous glass
frit structure is also of use for catalytic systems that use metal nanoparticles, as we consider

in Chapters 4 and 5 of this dissertation.
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CHAPTER 4: Demonstration of Flow-Through Catalytic Reactions using a
Porous Silica Support: Reduction of p-Coumaric Acid

4.1 Abstract

We report on the synthesis and characterization of biotinylated Pd nanoparticles (NPs)
and their catalytic activity for hydrogenation of p-coumaric acid. The Pd NPs were
synthesized using biotin to function as a stabilizing agent and as a binder to silica surfaces
treated with aminopropyltriethoxysilane (APTES). The morphology and size distribution
of the Pd NPs was characterized by TEM and crystalline structure was confirmed by x-ray
diffraction. Thermal stability and organic content of the Pd NPs was characterized by
thermogravimetric analysis (TGA). Immobilization of the Pd NPs on a silica support was
performed using the EDC coupling reaction. Continuous flow reactions were performed
using aqueous and isopropanol solutions of p-coumaric acid to assess the catalytic activity
and stability of the support-bound Pd NPs. At room temperature and in the absence of
Ha(g), the aqueous solution afforded quantitative substrate conversion while the
isopropanol solution led to deactivation of the catalyst.
4.2 Introduction

The current consumption of energy relies primarily on fossil fuels. An important goal
of energy research is to devise means of energy generation based on non-carbonaceous
sources. Some applications will, however, for the foreseeable future require the use of
carbon-based fuels, and the sources of that fuel can, in principle, be changed to utilize
renewable resources.! Biomass has the potential to become a significant part of the
solution. The key to realizing this potential is the development of functional and

comprehensive biomass refineries (biorefineries) equipped to perform the step-wise
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transformations required to convert a diverse range of feedstock materials classified as
biomass to hydrocarbons. The paradigm shift from petroleum-derived hydrocarbons to
bio-feedstock based hydrocarbons will create opportunities for the chemical processing
industry.? The ideal biorefinery processing of biomass-derived feedstocks will enable the
efficient conversion of carbohydrates and partially oxidized hydrocarbons to hydrocarbons
under mild conditions, and in conformance with the principles of green chemistry.’
Catalysis is considered a key component of the Twelve Principles of Green Chemistry.*
Indeed, heterogeneous catalysis satisfies many of the goals of Green Chemistry by
facilitating easy separation and product recovery.” In a bio-refinery, catalytic
hydrogenation processes are among the most valuable elementary transformations.
However, due to the limited solubility of hydrogen in environmentally friendly solvent
systems, conventional hydrogenation processes require an excessive amount of hydrogen
to be introduced at high pressure and temperature to achieve the desired conversion(s).
An ideal catalyst would offer lowered reaction energy, increased selectivity, and
quantitative conversion of the reactants to products.

There are, of course, a variety of ways to implement heterogeneous catalytic reactions.
Among the goals of reaction design are easy recovery of the catalyst following the reaction,
and facile clean-up. For many catalytic reactions, the catalyst of choice is a metal (e.g.
Pt, Pd, Ru, Au or mixed metal NPs) and there is benefit from an atom-economy standpoint
for using the catalyst in the form of nanoparticles, owing to the high surface area to volume
ratio for this structural motif.%’#  In this work we demonstrate a continuous-flow reactor
to perform a selective catalytic hydrogenation reaction at room temperature and

atmospheric pressure. Pd nanoparticles, used as the catalyst in this work, were
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synthesized using biotin as a stabilizing agent and crosslinker between the nanoparticles
and a porous oxide catalyst support. The use of robust porous oxide supports will
ultimately provide the ability to perform catalytic conversion processes in a pre-determined
and controllable order by arranging different catalysts in a specific sequence. This
approach to the conversion of bio-feedstock materials into desired product(s) through a
sequence of elementary transformations, significantly expands the range of products
attainable from a single series of supported catalysts.
4.3 Experimental Methods

Chemicals. Biotin (=99%, TLC, lyophilized powder Sigma-Aldrich), palladium
acetate (=>99.9%, trace metal basis), methanol (HPLC grade, Sigma-Aldrich), (3-
amninopropyl) triethoxysilane (APTES, >99%, Sigma-Aldrich), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, commercial grade,
powder, Sigma-Aldrich), N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich), p-coumaric
acid (>98%, HPLC, Sigma-Aldrich), isopropanol (anhydrous, Sigma-Aldrich), and
hydrogen (Airgas), were used as received, without further purification. 3-(4-
Hydroxyphenyl)propionic acid (hydro-p-coumaric acid, 98%, Sigma-Aldrich) were used
as standards for LC/MS analysis. Propyl-4-hydroxybenzoate (=99%, Sigma-Aldrich)
was used as the internal standard. Sintered glass filter discs (25 mm diameter, 3.5 mm
thickness, grade E, Ace Glass) were used as catalyst supports.

Solutions. Potassium phosphate monobasic (ACS reagent, >99%, Sigma-Aldrich),
sodium phosphate dibasic heptahydrate (ACS reagent,98%-102%, Sigma-Aldrich), sodium
chloride (ACS reagent, >99%, Fisher Chemical), potassium chloride ACS reagent, >99%,

Fisher Chemical) sodium hydroxide, hydrochloride acid (12 M) and water (Milli Q) were
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used to make phosphate buffer (PBS buffer, pH 7). Piranha solution was made of
concentrated sulfuric acid (18 M) and hydrogen peroxide (30%) with a volume ratio of 3:1
(Caution!  Strong Oxidizer!).  Aqua regia solution was made of concentrated
hydrochloride acid and nitric acid with volume ratio of 3:1  (Caution! Strong Oxidizer!).

Palladium nanoparticle synthesis. Palladium acetate (0.06g) and biotin (0.2g) were
dissolved in methanol (160 mL) in a 500 mL two-neck round bottom flask. The fully
dissolved solution was stirred and bubbled with N»(g) for 2 hours. The solution was then
heated to 70 °C for 24 hours under flowing N»(g).” Methanol was removed under vacuum
using a rotary evaporator and acetone was added to effect precipitation of the NPs. The
resulting precipitate was centrifuged at 4500 rpm for 8 minutes, then washed twice with
acetone. Biotinylated Pd NPs were re-dispersed in PBS buffer (pH 7) for subsequent
storage and use.

