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ABSTRACT OF THE DISSERTATION

Getting to the Point: Bridging the Gap between Simple and Complex Catalgten®
using Temporal Analysis of Products (TAP)
by
Xiaolin Zheng
Doctor of Philosophy in Energy, Environmental, and Chemical Engineering
Washington University in St. Louis, 2009

Research Advisors: Professors John T. Gleaves and Gregory S. Yablonsky

One of the key issues in the field of catalysis is to reld#te catalyst
structure/composition to its activity/selectivity. One wayhtalerstand this relationship
is to understand the individual role each catalyst component phaysei chemical
reaction. Industrial catalysts can be extremely complexrirctare and to understand
their reaction kinetics, researchers often study simpler gsfaoch as single crystals
using surface science techniques. This introduces a well-known mprablene field of
catalysis commonly referred to as the “pressure and matgaal” Typically, industrial
catalyst research is performed under process conditions, whaitsroperating pressures
of one atmosphere or higher. Under these conditions, it is diff@wdktract intrinsic

kinetic properties of the catalyst which are properties thatdarectly related to the



catalyst structure and composition. To find these intrinsic kinpgtperties, scientists
turn to surface science techniques using different types of epeapic tools to study
reaction properties on single crystal surfaces under ultraviaiglum (UHV) conditions.
Experiments using single crystals and surface science tp@shave helped establish
that some crystal planes are more active and/or selectiveothars. Although surface
science approaches are successful in obtaining fundamental atitomnon a variety of
catalytic reactions on the atomic level, current catalytactrens are still carried out
under atmospheric pressures or greater and on much more complerlm#ian single

crystal surfaces.

This dissertation introduces a new approach to characterizg/statahat vary in
compositional/structural complexity in order to understand theiffopeance in a
conventional reactor/reaction environment under both atmospheric pressuudtrand
high vacuum conditions. Experiments performed under both pressure segiene
carried out using the same apparatus, the Temporal AnalyBiodiicts (TAP) reactor.
The catalysts under investigation are bulk transition metals {Ripsition metals
deposited on metal oxide supports (Pt/$iGand mixed metal oxides (VPO). The
catalysts are applied to two types of reaction systems, K@atmn and selective
oxidation of hydrocarbons. The goal of the experiments is to undératal distinguish
the role of each component of the catalyst during chemical eeactusing the TAP
reactor, the number of active sites, reaction mechanisms, adsalgsorption rate

constants, and rates of reaction can be determined.
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Chapter 1

Introduction and Motivation

1.1 Heterogeneous Catalysis

Catalysis is the key to chemical transformations. Wilhekbw@ld first introduced the
definition for catalysts in 1895, which stated “catalysts are anbss which change the
velocity of a reaction without modification of the energy factofghe reaction [1].”
Catalysts control the rates at which chemical bonds are foamedoroken, and make
possible the efficient transformation of raw materials intorddgproducts with minimal
input of energy. In addition to accelerating the rate of i@ast catalysts can also
influence the selectivity of chemical reactions. Selectivgythe measure of the
percentage of reactants converted to useful products. OftenitinmeRistry, selectivity

is favored more over the catalytic activity.

Catalysts are extremely valuable to the production industry rigblieg reaction
chemistries for a variety of processes and products includmegnicals, petroleum
products, pharmaceuticals, rubber and plastics, and environmental proteotiugh the

prevention of harmful emissions in automobiles, among many otherso, &hzymes,

1



nature’s catalysts, are responsible for essentially all bmdbgeactions. Catalysts have
been successfully used in the chemical industry for more than 18f, yand
approximately 90 percent of all chemicals produced in newly develppecksses
require the aid of catalysts [2]. One of the important thingedbze is that everyone is

directly or indirectly involved in some aspect of catalysis in their elagryife.

The field of catalysis is generally separated into two goates, homogeneous and
heterogeneous (solid-state) catalysis. Heterogeneougscatia more widely practiced
and dominates 90 percent of industrial chemical processes. Therefalid)ét thve focus

of this dissertation. Heterogeneously catalyzed reactionscamgosed of purely
chemical and purely physical reaction steps. In order for ttayta process to take
place, the reactants must be transported to the active centéng catalyst surface by
diffusion. Adsorption of the reactants occurs on the catalyst susfac chemical

adsorption (chemisorption) or physical adsorption (physisorption). The cheesction

occurs on the catalyst surface at an active site when reagttaract to form a product.
Desorption of the product from the catalyst surface then takes,pad the products
through diffusion are transported away from the catalyst surfatenéo the gas phase.

The steps described in the catalytic reaction process are illustratedia Fig.

Catalysis is a cyclic process in which reactants are bound tstateeof the catalyst, and
the products are released from another state, regeneratimgtitdecatalytic state. The

cycle then repeats again as more reactants are introduceds previously assumed that



the catalyst remained unchanged during the course of theoreaatiwever, it is now
known that the catalyst is involved in chemical bonding with the aatgtduring the
catalytic process. Owing to competing reactions on treysatsurface, the catalyst can
undergo chemical changes and over time its activity decrgase#ing in catalyst

deactivation. Because of this, catalysts have to be regenerated or evéuapiaced.

Atom
Molecula
Enzyma _
Maolecules Catalyst Simple,complex solid
Electrons
Photons » -
. Regeneration Start Molecule A
Vo
|/ \
! -._1
“ pe— A
¢ ) Catalytic Cycle Q
0w
\
/
. /
Reaction A /
""‘- y e Fo - .____,.-"
R - :' ) i -
“ .t
8 Maolecule B
Photans,
Ekctrons

Figure 1.1 Catalytic cycle.

Although the field of catalysis has been established many égcago, the catalyst
development process is not an easy process. Catalyst developnreati$tic, industrial

processes still relies mainly on empirical and trial and emethods with many years of
research before a catalyst can be commercialized. Figushdwks a simple schematic
of the Catalyst Development Cycle (CDC) that can be exgeoteatalyst research. In

the first step of the CDC, candidate materials are sel¢éotbe tested as catalysts. In



step two, the materials are synthesized. In steps threfandhe materials are tested
for catalyst activity and selectivity, and characterized sirally. The CDC includes a
decision path which can be reached through steps three and four. Thisgrasents a
key cycle in the CDC, and provides crucial performance infoanatsed to determine if
the cycle can be exited. The output of one CDC cycle may nesplbstulating new
starting materials to serve as the catalyst, the additiontenatgon of one or more
components to the already existing catalyst, a new catalgération method, or in very
few cases, a finalized catalyst will emerge. Generallarge number of iterations, often
involving the preparation and modification of thousands or tens-of-thousandslgkta

samples, precede the finalization of a new catalyst formulation.

4, Structure 3. Kinetic
Characterization Characterization

Figure 1.2 Schematic of catalyst development cycle (CDC).

Since most catalysts involve multi-component compositions, the numbpossible
combinations and structures can be staggering, and years oibiteséitt may not

produce a commercially viable catalyst. Two general gfiegehave been proposed in an



effort to accelerate the rate of catalyst invention when fundainguidance or previous
data is either absent or has failed to produce a viable catalyst candibdatirstTstrategy
is focused on decreasing the CDC cycle time by decredsertge it takes to synthesize
and evaluate the performance of new catalyst samples. The st@iady is focused on
making the CDC more efficient by increasing the quantity aralitgquof information
obtained in each cycle. The catalyst development and charatitarizapproach
proposed in this dissertation will be a combination of the above tvabegies by
decreasing the time to evaluate the performance of theystat@imples and increasing
the quantity and quality of the information obtained from the kindteracterization.
The ultimate goal in heterogeneous catalysis is to undersiaddrelate how the
composition of the catalyst affects its kinetic performancée fbllowing section will
detail types of experiments used in industry and academia to b&etgyogeneous
catalytic systems. In order to make the catalyst developpneoéss more efficient, it is
necessary to combine through an integrated multi-scale approadevkmpment of
novel reactors, characterization of molecular level kineticssackexization of particle
and reactor kinetic/transport processes, and bridging the gap betwewaldicalar level

and process reactor scales.



1.2 The Study of Catalytic Systems

1.2.1 Steady-State Experiments

Steady-state experiments are typically used to studyigahcatalysts at reaction or
process conditions in conventional industrial type reactors such asothi@uously
stirred tank reactor (CSTR) or the plug flow reactor (PFRYMHin originally proposed
the idea of the CSTR in 1950 for the purposes of extracting kimdtomation from
industrial heterogeneous catalytic reactions with the assumption obncentration or
temperature gradients [3]. The CSTR achieves uniformity andcperfixing in the
catalyst zone by a combination of steady, continuous flow of reactartt products
simultaneously, and turbulent flow within the stirred tank. Due tovitlemixed nature
of the CSTR, temperature and composition of the reaction mixterassumed to be
uniform in all parts of the vessel and are the same as th#osxi The transport in and
out of the CSTR is assumed to be purely convectional flow. AlththglCSTR is a
simple and relevant technique for steady-state kinetic studieshigre are several
limitations to this method. The first is that a CSTR tylycaperate at low conversions,
especially for highly exothermic reactions. The second limitas the unreliability of
non-steady-state kinetic information provided by CSTR experimehtss unreliability
is caused by the non-uniformity of CSTR hydrodynamics in thestesdy-state regime
[5]. In fact for such a regime, it is difficult to even ssie non-uniformity in the

catalyst zone under working conditions.



Similar to the CSTR, traditional PFR experiments only provide tikin@formation
related to the rate-determining step(s) of a complex cetabaction, and do not provide
detailed mechanistic information. Modifications to the CSTR and REre made in
order to perform non-steady-state experiments on the systegan insight into more
detailed catalyst kinetic information. Non-steady-state éxsts in the CSTR were
proposed by Bennett [6] using Eigen’s relaxation model [7]. Howev@reater success
was the modification of the traditional PFR into the “differen®dR,” which was
introduced more than 40 years ago by Kobayashi and Kobayashi [8] R A&X@feriment
can provide a wealth of non-steady-state kinetic information usépgresponse or wave
propagation techniques. In the differential PFR, the catalyst isomade very thin to
minimize any concentration gradients and keep the catalyst zomenar{fonversion is
also made small). By doing this, the differential PFR appraesntne transport factors
(convective flows) in the reactor in a linear fashion, and thaiogaate is calculated as
a function of the spatial average reactant concentration in tlaéystarone. Non-
uniformity in a differential PFR is mostly a result of reaest In order to maintain a
reasonable uniformity within the catalyst zone, the differentiéR Bshould not be

operated at conversions higher than 15-20 percent [9].

An issue with performing CSTR and PFR experiments isttiee is no technique that
can be used to directly monitor the catalyst surface composition.situ catalyst
characterization using spectroscopic techniques can be used, howeveryeaution

conditions, the catalyst structure and composition is constantly changing whendeixpose
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the reactant gas making the process difficult and insufficidriterefore, in order to
directly relate the intrinsic catalyst kinetic propertiesits structure and composition,

there is a need to utilize non-steady-state kinetic tools to studytzasyistems.

