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General introduction



Chapter 1

Introduction
1. In situ studies in heterogeneous catalysis

The performance of a catalyst in a chemical reaction can be evaluated based on the
quantities of the converted reactants or of the reaction products, as well as on product
selectivities. A clear correlation between the activity of the catalyst and its (surface)
structure is key for catalyst development in heterogeneous catalysis. In heterogeneous
catalysis, reactants are converted on the surface of the catalyst, in particular on specific
locations called “active sites”. The nature of the active site can be influenced by its
environment since catalysts undergo various physical and chemical changes under the
reaction conditions. Therefore, understanding the structure of the active sites under
realistic reaction conditions is essential for understanding the reaction sequences that
take place. Traditionally, correlation of the catalyst activity with its structure is
established based on the evaluation of the properties of catalyst before (fresh) and after
(used) the reaction. This approach gives indirect information about the active site,
whereas characterization of the catalyst during the reaction, called “in situ” (Latin for
“on site”), provides direct information about the state of the active site and the structure
of the surface species. The simultaneous measurement of the catalytic activity and
selectivity is additional information that can be used to unravel the catalytic reaction
sequence. Generally, this approach is called “operando” (Latin for “working”).

Several reviews have been published in the last two decades emphasizing the
importance of in situ and operando studies for catalyst design [1, 2]. The development of
new analytical techniques, in particular, spectroscopic approaches has allowed one to
gain fundamental information about catalyst structures in the working state. Most of the
in situ techniques have been reviewed extensively in recent years [3-7].

2. Characterization methods

A number of analytical techniques are available for catalyst characterization. The
main principle utilized in all techniques is a comparison of the signal sent to the sample
with the signal received from the sample. Therefore, clear understanding of the
interaction of the radiation with the sample is essential. In general, analytical techniques
can be classified based on the types of excitation (photons, electrons, ions,
electromagnetic field, heat, neutrals; inward arrows in Figure 1) or by type of radiation
gathered (outward arrows in Figure 1).
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Figure 1. Diagram representing most of characterization techniques based on type of excitation (inward arrow) and
obtained information (outward arrow). Reproduced from ref. [8].

Some of the most common characterization techniques used in heterogeneous
catalysis are summarized in Table 1 together with some examples of the information
gathered from the techniques. They involve techniques that allow identification of the
reaction intermediates (FTIR, NMR, UV-Vis) or state of the catalyst under controlled
environments (XRD, Raman, XPS, XAS, TPO/TPR, TEM, SEM). Most of the current
techniques require special conditions in order to collect information (e.g., high vacuum
in TEM, SEM, STEM) and/or to increase the signal to noise ratio. Several recent
developments allow operation at close to ambient gas pressures (XPS, environmental-
SEM).

Information collected from the surface of the catalyst can also contain information
about the reactant, products or intermediates. Data analysis in this case becomes a
challenging task, since surface species have to be distinguished from the bulk species.
Additionally some of the species may have no role in the reaction, called “spectator
species”, thus they need to be excluded from the reaction pathways of interest. Another
aspect of in situ investigation is its applicability at conditions realistic to catalysis, e.g.,
higher temperatures and pressures. Since most of the reactions are performed at
temperatures higher than room temperature and pressures higher than atmospheric
pressure, performing in situ studies requires heating of the samples and/or creating
high pressure of the reactants/solvents. This can be particularly difficult to realize in
spectroscopic cells. Heat transfer, mass transfer, and hydrodynamics of the flow have to
be investigated and adjusted in order to ensure the proper reaction conditions.

High temperatures and pressures can also influence the signal strength or create
distortions in phenomena utilized in the spectroscopic method. Broadening of the signal,
baseline shift, etc. are examples of such changes. Thermal stability and chemical
resistance of the materials used in building spectroscopic cells are also important
aspects in the development.
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Table 1. Common characterization tools used in catalysis [8, 9].

Excitation type

Technique (wavelength)

Information gathered

X-Ray Fluorescence (XRF) Elemental composition

long range structural order (XRD)

X-Ray Diffraction (XRD) short range structural order (X-ray

absorption fine structure)

Photons (0.01 nm - 10 nm)

X-Ray Photoelectron Elemental composition, oxidation

Spectroscopy (XPS) state
. Coordination environment and
X-Ray Absorption (XAS) (EXAFS, oxidation state of metals and metal
XANES) .
ions
Photons (UV: 10 nm - -
UV-Vis Spectroscopy 380 nm), (visible: 380 - Electronic d-d and charge transfer

transitions of transition metal ions
700 nm)

Vibrational spectra of reaction

Infrared (IR) Spectroscopy mixtures and adsorbed molecules

Photons (700 nm - 1 mm) Vibrational spectra of metal oxides

Raman Spectrosco . .
P Py and organic deposits, such as coke

Lattice vibrations, vibrational modes
Electrons of adsorbed species, electronic
transitions

Electron Energy Loss
Spectroscopy (EELS)

Transmission/Scanning/Scanning
Tunneling Electron Microscopy Electrons (<1 A)
(TEM / SEM / STM)

Surface structure, size and shape of
supported particles

. . . Oxidation temperatures of carbon
Thermal Gravimetric Analysis p

(TGA) Heat deposits, coke, desorption of adsorbed
molecules

Temperature Programmed Oxidation/reduction temperatures of

Oxidation / Reduction / Heat metals, coke, desorption of adsorbed

Desorption (TPO / TPR / TPD) molecules

Nuclear Magnetic Resonance R

(NMR) Electromagnetic Field Identification of molecular structure

(frequency 400-700 MHz /

0.5-1m) formed via chemical shift values

Solid State MAS NMR (Magic
angle spinning)

3. Infrared Spectroscopy

IR spectroscopy is a versatile technique applied in surface characterization of the
catalyst (surface hydroxyls, Bronsted, Lewis acid - base sites). A general selection rule of
IR spectroscopy is a change of dipole moment during the excitation. This distinguishes
Infrared from Raman spectroscopy, where the selection rule requires the change in
molecular polarizability during the vibration. One of the common applications of IR
spectroscopy is a characterization of surface properties based on interaction with probe
molecules (CO, NO, pyridine, etc.). The correlation between the frequency of IR bands of
probe molecule with the strength of the bond to the surface was first reported by
Eischens and collaborators [10]. In their work, different frequencies for CO adsorbed on
Cu, Pt, Ni and Pd metal particles dispersed on high surface area Cab-o-sil support were
observed. Later, a theoretical explanation was given by Blyholder and coworkers [11],
suggesting different extents of the bonding of CO (through the electron lone pair of the
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carbon atom) to the metal and m back-donation from the d orbitals of the metal to the
carbon-oxygen antibonding orbital.

The introduction of Fourier-Transform infrared spectrometer utilizing a Michelson
interferometer allowed higher signal to noise ratio and shorter scanning times. Several
designs are available for FTIR spectroscopy based on the nature of the analyzed sample.
Schematic drawings of the most common configurations are shown in Figure 2.

Transmission IR is one of the most commonly used techniques, where the sample
is pressed into a self-supporting wafer or pellet and exposed to the gases of interest. In
this case, IR light is shone on a flat area of the pellet. (Figure 2a). Insitu high
temperature gas phase studies can be performed by heating a sample in a controlled gas
environment. However, transmission FTIR setups still suffer from limitations such as (i)
sample pellet has to be sufficiently thin to allow collection of sufficient transmitted IR
intensity, (ii) catalyst has to be sturdy enough to allow production of self-supporting
wafer, (iii) mass transport issues may exist in the cell.

A NaCl NaCi B
window  cogiing and heaung‘ window
IR Beam IR Beam Sample\’\
(powder)
= B ' IR Beam
_-_ wy QU=
? Gasin Th"'"““‘”‘ Gas out
Transmission (TIR) Diffuse - Reflectance (DRIFTS)

C p polarization |
|

IR Beam
-

Reflection - Absorption (RAIRS)

Figure 2. Common setups used for the characterization of catalytic samples using infrared absorption spectroscopy.
Top, left: transmission (TIR) mode, top, right: diffuse reflectance (DRIFTS) mode, bottom, right: reflection-absorption
(RAIRS) mode. Reproduced from ref. [12].

Diffuse Reflectance FTIR (DRIFT) spectroscopy, on the other hand, allows analysis
of powder samples without the need for any particular sample preparation compared to
transmission FTIR. In this case powder sample can be loosely placed in a basket and
irradiated by IR beam (Figure 2b), while scattered light is collected using high area
parabolic mirror. DRIFTS allows use of catalysts that are not easily pressed into pellets,
moreover, the band intensities are several times higher than in transmission FTIR.
However, reproducibility of DRIFTS is poor due to variations in scattering coefficients
with cell geometry and sample loading procedure, which also complicate quantification
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of the intensities. Additionally, only the top layer of the sample is probed, which can be
an issue in high temperature studies due to temperature gradients across the bed.

Reflection-Absorption Infrared spectroscopy (RAIRS) is another type of FTIR
where the beam is bounced from a flat reflective surface before collection (Figure 2c).
RAIRS is widely used for characterization of low surface are samples. Low IR absorption
intensities are typically obtained, however polarization modulation can improve signal
to noise ratios.

Attenuated Total Reflectance Infrared spectroscopy, the central theme of this
thesis, is another widely used technique for the characterization of powders and metal
films. In the following sections, the working principle, advantages and drawbacks will be
outlined. However, firstly one of the key application areas for the future, in situ studies
of reactions in aqueous phase is introduced.

4. Aqueous Phase Reforming (APR)

Many of the liquid phase reactions e.g., deoxygenation, hydrogenation, steam
reforming occur in aqueous medium. One such case is Aqueous Phase Reforming (APR),
which is analogous to the Steam Reforming (SR) process. In this case water is a reaction
medium as well as a reactant. Industrial SR was developed for production of syngas (CO
+ H2) from methane using water as an oxidant. This reaction is strongly endothermic
and is carried out at temperatures above 750 °C and pressures below 25 bar, where
water is present in the gas phase. In contrast, APR is carried out at milder temperatures
(150 - 350 °C, 10 - 250 bar) and water is kept in liquid phase by applying pressure [13-
15]. The phase diagram of water given in Figure 3 shows the pressures required to keep
water in liquid phase at elevated temperatures.

APR is typically used for valorization of waste aqueous streams containing 5 - 20%
of organic compounds [16]. Such streams can come from food industry, paper
production, biomass processing etc. In APR, these organic compounds can further be
converted to hydrogen or alkanes without the need for evaporation of large amounts of
water. Hydrogen produced in APR can be used in hydrogenation of bio-oil produced in
biomass pyrolysis [17-20]. It was reported in literature, that bio-oil is poor in quality
compared to crude oil due to its acidity and high oxygen content [21-23]. Thus,
hydrogen from APR can be used in hydro-deoxygenation reactions of bio-oil lowering
the acidity and removing oxygen in form of water. Scheme 1 illustrates a sustainable
approach in using biomass for the production of fuels.

Additionally, the conditions of APR favor the Water Gas Shift (WGS) reaction
(Equation 1), which maximizes the hydrogen production from the carbon monoxide
and water [14, 24].

CO +H20 2 COz + Hz (Eq. 1)
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Figure 3. Phase diagram of water.

aldehydes,
leveglucosan

. Aqueous phase
. Alcoh cids, |

Aqueous Phase
Reforming
(APR)

pyrolysis .

Hydrogen

Biomass

Organic phase

(bio oil)

Scheme 1. APR in a biomass processing scheme.

The reaction equation (Equation 2) describes APR with WGS in the case of
ethylene glycol, which is one of the most studied oxygenates:

C202He + 2H20 2 2COz + 5H2 (Eq.2)

Since Hp, CO and CO2 are formed as products of APR, consecutive methanation or

Fischer-Tropsch reactions that consume hydrogen resulting in production of alkanes can

negatively affect hydrogen yields [14]. Thus, selectivity towards hydrogen vs. alkanes

has to be considered while developing efficient catalysts for APR targeted at hydrogen
production.
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Model compounds for APR reported in literature include methanol, ethanol,
ethylene glycol, glycerol, sorbitol and acetic acid [18, 25-32]. Other compounds such as
levoglucosan, hydroxyacetone (acetol), which are present in aqueous phase of bio-oil in
significant quantities, are less studied. Thus, broadening the pool of model compounds
for APR is a next step in the direction of converting the real aqueous phase obtained
from biomass.

Noble metals supported on oxides have been reported as catalysts for APR [24, 33-
39]. Pt, Ru, Rh, Ni and their bimetallic combinations are active in C-C cleavage forming
adsorbed C; species. These Ci species undergo steam reforming and subsequent WGS
reaction to maximize hydrogen yields and minimize formation of alkanes. Metal oxides
such as alumina, silica are the most used supports due to their ability to activate water
creating surface hydroxyl groups [28, 29, 31, 40-42]. Thus, catalysts used in APR exhibit
bifunctional properties favoring both reforming and WGS reactions. However, catalyst
deactivation and stability of the catalyst supports under APR conditions are important
issues that need to be addressed. A typical APR catalyst, Pt/Al203 has been reported to
deactivate in hot compressed water medium due to support transformation, subsequent
surface area collapse, Pt blockage and Pt sintering [17]. Hydration of alumina and
formation of boehmite (AIO(OH)) has been reported under these conditions [31, 43, 44].
In this respect the use of hydrothermally stable supports for catalyst preparation such
as zirconia or boehmite is a promising solution. Alternatively, carbon-based materials,
such as activated/mesoporous carbon, carbon nanotubes (CNT) can also be used due to
their chemical stability. Ru/CNT catalyst was reported as an efficient catalyst for APR of
ethylene glycol [34].

Coking is a typical problem during steam reforming using Ni catalyst. In industry
coking is minimized by operation at higher temperatures and high steam to carbon
ratios (~3). In APR coking is also a severe problem. Side reactions that can take place on
the support can lead to deposition of coke and deactivation of the catalyst. For example,
acidity of the support can catalyze dehydration reactions resulting in the formation of
unsaturated components. They can further oligomerize/polymerize into aromatics,
which are precursors of coke. Thus, selection of the support with low acidity can
suppress coke formation. Aldol condensation reaction of aldehydes and ketones can also
lead to coke, for example aldol condensation of acetone was reported as a side reaction
in steam reforming of acetone on Pt/ZrO: catalyst [45]. Thus, understanding the
reaction sequences that lead to condensation/oligomerization of the reactant or
intermediate products on the surface of the catalyst, and correlation of the surface
properties to the nature of coke precursors, can help in designing an active catalyst that
is stable against deactivation.
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5. In situ spectroscopic techniques in aqueous environments

Due to growing number of reactions performed in aqueous environments, such as
the APR reaction described in section 4, the applicability of spectroscopic techniques,
initially developed for gas-solid interfaces, has to be revised and improvements for
liquid phase operation have to be considered. The recent review by Shi etal [46]
addresses these issues and summarizes the latest advances in in situ spectroscopic tools
for aqueous environments with examples of vibrational techniques (FTIR, Raman), X-ray
techniques (XAS, XPS, XRD), resonance techniques (MAS NMR, EPR), electron excitation,
UV-Vis spectroscopy and imaging techniques (SEM, TEM, STM, AFM).

ToF-5IMS

TEM/STEM

XRF

>100 pm 0.1-5nm 10-50 nm
(conventional) (lateral)
~ 10 pum (UXRF) <1 nm (depth)
TAM
10-30nm
P
XRD
50-200 nm
FM

200-300 nm

Products (conventional)
10-50 nm

R (fluorophore
0.5-5pum Raman scattering SFG (micro- ot
(ATR-IR) ~1pum spectroscopy)
10-50 ym (SERS/SHINERS) =L
(transmission) ~ 10 nm (TERS)

Figure 4. In situ characterization techniques applicable to aqueous phase catalytic systems along with their typical
spatial resolutions. Abbreviations used in the figure: IR: infrared spectroscopy; ATR-IR: attenuated total reflectance
infrared spectroscopy; SERS: surface enhanced Raman scattering; TERS: tip-enhanced Raman scattering; SHINERS:
shell-isolated nanoparticle enhanced Raman scattering; SFG: sum frequency generation; UV-vis: ultraviolet-visible
spectroscopy; XRD: X-ray diffraction; NMR: nuclear magnetic resonance; TEM: transmission electron microscopy;
STEM: scanning transmission electron microscopy; TXM: transmission X-ray microscopy; FM: fluorescence
microscopy; (WXRF: (micro)X-ray fluorescence; XPS: X-ray photoelectron spectroscopy; ToF-SIMS: time-of-flight
secondary ion mass spectrometry. Reproduced from ref. [46].

Figure 4 provides a list of in situ spectroscopic and microscopic techniques that
are applicable to aqueous environments along with their typical spatial resolutions. As
shown in the figure, most of the techniques provide information about the state of the
catalyst (its morphology, shape or oxidation state), however only few of the techniques
provide information about the reaction adsorbates and reaction sequences. FTIR
spectroscopy, in particular, ATR-IR spectroscopy, has the ability to provide this

information.
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6. ATR-IR spectroscopy as a tool for liquid (aqueous) phase in situ studies

Many studies have used FTIR at the gas/solid interface, using transmission IR or
DRIFTS as discussed in the previous sections. However, the application of FTIR
spectroscopy at the liquid/solid interface especially aqueous phase/solid interface
requires an alternative approach in order to minimize absorption interference of IR light
with water. Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) allows one to
overcome this and is an ideal tool to study reactions in the aqueous phase. In ATR-IR
light is guided inside the optical element (typically ZnSe trapezoidal prism) due to
multiple internal reflections, and reflected light is then collected by detector. A sample is
deposited on the external surface of the element and the evanescent wave, generated at
the reflection points between the element and the sample, penetrates into the sample
(Figure 5). Thus, the benefit of ATR-IR spectroscopy is that it can be used not only for
powders and thin films, but also for solids in the presence of highly absorbing liquids,

e.g., water.
ITTTIT STOTTE T
d= _ SESeUReRRe | -3 MM
sample
IR-light out Internal reflection element IR-light in

Figure 5. Principle of ATR-IR spectroscopy.

Several reviews have been published in the last decade [3, 46-50] summarizing the
details of the ATR-IR technique and its applications in different reactions e.g., inorganic
ions sorption on metal oy-hydroxides [50], nitrite/nitrate hydrogenation on Pd/Al,0s3 [6,
51], hydrogenation of ethyl pyruvate in supercritical ethane over Pt/Al203 [49], selective
oxidation of benzyl alcohol over Pd/Al203 [49], Knoevenagel condensation between
benzaldehyde and ethyl cyanoacetate on aminopropyl-modified silica [3].

The ATR-IR cell designs vary depending on the shape of the optical element and
the conditions of the reaction of interest. Flat flow-through cells are mostly used due to
the simplicity in sample preparation, availability and price of the cells. Alternatively,
ATR-IR cells with cylindrical optical elements are also available. In this case, the whole
surface area of the element is used for reflections improving signal to noise ratio.
Immerse ATR probes are also reported for batch type operations. In this case, the optical
element is placed on the tip of the probe immersed in to the stirred tank reactor

10
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providing information about the liquid composition. Extensive reviews on ATR-IR cell
designs are available with details of the cell geometries and applications [3, 47, 52].
Further details of the ATR-IR spectroscopy and the design of the cylindrical “Tunnel” cell
are provided in Chapter 2.

Scope and outline of the thesis

The aim of the work described in this thesis relate to the development of an in situ
spectroscopic tool that is applicable for studies at the solid - liquid interface at the
conditions of aqueous phase reforming reaction. The ATR-IR spectroscopy was chosen
for this purpose based on its applicability to aqueous solutions as reported in literature.
However, the conditions of APR reaction brought additional constraints for operation at
high temperature/pressure aqueous conditions in the ATR-IR cell.

The details of the insitu ATR-IR cell and the experimental setup are given in
Chapter 2. The optical and hydrodynamic aspects of the ATR-IR cell are also discussed
together with the catalyst immobilization method.

In Chapter 3 the performance of the Pt/Al203 catalyst in APR of ethylene glycol is
discussed, with the results showing catalyst deactivation caused by support
transformation and coverage of Pt particles with boehmite. The ATR-IR cell was used to
confirm formation of boehmite and show its stability in hydrothermal conditions. The
performance Pt/AIO(OH) catalyst was further studied, resulting in more stable and
active catalyst compared to Pt/Al>0s3.

The kinetics of alumina transformation into boehmite under hydrothermal
conditions is discussed in Chapter 4, showing the applicability of ATR-IR spectroscopy
for material chemistry studies. The results showed the delay of the transformation in the
presence of Pt particles as well as oxygenates in the solution.

The application of ATR-IR spectroscopy for the investigation of surface adsorbate
species during APR reaction is shown in Chapter 5. In particular, APR of
hydroxyacetone on Pt/AIO(OH) and Pt/ZrO: catalysts is discussed showing the
appearance of surface adsorbates on zirconia. Experimental evidence together with DFT
calculations of IR spectra of possible products were used for peak assignments. Catalyst
deactivation pathways are suggested based on the structures of the adsorbates.

Finally, Chapter 6 summarizes the outcomes of the work and gives
recommendations for future scientific investigations using the developed ATR-IR cell.

11
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Chapter

ATR-IR spectroscopic cell for in situ studies
at solid-liquid interface at elevated
temperatures and pressures

The design and operation of an in situ ATR-IR cell applicable in aqueous conditions
at elevated temperatures and pressures is described. Important aspects of the cell
geometry and the sample immobilization method are discussed. The fluid flow pattern
in the cell was simulated based on the incompressible Navier-Stokes equation.
Concentration profiles were assessed using convection-diffusion model showing
significant deviation from ideal plug flow. Experimental residence times of glycerol at
different flow rates and temperatures agree well with simulations, demonstrating that
the hydrodynamics of the reactor is accurately described despite the deviation from plug
flow. Aqueous phase reforming of hydroxyacetone was used to validate the applicability
of the cell at 230 °C, 30 bar for in situ catalytic studies in the presence of a Pt/ZrO:
catalyst layer.
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1. Introduction
1.1 Insitu studies of chemical reactions

Investigations of chemical reactions and catalysts under the actual reaction
conditions, i.e. in situ or operando, contribute largely to the understanding of the state of
the catalyst and reaction pathways and help in the design of efficient catalysts [1-3].
Consequently, a growing number of publications are seen on fundamental studies of
different chemical processes of commercial relevance. In this context, reactions in liquid
phase utilizing homogenous or heterogeneous catalysts are important in various fields
such as fine chemicals, pharmaceuticals, production of organic chemicals and biomass
processing. The majority of such reactions use water as the reaction medium. Aqueous
Phase Reforming (APR) is one such example, producing hydrogen and alkanes from
waste biomass aqueous streams using noble metal catalysts supported on different
metal oxides [4-6]. Typical conditions for APR include temperatures between 150 and
350°Cand pressures between 20 and 250bar. Development of an analytical/
spectroscopic tool that can be operated under such conditions would be extremely
beneficial for catalyst development.

A number of analytical tools are available and can be used for insitu catalyst
studies. However, the choice depends on (i) the type of information that is needed and
(ii) applicability/limitations of the technique at the reaction conditions of interest, eg.,
need for high vacuum, reaction medium, i.e,, presence/absence of solvents, temperature
and pressure. A number of techniques have been developed to be used in situ, for
example, X-Ray Photoelectron Spectroscopy (XPS, Auger) [7-9], X-Ray Absorption
Spectroscopy (XAS) [2, 10, 11], X-Ray Diffraction (XRD) [12, 13], Transmission/Scanning
Electron Microscopy (TEM/SEM) [14], NMR [15,16], Raman [11,17] and Infrared
Spectroscopy (IR) [3, 10, 18, 19]. Excellent reviews cited, discuss details of possibilities/
limitations of these techniques.

IR spectroscopy is one of the most frequently used techniques for in situ
investigations of heterogeneously catalyzed reactions. This is due to its broad
applicability for studying sorption, surface intermediates, reaction sequences as well as
surface characterization, e.g. acidity/basicity, bulk properties of catalysts. Many studies
have used IR spectroscopy at the gas/solid interface, using transmission IR
Spectroscopy or Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
[20]. However, liquid/solid interface, especially aqueous phase/solid interface, requires
a modified approach in IR spectroscopy in order to minimize absorption interference of
IR light with water. Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) allows
to overcome this and is an ideal tool to study reactions in aqueous phase, e.g. APR, over
solid catalysts, in situ, and provide better understanding of the catalyst development.
Details of ATR-IR spectroscopy are discussed next.
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1.2 Total Internal Reflection

Total internal reflection (Figure 1) occurs when light, e.g., IR, approaches the
boundary between two media of differing refractive indices, n1 > nz, from the side of the
higher refractive index medium n: at an angle greater than the critical angle (6). Then,
light does not cross the boundary, but is reflected back and thus is kept within the
original medium (n1).

Air 10,=06, 0,0,
Criticaléangle :
1 ‘Total internal
: e : reflection
n L V2 z
2 :\
n,
Water

Figure 1. Different pathways of light at various incident angles for n1 > nz.

The relationship between the angles of incidence (01) and refraction (02) is
described according to Snell’s law (Equation 1):
ni sin 61 = nz sin B2 (Eq. 1)
Thus, the critical angle can be calculated according to (Equation 2) when 62 =90°:
0. =61 = arc sin (n2/n1) (Eq. 2)
However, even when the light is totally reflected back, an electromagnetic wave
called “evanescent wave” penetrates beyond the boundary surface [21, 22]. This wave
propagates in the direction parallel to the boundary and decays (attenuates, hence the
name ATR) exponentially in the perpendicular direction. In the case of an in situ ATR-IR
experiment where a layer of heterogeneous catalyst is coated on an Internal Reflection
Element (IRE), the boundary is between these two solids. In this case the evanescent
wave can only exist when refractive index of the IRE is higher than that of the catalyst
sample being studied; otherwise, the light is completely absorbed by the sample. Depth
of penetration of the evanescent wave is given by Equation 3, below

A

dy=——2 (Eq. 3)
P 2mn,_|(sin? 6—(%)2

where n - refractive index of IRE, n, is calculated based on Equation 4, below

Nepr = ’(1 —@)nf + on? (Eq. 4)

where n; - refractive index of solid (dense solid catalyst), n; - refractive index of medium
filling the pores, e.g. air or water, 6 - angle of incidence, ¢ - porosity of the catalyst layer.
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The total reflection spectroscopy was developed in 1967 by Harrick [22] and
Fahrenfort [23]. Various studies have been reported over the years using ZnSe, Ge,
Silicon, or Diamond as IRE for ATR-IR spectroscopy.

1.3 ATR-IR Cells

A number of ATR-IR cell designs are available and include both commercial and
home-built designs (Figure 2). Typically, cell geometry has to be selected based on the
type of investigation that it is made for, for instance adsorption/desorption phenomena
on thin films or porous layers can be studied in a horizontal cell with or without flow of
reactants (Figure 2a) [19, 21, 24-28]. In this design the catalyst is deposited on top of
the IRE. Information is collected from the catalyst/IRE interface, thus allowing to record
spectra of adsorbates. Such cell geometry also allows to study when reactants flow
above the catalyst layer. Cell designs with cylindrical IRE are available and can also be
used (Figure 2b). In this case complete surface of the IRE is utilized whereas in the flat
cell geometry only the top part of the IRE is used [5, 29-31]. Immersion probe ATR
designs have also been developed [18] to monitor dissolved concentration in the liquid
phase in a batch type reactor. In this design, the IR light is tunneled in an immersion
tube and the total reflection phenomenon takes place at the tip of the probe (Figure 2c).
Another design for a batch reactor includes the ATR-IR crystal mounted in the bottom of
the reactor/autoclave (Figure 2d), and therefore composition of the liquid phase can be
probed together with, in some cases, spectra of the suspended catalyst particles [32-34].

a flow in f|OW’ out b e
i IR out IR in *
flow in
C IR infout IR infout d

E H

”M—'
IR in IR out
Figure 2. Schematic designs of various ATR-IR cells (a) flow cell with flat IRE, (b) circular flow cell with cylindrical
IRE, (c) stirred batch reactors with IR fiber optics or immerse probes cylindrical or flat, and (d) stirred batch reactor
with bottom mounted flat IRE.
As seen from the different cell designs, not only the shape of the IRE varies, but
also how the IR beam is directed to the IRE and how the contact between IRE and

solid/liquid interface is arranged. The flat or cylindrical cells require immobilization of

20



ATR-IR spectroscopic cell for in situ studies at solid-liquid interface at elevated T and P

the catalyst layer on IRE. Thus, a sample coating method, resulting in a mechanically
stable layer, that provides good contact with the surface of the IRE, is essential. In the
case of batch cells (Figure 2c, d), the contact between catalyst and IRE is significantly
poor compared to flat or circular flow cells because the catalyst is suspended. When the
cells are used in flow mode, hydrodynamics of flow and concentration gradients have to
be considered. Further, when the cell is installed in the sample chamber of IR
spectrometer, mirror setting within the chamber needs optimization to allow focusing of
the light on the edge of the IRE. This is less complicated when using fiber optics or
immersion probes, since the cell can be located outside of the IR chamber.