Palladium nanoparticle immobilization on glass frit catalyst supports. ~ Sintered glass
filter discs (glass frits) were cleaned with piranha solution and washed with water and
ethanol before further use. Hydrochloric acid solution (0.5M) was used to remove
hydrogen peroxide residue in glass frit pores (12 h at 60 °C).  The resulting hydroxyl-rich
surface was silanized using APTES in methanol (7% v/v) for 3 hours, washed with flowing
isopropanol to remove unreacted reagent from the pores of the glass frit, and cured at 60 °C.
Finally, biotinylated-Pd NPs activated by EDC and NHS (PBS buffer, pH 7) were flowed
through the APTES-modified frit to crosslink the carboxylate group of biotin and the amino
functionalities on the glass frit pore surfaces. The amount of Pd NP solution and cross-

linking reagents can be adjusted to maintain NP solubility in solution!® for the purpose of
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maintaining a uniform NP distribution on the support. An in-house-made Teflon® flow
cell was used to hold glass frits in place for flow-through experiments.!!

Flow-through experiment. p-Coumaric acid solutions (2 mM) were made with
isopropanol and PBS buffer (pH 7), respectively, and saturated with hydrogen gas using a
gas dispersion tube (fine porosity, Ace Glass). A glass frit containing immobilized Pd
NPs was placed in the Teflon® flow cell and hydrogen gas was used to fill the chamber and
glass pores. Feedstock solutions were flowed through glass frits using a syringe pump
(NE-1000 programmable single syringe pump, New Era Pump System Inc.) at 15 pL/min.
The eluent was collected at 30 minute intervals for a period of 2.5 hours. Reproducibility
was evaluated by running each experiment three times. For evaluation of the reusability
of the Pd NPs, the flow-through reaction was operated for a period of three days, sampling
at intervals.

Sample analysis. p-Coumaric acid in IPA and PBS buffer and eluent aliquots were
analyzed by UPLC-MS (Waters, Acquity BCH Cig column).

Transmission Electron Microscopy (TEM). TEM images were obtained using an
ultra-high-resolution JEOL 2200FS transmission electron microscope located in the Center
for Advanced Microscopy at Michigan State University (MSU). Acceleration voltage
was 200 kV for all measurements.

Thermogravimetric Analysis (TGA). Nanoparticle samples used for TGA
measurements were washed with acetone and dried prior to measurement. TGA
measurements were performed using a Perkin Elmer TGA 7 instrument with a thermal ramp
rate of 15 °C/min from 30 °C to 120°C, under dry nitrogen. Samples were maintained at

120 °C for 30 min. to remove moisture, and then ramped up to 800 °C at arate of 15 °C/min.
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X-ray Powder Diffraction (XRD). XRD data were collected on a Bruker D8 Advance
X-ray Diffractometer with DAVINCI Design. Pd NPs were washed with acetone, dried
and the agglomerates were ground into fine powder. Angle scans started at 30° and ran
to 90° in steps of 0.02049°.  The Pd standard (reference position: 00-001-1201) was used
for the analysis of face centered cubic Pd.

Inductively coupled plasma optical emission spectrometry (ICP-OES). ICP
measurements (Aem = 248.9 nm) were used to determine the amount of Pd immobilized on
the silica supports. Used glass frits containing immobilized Pd NPs were dissolved in 12
mL Aqua Regia solution overnight and diluted to 500 mL with MilliQ water. Pd standard
solution for ICP measurements (1000 ppm, Inorganic Ventures) was used to create
calibration curves.

Ultraviolet-visible spectroscopy (UV-Vis). UV-Vis absorbance data were collected
using an ATI UNICAM UV2 UV/Vis spectrometer. For these measurements, the
wavelength was scanned from 200nm to 400nm at a scan rate 600 nm/min. Resolution
for all measurements was 1 nm.

4.4 Results and Discussion
44.1 Nanoparticle Characterization.

The synthesis of Pd NPs stabilized by biotin has been reported previously by the Ofoli
Group.” Biotin functions not only as the stabilizing ligand for Pd NPs but also as a
crosslinker between the porous silica surface and the Pd NPs.  The thioether
functionalities on biotin bind strongly to metals such as Pd and serve as a stabilizer to
control the size and uniformity of the nanoparticles. In the synthesis procedure, palladium

acetate and biotin were dissolved in methanol and refluxed at 70 °C for 24 hours. The
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Figure 4.1 a) TEM images of biotinylated Pd NPs show the morphology of nanoparticles

and the lattice of a single particle (inset).

distribution of the Pd NPs shown in (a).
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color changed from yellow to dark brown during the course of the reaction, indicating the
formation of Pd NPs.

TEM images (Fig. 4.1a) show the as-synthesized Pd NPs with an average size of 3.1+0.9
nm and the histogram (Fig. 4.1b) shows the size distribution from 1.5 nm to 4 nm,
determined by the measurement of more than 100 NPs. A few Pd NPs were found to be
greater than 5 nm diameter. The NPs with diameters less than 5 nm diameter were used
for catalysis experiments due to their high surface area-to-volume ratio. As-prepared Pd
NPs were used as heterogeneous hydrogenation catalysts for phenolic compounds.

XRD was used to confirm the crystal structure of biotinylated Pd NPs. Fig. 4.2
presents X-ray diffraction results with 26 peaks at 39.5°, 67.5°, 81.0° and a peak shoulder
at 46°. A Pd standard pattern (reference position: 00-001-1201) is also shown for
comparison. These peaks correspond to the (111), (220) and (311) planes of a fcc lattice,
indicating the as-prepared nanoparticles have face-centered cubic structure.!?> The peak
shoulder at 46° corresponds to the (200) plane, which is poorly resolved from the (111)
peak. Peak broadening was observed due to the nanocrystalline nature of the NPs.
Based on the Scherrer Equation,'? the peak width is inversely proportional to crystal size.
In addition, the diffraction angles are shifted slightly toward lower values compared to the
JCPDS standards for bulk Pd (40.4°, 46.7°, 68.4°, 82.3°). We interpret this to mean the
Pd-Pd interatomic distance expands in our nanocrystalline structures due to the presence
of an organic ligand associated with the surface Pd atoms, and the relatively high fraction
of Pd surface atoms in the NP.  Our findings are reminiscent of those reported for polymer-

capped Pd nanoparticles.'”
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TGA measurements were performed to understand the thermal stability of biotinylated
palladium nanoparticles, thermal degradation behavior and content of the stabilizing agent
on the surface of the Pd NPs.!* Initial masses of biotinylated Pd NPs were corrected for
sample weight after holding for 30 min at 120 °C to remove moisture. The mass loss from
120 °C to 800 °C can provide an estimate of the mass of biotin bound to the Pd NPs. The
decomposition temperature of biotin is 300 °C, determined as the onset of the mass loss for
its thermogram (Fig. 4.3). When comparing the weight loss of biotinylated Pd NPs to the
thermal decomposition of biotin, the decomposition temperatures are in agreement.
However, the weight loss curves of biotinylated nanoparticles in N> exhibit a two-step
decomposition at 325 °C and 525 °C. The as-prepared NPs show excellent thermal
stability at high temperature, which enables wide usability of as-synthesized biotinylated
Pd NPs.