1.2.2 Non-Steady-State/Transient Experiments

In comparison to steady-state experiments, transient expesirhaaé the potential to
provide intrinsic reaction kinetics, provide detailed information on itidividual
mechanistic steps of a reaction, and obtain kinetic informationnmueh faster way.
Also, many real-life catalytic processes are transienhature where the catalysts
experience a cyclic exposure to different conditions. For exampime common cyclic
catalytic processes include fluid catalytic cracking [18]ective oxidation of butane to
maleic anhydride [11, 12], oxidative propane dehydrogenation [13], |damyates for
NOy release-reduction in diesel exhaust [14], and the treatment of exhaust gasartthe s

up and shut down of automobile engines [15, 16].

Non-steady-state or transient experiments are charaeby introducing a transient
into a reacting system by rapidly changing one or more oftidwe variables, such as
concentration, (partial-) pressure, temperature, or flow ratefdiosving the temporal
response of the system. In transient experiments, threerdgteneed to be considered, a
stimulus or transient, a reaction system, and an analysis systdollow the time
dependent response. There are typically three types of stamstiep function, a pulse,

and a time dependent function. The most well known of the three sisnthle step



function which can be found in batch reactor operation, the pulse injeetiobe found
in chromatography with the injection of a reactant into an inew through a reactor,
and the time dependent functions comprise of linear or periodicalgonoged changes
such as in cases where the temperature or concentration esl.vaBome common
analysis techniques to detect the response of the reaction syg&eamass spectrometry
(MS) which is preferred for labeled components and/or rapid changas,
chromatography (GC) for when different isomers are presentirgpeapy (IR, Raman,
UV-vis), or a combination technique such as a differential scarcalggimetry (DSC)

with the GC [17, 18].

There are two main types of reactor systems used foidrdarisnetic studies, the (semi-)
batch reactor and the fixed-bed tubular reactor. The (semif) badctor is typically
used for liquid-solid and gas-liquid-solid reactions. The catabgst be suspended in the
liquid phase, fixed in a packed bed, or fixed on a structured support TH@.(semi-)
batch reactor is operated at atmospheric to high pressures. The datedabtasually in
terms of the concentration versus time for the different comporentxed pressure,
temperature, and initial concentration. For kinetic studies, muéiyperimental runs are
needed to explore the concentration, pressure, and temperature spaa#.ti@ benefits
of (semi-) batch operation is the abundant amount of data points exbtawer a wide
range of conversions using discrete sampling, GC, and HPLC ana8amise drawbacks
to (semi-) batch operation are the time resolution, whichmgdd to minutes due to the

large reactor volume, and catalyst deactivation tends to go unnofitexideactivation



problem can be fixed if multiple experimental runs are perform#dtive same catalyst

sample [18].

Fixed-bed tubular reactors are mostly used for gas-solidigeactilthough it has been
used in liquid-solid and gas-liquid-solid reactions as well. Trhe tesolution for these
reactors is on the order of 0.1 to 1 s for gas phase operation anderahmgit10 s for
liquid phase operation. The data obtained from fixed-bed reactors dependsether
the reactor is operated under transient or steady-state operafilthough transient
techniques imply non-steady-state, it can be applied to sttatdy-operation of a
catalytic reaction system as well. Steady-state tiparaimply means that the reacting
system is not disturbed by the stimulus. An example of a émngechnique under
steady-state operation is the Steady-State Isotopic TramSmetic Analysis (SSITKA)
[20, 21]. In this experiment, an isotopically labeled species re@duated into the
reacting system via a step change or a pulse injection. Talkecmtcentrations of
reactants, products, and intermediates do not change, only their iscoopposition
changes. Also, the catalyst does not undergo any change in condikongransient
operation, the data obtained from fixed-bed reactors at a cerxaa $pace time,
temperature, and pressure gives the temporal evolution of theawposition under
varying operating conditions. For steady-state operation dsicase of SSITKA, the
data obtained is the temporal evolution of the isotopic composition argbiti@osition
at the reactor exit which is the same as the given inlet nblaten. With careful data

analysis, reaction mechanisms, rate constants of elementasy sb@centration profiles
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of surface species along the reactor bed, kinetics, diffusion,timaton of surface
species and surface sites can all be obtained in fixed-bedmreagieriments. Also,

catalyst deactivation can be directly monitored [18].

One type of fixed-bed tubular reactor that will be the focushisf dissertation is the
Temporal Analysis of Products (TAP) reactor system [22, ZBEe TAP experiment is a
transient vacuum pulse response experiment capable of providing jkieetse data for
the elementary reaction steps of a complex catalytic mechanisinder ultra-high
vacuum conditions, transport through the reactor bed is dominated by Krdidigsion,
thus excluding all gas-phase reactions. The TAP system hasibee to study a variety
of important heterogeneous catalytic reactions and transport in patalgtic materials
[24]. The standard TAP microreactor has been used with etyaf materials (metals,
bulk and supported metal oxides, porous materials), and different stag@gmetries
(particles, foils, wires, grids, fibers, gauzes, crystals). Funai@instudies using the
TAP system have elucidated details of reaction mechanismaglaidarbon cracking and
reforming reactions [25], the hydrogenation of acrolein using suggaitver catalysts
[26], oxidation reactions, and environmental catalysis. Using the "pARp-probe”
experiment and isotopic reactants, important insights have been dbitaimé¢he role of
adsorbed and lattice species in the oxidative dehydrogenationopara [27, 28],
oxidative coupling of methane [29], production of syngas from methane [30],
ammoxidation of propane [31], toluene [32], arbutane [33], and ammonia oxidation

[34]. The TAP experiment has also been applied to environmental psyhlestuding
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soot oxidation [35], SCR of toxic N@as from automobiles [36], testing catalysts for the
storage of NQ[37], N,O abatement [38], VOC oxidation [39], and CO oxidation [40-
43]. Detailed reaction kinetic theory has been developed over the years to obtaitintr
kinetic parameters based on a moment analysis of transient regpetase Reactor
transport properties have also been studied extensively takingcoaard how catalyst
position, temperature, and diffusion coefficients affect gas molé@rnsport behavior.
TAP theoretical studies have led to practical microreactongumattions, the most recent
being the single particle reactor [43] in which concentrationtamgberature gradients in
the catalyst bed are assumed to be negligible. A detailed discussion éiRlapparatus

and experiments will be discussed in Chapter 3.

1.2.3 Surface Science Experiments

There are many advantages to studying heterogeneous catelygissurface science
techniques at ultra-high vacuum (UHV) conditions such as the avayatfila variety of
modern surface spectroscopies to detect and visibly monitor stiuetgr@aompositional
changes on the single crystal surfaces during the coursadtiore and to identify any
relevant surface species. Typically, surface science teclsnigge temperature
programmed desorption (TPD) or molecular beam scattering exgrésrto find catalyst
kinetic parameters or relate structure sensitivity to csitagtivity. TPD experiments
typically start with a reactant gas or a mixture of gaskeady adsorbed onto a cold
single crystal. The single crystal surface is then keatte controlled programmed rate.

The reactant gases that are adsorbed onto the single stystade will start to react as
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the surface is heated and a mass spectrometer measures the amount ofhartodiesito
off the surface. In molecular beam scattering experimetsaa of atoms or molecules
is directed at a single crystal surface and the scdttezam is analyzed. The reactant

beam is modulated so that the reactant and product beams can be differentiated in tim

One example of a common surface science techniques used fer giysfial studies is
Auger electron spectroscopy (AES). AES determines the congposit the surface

layers of a sample by measuring the energy of electroritedrfiom that surface when it
is irradiated with electrons of energy in the range 2-50 kehe €electrons emitted from
the surface will have energies characteristic of the eleframtwhich they were emitted
from, and sometimes this information can be used to find the bonditegydftahose

surface atoms [44]. Pt single crystal studies using AES foavel that certain Pt single
crystal surface orientations exhibit surface structure fmamsitions during the course of
reaction (CO oxidation) under isothermal and low pressure conditions.ex@aanple,

studies have shown that clean Pt(100) and Pt(110) single crystadesigixhibit changes
in surface atom orientations and this reconstruction of the sustaps only when a
critical CO coverage is reached. The switch between carfaconstructions also
changes the Pt single crystal activity from a state ofdotivity to a state of high activity
on the non-reconstructed surface. The difference in activity batWee reconstructed
and non-reconstructed single crystal surface phases is a result ohdibbeygen sticking

coefficients [45]. Similar experiments performed on the Pt(1Iiglesicrystal surface

show no surface structural changes under the influence of gasctiae [46]. The
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reason for this could be that the Pt(111) surface is much more dpaskbd with atoms
on its surface than the Pt(100) or Pt(110) so there is less spdbe sarface for any
atom reconstruction to take place. From these results, it is Hegpéd that on
polycrystalline and supported catalysts, activity and catabgitavior during reaction
conditions is a result of the synchronization between various pérthe surface.
However, whether specific catalytic activity is assodatath catalyst surface atoms,
bulk structure, surface micro-facets, particle sizes, or supgeractions is still difficult

to determine.

One criticism of surface science techniques has been thamndtiapplicable to real
catalytic reaction conditions which are typically carried out under atmosgbehigher)
pressures and with far more complex surfaces than single Isrystais is commonly
referred to as the so-called “pressure and materials gagpask years, attempts to bridge
the “pressure and materials gap” has been in progress by comibigrgingle apparatus
the ability to measure kinetics on a single crystal under bot¥ &l elevated pressures
[47]. In these combined UHV/high-pressure studies, a well-deBimagle crystal plane
is used to model a site or set of sites that are existentpsactical high surface area
catalyst. The combined methods has allowed for the direct casapast reaction rates
measured on single crystal surfaces to those measured on nutieapcatalysts as well
as detailed catalyst structure sensitivity studies and sffgicpromoters/inhibitors on

catalytic activity [48].
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1.2.4 Pressure and Materials Gap

Two general experimental approaches using different forms tafyta materials are
used in heterogeneous catalysis research. The "model catahymtiach employing
materials with well-defined surfaces, such as metal singlstads, provides a direct
method of linking surface structure to elementary steps in aytatptocess. A well-
known example is the measurement of sticking coefficients oerelff crystal planes of
noble metals [49, 50]. The second approach, which can be called alcgcgrcatalyst"
approach, is the basis for most industrial catalyst developmentcticBlacatalysts
include supported metals, mixed metal oxides, and zeolites. Thdi¢plamtalyst"
approach involves the systematic synthesis, testing, and chienacde of numerous
catalyst samples. In general, practical catalysts have eaniptefined surfaces, and
the active surface structure cannot be directly identified. o,Alse measurement of
catalytic activity under process conditions does not provide a dimdctbletween
structure and activity. In addition, the composition of a practidalyst can change
under the influence of the reaction medium resulting in a changes ipraperties.
Consequently, practical catalyst development is hampered bgkaofafundamental

information on the composition and structure of the catalytic phase or catdbytic si

Information from model catalyst studies is intended to provide guedancthe
development of practical catalytic materials. However,apglication of fundamental
information has not been straightforward, since there is a sigmiflgap” between the

conditions of "real world" catalytic processes, and those of mashition studies.