Both flat and circular cells can be used at higher pressures and temperatures,
however, use of flat cells limit the pressures that can be applied. This is due to the
spacers used for sealing as well as the susceptibility of the flat IRE crystal to cracking.
Thermal stability of the sealing materials is also a limiting factor. The circular cell with
the cylindrical IRE (Figure 2b) has the advantage that the pressure is evenly distributed
on all sides of IRE and hence higher operating pressures are possible.

Goals of this study are (i) description of the aspects that are critical while
designing an in situ ATR-IR cell with cylindrical IRE for high temperature, high pressure
applications, (ii) incorporation of a catalytic layer on the IRE thus making the cell
suitable for in situ catalytic studies, (iii) determine the hydrodynamics of the flow and
mass transfer and (iv) description of a working cell and demonstration using APR of a
model oxygenate (hydroxyacetone) as a case study.

2. Design of the ATR-IR cell with a cylindrical IRE for high
temperature/pressure applications

The following aspects have been taken into account in the design of the ATR IR cell
keeping in mind that it would be applied mainly for in situ catalytic studies under APR
conditions. It should, therefore, incorporate a flow system for continuous reaction study
and be applicable at higher temperatures (up to 300 °C) and pressures (up to 100 bar).
Minimal dead volume, reasonably short switching times between reactants/solvents and
reasonably fast heating rates were additional requirements. Mechanical stability of the
catalyst layer against washout was another design consideration. Figure 3 shows a
photo and the details of a standard commercial ATR-Tunnel cell (Axiom, USA) which was
further modified in cooperation with Axiom (adjustments in O-rings and heating
cartridge) for high temperature/pressure conditions.

The cell consists of the stainless steel block with a cylindrical channel (Figure 3c,
7), inlet (8) and outlet (10) perpendicular to the main channel and a thermocouple (9)
installed in a pocket hole at the middle point of the reactor. The Internal reflection
element (rod, length 3.25 inch, diameter 0.25 inch) coated with a sample (6) was placed
coaxially inside the channel and held in the proper place using Kalrez O-rings (5). Kalrez
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Spectrum (7075, Du Pont) O-rings made of carbon-filled elastomers were used due to
their thermal stability (up to 327 °C) as well as their chemical resistance to hot water,
steam, various organic media, especially acidic solutions. Finally, two metal bushings
with threading were screwed inside the metal body from both ends to pressurize the O-
rings. The two metal O-rings (4) were used to regulate the extent of deformation of the
elastomer O-rings. The two conical mirrors (3) were placed inside the metal bushings in
such way that the IR beam is focused on the tip of the IRE. A mask (2) was placed in the
metal bushing blocking the central part of the beam. The inlet and outlet of the reactor
have Swagelok fittings which allow connection with 1/16 inch SS tubing.

Thermocoupls

A . B

Y T
O T

Haater Elament
ZnSe ATR rod

1
Figure 3. (a) Schematic drawing of the ATR-IR Tunnel cell, (b) photo of the Tunnel cell (top view), (c) 3D drawing of
the ATR-IR cell with major components: 1 - metal bushing with threading, 2 - mask, 3 - conical mirror, 4 - metal O-

——
00
'Q“’\\ 6 739
\\345

ring (2 pieces), 5 - Kalrez O-ring, 6 - ZnSe internal reflection element, 7 - metal body of the cell, 8 - inlet, 9 -
thermocouple connection, 10 - outlet.

[t is important to note that a mechanical damage of the O-rings was observed after
few consecutive experiments, due to local overheating, resulting in a leakage of moisture
inside the IR chamber. The shape of the O-ring has to be inspected frequently with
timely replacement. Temperature measured at both ends of the cell showed the
existence of the gradient of typically around + 30 °C at the set point of 230 °C. This is a
limitation of the current cell and due to the fact that the tips of the IRE are exposed to
ambient surroundings.

2.1 Peripheral (reactor) setup

The scheme of the reactor setup is given in a Figure 4. ATR-IR cell was installed in
the chamber of an FTIR spectrometer (Bruker, Tensor 27) with an mercury-cadmium-
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telluride detector (MCT D316/6-L). Liquid reactants (oxygenate solution, hydrogen-,
oxygen-, or carbon monoxide-saturated water) were fed from stirred glass bubble tanks
using an HPLC pump (Dionex P680). Pressure in the system was kept at the required
level by a back-pressure regulator. The cell was heated to the desired reaction
temperature by a rod-shaped heating cartridge (diameter 5 mm, length 6 cm) inserted
into the body of the cell and the resulting temperature was measured at the outer wall of
the reaction zone (Figure 3). For a better heating efficiency, liquid flow was preheated
in a coil-shaped preheater (1/16 inch tubing wrapped around an aluminium cylinder
with a heating cartridge). The temperature of the pre-heater was set to the same
temperature as in the reaction zone. The flow leaving the cell was cooled in a counter-
flow heat exchanger with water as a cooling agent.

FTIR spectrometer

Tunnel cell

Liquid
collector

Back pressure
regulator

Figure 4. Scheme of the setup with ATR-IR cell installed in the measuring chamber of FTIR spectrometer.
2.2 Optical settings

Position of the IRE/tunnel cell in the Bruker spectrometer is shown in Figure 5. A
ZnSe rod was used as the IRE in the current study (details in the next section). The path
of the IR beam is also shown in the figure. Light beam from the IR source passes through
an aperture wheel and is reflected by a series of flat/parabolic mirrors to focus the beam
at the center of the sample compartment. The cell is mounted on a quick-lock baseplate
(Bruker) and is adjustable in height and angle, so that the cross section of the beam
matches the diameter of the IRE around the axial middle point of the ZnSe rod.
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Conlrol Electronics

Power supply

Figure 5. Schematic drawing of the optical alignment of the cell in the IR chamber. A - IR source, B - aperture wheel, C
- Filter wheel, D - IR light outlet port, E - beam splitter, F - switch mirror, G, G’ - sample compartment window, H -
IRE with catalyst layer (cell not shown), I -detector.

The ATR-IR cell used by us is equipped with conical mirrors having thin gold
coating (inner diameter 6 mm, outer diameter 15 mm, length 10 mm, Figure 6), located
at both the conical ends of the IRE [35]. The mirrors are kept at an angle of 22.5° to the
central axis (axial direction) allowing reflection of the incoming beam to hit the tip of the
rod at almost perpendicular angle (see Figure 6a). The central part of the IR beam is
blocked by a mask (Figure 6b), preventing the light going through the rod without being
bent. The pathways of the innermost and the outermost ray in the IR beam that are not
blocked by the mask are shown in Figures 6b and c, respectively. The small difference
in the incident angles of the two rays (21.2° and 17°) leads only to a small variation in
the incident angle at the ZnSe/sample contact point (45.5° till 47.3°). This is important
since the angle of incidence determines the penetration depth (Equation 3) and thus
should be kept constant for the whole IR beam to allow uniform sampling depth.

The IR beam undergoes multiple bounces through the length of the rod, before
exiting, in a pathway that can be described by a circular movement with a forward
displacement (screw type movement) according to Harrick [22]. In order to visualize
this, Figure 7 below, accordingly, shows a photo indicating the pathway of a green laser
beam incident on the conical tip of the ZnSe IRE. However, if this screw type pathway
has an influence on the incident angle and subsequent penetration depth has not been
described clearly yet.
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A

Figure 6. Optical paths of two limiting rays (purple and green). (a) Both rays at the inlet and outlet conical mirrors,
(b) reflection of the most parallel ray at the inlet conical mirror, (c) reflection of the most tilted ray at the inlet conical
mirror.

Figure 7. The pathway of a green laser beam incident on the conical tip of the cylindrical ZnSe IRE.

2.3 IRE materials

Internal reflection element in the Tunnel cell has the shape of a rod with conical
ends of 45°. Normally, the material for the IRE has to be selected according to the
application desired, based on optical, chemical and thermal properties. In our study the
IRE should be transparent for radiation in the mid-IR region (2 - 20 pm or 4000 -
500 cm1), be chemically resistant to aqueous medium containing dissolved acids,
aldehydes or alcohols and have relatively high refractive indices (approximately >2.1,
since most of metal oxides, used as catalyst supports have refractive index around 1.4-
2.0). Thermal resistance is also a key parameter, since the studied reaction (APR)
requires temperatures up to 250 °C. Optical and chemical properties of common IRE
materials are summarized in Table 1.

[t can be seen that diamond would be an ideal choice; however, the size and shape
of the IRE would make it economically not viable. Germanium has the highest refractive
index which is beneficial for the analysis of high absorbing materials, such as carbon,
however it loses its optical properties above 125 °C. Silicon also has high refractive
index and good chemical resistance, but has a high cut-off edge (1500 cm), thus it is not
suitable for studies in the fingerprint region for most of the organic molecules (1500 -
500 cm™1). Zinc sulfide has optimal, chemical and thermal stability, as does zinc selenide,
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however, ZnSe has a higher refractive index and wider spectral range. Therefore, ZnSe
was selected as IRE material in the current study.

Table 1. Optical and chemical properties of IRE materials [36]. (+) and (-) represent advantages and drawbacks in
using the material in water or diluted organic solutions at 230 °C/30bar.

Spectral ) Maximum
orkin Refractive orkin
wi worki
Material J index [37] at 8 Chemical properties
range, temperature, °
2000 cm1?
cm-! C
(+) insoluble in water and organic
Zinc selenide 20000 - 700 243 300 solvents; (-).incompatible Wit}.l acids and
(ZnSe) strong alkalis; non-hygroscopic, (+) hard,
(-) brittle
(+) Insoluble in water; (-) soluble in hot
. H2S04, nitric acid and molten alkalis;
Germanium 125 (becomes . K
5000 -900 4.02 resists hot conc. HCl and HF acids, and
(Ge) opaque)

hot conc. NaOH solution; (-) slow
oxidation in air; (+) hard and (-) brittle

(+) insoluble in water, (+) insoluble in
Silicon (Si) 9400 - 1500 343 300 most acids and bases; insoluble in HF; (-)
soluble in HF and HNO3 mixture; (+) hard.

(+) Insoluble in water and normal bases;
(-) soluble in some acids; (-) reacts to
Zinc sulphide 14200-1000 | 2.25 300 st-ro‘ng 0-)(idizing ager?ts; s-lightly s?luble in
(ZnS) nitric acid and sulfuric acid; (+) slightly
harder and more chemically resistant
than ZnSe, (-) brittle

(+) Hard scratch resistant, (+) insoluble
Diamond 45000 - 10 2.40 in acids and bases, stable in strong
oxidizing agents.

2.4 Catalystimmobilization method

Normally, the shape of the internal reflection element (flat plate or cylindrical rod)
determines the catalyst immobilization method. Eventually, the resulting sample layer
has to meet the same requirements independent of the method used, which are: (i)
homogeneous distribution (at almost 100% coverage) of the sample (catalyst) on the
surface of the IRE preventing exposure of bare ZnSe, (ii) constant layer thickness, (iii)
thickness of the layer must be between 1 um (greater than the depth of penetration) and
tens of microns (to minimize diffusion limitations), and (iv) the layer should be
mechanically stable against shear forces caused by liquid flow.

Methods used for coating of an IRE with solid materials include (i) deposition of a
solid (catalyst) slurry with subsequent drying, (ii) dip coating, and (iii) vapor phase
deposition, and are described well in literature [10, 24, 26, 38-43]. Table 2 summarizes
the advantages and drawbacks of different immobilization methods.

Slurry deposition method is typically used for flat trapezoidal plate IREs [24, 26,
38, 39, 41]. In this method catalyst particles are suspended in an aqueous slurry, and the
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slurry is then wet coated on the surface of the crystal and dried (these steps carried out
repeatedly to achieve required thickness) at room temperature for 24 h. Additional
thermal treatment can be done in order to densify the layer and remove excess water
from the pores. Layer thicknesses of 3.5 pm for Pt/Al;03 [38] and 5 um for Pd/Al203 [39]
have been reported earlier by us.

In contrast to slurry deposition method, dip coating method is generally used for
immobilizing the sample on a cylindrical IRE [29, 43]. According to this method, the
cylindrical rod is dipped vertically into the slurry of the sample, withdrawn slowly
(1 cm/min) and left for drying. It is to be noted that the conical ends of the rod have to
be protected during dip coating. A Teflon holder was constructed in order to prevent
coating of the end cones [43].

Table 2. Comparison of different sample immobilization methods. (+) and (-) represent advantages and drawbacks

Parameter/ Slurry depOSItIOIT by Vapor deposition Dip coating Spray coating
Method solvent evaporation
(+) applicable for
Shape of the (-) Applicable only for | (-) Applicable only (+) applicable for | poih flat and
IRE flat IRE for flat IRE cylindrical IRE cylindrical IRE
(-) Solvent with
(+) Water can be used (+) No solvent viscosity higher () Solvent with
Solvent as a solvent than water is low boiling point
needed
Total
deposition time () 24h ; (-)24h (*)1h
including
drying time
(+) Homogeneous (-) Low control
Resulting layer (+) Horrllogeneous layer thickness on (+) Homogeneous over layer
homogeneity layer thickness flat IRE layer thickness homogeneity
Layer (+) Suscepti
ptible to
mechanical (+) Stable peel off (+) Stable (+) Stable
stability

Poston et al. [29] deposited a thin silica layer by withdrawing a cylindrical ZnSe
rod from a suspension of a silica sol followed by gelling. Isopropanol was used as the
solvent and total of 15 dips were performed to achieve a thickness of 700 nm. Bremer et
al. [43] reported dip coating of ZnSe IREs with poly-amideimide polymer with
subsequent thermal curing at 250 °C. Thickness of the layer reported was between 99 -
254 pm. In general, the important parameters controlling the layer thickness in dip
coating are viscosity of the solvent used and withdrawal speed [44].

Vapor deposition method is mainly used for coating flat IREs with thin metal
layers, e.g. Pt or Pd [21, 28]. Aguirre et al. [28] reported formation 20 nm layer of Pt by
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this method. However, Ferri etal [42] showed possibility to create Pt layers with
thicknesses of a few nm by varying experimental parameters. Physical vapor deposition
has also been used for coating Al203 on IRE [42], resulting in a layer of amorphous
alumina of about 100 nm thick. It is important to note, that metal layers can peel-off
when contacted with water. If the substrate is a flat plate, even distribution of sample
over the entire IRE can be achieved using vapor deposition method, since the deposition
is preferred in a specific direction. In case of a cylindrical IRE the resulting layer may be
uneven, thus an alternative method has to be developed.

A spray coating method has been successfully developed in our group and
reported earlier [5]. In this method sample particles (ultra-sonicated or ball-milled to
breakdown particles) were suspended in isopropanol (150 mg of sample in 20 mL
isopropanol), and sprayed on a heated substrate (40 °C) using commercially available
single-action air-brush (Badger model 200, nozzle diameter 0,7 mm, Badger Air-Brush
Co.) with 1,5 bar N pressure. The spraying was then repeated with intermediate drying
until the desired amount of sample was deposited. As in dip coating method, the choice
of solvent is important, especially because the boiling point of a solvent is critical
(isopropanol b.p. is 82.6 °C) for easier evaporation. While the slurry deposition and
vapor deposition methods cannot be used for coating of non-flat, i.e. cylindrical surfaces,
dip coating and spray coating are both suitable. In dip coating, multiple dipping steps
with drying in between each dipping (up to 24 h) are required, which is time-consuming.
In spray coating, however, solvent evaporates simultaneously with particles deposition,
shortening total deposition time down to 1 h. Therefore, spray coating was used in the
current study and results are discussed in the next section.

2.5 Results of spray coating of catalysts on ZnSe IRE

In Figure 8 typical SEM images of Pt/ZrO: (a and c) and AIO(OH) (b and d) catalyst
layers spray-coated on a ZnSe rod are presented. The loading of the catalysts was kept
similar (~ 10 mg). The images at low magnification (Figure 8a, b, scale bar 100 um)
show uniform distribution of the catalyst on the ZnSe substrate. Bare ZnSe crystal
surface can be seen in Figure 8a after part of the catalyst layer was scratched off. The
images at higher magnification (Figure 8c, d, scale bar 10 pm) show that the two
materials have different morphology and layer porosity. Pt/ZrO2 has smaller grain size
with voids at the sample-crystal interface, whereas the AlO(OH) layer seems better
attached to the crystal, creating less porosity. In both cases variations in layer thickness
caused by inhomogeneity of spraying was observed. The averaged thickness of the layer
was estimated from multiple SEM images; Pt/ZrO; layer has an average thickness of
27417 pm, whereas AIO(OH) has an average thickness of 8+6 um. In both cases the
thickness of the layer is much greater than penetration depth (< 1um, see Table 3)
calculated according to Equation 3, but at the same time small enough to minimize
diffusion limitations. The void fraction of the layer was estimated based on amount of
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the catalyst, thickness of the layer and surface area of the crystal, resulting in 0.95 and
0.66 for Pt/ZrO; and Pt/AlO(OH), respectively. This void fraction of the layer is
significantly higher than the porosity of the original catalyst (0.62 for Pt/ZrO; and 0.48
for Pt/AIO(OH)) and especially the zirconia layer contains a large volume fraction of
inter-particle space. Visual image of the rod after coating can also be seen in Figure 8e.

Figure 8. SEM image of Pt/ZrO: (a and c) and AIO(OH) (b and d) layers spray-coated on ZnSe rod, (e) typical photo of
a coated rod.

Catalyst layers were also tested for mechanical stability in water flow (2 mL/min) at
25 °C and at 230 °C/30 bar for 12 h, showing only around 10 % of the weight loss based
on the difference in catalyst loading before and after the exposure to water.

As was mentioned in the introduction section, the depth of penetration of IR light
defines the probed thickness of the layer. For materials with different refractive indices
depth of penetration will be different as well. This has to be taken into account when
comparing the peak intensities in IR spectra for different samples. Table 3 shows
calculated depths of penetration for typical catalysts (Pt/ZrO2, Pt/AlO(OH)) and
respective supports used in APR studies based Equations 3 and 4. The penetration
depth was also calculated for cases when no catalyst was present and ZnSe in contact
with air or water. Optical constants for materials used were taken from literature [37,
45-49]. Effective refractive index of Pt/ZrO; was calculated using Equation 4 to account
for the effect of Pt, assuming a mixture of 99.7 vol. % ZrOz and 0.33 vol.% Pt (calculated
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from 1.2 wt% Pt/ZrO> and the densities of ZrO, and Pt). Similarly, in case of
Pt/AlO(OH), a mixture of 99.8 vol.% AIO(OH) and 0.17 vol.% Pt was assumed based on
calculation of 1.2 wt.%Pt/AlO(OH) and densities of AIO(OH) and Pt. The results showed
that the effect of Pt on depth of penetration for porous catalyst layer is minimal due to
low Pt content.

Table 3. Calculated depth of penetration for different catalysts and supports in water and air. Porosity of the layer
consisted of porosity of the material and porosity due to coating.

Sample Depth of penetration, pm
4000 cm™ 2000 cm'! 650 cm!

ZnSe/air 0.28 0.57 1.83
ZnSe/H,0 0.34 0.73 2.31
AlO(OH)/air - 0.75 -
AlO(OH)/H:20 - 0.89£0.07 -
Zr0z/H,0 - 0.76£0.05 -

1.5 wt. % Pt/AlO(OH)/H.0 - 0.89+0.07 -

1.5 wt. % Pt/Zr02/H,0 - 0.77+0.05 -

In general, the depth of penetration is greater in water than in air for both in
absence and presence of a catalyst layer. Depth of penetration is higher when the
catalyst/support is present on ZnSe (ZnSe/H20 and AlO(OH)/H:0). The penetration
depth also varies with the wavelength as seen from the results of ZnSe/air and
ZnSe/H:20. At lower wavenumbers it is almost three times higher than in the fingerprint
region, causing higher IR intensities.

3. Hydrodynamics of the flow in the Tunnel cell

Aim of the in situ experiments in the ATR-IR cell is to mimic the processes that
occur on the surface of the catalyst and together with kinetic experiments, come to a
description of the reaction pathways, intermediates (active vs. spectator) and chemistry
at the catalyst surface.

In order to do this, a clear understanding of transport phenomena in the ATR-IR
cell, which functions as a catalytic reactor, is necessary. Experiments with ATR-IR in this
study are carried out using step changes in the concentration of the reactant. In addition,
it is important to keep in mind that the experimental IR spectra as presented are an
average 139 single spectra collected during 1 min. Each spectrum is an average over all
points of total reflection along the length of the IRE. Due to the high length/diameter
ratio of the Tunnel cell, concentration gradients along the length in the longitudinal
direction may exist giving rise to non-uniform reaction rates in the axial direction. Thus,
a clear description of the liquid flow pattern through the cell (plug flow vs mixed),

30



ATR-IR spectroscopic cell for in situ studies at solid-liquid interface at elevated T and P

including residence time distributions, and concentration gradients is essential for
judging transient ATR-IR data. The following sections describe the results of simulations
of the transport phenomena in the bare ATR-IR cell used. Additionally, internal diffusion
issues in the catalyst layer should also be evaluated, however this is beyond the scope of
the current simulations.

3.1 Modelling and simulation of the fluid dynamics in the ATR-IR cell

The velocity field, u and pressure, p are governed by the Navier-Stokes equations

which describe conservation of mass and momentum.
Vu=0 (Eq.5)
u~Vu:—in+,uV2u (Eq. 6)
)

where p is density and 4 is the dynamic viscosity of fluid, water in the case of aqueous

media, at the corresponding temperature and pressure.

The following conditions have been applied for the steady state flow simulations:
(i) “no slip” boundary conditions at the walls (i.e,, outermost layer/molecules of fluid are
considered as stuck to the surfaces past which it flows), (ii) the superficial velocity
corresponds to the flow flowrate at the inlet of the cell, (iii) open boundary condition at
the outlet. Mass transfer is governed by diffusion and convection:

@+U-VC=V~DVC
ot

(Eq.7)
where c is the molar concentration, Dis the solute aqueous diffusion coefficient at the
corresponding temperature T and pressure computed using Stokes-Einstein equation:

By T,
D, T,

2

P (Eq.8)

Further, for the simulation of mass transfer in the cell, the following was
applicable, (i) No flux boundary conditions were set for the walls, (ii) the velocity field
obtained from the steady state flow simulation was used to simulate the transient solute
transport, (iii) a step residence time distribution was obtained by setting the initial
concentration at zero and the inlet at a constant concentrationg,.

The equations were solved numerically using Finite Element Analysis in Comsol
Multiphysics software, version 4.3. The simulations were performed for (i) acetone
solution at three different temperatures and autogenic pressures and (ii) for glycerol
solution at room temperature and atmospheric pressure (Table 4).
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Table 4. Physical properties of acetone and glycerol solutions used in the simulations.

Dynamic . .
. . . Diffusion
. Temperature Pressure Density of viscosity of coefficient
Solution (°C) (bar) water (kg/m3) water
(m?/s)
(Pa*s)
2.5 wt. % 25 1 997 891E-4 1.28 E-9
acetone / 100 20 959 2.83E-4 5.04 E-8
water 230 30 827 1.23 E-4 1.56 E-8
9.2wt. %
glycerol / 25 1 997 891E-4 1.06 E-9
water

The cell geometry in Figure 3a was reproduced for simulations. The length of the
outlet tube was kept small in the simulations to reduce computational time. The
simulations were performed using an unstructured grid with tetrahedral elements as
this allows the best description of a cylindrical rod. The element size was varied
according to the dimension of the channel with smaller elements for the annular reactor
domain than for the inlet and outlet tubes. In the annular region, the maximum element
size was 1.5*10-* m for the radial faces and 2*10-4 m for the axial faces. For the inlet and
outlet tubes, the maximum element size was increased to 4*10#4 m and 5*10%4 m,
respectively. The volume of the tetrahedral elements were set for the entire mesh to a
maximum size of 1.93*103 m. Mesh independency was evaluated based on the
symmetry and smoothness of the parabolic velocity profile. The concentration was
averaged across the whole reactor length within 1 pm from the surface of the ZnSe rod
(further called “mean surface concentration”) for comparison with experimental
spectra. It is important to recall here that the penetration depth of IR light in the ATR-IR
is also around 1 pm. The outlet concentration was calculated using the mixed-cup
average according to Equation 9, where A is the surface area of the IRE:

B j c-u-dA
‘" Juda
u .
(Eq.9)
3.2 Flow simulations

Figure 9a shows a color trace of local velocities for 27 equally distributed cross
section planes along the length of the IRE. Laminar regime was found to be present
everywhere along the length of the IRE, except for two turbulent zones at the inlet and
outlet (Figure9a,b). A parabolic profile for the local velocities was observed
(Figure 9c and d). Velocity was maximum in the middle of the annular ring reaction
zone around ZnSe (Figure 9d) and was 1.6*103 m/s. Local velocity at the inlet and
outlet reached values of 4.85*10-3 m/s which is three times higher than the maximum
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velocity along the length. Local turbulences at inlet and outlet are caused by change in
geometry which narrows the width of the channel.

Vlacity (mis) FE T

x 0
" . =107 m)
w107 o)
60

w10 Valacity imis}
L]
(o4 00016
0 o001
40 00014 d
D00l
30
00012 A
o s
10 0001 |
yimi o g
0.0008 2 0.0008
10 ‘_6'
s
20 0.0006 > 0.0006
-30
00004 0.0004
40
<0 0.0002 oz
0 o
o o 0.0002 0.0004 00006 0.0008 0001 0.0012

0 30 20 0 0 W W W e x {m)
= fm)

Figure 9. (a) 3D color map of the velocity field in flow-through ATR-IR cell filled with water, (b) zoomed in inlet tube
with red arrows representing streamlines; (c) 2D velocity magnitude at the cross section plane located at the half
length of the cell; (d) parabolic profile at half length of the cell.

Importance of the inlet position and shape has been discussed by Aguirre et al.
[28] for a flow-through flat ATR-IR cell. It was concluded that circular-shape
entrance/exit causes significant distortions in the concentration profile at the end points
of the cell. Optimized position and shape of the entrance and exit ports was suggested,
i.e. line-shaped entrance located as close as possible to the ends for flat cells. Urakawa
etal [27] further showed that for experiments with two different feeds separate inlets
help to minimize mixing (avoid interference) in the volume before the IRE.