In an attempt to derive quantitative information from the TGA data, measurements
were made in triplicate (three samples). From these data we find the average residual
mass to be 37.5% + 1.8% of the initial mass (after heating to 120 °C for 30 min), indicating
that 62.5% mass of the biotinylated Pd NPs is associated with the organic stabilizing agent.
The calculated nanoparticle molar ratio of biotin (lost mass) to Pd NPs (residual mass) is
much less than the input reactant molar ratio (3:1), indicating that a large fraction of the
biotin used in the reaction does not reside on the surface of the Pd NPs. We cannot
determine whether this result corresponds to incomplete coverage of the Pd NPs because
we do not have quantitative information on the fraction of Pd reactant that was incorporated

into Pd NPs.
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4.4.2  Surface immobilization on a porous silica surface

Water-soluble carbodiimides, such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) (EDC), are some of the most widely used cross-
linking reagents. EDC reacts with the carboxylic acid functionality of biotin to form an
unstable o-acylisourea intermediate in aqueous solution. Water—soluble sulfo-NHS is
used in EDC coupling protocols to improve the efficiency of forming dry-stable
intermediates.  The sulfo-NHS ester formed by EDC and sulfo-NHS coupling is
hydrophilic and reactive groups that couple rapidly with amines on target molecules are
considerably more stable in aqueous solution than the o-acylisourea intermediate, while
allowing efficient coupling to primary amines on the silica surface. The porous silica
surface was hydroxyl-rich after cleaning with piranha solution and aminosilanization with
APTES. An amide bond is formed between biotin attached to the nanoparticles and the
aminosilanized glass frit surface, as shown in Fig.4.4. EDC and sulfo-NHS coupling can
also be performed in a single reaction vessel to bind the biotinylated Pd NPs.!> The
reaction with EDC and sulfo-NHS is most efficient in the pH of 4.5 to 7.2.1° Reaction of
sulfo-NHS-activated species with primary amines is most efficient in the pH range of 7 to

8 in phosphate buffer. !

For optimum results in a single-vessel reaction, phosphate buffer
at pH 7 is used for both activation of the biotinylated Pd NPs and (flowing) immobilization
of NPs on the porous silica frit.

The effectiveness of nanoparticle immobilization on surfaces has been assessed with
X-ray photoelectron spectroscopy (XPS) and FTIR by Lin.'® The biotinylated Pd NPs

were immobilized on glass surfaces by the formation of covalent amide bonds between

activated biotin and the amine functionalities on the silica surface. In the work reported
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here, dark brown nanoparticles can be seen against the white porous glass frit, indicating
nanoparticles are either immobilized on the silica surface or are trapped in pores. A
uniform surface color indicates that Pd NPs are dispersed evenly, minimizing the
possibility of incomplete reaction due to passage of reactant solution through catalyst-poor
regions. Treatment with aqua regia was used to digest the Pd NPs,!” and inductively
coupled plasma atomic emission spectroscopy (ICP-AES) was used to quantify the amount
of Pd immobilized on the glass frit. The average mass of Pd on the glass frit is 0.30 +
0.06 mg. For a frit (of the same dimension) that produced complete conversion of the
coumaric acid reactant, the Pd content of the frit was found to be only 0.09 mg. It thus
appears that 0.3 mg of Pd NPs is not required to achieve full conversion. Due to the high
surface area-to-volume ratio and known catalytic activity of the surface atoms, Pd NPs are
more efficient than bulk catalyst. A detailed study of the relationship between Pd NP
loading and catalytic activity is beyond the scope of this work and will require further study.
For the purposes of this work, the Pd NP catalyst loaded onto a porous glass frit is an
effective catalyst that is capable of full reactant conversion.
443 Hydrogenation of p-coumaric acid

The biotinylated Pd NPs were evaluated for catalytic activity in the heterogeneous
hydrogenation reaction with p-coumaric acid. A flow reactor made in-house was used to
hold the catalyst support in place and reactions were performed under ambient conditions.
p-Coumaric acid was used as the substrate and the hydrogenation reaction is shown in Fig.
4.5. The conversion of p-coumaric acid was used as a measure of the efficiency of the
catalytic reaction. Percent conversion was defined as

] moles of substrate consumed
conversion (%) = —— x 100
moles of substrate supplied
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Figure 4.6 Conversion of p-coumaric acid to p-hydrocoumaric acid in phosphate buffer
solution as a function of reaction time.
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function of reaction time.

86



Ha(g) was flowed through the glass frit in the reactor to fill the frit pores and reactor
chamber, to achieve the maximum possible liquid-catalyst-gas interaction. The tortuous
paths of the pores in the glass frit can be considered three-dimensional “microchannels” to
improve the efficiency of gas-liquid-solid phase interactions due to the large interfacial
areas and the short path(s) required for molecular diffusion.'® Substrate solutions were
saturated with Hx(g) to increase the amount of hydrogen present in the reacting solution
and to protect the Pd NP catalyst from poisoning by oxidation. ~As a control, no hydro-p-
coumaric acid product was detected in the product aliquots when flowing reactant through
the glass frit without immobilized-Pd NPs, demonstrating that no hydrogenation reaction
occurred in the absence of catalyst. Phosphate buffer (pH = 7) and isopropanol were used
as the solvent systems for the reaction to determine which provided higher yield. The
fractional conversions of the p-coumaric acid hydrogenation reaction in phosphate buffer
and isopropanol at a flow rate of 15uL/min under ambient conditions are shown as a
function of reaction run time in Figs. 4.6 and 4.7, respectively. At all stages of the reaction,
the product was exclusively hydro-p-coumaric acid for both aqueous and organic solvent;
no reaction intermediates or side products were observed. In PBS buffer, the conversion
of p-coumaric acid started at ca. 85% for the first 30 min and then remained stable at over
90% after 90 minutes of run time. Conversion and reproducibility were observed to
decrease slightly after 160 min run time.