15



Bonzel [51] was the first to discuss the problem and coined the"pFassure gap" to
emphasize the 19 difference in reactant pressures. Practical and modelysiata
experiments are also separated by a “materials gap’h@risom the differences in
structural and compositional complexity of catalyst samples rit&terials gap presents
a significant problem since the interplay of bulk and surface ancbthplex interactions
of different constituents in practical catalysts are notyyasducible to a set of simple
individual interactions. It is questionable whether results obtainedcatum conditions
on a set of well-defined uniform surfaces can be extrapolatedatdiqal materials
operating at atmospheric pressures, unless the uniform and praetoples can be

directly compared experimentally.

1.2.5 Interrogative Kinetics

Interrogative kinetics [23] is a kinetic approach utilized by TAé> reactor system that
attempts to systematically probe a variety of differestiest of the catalyst surface, and to
understand how one state evolves into another state. There are taoftga@eriments
in interrogative kinetics which are performed in sequence to remaplex reaction
mechanisms and structure-activity relationships. The first empet is the ‘state-
defining’ experiment which provides kinetic information (i.e. rate patars of
adsorption and desorption) that can characterize the catabtecsit does not perturb
the state of the catalyst. The second experiment following s$kete:defining’
experiment is the ‘state-altering’ experiment which chatige<atalyst composition in a

controlled manner. To complete the sequence, another ‘state-defaxpgiiment is
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performed to characterize the new state of the catalystexXamnple, the surface kinetic
properties (conversion, selectivity, activation energy, reactiore rabnstants,
adsorption/desorption behavior, number of active sites, oxidation state)selective
oxidation catalyst such as vanadyl pyrophosphate (VPO) can l@sured using
interrogative kinetics by incrementally probing the catatystace from an oxidized to a

reduced catalytic state.

Interrogative kinetics is based on the application of high-speediemhnBAP pulse
response experiments in conjunction with traditional kinetic expetsrgich as steady-
state experiments, TPD, and step-transient experiments. Téw@ogative kinetics
approach uses a series of kinetic measurements to probe the &inagtcteristics of a
catalyst surface, and then monitors how these kinetic charactegkange as a function
of changing reaction conditions such as temperature, pressureesoofaErage, and
reactant composition. By performing multiple experiments on glesicatalyst sample,
the kinetic characteristics can be used to understand theustroétthe catalytic sites as
well as construct a model of the reaction mechanism. In additi®geriong as an
experimental methodology, interrogative kinetics also provides aapémoretical
analysis of the kinetic information. The theory provides for the ifdastpretation of
kinetic data, distinguishes between different reaction mechamsth&inetic cases, and

rapid extraction of kinetic parameters using a moment-based analysigtex

17



1.3 Applications of Simple to Complex Catalysts

Two types of catalytic systems will be explored in detaithis dissertation. The first
system consists of a simple catalyst, a single platinump@rticle, subjected to the CO
oxidation reaction. The second catalytic system that will bdied is the selective
oxidation of hydrocarbons (furan) on a much more complex real imalusatalyst,
vanadyl pyrophosphate (VPO) which is a mixed metal oxide. Theofdhis project is
to create an experimental methodology using the TAP reactor to tamtkthe catalyst
development and characterization process in a much simpler mannaw, ti#Ad work
presented in this dissertation provides for new advances in nactoredesign,
understanding transport processes in the reactor bed, and bridgingaphbetween

surface science and industrial research.

1.3.1 CO Oxidation on Platinum (Pt)

The CO oxidation reaction is a model reaction because itrlg $ample and widely used

in both research and industry. The CO oxidation reaction represents the key steps
in the overall reaction of 2NO + 2CS N, + 2CQ which is one of the major pathways
for the conversion of NO to Nn automobile three-way catalytic converters. Also, the
CO oxidation reaction is an ideal reaction to demonstrate thenrslip between UHV
and high-pressure kinetic studies. Many of the mechanistic etegfpe CO oxidation
reaction such as reactant adsorption/desorption, surface reactionpduodt presorption
has been studied in detail using UHV surface science techniques and many dftitve rea

parameters found can be directly applied to kinetics at high pressures [52].
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There is debate as to the exact reaction mechanism for thexi@&iion reaction. In a

review by Engel and Ertl [53], the individual reaction steps forrdaetion are listed

below:
COS COugs (1.1)
O, = 20445 (1.2)
COuds + Ougs— CO, (1.3)
CO + Qus— CO; (1.4)
2COus+ O = 2CO» (1.5)

The individual reaction steps are made on the assumption thakyaero adsorbs
irreversibly and dissociatively on the platinum surface, which lisl ¥ar all platinum
group metals at temperatures above 100 K [54]. Recombination aodpto@s of
adsorbed oxygen atoms only take place at temperatures above 700 KE¢p@ftion 1.3
shows reaction of the Langmuir-Hinshelwood mechanism, which involvesidweption
of both CO and atomic oxygen on the catalyst surface. The produgt,i<formed
when reactants, CO and oxygen, are in the chemisorbed state. Hdtldetmospheric
pressure and high vacuum conditions, CO predominantly covers the tcatafgse and
the reaction rate is determined by the rate at which CO loesdirthe surface. Oxygen
adsorption is limited to available sites where CO has desorbedea&son temperature
increases, the reaction rate increases also allowing for avaiiable sites for oxygen
adsorption due to the higher CO desorption rate. Equations 1.4 and 1.5rerdctdyt-
Rideal mechanism, which states that ;C® formed from gas-phase oxygen or CO

striking surface adsorbed CO or oxygen, respectively. In the rdwekngel and Ertl
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[53], it is assumed that the only relevant reaction model foo&i@ation over platinum
under steady-state conditions is the Langmuir-Hinshelwood mechariisarefore, only
the reaction steps indicated by Equations 1.1-1.3 are relevant. Houeaestudy by
Bonzel and Ku [55], they state that at temperatures greater 4hanK, the CQ
production rate is not inhibited by a high CO surface coverage,bpossdicating an

Eley-Rideal reaction mechanism.

It is generally accepted that the CO oxidation reaction pdscéy the Langmuir-
Hinshelwood mechanism [53, 56]. €@rmation occurs via the reaction of chemisorbed
CO with adsorbed atomic oxygen. When both species are in low coniogrstian the Pt
surface, the activation energy for the CO oxidation reaction ieozjppated to be 96.4
kJ/mol (24.1 kcal/mol). For high oxygen concentrations on the Pt sutffi@cactivation
energy decreases to 46.8 kJ/mol (11.7 kcal/mol). This data is fouadPfigi11) single

crystal surface [57, 58].

There is a vast amount of information in the literature regai@@gxidation studies on
different types of platinum materials such as Pt metal, nandpart supported Pt
catalysts, and Pt single crystals under both UHV and higlsymegonditions. Although
the CO oxidation reaction is quite simple compared to other heterogsly catalyzed
reactions, there are many aspects of the reaction that arplesorsuch as size
dependence of Pt particles on catalytic activity [59], tempegatysteresis [60], island

formation [61], kinetic oscillations [62], and the role of subsurfacger [63], just to
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name a few. For example, in the case of temperature hysteregas found that with
two samples of Pt deposited on,®% with a weight percent of 0.5% and 0.6% Pt, the
width of the hysteresis loop depends on the activity of the satalthe catalyst with the
lower activity, 0.5% Pt on ADs, exhibited a smaller hysteresis loop width. However,
when the catalyst is changed to a Pt foil, no temperattedegis was observed. One of
the reasons why temperature hysteresis was not observedhevigh toil is that Pt foil is

a bulk metal that exhibits good heat conductivity, favoring intensggéssipation. As

a result, the overheating of active centers on the Pt foiingmal, and the conversions
on the ascending and descending branches of the curve coincide cedbly same
average temperature [60]. For Pt supported catalysts, the suppgoplayia role in the
reaction causing temperature hysteresis. From surfacesa@ardies on single crystals,
it was found that kinetic oscillations occur in CO oxidation duéé¢operiodic structural
changes of the substrate, which change the oxygen stickingicedffand cause
oscillations in the reaction rate. CO adsorption is rather insengp the structure of a
Pt surface; however, the oxygen sticking coefficient can vary seeeral orders of
magnitude [62]. Using surface science techniques such as LowvgyEBRéectron
Diffraction (LEED) and Fourier Transform Infrared SpectrogcdpTIR) on single
crystal surfaces, it was found that oxygen and CO atoms adsorbddsarfdées form
islands. LEED results indicate that oxygen adatoms form islandiegrees of surface
coverage greater than 10%, and CO adatoms form islands whewsbided on surfaces
containing adsorbed oxygen. FTIR measurements found that largéa@i@sisormed at

room temperature and at pressures up to 1 bar., fG@nation will occur at the
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boundaries of the CO and oxygen islands as the CO and oxygen comentact with
each other on the Pt surface. The surface mobility of adsorbegmagatoms is much
lower than adsorbed CO because of the strong Pt-O bond. Adsorbed Glesoeove
within an essentially fixed matrix of oxygen atoms. TakinglPtj surface as an
example, the activation energy for CO surface diffusion is appreeiyn&0 kJ/mol.
This rate is very slow compared to other similar surfacesCfor diffusion such as
Rh(111) and Ru(001). The slow surface migration explains the fametiCO surface
islands. At high reaction temperatures, the CO islands are nor lpnggent on Pt
surfaces due to a higher CO surface diffusion rate [61]. The aBawepkes show that
even though CO oxidation is considered one of the simpler reactionseiodeieous
catalysis, many factors need to be understood completely in ¢oodetevelop a
commercial catalyst. Using the TAP reactor system, wefiod the surface lifetimes of
both CO and oxygen on the catalyst surface, support effects, taaatlpaty, and
selectivity for the CO oxidation reaction using both a singleut metal particle and
supported Pt catalysts. From these experimental results, mvedeuce what the

mechanism for CO oxidation may be on Pt and its individual mechanistic steps.