In our case, the entrance/exit geometries were circular in shape. From Figure 9 b
it can be seen that the flow is distributed uniformly in the annual ring along the axial
direction justifying the choice of the geometry of the inlet and outlet. It was, however,
difficult to have multiple inlets, as suggested by Urakawa etal [27], because our
experiments at the higher temperatures required pre-heating of the feeds. Incorporating
separate preheating zones for different feeds was not possible in the current set up. If
the system will be modified in the future this has to be taken into consideration.
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Residence time distributions for acetone at 25 °C, 1 bar and 230 °C, 30 bar were
simulated. The cell was first filled with water and then the flow was switched to a
solution of 2.5 wt. % acetone in water. For the simulations the injection point was
selected close to inlet orifice of the cell to reduce calculation time, thus any effect of the
pre-heater volume of the experimental set up was neglected.

Figure 10 shows the results of simulation indicating the development of the
concentration profile in time for acetone at 25 °C, 1 bar. The 3D images of the cross
section planes along the IRE are shown in Figure 10 a. Corresponding 2D images of the
cross section plane located at the half length of the cell are shown in Figure 10 b. In
both figures variations in concentrations are marked by changing color traces. From the
figures it is to be noted that there is a delay in the buildup of acetone after the switch has
been made from water to 2.5 wt. % acetone in water. Even after 90 s, the concentration
of acetone has not reached its maximum value even in the zones close to the inlet.
Simulations were also carried out for acetone in water at 100 °C, 20 bar and 230 °C,
30 bar.

In order to compare results of simulations at three temperatures, mean surface
concentrations are plotted against time in Figure 11. There are no differences observed
as can be expected from the relatively minor changes in the dynamic viscosity of water
and diffusion coefficient of acetone (see Table 4). Using the cell volume (1,97 mL) and
flow rate (2 mL/min) time required to fill the cell in a typical ATR-IR experiment was
calculated to be about 59 s. The simulations show that it takes ~200 s to fill the cell with
acetone solution and reach the maximum concentration of 2.5 wt. % acetone. This also
includes the time for filling the additional volume of the inlet tube (~20 s, as can be seen
from the delay time in concentration increase, Figure 11). Thus, the type of flow in the
ATR-IR cell is different from ideal plug-flow. This has to be considered when ATR-IR
experiments are carried out under steady state or transient conditions. ATR-IR
experiments reported were carried out typically for 3600 s from the moment of the
switch from water to reactant feed.
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Figure 10. (A) 3D and (B) 2D color traces of acetone relative concentration at 20, 36, 60, 90, 120 and 180 s after
switching the flow from water to 2.5 % wt. acetone solution at 25 °C/1 bar. 2D images represent the cross section
from the mid-length of the cell. Flow rate of the liquid 2 mL/min. Initial acetone concentration is 25 g/L. Dark blue:
c/co=0,darkred: c/co=1.
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Figure 11. Mean surface concentrations of 2.5 wt. % acetone at 25 °C/1 bar, 100 °C/20 bar and 230 °C/30 bar. Time
zero is defined as the time when the flow was switched from pure water to 2.5 wt. % acetone solution.

Figure 12 shows the changes in mean surface concentration as a function of time
obtained by simulation for two different solutions, viz. 2.5 wt. % acetone or 9.2 wt. %
glycerol solutions in water at 25 °C, 1 bar. Again, the concentration profiles are very
similar which can be expected from the similar diffusion coefficients for glycerol and
acetone (Table 4).
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Figure 12. Mean surface concentrations of 2.5 wt. % acetone solution and 9.2 wt. % glycerol solution at 25 °C after the
switch from water.

Further, simulations were also carried out to compare mean surface concentration
with “concentrations at the outlet” of the ATR-IR cell. Figure 13 shows that variation of
mean surface concentration and the outlet concentration as a function of time. From the
figure it can be seen that the mean surface concentration is higher than outlet
concentration at initial times and ~200 s are required to get similar values. ATR-IR
experiments reported were carried out at much longer time scales, up to 3600 s, i.e. at
steady state conditions according to simulations. Transient experiments can take into
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account the development of concentration with shorter times (e.g., < 100 s) as obtained
from the simulations reported here.
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Figure 13. Mean surface concentration of glycerol against the concentration at the outlet for glycerol at 25 °C, 1 bar.

The transport phenomena in ATR-IR cells have also been reported in literature
using experimental methods. Urakawa et al. [27] used colored and transparent solutions
to correlate concentration changes with time. They found that for a flow-through, flat
cell with a volume of 0.077 mL and the flow rate of 1.9 mL/min, it would take ~3 s to
achieve steady state at 25 °C. They also reported that a compound with higher diffusion
coefficient (acetonitrile) filled the reactor faster compared to a compound with lower
diffusion coefficient (hemoglobin). From this they suggested that a convection-diffusion
model describes this behavior better than a diffusion layer model. To recall, our
simulations are based on a convection-diffusion model.

Aguirre et al. [28] also studied the hydrodynamics in an ATR-IR flow cell with flat
ZnSe crystal using a switch between two immiscible liquids (carbon tetrachloride and
water) and two miscible liquids (triton-X-100 and isopropyl alcohol). They concluded
that the time needed to exchange was faster for miscible solutions. In this study ATR-IR
experiments are carried out using a single liquid phase exclusively.

So far, flow and concentration patterns in the ATR-IR cell without a catalyst have
been discussed. Incorporation of a porous catalyst layer will cause additional effects. For
example, the porous catalyst layer may cause internal diffusion resistances which would
affect concentrations across the catalyst layer in axial direction. In the current study the
catalyst layers used are extremely thin as described before; therefore it is reasonable to
assume that internal diffusion in the catalyst layer is not limiting. Thorough description
of the catalyst layer including porosity, tortuosity etc, are essential to carry out
simulations and this is beyond the scope of the current study.
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3.3 Experimental validation of ATR-IR cell with ZnSe IRE with and without
catalyst layer

Experimental feasibility of the designed in situ ATR-IR cell was tested at 25 °C,
1 bar and at conditions typical for aqueous phase reforming reaction (200 °C, 20bar),
both in the absence and in the presence of the catalyst. In the following section examples
of spectra collected with and without catalyst are reported.

3.3.1 In situ ATR-IR spectra of water at elevated temperatures

Typical ATR-IR spectra recorded at higher temperatures and pressures (up to
225 °C, 40 bar) are shown in Figure 14 a in the presence of water only. The IR light
throughput was 30% when the cell was operated at 225 °C, 40 bar in water flow, which
is similar to the observations in literature [43]. Good quality spectra were obtained.

ATR-IR spectra of water at elevated temperatures and pressures contain not only
peaks of water hydroxyl stretching and deformation vibrations (3200 - 3600 and
1640 cm'!, respectively), but also complex bands between 1250 and 1000 cm! derived
from the IRE (Figure 14 a).
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Figure 14. (a) In situ ATR-IR spectra of H20 on bare ZnSe at 25 °C, 40 bar and at every 25 °C between 150 and 225 °C,
40 bar; (b) In situ ATR-IR spectra of n-dodecane (n-Ci2Hz6) on bare ZnSe at 25 °C, 1 bar and at every 10 °C between
170 and 200 °C, 1 bar.

This complex signal increases with temperature and disappears completely when the
IRE is cooled down to room temperature after the experiment. The appearance of this
signal can be related to the presence of either water, catalyst or the ZnSe crystal. It was
shown in literature that phonon vibrational modes of ZnSe usually appear at frequencies
well below 1000 cm™ [50]. Thus, phonon vibrations cannot be responsible for the
appearance of this complex signal. Moreover, the same phenomenon was observed
when the IRE was heated to similar temperatures in n-dodecane (Figure 14 b). N-
dodecane has a high boiling point (214 °C), thus no pressure is needed to keep it in
liquid state, unlike water. Similarity of the “difference spectra” in Figure 14 a, b allows
to conclude that these complex bands are not related to vibrational bands of the liquid
covering the IRE. We attribute these bands to an effect of temperature on ZnSe, since
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temperature generally affects the refractive index of the optical material [51], which can
cause distortions in total reflection phenomenon. Interestingly, the influence of these
bands on the spectra of adsorbates collected during catalytic experiment can be
minimized by subtracting the spectrum of water collected at the temperature of the
experiment.

3.3.2 Insitu ATR-IR spectra of glycerol solutions at elevated temperatures without
catalyst

Figure 15 shows the experimental spectra of 9.2 wt. % glycerol at 25 °C/1bar and
at 230°C/30 bar in the absence of the catalyst at flow rates of 1.9 mL/min and
2 mL/min, respectively. Spectra have three main regions with peaks assigned to glycerol
(i) C-H stretching (3000 - 2800 cm1), (ii) C-H deformation (1500 - 1150 cm1) and (iii)
C-OH stretching (1150 - 950 cm1). Negative peaks at around 1650 cm! are the residual
peaks after subtraction of spectrum of water and peaks at around 2350 cm! are
assigned to atmospheric carbon dioxide. From the spectra it is clear that intensities of
glycerol peaks increased gradually as the concentration of glycerol in the cell increased.

CoHswecnng B 029

C-0H siretching

C-H stretching

ATR absorbance
o
¥

ATR sbsorbance

Wavenumber (cm') Wavenumber {cm')
Figure 15. Water subtracted in situ ATR-IR spectra of 9.2 wt.% glycerol solution in water over bare IRE at (a)
25°C/1 bar (1.9 mL/min), (b) 230 °C/30bar (2 mL/min). Time difference between each spectrum is 0.5 min.

To compare the transient intensity increase observed in the ATR-IR experiments
with the simulations, the IR intensities between 1150 and 950 cm-! were integrated,
then normalized to the maximum value and plotted against time (Figure 16). At 25 °C
and 230 °C, the IR intensity reached its maximum intensity after 240 s and 480 s,
respectively. The baseline fluctuations at 230 °C cause delays in the stabilization of the
signal compared to 25 °C. Indicated times in the figure exclude initial delays needed to
fill the pre-heater tube volume.

Experimental residence times are in good agreement with simulations. The
concentration stabilized after 180 s and 420 s at 2 mL/min, according to both
simulations and experiments, respectively.
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Figure 16. Comparison between simulated mean surface concentrations for glycerol at 25 °C, 1 bar at 2 mL/min (solid
line) and experimental normalized peak areas (1150 - 950 cm-1) during glycerol introduction into ATR-IR cell filled
with water at 25 °C/1bar (open circles, flow rate 1.9 mL/min) and 230 °C/30bar (black squares, flow rate 2 mL/min).

3.3.3 In situ ATR-IR spectra of hydroxyacetone at RT and at elevated temperatures with
catalyst

Further, experiments were carried out in the ATR-IR cell in the presence of the
catalyst layer. APR of 2.5 wt. % hydroxyacetone solution on Pt/ZrO; catalyst was studied
at 230 °C/ 30bar. In Figure 17 in situ ATR-IR spectra of hydroxyacetone at 25 °C on the
bare ZnSe are compared with those at higher temperature on Pt/ZrO;. Peaks in the
spectrum at 25 °C were assigned to main functional groups of hydroxyacetone (i) C=0
stretching (1718 cm), (ii) CH3 deformations (1419 and 1363 cm), (iii) C-O stretching
(1083 cm™) according to the literature [52]. Spectra at 230 °C also show peaks assigned
to hydroxyacetone, however, additional peaks at 1691, 1544 and 1118 cm'! were
observed when catalyst was present.

These peaks correspond to adsorbed species on the surface of the catalyst. We
have proposed that these adsorbates arise from aldol condensation of hydroxyacetone
that typically happens with aldehydes and ketones, especially in the presence of metal
oxides such as zirconia. More details of the condensation and peak assignments can be
found in Chapter 5.

The results presented above allow us to conclude that ATR-IR spectroscopy can be
used to study adsorbates during the reaction at elevated temperatures and pressures.
Thus, we have validated the performance of the insitu cell for use at higher
temperatures and pressures in aqueous phase catalyzed reactions for e.g., APR.
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Figure 17. ATR-IR spectra of hydroxyacetone at 25 °C, 1 bar on a bare IRE and at 230 °C/30 bar on a Pt/ZrO: catalyst.

4. Conclusions

Design of an insitu ATR-IR Tunnel cell with cylindrical IRE coated with
mechanically stable catalyst layer is suitable for experiments at high temperatures and
pressures. Hydrodynamic flow simulations showed deviation from plug flow behavior in
the cell. This allows to follow concentration with time both in transient and steady state
regimes. Residence time distributions obtained from simulations were compared to the
experimental results obtained with acetone and glycerol solutions, showing good
agreement. Results, obtained during aqueous phase reforming of hydroxyacetone in the
presence of a Pt/Zr0O; catalyst layer, suggested formation of adsorbates on the surface of
the catalyst, which were assigned to aldol condensation products of hydroxyacetone,
demonstrating the ability of the designed cell to perform insitu ATR-IR studies at
temperatures up to 230 °C and pressures up to 30 bar.
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Chapter

Towards stable catalysts for the aqueous
phase conversion of ethylene glycol for
renewable hydrogen

Aqueous phase reforming of ethylene glycol over alumina supported Pt based
catalysts is reported. Performance of the catalysts was investigated using kinetics and
in situ ATR-IR spectroscopy. Pt/y-Al203 is unstable under APR conditions, 270 °C/90 bar,
and undergoes a phase transformation to boehmite (AIO(OH)). This conversion of
alumina was studied in situ with ATR-IR spectroscopy and transition into boehmite even
proceeds at milder conditions (210 °C/40 bar). Pt/y-Al,03 deactivates irreversibly
because the Pt surface area decreases owing to an increasing metal particle size and
coverage with boehmite. However, Pt supported on boehmite itself shows stable activity.
Surprisingly, the rate of formation of hydrogen per Pt surface atom is significantly
higher on boehmite as compared to alumina supported catalyst. This observation seems
correlated to both increased concentration of surface OH groups as well as to enhanced
oxidation of Pt, when comparing Pt/y-Al;03 to Pt/AIO(OH).

This chapter has been published as
K. Koichumanova, A. K. K. Vikla, D. ]. M. de Vlieger, K. Seshan, B. L. Mojet, L. Lefferts

Towards Stable Catalysts for Aqueous Phase Conversion of Ethylene Glycol for Renewable
Hydrogen, ChemSusChem 2013, 6, 1717 - 1723
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Chapter 3

1. Introduction

Environmental concerns and energy shortage have driven modern society to
search for alternative, sustainable energy sources to replace fossil fuels. Waste biomass
streams are renewable feed stocks for the valorization to fuels [1, 2]. In the case of
hydrogen or syngas as the targeted fuel or fuel precursor, respectively, steam reforming
(SR) is the preferred route [1-4]. SR is usually performed at high temperatures (>750 °C)
as the reaction is strongly endothermic and requires activation of water.

Biobased feed stocks consist typically of organic components dissolved in water.
For example, aqueous phase of pyrolysis oil contains up to 20 wt. % of oxygenated
components [2]. The primary difficulty in gasification via steam reforming of such
feedstocks is the energy efficiency of the conversion due to the necessity of vaporizing
high amounts of water. Dumesic and co-workers [1] introduced Aqueous Phase
Reforming (APR) for production of hydrogen rich gas from dilute aqueous oxygenated
feed stocks. In APR water is kept in a liquid state by applying pressure at moderate
temperatures (e.g. T = 225 - 450°C, p = 29 - 250 bar) [1, 5]. Thermodynamics favor
formation of hydrogen under these conditions [6], however formation of alkanes e.g.,
methane, in parallel, lowers hydrogen selectivity. Studies with model oxygenate
components typically found in biomass waste streams [1, 7], show that dehydration of
the oxygenate leads to hydrocarbon formation. Formation of hydrogen requires,
however, break down of the carbon chain to C;, which undergoes oxidation via water to
form COz and hydrogen.

Thus, to achieve a high hydrogen yield, catalysts for APR should be active in C-C
bond scission and in the water gas reaction (WGS) (CO + H20 — COz + Hz). Pt based
catalysts are often used as they are active for the C-C cleavage and at the same time
efficient for SR/WGS reactions [8-11]. In the mechanistic sequence, activation of water is
usually achieved through formation of hydroxyl groups on oxide supports. Hydroxyl
groups then react with the “C” residue on the Pt metal to complete the SR/WGS
reactions [2-4]. Therefore, the catalyst support plays a crucial role and catalysts are thus
bifunctional. This bifunctional mechanism requires active metal sites, such as Pt, to be
situated in close proximity to the OH-groups of the support [3].

Catalyst stability during APR is a challenging issue. Especially in the case of bio-
based feedstocks, coke and char formation causes severe problems for both catalysts
and reactors. Additionally, harsh hydrothermal conditions during APR shorten the
lifetime of the catalyst as result of leaching, sintering of metals and/or the support [5,
12].

In general, development of efficient catalysts requires a thorough understanding of
the reaction sequences that take place on the catalyst surface, this can often be achieved
through insitu studies. FTIR spectroscopy is a tool for such studies, in particular
Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy allows sucg studies to be
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performed in the liquid phase [13, 14]. However, it is challenging to use this technique at
typical reaction conditions for APR [15, 16].

Pt/y-Al;03 has been reported as a promising catalyst for the APR conversion of bio-
wastes to hydrogen [1, 5, 12]. It was shown earlier by ex situ studies [7, 17] that y-Al;03
undergoes phase change to boehmite (aluminium oxi-hydroxide (AlIO(OH)), when
exposed to hot compressed water. Boehmite is the thermodynamically stable form of
alumina in aqueous environment at temperatures higher than 150 °C [18], including
typical APR conditions. This phase transformation results in a decreased surface area [5,
19], and can have detrimental effects on the catalyst performance due to facilitating
growth of metal particles [5] and possible blockage of the metal surface by a newly
formed layer of boehmite [7].

In this study, activity and stability of Pt/y-Al203 catalyst for APR of ethylene glycol
(EG) is investigated. The conversion of y-Al203 to boehmite is studied with in situ ATR-IR
spectroscopy in hot compressed water. This phase transformation is accompanied by
catalyst deactivation. However, using boehmite as catalyst support results in a catalyst
with phase stability and remarkably stable activity with high H» yield. This is probably
due to the high concentration of surface-OH-groups [20], which can be beneficial for
both SR and WGS reactions since OH-groups are essential for water activation.

2. Experimental Section
2.1 Catalyst preparation

Pt/y-Al;03 and Pt/AlO(OH) catalysts were prepared through wet impregnation of
the y-Al203 support (BASF AL-3992) and AIO(OH) supports, respectively. The supports
were crushed and sieved to a particle size of 300 - 600 um. AIO(OH) was prepared by
subjecting y-Al203 to a heat treatment in the presence of water (270 °C, 90 bar, 45 min).
H2PtCls.6H20 (Alfa Aesar) was used as platinum precursor. The alumina support was
added to the solution of the precursor in water (weight ratio H,0/alumina = 1.8) and the
water was removed under vacuum at 100 °C. Catalysts were subjected to a H; treatment
(Hz 100 mL/min, N> 100 mL/min, 5 h, 100 °C) to minimize the amount of chlorine
remaining from the Pt precursor. Finally, the Pt/y-Al;03 catalyst was calcined at 500 °C
and the Pt/AlIO(OH) catalyst was calcined at 350°C for 15 h under air flow
(200 mL/min).

2.2 Catalyst characterization

Platinum loadings on catalysts were measured by means of X-ray fluorescence
(XRF) (Philips, PW 1480). The surface areas of the catalysts were analyzed by applying
the BET-method (Micromeritics, ASAP 2400). TEM imaging (Philips CM300ST-FEG 300
kV microscope equipped with energy-dispersive X-ray spectroscopy) was performed to

49



Chapter 3

obtain information about the Pt particle size on the supports by calculating the weighted
average of about 100 particles. The Pt dispersion for the fresh Pt/y-Al203 was also
measured by using CO pulse chemisorption (Micromeritics Chemisorb 2750). Before CO
chemisorption the catalyst was reduced in Hz at 200 °C for 1 h. XRD patterns were
collected for the boehmite support as well as for the fresh and spent catalysts to
determine the phase of the support between 26=10-70° by using a Bruker 2D Powder
diffractometer equipped with a Cu Ka1 radiation source.

2.3 Kinetic experiments

APR experiments where performed in a continuous flow fixed bed reactor using 5
wt. % EG (Sigma-Aldrich) in water as a feed. The scheme of the setup was presented
elsewhere [5]. Typical reaction conditions were 270 °C, 90 bar and a catalyst loading of
1 g. The liquid feed (2 mL/min) was pumped through a preheater to the stainless steel
reactor by using HPLC pump. Gases and liquids were separated and the composition of
the gas products was analyzed with micro-gas-chromatography (GC, Varian CP4900)
equipped with a MS5 and PPQ columns. The carbon content in the liquid feed was
analyzed by using a total-organic-carbon analyzer (TOC-VCSH Analyser), and the
composition of the liquid products was analyzed by performing HPLC (RID-10A
detector, Aminex HPX-87H column, 300x7.8 mm) in 0.005M H;SO4 effluent, (flow of
0.6 mL/min). The H; selectivity was calculated based on the amount of converted EG to
carboncontaining compound in the gaseous product stream, defining 100% selectivity
as complete conversion of EG to exclusively COz and H: (Equation 1). The selectivity to
carbon containing gaseous products was calculated accoring to Equation 2, where a
maximal reforming ratio (RR) [1, 7] for EG into H2/COz is 5/2. The calculation of the
carbon to gas conversion was achieved by using Equation 3.

_Ha moles produced | 1 44, (Eq.1)

C atoms in gas phase RR

C atoms in species i L1 100 (quz)

C atoms in gas phase RR
in which species i = C0O,C0,,CH,, C,.,

C atoms in gas phase
total C atoms in feedstock

%H, selectivity =

% Selectivity of i =

%Carbon to gas conversion = * 100 (Eq.3)

The hydrogen formation rate was calculated based on the initial H2 production
rates (mol/s) per Pt surface atom. The number of Pt surface atoms was calculated from
TEM images, assuming hemispherical particles.

2.4 ATR-IR experiments

ATR-IR spectra were collected by using FTIR spectrometer (Bruker, Tensor 27)
equipped with liquid nitrogen cooled mercury-cadmium-telluride detector and an ATR-
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IR Tunnel cell (Axiom) mounted in a sample chamber. Every spectrum was recorded
with a 4 cm-! resolution averaging 256 scans for a background spectra and 128 scans for
liquid and gas phase spectra.

An internal reflection element (ZnSe rod, diameter 6.4 mm, length 70 mm) was
spray-coated with catalyst and carefully placed inside the tunnel cell using O-rings
(Kalrez 7075). The cell was connected to the inlet of the gas or liquid. Pretreatment of
the catalyst layer was performed in He (20 mL/min) at 150 °C to remove any solvent
traces used during catalyst immobilization. The sample was oxidized in a 40 vol. %
02/He mixture (50 mL/min) at the same temperature and cooled down to room
temperature in a 50 vol. % Hz/He flow (50 mL/min). CO gas phase adsorption was
performed at room temperature during 1 h in a 20 vol. % CO/He mixture (25 mL/min).

For liquid phase experiments, degassed water was pumped (1 mL/min) into the
system by HPLC pump (Dionex P680) until 40 bar was reached and heated to APR
temperatures (150-210 °C). The catalyst was first heated to 150 °C, followed by further
stepwise heating at 10 °C steps, keeping the sample for 30 min at each step. Spectra
were recorded at the end of each step.

3. Results and Discussion

Pt/y-Al203 and Pt/AIO(OH) were prepared for the APR of EG by using the wet
impregnation method. Figure 1 shows typical TEM micrographs of the two catalysts as
typical examples of the particle size distribution. The Pt particle size was estimated from
a weighted average based on approximately 100 particles.

Figure 1. TEM images of used Pt/y-Al203 (a) and fresh Pt/AlO(OH) (b).

Table 1 shows the characteristics of the catalysts. Fresh Pt/y-Al203 has a surface area of
182 m?/g and contains about 1.7 wt. % Pt with an average particle size 2.4 nm and a
standard deviation of 1.3. The Pt particle size of 2.4 nm of this catalyst was confirmed by
performing CO chemisorption experiments. This size corresponds to 43% dispersion.
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Fresh Pt/AlO(OH) has a lower surface area (36 m2/g), and relatively larger Pt particles
5.7 nm.

Table 1. Catalyst characterization results

Catalyst Pt loading, wt. % :?} ;urface area, :i‘::ii} :]t particle
Pt/y-Al;0s fresh 1.7 182 2.4+1.3

Pt/y-Al,03 used (5 hours) 1.6 33 6.3x1.7

Pt/AIO(OH) fresh 1.4 36 5.7+1.2

Pt/AIO(OH) used (5 hours) 1.4 20 5.7+1.2

[a] weighted average and standard deviation based on ~ 100 particles from TEM micrographs.

Both catalysts were tested in APR with 5 wt. % of EG at 270 °C and 90 bar for 5 h.
Details of the kinetics and ATR-IR measurements are provided in the experimental
section. As shown in Figure 2, Pt/y-Al203 showed an appreciable loss of activity after 5 h
(up to 20%), whereas Pt/AlIO(OH) maintained a stable activity (the small increase in
activity during the experiment is within the margin of experimental error).

To determine the reasons for the deactivation, spent Pt/y-Al,03 catalyst was
characterized after used. As indicated earlier, because the catalysis for APR is
bifunctional, changes with respect to both Pt and y-Al:03 may be responsible for
deactivation.

= PYAIO(OH)
80 - ® PYAI203

.- °
() - 5 ,. ]
60 .
- [} vy
9 .
% L ] [} 5 - L] - W o
2 404
2
[
>
c
o
o
20
0 T T T T T T
0 50 100 150 200 250 300
Time (min)

Figure 2. Conversion of 5 wt. % of ethylene glycol over Pt/y-Al203 and Pt/AIO(OH) catalysts at 270 °C and 90 bar; the
purpose of the lines is to guide the eye.

Results shown in Table 1 indicate that the Pt content in the catalysts did not
change on use, indicating that no leaching and loss of Pt occurred during the reaction
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under APR conditions. In the case of Pt/y-Al;03, the average Pt particles sizes increased
from 2.4 to 6.3 nm as determined from the TEM images, indicating sintering of the metal
particles. For this catalyst, parallel to the loss of activity, also the support surface area
was reduced drastically after usage at APR conditions (Table 1).

Figure 3 shows the XRD patterns for the catalysts. The XRD spectrum of fresh
Pt/y-Al;03 is characteristic for y-Al;03. The patterns of used Pt/y-Al203 and both fresh
and used Pt/AlO(OH) resembles the structure of boehmite. Based on the fact that under
hydrothermal conditions y-Al203 undergoes a phase change to AIO(OH) [7, 17], it is not
surprising that the surface area of Pt/y-Al203 reaches that of Pt/AlO(OH) (Table 1).
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Figure 3. XRD patterns for the catalysts used in the study (* AIO(OH), # Al203, * Pt).

Moreover, AIO(OH) was prepared through hydrothermal treatment of y-Al,O3 at
conditions similar to APR reaction conditions (see the experimental section). Thus,
during the APR experiment, y-Al;03 is unstable and susceptible to phase change,
whereas boehmite is stable.

To study the details of the in situ transition of y-Al203 into boehmite during APR,
we have developed an in situ ATR-IR cell that enables catalyst studies under elevated
temperature and pressure up to 210°C and 40 bar in water. A commercially available
ATR-IR tunnel cell (Axiom, Figure 4) was modified to meet the high temperature and
pressure conditions. This cell was used for the in situ study of support stability under
conditions approaching practical conditions for APR. Additional information on catalyst
coating and experimental conditions can be found in the experimental section. Details on
the principles of ATR-IR spectroscopy in liquid phase heterogeneous catalysis can be
found in the literature [13] and references therein.
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Figure 4. Schematic drawing of ATR-IR tunnel cell and cross section of the catalyst layer coated on the internal
reflection element.

Figure 5a shows the ATR-IR absorbance spectrum of boehmite in water at 40 bar
and 210 °C. Hydroxyl stretching/ bending vibrations (3305, 3125 cm'/ 1060 cm1)
corresponding to boehmite can be clearly seen in addition to the typical water bending
vibration at 1635 cm! and hydroxyl stretching between 3200 - 3600 cm™L.