In comparison to the reaction in aqueous solvent, the conversion of p-coumaric acid in
isopropanol is shown in Fig. 4.7. The reaction starts at ca. 80% conversion for the first
30 min, similar to the performance in phosphate buffer, but in contrast to the buffer solution

system, the reaction experiences a 70% decrease in conversion over the next 100 min.  For
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the reaction aliquot acquired at 60 min run time, there is poor reproducibility over three
runs, and this result is reflective of the system transitioning from high efficiency to low
efficiency during this time window. Variability in the efficiency of the catalytic reaction
may be related to the chemical state (i.e. poisoning) of the catalytic NPs.

For the catalytic hydrogenation of p-coumaric acid in aqueous medium, the yield
remains above 80% conversion. In contrast, the catalytic conversion efficiency drops to
ca. 10% in isopropanol. As noted above, one possible explanation for this behavior is
poisoning of the catalyst. Based on the IUPAC-NIST gas solubility database,'” the mole
fractions of oxygen and hydrogen in the aqueous solution are ca. 2.5%10” and 1.5x107,
respectively, under ambient conditions. The effect of ionic species in the phosphate buffer

is negligible for the salt concentrations used here.?°

In isopropanol, the mole fractions of
oxygen and hydrogen are 7.87x10*and 2.66x10, respectively.!® Although the solubility
of hydrogen is around 18 times higher in isopropanol than in aqueous solution, the
solubility of oxygen is 31 times higher in isopropanol. The relatively enhanced solubility
of oxygen in isopropanol suggests that re-dissolution of oxygen during the reaction in
preference to hydrogen is seen in the competition between reaction and oxidation at the Pd
NP surface.?’*> This conclusion is supported by a continuous flow-experiment of p-
coumaric acid in phosphate buffer that is interrupted by the introduction of air (via syringe)
during the course of the run. While the conversion efficiency would recover, there was
an initial significant reduction in conversion efficiency. It has been reported that Pd/silica
is deactivated over time for hydrogenation and hydrodeoxygenation reactions of phenolic

compounds,”® consistent with our findings. In that work, the loss of active sites rendered

any subsequent reactant adsorption non-reactive, and that was considered to be a primary
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route of catalyst deactivation. It was also reported that heterogeneous catalytic gas phase
reactions were characterized by inhibition or poisoning by the presence of a small
concentration of oxygen.?*
444  Assessment of Pd NP catalytic stability

Catalyst stability was evaluated under continuous flow of p-coumaric acid in
phosphate buffer through a glass frit containing immobilized Pd NPs over a 58 hour
reaction run time. Fig. 4.8 shows the conversion of substrate as a function of reaction
time. Reactant conversion started at 95% for the first 50 min aliquot and maintained
essentially quantitative conversion for the next 250 min, then the conversion dropped to
zero by 1700 min run time. Complete deactivation of Pd NPs occurs by 28 hours of run
time. As a hydrogenation catalyst, the biotinylated Pd NPs demonstrated the ability to
react stably for more than one day without an external source of hydrogen at room
temperature and at atmosphere pressure.

A three dimensional array of UV-visible spectra is shown in Fig. 4.9. These data are
the absorbance data of collected aliquots as a function of reaction time. The collection
time range was 3500 min. Spectra from 220 nm to 300 nm were displayed along the x-

axis and time increases in the two-dimensional plane of the absorbance
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spectra. The absorbance maxima of p-coumaric acid and hydro-p-coumaric acid are 283
nm and 260 nm, respectively, and spectra of the reactant and product correspond to the last
and first sample aliquots reported in the time sequence. These data indicate that the
reactant was converted quantitatively to hydro-p-coumaric acid at the beginning of the
flowing reaction and the catalyst was fully deactivated by the end of the run. For the
aliquots collected during the 28 hour run, it is apparent from the absorbance spectra that
the peak positions undergo a shift from 260 nm to 283 nm with the 260 nm band decreasing
to a minimum value, and a corresponding rise in intensity of the 283 nm band. The
spectral minimum is seen for the 340 min aliquot, which undergoes 95% conversion to
hydro-p-coumaric acid. Then the spectra shift to the red and increase in absorbance,
indicating the passage of p-coumaric acid through the catalyst-loaded frit unreacted.
4.5 Conclusions

We have developed a robust flow-through catalyst support with biotinylated Pd NPs
immobilized on porous silica and have demonstrated its utility through a heterogeneous
hydrogenation reaction. The as-synthesized biotinylated Pd NPs were characterized as
having face-centered cubic crystal structure with an average size of 3 nm and the organic
stabilizing capping agent making up 67 wt% of the NP mass. The Pd NPs were
immobilized on the aminosilanized silica surface using biotin, with the thioether moiety of
biotin binding to the Pd NP surface and the carboxylic functionality forming an amide bond
to the aminosilane. We have demonstrated the catalytic production of hydro-p-coumaric
acid from p-coumaric acid and have characterized this reaction in aqueous and organic
solvent systems. In aqueous buffer, the reaction yielded >95% conversion with good

reproducibility in a 340 min reaction time under ambient conditions. In isopropanol
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solvent, however, the conversion of p-coumaric acid decreased to ca. 25% over the course
of'a 150 min reaction time. This decrease in conversion can be understood in the context
of catalyst deactivation, likely due to NP surface contamination. The stability of the Pd
NP catalyst in aqueous solvent was evaluated as a function of flow reaction time, with the
Pd NPs becoming fully deactivated during 28h of run time in the absence of an external H»
source.

The next steps in this work will be to gain control over the regulation and delivery of
Ha(g) to reaction system,? to evaluate the versatility of this approach to catalytic flow-
through reactions, and to incorporate this flow-reaction system into a multi-step reactor.
Of significance in this work is that we achieved hi conversion and reproducibility for a
multiphase reaction, lifting the limitation of heterogeneous hydrogenation reactions that
require high temperature and high pressure to operate efficiently due to the limited

solubility of hydrogen in the liquid phase reactant stream.
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CHAPTER 5: Flow-Through Catalytic Reaction of Cinnamaldehyde using a Porous