1.3.2 Selective Oxidation of Hydrocarbons over VPO

Selective heterogeneous oxidation catalysis is one of the malsangts in the chemical
industry because it produces approximately 25% of the most impartiustrial organic
chemicals and intermediates used in the manufacture of industriigbs and consumer

goods. Some examples of the products include intermediates suclolesnaacrylic
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acid, acrylonitrile, methacrylic acid, MTBE, maleic anhydrigdythalic anhydride,
ethylene, and propylene oxide. Efforts are continuously being toadeke selective
oxidation processes and catalysts more efficient and environnyefni@tidly. Grasselli
[64], through his own personal experience working with selective ogidatystems for
nearly 50 years, introduced seven fundamental principles that are insafiderstanding
the behavior of metal oxide catalysts used in selective oxidatmregses. The seven
principles are the role of lattice oxygen, metal-oxygen bond shremgist structure,
redox, multi-functionality of active sites, site isolation, and pltasgeration. The first
principle states that lattice oxygen from the metal oxidelysdtanight serve as a more
versatile and more selective oxidizing agent than gaseausTe idea is to utilize the
metal oxide catalyst as a reactant, and then re-oxidizingathbyst at a later stage in the
process. The metal/lattice oxygen bond strength is also impantaelective oxidation
catalysis. If the metal-oxygen bond is too strong, no reactibroegur. If the metal-
oxygen bond is too weak, then over oxidation will occur which can lead to tedlesi
waste products. The metal-oxygen bond should be of intermediate Istnemdyr
reaction conditions. The best metal oxide catalysts with iegiate metal-oxygen bond
strength are typically covalent and amphotheric in nature swschmalybdates,
antimonates, and vanadates. The third principle is the host struttine metal oxide
catalyst. The host structure must be pliable enough to contaideiied amount of
lattice oxygen, accommodate the reduction of the catalyst wistauttural collapse,
facilitate rapid electron transfer, vacancy, and lattice axydiusion. Examples of

materials that would serve as good host structures would be sehefbliorites, rutiles,
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and perovskites. Metal oxides used in selective oxidation processealsugxhibit
redox properties to replenish the removed surface lattice oxygeadeous © The
lattice oxygen from the bulk of the metal oxide fills an anionanag on the surface
while the vacancy moves to another site, where it is ultimdiledg by O, in the gas
phase completing the redox cycle. Regeneration of the reduced owete must be
faster than its reduction for the system to function as a sataljhe fifth principle states
that active sites on selective oxidation catalysts are gégnaralti-functional and multi-
metallic (mixed metal oxide). The active sites can perfeanous functions in the
catalytic reaction such as chemisorption of the reactant(syaetosn and insertion of
certain species from and to the substrate, or desorption gbrturict(s). The site
isolation principle states that the reactive surface lattiggen must be spatially isolated
from each other in defined groupings on the catalyst surface in todechieve
selectivity. The number of oxygen atoms in each grouping would degthe reaction
channel through the stoichiometry requirements imposed on the redwfiotine
availability or lack of oxygen atoms at the reaction site. Tihal principle, phase
cooperation, states that sometimes it is necessary to desajalgst with two or more
phases of the host structure in order for the catalyst to oatrihe necessary functions
for the catalytic reaction. The phases must communicate egith other and work

together to carry out the reaction.

One selective oxidation reaction that demonstrates some of the phogiples proposed

by Grasselli is the selective oxidationrebutane to maleic anhydride (MA) using VPO
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catalysts. Maleic anhydride is an important intermediatel dse the production of
unsaturated polyester resins, agricultural chemicals, lubricatihgadditives, and
pharmaceuticals [65, 66]. Thebutane to MA process is currently the only industrially
practiced heterogeneous selective oxidation reaction involvingkaneal The selective
conversion of alkanes to oxygenates has great practicalisagté because alkanes are
lower-cost feedstocks than their olefin counterparts, and are dyroewler utilized. A
fundamental understanding of the function of VPO catalysts fomtbetane to MA
process would be an important tool for developing new classesabft@mamaterials for

alkane oxidation [12, 23, 67, 68].

The n-butane to MA reaction performs a 14-electron oxidation involving liséraction
of 8 hydrogen atoms and insertion of 3 oxygen atoms (Equation 1.6).

0]

N
C/Hig+ 350 — — + 4H,0 (16)

A key unanswered question in the selective oxidatiom-btitane to MA over VPO
catalysts is the nature of the active-selective phase or phakbsugh there is evidence
to suggest that (V@QP.O; is an essential element in active-selective VPO casalitss
still unclear how the (VQJP.0y lattice supplies the 7 oxygen atoms needed to convert
butane to MA. One theory is that the oxidation primarily involvesothgen adspecies
that are adsorbed at vanadium surface sites, and relativielpkttlation is from the bulk
lattice oxygen of the VPO. This theory is based on studies nieggte amount of

active oxygen on (VQP.0O;, which indicate a close correspondence between the amount
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of active oxygen and the number of surface vanadium atoms [69]. Qtltiess
measuring the redox properties of supported VPO catalysts indnzdt¢he amount of
active oxygen can exceed the amount of surface oxygen [70]. Bessahave also
proposed that other crystalline phases are involved in the supplgtioé-aelective
oxygen in the VPO system with vanadium in the +5, +4, and +3 osudatate [71].
Previous TAP reactor studies on the VPO system show that oxglgpaces are not the
only source of active-selective oxygen [67]. Also, the selectiantg activity of the
catalyst was found to be strongly dependent on the oxygen pnexdrgatonditions. For
example, VPO that was exposed to 10 min oxygen pre-treatment cstzigreficant
increases in selectivity than VPO that was only exposed to 5ofmioxygen pre-

treatment.

An important feature of the VPO system is the facile foroma&nd inter-conversion
under catalytic conditions of the*Vpyrophosphate (VO,0O; phase and ¥ phase
phosphates VOPQu,, oy, B, v, 8). Studies show that the (VEO; samples exhibiting
predominantly the (100) face can be topotactically transformed+mMOPO, and back
again to the ¥ phase at reaction temperatures [72, 73]. Active and selecB@ V
catalysts typically have a mean oxidation state of vanadigmtisiihigher than 4.0 and a
phosphorus to vanadium ratio (P/V) slightly higher than 1.0. These chestacdeare
mostly associated with the (V&%0O; phase. Other studies have also indicated that the
active phase may be composed of mostly the(VO),P,0; phase with some VORO

(V") phase. The formation rate of maleic anhydride is said tordwegdy dependent on
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the surface distribution and location of thé"\¢ites, and the sites must be isolated in
order to decrease the yield of the by-product; 1@, 66].
The mechanism for the selective oxidation of n-butane to mahkigdaide over VPO
catalysts can be partly explained by the Mars-Van Kreveleohanism because it
involves the participation of lattice oxygen. In order for tHeutane to MA reaction to
proceed, there must be enough oxygen present in the system. Accorsiimget authors,
there are two types of oxygen species in the selection oxida&@mtion ofn-butane to
MA. The first type is bulk oxygen species, which is involved in nHeutane/1,3-
butadiene oxidative dehydrogenation and for oxygen insertion in thecjfe. The
second type is adsorbed and activated oxygen species that is relgpfmmsoxidation to
CO and CQ and for the oxidation of furan to MA [66]. Patience and Loreritéf
proposed the following general mechanism describing the re-oxidation mechantam for
conversion oh-butane to MA.

CisHio+ 3.5P" > MA + 35V +4H,0  (1.7)

MA + 2V°* - 4CQ, + 2V** + H,0 (1.8)

CsH1g + 5V - V&* + H,0 (1.9)
The mechanism assumes that butane reacts with 3.5 oxidizetbdives: MA, and MA
can also react with 2 oxidized sites to formG€arbon oxides) and water (Equations 1.7
and 1.8). This assumption predicts that a lower selectivity nst ®r catalysts that
are highly oxidized. In other words, there is an optimal oxidatiate dor the VPO
catalyst in order to achieve maximum activity and selectivity.Equation 1.9, butane

chemisorbs to the surface of a reduced site to form a vanaditmorccomplex (V)
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accompanied by the evolution of one molecule of water. Tfecdmplex effectively
passivates four adjacent*Vsites. For catalyst re-activation, molecular oxygen is
assumed to react with a reduced site to form an oxidized sde5.& moles of oxygen
are required to oxidize the vanadium-carbon complex. This oxidatsuitgen the
formation of four moles of CQand water, and frees five*Vsites (Equations 1.10 and
1.11).

O, + V¥ 5 v°* (1.10)

5.50, + V**— 4CQ + 5V** + 4H,0 (1.11)

Figure 1.3 shows a general schematic of the mechanism propgsPdtience and
Lorences. The figure shows that oxygen reacts witht&/form \P* or butane may react
with V** to form a vanadium-carbon complex. This schematic shows desilge routes
for the re-oxidation of the vanadium-carbon complex. In the first rdutegs assumed
that \P* sites were responsible for supplying oxygen to the vanadium-carbgpiecom
In the second route, it is assumed that molecular oxygen reaetshdiwith the
vanadium-carbon complex to form carbon oxides and water. In thedutd, carbon
oxide formation occurs first followed by the re-oxidation df ¥ V°*. In the second
route, \** is the first to be oxidized followed by the formation of the dtuma-carbon
complex and carbon oxides [11]. The activation energy for the selawtidation ofn-
butane to MA over VPO catalysts found under steady-state condifinge from 11 to
27 kcal/mol [12, 74]. Transient kinetic studies under vacuum conditions fobandhe

activation energy fon-butane conversion to MA in the absence of gas phase oxygen
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depends on the catalyst surface oxidation state. The activatiayy emas found to be
lower for more highly oxidized VPO samples. It was also reported that tHarehrate

of MA formation and desorption was faster on more oxidized VPO surfaces [12, 67].

CO,+H O

Figure 1.3Reaction pathways for re-oxidation of VPO catalyst.

The selection oxidation ofh-butane to MA is a very complex reaction. In this
dissertation, the conversion of furan (an intermediate imibatane to MA reaction) to
MA will be used to explore the kinetics of the VPO catalyst utidersient conditions
using the TAP reactor system. Experiments probing the catlysce under reduced
and oxidized conditions at different reaction temperatures will giggght into the
kinetic mechanism of the reaction, rate constants, activation enedywersion,

selectivity, and oxidation degree of the catalyst.
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Chapter 2

Objectives

2.1 Catalyst Structure/Activity Relationship

There are three main objectives that is the motivation behindhtiieecof experiments
presented in this dissertation. The first objective is to bettderstand how catalyst
surface structure and composition is related to or affeckinistic performance. In
ongoing catalysis research, it is hypothesized that some diemactions are sensitive
or insensitive to certain catalyst structural compositions. dremomplex multi-faceted
industrial catalysts, the question often resides in whether higialytic activity and
selectivity is associated with the bulk metal structure oit ectually a result of the
surface metal atoms. By studying two types of catalytstesns of varying complexity,
we can first try to understand a relatively simple catalgjistem, CO oxidation on Pt,
and see how activity is related to the transition metal. Fample, by performing
experiments using a single particle of a single component pstatiige bulk Pt metal

catalyst, initial studies are obtained in the TAP reactor tcerstand bulk structural
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properties to the CO oxidation reaction. Once we have shown ihgtossible to obtain
kinetics from the single particle Pt bulk metal catalystthe TAP reactor, similar
experiments can be repeated using much more complex catabtecials such as the
addition of an inert oxide support or real industrial catalysts asahixed metal oxides.
By performing stepwise experiments with catalysts incngasin structural and
compositional complexity, we can understand the role of each datalygponent in the
chemical reaction. Also, one of the advantages of using a siatgby/st particle is that
any kinetic information obtained can be solely related to the cotrposif that one

catalyst particle. Altering the composition of the singldiglarin a controlled manner
and relating the kinetic change can give important insight into tetste/activity

relationship of catalysts.