ATR-IR spectra were collected in a 5 hour experiment during which temperature
was increased stepwise from 150 to 210 °C at 40 bar (Figure 5b). The sharp peak at
1060 cm! was integrated to quantify the amount of boehmite present during the
experiment (Figure 5b, red circles).
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Figure 5. (a) Typical ATR-IR absorbance spectrum of pure boehmite in water at 40 bar and 210 °C; (b) Integrated
area of OH deformation peak (1060 cm-1) with time and temperature during catalyst hydrothermal exposure.

It should be noted that the absolute intensities for the three different catalysts cannot be
compared quantitatively because of uncertainty about the penetration depth of the
evanescent wave in the three samples. Clearly, boehmite is stable in time and at all
temperatures. The same experiments were performed for Pt/y-Al;03 (blue triangles)
and Pt/AIO(OH) (black squares). The Pt/y-Al;03 catalyst shows a threefold increase in
boehmite formation with time and temperature. It is important to note that phase
transformation of y-Al;03 takes place with significant rate even at conditions milder than
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practical APR conditions. A full analysis of the kinetics of boehmite formation under
these conditions is outside the scope of the present paper, and will be given in a follow-
up study [14]. The Pt/AIO(OH) sample shows obviously a much higher intensity than
Pt/y-Al;03 at the end of stepwise experiment. The boehmite intensity for Pt/AIO(OH)
increases slightly with time and temperature, indicative of the presence of some y-Al203,
which was probably formed by calcining at 350 °C as part of the preparation procedure.

The ATR-IR experiments were also performed on Pt/y-Al;03 in the presence of
with 0.2 mol/L EG in water (See the Supporting information). This experiment revealed
that boehmite formation slowed down in the presence of EG, which is in agreement with
earlier studies [19].

Before and after the ATR-IR experiment in water, the Pt particles in both catalysts
were characterized by performing CO adsorption experiments on the immobilized layer.
The freshly deposited catalyst layer was calcined and reduced as described in the
experimental section. After the hydrothermal experiment, the catalyst layer was dried at
150°C and cooled in He to room temperature. In both situations, CO gas was
subsequently introduced into the ATR-IR cell at room temperature. The resulting
spectra for Pt/y-Al,03 and Pt/AIO(OH) are shown in Figure 6a and b, respectively.

CO adsorbed on Pt/y-Al203 shows a broad peak with a maximum at 2072 cm-! and
a shoulder at 2112 cm'! (Figure 6a). The peak at 2072 cm™ can be ascribed to CO
linearly bound on Pt [13, 16, 21]. The peak at 2112 cm, is assigned to partially oxidized
Pt [21, 22]. After hydrothermal treatment, the 2072 cm'! band strongly decreased in
intensity and shifted slightly to 2069 cm!, and the band at 2112 cm'! became more
prominent. The clear decrease of accessible Pt surface area as observed in Figure 6a is
in good agreement with the increase in the particle size of the metal as reported in
Table 1.
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Figure 6. ATR-IR spectra of gas phase room temperature CO adsorbed on (a) fresh and used Pt/y-Alz20s3, (b) fresh and
used Pt/AlO(OH). Peaks related to gas phase CO molecule were subtracted.

Figure 6b shows CO adsorbed on fresh and used Pt/AlO(OH) catalyst. Again, the
fresh Pt/AlO(OH) shows a broad peak, but this time at 2112 cm-?, this is indicative of
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partially oxidized Pt. After hydrothermal exposure this band almost doubled in intensity
and a shoulder at 2067 cm'! appeared. Clearly, Pt supported on boehmite is mainly
partially oxidized both after reduction of the fresh catalyst as well as after exposure to
hydrothermal conditions. The increased intensity of the 2112 cm! band might point to a
redistribution of the Pt particles during the high pressure, high temperature treatment.
However, this is speculative at the moment.

We have also shown earlier that during APR of EG [7], phase transformation of y-
Al;03 caused by hydrolysis leads to dissolution and subsequent reprecipitation of
boehmite on Pt metal particles. This was attributed to the formation of acetic acid during
APR of EG, which was confirmed by separate acetic acid APR experiments [7]. This leads
to encapsulation of Pt (Figure 7) making the Pt particles not accessible for reactants.

Lower amounts of CO adsorbed on the spent Pt/y-Al203 catalyst in our studies (Figure
6a) is also in line with this observation.

Figure 7. TEM image of Pt particle covered with boehmite phase after acetic acid APR experiment. [Reference 7, D.J.M.
de Vlieger. et al.]

Thus, the deactivation of the Pt/y-Al203 catalyst during APR of EG can be attributed
to contributions from both metal sintering and coverage of the metal surface caused by
the phase change of the support. Loss of surface area as well as the hydroxylation of the
surface may both be responsible for the observed Pt particle growth. In contrast,
Pt/AlO(OH) remains active despite a small decrease in the BET surface area (Table 1);
apparently this does not cause any metal sintering and metal coverage.

The stability of Pt/AIO(OH) under APR conditions makes it an interesting support.
Table 2 shows details of the performance of the two catalysts. The hydrogen formation
rate expressed in mole Hz per sec per mole surface Pt was calculated for the first 30 min
on stream. The number of Pt atoms on the surface was calculated based on the metal-
particle-size data determined by means of TEM.
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Table 2. Comparison of initial rate of formation of Hz, and selectivities to gas phase carbon containing products, APR,
EG, 270 °C, 90 bar

Rate of H, formation | Selectivity (mol. %)
Catalyst

(mole/sec-mol Pts) co CO2 CxHylal
Pt/y-Al203 1 11 81 9
Pt/AlO(OH) 5 6 92 2
[a] C1-C3 alkanes

Remarkably, in addition to being stable, Pt/AIO(OH) shows tremendous
improvement in the rate of formation of Hz (Table 2) during steam reforming of EG. In
contrast, the activity data in Figure 2 suggest that Pt/AlO(OH) is less active than
Pt/Al;03; it should be noted that the Pt loading of the y-alumina supported catalyst is
higher (1.7 versus 1.4 wt. %) and that the initial metal particle size is considerably
smaller on y-Al;03. Even more important is the fact that the selectivity to alkanes is
much considerably lower for Pt/AlIO(OH), resulting in significantly higher H: yield.

Further, the selectivity to CO; increased as well, with a corresponding decrease in
CO formation, which is indicative for an improved WGS activity. Clearly, all this
contributes to an improved Hz production rate for Pt/AlO(OH).

Figure 8 shows the ATR-IR spectra of the two catalysts in the gas phase. The
concentration of hydroxyl groups is significantly higher for Pt/AlO(OH). In bifunctional
catalysis involving water (e.g., steam reforming and WGS reactions) activation of water
can be the critical step. Water activation on oxidic supports is proposed to occur through
the formation of hydroxyl groups depending on the redox properties of the oxide [23,
24].

1,84
: ——PUALO
OHSIr a
16- —— PUAIO(OH

OH

bend
1,04
0,8

0,6 4

ATR absorbance

04
0,24
00

0,2 T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™

Figure 8. Gas phase room temperature ATR-IR spectra of hydroxyl groups on fresh Pt/y-Al203 and Pt/AlO(OH)
catalysts.

For our experiments we noticed that the AIO(OH) support enhances the rate of
hydrogen formation. We also observed an increased hydroxyl concentration on
boehmite in comparison to y-Al03. Furthermore, the IR data of adsorbed CO (Figure 6)
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clearly indicate that Pt is more easily oxidized when supported on AIO(OH). We suggest
that these three phenomena are correlated, although we are at this time not in a position
to decide on causal relationships. OH groups may be directly relevant by providing a
path for water activation. On the other hand, OH groups might be responsible for
inducing charge on Pt, whereas charged Pt may enhance the reaction pathway to Ho.
Alternatively, it may be suggested that water is able to oxidize Pt under these conditions,
which would be in agreement with suggestions by Zhang et al. [25] that were based on
an XPS study.

In general, based on stability it is suggested that the boehmite phase is suitable for
the low temperature APR, whereas y-Al;03 is more suitable for high temperature SR
catalysis. Designing an active, stable, and selective catalyst based on boehmite is
promising.

4. Conclusions

ATR-IR experiments revealed a real-time conversion of y-Al,03 to boehmite under
conditions (210 °C and 40 bar) that are even milder than practical conditions for the
APR of EG (typically 270 °C). This is in agreement with catalyst deactivation cause by Pt
sintering as well as blocking of the Pt surface with boehmite.

The boehmite phase, once formed, is stable at APR conditions. Boehmite is an
efficient support for Pt based catalysts for the APR of EG, exhibiting excellent activity for
Hz formation. This may be caused by both the extensively hydroxylated boehmite
surface, possibly favoring the bifunctional reforming mechanism involving adsorbed
carbonaceous species on Pt and water activation through hydroxyl groups on the
support, as well as by enhancing the oxidation of Pt.
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An in situ ATR-IR spectroscopy study of
aluminas under aqueous phase reforming
conditions

High temperature/pressure in situ Attenuated Total Reflection Infrared (ATR-IR)
spectroscopy was used to investigate the phase transformation of support y-Al203 into
boehmite (AIO(OH)) under the hydrothermal conditions of Aqueous Phase Reforming
(APR). Activation energy barriers of boehmite formation in hot compressed water at
temperatures between 150 and 180 °C were calculated to be 15.9 + 4.8 kJ/mol for
v-Al203 and 43.2 £ 4.3 k] /mol for Pt/y-Al20s. Influence of Pt particles is suggested to slow
down the phase transformation by selective blockage of the surface nucleation sites.
Presence of ethylene glycol has also an inhibiting effect on the transformation due to the
carbon deposits formed on the oxide surface. Post mortem analysis using Raman
spectroscopy, 'H and 27Al MAS NMR confirm formation of boehmite.
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1. Introduction

Oxides are widely used as supports in heterogeneously catalyzed reactions. y-Al,03
is one of the most versatile supports because of its high surface area, meso-porosity,
tunable acid base properties and characteristics suitable for commercial applications
such as cheapness, thermal / mechanical stability. Many of the heterogeneously
catalyzed reactions utilizing y-alumina as a support are carried out in gas phase (eg.
reforming and dehydration), where stability at higher temperatures is usually a benefit.
The high surface area of y-alumina allows preparation of catalysts with small metal
particles. Surface acidity of alumina is widely utilized in reactions where both metal and
support influence reaction sequence, termed bi-functional catalysis (e.g., Platforming [1],
WGS [2, 3] etc.). High surface area and meso-porosity of y-alumina is generally achieved
by careful dehydration via calcination of hydroxide / oxyhydroxide precursors such as,
boehmite, bayerite or gibbsite. The type of precursor and temperature of calcination
influences the morphology of the resulting y-alumina [4]. A number of gas phase FT-IR
studies together with DFT calculations are available [4-6] describing changes that take
place to surface hydroxyls and also Al-O-Al lattice vibrations during formation of y-Al203
from boehmite via calcination / dehydration.

Typically, dehydration of boehmite (AIO(OH)) around 500°C leads to its
transformation into y-Al203 [4]. Structure of boehmite (Figure 1a) can be described as
containing corrugated layers of Al-0-Al chains with hydrogen bonding holding the layers
together. In this structure Al3* ions are present in exclusively octahedral (Oh)
coordination with 02 ions. During calcination these interlayer hydrogen bonds are
broken with simultaneous dehydration, creating new Al-O-Al bonds between the layers
and resulting in the formation of y-Al203. y-Al,03 has a defect spinel structure
(Figure 1b), where Al3* ions are present in both Oh and Tetrahedral (Td) coordination
with oxygen ions. Thus, dehydration of boehmite changes coordination of Al3* ions from
octahedral to a mixture of Oh and Td sites.

Further, depending on the structure, part of the Al3* ions are coordinated to
hydroxyl groups. In the case of boehmite these hydroxyl groups can be present as both
surface terminating groups and bulk (interlayer) hydroxyls connected by hydrogen
bonding. In case of y-Al203, hydroxyl groups are present as surface terminating groups.
Transformations between y-Al,03 and boehmite are accompanied by changes in the
concentration and types of hydroxyl groups. Different spectroscopic techniques can be
used to study these different hydroxyls, e.g., IR spectroscopy, 1H MAS NMR and Raman
spectroscopy. 27Al MAS NMR is useful to characterize Al3* coordination, viz Oh or Td.

64



An in situ ATR-IR spectroscopy study of aluminas under APR conditions

Figure 1. Structures of (a) boehmite (dark grey balls- Al3+, red balls - 0%, light grey balls -H) and (b) y-Al203 (from ref.
[7]; light grey balls- Al3+ dark grey balls - 02-). * - Td, ** - Oh coordination, dotted lines - inter layer hydrogen bonding
(only shown in one place as an example).

An increasing number of studies on biomass processing reactions in the last few
years have shown that reactions taking place in aqueous phase at elevated temperatures
are of great importance. Thus, usage of supports suitable for gas phase reactions in such
new environments has become an issue. Morphological stability of the support, leaching
and sintering of support as well as metal particles are problems often reported [8-11].
Aqueous phase reforming (APR) is currently of great interest to convert waste biomass
derived streams to hydrogen. It is typically performed under severe conditions, e.g.,
250 °C, 300 bar. Over the last decade several studies have been carried out to investigate
catalyst deactivation caused by hydrothermal instability of the supports used [10, 12-
16]. It was shown by de Vlieger et al. that transformation of the support into boehmite
phase in a Pt/y-Al203 catalyst during aqueous phase reforming of ethylene glycol at
supercritical conditions resulted in catalyst deactivation [12]. The authors proposed that
support surface area collapse as well as Pt encapsulation associated with the phase
transformation as reasons, among others, for this deactivation. Ciftci et al. have observed
boehmite formation on Pt catalysts supported on v-Al,03 and on amorphous silica-
alumina (ASA) in aqueous phase reforming of glycerol [16]. The higher the Al
concentration of ASA, the higher the amount of boehmite [16]. Boehmite, which is an
oxy-hydroxide phase is the thermodynamically stable phase of alumina under APR
conditions [17]. Earlier studies using long term experiments (up to 6 months) have
shown that even at RT, hydration of y-Al;03 led to its transformation into (3-Al(OH)s,
bayerite [18-20].

Boehmite phase is often proposed as an intermediate during transitions involving
hydration of y-Al203 or dehydration of Al(OH)s phases. For hydration in general, two
mechanisms of phase change have been proposed, i.e, (i) hydroxylation initiated at the
surface Al-O bonds in y-Al;03 and migration to bulk, (ii) dissolution of y-Al03 via a
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hydrated species and re-precipitation, e.g., as bayerite [18]. In the case of a-Al,03, Eng et
al. [21] and Digne et al. [7] showed with the help of Surface X-Ray Diffraction (SXRD)
that a layer of aluminum hydroxide forms on the surface. In the case of y-Al;03, Carrier
et al. [18] concluded that the increase of aluminum ion content in water with time
indicates that dissolution-precipitation process takes place. They also showed formation
of large particles (~500nm) of hydroxide phase(s) using TEM and XRD. These
experiments were carried out at ambient temperature. Hydration of y-Al,03 at elevated
temperatures was studied in detail by Ravenelle et al. [22]. Boehmite formation was
complete in hot liquid water at 200 °C and autogenic pressure (14 bar) after 10 h in an
autoclave. Formation of isolated boehmite particles on the surface of y-Al.03 was
suggested based on the increased surface area (BET) during the first 4 h. Presence of
metal particles, e.g., Pt, Ni, was shown to significantly retard the formation of boehmite
by blocking specific surface hydroxyl groups that acted as the initial hydration sites [22].
Moreover, it was shown that the inhibiting effect in the presence of acetic acid on
boehmite formation was due to acetylation which chemically blocked surface Al-O
bonds. Experiments with glycerol and sorbitol also showed inhibition of boehmite
formation. This was explained alternatively as due to the formation of a protective layer
of carbonaceous deposit from the polyols [23]. Increasing carbon chain length of the
oxygenate was found to enhance this stabilizing effect. Remarkably, the presence of
multiple phenolic components from lignin completely blocked formation of boehmite
on y-Al,03 [24]. Thus, chemisorption of functionalized molecules prevents water
molecules from hydrating the surface. In the case of APR of such oxygenates, even
though the reaction conditions are ideally favorable for the transition of y-Al,03 to
boehmite, presence of functionalized oxygenated molecules may have a stabilizing
effect.

Although boehmite formation has been studied extensively based on post mortem
analysis, there are no insitu studies that look at the transformation. This is because
performing liquid (aqueous) phase in situ experiments using spectroscopic techniques is
still a challenge. In this respect, insitu ATR-IR spectroscopy technique [15] allows
studying APR under realistic temperatures and pressures. This technique also allows
studying changes on y-Al;03 in the presence of metals, e, Pt, and functionalized
molecules, eg. ethylene glycol, with respect to temperature and time, in situ. The
conditions chosen in this study represent typical APR conditions used in Kkinetic
experiments [15].

In this study y-Al203 transformation into boehmite phase is studied in situ using
ATR-IR spectroscopy during APR of ethylene glycol over Pt/ y-Al203 catalyst at 230 °C,
40 bar. The influence of temperature, presence of metal particles, and composition of the
reaction environment (pure water and reaction media) are discussed.
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2. Experimental
2.1 Catalyst preparation

y-Al;03 (BASF AL-3992) was used as received, 1,5 % wt. Pt/y-Alz03 catalyst was
prepared by wet impregnation of y-Al203. The support was crushed and sieved to a
particle size range of 300-600 pm. H2PtCle.6H20 (Alfa Aesar) was used as platinum
precursor. Alumina support was added to the solution of precursor in water (weight
ratio H20/y-Al203 = 1.8) and water was removed under vacuum at 100 °C. The catalyst
was subjected to a hydrogen reduction treatment (H2 100 mL/min, N2 100 mL/min) for
5 hours at 100 °C to minimize chlorine content from Pt precursor. Finally, the Pt/y-Al203
catalyst was calcined at 500 °C for 15 hours under air flow (200 mL/min). A boehmite
sample, AIO(OH), was prepared by hydrothermal treatment of y-Al203 in water at 200 °C
and autogenic pressure (14 bar) for 10 h using autoclave with glass liner. Material was
then dried under vacuum at 60 °C for 12 hours.

2.2 Catalyst characterization

Platinum loading was measured by means of X-ray fluorescence (XRF; Philips, PW
1480). The surface area was analyzed by nitrogen physisorption using the BET method
(Micromeritics, ASAP 2400). The Pt dispersion for the fresh Pt/y-Al,03 was measured
using CO pulse chemisorption (Micromeritics Chemisorb 2750). Before CO
chemisorption, the catalyst was reduced in Hz at 200 °C for 1 h.

2.3 Catalyst immobilization

The materials were immobilized on an infrared element (IRE) (ZnSe rod, diameter
6.4 mm, length 70 mm, 45° angle of incidence) according to the following procedure. A
slurry was made by mixing of 0,150 g of crushed catalyst (fraction < 45 um) with 20 mL
of isopropanol (spectroscopic grade) which was then spray-coated on a ZnSe rod using
an air brush device. Sample loading was estimated to be around 6-15 mg with uniform
distribution of material along the rod. The sample was left for drying in air with
subsequent in situ thermal treatment in the ATR-IR cell to remove traces of solvent. Pre-
treatment of the catalyst layer was done in He flow at 150 °C. The sample was then
oxidized in O2/He mixture (50 mL/min) at the same temperature and cooled down to
room temperature in 50 vol.% Hz/He flow (50 mL/min).

[t is important to note that the catalyst immobilization procedure described above
has a number of uncertainties leading to variation in the quality of the layers.
Parameters such as porosity, packing of the particles, thickness distribution of the layer
along the length, size of the catalyst particles, may be different from layer to layer, which
can lead to different IR intensities. Currently, efforts are being made to overcome this
problem, however, this limitation can be relieved by comparing the changes in IR
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spectra for one sample layer while changing experimental conditions. This approach
was utilized in the current study by varying the temperature according to a stepwise
heating scheme using one catalyst layer.

2.4 ATR-IR spectra acquisition

ATR-IR spectra were collected using a FT-IR spectrometer (Bruker, Tensor 27)
equipped with a liquid nitrogen cooled MCT detector and an ATR-IR Tunnel cell (Axiom)
mounted in the sample chamber. A scheme of the Tunnel cell can be found elsewhere
[15]. Spectra were recorded with 4 cm! resolution, averaging 256 scans for background
spectra and 128 scans for liquid phase spectra. Spectrum of the pretreated sample on
ZnSe IRE was used as a background.

High temperature, high pressure conditions of the reaction were reached using a
HPLC pump (Dionex, P680) and pressure in the cell was regulated by a back pressure
regulator (Figure 2). Degassed water or 0.2 M solution of ethylene glycol was pumped
(1 mL/min) into the system until 40 bar and heated to the required APR temperatures
(150-230 °C). The sample was first heated to 150 °C, followed by stepwise heating to
230 °C with a 10 °C increment, keeping the sample for 30 minutes isothermally at each
step. Spectra were recorded every minute in all cases.

FTIR spectrometer

ATR ZnSe rod

[

Figure 2. Scheme of the ATR-IR setup.

In a direct heating experiment, a sample was heated to 230 °C at 40 bar in a single
step that took typically 30 min. Spectra were then collected during 310 min after the
final temperature was reached.

In case of a stepwise heating experiment with 0.2 M ethylene glycol solution,
sample was first heated to 150 °C, followed by stepwise heating to 225 °C with a 25 °C
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increment, keeping the sample for 15 min isothermally at each step. Spectra were
collected every minute.

2.5 Temperature Programmed Oxidation

TPO of fresh and spent samples was performed to detect carbonaceous deposits on
the surface. Samples were scratched from the ZnSe substrate and loaded into a quartz
tube with quartz wool. Pretreatment of the samples consisted of treatment in He
(25 mL/min) at 150 °C for 30 min and cooling down to 25 °C. Samples were then
oxidized in 5% O2/He mixture flow (25 mL/min) during heating to 750 °C with a heating
rate of 5 °C/min. CO or CO; formed was converted to methane in an online methanizer
(Model 110 Chassis, SRI Instruments Europe GmbH) using Ni catalyst. An FID detector
was used for quantifying methane. Alz(CO3)3 was used for calibration of the FID detector.

2.6 Raman spectroscopy

Measurements were performed at ambient conditions using a Raman
Spectrometer (Bruker, Senterra) with a cooled CCD detector. Samples scratched from
the surface of ZnSe rod were used for the analysis. Spectra were recorded in the
frequency range 120-1200 cm'! with a resolution of 9-15 cm-1. Each spectrum was the
sum of 200 scans. A laser with a wavelength of 785 nm and 5 mW power was used for all
samples.

2.7 Solid state 1H and 27A1 MAS NMR analysis

Experiments were performed in 9.4 T on a Bruker DMX-400 spectrometer
equipped with a 4 mm triple channel MAS probe. At this magnetic field, 'H and 27Al
nuclei resonate at 399.33 MHz and 104.05 MHz frequencies, respectively. Standard ZrO>
rotors were used for spinning the sample up to 13 kHz. Due to the small amount of
sample available from ATR-IR experiment for post-characterization with MAS NMR,
hydrothermal conversion of y-Al,03 and Pt/y-Al,03 samples was mimicked in a fix-bed
reactor with H20 at 230 °C, 40 bar (2 mL/min) for 30 min. All samples were dried
overnight in an oven at 180 °C prior to the analysis.

For the acquisition of 27Al MAS spectra, pulse duration of 0.25 ps (/24 pulse of
liquid Al(NO3)3) was used with a recycle delay of 500 ms. 2048 scans were recorded for
all of the samples. The chemical shifts of 27Al were referenced externally with respect to
Al(NO3)3, in aqueous solution, which is zero. Line broadening function of 50 Hz was used
to process the data. For the necessary samples, experiments were performed with a
spinning speed of 10 kHz to distinguish between isotropic chemical shift and spinning
side bands. For the acquisition of 'H MAS spectra, m/2 pulse of duration 3 ps with a
recycle delay of 1s was used. The number of scans accumulated was 64. A line
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broadening function of 10 Hz was used to process the data. The chemical shifts of 1H
were referenced externally with respect to TMS.

3. Results

v-Al203 used in the current study had a surface area of 174 m?/g. The prepared
Pt/y-Al;03 catalyst contained 1.5% wt. Pt according to XRF analysis, 66% metal
dispersion (corresponding to 1.7 nm Pt particles) as measured by CO chemisorption and
a BET surface area of 180 m?/g.

To be able to compare intensities of the infrared peaks between different samples
in ATR-IR spectra, it is necessary to determine whether the depth of penetration of
infrared light is similar for all samples. It is also important to know whether the probed
depth is smaller than the thickness of the layer. Calculations of penetration depths and
layer thicknesses are summarized in Table S1 in the Supporting Information section.
Results show that depths of penetration for both y-Al>03 and Pt/y-Al>0O3 are similar and
are around 0.82 um, whereas estimations for AIO(OH) result in 0.98 um. It is clear that
in all cases the penetration depth of the evanescent wave is smaller than the layer
thicknesses (>2 pm), thus catalyst particles as well as liquid in the interparticle space
and pores are probed during the experiment.

3.1 Insitu ATR-IR spectra and peak assignments

Figure 3 shows the ATR-IR spectra of the samples at the end of the stepwise
heating procedure, ie. at 230 °C, 40 bar. Spectra of y-Al203 (Figure 3b) and Pt/y-Al203
(Figure 3c) show similar spectral features, namely a broad peak at 3200-3600 cm?, a
sharp peak at 1640 cm-! (OHu20164%) and a weak broad band at 2050 cm-1, all assigned to
stretching- and rotational-vibrations and a combination band of water, respectively. The
sharp peak at 1064 cm! (OHaioon)12%4) and shoulder bands at 3304 and 3124 cm'! were
assigned to OH deformation and stretching vibrational modes of boehmite phase,
respectively [11, 25-28]. They are also similar for both materials. Comparison with the
spectrum of boehmite [AIO(OH)], at the same hydrothermal conditions (230 °C, 40 bar)
(Figure 3d), confirms the peak assignments given above. There are also several broad
bands under the OHaoon)06* peak, which are temperature dependent (Figure S1,
Supplementary Information). Interestingly, these bands also appeared when the cell was
filled with a high boiling point liquid, n-dodecane (n-Ci2Hz6), and was heated to 200 °C
(Figure S2, Supplementary Information). These broad peaks are therefore probably
artifacts caused by cell at high temperature.

It is reasonable to correlate the intensity of the OHaioon)'%¢* peak to the extent of
boehmite formation since it does not overlap with any strong peaks caused by water
vibrations and spectra that are in comparison were recorded at the same
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temperature/pressure. In the inset of Figure 3 the intensity of OHaioom)100* is similar for
(b) and (c) cases. Considering that the amounts of alumina were similar and depths of
penetration were the same for both alumina samples (Table S1) this may indicate that
both y-Al;03 and Pt/y-Al;03 have a similar amount of alumina converted into boehmite.
Determination of exact conversion levels is more complex, since depth of penetration for
AlO(OH) is 20% higher than for y-Al;03 (Table S1). However, it is clear from the inset in
Figure 3 that the intensity of OHaio(om)!%6* peak for AIO(OH) (d) is much higher than one
for other two samples (b and c). Even after taking into account the difference in depth of
penetration for the two samples (higher for boehmite), it is clear that in both y-Al203 and
Pt/y-Al203 only partial transformation to boehmite occurred.

104

[+-]
1
- - 3304

<3124

1500 1250 1000 750

Wavenumber (cm™)

:

AIO(OH) in H,0

ATR absorbance

Pth—Al,0, in H,0 |

1-ALO; in H,0

Figure 3. In situ ATR-IR spectra at 230 °C and 40 bar of (a) H20 on a bare IRE, (b) y-Al203 in H20, (c) Pt/y-Al203 in H20
and (d) AIO(OH) in Hz0. Spectra were taken at the end of all heating steps, at 230 °C and 40 bar. Inset: 1064 cm-! peak
for all samples.