Silica Support
4.6 Abstract
The focus of this work is to utilize immobilized Pd NP catalyst to perform heterogeneous
hydrogenation of cinnamaldehyde, an o,f-unsaturated compound. @We presented the
fabrication and characterization of biotinylated Pd NPs and their deposition onto a porous
silica support in the companion manuscript and report in this work on the use of the
supported Pd NP system as a catalyst for the chemoselective hydrogenation of
cinnamaldehyde in aqueous buffer and isopropanol. Under ambient conditions, full
conversion of cinnamaldehyde to hydrocinnamyl alcohol can be achieved in aqueous buffer
solution, while performing the reaction in isopropanol results in the deactivation of the
catalyst over a 150 min reaction time. To overcome this limitation for isopropanol as a
solvent, we designed a flow system in which hydrogen gas can be periodically introduced
into the reaction vessel and support. The flow-through system allows the use of Pd NP
catalyst in isopropanol.
4.7 Introduction

The production of fossil fuels has environmental and economic consequences, and
some of these may be ameliorated by the use of hydrocarbons derived from waste biomass.
Central to the use of biomass for the generation of hydrocarbons is the ability to perform
efficient heterogeneous hydrogenation reactions. Catalysis is essential to the realization
of this goal. Any refinery-like process that utilizes biomass as feedstock has two main
requirements; the catalyst systems used must be efficient and highly selective, and it would

be preferable if these reactions were to proceed under ambient conditions. We have
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chosen to study the chemoselective hydrogenation of aromatic unsaturated aldehydes
because of the potential utility of the products and the utility of this type of reaction.
Cinnamaldehyde is considered to be a model substrate for the reduction of aromatic a,3-
unsaturated aldehydes.! Cinnamaldehyde can be hydrogenated selectively to
hydrocinnamaldehyde, cinnamyl alcohol, hydrocinnamyl alcohol, and propyl benzene.?
Among the numerous reduction products, hydrocinnamaldehyde and cinnamyl alcohol, the
products considered here, are important for the fine chemicals, flavors, fragrance and
pharmaceuticals industries.**

For heterogeneous catalytic hydrogenation of cinnamaldehyde, supported Pd,’ Pt,® and
Ru’ nanoparticle (NP) catalysts have been reported to be efficient catalysts, in part because
of their high surface area-to-volume ratio. Under mild conditions, Pd is the most active

catalyst for aromatic aldehyde reduction.®

Pd NPs have been confined in multiple porous
catalyst supports, such as carbon nanotubes,’ zeolites,” and sol gel'® matrices. The
binding of catalytic NPs in porous materials is advantageous in that it combines the high
surface area-to-volume ratio of NPs with the comparatively high accessibility of the NP to
reactant streams and the minimization of aggregation phenomena, allowing a relatively
high fraction of the NPs to be exposed to reactive species.!! In this work, we used
commercially available porous glass frits as NP catalyst supports because of their wide
availability and favorable physical and chemical properties. The Pd NPs synthesized in
our lab were in the 2 nm to 5 nm diameter range and were immobilized on the glass frit as

described in the companion paper.'?

We find that cinnamaldehyde, like coumaric acid,
undergoes lower efficiency conversion to hydrogenation products in isopropanol than in

aqueous buffer solution with Pd NP catalyst under flow-through reaction conditions.
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However, in this work, hydrogen was introduced to the reaction at regular intervals to
mitigate the conditions that lead to the low conversion efficiency seen in isopropanol
solvent.

4.8 Experimental Methods

Chemicals. Biotin (=99%, TLC, lyophilized powder, Sigma-Aldrich), palladium
acetate (=99.9%, trace metal basis, Sigma-Aldrich), methanol (HPLC grade, Fisher), (3-
amninopropyl)triethoxysilane (APTES, >99%, Sigma-Aldrich), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, commercial grade,
powder, Sigma-Aldrich), N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich),
cinnamaldehyde (natural, >95%, FG, Aldrich), isopropanol (anhydrous, Sigma-Aldrich),
and hydrogen (Airgas), were used as received, without further purification.
Hydrocinnamaldehyde (=95%, FG, FCC, Sigma-Aldrich), cinnamyl alcohol (98%, Sigma-
Aldrich), hydrocinnamyl alcohol (3-phenyl-1-propanol, 98%, Sigma-Aldrich) were used
as standards for LC/MS and GC/MS analysis. Tetradecane (>99%, Aldrich) was used as
an internal standard.  Sintered glass filter discs (25 mm diameter, 3.5 mm thick, grade E,
Ace Glass) were used as catalyst supports.

Solutions. Potassium phosphate monobasic (ACS reagent, >99%, Aldrich), sodium
phosphate dibasic heptahydrate (ACS reagent, 98%-102%, Sigma-Aldrich), sodium
chloride (ACS reagent, >99%, Fisher Chemical), potassium chloride (ACS reagent, >99%,
Fisher Chemical), sodium hydroxide (ACS reagent, Fisher Chemical), hydrochloric acid
(12M, Columbus Chemical Industries) and water (Milli Q) were used to make phosphate
buffer (PBS buffer, pH = 7). Piranha solution was made of concentrated sulfuric acid and

hydrogen peroxide in a 3:1 volume ratio (Caution! Strong Oxidizer!). Aqua regia was
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made of concentrated hydrochloride acid and nitric acid with volume ratio of 3:1 (Caution!
Strong Oxidizer!). Cinnamaldehyde solutions were made with isopropanol and PBS
buffer (pH 7) and both were bubbled with Hx(g) using a gas dispersion tube (fine porosity,
Ace Glass).

Palladium nanoparticle synthesis and immobilization. The synthesis of Pd NPs and
their immobilization on glass frit catalyst supports has been described in the companion
paper.'?  Palladium acetate (0.06g) and biotin (0.2g) were dissolved in methanol (160 mL),
stirred and bubbled with N»(g) for 2 hours in a 500 mL two-neck round bottom flask. The
solution was heated to 70 °C for 24 hours under Na(g).!* Solvent was removed under
vacuum using a rotary evaporator and nanoparticles were precipitated with acetone, then
centrifuged at 4500 rpm for eight minutes, then washed in acetone. As-synthesized
biotinylated-Pd NPs were re-dispersed in PBS buffer (pH 7).

Flow-through catalytic reaction system. 2mM Cinnamaldehyde solutions were made
with isopropanol and PBS buffer (pH 7) and both were bubbled with Hx(g) using a gas
dispersion tube (fine porosity, Ace Glass). For each reaction, a glass frit containing
immobilized Pd NPs was placed in the Teflon® flow cell and hydrogen gas was used to fill
the reaction chamber and glass frit pores. Feedstock solutions were flowed through
catalyst-loaded glass frits using a syringe pump (NE-1000 programmable single syringe
pump, New Era Pump System Inc.) at a flowrate of 15 uL/min. The eluent was collected
every 30 minutes. Reproducibility was evaluated using three repetitions of individual
runs.