The TAP reactor system is an ideal catalyst charactemzdool to monitor the
relationship between catalyst structure/composition and its pericarizecause it allows
the catalyst to be studied under transient conditions where the dompo§the catalyst
can be systematically altered and probed for performance. W&NGAP “Interrogative
Kinetics” experimental approach, a variety of catalyst serftates can be probed in a
controlled manner to determine how one catalyst state can evitve@nother. Each
TAP reactant pulse can give information on the activity, delggt
adsorption/desorption rate parameters, number of active sites, and am{réaltiiction
degree of the catalyst and correlate this information to the catoposf the catalyst

surface as it is incrementally altered. Understanding thetste/activity relationship of
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a catalytic system and creating a methodology to study eélasianship in an efficient
and fruitful manner is an important step in the development and optiomzaf new

catalytic technologies, and simplifying the catalyst developmete.cyc

2.2 Bridging the “Pressure-Materials Gap”

The second objective of this dissertation is to develop an initidiladelogy using the
TAP reactor system to bridge the so-called “pressure andiaistgap” [51]. By using
the single component polycrystalline Pt particle, experimemiging from atmospheric
pressure to UHV conditions can be performed in a single appafauSAP reactor, to
understand how catalyst surface coverage changes with chaegatign pressures. It is
predicted that as the reaction pressure is lowered, the reaatéate coverage tends to
decrease as well. In the case of CO oxidation, there wouldssecoverage of CO
overpowering oxygen adsorption as pressure is lowered. Studgingatalytic materials
in a conventional reactor under both process and UHV conditions allows the restarche
understand how the catalyst behaves at the industrial levellbasmgain insight into
more fundamental kinetic information such as reaction mechamisthsate parameters
under transient, non-steady-state conditions (molecular scale). Wdlisdefined
experimental procedure uses an alternate method to traditionatospepic surface
science techniques that study single crystals, which areeafitic industrial catalytic

materials, to understand kinetic interactions during chemical reactie@abaoatalysts.
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2.3 Microreactor Characterization

The third and final objective is to better understand and charactgizgansport in the
TAP microreactor bed and minimize concentration and temperatadéegts within the
catalyst (active) zone. In kinetic catalyst charactédmait is important to have a nearly
uniform reactant gas concentration and catalyst composition profileinwthe
catalytically active zone in a reactor. The biggest problem in this fieddhmintain high
uniformity in the catalyst zone even in the high conversion domain. Untfoenables
us to relate the observed rate of chemical transformation tpétalsaverage of reactant
composition within the catalytically active zone. This ensuretttieasame catalytic
performance is achieved throughout the catalyst bed. Spatial unifornoityraigdes the
kinetic data for revealing important characteristics betwegalyst surface structure and
composition to its performance. Qualitatively, non-uniformity banestimated as the
difference between inlet and outlet concentrations of the worlatejyst zone divided
by the absolute value of the average catalyst zone concentrdtimrefore, uniformity
in the catalyst bed is greatest when the spatial condentrdifference is very small
compared to the maximum reactant concentration value. It can bebddsby the
equation (GaxCmin)/Cmax Typically uniformity ranges between 0 and 1, with values

closer to O corresponding to greater uniformity in the catalyst zone [9].

The thin-zone TAP microreactor (TZTR), proposed by Shekhtman aidoiysky in

1999 [9, 75-77], is an improvement in the TAP microreactor configuratiacheeve
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greater uniformity in the catalyst zone. Under typical Wd?king conditions (18-10°
torr); transport in the microreactor is dominated by Knudsen diffiisvhich is mainly
driven by a gas concentration gradient. The magnitude of the gas caticargradient
is dependent on the microreactor length and the vacuum boundary conditioa at t
microreactor outlet. Under the conditions of catalytic reactibe,gas concentration
gradient causes a surface concentration gradient inside thereamia. When the
length of the catalyst bed is significant compared to the wkabgh of the microreactor,
catalyst composition non-uniformity is generated within the ygsitabed [9, 75].
Throughout TAP history there have been multiple theoretical caafigns of the
reactor to compensate and minimize the presence of the conoengeddient in the
catalyst bed by minimizing the length of the catalyst zZ@# 23]. In the TZTR, the
thickness of the catalyst zone was made very small in corapaoshe whole length of
the microreactor. TZTR in some extent is similar to thHeeklintial PFR, although the
transport regime in a TZTR (diffusional flow) is very differémm the transport regime
in a differential PFR regime (convective flow). Non-uniformitythe TZTR can be
attributed to two factors: the applied concentration gradient, whigebsddiffusion and is
present even when no reaction occurs, and chemical reaction, whicgeshtre
concentration profile in the catalyst zone [9, 76]. The TZTR foride wange of
conversions (up to 75%), provides a non-uniformity level not higher than 20%.
However, at very high conversions (higher than 80%), even the TZTR cgua@intee
uniformity in the catalyst zone. So the next logical progressan the TZTR would be

to make the catalyst zone even smaller to increase uniformity and conversion.
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By transitioning to the single particle microreactor configora non-uniformity in the
catalyst composition and temperature profiles within the miaotoe bed can be
assumed to be negligible because there is only one catalyslepa#t single particle can
also be moved to different axial and radial positions and the infludrzaalyst position
on kinetic characteristics can be explored. Also, kinetic information @gt&ian be used

to model the microreactor from a 3-dimensional standpoint.
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Chapter 3

Experimental Description

3.1 The TAP Reactor

The TAP (Temporal Analysis of Products) reactor system wat gatented by the
Monsanto Company in 1986 as a novel device for studying the kinaticsmachanisms
of heterogeneous catalyzed gas phase reactions by using a treespemise technique
with submillisecond time resolution [78]. Two years later in 1988, djerature
publications by Monsanto catalyst scientists described how ther@&d®or system was
used to elucidate the mechanisms for several heterogeneolysicagactions having
commercial significance [22, 79]. Particular reactions thatewstudied includea-
butane oxidation to maleic anhydride over vanadium-phosphorus oxide (VROQktsa
propylene oxidation to acrolein over bismuth-molybdates, methanol amrtiorida
HCN over MnPQ and FeMoQ, and ethylene epoxidation over silver metal [80, 81]. In
1989, Monsanto granted an exclusive license to manufacture and sellnaeosh
version of the TAP reactor to Autoclave Engineers of Erie, RAter in that same year,
DuPont became the first chemical company in the United Statgsirchase a TAP

reactor from Autoclave Engineers for the newly established CorporaysisiCenter in
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Central Research and Development [79]. Later, the TAP-1 systenredesigned and
simplified and eventually developed into the TAP-2 reactor sy$&3h) which was
commercialized by Mithra Technologies. The TAP-3 systaaine the basic design of
the TAP-2, but is a fully automated instrument that can be operdtent Bcally or

remotely via the Internet.
3.1.1 Apparatus Description and Operation

Figure 3.1 presents a simplified schematic of a TAP-2 reagstem, and Figure 3.2
shows a photograph of the newest TAP-3 reactor system. The TARe®or is
comprised of 1) a pulse-valve manifold assembly that supplies getmmés for pulsed
and flow experiments at user defined temperatures and pressurasmiZyoreactor
assembly that can be operated isothermally or in a teropenatogrammed mode, 3) a
mass spectrometer detector contained in a high-throughput ultnadgglom system, and

4) a computer based control and data acquisition system.

The pulse-valve manifold contains one continuous flow valve and fourspiggd pulse
valves that are arranged to minimize the dead volume between lires \and the
microreactor. The four pulse valves can be triggered simultanemuisiya programmed
alternating sequence. Pulse intervals can be varied fronoseconds to minutes.
Switching between feeds is accomplished electronically and canor oglenost

instantaneously. The continuous flow valve is connected to a tepaanifold

containing four flow controllers. The flow controllers and pulse vabasbe operated

simultaneously.
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Figure 3.1(A) Schematic of TAP-2 reactor system. (B)e inlet pulse in a TAP pulse response
experiment is represented by a delta function A€)he pulse travels through the microreactor, it
broadens. The example curve compares an experimentally measywadexit flow curve to the

standard diffusion curve.
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Figure 3.2TAP-3 Reactor System.

The TAP-3 system can accommodate microreactors of differegthie (up to 25 cm)
and diameters (up to 2 cm), which is useful for handling a varietatalyst forms. A
standard TAP microreactor is constructed of type 316 stainkesisastd can be operated
at atmospheric pressures or at vacuum conditions. Reactors ted akmtrically and
the reactor temperature controller provides an array of contr@nsptwhich include
constant temperature operation, programmed heating or cooling at d@aimed rate,
and the ability to perform multi-step ramp-soak programs. The standaateaictor can
be heated to 800 °C. Microreactors have also been fabricatednitormel and quartz,

which allow operation to temperatures as high as 1000 °C.
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The TAP-3 vacuum system is comprised of two chambers sepéatgneumatically
operated gate-valve, which is closed in the standby position. Ther lkdvamber is
evacuated by a 40 cm diameter diffusion pump and associated noathmmnp. The
chamber contains a cylindrical liquid nitrogen trap and adjustabiie bia&t closes when
data is not being acquired. The upper chamber holds the mass spestrantkts
pumped by a turbo molecular pump. The background pressure in thepeetssraeter

chamber is typically: 10° torr.

The microreactor is positioned directly above the ionizer of the s@ectrometer, and is
attached to a movable stainless steel bellows. A unique +alry assembly is located
between the ionizer and the microreactor. It permits theomsiactor to be operated at
vacuum conditions or atmospheric pressures, and allows the reaceorambved from
the system without venting the vacuum chambers. The reactor @asibeand rapidly
switch from one kinetic regime to another without exposing thdysatsample to the
atmosphere. When the slide valve is closed, the TAP microreactdvecoperated as a
continuous plug-flow type reactor at atmospheric or higher pressureshe “high-
pressure” mode, the bulk of the reactor effluent exits through annektvent. A small
amount can be leaked into the vacuum chamber through a variable leak Vdlee.
leaked material can be monitored with the mass spectromeber.high-pressure
experiments, the mass signal usually changes relativelyyslamtl can be collected in a
scan mode. In this mode, a complete mass spectrum can be achouedrece every

0.25 seconds. After performing an experiment at atmospheric presthe microreactor

40



can be quickly switched to vacuum conditions by opening the slide valib. tW slide
valve in the open position, all of the reactor effluent vents into thewa chamber. The
movable bellows allows the reactor outlet to be positioned withinllZneters of the
ionizer so that most of the effluent passes through the ionizera r&sult, very small
inputs of gas can be detected, with a very high the signal to &3isgratio (Figure 3.3).
The high S/N ratio allows accurate calculation of the zeroth, first, andderoments of
the response curves, and direct determination of many importanic ktheracteristics.
For example, reactant conversion for a series of pulses adgtdrenined from the zeroth
moment. This change in conversion can be related to a change antteatration of the
active catalytic species. The following quantities can betijrealculated from 6, 1%,
and 29 moments: Conversion, selectivity, product yield, residence tapparent rate
constants, apparent intermediate gas constants, and apparent time delay.
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Figure 3.3 Typical TAP pulse response curve with inset showing the mo@ggitude in the tail

of the response. Signal to noise ratio is > 30,000 to 1.
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3.1.2 The TAP Experiment

The TAP experiment was conceived in the late 1970’s to studyytataéaction
mechanisms on industrial catalysts [22, 23, 78, 79]. The initial thoughtavdevise a
simplified "molecular beam"” experiment for multi-component cataly(e.g., mixed
metal oxides and supported metals) that have high surface ar@asomplex pore
structures.  Molecular beam scattering (MBS) experiments8T§2can provide
fundamental information on surface structure, reaction dynarheglémentary steps of
a reaction, and the kinetic parameters of individual steps. Whernusedjunction with
surface characterization techniques, data from the TAP exgrarican establish the link
between kinetic properties and surface structure. On the other MBi&dexperiments
use planar or decorated planar targets to take advantage of tiaé dparacteristics of
the beam. Industrial catalysts have complex surfaces, aq@osenh of multi-component
mixtures of different metal oxides or metals combined with metadles, and are
generally not suitable for MBS experiments. The goal of 8K designs was to retain
the time-dependent features of a molecular beam experiment, ir@nigas phase
interactions, and provide a way to extract intrinsic kinetic inféilonafrom reactions on
bulk catalysts. The TAP experiment can be viewed as a bidgeeen MBS

experiments and conventional microreactor experiments.