3.2 Influence of temperature - stepwise heating

The changes in the spectra during the stepwise heat treatment from 150 to 230 °C
were studied next. Figure 4 shows insitu ATR-IR spectra of y-Al203 in H20 for the
OHaloon)!%* region as a function of temperature. Spectra presented here were collected
after 30 min at each isothermal step. The characteristic OHaio(on)1%¢* peak is seen to grow
with increasing temperature, suggesting an influence of temperature on boehmite
formation from y-Al,0s.
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Figure 4. ATR-IR spectra of y-Al203 in 1 mL/min H20 during stepwise heating from 150 to 230 °C and 40 bar after
30 min at each temperature.

3.3 ATR-IR spectra in presence of ethylene glycol

Further, influence of the presence of ethylene glycol in water on boehmite

formation was also studied for both y-Al203 and Pt/y-Al20s. For this, samples were
heated in 0.2 M solution of ethylene glycol at 150-225 °C and 40 bar. Stepwise heating
scheme was also used in these experiments. Figure 5 shows in situ ATR-IR spectra that
demonstrate the changes that occur to different samples after treatment at 225 °C and
40 bar, in relation to fresh sample (initial spectra at RT, 40 bar). Spectra were
normalized by the OHu201640 peak, assigned to water rotational band, to allow
comparison of the intensities of OHaioon)19%* peak for samples exposed to H20 and
ethylene glycol solution. Intensities of the OHaioon)19%4 peak are significantly higher for
samples treated in H20 (Figure 5a and b) as compared to samples treated in ethylene
glycol (Figure 5c and d).
To describe the influence of temperature on the formation of boehmite, the OHajoom)064
peak (Figure 4) was integrated in the wavenumber range between 1110-1013 cm-!
using integration method available in the OPUS software. Straight line was drawn
between these limits representing the baseline for peak integration. Example of the
baseline position is given in Figure 7. Integrated areas were then plotted against time
(Figure 6) and apparent rates of boehmite formation were derived. It is important to
note that the Y-axis is not calibrated to quantitative boehmite concentrations, but
intensity of the OHaioon)1964 peak is proportional to level of alumina conversion and the
slopes of the trend lines can be compared in terms of the rate of boehmite formation.
The apparent rate of boehmite formation for both y-Al,03 (Figure 6, upward triangles)
and Pt/y-Al203 (Figure 6, circles) gradually increases with increasing temperature and
does not further change during 30 minutes once the temperature is stabilized.
Differences between effect of temperature on rates for y-Al203 and Pt/y-Al203 samples
will be discussed further.
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3.4 Direct heating scheme

A direct heating scheme was also used in addition to stepwise heating
experiments. In this case the sample was heated from RT to 230 °C in 30 min and left at
230 °C for 310 min. Figure 7 shows two spectra of Pt/y-Al203 in H20 after direct heating
to 230 °C - immediately after reaching 230 °C (black) and after 310 min at the same
temperature (red). It is obvious that some amount of boehmite has been formed already
during heating to 230 °C (black) and the amount of boehmite increased significantly
during isothermal heating.

~—— Direct, 230°C, 310 min
084 ——pirect, 230°C, 0 min

ATR absorbance

Wavenumber (cm™)

Figure 7. ATR-IR spectra of Pt/y-Al203in H20 at 230 °C and 40 bar immediately after direct heating from RT to 230 °C
(black line) and after 310 min at 230 °C (red line). Dashed lines represent the baseline used in peak integration.
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Figure 8. Integrated area of OHaio(om)1964 peak during 310 min experiment with direct heating of Pt/y-Al203 to 230 °C,
40 bar in H20.

Figure 8 shows integrated areas of OHaioon)!?%* peak during the isothermal
experiment at 230 °C. The rate of boehmite formation calculated during first 30 minutes
at 230 °C is much higher as compared to the last 30 minutes and the formation of
boehmite clearly slows down with time.
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3.5 Raman spectroscopy

Raman spectra of the samples were taken before and after the ATR-IR experiment
to investigate the presence of different alumina phases along with boehmite. Raman
spectra of samples after exposure to hot compressed water presented in Figure 9 show
multiple overlapping peaks. Based on literature, peaks at 491, 360 and 672 cm'! are
assigned to boehmite [28, 29]. Peaks at 443 and 305 cm™! are assigned to bayerite or
gibbsite [20]. Since these peaks appear as shoulders to boehmite peaks we conclude that
other alumina phases are also present in our samples, but in smaller amounts.
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Figure 9. Raman spectra of y-Al203 and 1.5% wt. Pt/y-Al203 before and after exposure to hot compressed water.
3.6 27Al MAS NMR spectroscopy

The chemical environment of aluminium ions vary in (hydroxylated) aluminas and
this can be probed with MAS NMR. 27A]l MAS NMR analysis was performed to study the
changes in aluminium coordination during transformation of y-Al203 into boehmite.
Figure 10a shows the spectra of Pt/y-Al203 and y-Al203 exposed to H20 at 230 °C, 40 bar
for 30 min as described in Experimental Section (NMR), a spectrum of fresh y—Al,03 and
a spectrum of a boehmite sample. The two peaks at 70 and 8 ppm are typically assigned
to tetrahedral (Td) and octahedral (Oh) Al3* coordination, respectively. y-Al203 shows Al
in both Oh and Td positions while boehmite exhibits only octahedral coordination at 8
ppm [30, 31]. Exposed y-Al203 and Pt/y-Al203 have higher intensity of octahedral
coordinated alumina indicating higher amount of boehmite present in these samples
compared to fresh y-Al203. In the case of Pt/y-Al203 Td coordinated Al3* can still be seen
(Figure 10b) indicating presence of y-Al203. y-Al203 exposed to water shows no Td
coordinated Al3+.
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Figure 10. (a) 27Al MAS NMR spectra of Pt/y-Al203 and y-Al203 exposed to hot compressed water H20 at 230 °C,
40 bar, a spectrum of fresh y-Al203 and a spectrum of AIO(OH) sample; (b) Zoomed spectra in 100-10 ppm region.

3.7 1H MAS NMR spectroscopy

1H MAS NMR spectroscopy was used to study different hydroxyl groups on the
surface of fresh y-Al,03 and Pt/y-Al;03. In the Figure 11 four peaks with chemical shifts
of -0.1, 1.3, 4, 5.7 ppm were observed in the case of fresh y-Al,03 sample (Figure 8,
spectra as observed without deconvolution). Pt/y-Al>03 sample, however, has only three
hydroxyl groups corresponding to peaks at 1.3, 4 and 5.7 ppm.
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1.5x10° 4

1.0x10° 4
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0.0+
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Figure 11. 1H MAS NMR spectra of fresh Pt/y-Al203, y-Al203 samples and a difference spectrum.

Knozinger and Ratnasamy [32] suggested the presence of five types of hydroxyl groups
on y-Al203. Ravenelle et al. [22] showed, in agreement, that deconvolution of the broad
MAS NMR bands can reveal presence of all these hydroxyls. From the literature [30] it is
known that 5.7 and 4 ppm peaks correspond to a hydroxyl group, derived from
adsorbed water, whereas 1.3 and -0.1 ppm belong to surface hydroxyl groups of y-Al20s.
A difference spectrum between two spectra shows a peak at -0.1 ppm, which is only
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present in y-Al03 sample. Thus, this indicates that Pt/y-Al,03 sample lacks one type of
hydroxyl group.

3.8 Temperature programmed oxidation

Figure 12 shows TPO profiles of Pt/y-Al203 before and after treatment in 0.8 M EG
at 230 °C, 40 bar. TPO profile of Pt/y-Al203 after treatment has peaks at 320 °C and
450 °C whereas profile of fresh Pt/y-Al;03 has low intensity peak at 300 °C. Presence of
peaks on fresh sample can be explained by remains of the precursor from catalyst
preparation step. Peaks on spent catalyst indicate formation of carbonaceous deposits.
Coke content was calculated to be 0.8 wt. % for sample treated in 0.8 M EG solution.

304
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204
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Figure 12. Temperature programmed oxidation profiles for fresh Pt/y-Al203 (red) and Pt/y-Al203 after treatment in
0.8 M EG solution (black).

4. Discussion
4.1 Influence of temperature on boehmite formation

Hydration of y-alumina and formation of boehmite is the reverse of calcination of
boehmite. Surface properties, morphology, surface area and aluminium coordination
change during the phase transition. This transformation can be sped up at higher
temperatures. In an aqueous phase reforming reaction boehmite formation on the
surface of the catalyst can already happen during preheating of the reactor in the flow of
reactant (temperatures below 230 °C). In situ ATR-IR spectra in the temperature region
between 150 and 230°C show that amount of formed boehmite increases with
temperature (Figure 4). In addition, Figure 6 shows that apparent rates of boehmite
formation are increasing with temperature.
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4.2 Directvs. stepwise heating

Results for the stepwise heating and the alternate direct heating to the required
temperature can be recalled in Figures 6 and 8, respectively. They indicate that the
apparent rates of boehmite growth in both heating schemes are different. In direct
heating, the apparent rate of boehmite formation during the first 30 min is much higher
than during the last 30 min at 230 °C (Figure 8). This suggests that the rate depends on
the concentration of available alumina and the order of the reaction in alumina is higher
than zero. When these rates are compared to the rate observed in stepwise heating
(Figure 6) at same temperature (230 °C) it becomes clear that the apparent rate
measured in stepwise heating is not the initial rate. This is due to different conversion
levels of alumina at the start of 230 °C step in both experiments. Thus, results obtained
in stepwise heating experiment should be interpreted carefully and rates at different
temperatures cannot be compared directly. However, the data in Figure 6 obtained at
low temperatures is obtained under differential conditions and therefore the rates
measured in the lower temperature region can be compared quantitatively.

Therefore, Figure 13 gives Arrhenius plots for both y-Al203 and Pt/y-Al,03 samples
in H20 in the temperature window 150 and 180 °C. Figure 13 also includes Arrhenius
plots for both samples in ethylene glycol solution in the temperature region between
150 and 200 °C. In this case shorter heating times were used to keep conversion levels
low (see Experimental Section). Clear differences in slopes of the trend lines can be seen
between Pt/y-Al203 and y-Al203 samples in water (open squares and solid triangles,
respectively). The difference in the slope implies that the activation barrier for boehmite
formation is significantly higher when Pt is present. The role of Pt in this context will be
discussed later.

Despite the fact that ATR absorbance was not calibrated for boehmite
concentrations, it is possible to calculate activation energy barriers from the slopes of
the trend lines for the range of temperatures where conversion level is low. This is
because the ATR-IR intensities are proportional to the amount of boehmite in the layer.
Thus, the activation energies (calculated from data in Figure 6) were 15.9 * 4.8 k] /mol
for y-Al203 in H20, and 43.2 + 4.3 kJ/mol for Pt/y-Al>03 in H,0. However, when EG is
present, the activation barriers for the two samples, i.e, y-Al203 in EG and Pt/y-Al203 in
EG, were similar and 37.3 + 3.5 Kk]J/mol, respectively. The data points outside these
temperature regions strongly deviate from straight line, since they were measured in
non-differential conditions. The rates are therefore lower than what would be measured
in a differential experiment.

Presence of boehmite was also confirmed by 27Al MAS NMR analysis (Figure 10).
Clear difference in Oh coordination of AI3* for alumina and boehmite phases proves
boehmite presence. Higher peak intensity at 70 ppm corresponding to Td coordination
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of A3+ in Pt/y-Al,03 compared to y-Al,03 (Figure 10b) suggests that transformation into
boehmite is incomplete for Pt/y-Al20s.
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Figure 13. Arrhenius plot of boehmite formation in temperature range 150-200 °C for y-Al203/H20 (solid triangles), y-
Al203/EG (open triangles), Pt/y-Al203/Hz0 (solid squares), Pt/y-Al203/EG (open squares).

Raman spectra of fresh and used samples (Figure 9) showed mainly the presence
of boehmite, however shoulder peaks assigned to bayerite or gibbsite were also
detected. As it was seen from literature, a variety of hydroxylated aluminas exist in
nature in addition to boehmite and as a result hydration of y-Al,03 can lead to formation
of any of these phases. Bayerite (-Al(OH)3), gibbsite (y-Al(OH)3) or diaspore (y-
AlO(OH)) can be formed as a result of alumina hydration [18-21]. Previous Raman
studies [29], confirm that it is difficult to separate different aluminium hydroxide phases
as they can co-exist in metastable phases. We conclude here that the majority of the
hydroxylated phase present is boehmite as seen from ATR-IR, Raman and 27Al MAS NMR
results.

4.3 Boehmite formation from y-Al,03

Transformation of y-alumina into boehmite can follow two mechanisms as
discussed by Carrier et al. [18], i, (i) surface hydration through hydrolysis of surface
Al-O bonds or (ii) alumina dissolution and subsequent precipitation. In the first
mechanism, a new phase will be formed in the surface layers and this process may be
influenced by diffusion of water through these layers (Scheme 1a). In the second
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mechanism, y-alumina dissolution is followed by precipitation of particles of new phase
on the surface resulting in a heterogeneous surface morphology (Scheme 1b). In the
current study it is not possible to make a specific distinction between the two routes.

H;!O AIOOH

@ AIOOH_@

a b

Scheme 1. Boehmite formation on y-Alz03 particle via (a) surface hydration mechanism, (b) dissolution-precipitation
mechanism.

We have, however, shown that presence of Pt or ethylene glycol, both retard the
transformation of y-Al203 to boehmite. In the case of Pt, different activation energy
barriers for Pt/y-Al203 catalyst and y-Al203 support indicate an influence of Pt metal
nanoparticles. Thus, boehmite formation is delayed in presence of Pt particles. It was
suggested [22] that certain types of surface sites on the support, possibly specific OH
functional groups are attacked by water and act as nucleation sites for boehmite growth.
The influence of Pt is probably due to selective blockage of these sites. This suggestion
[22] of the blockage of hydroxyl groups cannot be evaluated using ATR-IR spectroscopy,
because of the presence of liquid water, but can be probed with 1H MAS NMR.

Comparison of 1TH MAS NMR spectra of y-Al,03 and Pt/y-Al,03 (Figure 11) shows
that the latter does not exhibit a distinct shoulder at -0.1 ppm, which can be seen clearly
in the difference spectrum. This peak corresponds to mono-coordinated OH group as
reported by Knozinger and Ratnasamy [32]. It is possible that Pt binds preferentially to
this type of mono-coordinated hydroxyl group and, thus in agreement with Ravenelle
et al. [22] hinders the transformation to boehmite.

Another factor that influences is the presence ethylene glycol (Figure 5). It can be
seen from the spectra that y-Al;03 transforms to boehmite in water easily (Figure 5a)
and presence ethylene glycol inhibits the transformation (Figure 5 b, ¢, d). To recall,
activation energy barriers were 15.9 * 4.8 k]J/mol for y-Al203 in water and 37.3 * 3.5
k] /mol for y-Al203in EG (Figure 13).

TPO profiles (Figure 12) of samples treated in ethylene glycol show presence of
low (320°C) and high (450°C) temperature peaks, confirming the presence of
carbonaceous deposits. As was shown by Ravenelle et al. [23], oxygenates form a layer of
carbonaceous deposits on the surface, which protect the surface from hydrolytic attack.
It was also suggested by Absi-Halabi et al. [33] and Stanislaus et al. [34] that in case of
acetic acid the formation of acetate bridges suppresses the hydration of alumina. We
have shown earlier [12] that during APR of ethylene glycol on Pt/y-Al203 that a coke
layer was deposited on the catalyst. Thus, similar to Pt, carbon deposited may be
blocking nucleation sites and protecting the surface from hydroxylation to some extent.
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Surprisingly, when both Pt and EG are present (as in the case of Pt/y-Al203 in EG)
activation energies are similar, the effect is not cumulative. In this case, it is possible that
the presence of Pt which enhances steam reforming activity minimizing formation of
carbonaceous deposits.

In general, both mechanisms, discussed above, require hydrolysis of the Al-O bond
and formation of unit structures of boehmite O=Al-OH. Three dimensional growth of
these specie in layers and interlayer connection via hydrogen bonding leads to boehmite
structure.

5. Conclusions

Development of the high temperature/pressure in situ Attenuated Total Reflection
Infrared (ATR-IR) spectroscopy allows to study changes that happen to alumina based
catalysts used in the Aqueous Phase Reforming (APR) under realistic conditions.
Activation energy barriers for the transformation of catalyst support y-Al203 to boehmite
were calculated based on changes in the characteristic spectral intensities. Formation of
boehmite was established by Raman spectroscopy and 27Al MAS NMR analysis of fresh
and used samples. Based on the presented results and in agreement with other studies,
it is suggested that Pt hinder the transformation by association with mono-coordinated
OH groups, which are nucleation points for the transformation to boehmite. The
inhibiting effect of ethylene glycol is shown as due to formation of carbonaceous
deposits that protect the surface from hydroxylation. In situ ATR-IR is a promising
technique to investigate catalysis of APR.
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Calculations of penetration depth of IR radiation for all samples

The penetration depth of evanescent wave during total internal reflection process

is determined according to the Equation 1:

A
dy=—— (Eq. 1)

2mn,_|(sin2 9—(%)2

where A - wavelength, 6- angle of incidence (45°), n1, n2 - refractive indices of ZnSe and
porous sample, respectively. Since the samples are porous and the pores are filled with
water, calculation of refractive index becomes more complex. It is known that enhanced
porosity significantly decreases the refractive index of material [1]. Refractive index of a
porous material is calculated according to the Equation 2:

Negr =+ (1 — @)n + gnj (Eq.2)
where ¢ - porosity, nc, nq - refractive indices of solid and water, respectively.

Thickness of the layer was estimated based on sample weight and density of
alumina assuming that the layer is uniform along the length of the IRE.

Table S1. Calculated properties of the sample layers.

Depth of .
Sample . Estimated layer
Sample . penetration, .
loading, mg thickness, pm
um
y-Al;03 11.8 0.82 3.0
1,5% wt. Pt/y-Al203 10.0 0.82 2.6
AlO(OH) 241 0.98 6.2
H>0, no catalyst - 0.73 -

ATR-IR spectra - complex infrared bands

ATR-IR spectra of Pt/Al203 and Al203 samples in water contain not only peaks of
water stretching and deformation vibrations (3200-3600 and 1640 cm-1, respectively),
and stretching and deformation vibrations of AIO(OH) (3324, 3304, 1064 cm)
(Figure 3), but also complex bands derived from IRE. This complex signal increases with
temperature and disappears completely when IRE is cooled down to room temperature
after experiment. The origin of this bands is not completely understood yet. Heating and
cooling of the bare IRE in water results in similar behavior of these bands.
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Figure S1. ATR-IR spectra of H20 on bare ZnSe at 25°C, 40bar and 150-225°C, 40 bar.

Moreover, same phenomenon was observed when IRE was heated in n-dodecane
(Figure S2). n-dodecane is a high boiling point liquid (214°C), thus no pressure is
needed to keep it in a liquid state unlike water. Similarity of difference spectra on Figure
S1 and S2 allows to conclude that these complex bands are not related to vibrational
bands of liquid or solid material covering IR element.
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Figure S2. ATR-IR spectra of n-dodecane (n-C12Hz6) on bare ZnSe at 25°C, 1 bar and 170-200°C, 1 bar.

We attribute these bands to effect of temperature on ZnSe material. Temperature
generally effects refractive index of the optical material, which can cause distortions in
total reflection phenomenon. Interestingly, phonon vibrations of ZnSe usually appear at
frequencies well below 1000 cm'! [2]. This phenomenon is yet to be understood.
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In situ ATR-IR studies in aqueous phase
reforming of hydroxyacetone on Pt/ZrO;

and Pt/AlO(OH) catalysts: the role of aldol
condensation

In situ Attenuated Total Reflection Infrared (ATR-IR) spectroscopy was used to
study Aqueous Phase Reforming of hydroxyacetone on Pt/AlO(OH) and Pt/ZrO:
catalysts at 230 °C/ 30 bar. Formation of strongly adsorbed aldol condensation products
were observed on the surface of Pt/ZrO; and ZrO; in contrast to Pt/AlO(OH) and
AlO(OH). Peak assignments were supported by DFT calculations of the theoretical IR
spectra of the condensation products in vacuum and in the presence of water. Aldol
condensation of hydroxyacetone leading to compounds with high molecular weight with
unsaturated bonds was suggested as a first step in coke formation. Amount and type of
coke deposits determined by elemental analysis and TPO analysis showed that coke with
low oxidation temperatures was deposited mostly on the surface of the ZrO; support.
Surprisingly, no adsorbed CO was observed in the spectra, suggesting that adsorbed CO
is not involved in the rate-determining step in APR of hydroxyacetone.
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1. Introduction

Depletion of fossil energy resources have given rise to large number of
investigations on development processes based on alternative energy resources such as
biomass, solar and wind energy. Biomass pyrolysis is one of the promising processes for
production of bio-oil, an alternative to crude oil, which can be further used for the
production of fuels and chemicals. The aqueous phase, containing up to 20% of different
organic compounds, is a by-product of biomass pyrolysis, which is currently considered
a waste.

Aqueous phase reforming (APR) process was suggested [1, 2] for utilization of
such streams allowing the production of hydrogen or alkanes at milder temperatures as
compared to steam reforming (SR). There is no need for evaporation of water, which
saves on energy usage, and the advantage of the process conditions (150-300 °C, up to
350 bar) favoring Water Gas Shift (WGS) reaction, which helps maximize hydrogen,
makes the process attractive. Pt/y-Al,03 catalyst has been used as a benchmark catalyst
in APR of various oxygenates containing more than one carbon atom, e.g., glycerol,
sorbitol, acetic acid, acetone, due to ability of Pt to cleave C-C bonds. This cleavage leads
to the formation of Ci species, which are the intermediate species for hydrogen or
methane [3, 4]. However, hot compressed water conditions used in APR lead to
transformation of alumina support into a hydrated phase, known as boehmite, resulting
in catalyst deactivation [5-7]. Thus, hydrothermally stable supports such as carbon [8-
10], zirconia or boehmite are preferred as catalyst supports. It has been shown that
Pt/AlO(OH) catalyst is active in APR of ethylene glycol with an appreciably high
selectivity to hydrogen [6].

The majority of APR studies use alcohols (e.g., methanol, ethanol) or polyols
(glycerol, sorbitol) as model compounds, however, the aqueous phase of bio-oil also
contains large amounts of organic acids, aldehydes and ketones. Hydroxyacetone (1-
hydroxy-2-propanone or acetol) is a component present in significant concentration (3-
8 wt. %) [11, 12] in aqueous phase of bio-oil. The APR of hydroxyacetone has not yet
been studied, particularly using ZrO2 and/or AlO(OH) supported Pt catalysts. However,
few studies are available on SR of bio-oil derived light oxygenates such as
hydroxyacetone, acetic acid, furfural, 1-propanol, n-butanol, propanal and acetone [13-
18] using base metal catalysts. SR of hydroxyacetone using Ni-Al catalyst was reported
[14-16] at temperatures between 450 and 750 °C, showing highest activity at 650 °C and
the highest Ni content. Compared to n-butanol and acetic acid hydroxyacetone is easier
to gasify. Trane-Rastrup et al. [13] studied SR of light oxygenates on Ni/MgAl,04 catalyst
at temperatures between 400 and 700 °C, concluding that yield of hydrogen and
conversion increased with temperature and yield of by-products decreased with
temperature. SR of hydroxyacetone at lower temperatures (<600 °C) resulted in the
formation of oxygenated by-products, such as, butanediol, 2,5-hexanediol, substituted
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cyclopentanedione and furanones, suggesting that condensation reactions leading to
larger compounds take place parallel to C-C bond breaking leading to smaller
compounds like COx and CH4 [13].

Kinetic studies of APR of hydroxyacetone using Pt/ZrO; and Pt/AlIO(OH) were
reported by Vikla etal, from our group earlier [19]. Deactivation of both catalysts
during the reaction was observed. Pt sintering and coke deposition were suggested as
the main reasons for catalyst deactivation. In general, spectroscopic investigation of the
reaction intermediates and products is likely to provide useful information in
understanding the reaction sequences. In situ ATR-IR spectroscopy was reported as a
promising tool for studies in hot compressed water [6, 7], since it limits the contribution
of water to the IR spectra, and helped to reveal identity of the surface species adsorbed
on the catalyst. The development of the technique for the applications under high
temperature / pressure conditions allows us to use it during APR of hydroxyacetone at
230°C/30bar to gain information about reaction pathways leading to formation of
desired products or formation of coke.

In this study, the adsorption of hydroxyacetone on Pt/ZrO: and Pt/AlO(OH)
catalysts under APR conditions, i.e. 230 °C/ 30 bar, is studied using insitu ATR-IR
spectroscopy. The goal of the investigation is to detect surface species formed as a result
of hydroxyacetone adsorption and further transformations into desired or undesired
products. Correlation between the structure of the surface species observed by ATR-IR
and a possible route of catalyst deactivation [19] will be made.

2. Experimental
2.1 Catalyst preparation

Catalysts were prepared by wet impregnation of commercial monoclinic ZrO;
(RC100, Gimex Technisch Keramik B.V.) and boehmite (AIO(OH)) supports, the latter
made by subjecting y-alumina (BASF) to hydrothermal conditions, i.e., 200 °C, 14 bar for
10 hours in an autoclave. H2PtCls -6H20 (Alfa Aesar) was used as the platinum precursor.
Supports (300-600 pum fraction) were added to an aqueous solution of the precursor
(H20 to catalyst weight ratio of 1,8) followed by evaporation of water in a rotary
evaporator under vacuum at 100 °C. Samples were then reduced in H, atmosphere (Hz
100 mL/min, N2 100 mL/min) at 100 °C for 5 h and calcined in air (200 mL/min) at
350C (5 °C/min) for 15h.

2.2 Catalyst characterization

The surface areas of the catalysts were measured by N2 physisorption using the
BET adsorption isotherm (Micromeritics, ASAP 2400). The Pt dispersion was
established by H» pulse chemisorption at room temperature (Micromeritics, Chemisorb
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2750), after samples were reduced in pure Hz at 200 °C for 1h. TEM microscopy (Philips
300kV, equipped with energy-dispersive X-Ray spectroscopy) was used to determine
the Pt particle size distribution of fresh and spent catalysts. Approximately 250 particles
across 10 different spots on each sample were measured to give a weighted average size.

The elemental composition was determined using a Perkin-Elmer elemental
analyser (Thermo Scientific Flash 2000). Approximately 3-4 mg of sample was used for
the analysis. Concentrations of C, H and N were calculated based on amounts of water,
CO2 and N: evolved from decomposition of the sample in 35vol. % O2/Ar flow
(390 mL/min) at 900 °C. Acetanilide was used for calibration, and oxygen content was
calculated as rest.

Temperature Programmed Oxidation was used to determine the type of coke
deposits on the spent catalysts. Samples (3-4 mg) were pretreated in He (25 mL/min) at
150°C for 30 min. After cooling down to 25°C the samples were oxidized in
5vol. % Oz2/He mixture (25 mL/min) during heating to 600 °C with a heating rate of
5°C/min. An online methanizer (Model 110 Chassis, SRI Instruments Europe GmbH)
was used to convert CO and CO; to methane using a Ni catalyst. The amount of methane
formed was quantified with an FID detector. Al,(CO3)3 was used for calibration of the
FID.