A two-position microelectric valve actuator (VICI Valco) was used to control periodic

input of Ha(g) during the flow-through reaction. The valve was switched to input an
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aliquot of Hx(g) every 10 minutes. A metering check valve (Swaglok stainless steel low
flow metering valve) was installed upstream of reactor chamber to control pressure
fluctuations and the flow rate of the feedstock solution.

Sample analysis. Cinnamaldehyde in isopropanol solvent and eluent aliquots were
analyzed by GC-MS (Agilent 5975B, 30m VF-5ms column) from 60°C to 350°C at rate of
40°C /min. Cinnamaldehyde in PBS buffer and eluent aliquots were extracted with ethyl
acetate and analyzed by GC-MS (Agilent 5975 C, 30m DB-waxetr column) from 60°C to

280°C at rate of 40°C/min.

—0Q

7 a

Hydrocinnamaldehyde (HCAL)

Cinnamaldehyde (CAL) \ /Hydrocinnamyl alcohol (HCOL)

AN

OH

Cinnamy]l alcohol (COL)

Scheme 0.1 Hydrogenation of cinnamaldehyde to hydrocinnamaldehyde, cinnamyl alcohol
and hydrocinnamyl alcohol.
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4.9 Results and Discussion

In the companion article, we described in detail the Pd NP synthesis and
characterization of morphology, size distribution, thermal properties and composition.
The effectiveness of surface immobilization on glass frit supports was demonstrated in that
work. We have evaluated this supported catalyst system for activity and
selectivity for the catalytic hydrogenation of cinnamaldehyde. We consider the individual
reactions below.
4.9.1 Hydrogenation of cinnamaldehyde

The catalytic activity and selectivity of as-synthesized Pd NPs were assessed for the

heterogeneous hydrogenation of a,B-unsaturated aldehydes, using cinnamaldehyde as the
substrate. A key issue is the ability to demonstrate chemoselective hydrogenation of
cinnamaldehyde to hydrocinnimaldehyde, cinnamyl alcohol or hydrocinnamyl alcohol,
depending on whether one of the C=C bonds is hydrogenated or the C=0O bond is
hydrogenated, or if both undergo reaction,! as is depicted in Scheme 5.1.
Hydrocinnamaldehyde and cinnamyl alcohol are formed via two parallel reaction pathways
and the relative selectivity for each pathway depends on the catalyst, the solvent and the
reaction conditions. Hydrocinnamyl alcohol is formed consecutively through
hydrogenation of both hydrocinnamaldehyde and cinnamyl alcohol, and is a stable reaction
product under the reaction conditions.> Cinnamaldehyde in either aqueous buffer solvent
or isopropanol was flowed through a porous glass catalyst support containing immobilized
Pd NP catalyst under ambient conditions. The conversion of cinnamaldehyde was used to

evaluate the efficiency of the catalytic reaction. Selectivity for the various possible
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products was used to evaluate the chemoselective properties of the biotinylated Pd NPs.
Conversion for each reaction was defined as

moles of substrate consumed 100

Conversion (%) = X
(%) moles of substrate introduced

Selectivity toward one of the products was defined as

l hydroci ldehyd
moles of hydrocinnamaldehy e?lOO

Selectivity (hydroci ldehyde, %) =
electivity (hydrocinnamaldehyde, %) total moles of product(s)

moles of cinnamyl alcohol
Selectivity (cinnamyl alcohol, %) = X 100
total moles of product(s)

Selectivity (hydrocinnamyl alcohol, %)
_ moles of hydrocinnamyl alcohol

x 100
total moles of product(s)

The conversion of cinnamaldehyde in phosphate buffer solution is presented in Fig 5.1 as
a function of reaction run time. The conversion started at ca. 88% and was stable at >90%
during 150 min running time. Error bars show the reproducibility of this reaction across
three runs for each sample. The selectivity of this reaction toward the various possible
products was also evaluated. The selectivity of the reaction for hydrocinnamaldehyde and
hydrocinnamyl alcohol is shown in Fig 5.2 as fraction of all products detected. ~Although
100% selectivity for is single compound was not achievable through this hydrogenation
reaction, over 80% selectivity for hydrocinnamaldehyde can be maintained through 150

min of reaction run time.
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Figure 0.1 Conversion of cinnamaldehyde in phosphate buffer solution as a function of
reaction run time.

105



100

R S S
S 60f
g e HCAL
S o HCAH
S 40
©
)

20 - 0 Q 5

Q
b
O N 1 N 1 N 1 N 1 N 1 N 1 N J
20 40 60 80 100 120 140 160

Time (min)

Figure 0.2 Sclectivity of the catalytic reaction for hydrocinnamaldehyde (¢) and
hydrocinnamyl alcohol (o) in phosphate buffer solution as a function of reaction run time.

106



The selectivity for hydrocinnamyl alcohol started near 90% and then dropped to ca. 80%
and remained stable at that level. Pd is known to be more prone to hydrogenation of C=C
double bonds than C=0 bonds, compared to other transition metals.® Pd on activated
carbon is highly selective in the hydrogenation of cinnamaldehyde to
hydrocinnamaldehyde (90% selectivity at 90% cinnamaldehyde conversion).!*
Compared to Pd NPs on activated carbon, the biotinylated Pd NPs on silica is highly active,
achieving full conversion more rapidly (30 min flow under ambient conditionsvs. more
than 2 hour reaction time).” These results underscore the utility of this approach to the
immobilization of Pd NPs and this means of performing the reaction.