A variety of MBS setups have been described in the literature, and thenaliyefall into
two different classes: (1) systems designed to study gamesudynamics, and (2)

systems designed to study the kinetics and mechanism of suréatiens [88]. Figure
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3.4 presents a simplified diagram showing key components of a MBSaapparin a

typical experiment a well-collimated beam of molecules haarighown translational
energy is directed toward a target surface, and the velouityaagle distributions of the
scattered molecules are measured. Molecular beam experiarengerformed under
single collision conditions so that reactant molecules collide witbethe target surface
but not with each other. The observed distributions contain dynamic etiormwhich

describes the process of energy exchange between gas an@ suoias, as well as
kinetic and mechanistic information. Scattered molecules froollianated beam may
also exhibit diffraction effects, which provide information on surfstcecture and bond

lengths [82-87].

(A) Pulse valve
Molecular beam
>
\}\\ / / 41 o4
/ R Mass spectrometer
Differentially pumped/ ‘_k
Target
vacuum system g Scattered beam
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Mass spectrometer

(B) Reaction zon
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Catalyst sample Exit flow

Figure 3.4 Conceptional comparison of key components of (A) molecular beatteriog

experiment and (B) TAP experiment.
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MBS experiments obtain essential kinetic and mechanistic infamlay modulating the
reactant flux, and measuring the shift in arrival times atdétector between scattered
reactant and product molecules. The difference in arrival tt@ede used to determine
reaction sequences, surface lifetimes of adspecies, amsdofaseirface reactions. TAP
pulse-response experiments [22, 23, 78, 79, 89, 90] extract kinetic inforn@lomrig

a similar fashion. Injection of a narrow gas pulse into the imaaone initiates an
experiment. The gas molecules travel through the reaction zome thleg encounter the
catalyst and can react to form product molecules. Moleculegxtitahe reaction zone
are monitored by the mass spectrometer positioned at the oAtheexperiment ends
when the flow of reactant and product molecules is no longer ddtdst the mass
spectrometer. The observed characteristic feature in aekp&dment is the time
dependent gas flow F(t) [moles/s] or [molecules/s] that esctpes the exit of the
microreactor. The flow dependencies also have integral ¢bastics that are related to
the moments of the "flow-time" dependencies [22, 23, 91]. Kinetic amchamistic
information is obtained by analyzing these dependencies, and gas tramssad as a
“measuring stick” to determine the rates of chemicatdi@mations. In addition to
kinetic and mechanistic information, TAP experiments have been astddy transport
processes in porous materials, such as zeolites, and oxygen diffusiatal and metal
oxide catalysts. The temperature dependence of TAP transggunse curves provides
intrinsic rate parameters that can be associated with trecewbmposition of a catalyst.

The number of active sites can be determined in TAP titration experiments.
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In both TAP and MBS experiments, the sample is maintained under vamndgitions,
which strongly promote desorption of adspecies. Prior to performimgPaekperiment,

it is common to heat the catalyst sample and monitor the desogpmtrum. During
the heating process, adspecies (e.g., water, CQ, €Q), which cover the surface at
ambient pressures, vacate the surface leaving the coverageet@logely resemble that
of an MBS target. Conversely, by pulsing a molecule into thetiomazone can increase
the molecule's coverage so that it resembles the coveragdignapressures. Pulsing
different molecules into the reaction zone in an alternatinges®gucan adjust the
surface coverage of two or more species. As a result, coMarageAP experiment can
be manipulated to resemble coverage in an MBS experiment or coverage

conventional microreactor experiment.

The input pulse in a TAP experiment typically contain$0** molecules, and the local
pressure in an empty reaction zone may rea&l® torr during a pulse. If unimpeded,
an oxygen molecule can traverse the reaction zone in under 100ths.rdaction zone
is filled with particles the pressure may reachlO? torr in the void spaces if no
adsorption occurs. The mean free path in an empty reaction zavauishalf the length
of the reactor. In an empty reactor, molecules move in beanfdgteon and suffer
relatively few collisions. In a packed reactor, the meangegle is~ 4000 pm, which is
significantly larger than the space between particles. r&sudt, in a packed bed reactor,

molecules collide with particles, but seldom with one another.
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Figure 3.5 Scale drawing of a TAP "reaction zone" and packed bed mictoreeontaining a

loading of nonporous spherical particke50 um in diameter.

At sufficiently small pulse intensities, a one-pulse TAP expenit can be considered a
state-defining experiment. The number of molecules in aaggptise is typically much
smaller (16 to 17 times smaller) than the number of surface atoms in the casalysile
being probed [23]. As a result, the reactant pulse does not cigni§i perturb the

catalyst surface.

The TAP menu of experiments includes, but is not limited to, highdspaeuum pulse

response experiments (TAP Knudsen pulse response experiments, TAPproiep
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experiments, and TAP multipulse experiments), atmospheric preseacy-state, step-
transient and SSITKA experiments, temperature programmed desorp&), (and
temperature programmed reaction (TPR). In addition, newly dewkkgfevare allows
the user to create programmed experimental sequences, whibke stored in memory,
and then performed automatically. Sequences may include contghegerature
treatments, switching back and forth between atmospheric pressutevacuum
experiments, switching from continuous flow to transient response ieygues, or
combinations of step-transient, pulse transient, steady-flow, and tempgraigrammed

experiments.

3.1.3 Theory of TAP Microreactor Configurations

The analysis of TAP pulse response experiments are based orcspecibreactor
models that describe the catalyst zone. Current models applychkedohed reactors,
starting with a one-zone reactor, and progressing to a reacttirung a single particle,
which is part of the new work presented in this dissertation. Wherinput pulse
intensity is~ 10" molecules/pulse, transport in the reactor is dominated by Knudsen
diffusion, which is mainly driven by a gas concentration gradiéhie magnitude of the
gradient is dependent on the reactor length and the vacuum boundartyoooatdihe
reactor outlet. Under the conditions of catalytic reaction, tlsecgacentration gradient
causes a surface concentration gradient in the catalyst bdtkn We length of the
catalyst bed is a significant fraction of the reactor tlenthe reactant can cause non-

uniformity in the catalyst composition [9, 75, 76, 90]. TAP micro@madevelopment
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has focused on minimizing the effects of temperature and concemtgradients. An
axial temperature gradient exists because of the closenptgxaf the microreactor outlet
to the vacuum chamber. Typically the temperature near ttieragf a microreactor will
be higher than the temperature close to the microreactor.outlet evolution of TAP
microreactor configurations and their theoretical description béllpresented in the

following sections below.

One-Zone TAP Microreactor In the one-zone microreactor model, the total
reactor volume is uniformly packed with catalyst particlebe dne-zone model and its
mathematical framework were introduced in the first TAP papéfished in 1988 [22].
The mathematical model is based on the following assumptions:

1. The fractional voidage of the catalyst bed is constant.

2. There is no radial concentration gradient in the catalyst zone.

3. There is no radial or axial temperature gradient in the catalyst zone.

4. There is no intra-particle or surface diffusion.

5. The diffusivity of each gas is constant and independent of the compositioa of

mixture as a whole.

The last assumption results from using an evacuated microreattbrsmall pulse
intensities, which guarantees the validity of the Knudsen diffusiormeeg The mass
balance equations for a number of important gas transport and transgedidski

interactions in the one-zone reactor are presented below.
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In a packed bed reactor, the mass balance equation for Knudsen diffusaonoof

reacting gas A, (e.g., neon, argon, krypton) is given by

oC 0°C
o ~Da g (5.2)
. e s . NpA
with initial condition 0<z<L, t=0 C,=0, (3.2)
A
" oC,
and boundary conditions z=0, > 0 (3.3)
z
z=L, C,=0. (3.4)

The initial condition (Equation 3.2) specifies ttatt = 0, the gas concentration at the
reactor inlet can be represented by the delta ifumctBoundary condition one (Equation
3.3) specifies that the input flux is zero at thieroreactor entrance when the pulse valve
is closed. Boundary condition two (Equation 3.d¢dfies that the gas concentration at
the microreactor outlet is very close to zero. sT¢ondition results from the continuous
evacuation of the microreactor outlet by the vacweystem. The diffusivity term in the

Knudsen diffusion regime is determined by the foiltg equation [89]

D - & d; |8RT 4g,

“b , =2 3.5
¢ 7 3\ v A-g,) ° (3.5)

The flow rateF,, at the microreactor outlet is described by theofeihg equation

oC
Fa =—ADg, 8ZA |z:L (3.6)
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and the gas flux by Flux, = KA (3.7)

In order to solve for the gas exit flow rate, ituseful to express Equation 3.1 and the

initial and boundary conditions, Equations 3.2-84dimensionless form.