2.3 Acidity measured by NHs; TPD and Pyridine adsorption IR spectroscopy

Fourier transform infrared spectroscopy (FTIR) of adsorbed pyridine was
conducted in a Bruker IFS 66 spectrometer equipped with HgCdTe detector (4000-
650 cm1, 2 cm ! resolution, 32 scans). Prior to pyridine adsorption at room temperature,
self-supporting wafers of Pt/ZrO2 and Pt/AlO(OH) (5 ton/cm? 20 mg, 1cm?) were
degassed under vacuum (10-3 mbar) for 2 h at 200 °C. Gaseous and weakly adsorbed
pyridine was removed by evacuation for 30 min at 25 °C. To evaluate the adsorption
strength of chemisorbed pyridine, catalysts were subsequently treated at 225 °C for
60 min.

Temperature-programmed desorption of ammonia (NH3-TPD) was performed in a
Autochem 2910 II instrument from Micromeritics. The samples were pretreated in He
(50 cm3/min) at 200 °C for 1 h. NH3 adsorption was performed at room temperature for
30 min, followed by removal of physisorbed NHz in He flow for 1 h. Desorption of NH3
was monitored in the range of 20-600 °C using a heating rate of 10 °C/min.

2.4 Insitu ATR-IR spectroscopy

Insitu ATR-IR experiments were performed using a setup consisting of a
commercial ATR-IR Tunnel cell (Axiom) modified for high temperature and pressure
conditions, which was mounted in a sample chamber of an FTIR spectroscopy bench
(Bruker, Tenzor 27) equipped with liquid-nitrogen cooled mercury-cadmium-telluride

90



In situ ATR-IR studies in APR of hydroxyacetone

detector. Water used for pretreatment procedures was saturated with hydrogen, oxygen
or helium in bubble saturator bottles, whereas hydroxyacetone solution was degassed
with helium. Liquids were fed into the system using an HPLC pump (Dionex P680) and
pressure was regulated with a back-pressure regulator. The liquid was preheated to the
experimental temperature in the preheater tubing before entering the cell, and the
liquid leaving the reactor was cooled with water in a tubular heat exchanger.

The cylindrical internal reflection element (IRE, ZnSe rod, diameter 0.25 inch,
length 3.25 inch) was spray-coated with a catalyst slurry (0.150 g in 25mL of
isopropanol, ball-milled for 6 min) according to a home-developed spray-coating
technique [6, 20]. The sample was then carefully placed inside the cell using O-rings
(Kalrez 7075) and dried at 150 °C in He (25 mL/min) for 1.5 hour.

Spectra were recorded every minute in the spectral range between 4000 and
650 cm'! with a resolution of 4 cm'! averaging of 139 scans. The spectrum in He
(25 mL/min) (average of 256 scans) of catalyst/support layer was used as background.
Penetration depths of IR light were calculated for Pt/AlIO(OH), Pt/ZrO;, AIO(OH) and
Zr0; according to Equation 3 in Chapter 2, showing no difference between the samples
with and without Pt. Penetration depths for Pt/AIO(OH) and Pt/ZrO; were 0.89 and 0.77
um, respectively, showing only 15% difference between two samples. Thus, small
variations in the IR intensity in spectra of the two samples should be expected.

For all ATR-IR experiments, the cell was first filled with water (2 mL/min), and the
sample was subjected to a cleaning procedure adopted from literature [21]. In our
experiments this procedure consisted of alternating flows of hydrogen-, oxygen- and
helium-saturated water (2 mL/min, 30 min each flow) at ambient conditions. Hydrogen-
saturated water was used in the final treatment in order to leave the sample in reduced
state. Finally, water was flown over the sample again and pressure was increased to the
desired experimental pressure (20 or 30 bar). After that, the cell and the preheater lines
were heated to the desired experiment temperature (100 °C or 230 °C) and a spectrum
of water was collected. The flow was then switched to the hydroxyacetone solution
(2.5 wt. %, 0.8 mL/min) with simultaneous acquisition of ATR-IR spectra for 60 min.
Further, the flow was switched back to water (0.8 mL/min) and ATR-IR spectra were
collected for another hour.

For CO adsorption experiments, water saturated with CO (1bar) at room
temperature was flown over the sample at room temperature and at 230 °C, 30 bar. A
pretreatment and experimental procedure as described above was applied.

2.5 ATR-IR data processing

In situ ATR-IR spectra were first pre-processed (subtraction of water and catalyst
spectrum, baseline correction) using OPUS software provided together with the Bruker
IR spectrometer. Water and catalyst subtraction was performed for all spectra using the
respective spectrum of water at the temperature of the experiment. Baseline correction
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was done for all spectra using rubber-band correction method. Deconvolution of the
spectra was performed using Matlab software. The spectra were fitted using Gaussian
peak shapes with fixed peak positions assigned to specific relevant species. However,
minor peaks present in the spectral range, but not relevant to hydroxyacetone reaction,
have to be included to obtain good quality fit.

2.6 DFT calculations of IR spectra

To support assignments of the IR peaks observed during the experiments, IR
spectra of hydroxyacetone, its enols and products of aldol condensation of
hydroxyacetone were calculated in vacuum and in the presence of water. All calculations
have been performed using Density Functional Theory with the Becke three-parameters
(B3LYP) exchange-correlation functional using the Gaussian 09 program[22]. The
geometry of all the investigated components has been optimized by employing the
correlation consistent polarized valence triple zeta (cc-pVTZ) basis set and the same has
been used to calculate harmonic vibrational frequencies.

In order to achieve a more reliable comparison with the experimental spectra,
anharmonicity has been taken into account by the following procedure. Since the direct
calculation of the anharmonic frequencies of medium sized molecules at the B3LYP/cc-
pVTZ level is a demanding task, they have been evaluated with the less extended cc-
pVDZ basis set, using optimized geometries at the same level. Anharmonicity corrections
have been obtained as the differences between the harmonic and fundamental
frequencies, and these corrections were then applied to the harmonic cc-pVTZ
frequencies. The reliability of these composite TZ+DZ anharmonic frequency
calculations has been checked by comparing them with the entirely TZ anharmonics
calculated for the smaller molecules investigated in this work (hydroxyacetone in all its
conformations and tautomers) in the frequency range 4000 - 400 cm'l. The results
showed that while the composite TZ+DZ anharmonics represent a good improvement
over the purely DZ ones and they have a mean absolute percent deviation of only 0.9%
with respect to the full TZ fundamentals. Furthermore, a comparison with the
experimental data for hydroxyacetone in its most stable conformation yields the
following results for the root mean square deviations: RMSD(TZ) = 20, RMSD(DZ) = 34,
RMSD(TZ+DZ) = 24 cm-, which clearly demonstrates excellent reliability of the
composite approach for the hydroxyacetone spectrum. Therefore, it was assumed that
the TZ+DZ protocol worked well also for the larger molecular systems in this study.
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3. Results
3.1 Catalyst characterization

Table 1 shows the characteristics of the two catalysts used in the study.
Pt/AlO(OH) had BET surface area of 41 m?/g and Pt particles of 5 nm and Pt/ZrO; had
BET surface area of 94 m?/g and Pt particles of 1.8 nm. Pt loading for both catalysts was
around 1.1 wt. %. The average Pt particle size was determined from TEM micrographs,
as well as from Hz chemisorption. The very small Pt particles in Pt/ZrO. could not be
detected in TEM because of the limited contrast of Pt with ZrO.. Details of the Pt size
distribution and TEM images can be found in [19]. ZrO; and AIO(OH) without Pt were
also studied, these supports had surface areas similar to their respective Pt catalysts.

Table 1. Characteristics of fresh catalysts.

{:)ta ding wt BET surface | Mean Pt particle size | Mean Pt particle size (H:
Sample % &WE | area, m? /g (TEM), nm chemisorption), nm
Pt/AIO(OH) 1.1 41 5.1 49
Pt/Zr0, 11 94 na* 1.8
* not available

3.2 Insitu ATR-IR results
3.2.1 ATR-IR spectra of hydroxyacetone over bare ZnSe

Figure 1 shows water subtracted insitu ATR-IR spectra of 2.5wt%
hydroxyacetone flown over a bare ZnSe element at 25 °C, 1 bar and at 230 °C, 30 bar.
During filling of the cell with the hydroxyacetone solution, the intensity of IR peaks
increased gradually and reached saturation within a few minutes. Observed peaks were
assigned to different vibrational modes of hydroxyacetone based on literature [23, 24]:
C=0 stretching (1722 cm1), CO-C-OH coupling (1085 cm1), C-C stretching (1191 cm'1),
H-C-H bending in CH3 (1427 cm-1), symmetric CHz bending (1363 cm1), C-OH bending
(1236 cm™), CH; deformation coupled with CO (1085 cm1). The peak at 1635 cm is an
artifact due to water subtraction and positive peaks between 1600 and 1500 cm'! are
caused by increased noise level during the experiment due to moisture leakage around
the cell. No other peaks other than those for hydroxyacetone were observed.

Spectra of hydroxyacetone without a catalyst at 230 °C, 30 bar (Figure 1b) were
slightly different compared to spectra at 25 °C. Peaks were less intense and minor shifts
in peak positions were observed. Similarly, no other peaks except the peaks assigned to
hydroxyacetone were observed.
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Figure 1. Water subtracted in situ ATR-IR spectra of hydroxyacetone over bare ZnSe without a catalyst at (a) 25 °C,
1 bar and (b) at 230 °C, 30 bar during 60 min. Spectra with time difference of 1 min are presented during the first
10 min, further spectra have a time difference of 10 min.

3.2.2 Hydroxyacetone adsorption on Pt/Zr0O; and Pt/Al0(OH)

Figure 2 shows water subtracted insitu ATR-IR spectra of hydroxyacetone
adsorption on Pt/ZrO, ZrOz, Pt/AIO(OH) and AIO(OH) after 60 min. Spectrum in the
absence of the catalyst at 25 °C, is also shown, which is identical to the final spectrum in
Figure 1a. Peaks in the spectra of hydroxyacetone adsorption on Pt/AlO(OH) and
AlO(OH) were almost the same as on bare ZnSe, except for peaks at 1583 cm! and in the
1150-1000 cm! region. Boehmite has an additional IR peak at 1060 cm-!, which was
assigned to OH deformation vibrations of structural hydroxyls [7, 25-27]. This mad it
difficult to decide if any peaks of adsorbate species were present in the spectra next to
hydroxyacetone.

Figure 2. Water subtracted insitu ATR-IR spectra of hydroxyacetone adsorption on Pt/ZrOz, ZrOz, Pt/AlO(OH),
AlO(OH) at RT, 1 bar after 60 min.

The two new peaks at 1583 and 1120 cm! appeared on both Pt/ZrO2 and ZrO;
samples. The peak positions observed on both ZrO2 and Pt/ZrO; were identical, but the
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intensity was significantly higher on ZrO». This indicated that same type of adsorbates
were formed on the surface of zirconia for both samples. The ratio between intensities
of 1583 cm-! and intensities of 1722 cm-! was much higher for ZrOz-based samples, than
for AIO(OH)-based samples, indicating that higher amounts of adsorbates were formed
on ZrOz-based samples.

Hydroxyacetone adsorption at 100 °C (Figure S1) resulted in appearance of peaks
at 1588 cm! for Pt/AIO(OH) and 1601 cm? and 1120 cm! for ZrO;-based samples
similar to the peaks observed at room temperature (Figure 2). Relative ratios of the
intensities of the peaks at 1588/1722 and 1601/1722 were again higher for ZrOz-based
samples compared to Pt/AlO(OH).

Adsorption spectra of hydroxyacetone on Pt/ZrO; and Pt/AlIO(OH) at 230 °C are
presented in Figure 3. Few differences were observed when compared to spectra at RT
or at 100 °C (Figures 2 and S1). Firstly, the 1718 cm'! peak had an asymmetrical shape
with apparent shoulders at 1697 and 1679 cm-!, secondly, the 1419 cm-! peak became
broader. The peak at 1583 cm'! observed at RT and 100 °C also shifted to lower
wavenumber of 1544 cm'l. Finally, the quality of the spectra deteriorated by an
increasing level of noise, which was caused by leakage of moisture around the cell inside
the IR chamber.

Figure 3. Water subtracted in situ ATR-IR spectra of hydroxyacetone adsorption on Pt/ZrO:, ZrO2 Pt/AIO(OH),
AlO(OH) at 230°C, 30bar after 60 min in the frequency range (a) 1900-720 cm, (b) 2200-1800 cml. ATR-IR
adsorption spectra of CO adsorbed on Pt/ZrOz from CO dissolved in water at 25 °C, 33 bar and 230 °C, 30 bar after
60 min are added for comparison. Intensities of the peaks of adsorbed CO were multiplied by 5 times for clarity.

Surprisingly, adsorption on AlO(OH)-based samples at 230°C did not show
characteristics changes compared to ZrOz-based samples (Figure 3). Only the shoulder
at 1697 cm'! was observed, whereas no peaks were observed around 1600 cm1. Peaks
at 1425 and 1365 cm-! were still well-resolved, suggesting that broadening observed for
ZrOz-based samples was due to surface chemistry on zirconia, and not due to any
influence of temperature on the resolution of IR spectra.
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The spectral region between 2200 and 1800 cm-, which is typical for CO
adsorption on Pt, is shown in Figure 3b. It is clear that no adsorbed CO was observed
during hydroxyacetone adsorption on both catalysts. When H:0 saturated with CO at
1 bar (26 ppm of CO, feed rate of 10-® mol/min) was flown over the Pt/ZrO; catalyst at
the same conditions (230 °C, 33 bar), linear and bridge-bonded CO on Pt were observed
at 2058 and 1942 cm, respectively (Figure 3b), in agreement with literature [28]. CO
adsorption at room temperature resulted in linearly bound CO on Pt at 2067 cm! with
lower peak intensity compared to 230 °C. No bridge bound CO was observed during
adsorption at 25 °C.

Adsorption profile of linearly adsorbed CO at 25 °C, presented as normalized
intensities in Figure 4 a, showed an initial rapid increase and further saturation of CO
signal around 60 min. After subsequent heating to 230 °C in CO/H20 flow, spectra were
collected during 60 min while keeping the temperature constant. Intensities normalized
to the initial intensity are presented in Figure 4b, showing decrease in intensity of the
CO signal. The decrease of CO intensity at 230 °C suggests that at this temperature CO
was also consumed and/or desorbed. However, together with the top two spectra in
Figure 3b it is clear that under the conditions of APR and at 25 °C it is possible to detect
adsorbed CO on Pt using ATR-IR.
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Figure 4. Normalized CO peak areas (linear CO peak 2067 and 2058 cm! at 30 °C, 33 bar and 230 °C, 33 bar,
respectively) during 60 min of CO/H20 adsorption on Pt/ZrO2.

3.2.3 Initial adsorption of hydroxyacetone on Pt/Zr0O; and ZrO.

Spectra collected during the first minutes of hydroxyacetone adsorption on
Pt/ZrO; are presented in Figure 5. Similar results were also obtained for ZrO; (Figure
S2 in Supporting information). During the first 5 min no peaks were observed in the
spectra, however between 5 and 10 min the intensities of the peaks at 1718 cm'! and
1083 cm™! started increasing slowly together with intensities of peaks at 1604, 1382,
1120 and 1056 cm-L. After 10 min and up until 20 min peaks continued growing, with
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peaks 1718 cm! and 1083 cm'! growing faster than other peaks (Figure 5). This
behavior was different when compared to the gradual increase of intensities of all peaks
observed on the same samples at room temperature and 100 °C (Figures S3 and S4 in
Supporting information). Interestingly, the frequency of the adsorbate peak at
1604 cm'l, observed during 0-10 min, was similar to the frequency of the adsorbate
observed on Pt/ZrOz at 100 °C, 20 bar (1601 cm! on Figure S1). Furthermore, after
20 minutes, a broad band, containing both 1604 and 1541 cm was observed. Longer
exposure to hydroxyacetone caused a further increase in the intensity of the peak at
1541 cm1, while the peak at 1604 cm-! remained as a shoulder.
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L\ 30-60 min

ATR intensity
ATR intensity
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Figure 5. Time resolved water corrected in situ ATR-IR spectra during adsorption of hydroxyacetone on Pt/ZrO; at
230 °C, 30 bar. Spectra with time difference of 1 min are presented during the first 10 min; further spectra have the
time difference of 10 min. The spectrum after 60 min is identical to the Pt/ZrO2 spectrum in Figure 3.

3.2.4 Reactivity of adsorbates during flushing with water: ZrO, and Pt/ZrO,

In order to study the adsorbates on the surface, the catalyst was flushed with
water to remove hydroxyacetone in liquid phase. Figure 6a shows the spectra collected
during flushing of the cell with water after exposure to hydroxyacetone at the same
temperature. Gradual decrease in the peak intensities due to disappearance of
hydroxyacetone from the cell was observed. However, there were still peaks remaining
after flowing water for one hour.

There were two different types of peaks according to their disappearance rate in
H20: fast disappearing peaks belonging to hydroxyacetone in liquid phase and slowly
disappearing peaks assigned to adsorbates. A fast decrease was observed for peaks at
1718, 1419, 1367,1191, 1083 and 975 cm-L. Similar behavior was observed for the same
set of peaks when hydroxyacetone was flushed from the cell with bare ZnSe at 230 °C,
without a catalyst (Figure 6b). The intensities of other peaks (1691, 1593, 1540,
1116 cm) in Figure 6a decreased slower and even stabilized at a certain level. The fact
that these peaks did not disappear after 60 min in H-0 in reactive conditions indicated
that they belonged to strongly adsorbed and relatively unreactive surface species.
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Figure 6. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with H20 at 230 °C,
30 bar on (a) Pt/ZrOz, (b) bare ZnSe element. Spectra with time difference of 10 min are presented during 60 min.
Spectrum at 0 min in (a) is identical to Pt/ZrO2 spectrum on Figure 3.

Similar peaks were observed in the spectra of ZrO; (without Pt) after flushing with
water for 60 min (Figure S5 in Supplementary Information), suggesting that the
detected species reside on the ZrO; surface, rather than on the Pt particles. Removal of
hydroxyacetone from the cell was also studied at 25°C and 100 °C in the absence
(Figure S6) and in the presence of the Pt/ZrO; catalyst (Figures S7 and S8) and on
Pt/AIO(OH) and AIO(OH) at 230 °C (Figure S9), showing similar trends as discussed
above.

3.3 Acidity of supports studied by pyridine IR and TPD NH3

FTIR spectra of pyridine adsorbed on Pt/ZrO; and Pt/AlIO(OH) after evacuation at
RT and 225 °C are shown in Figure 7. Spectra were collected at RT after the sample had
been evacuated at the given temperatures. Peaks of higher intensity can be seen for
Pt/ZrO2 compared to Pt/AlO(OH). Intensities of all of the peaks decreased after
evacuation at 225 °C. This was especially significant for PtAIO(OH), since most of the
peaks decreased to below the noise level. Peaks were assigned based on literature [29,
30].

Results showed that Pt/ZrO; has Lewis acidity (LPy; 1605 and 1456 cm'1) and
weak Bronsted acidity (BPy; 1641 cm1), as well as Lewis basicity (LB, Py-ox: and Py-oxz;
1488, 1548 cm™). Py-ox; and Py-ox, were assigned to pyridine oxidation species (Py-ox
to carboxylate species and Py-oxz to carbonaceous species) based on the observation of
Zaki et al. [29] that these species can be formed on metal oxides due to presence of
Lewis basic sites at temperatures above 100 °C. For Pt/ZrO2, pyridine was also found in
hydrogen-bonded state (HPy) according to peaks at 1593 and 1442 cm-1.

After evacuation at 225 °C LPy shifted to 1608 cm-1, but BPy almost disappeared
suggesting the presence of weak and strong Lewis acid sites and weak Bronsted acid
sites. Intensities and rates of disappearance of BPy compared to LPy suggest that
Pt/ZrO2 has more Lewis acid sites than Bronsted acid sites.
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Pt/AlO(OH) has Lewis acid sites (LPy; 1616, 1492 cm'1)[29] and no Bronsted
acidity, which is in agreement with the results of Takagaki et al. [31]. However,
hydrogen-bonded pyridine was detected as well (HPy; 1595, 1577 and 1446 cm1). The
peak shift of LPy to 1622 cm-! after evacuation at 225 °C suggested that both weak and
strong Lewis acid sites are present on Pt/AlO(OH). Pt/AIO(OH) had less intense peaks in
all spectra compared to Pt/ZrO;, which suggested a lower concentration of Lewis sites
on Pt/AlIO(OH). No Lewis base sites were detected on Pt/AlO(OH). The difference in
acidity between the two catalysts is much larger than the difference in their surface
areas (Table 1), indicating that Pt/ZrO; has higher surface concentration of acid and
basic sites on compared to Pt/AIO(OH).
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Figure 7. FTIR spectra after pyridine adsorption on Pt/Zr0z and Pt/AIO(OH) after evacuation at RT and 225 °C.

Spectra obtained on Pt/Al;03 (Figure S10 in Supplementary Information) were
rather similar to the results on Pt/AlO(OH) in terms of peak positions and types of
adsorbed pyridine, suggesting materials are similar in types of acid sites present despite
the differences in Al coordination.

TPD NHs profile of Pt/ZrO; revealed two peaks at 93 °C and 329 °C (Figure 8).
Total acidity calculated from the area under the curve was 604 mmol/g. TPD NHj3 profile
of Pt/AlIO(OH) showed a small peak at 97 °C and a very intense peak at about 500 °C
with a shoulder at 300 °C. The peak at 500 °C was most likely due to water desorbing as
a result of phase transformation of AIO(OH) into y-Al203. This phase transfer was
reported to happen at 500 °C [32-34]. The total acidity of Pt/AlO(OH) during NH3
desorption could not be accurately calculated due to interference from H,0 in TCD
signal.
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Figure 8. TPD NHs profiles of fresh Pt/Zr0Oz and Pt/AIO(OH).

3.4 Characterization of deactivated catalysts and supports
3.4.1 Elemental analysis of samples after ATR-IR experiments

CHN analysis was performed to quantify the coke content on catalysts and
supports after hydroxyacetone adsorption in the ATR-IR cell, flushing with water and
drying, as reported in experimental section. The results presented in Table 2 showed
that both Pt/ZrO; and Pt/AlO(OH) have a lower amount of coke compared to their
respective supports. Coke content on AlIO(OH) was 4 times higher than on Pt/AIO(OH)
indicating the role of Pt in removing or preventing coke formation. The amount of
carbon deposited per m? was also significantly different, i.e. 0.11 and 0.07 mg C/m? for
Pt/ZrO2 and Pt/AlIO(OH), respectively. The tendency of ZrO: to form more carbon
deposits was therefore not just an effect of surface area.

Table 2. Elemental analysis of samples after ATR-IR experiments, including hydroxyacetone adsorption, flushing with
water and drying.

Elemental composition, wt.%
Catalyst
C H
Pt/AlO0(OH) 0.27
Pt/Zr0O; 1.05 0.32
AlO(OH) 0.50
Zr0, 1.61 0.38

3.4.2 Temperature programmed oxidation

Temperature programmed oxidation was performed for Pt/Zr0O; and Pt/AlO(OH)
samples after hydroxyacetone adsorption in the ATR-IR cell, flushing with water and
drying. TPO profile (Figure 9) of Pt/ZrO; showed one broad peak at 303 °C and small
peak around 450 °C, whereas Pt/AlO(OH) showed three overlapping peaks at 286, 338
and 450°C. The higher intensity of the TPO peaks on Pt/ZrO; as compared to
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Pt/AlIO(OH) suggested that more coke was formed on the surface of Pt/ZrO in
agreement with the observations based on the elemental analysis (Table 2).
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Figure 9. TPO profiles of Pt/ZrO2 and Pt/AlO(OH) after ATR-IR experiment, which included hydroxyacetone
adsorption, flushing with water and drying.

4. Discussion
4.1 Hydroxyacetone appearance in the cell

The spectra in Figure 5 were curve fitted with peaks positioned at 1718, 1541,
1604, 1123 and 1083 cm'!, and evolution of the areas of the peaks is shown in Figure
10. The peaks of hydroxyacetone in liquid phase (1718 and 1083 cm!) grew after an
initial delay of 5 min and after 30 min peak areas stabilized.
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Figure 10. Integrated areas of peaks assigned to hydroxyacetone (1718 cm! and 1083 cm1) and peaks assigned to

adsorbates at 1691 cm-1, 1541 cm-1, 1604 cm! and 1120 cm-! during initial adsorption of hydroxyacetone on Pt/ZrO2
at 230 °C, 30 bar, showing time (a) 0 to 60 min, (b) zoomed to first 10 min. Error bars represent fitting error, the lines
are presented to guide the eye.

Peaks assigned to adsorbates at 1120, 1604 and 1541 cm! also appeared after 5 min
and continued to increase up until 10 min. The initial delay of 5 min can be explained as
the time needed for the hydroxyacetone solution to fill the volume of the feed lines and
the preheater before the cell.
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The peak at 1604 cm! dominated over 1541 cm'! during the first 10 minutes (Figure
10b), however after 10 min the intensity of the 1541 cm-! peak increased further, and
1604 cm! remained as a shoulder.

Interestingly, temperature had an influence on the overall spectral pattern,
especially on the frequency of the adsorbate peak around 1600 cm'! and the noise level
of the spectra (Figures 2, 3 and S1). For clarity reasons these spectral changes in the
case of Pt/ZrOz and ZrO; are summarized in Figure 11. At 25 °C and 100 °C only one
peak at 1583 cm! was observed, however at 230°C a second peak at 1544 cm-!
developed. This suggests that similar types of adsorbates were formed on ZrO; surface
at lower temperatures, while at 230 °C another type of adsorbate appeared. The
asymmetric shape of the carbonyl peak (1718 cm 1) at 230 °C compared to symmetrical
shape at 25 °C and 100 °C as well as the broad peak around 1400 cm supported the
assumption that several types of adsorbates were present at 230 °C together with
hydroxyacetone in liquid.

Figure 11. Water subtracted in situ ATR-IR spectra of hydroxyacetone adsorption on Pt/ZrO2, ZrO: at (a) 25 °C, 1 bar,
(b) 100 °C, 20 bar and (c) 230 °C, 30 bar after 60 min.

The peaks in the spectral range 1500-1300 cm-! were better resolved and had a
lower intensity at lower temperatures. The broadening and overlapping of peaks was
seen as temperature was increased. However, the resolution of these peaks in case of
Pt/AlO(OH) did not change (Figure 3), thus the peak broadening was not caused by an
increase in temperature, but by presence of other types of adsorbates. Differences in
relative intensities of the peaks at 1583, 1601 and 1544 cm! compared to their
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respective carbonyl peaks at 1718 cm™! (Figure 11) indicated that more adsorbates
were formed on the ZrO2 surface at 230 °C as compared to lower temperatures.

4.2 Hydroxyacetone washout with water

Spectra presented in Figure 6a were fitted with a set of peaks similar to the ones
used to interpret Figure 5 and to construct Figure 10 during adsorption step (1718,
1691, 1541, 1120, 1057 cm™). Results of the fitting are presented in Figure 12 for the
case of Pt/ZrO». Results of peak fitting for the same experiments with ZrO; are given in
Figure S11 Supplementary Information.
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Figure 12. Integrated areas of peaks at 1718 cm! and 1083 cm! assigned to hydroxyacetone and peaks at 1691,
1604, 1541 and 1120 cm! assigned to adsorbates while hydroxyacetone is being washed out from the cell with
Pt/Zr02 at 230 °C, 30 bar during 60 min. Error bars represent fitting error, the lines are presented to guide the eye.

In Figure 12 the profile of the carbonyl peak of hydroxyacetone in the liquid phase
was very different from the profile of adsorbate peaks. The fact that adsorbate peak
areas decreased slightly or did not decrease at all indicated that they were strongly
adsorbed on the surface. The slight decrease in peak area may be explained by
consecutive reactions of adsorbates with water that can take place at these conditions,
although slow desorption cannot be ruled out.