Comparing our results with the heterogeneous hydrogenation of phenolic compounds
using an organic solvent in batch reactor mode under high pressure, we observed that the
organic solvent might not be a good choice for hydrogenation reactions in our flow-through
reactor under ambient conditions. The activity of biotinylated Pd NPs was investigated
with cinnamaldehyde in isopropanol using our flow-through catalyst support at room
temperature and atmospheric pressure. Under the same reaction conditions as were used
for cinnamaldehyde in phosphate buffer, the reactant solution was saturated with Ha(g)
prior to the start of the reaction and no external Hz(g) source was used during the course of
the reaction. These results are shown in Fig. 5.3.  The conversion of cinnamaldehyde
started at ca. 60% for the first 30 min aliquot and decreased gradually to 25% over the 150
min reaction run time. The error bars were much larger for this reaction than for the
reaction in aqueous buffer (Fig. 5.2). This finding demonstrates a loss of catalyst activity
when using isopropanol solvent, which is consonant with the results for p-coumaric acid,

reported in the companion paper. In terms of selectivity toward the possible
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hydrogenation products for the reaction in isopropanol, selectivity for
hydrocinnamaldehyde starts at ca.70% and increases to 90% (with significant error bars,
Fig. 5.4). The hydrogenation products of both the C=C and C=0 bonds start at ca. 30%
and decreased to 20% with increasing reaction run time (Fig. 5.4). Comparing these
results to those obtained in aqueous buffer, the hydrogenation products experienced lower
reproducibility and conversion in isopropanol than in aqueous buffer. As noted in the
companion paper, in the reactor system, Ox(g) is more soluble than H(g) in isopropanol,
leading to the poisoning of the Pd NP catalyst. In contrast to the heterogeneous
hydrogenation reaction performed in a batch reactor at high pressure, our Teflon® flow
reactor was not sealed and pressurized with Hax(g). The consequent exposure of the
reaction system to O2(g) may cause the oxidation and deactivation of the Pd NP catalyst
during the reaction, leading the conversion to decrease gradually in the absence of an
external source of Hx(g). In the companion paper, we also considered the exposure of the
Pd NP catalyst to Ox(g) due to dissolution of O2(g) from air present in the reaction stream. '’
This possibility is supported by gas solubility data from IUPAC-NIST showing that the
saturation mole fraction of O2(g) and Ha(g) in aqueous solution are ca. 2.5x10” and 1.5x10"
3 under ambient conditions,'® while in isopropanol the saturation mole fractions of O2(g)

and Ha(g) are7.87x10™* and 2.66x10, respectively.'®
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Figure 0.3 Conversion of cinnamaldehyde in isopropanol saturated with H2(g) as a
function of reaction run time.
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Figure 0.4 Sclectivity of the catalytic reaction for hydrocinnamaldehyde (¢) and
hydrocinnamyl alcohol (0) in isopropanol as a function of reaction run time.
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The solubility of oxygen is 31 times higher than hydrogen in isopropanol, and 18 times
higher than hydrogen in aqueous buffer. On the surface of the catalyst, the oxidation of
active Pd NPs is preferred over the hydrogenation reaction.!”!

The poisoning of catalysts is always a challenge for industrial processes. To confirm
the hypothesis and address the deactivation issue of the catalysts used here, we introduce
an external hydrogen source to the flowing reaction system to protect the catalyst from
exposure to oxygen and deactivation. One possible route for Pd NP deactivation during
a hydrogenation reaction is the blocking of metallic sites by feedstock components that
contain unsaturation(s).!® However, the reactants contain unsaturations and this potential
problem can be minimized by the introduction of H2(g). The three phase reaction system
(H2(g), liquid reactant flow stream, supported Pd NP catalyst) can be successful with well-
regulated delivery of Ha(g).!® In this work, we have used a a two-position actuator to
introduce Hx(g) at regular intervals into the catalytic reaction vessel (Fig. 5.5). The
introduction of cinnamaldehyde in isopropanol and Hx(g) was accomplished through two
separate entrances (ports 3 and 5 of the switching valve) into the reaction vessel and the
outlet was connected to position 4 of the two-position, six-port switching valve. The
switching valve dynamically alternates between liquid and gas fluid paths and is controlled

electronically.  Feedstock solution or Ha(g) flow was chosen via manual selection

between positions A or B of the controller. Through port 4, the combined
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Figure 0.5 Flow system schematic showing a two-position electronically actuated control
module. H2(g) and reactant feedstock solution was introduced at intervals into the system
by controlling the two-position six-port switching valve. Gas flow was controlled using a
pressure regulator and metering valve.
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liquid and gas reactant stream flows through a metering valve to stabilize the flow rate, and
the heterogeneous hydrogenation reaction occurs in the reactor chamber. Collected
aliquots were analyzed using the same methods reported previously (vide infra). Fig. 5.6
shows the conversion of cinnamaldehyde in isopropanol over biotinylated Pd NPs as a
function of reaction time. The conversion of cinnamaldehyde started around 93% and
remained greater than 80% during the 150 min reaction time. In comparison, the reaction
of cinnamaldehyde in isopropanol without the use of the two-position microelectric
actuator system is shown in Fig. 5.7. Although the detected products of
hydrocinnamaldehyde and hydrocinnamyl alcohol (Fig. 5.8) maintained the same level of
selectivity (ca. 82% and 18%, respectively) for both reaction conditions, results are more
reproducible with external Hy(g) input. The introduction of Ha(g) flow through reaction
system prevented the exposure of the Pd NP catalyst to oxygen, slowing the deactivation
of the catalyst. We note that the presence of Ha(g), introduced in this manner, also served
to maintain a sufficient reactant concentration to ensure relatively efficient catalytic

conversion.
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Figure 0.6 Conversion of cinnamaldehyde in isopropanol using the two-position control
valve to introduce H2(g) at periodic intervals.
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Figure 0.7 Comparison of conversion in isopropanol for use of the H2(g) control system
to the reaction where H2(g) introduction does not occur at regular intervals.
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Figure 0.8 Selectivity for hydrocinnamaldehyde () and hydrocinnamyl alcohol (0) in
isopropanol using the two-position control to introduce H2(g) at periodic intervals.
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4.10 Conclusion

We have demonstrated that biotinylated Pd NPs can be immobilized on a glass frit
support and used as the catalyst for heterogeneous hydrogenation reactions in a flowing
reaction mode. The catalytic activity of the Pd NP catalyst was investigated to determine
the conversion of cinnamaldehyde in aqueous buffer solution and isopropanol to its
reaction intermediates (hydrocinnamyldehyde, cinnamyl alcohol and hydrocinnamyl
alcohol). We found that the reaction efficiency differed with the identity of the solvent,
and that the Pd NP catalyst was deactivated in isopropanol under ambient conditions in the
flow-through reactor, likely due to oxygen exposure. The selectivity of the reaction for
hydrocinnamaldehyde and hydrocinnamyl alcohol was 80% and 20 %, respectively in both
aqueous and alcohol solvents. A two-position electronic actuator control system was used
to maintain Ha(g) concentration in the isopropanol solvent system and thereby reduce the
extent of catalyst degradation during the course of the reaction. The introduction of an
external source of Ha(g) into the flowing reactant stream minimized catalyst deactivation
during the course of the reaction. ~We anticipate that this work will be useful in
demonstrating a useful approach to the protection of NP catalyst systems in flow-reactor

systems.
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CHAPTER 6: Conclusion and future work
5.1 Overall Conclusions
The use of biomass in place of fossil fuels as a source of energy is attractive for a

number of reasons.!