Dimensionless axial coordinate: ¢ :E. (3.8)
. . = C, Ca
Dimensionless concentration: C, = = : (3.9)
Noa/Vsa  Npa/e,AL
. : : tD,,
Dimensionless time: =—. 3.10)
&L
Written in dimensionless form, Equations 3.1-34 as follows:
_ -
oC, _0 C2A (3.11)
or o¢
with initial condition 0<¢<1 t=0 C,=0, (3.12)
i oC,
and boundary conditions ¢ =0, % =0 13)
=1 C,=0. (3.14)

The solution for the dimensionless concentrat®y, can be found by applying the

method of separation of variables, and is expreased

Cu(£.7) = 25 cos(+ 05)) exp(-(n+ 05)%7) (3.15)

n=0
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The dimensionless flow rate can be expressed mstaf the negative gradient of the

dimensionless concentration as

F.(&.7)= —%?T) =Y (2n+1)sin((n+ 05)7¢) exp(n+ 05)°z°r). (3.16)
n=0

At the microreactor outlet, whege=1, the dimensionless flow rate can be written as

F =73 (-1)" (2n+1) exp(n+ 05)27%7). (3.17)

Equation 3.17 describes the dimensionless exit fla@ as a function of dimensionless
time. The resulting curve (Figure 3.6) is knowrtlaes standard diffusion curve. For any
TAP vacuum pulse response experiment that invobrdg gas transport, the standard
diffusion curve should be the same regardless ef ghs, microreactor bed length,
catalyst particle size, or reactor temperature.e @mensionless initial condition from
Equation 3.12 requires the area under the standifftcsion curve to equal unity. In

dimensional form, Equation 3.17 can be rewritten as

(3.18)

Fo Doz n 2 2 1Dg
= -D)"(2n+Yexp(n+ 05) 7 —=).
N ol 2 (=" 2+ exp-(n+ 05) e

Equation 3.18 indicates that the pulse shape ofttimee generated in a diffusion only

experiment should be independent of the pulse sitienf the gas molecules are

transported through the microreactor in the Knuas#fasion regime.
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A unique feature of the standard diffusion curvethie timez,, at which the curve

maximum occurs is given by T, =% (3.19)
and the corresponding height of the peak maximugivisn by
Fap =185 (3.20)

Equations 3.19 and 3.20 can be rewritten in dinmgradiform in terms of time and height

2
as t, _lat (3.21)
6 D,
DEA
And H, = 185—%. 2)2
&L

By multiplying Equation 3.19 with 3.20 and Equati®21 with 3.22 gives a relationship
between the time at which the peak maximum occara standard diffusion curve and
its corresponding peak height. This calculation ba used to verify that gas transport

through the reactor is Knudsen diffusion.

Fap?p=t,H, =031 (3.23)

Ap®p
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Figure 3.6 (A) Standard diffusion curve showing key time characteristiak tae criterion for
Knudsen diffusion. (BComparison of standard diffusion curve with experimental inercgas

over inert packed bed [23].

One of the simplest but most important processediest in the TAP experiment is
irreversible gas adsorption or reaction combineth wWinudsen diffusion. If adsorption
or reaction is first order in gas concentrationd @he catalyst surface coverage is
negligible (result of small pulse intensity) comguhrto the total amount of active

catalytic material, then the mass balance for Heepghase component A is given by
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2
5b68C—A= D%%—assv(l—gb)kaCA. (3.24)
T 0z

Equation 3.24 can also be written in dimensioniessn. The initial and boundary
conditions for the dimensionless form of EquatioB43are the same as those presented

previously for the diffusion only case (see Equati@.12-3.14).

~ 2~ . 2
0Cy 0 C2A _KC., Kk - aS, (1-¢,)k,L (3.25)
or 04 Dea

The dimensionless exit flow rate for irreversibldsarption or reaction combined with

Knudsen diffusion process is given by
Fa=7mexptk,n)Y (D" (@n+1)expE(n+ 05)z°r). (3.26)
n=0

Equation 3.26 can also be written in dimensionahfas

Fa D T n 2 2 Dea
= exp(k. t -D"(2n+1) exp(n+ 05 —=2), 3.27
N, NE o] a);( )" ( ) exp( )7 €b|—2) ( )
where =& dza)k, (3.28)
&y

A comparison between the dimensional forms of thkeg flow for the irreversible
adsorption/reaction case, Equation 3.27, and #redatrd diffusion curve, Equation 3.18,

shows that the values of the normalized exit flawifreversible adsorption/reaction is
less than the values obtained in the diffusion orédge by a factor obxp(Kk.t).

Therefore, the normalized exit flow curve versusetifor irreversible adsorption/reaction

is always smaller than the standard diffusion c{Rrgure 3.7).
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Figure 3.7 Comparison of diffusion + irreversible adsorption/reaction ewitvfEurves with the

standard diffusion curve. (A) Standard diffusion exit flowrvey Ea =0 (B) Diffusion +
irreversible adsorption/reaction curan =3 (C) Diffusion + irreversible adsorption/reaction

curve, k, =10[23].

When diffusion + reversible adsorption occurs, Hrelnumber of gas molecules is small
compared to the total number of catalytically aetigites, the mass balances of
component A in the gas phase, and on the catalyitce are described respectively by

the following two equations

2
eb&: D(;A%—a.SSV(l—eb)(k‘,leA —-k,0,) (3.29)
ot 0z
a;’* =K,Cr —K,0,. (3.30)
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The dimensionless desorption rate constant is elefas

2
k, =k, ‘QSL . (3.31)

eA

Equation 3.29 and 3.30 can be rewritten in dimamegs form as

2_
580;\ _ aa ;; _KC,+K,d, (3)32
889;\ =k,C, —k,0,, (3.33)
where 0,=ab, (3.34)
and a=(1- gb)ALaNS—SV. (3.35)

Equations 3.32 and 3.33 can be solved using theerdimanless initial and boundary
conditions for the diffusion only process (Equasidhl2-3.14) with the additional initial

condition for the coverage of adsorbed component A

t=0, 6,=0. (3.36)
The complete solutions for the dimensionless camagon and exit flow can be found in

the literature [23].

In contrast to the normalized exit flow curve iretprocess of diffusion + irreversible
adsorption/reaction, the exit flow curve for théfulion + reversible adsorption crosses
the standard diffusion exit flow curve (Figure 3.8)The point at which the curves
intersect depends on the adsorption and desorpéiten constants. The diffusion +

reversible adsorption exit flow curve is wider arrdsses the standard diffusion curve
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because of the time delay in molecular transpastiteng from the interaction of gas
molecules with the catalyst surface. The shape madnitude of the diffusion +

reversible adsorption exit flow curve is also sgigninfluenced by the adsorption-
desorption parameters. For example, when the piilsorrate constant is large and the
desorption rate constant is small; the exit flowveuhas two peaks. The first peak
resembles an irreversible adsorption exit flow eurand is governed by the interaction
between diffusion and adsorption. The second pe#hke result of slow desorption, and
its shape is dependent on the parameters of aasgrmtesorption, and diffusivity.

Mathematical modeling of the two peaks shows thatcatalyst surface coverage initially
increases with time due to fast gas adsorption, teth decreases at which time

desorption becomes more significant [23].
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Figure 3.8 Comparison of standard diffusion and diffusion + reversible adsorgxit flow

curves. (A) Standard diffusion exit flow curan =0 (B) Diffusion + reversible adsorption

curve, k, = 20,k, = 20 (C) Diffusion + reversible adsorption curde, = 20,k = 5[23].

Three-Zone TAP Microreactor In the three-zone microreactor, the catalyst zene i
sandwiched between two inert zones, and all thoeexz are of equal length [23]. An
important advantage of the three-zone configurasdhat the catalyst zone can be more
easily maintained under isothermal conditions. Ewsv, the gas concentration gradient
across the catalyst zone can be significant makidificult to maintain uniform surface
coverages. Also, it is difficult to analyze thartscendental functions that contain the

kinetic parameters that are solutions of the tlz@ee TAP model.
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The three-zone mathematical model is the same imsdte one-zone model with two
additional boundary conditions between the ined aatalyst zones. The additional

boundary conditions are given by

CA,zone1|z:l. = CA,zone2|21’ (337)
CA,zone2|22 = CA,zone3|ZZ’ (338)
oC oC
-D A, zonel --D A, zone2 , 3.39
€A, zonel 82 | €A, zone2 82 | Z1 ( )
oC zone oC zone
- DeA,zoneZ #| 2 = _DeA,zone3 #PZ’ (340)

where z is the axial coordinate at the end of zone 1, ansl the axial coordinate at the
end of zone 2. Equations 3.37 - 3.40 describe dbetinuity of the gaseous

concentrations and flows inside the microreactor.

Thin-Zone TAP Microreactor (TZTR) The thin-zone TAP microreactor (TZTR)
model [9, 75, 76, 90, 92] is a three-zone configarain which the thickness of the
catalyst zone is made very small in comparisorhéwhole length of the microreactor.
The advantage of the TZTR configuration is that elngnge in gas concentrations across
the catalyst bed can be neglected when compartbeitcaverage values. Diffusional gas

transport can be explicitly separated from the dbalneaction rate.

The TZTR mathematical model determines the actbrezeaction rate as the difference

between two diffusional flow rates at the boundaoéthe thin catalyst (active) zone.

59



Rate = Flow'™" (t) — Flow"9" (t) (3)41
Equation 3.41 is analogous to a steady-state CSA@&enthe reaction rate is determined
by the difference between two convectional flowesat For the first-order irreversible

adsorption/reaction process, conversion in the T£a8R be found from the following

k Tdif
expression X =_——eree (3.42)
1+ kadsz-res,cat
where .t = &b (AbL, 3.43)
D&Q

The apparent adsorption/reaction rate conskgpt,can be found from the relationship

D
Ky =K, —2— 3.44
ads a LALEb ( )

where the dimensionless parameier can be found from the zeroth moment

Mio “14K, (3.45)
The zeroth moment can be found by measuring thewarder experimentally determined
exit flow curves (Figure 3.9). The dimension oé theroth moment, Bl is number of
molecules and represents the total number of gdecules exiting the microreactor.
When normalized to the number of molecules injeat¢d the microreactor, the zeroth
moment indicates conversion (X).
X=1-M (3.46)
From the zeroth moment, the first and second maosneanh be calculated. The first

moment, M, is a time weighted function of M The dimension of the first moment is

number of molecules multiplied by time. ;Mietermines the residence time in the
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microreactor that is related to the average deatayransport through the microreactor
void space caused by a kinetic process. The dimerng the second moment, )Mis

number of molecules multiplied by time squared. e Tfecond moment provides
information on the relative duration of time di&t molecules reside in the microreactor
as compared to the average residence time, anbecanrrelated with the characteristic
times of specific kinetic processes. The ration@ments, M/My and M/M3, has a

physical meaning associated with different relaattimes, which are governed by
combinations of kinetic coefficients of differemactions. Exit flow data combined with

the moments, can be used to formulate a detailediom mechanism.

Primary and time-weighted

1001 TAP response curves
801 Mo = / Fexit (t)dlt
0
_% 60 1 " / Feit (t)tdt
L M_o 0 _
E Fexit (t) Mo Mo Tres
M|
401
Faxit (t)t2dlt
&:{ axit (1)
201 Fexit (t) t (X5) MO MO
Feat (1) % (x10)
0.0 1.0 2.0 3.0 4.0 5.0

Time (s)

Figure 3.9 Moment analysis in TAP experiments is the time weighted anedsr the exit flow

curves.
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Although concentration and temperature gradienthéncatalyst zone are very small in
the TZTR, some non-uniformity will still be presemlon-uniformity can be attributed to
two factors: the applied concentration gradientjcwhdrives diffusion and is present
even when no reaction occurs, and chemical regctibiich changes the concentration

profile in the catalyst zone [9, 75, 76, 90, 9Zhese factors are taken into account in the

following equation: Zin_Tow o p—cy X (3.47)
L 1+ - X)L, /L,

in r

The first term on the right hand side of Equatiod73relates only to the geometric
configuration of the reactor, and the second reltdethe influence of chemical reaction
and geometry. As with a differential PFR, non-amiity in a TZTR is proportional to
conversion, but the proportionality is not linedigure 3.10 shows a comparison of non-
uniformity in the TZTR and a PFR as a function mfreasing conversion. Over a wide
range of conversions (up to 75%), the level of naifermity in a TZTR is not higher

than 20 percent, and only becomes significant avesions greater than 80%.
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Figure 3.10Comparison of non-uniformity versus conversion for the differential ®RTZTR.