4.3 Adsorbed CO - water gas shift reaction

In Figure 3b no CO peak was seen in the region where linearly adsorbed CO on Pt
is usually expected. To confirm the ability to detect CO using ATR-IR spectroscopy, H20
saturated with CO at room temperature (CO concentration of 26 mg/L, feed rate of
1,9%10¢ mol/min) was flown over Pt/ZrO: catalyst at 25 °C and 230 °C. As shown in
Figure 3b chemisorbed CO was easily observable (top two spectra). The peak position
of linearly bound CO was slightly different at 25 °C and 230 °C and intensity of the peak
was higher at 230 °C. This effect is not understood at this time and requires a rigorous
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analysis. However, the absence of CO in the spectra during exposure to hydroxyacetone
at 230 °C was not due to limited sensitivity of the technique.

The activity of both Pt/AlO(OH) and Pt/ZrO: used in this study in aqueous phase
reforming of hydroxyacetone was measured by Vikla et al. [19] using catalysts from the
same batch in a fixed-bed reactor at conditions (225 °C/35 bar) similar to the conditions
used in this study. Typical yields of Hz, CO and CO; were 14.7%, 2.2% and 19% for
Pt/AlO(OH), and 3.4%, 0.4% and 12.2% for Pt/ZrO., respectively, clearly demonstrating
that the catalysts are active. Both catalysts also deactivated with time. WHSV value in the
fixed bed reactor was significantly lower compared to the ATR-IR cell
(3 g hydroxyacetone g cat! hl vs. 300 g hydroxyacetone g cat! h-l, respectively),
suggesting 100 times lower conversion in the ATR-IR cell.

Dumesic et al. [35] have reported on formation of adsorbed CO on 2,1 wt. %
Pt/Al203 catalyst during APR of methanol in liquid phase at 150 °C, 5,84 bar. CO
coverage of 0.29 and 0.4 on Pt was observed for liquid phase reforming of 2 and 5 wt. %
methanol, respectively. Similar results were obtained by Wawrzetz et al[36] in APR of
20 wt.% glycerol on 3 wt.% Pt/Al203 at 225 °C, 29 bar. Two small peaks at 2050 and
1940 cm! were observed [36] in the ATR-IR spectra, which were assigned to linear and
bridge bound CO on Pt. However, this assignment can be debated because boehmite,
which was formed from alumina during APR, has IR peaks in the same window.
Copeland et al. [21] have studied activation of glycerol on 5 wt. % Pt/Al,03 using ATR-IR
spectroscopy at room temperature. Formation of two types of adsorbed CO was
reported (i) CO interacting with co-adsorbed Hz and (ii) CO interacting with molecularly
adsorbed H20. The authors emphasized that the rates of CO formation and consumption
strongly depend on the cleaning procedure of the catalyst layer prior to kinetic studies.
The cleaning pretreatment included alternating flows of Hz- and O2-saturated water. The
cleaning procedure used in the current study was based on suggestions of Copeland
et al. [21], thus the influence of the cleaning pretreatment on the formation of CO from
hydroxyacetone can be neglected.

The absence of adsorbed CO in the APR experiment in the ATR-IR cell could be due
to the following. It is possible that adsorbed CO is not involved in the rate-determining
step in APR of hydroxyacetone, and desorption, water gas shift or methanation are fast
compared to CO formation. It is also possible, as seen from the experiments in the fixed-
bed reactor, that deactivation of the catalysts occurs and this prevents CO adsorption. In
order to confirm this, analysis of gas phase products and determination of conversion
levels simultaneously is required.

4.3.1 Other reforming products

Liquid phase reactions of hydroxyacetone such as hydrogenation, oxidation,
hydration or dehydrogenation can result in the formation of various
saturated/unsaturated Cz-alcohols and acids. However, the concentrations of these
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products were much smaller than the concentration of the hydroxyacetone in the
reaction mixture, which made it difficult to distinguish them in an IR spectrum, as it was
dominated by hydroxyacetone peaks (Figure S12 in Supplementary Information).
Nevertheless, adsorption of these products or their consecutive conversion into other
products or coke cannot be ruled out.

4.4 Identification of adsorbed species

In order to determine the origin of the new peaks at 1691, 1593, 1540, 1116 and
1055 cm! possible reactions of hydroxyacetone were considered. Generally, the bands
around 1750-1650 cm1 were assigned to carbonyl groups of various classes of
molecules (carboxylic acids, aldehydes, ketones and esters). The frequency range
between 1650 and 1500 cm! is assigned to unsaturated carbon-carbon vibrations and
the bands in the range between 1500 and 1200 cm™! are assigned to various deformation
vibrations of CHx groups [37]. This suggests that adsorbates contain carbonyl groups as
well as unsaturated carbon-carbon bond.

Apart from undergoing reforming reaction, hydroxyacetone can undergo
enolization and aldol condensation reactions. In both cases unsaturated carbon - carbon
bond is formed, thus either enolization or aldol condensations products can be
responsible for appearance of adsorbates peaks observed at 230 °C. Both options will be
discussed in the following sections.

4.4.1 Enolization of hydroxyacetone

Hydroxyacetone can go through tautomerization, resulting in two types of enolic
isomers - prop-1-ene-1,2-diol (enol 1) and prop-2-ene-1,2-diol (enol 2) (Figure 13).
Low extent of enolization of hydroxyacetone in D20 and in thiethylamine solution was
reported by Yaylayan et al.[24]

(o]
Cl)H ‘ C|)H
OH
C OH
OH P c /
C — H.C c — - N
Hsc/ \\\C/ —_—— 3 g -_—— HZC/ 82
H
(Z)-prop-1-ene-1,2-diol 1-hydroxypropan-2-one prop-2-ene-1,2-diol
enol 1 enol 2

Figure 13. Structure of enols of hydroxyacetone.

DFT calculations of IR spectra of both enols in vacuum were performed. Calculated
frequencies and intensities can be found in the Table S1 in the Supplementary
Information. According to the results obtained, enol 1 is ca. 20 kJ/mol more stable than
enol 2 in vacuum. Both enols have C=C stretching vibrations together with C-OH
stretching vibrations. However, the calculated frequencies of enols do not match the
experimental frequencies observed on Pt/ZrO. at 230 °C, suggesting that adsorbed
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species do not include enols. This qualitatively agrees with a DFT study on adsorption,
tautomerization and decomposition of acetone on Pt (111) surface by Xu etal [38],
reporting that only a small amount of acetone could tautomerize into enol Pt (111)
surface at room temperature.

4.4.2 Aldol condensation of hydroxyacetone

The structure of the two products of aldol condensation is influenced by the
structure of the enol that condenses with hydroxyacetone (Figure 14). Thus, enol 1
produces 3,4,5-trihydroxy-4-methylpentan-2-one, whereas enol 2 gives 1,4,5-
trihydroxy-4-methylpentan-2-one as addition products. The two addition compounds
can further dehydrate giving (Z)-3,5-dihydroxy-4-methylpent-3-en-2-one (3,5-DH) and
(Z)-1,5-dihydroxy-4-methylpent-3-en-2-one (1,5-DH) as products.
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Figure 14. Two possible pathways of aldol condensation of hydroxyacetone.

Infrared spectra of both aldol condensation products were calculated in order to
support peak assignments. It is important to note that all spectra have been calculated
for the most stable conformations of the investigated molecules in the isolated state,
thus deviations in peak positions and peak intensities can be expected when molecules
are adsorbed on surfaces in presence of water. The validity of the DFT method was
shown by comparing IR frequencies of hydroxyacetone obtained experimentally with
those obtained from calculations. The calculated hydroxyacetone spectrum (Table S1)
shows good agreement with the 2.5 wt. % experimental spectrum in water (Figure 1a).
The influence of the presence of three water molecules on hydroxyacetone spectrum
was also evaluated. Results reported for the two strongest hydroxyacetone peaks
showed that the influence of water is negligible, since only minor shifts in frequencies
and minor changes in the intensities were observed.

Furthermore, the calculated spectra of both of the enols and the addition products
(Table S1 in Supplementary Information) did not show peaks around 1600 cm?, thus
they cannot be responsible for new peaks observed during the experiment of
hydroxyacetone adsorption on catalysts. Finally, IR spectra of both aldol condensation
products were calculated (Table S1) both in vacuum and in the presence of water.
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Influence of water was estimated by the intermolecular interactions between the
condensation product and six water molecules, which can be explained as the elongation
of the C=0 bond caused by hydrogen bonds and the delocalization of charge in the C=0
and C=C coupled stretching vibrations. The results showed a decrease of 30 cm-! for the
peaks located in the region between 1500 and 1700 cm! and a negligible effect on the
peaks below 1500 cm't. Comparison of the most important vibrational frequencies of
both dimers in vacuum and in the presence water with experimental data is given in
Table 3.

Table 3. Comparison of experimental frequencies (last spectrum in Figure 6a) with calculated frequencies of aldol
condensation products of hydroxyacetone in vacuum and in the presence of six water molecules.

Experimental 1691 (s)* | 1593 (ms) | 1540 (s) | 1380 (vs) | 1116 (w) | - 1055 (w)
frequencies, cm!
Calculated frequencies, cm:
1044
) 1684 (s) | 1637 (vs) | 1637 (vs) | 1370 (s) 1123 (s) (ms)
35-DHinvacuum | (o406)b | (28%) | (63%) | (-0.7%) | (0.6%)
(-1.0 %)
35-DH  surrounded | 1654 (W) | 1611 (vs) | 1611 (vs) | 1355(s) | 1115(s) | 1037 (s)
by 6H,0 molecules (-22%) | (1.1%) (4.4 %) (-1.8 %) (-0.1 %) (-1.7 %)
_ 1687 (s) | 1608 (vs) | 1608 (vs) | 1401 (s) | 1129 (ms) | 1086 Ei‘rs’f
1,5-DH in vacuum (-02%) | (09%) | (44%) |(15%) | (1.2%) v | 1%
. 0
1,5-DH surrounded | 1651 (s) | 1587 (vs) | 1587 (vs) | 1396 (s) | 1128 (ms) | 1071 | 1058 (w)
by 6H,0 molecules (-24%) | (-0.4%) (31%) (1.2 %) (1.1%) (vs) 0.3 %)

a Intensities of the peaks are presented as (vs) very strong, (s) strong, (ms) medium strong, (w) weak.

b Deviations of calculated frequencies from experimental frequencies are given in the brackets. Peak
assignments: 1691 cm! - asymmetric stretching of C=0 and C=C coupled vibrations, 1593 and 1540 cm™! -
symmetric stretching of C=0 and C=C coupled vibrations, 1116 cm'! - C-H bending in C=CH, 1055 cm! -
coupled C-OH stretching.

The calculated spectra of two condensation products are similar in the region of
C=0 and C=C vibrations, both having two coupled stretching vibrations around 1680 and
1600-1630 cm-1. The coupling with the C=C stretching determines the shift of the C=0
band to lower frequencies. Analysis of the deviations in peak positions and intensities
(deviations are given in the brackets in Table 3) for both dimers shows good agreement
with experimental results. These deviations are within the estimated accuracy of the
calculation method. The calculated C=0 frequency in the presence of water is shifted by
around 2% compared to experimentally observed frequency. The comparison of C=C
frequency is less clear, since two peaks at 1593 and 1540 cm'! were observed in the
experimental spectrum and deviations between theory and experiment are somewhat
larger.
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Dimers 3,5-DH and 1,5-DH can be distinguished based on the vibrational band at
1086 cm or 1071 cm-! when corrected for water. This peak is absent in the spectrum of
3,5-DH and in the experimental spectrum (Figure 6a); thus, 3,5-DH seems to be
dominant in aldol condensation of hydroxyacetone. The absence of this band is
attributed to the presence of a hydrogen bond between the hydroxyl groups that
determines the shift of the C-OH stretching band to the lower frequencies (1044-
1025 cm1).

4.5 Nature of the support in aldol condensation

The different IR adsorption spectra for Pt/ZrO; and Pt/AlO(OH) presented in
Figure 3a suggested that aldol condensation, as discussed in the previous section, does
not occur on the surface of boehmite. This is probably due to the lower surface acidity of
boehmite compared to zirconia. TPD NH3 results (Figure 8) showed that total acidity of
zirconia is higher than boehmite. Pyridine adsorption measured with IR (Figure 7) also
suggested that Pt/ZrO; has high concentration of Lewis and Bronsted acid sites and
Lewis basic sites, while Pt/AlO(OH) has low concentration of Lewis acid sites. It was
suggested in literature [30, 39, 40] that zirconia can catalyze aldol condensation of
acetone, due to its Lewis basicity. Thus, the condensation would proceed according to
the mechanism suggested in Figure 14. However, since acidity of boehmite and y-Al203
is similar, based on the pyridine desorption data, one can assume that boehmite may
also catalyze aldol condensation via an acidic route. In fact, Ferri et al. [41] reported
aldol condensation of ethyl pyruvate catalyzed by alumina, and Dumitriu et al [42]
studied aldol condensation of acetaldehyde on MFI zeolites. Our IR results, however, do
not indicate formation of any condensation products on boehmite. Possibly,
condensation products are not detected on AIO(OH) supported catalyst because
Pt/AlO(OH) is more active in formation gaseous reforming products (COyx, Hz, etc.) than
Pt/ZrO2 [19]; as reforming to COx competes with condensation reactions, this may well
contribute to the difference in the formation of condensation products between AIO(OH)
and ZrOa.

4.6 Deactivation of the catalysts due to coke formation

TPO analysis of the samples after hydroxyacetone adsorption in the ATR-IR cell
(Figure 9) showed higher peak intensities for Pt/ZrO; compared to Pt/AlO(OH),
suggesting higher amount of coke on Pt/ZrO;. Two different regions of oxidation
temperatures around 300 °C and 450 °C were observed for both samples, with Pt/ZrO>
having most of the coke burning at lower temperatures. Elemental analysis of the same
samples (Table 2) showed the highest amount of coke on ZrO; sample, and the lowest
coke amount on Pt/AlO(OH), which is in agreement with TPO results. The amount of
coke on supports was higher than on Pt/support samples. These results suggest that
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reactions on the surface of supports are possibly causing the accumulation of coke. The
aldol condensation reaction is probably the first step in this sequence, since it leads to
formation of molecules with long carbon chain with unsaturations. Oxidation
temperatures of carbon deposits for Pt/ZrO; are well below the oxidation temperatures
of hydrocarbon coke that is observed in e.g. methane dry reforming [43-45], suggesting
that coke on Pt/ZrO: is a “soft” coke with high oxygen content. The results presented
here are qualitatively in agreement with the characterization results obtained by Vikla et
al. [19] by characterizing the same catalysts after APR of hydroxyacetone at 225 °C,
35 bar in a fixed-bed reactor.

Thus, aldol condensation of hydroxyacetone, resulting in formation of (E)-3,5-
dihydroxy-4-methylpent-3-en-2-one, is likely to be the first step in the formation of
oxygen rich deposits, significantly responsible for the catalyst deactivation in aqueous
phase reforming of hydroxyacetone. The reforming reaction that takes place on Pt
surface is competing with the condensation reaction; however, the acid-base properties
of the support clearly influences the condensation reactions, leading to coke formation
independent of the presence of Pt.

5. Conclusions

In situ Attenuated Total Reflection Infrared (ATR-IR) spectroscopy allows to study
adsorbed species that form during exposure to hydroxyacetone on Pt/AlO(OH) and
Pt/ZrO; catalysts under conditions of aqueous phase reforming, i.e. 230 °C/ 30 bar. In
addition to reforming reaction, hydroxyacetone undergoes aldol condensation resulting
in strongly adsorbed species when brought in contact with ZrO;-based catalyst due to
the presence of Lewis acid and basic sites. However, no condensation products were
observed on AlO(OH)-based catalyst due to its weak Lewis acidity. Carbonaceous
deposits with low oxidation temperatures, as showed by elemental analysis and TPO
analysis, are suggested to be due to hydroxyacetone condensation, leading to catalyst
deactivation. Additionally, absence of adsorbed CO in the spectra suggests that either CO
consumption is not rate-limiting or catalyst deactivation prevents CO adsorption. In
order to confirm this analysis of gas phase products and determination of conversion
levels simultaneously is required.
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Supplementary Information for Chapter 5

Figure S1. Water subtracted in situ ATR-IR spectra of hydroxyacetone adsorption on Pt/ZrO2, ZrOz, Pt/AlO(OH) at
100 °C, 20 bar after 60 min.
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Figure S2. Time resolved water corrected in situ ATR-IR spectra of hydroxyacetone initial adsorption over ZrO2 at
230°C, 30 bar. Spectra with time difference of 1 min are presented during the first 10 min, further spectra have time
difference of 5 or 10 min.
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Figure S3. Time resolved water corrected in situ ATR-IR spectra of hydroxyacetone initial adsorption at 25°C, 1 bar
over (a) ZrOz and (b) Pt/ZrO.. First 10 spectra have time difference of 1 min, further spectra have time difference of
10 min.
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Figure S4. Time resolved water corrected in situ ATR-IR spectra of hydroxyacetone initial adsorption at 100°C, 20 bar
over (a) ZrOz and (b) Pt/ZrO.. First 10 spectra have time difference of 1 min, further spectra have time difference of

10 min.
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Figure S5. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with H20 on ZrOz at
230°C, 30 bar. Spectra with time difference of 10 min are presented during 60 min.
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Figure S6. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with Hz0 on bare
ZnSe at (a) 30°C, 1 bar and (b) 100°C, 20 bar. Spectra with time difference of 1 min are presented during first 10 min,
further spectra have time difference of 10 min.
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Figure S7. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with H20 on (a) ZrO2
at 30°C, 1 bar and (b) Pt/Zr0O2 at 30°C, 1 bar. Spectra with time difference of 10 min are presented during 60 min.
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Figure S8. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with H20 on (a) ZrO2
at 100°C, 20 bar and (b) Pt/Zr0z at 100°C, 20 bar. Spectra with time difference of 10 min are presented during 60 min.
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Figure S9. Time resolved water corrected in situ ATR-IR spectra during hydroxyacetone removal with H20 on (a)

Pt/AIO(OH) and (b) AIO(OH) at 230°C, 30 bar. (a) Spectra with time difference of 1 min are presented during first 10

min, further spectra have time difference of 10 min, (b) Spectra with time difference of 10 min are presented during

60 min.
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Figure S10. FTIR spectra of pyridine adsorption on Pt/AlO(OH) after evacuation at RT (red and blue), 225 °C (green
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35+
3.0

254

2.0

Integrated peak area (a.u.)
P
1

Time (min)
Figure S11. Integrated areas of peaks at 1718 cm! and 1080 cm! assigned to hydroxyacetone and peaks at 1685,
1600, 1541 and 1120 cm-! assigned to adsorbates while hydroxyacetone is being washed out from the cell with ZrO:
at 230°C, 30 bar during 60 min. The purpose of the lines is to guide the eye.
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Figure S12. ATR-IR spectra of mixtures of liquid products detected by HPLC.
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Table S1. Infrared spectra of hydroxyacetone, enols, addition products and condensation products in vacuum and in
the presence of water, according to DFT calculations. Intensities of the peaks are given in the brackets and marked as
following: vs - very strong (I>139 a.u.), s - strong (I= 70-138 a.u.), ms - medium strong (I= 22-69 a.u.), w - weak (I<22

a.u)
T Hydroxy- enol enol .(Z)-1,5- .(Z)-1,5- .(Z)-3,5- .(Z)-3,5-
acetone+3 form 1 form 2 dihydroxy- | dihydroxy- | dihydroxy- | dihydroxy-
acetone H20 4-methyl- | 4-methyl- | 4-methyl- | 4-methyl-
pent-3-en- | pent-3-en- | pent-3-en- | pent-3-en-
2-one 2-one + 2-one 2-one +
(from 6H20 (from 6H20
enol 1) enol 2)
v, cm-1 v, cm-t v, cm-1 v, cm-t v, cm-1 v, cm-! v, cm-1 v, cm-!
1751 (vs) 1749 (vs) 1715 (ms)
1688 (s) 1687 (s) 1651 (s) 1684 (s) 1654 (w)
1608 (vs) 1587 (vs) 1637 (vs) 1611 (vs)
1509 (w)
1447 (w) 1465 (w) 1448 (w) 1396 (s) 1462 (w) 1355 (s)
1436 (w) 1442 (ms) 1459 (w)
1427 (w) 1421 (w) 1427 (w) 1436 (w) 1448 (w)
1397 (w) 1433 (w) 1447 (w)
1403 (ms) 1358 (w) 1430 (w) 1434 (w)
1408 (ms)
1363 (ms) 1373 (ms) 1333 (s) 1401 (s) 1393 (w)
1345 (w) 1388 (w) 1370 (s)
1321 (w) 1358 (w) 1360 (ms)
1338 (ms)
1276 (s) 1204 (ms) 1215 (s) 1272 (s) 1233 (vs)
1224 (w) 1250 (w)
1233 (s)
1222 (w)
1181 (ms) 1136 (s) 1160 (s) 1170 (w) 1183 (ms)
1092 (vs) 1094 (s) 1022 (s) 1077 (s) 1129 (ms) 1228 (ms) 1123 (s) 1115 (s)
1078 (w) 1045 (w) 1086 (vs) 1071 (vs) 1044 (ms) 1037 (s)
1056 (ms) 1058 (w) 1029 (ms)
1054 (w) 1055 (w) 1025 (ms)
1013 (w)
943 (w) 977 (ms) 990 (w) 997 (w) 976 (ms)
959 (w) 992 (s) 916 (w)
935 (w)
910 (ms)
852 (w) 847 (w) 890 (w) 813 (w) 888 (w)
780 (w) 820 (ms) 722 (w) 782 (w)
702 (w) 723 (w)
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Conclusions and Recommendations

Correlation of catalyst activity to its structure is an important step in the
development of an efficient catalyst for a heterogeneously catalyzed process. In situ
spectroscopic studies of the catalyst’s state and the adsorbed species under the reaction
conditions can contribute significantly to the understanding of the reaction sequences
and the structure of the catalytic active site. For example, information about the surface
species responsible for catalyst deactivation or the changes in catalyst structure under
the reaction conditions can be obtained, thus suggesting routes for catalyst
improvement. However, the reaction conditions and the presence of a solvent can be a
challenge for in situ investigations due to the limitations of the techniques.

Attenuated Total Reflection Infrared (ATR-IR) spectroscopy, discussed in detail in
this thesis, is a technique of choice when phenomena at the solid-liquid interface,
especially at solid/water interface, are studied. Applicability of the ATR-IR spectroscopy
for in situ studies of water/catalyst interface in Aqueous Phase Reforming (APR) was the
main target of the work presented in this thesis. Since APR reaction requires high
temperatures and pressures (150 - 350 °C and 10 - 50 bar), an ATR-IR cell suitable for
these conditions had to be designed and tested. Hence, results presented in Chapter 2
describe the design of insitu ATR-IR Tunnel cell with cylindrical IRE coated with a
mechanically stable catalyst layer. Hydrodynamic flow simulations showed non-plug
flow behavior in the cell. Residence time distributions obtained from simulations show
good agreement with the experimental results for acetone and glycerol solutions. In our
opinion, such a simulation is essential to support concentration changes that occur
during reactions to be able to establish operational regions i.e., transient vs steady state.
The results of simulation also allow one to correlate changes in IR spectra with
concentration changes during kinetic experiments, allowing to follow changes in
concentration of surface species. The information about residence time distribution in
the cell is important for Modulation excitation spectroscopy (MES) where sensitivity
toward both bulk and surface species is enhanced by periodic perturbation of a
parameter, e.g. concentration or temperature, leading to oscillating response of certain
species [1].

The diffusion in the porous catalyst layer is another important factor influencing
residence time distribution, which was not included in the current simulations. Further
studies are needed on this topic.

Applicability of ATR-IR spectroscopy under APR conditions was demonstrated by
studying the real-time conversion of y-Al,03 to boehmite under hydrothermal conditions
of APR (Chapters 3 and 4). The results showed that this transformation leads to
catalyst deactivation together with Pt sintering and blockage of the Pt surface with
boehmite. Activation energy barriers for the transformation of y-Al203 to boehmite were
calculated based on changes in the characteristic spectral intensities. The formation of
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boehmite was established by Raman spectroscopy and 2’Al MAS NMR analysis of
samples before and after exposure to APR conditions. Based on the presented results
and in agreement with other studies, it was suggested that Pt hinders the transformation
by association with mono-coordinated OH groups of y-Al203, which are nucleation points
for the transformation to boehmite. The inhibiting effect of ethylene glycol is shown as
due to formation of carbonaceous deposits that protect the surface from hydroxylation.
Additionally, it was shown that boehmite is a stable phase at APR conditions and is
efficient as a support for Pt based catalysts for APR of ethylene glycol. Additionally, the
Pt/AlO(OH) catalyst shows good activity for hydrogen formation. This may be caused by
both the extensively hydroxylated boehmite surface, possibly favoring the bifunctional
reforming mechanism involving adsorbed carbonaceous species on Pt and water
activation via hydroxyl groups on the support, as well as by enhancing the oxidation of
Pt. Additional studies on surface hydroxyls of boehmite are needed to determine the
acid strength that is responsible for APR activity.

In situ ATR-IR spectroscopy was also used to study adsorption of hydroxyacetone
on Pt/AlO(OH) and Pt/ZrO; catalysts at 230 °C / 30 bar (Chapter 5). Formation of aldol
condensation products of hydroxyacetone strongly adsorbed on the surface was
observed on Pt/Zr0O and ZrO: in contrast to Pt/AIO(OH) and AIO(OH). Peak assignments
were supported by DFT calculations of the theoretical IR spectra of the condensation
products in vacuum and in the presence of water. The amount and type of coke deposits
determined by elemental analysis and TPO showed that coke with low oxidation
temperatures was deposited mostly on the surface of the ZrO2 support. Surprisingly, no
adsorbed CO was observed in the spectra, suggesting that either CO consumption is not
rate-limiting or catalyst deactivation prevents CO adsorption. In order to confirm this
analysis of gas phase products and determination of conversion levels simultaneously is
required. Further investigations of hydroxyacetone adsorption states on the surface of
both Pt and support (boehmite, zirconia or other supports) can help to understand the
pathways of aldehydes and ketones conversion under APR conditions. This will
contribute significantly to the development of the efficient catalyst for APR of
oxygenates mixtures.

The ATR-IR spectra of hydroxyacetone reaction coupled with spectra collected
during washout with water showed the ability of ATR-IR to detect strongly adsorbed
surface species. Additionally, it was concluded that it is not possible to detect liquid
phase products of hydroxyacetone reforming that are present in smaller quantities
compared to the reactant. This is an inherent limitation of the technique.

There are also recommendations for technical upgrading of the ATR-IR cell based
on the experimental results obtained. These recommendations can be taken into account
for future investigations using the ATR-IR Tunnel cell. Such improvements include (i)
installation of additional thermocouples and thermal insulation for the conical mirrors
in the cell for uniform temperature profile and (ii) improving the performance of O-rings
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minimizing leakage into the IR cell chamber, which decreases the signal quality, making
it difficult to distinguish peaks with low intensity. Correlation of IR peak intensities to
concentrations of the adsorbed species and the amount of catalyst will help
quantification of the results.

Additionally, the possibility of an on-line/off-line reactant and product analysis
using UV-Vis spectroscopy or HPLC chromatography can be considered for operando
studies. The simultaneous measurements of the conversions together with IR spectral
changes from the surface of the catalyst will make the investigations more complete.

Thorough understanding and refinement of the spray coating technique for
catalyst deposition, that is suggested in this thesis, are needed. Before coating, catalyst
particle size in a slurry can be measured by using Dynamic Light Scattering analysis, and
a uniform size distribution of particles can be achieved by ball-milling the slurry. This
can help decreasing inhomogeneity and existence of the voids in the resulting layer.