The key to making such a transformation is the ability to take a range
of oxidized organic species and perform sequential, selective reduction reactions on them
to ultimately render hydrocarbon(s). Such a transformation requires the creation of a
functional bio-refinery.> The goal of this project has been to develop and evaluate a
catalytic platform for hydrogenation in a flow-through reaction format, a key step in
comprehensive biomass conversion and processing. By integrating nanotechnology,
colloid chemistry and heterogeneous catalysis, we have demonstrated efficient and
selective flow-through catalytic reactions using an enzyme or metal nanoparticles as the
catalyst material. The work touched on several elements central to the development of a
catalytic system, including catalyst design and synthesis, support design and synthesis, and
the characterization of all the materials and reaction products. Ultimately the aim of this
work is to produce catalyst-containing porous “cassettes” that can be placed in a flow-
through reaction configuration to perform high efficiency, specific reaction sequences.
The demonstration of viable supported catalyst systems capable of reacting in multi-phase
environments is the foundation for the creation of a flow-through bio-refinery system.
Following the background and introduction in Chapter 1, Chapter 2 considers the
issues associated with the formation of silica inverse opal catalyst support structures and
the development a composite polymer-silica sol gel matrix for the formation of inverse
opal materials with comparatively low defect density. Chapter 3 reports on the use of

porous glass frit supports for flow-through catalysis and comparing its functionality to that
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of inverse opal structures reported by Gornowich, using an immobilized enzyme catalyst.’
Chapter 4 describes the synthesis and characterization of Pd nanoparticle for use as a
catalyst and the immobilization of these NPs onto a porous glass frit support. The
assessment of catalytic performance was made with the heterogeneous hydrogenation of p-
coumaric acid and cinnamaldehyde in both organic and aqueous solution, as reported in
Chapter 4 and Chapter 5, respectively. The primary results of the entire work are
discussed briefly in this chapter.

The formation of a colloidal nanosphere template for the creation of inverse opal
structures has been demonstrated for a variety inorganic oxides and composites, and each
type has been used in different applications, depending on the desired composition of the
resulting inverse opal.*®  Silica sol gel-based inverse opal structures are typically limited
by the presence of structural defects and cracks formed during the matrix curing and drying
steps.® These structural defects are thought to occur as a result of changes in the matrix
material dimensions upon condensation to form the solid matrix. To overcome this
problem, we created low defect hybrid inverse opal structures by adding a polymer to the
curing silica matrix. The morphology of the resulting inverse opal depends on both the
amount of polymer and its molecular weight.’

Inverse opal structures are attractive from a structural perspective in terms of the
formation of uniform void and pore sizes and locations, but this class of materials suffers
from two serious limitations. These are the propensity to form crack and large defect
structures during formation, and the lack of physical robustness of the structure, once
formed. Because inverse opal materials are not sufficiently robust to be generally useful

catalyst supports, we compared their function as catalyst supports for glucose oxidase
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(GOx) to the function of physically robust porous glass frits as GOx supports.> It was
demonstrated that porous glass frit supports overcome the limitations intrinsic to inverse
opal supports while yielding the same reaction efficiency. With the utility of porous glass
frits as catalyst supports, we evaluated these materials for their utility in supporting metal
nanoparticle catalysts. We synthesized and characterized colloidal Pd nanoparticles with
well-defined morphology. Monodisperse biotinylated-Pd nanoparticles were
characterized as having a predominantly face-centered cubic crystal structure with an
average diameter of 3 nm and bound to the porous glass frit surface. This supported
catalyst was used for heterogeneous hydrogenation in a liquid phase reactant stream under
ambient conditions. The catalytic hydrogenation reactions of p-coumaric acid and
cinnamaldehyde were characterized in aqueous and organic solvent systems. The
reaction efficiency depended on the identity of the solvent, and Pd NPs were deactivated
in isopropanol solvent in the flow-through reactors, likely due to exposure to oxygen.
This limitation can be addressed through the use of a two-position microelectric actuator
control system to maintain a somewhat more uniform Hx(g) concentration in the reactant
stream.

In summary, the nanoparticle catalysts incorporated into robust porous glass frits
showed high catalytic activities for hydrogenation in a flow-through liquid phase reaction
under ambient conditions. This is an essential first step in the creation of a bio-refinery
system for biofeedstock conversion to hydrocarbons.

5.2 Future directions

While this work illustrated the utility of Pd NPs confined within porous oxide frits for

the flow-through hydrogenation required for biomass conversion, there is clearly more
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work to do in terms of enhancing the catalytic efficiency and selectivity of these systems
for specific classes of elementary reactions, such as deoxygenation and decarboxylation.
To perform catalytic reactions needed for biomass conversion, bimetallic nanoparticles will
likely find use and the exploration of this family of materials is a logical next step.
Specifically, the comparison of bimetallic NPs to monometallic NPs in terms of reactions

performed, and efficiency will be of critical importance.®

Alloying two metals is known
to produce nanoparticles with catalytic properties that differ from those of monometallic
nanoparticles.’ In the bimetallic nanoparticle, the atomic-level mixing and segregation
will occur in such a way as to minimize the surface energy and internal strain.!  Particle
size, shape and composition, and the choice of stabilizing agent are all expected to play a
role in the catalytic properties of the resulting system, and catalyst support identity as well
as solvent identity will affect the catalytic performance of bimetallic nanoparticles, just as

1" All of these parameters remain to

has been observed for monometallic nanoparticles.”
be explored.

The synthesis of bimetallic nanoparticles has a rich literature.'*!*  Based on this body
of knowledge, the initial choices for bimetallic nanoparticle synthesis will likely require
techniques such as co-reduction, thermal decomposition and seeded-growth. Solution-
based nanoparticle synthesis will be controlled by conditions such as reactant concentration
and ratio, choice of stabilizing ligand, reaction temperature and time.® !° The catalytic
properties of the resulting bimetallic nanoparticles will be evaluated in the flow-through
heterogeneous catalytic system developed in this dissertation, and it is anticipated that the

specific choice of nanoparticle catalyst will determine the ability to perform reactions in

the bio-refinery system that are not presently feasible using monometallic nanoparticles.

124



By optimizing the catalytic efficiency and selectivity of elementary reactions, the proposed
flow-through catalytic reaction system will enable the conversion of biomass feedstocks to

hydrocarbons.
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