The characterization of the layer using additional techniques is recommended. For
example, properties such as layer thickness, porosity and complex refractive index of the
layer can be evaluated by using ellipsometry, which is a common technique for
characterization of thin films [2, 3]. Optimization of the coating technique is also needed
for other types of catalysts apart from the ones used in this thesis and, if applicable, dip
coating technique should be considered.

Furthermore, the appearance of reversible broad bands in the region between
1200 and 1000 cm-! at high temperatures as discussed in Chapter 2 is still an issue
influencing the assignment of peaks in the IR spectra. The nature of these bands still has
to be understood. Modelling of the optical pathways of IR beam within the cylindrical
IRE can help to reveal the exact patterns of the total internal reflection for the case of
curved crystal/sample boundary. This information can potentially give an explanation
for the broad bands observed in the spectra. Moreover, little is known about the nature
the attachment between the catalyst and the crystal. Surface properties of ZnSe, its
electronic state and longtime influence of the catalyst particles on surface roughness of
the polished crystal was not studied yet. This can be a subject of further investigations.

Finally, the data analysis can be improved by applying chemometric methods
reported in literature such as multivariate analysis [4, 5]. Attempts have been made by
other scientists to distinguish spectra of the solvent from those of the reactant to
accurately define the concentration profiles of the reactant.

We have shown successfully that ATR-IR spectroscopy is a useful tool for studies of
reactions at water/catalyst interface, using APR as an example reaction. Both catalyst
structure and surface species can be studied under realistic reaction conditions,
suggesting improvements for catalyst development. Further studies in the field of APR,
such as performance of bimetallic catalysts and utilization of carbon-based supports, are
possible. The kinetics of WGS reaction can also be monitored separately by following
rates of adsorbed CO formation or consumption.
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The applicability of the ATR-IR cell for operation at high temperature and high
pressure liquid conditions opens up the possibilities of using this technique for other
liquid phase reactions in heterogeneous catalysis, for example hydrogenation reactions.
Summarizing, the design and the operation limits of the technique can be adjusted to
required reaction conditions, broadening its applicability for heterogeneous liquid-
phase catalysis.
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Summary

Development of an efficient catalyst in heterogeneous catalysis includes
understanding the relationship between catalyst structure and its activity. In situ
spectroscopy methods can be used to study structure of the catalytic active site and
reaction sequences under reaction conditions. Information obtained from such analyses,
eg. the structure of the surface species responsible for catalyst deactivation or the
changes in catalyst structure under the reaction conditions, can suggest routes for
catalyst improvement. However, the limited applicability of the techniques in real
reaction conditions and especially in the presence of a solvent can be a challenge for
in situ investigations.

Attenuated Total Reflection Infrared (ATR-IR) spectroscopy, discussed in detail in
this thesis, is a technique used for studies at solid-liquid interface, especially at
solid/water interface. The main target of the work presented in this thesis is
applicability of the ATR-IR spectroscopy for insitu studies of the water/catalyst
interface in Aqueous Phase Reforming (APR). APR reaction requires high temperatures
and pressures (150 - 350 °C and 10 - 50 bar), therefore a suitable ATR-IR cell had to be
designed and tested for these conditions. Results presented in Chapter 2 describe the
design of an in situ ATR-IR Tunnel cell with a cylindrical Internal Reflection Element
coated with a mechanically stable catalyst layer. Hydrodynamic flow simulations
showed non-plug flow behavior in the cell. Residence time distributions obtained from
simulations show good agreement with the experimental results for acetone and
glycerol solutions. Such a simulation is essential to support concentration changes that
occur during reactions to be able to establish specific operational modes i.e., transient vs
steady state. The results of simulation also allow one to correlate changes in IR spectra
with concentration changes during kinetic experiments, allowing to exclude changes
related to hydrodynamics of the flow and follow changes in concentration of surface
species.

Applicability of ATR-IR spectroscopy under APR conditions was demonstrated by
studying the conversion of y-Al203 to boehmite in real-time under hydrothermal
conditions of APR. The results presented in Chapter 3 and 4 showed that this
transformation leads to catalyst deactivation together with Pt sintering and blockage of
the Pt surface with boehmite. Activation energy barriers for the transformation of y-
Al;03 to boehmite were calculated based on changes in the characteristic spectral
intensities. The formation of boehmite was established by Raman spectroscopy and 27Al
MAS NMR analysis of samples before and after exposure to APR conditions. Based on the
presented results and in agreement with other studies, it was suggested that Pt hinders
the transformation by association with mono-coordinated OH groups of y-Al203, which
seem to act as nucleation points for the transformation to boehmite. The inhibiting effect
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of ethylene glycol is shown as due to formation of carbonaceous deposits that protect
the surface from hydroxylation. Additionally, it was shown that boehmite is a stable
phase at APR conditions and is efficient as a support for Pt based catalysts for APR of
ethylene glycol. Moreover, the Pt/AlO(OH) catalyst shows good activity for hydrogen
formation. This may be caused by both the extensively hydroxylated boehmite surface,
possibly favoring the bifunctional reforming mechanism involving adsorbed
carbonaceous species on Pt and water activation via hydroxyl groups on the support, as
well as by enhancing the oxidation of Pt.

Chapter 5 describes the adsorption of hydroxyacetone, another model oxygenate
for APR, on Pt/AlIO(OH) and Pt/ZrO: catalysts at 230°C/ 30 bar studied by in situ
ATR-IR spectroscopy. Formation of aldol condensation products of hydroxyacetone
strongly adsorbed on the surface was observed on Pt/ZrO, and ZrO; in contrast to
Pt/AIO(OH) and AIO(OH). The theoretical IR spectra of the condensation products in
vacuum and in the presence of water calculated using DFT methods were used to
support peak assignments. The ATR-IR spectra of hydroxyacetone reaction combined
with spectra collected during washout with water showed the ability of ATR-IR to detect
strongly adsorbed surface species. The amount and type of coke deposits determined by
elemental analysis and TPO showed that coke with low oxidation temperatures was
deposited mostly on the surface of the ZrO, support. Surprisingly, no adsorbed CO was
observed in the spectra, suggesting that either CO consumption is not rate-limiting or
catalyst deactivation prevents CO adsorption. In order to confirm this, analysis of gas
phase products and simultaneous determination of conversion levels is required.

Summarizing, we have shown successfully that ATR-IR spectroscopy is a useful
tool for studies of reactions at water/catalyst interface, using APR as an example
reaction. Both catalyst structure and surface species can be studied under realistic
reaction conditions, suggesting improvements for catalyst development. The
applicability of the ATR-IR cell for operation at high temperature and high pressure
liquid conditions opens up the possibilities of using this technique for other liquid phase
reactions in heterogeneous catalysis, for example hydrogenation reactions.
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KpaTKOE coaepxKaHue

Pa3spa6oTka a¢ppeKkTUBHOro KaTaausaTopa A/ reTepOreHHOro KaTaluTH4ecKoro
nmpolecca BK/IKOYaeT B cebsd BbIBJIEHHe 3aBUCUMOCTH MeXJy CTPYKTYpoH
KaTa/lu3aTopa M ero aKTUBHOCTbIO. CIIeKTPOCKONMYeCKHe MeTOJpl in situ (sam. «Ha
MecTe», T.e. B PeaKIMOHHOH CMeCH) MOTYT ObITb HCHOJIb30BaHbI [JIsI HU3y4YeHHs
CTPYKTYPbl KaTaJUTUYECKOI'0 aKTHBHOTO LEHTpa U NOC/Je[0BaTeJbHOCTU peakiui B
yCJI0BUAX peakluu. UHPopManus, nosydyeHHas Npy NOMOIIU TaKUX MeTOJO0B aHa/IU3a,
HanpuMep, 0 CTPYKType MOBEPXHOCTHOI0 KOMILIeKca (BUAA), BeAyllero K AeaKTUBaluu
KaTaJn3aTopa, UIK 06 M3MEHEeHHUAX B CTPYKType KaTajau3aTopa I0J BO3JeHCTBUEM
YCJIOBUH peakLUH, MOXeT II0MOYb B ONpeJeJileHUd MeTOAOB IO YJy4IIeHHIO
KaTasusaTtopa. OfjHaKo, OTpaHUYeHUs B NMPUMEHEHUH JAaHHBIX METOJ0B B peasbHbIX
YCJIOBUSAX peaklMM, a TaKXe B NPUCYTCTBUU PACTBOPUTENST MOTYT MpPeNsTCTBOBAThb
MpOBEJIEHUIO In Situ UccaeJ0BaHU M.

MHdpakpacHas ceKTPOCKONUS HapyLIeHHOT0 OJTHOTO BHYTPEHHET0 OTPaXKeHUA
(MK-HIIBO), paccMoTpeHHas B JAeTassAXx B JAHHOM JAUCCepTaLUM, SIBJASIETCS METOLO0M
U3y4YeHHS NOBEPXHOCTHU pasfesa MeXJy *UJAKOCTbI U TBepJbIM TeJIOM, B YaCTHOCTH
MOBEPXHOCTU pa3zjiesa MexAy TBepJblM TeJoM UM Bojol. OCHOBHOM IieJibio
UCC/IeIOBAaHUM, Npe/ACTaBJEeHHBIX B JJAHHOW JAuUCCepTaluH, fABJAETCA HU3y4YeHHe
npuMeHumoctu HK-HIIBO cnekrtpockonuu fJjis in situ Ucclef0BaHUK IOBEPXHOCTH
pasjesa MexAy BOJAOM M KaTaausaTopoM B mpouecce KuakodasHoro Pepopmunra
(KP). [Tpouecc XKP npoTekaeT npu BbICOKUX TeMIlepaTypax U JaBjeHusx (150 - 350 °C
u 10 - 50 6ap), mMo3TOMy HEOGXOAMM MOJ60P W TNMPOBEpKa MOAXOJsIIEHd SYEeHKU-
peakTopa. PesysbTaThl, npe/craBieHHble B ['1aBe 2, AalOT MOJIHOE ONKMCAaHUE U U3alH
TyHHenbHOU  g4elku-peakTtopa aas insitu  WK-HIIBO  cnektpockonuun ¢
UCroJb30BaHMEM JJjieMeHTa BHyTpeHHero OTpakeHMs LUJUHAPUYEeCKOH QOpMBI,
NOKPBITOTO MeXaHH4YeCKH CTabUJBbHBIM CJI0eM KaTajau3aTopa. MojenupoBaHue
TUAPOJMHAMHUKH KUAKOCTHOTO MOTOKa BHYTPHU fYeMKU-peaKTopa MoKasaso, 4YTO THUII
NOTOKAa 3HAYUTEJBHO OT/JMYAaeTCcd OT peaKTopa MWJAeaJbHOrO BBbITECHEHHS.
Pacnipesienenve BpeMeH NpeGbIBaHUS MOJIEKYJI, MOJyYeHHOe INpPU MOJeJUPOBAHUH,
HaxOJMTCsI B COTJIACOBAaHUM C IKCIIepUMeHTa/lbHbIM pe3y/bTaTaMH, OJYYeHHbBIMU TPU
M3y4eHUM BOJHBIX PaCcTBOPOB aleTOHa U riulepuHa. [logo6Hoe MojennpoBaHuUe
HeoOXOJJUMO JJI1 U3y4YeHUs M3MeHeHUN KOHLleHTpalMU BellleCTB, MPOUCXOJSIUX BO
BpeMs peaklMH, a TaKXkKe J[Jf YCTAaHOBJEHUA OIepalMOHHBIX PEeXUMOB BO BpeMs
peakLM{, a HMMEHHO TIIepeXOJHOr0 WM YCTOMYUBOTO COCTOAHHMU. PesysbTaTel
MO/Ie/IMPOBaHUA TaKXe MO3BOJIAIT YCTAHOBUTb 3aBUCHUMOCTH MeX/ly U3SMEHEeHHUSAMHU B
WK cnexkTpax M U3MeHEHHUSX KOHIIEHTPallMM BellecTB BO BpeMs KHHETHYeCKHX
3KCIIePUMEHTOB, YTO MO3BOJUT UCK/JIIOYUTb T'PaJiUeHThl KOHIIeHTpALUH, CBA3aHHbIE C
TUAPOJMHAMUKON MOTOKA, U BbIABUTb KOHLEHTPalLMOHHbIE MPOGUIN NOBEPXHOCTHBIX
KOMILJIEKCOB (BH/IOB).
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WK-HIIBO cnekTpockonusi B ycaoBusAX mpoliecca KP 6buia mpuMeHeHa AJ1s
M3y4yeHHs NMpeBpallleHrs raMMa OKCH/ia aJloMUuHUA B «6eMuT» (boehmite, AIO(OH)) nog,
BO3/leficTBUEM I'HAPOTEPMUUECKUX YCI0BUH. Pe3ysibTaThl, npe/cTaBieHHble B [J1aBe 3,
NOoKasaJld, 4YTO JaHHOe IpeBpallleHhe BeJeT K JeaKTUBAalLlMM KaTajausaTopa C
O/JIHOBPEMEHHBIM CHEKaHHWeM YaCTHI[ IJIATUHBI W GJOKMPOBAHHIO MOBEPXHOCTH
IJIaATUHBI 6eMUTOM. KpoMe Toro, Obl1a ONIpeiesieHa SHEPTHS aKTUBAI[UU [TPEBPALeHUS
ramMma OKCH/ia aJlloOMUHUsI B 6EMUT Ha OCHOBaHMHU U3MeHeHUH XxapakTepuctuyeckux UK
CIeKTpa/bHbIX NoJioc. 06pa3oBaHue 6eMUTa ObLIO TaKXe MOATBEePK/JeHo PaMaHOBCKOM
cnekTpockonueil u TBeppoTenbHol AMP 27Al cnekTpockonuell 06pasLoB A0 U Hocje
BO3/JleMCTBUS TUAPOTEPMUYECKUX YCA0BUM. Ha ocHOBaHMM mpesACcTaBJIE€HHBIX
pe3ysbTaTOB, HAaXOAALIMXCI B COTJIACHU C APYTMMH HCCJIeJLO0BAHUSMH, HaMH ObLIO
Npe/JIOKEHO, YTO YaCTHLbl IJIATHHBI NPENATCTBYIOT NpeBpalleHUI0 raMMa OKCUJaA
aJIOMMHUA B 6eMUT MyTeM MNPUCOeJUHEHHS K MOHO-KOOPAMHUPOBAHHBIM
TUAPOKCUIBHBIM TpyNNlaM Ha NOBEPXHOCTH TraMMa OKCHJA aJIOMHUHUSA, KOTOpble
MO0-BUAUMOMY SIBJSIIOTCSI HYKJIEALMOHHBIMU LIEHTPaMU NpPU 06pa3oBaHUU 6GeMUTa.
Takke ObLIO BbISIBJEHO, YTO NPUCYTCTBUE 3THJIEHIJIUKOJISI B pacTBOpe 3aMelJsieT
JlaHHOe IpeBpallleHue, 61arofapss 06pa3oBaHUIO YIJIEPOAUCTBIX OTJI0XKEHUH, KOTOpbIEe
3alUINAIOT MMOBEPXHOCTh OT UJAPOKCUIMpPOBaHUs. KpoMe 3Toro, 66110 MOKa3aHoO, 4TO
6eMUT sBJseTCcH ycToH4YuBON das3oi okcujaa anoMuHUA B ycnoBusax KP u B cBoio
oyepeJb  ABAdeTcd  3PQPEeKTUBHBIM  HOCUTeJeM JJA  IJIAaTUHOCOJepKaliux
KaTa/M3aToOpOB MNpU KUJAKodasHOM pedopMUHre ITUJAEHTIHKOJsA. KaTanusatop
Pt/AlO(OH) moka3aJj1 BBICOKYI0 aKTUBHOCTb B 06pa30BaHUU BOLOPO/IA. ITO MOXKET OBITh
BbI3BaHO JiM60 (i) OOUIHMPHBIM THAPOKCUJIMPOBAHUEM TMOBEPXHOCTH 6GEMUTA,
6J1arONMPHUATCTBYIOIUM OUYHKIMOHATBHOMY MeXaHHW3My pedOpPMHUHIA, COCTOSIIET0
U3 aJicOpOLUM YIIepOJUCThIX KOMIIJIEKCOB Ha MOBEPXHOCTH IJIATMHBI U aKTHUBALUU
MOJIEKYJT BOJbI TyTeM 06pa30BaHUsA THAPOKCUIbHBIX TPYIIN HA TOBEPXHOCTH HOCUTEH,
60 (ii) yBeTMUEHHBIM COZlepKaHUEM OKCH/IOB MJIaTHHBI.

B TsnaBe 5 1pexcraBieHbl pe3yJbTaTbl aAcOpOLMHU  THUJPOKCHALETOHA,
KCII0/Ib3yeMOI'0 B KayeCTBe MO/JIeJIbHOI'0 coeluHeHus B npouecce YKP, Ha noBepxHOCTH
Pt/AlIO(OH) u Pt/ZrO. kaTanuzatopoB npu 230 °C/ 30 6ap ¢ UcnoJb30BaHUEM in Situ
UK-HIIBO cnekTpockonud. Bo BpeMs sKcliepUMeHTOB HaOGJII0JaJoch 06pa3oBaHHUeE
NPOJAYKTOB a/bJi0JIbHOM KOHJEHCallMU THJPOKCHAlLleTOHa, aACcOpOMPOBAHHBIX Ha
noBepxHocTU Pt/ZrO; u ZrOz 06pasuoB B otanuue oT Pt/AlO(OH) u AIO(OH) o6pasuos.
Teopetuueckue UK crnekTpbl NpoAyKTOB KOHJEHCALUM, PaCCUUTAHHble NPHU MOMOILU
DFT MeToZ0B B BaKyyMe U B NMPUCYTCTBUU MOJIEKYJI BOABI, ObLIN HCIOJIb30BAHbI JJIsS
UHTepHpeTanuuu sKcnepuMeHTadbHbIXx MWK cmektpoB. WK cmekTpbl afcop6ruu
IMJpOKCUALIETOHA BMeCTe CO CIIeKTPaMH, MOJIyYeHHbIMU NPU BbIMBIBAaHWU peareHTa
BOJIOH, MOKa3aJM BO3MOXHOCTb ONpefie/IeHUs CTPYKTYpPbl CUJIbHO aZCOPOUPOBAHHBIX
NOBEPXHOCTHBIX KOMILJIIeKCOB (BuAoB) ¢ mnomoubio HK-HIIBO cnexkTpockonumu.
KosmyecTBO U TUN 06pa30BaHHbIX yI/EPOAHBIX OTJIOXKEHUU OblIU ONpeseseHHbl NPy
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IIOMOILM 3JIEMEHTHOI'0 aHa/u3a U TEPMONPOIPaMMUPYEMOr0 OKUC/IeHUs. Pe3yibTaThl
M0Ka3aJ/id, YTO YTrJIepOoJiHble OTJIOKEHHUS UMelT HU3KYI0 TeMIepaTypy OKHUCJIeHHS U
pacmoJioKeHbl IJIaBHbIM 06pa30M Ha MOBEPXHOCTU HOCUTeEJIS OKCUla LUpKoHUs. Kpome
toro, B UK cnekTpax He 66110 06HapyxeHo MK moJsioc afcop6MpoBaHHOI0O MOHOKCH/A
yraepoaa (CO), 4yTo o3HavyaeT JM60 BBICOKYI CKOPOCTb peakiuu notpebseHus CO,
aubo mpefoTBpauieHne o6paszoBaHuss CO 3a cyeT [JeaKTHUBALMH KaTalau3aTopa.
TpebyeTcsl AONOJHUTEJNbHBIA aHa/JW3 ra3opasHbIX MPOJYKTOB U OJHOBpPEMEHHOe
onpe/esieHMe KOHBEPCUM peareHTa /Jis NOATBEPKAEHUs JAHHOTO NPeATNoI0XKEHUS.

TakuMm o6pasoM, Mbl nokasasuu, 4to in situ UK-HIIBO crnekTpockonus siBasieTCs
[0JIe3HbIM UHCTPYMEHTOM B UCC/IeJ0BaHUAX PeaKLUil Ha OBEPXHOCTH pa3/iesia MexAy
BOJIOW W KaTaJMU3aTOPOM, B OCOGEHHOCTH B Mpolecce XUAKODa3HOTO pedOopMHUHTA.
CTpyKTypa KaTaJnM3aTopa, a TaKKe MOBEPXHOCTHble KOMILJIEKCHI (BHU/bl) MOTYT GBbITh
HCCIe[JOBaHbl B peaJibHbIX YCJOBHUSIX peaKkLUH, Mpejasarass ClIocobbl yJaydlleHHs
KaTaausatopa. [IpuMeHHMOCTb s4eliku-peaktopa s WK-HIIBO cnekTpockomuu B
M3y4YeHWH peakUUU MpU BbICOKUX TeMIlepaTypax M JaBJEHUSIX B MNPUCYTCTBUHU
pacTBopuTesisi OTKpbIBAaeT IIMPOKUH CHEKTP BO3MOXHOCTEW IO MCIO0Jb30BAHHUIO
JAHHOrO MeToJa [JJisl U3y4YeHUs [APYIUX KUJAKOPaA3HbIX peakLUHd B reTeporeHHOM
KaTa/lu3e, TAKUX KaK, HallpuMep, peaKLiui i pupoBaHus.
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Samenvatting

Ontwikkeling van een efficiénte katalysator voor heterogene katalyse omvat het
begrip van de relatie tussen de structuur van katalysator en zijn activiteit. Methoden van
in situ spectroscopie kunnen gebruikt worden om de structuur van het katalytisch
actieve centrum en reactiesequenties onder reactieomstandigheden te studeren.
Informatie verkregen van dergelijke analyse methoden, bijvoorbeeld de structuur van
de oppervlakte-molecuul-soorten of veranderingen in de structuur van de katalysator
onder reactieomstandigheden, kan gebruikt worden om manieren te vinden om de
katalysator te verbeteren. De gelimiteerde toepasbaarheid van de methoden kan, onder
echte reactieomstandigheden en met name in aanwezigheid van een oplosmiddel, een
uitdaging zijn voor in situ onderzoeken.

Attenuatie van de Totale Reflectie Infrarood Spectroscopie (ATR-IR), wat in detail
besproken is in dit proefschrift, is een techniek die wordt gebruikt om de interface
tussen vaste stoffen en vloeistoffen te bestuderen. Het belangrijkste doel van dit
proefschrift is de toepasbaarheid van de ATR-IR spectroscopie om de water-katalysator
interface te bestuderen in de Aqueous Phase Reforming (APR) reactie. De APR reactie
vereist hoge temperaturen en drukken (150 - 350 °C and 10 - 50 bar). Daarom moest er
eerst een geschikte ATR-IR cel (reactor) ontworpen en getest worden voor deze
omstandigheden. De resultaten gepresenteerd in Hoofdstuk 2 beschrijven het ontwerp
van een in situ ATR-IR Tunnel cel met een cilindrisch Interne Reflectie Element dat is
bekleed met een mechanisch stabiele katalysatorlaag. Simulatie van de hydrodynamica
van de stroming heeft niet-propstroomgedrag in de cel vertoond. Verblijftijd distributies
van moleculen verkregen uit simulaties, komen overeen met de experimentele
resultaten voor aceton en glycerol oplossingen. Een dergelijke simulatie is essentieel om
concentratie wijzigingen tijdens de reactie te ondersteunen en een operationeel modus
vast te stellen, d.w.z. transiente of stabiele staat. De resultaten van de simulatie maken
het ook mogelijk om te correleren tussen wijzigingen in IR spectra en concentratie
wijzigingen in kinetische experimenten, wat het mogelijk maakt om wijzigingen dankzij
hydrodynamica van de stroming uit te sluiten en om de concentraties van oppervlakte-
molecuul-soorten te volgen.

De toepasbaarheid van ATR-IR spectroscopie onder APR omstandigheden is
gedemonstreerd door het bestuderen van de real-time transformatie van y-Al203 naar
boehmiet onder hydrothermale omstandigheden. Resultaten van Hoodfstuk 3 en 4 tonen
aan dat deze transformatie leidt tot deactivatie van de katalysatorsamen met het
sinteren van het Pt en dekking van het Pt-oppervlak met boehmite. Activatie energie
van de transformatie van v-Al203 in boehmiet was berekend gebaseerd op
karakteristieke IR spectrale intensiteiten. De formatie van boehmiet was vastgesteld met
Raman spectroscopie en met een 2’Al MAS NMR analyse van monsters voor en na
belichting in APR omstandigheden. Gebaseerd op verkregen resultaten en in
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overeenkomst met andere studies, werd voorgesteld dat Pt de transformatie hindert
door een verbinding met mono-gecodrdineerde OH-groepen van y-Al;03, die nucleatie
centers lijken te zijn voor de transformatie naar boehmiet. Het inhibiterende effect van
ethyleenglycol werd aangetoond dankzij de formatie van koolstofhoudende afzettingen
die het oppervlak van hydroxylatie beschermen. Daarnaast werd aangetoond dat
boehmiet een stabiele fase van aluminiumoxide onder APR omstandigheden is en een
efficiénte ondersteuning voor Pt-gebaseerde katalysatoren in APR van ethyleenglycol is.
Bovendien heeft de Pt/AIO(OH) katalysator een goede activiteit in waterstof productie
getoond. Dit zou veroorzaakt kunnen worden door (i)een uitgebreide hydroxylatie van
het boehmiet oppervlak, wat mogelijk het bifunctionele mechanisme van APR
begunstigd met adsorberende koolstofhoudende molecuul-soorten en water activatie
via hydroxyl groepen op de ondersteuning en door (ii) een verbeterde oxidatie van Pt.

Hoofdstuk 5 beschrijft adsorptie van hydroxyaceton, een ander model oxygenaat
voor APR, over Pt/AlO(OH) and Pt/ZrO: katalysatoren bij 230 °C/ 30 bar bestudeerd
met behulp van in situ ATR-IR spectroscopie. Vorming van aldol condensatie producten
van hydroxyaceton, die sterk zijn geadsorbeerd, werd op het oppervlak van Pt/ZrO: en
ZrO; gezien, in tegenstelling tot het oppervlak van Pt/AlO(OH) en AIO(OH). De
theorethische IR spectra van condensatieproducten in vacuum en in aanwezigheid van
water moleculen, berekend met DFT methoden, werden gebruikt om IR piek
toewijzingen te ondersteunen. De ATR-IR spectra van de hydroxyaceton reactie in
combinatie met de spectra verkregen tijdens de uitspoeling met water toonden aan dat
ATR-IR spectroscopie de mogelijkheid heeft om sterk geadsorbeerde oppervlakte-
molecuul-soorten te ontdekken. De hoeveelheid en het type coke afzettingen, bepaald
met behulp van element analyse en Temperatuur Geprogrammeerde Oxydatie (TPO)
analyse, toonden aan dat coke met lage oxydatie temperaturen voornamelijk op het
oppervlak van de ZrO: ondersteuning afzetten. Verrassend genoeg was er geen
adsorbeerde CO in de spectra gezien, wat suggereert dat of CO consumptie niet
snelheidsbeperkend is of deactivatie van de katalysator CO adsorptie voorkomt. Om dit
te bevestigen is een analyse van de gasfase producten en tegelijkertijd een bepaling van
de conversie nodig.

In conclusie, wij hebben met success aangetoond dat ATR-IR spectroscopie een
bruikbare methode is voor het bestuderen van reacties op een water/katalysator
interface, met een APR reactie als voorbeeld. Zowel Kkatalysator structuur als
oppervlakte-molecuul-soorten kunnen bestudeerd worden onder realistisch reactie
omstandigheden, wat voor een verbeteringen in de ontwikkeling van katalysatoren kan
zorgen. De toepasbaarheid van de ATR-IR cel om onder hoge temperaturen en drukken
in vloeibare condities te werken, stelt mogelijkheden open om andere vloeibare fase
reacties in heterogene katalyse te onderzoeken, bijvoorbeeld hydrogenatie reacties.
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