Different ratios of microreactor length to length of catalyst zongiaen for the TZTR.

Theory for the newly developed single particle TARcroreactor will be discussed in
detail in Chapter 4. In this configuration, tengiare and concentration gradients are
assumed to be negligible in the catalyst zone Isecdlnere is only one micron-sized

catalyst particle in the microreactor bed.

3.2 Catalyst Preparation and Surface Analysis

3.2.1 Pt Bulk Metal Particle

The Pt bulk metal catalyst used for the singleiglarexperiments is a 400m diameter
platinum (Pt) powder supplied by the Goodfellow @wation. The platinum powder

was reported with a purity of 99.95%. Platinum wadmwsen for these experiments
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because platinum is known to have high catalytigviag for CO oxidation, reduced

“bulk oxygen storage,” and it is fairly easy to gh@se. In a typical experiment, the
microreactor was packed with approximately 100,§08rtz particles (210 - 250 microns
in diameter) and a single catalyst particle (30800 microns in diameter) usually

positioned in the center of the bed (Figure 3.1The quartz particles were made by
grinding large quartz fragments and then passieggtbund particles through a sieve to
extract the appropriate size. The microreactohaated resistively, and the internal
temperature adjacent to the catalyst particle mpéad with a shielded thermocouple.
The catalyst particle and the inert quartz pasi@es nonporous so that gas diffusion or
mass transfer within particles does not occur. WVpacked in the microreactor, the
particle occupies less than 0.3% of the crossmaitiarea of the microreactor, so that the
reaction zone can be considered a point source. indportant advantage of this

configuration is that for most reactions, concerdaraand temperature gradients can be

assumed to be negligible.
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Figure 3.11(A) Schematic of TAP microreactor single particle comfegion. (B) Digital camera
image comparing the Pt particle to a pencil point to demdestine actual size of the catalyst
particle. (C) SEM image showing the entire polycrystallRteparticle. The diameter of the
particle is estimated to be 3mM. (D) High magnification (15,000X) SEM image of Pt particle

surface, which shows the surface is nonporous.

3.2.2 Pt Foil

A Pt foil catalyst particle was used in the singégticle experiments to demonstrate the

influence of catalyst position in the microreactar conversion. A Pt foil was used
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because it closely resembled the experimental gor#tion created for the single particle
TAP microreactor theoretical model. The Pt foilswaut to be circular with a diameter of
0.125 in. and a thickness of 0.004 in. The Pt fwés packed in the microreactor
surrounded by inert quartz particles with diametestveen 210-25am. The catalyst

was placed in three different positions within thecroreactor, at the very top located
near the microreactor inlet, in the middle, andhat bottom of the microreactor close to
the outlet. The Pt foil was packed in the microtea with the flat circular surfaces
facing towards the microreactor inlet and outlékhe length of the Pt foil occupies

approximately 0.496 of the radial length of thectea

3.2.3 Supported Pt Catalysts

Pt nanopatrticles supported on two types of mesasosilica was studied in the TAP
reactor to understand the role of the support dughemical reaction as well as any
metal-support interactions. The supported Pt gstimlwere supplied by our collaborators
at Kasetsart University in Thailand. The two typésnesoporous silica supports used in
the experiments are SBA-15 and unimodal porousas{(lUPS). The mesoporous silica
SBA-15 was prepared from rice husk ash (RHA) wite themical composition of the
materials used in the molar ratio of Si®@luronic P123: HCI: kD as 1: 0.0875: 4: 200,
respectively. First, Pluronic P123 was dissolvedistilled HO. Next, the rice husk ash
derived sodium silicate was slowly added to thedtic P123 — water solution while it
was being rapidly stirred at 4@€. Then, HCI was rapidly added into the solution i

order to initiate the hydrolysis-condensation reect The hydrolysis-condensation
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reaction was allowed to continue for 24 h afteraddition of HCI, and the solution was
continuously stirred during this time. After 24 the solution turns into a silica gel,
which is then transferred to a Teflon-lined auteelfor hydrothermal aging to take place
at 100°C for 24 h. After this time period, the solid pusts can be collected by
filtration, then dried in an oven at 140 for 3 h, and finally calcined in air at 500 for

6 h [93].

The unimodal porous silica (UPS) was also prepasaag sodium silicate (N&isO;: 27
wt.% SiQ; 4 wt.% NaOH) that was derived from rice husk ash.the first step of the
procedure, 3.7 g of sodium silicate (based on 1 $i©,) was slowly added to 60 mL of
2% v/v acetic acid in water solution that was bedtiged and heated at 4G in a water
bath. In order to simultaneously initiate the lojgsis-condensation reaction and control
the pH of the mixture in the range of 2 to 6, vas@mounts of 1 M HCl or 1 M NaOH
were rapidly added into the solution. The final pHhe solution was measured to be 5.
After the hydrolysis-condensation reaction has iooeid for 24 h, the resulting gel was
transferred to a Teflon-lined autoclave where tidrbthermal aging process was set at
100°C for 24 h. The final products were filtered, dria an oven at 12TC for 3 h, and

calcined in air at 550C for 5 h [94].

Figure 3.12 compares the SEM and TEM images ofhthsoporous silica SBA-15 and
unimodal porous silica (UPS) supports. From th&Smages, the morphology of the

SBA-15 (Figure 3.12a) contains an agglomerationroform, slightly bent (U-shaped),
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short rod-like shapes, while the UPS support (Ed8ul2b) shows a much more dense
surface morphology caused by the agglomeration wéhrsmaller silica nanoparticles.
The TEM image of the SBA-15 support (Figure 3.12tjows a highly ordered
mesoporous silica matrix with a hexagonal porecttine. In contrast, the TEM image of
the UPS support (Figure 3.12d) shows inter-partgpaces between the mesoporous

silica structure caused by the agglomeration oftliea nanoparticles.

1 um X 10,000

60 nm X 40,000

Figure 3.12(a)-(b) SEM images of mesoporous silica SBA-15 and unimodal potlaas(&IPS),

respectively. (¢)-(d) TEM images of SBA-15 and UPS, respeytivel
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There are many methods to deposit metal partialemetal oxide supports. The most
common method to prepare metal-supported catalystipient wetness impregnation
[95-98]. In this method, a small amount of metdt solution, just enough to cover the
support material surface, is dropped onto the sartd the dry support material. After
the metal salt solution comes into contact withgbhpport material, the solution is drawn
into the pores of the support by capillary forcaside the pores. Incipient wetness
occurs when all pores of the support material #leglfwith liquid, and there is no excess
moisture left over on the support. If the suppodterial is nonporous, a layer of metal

coating is left on the outer surface of the support

The Pt nanoparticles were loaded on the mesopailbices SBA-15 and unimodal porous
silica (UPS) by incipient wetness impregnation gsia solution of hydrogen
hexachloroplatinum (IV) hexahydrate A/Ck-6H,0) and water. The metal salt solution
was dropped unto the support so just enough isedketx coat the support surface, and
the mixture was stirred for 30 min. After 30 mihe wet catalyst was placed in an oven
to be dried at 120C for 24 h. Once the catalyst is dry, it was caddi with B at 550°C

for 4 h with a heating rate of°’€/min. The calcination process was performed oone
any volatile matter left on the catalyst surfaceiry the impregnation step such as
chlorine. Figure 3.13 shows the SEM images of3BA-15 and UPS supports after they

were compressed to form 400 micron-sized parti@iesimpregnated with Pt.

69



' .
V |det| WD | HFW | HV [det| WD | HFW I T 12—
20000 x| 5.00 kV | TLD | 49 mm | 14.9 pm| Nova NanoSEM 80000 x| 5.00 kV | TLD | 4.9 mm |3.73 pm Nova NanoSEM

G

; mag  HV |det| WD | HFW | ———10um mag | HV det‘ WD | HFW —r
© 10000x 5.00kV|ETD|4.7 mm [29.8 ym Nova NanoSEM 80000 x| 5.00 kV| TLD | 4.7 mm |3.73 ym Nova NanoSEM

Figure 3.13(a)-(b) SEM images of mesoporous silica SBA-15 after compresgiform 400 pum
sized particles and impregnation with Pt at magnification of 20,G08X80,000X, respectively.
(c)-(d) SEM images of UPS after compression to form 400 gedarticles and impregnation

with Pt at magnification of 10,000X and 80,000X, respectively.

The SBA-15 support after compression still ret@osie of the physical characteristics of
the support prior to compression, such as the prasen of the slightly bent, U-shaped

rods. The support is very porous as seen by tpeaapnce of holes in between the
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structure of the SBA-15 support. After impregnatiof the SBA-15 with the Pt salt
solution, Pt and Pt single crystal nanoparticlesewseposited on the surface. The Pt
single crystals formed as a result of support serfdefects from the compression

process.

The formation of Pt single crystals was also appaom the compressed UPS support.
The surface and structure of the UPS support #fiercompression process was very
similar to the structure prior to compression. H®teicture of the UPS support was
already very densely packed with silica nanopasictherefore, the compression process
did not change the structure very much. Compapethé SBA-15 support, the UPS
support is not as porous, and the silica partieles much smaller. Because the UPS
support is less porous, there is less surfacefardhe Pt particles to deposit on. Using
SEM, an area of equal size on the SBA-15 and UPf8cguwas selected to determine Pt
composition percentage. For the SBA-15, there &/8S wt. % Pt on the surface, and
4.88 wt. % Pt on the surface of the UPS suppotie fiest of the catalyst composition
was composed of Si and O. The weight percent m@ted by SEM is only an estimate

because there could be Pt in the pores of theysathlat cannot be seen with SEM.

3.2.4 VPO Catalysts

Vanadium phosphorus oxide catalysts were prepayeéfhuxing a mixture of 7340 cin
of isobutyl alcohol, 513.5 grams of,8; and 663.97 grams of O, (100%) for 16

hours to give a light blue precipitate. Upon coglithe precipitate was filtered and dried
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at ambient temperature under vacuum. The drieciptate was washed with isobutyl
alcohol, dried for 2.5 hours at 145 °C and calcimecir for 1 hour at 400 °C. The
resulting powder was then "reactor equilibrated"skytching the feed to an air-butane
mixture (1.5% butane) at 15 psig reactor inlet pues and 2000 GHSV. After a
sufficient break-in period (300 hours), the catblgave steady-state selectivities to
maleic anhydride of approximately 66% at 78% cosiggr. XRD analysis of the reactor
equilibrated samples showed that they were monapke®).P.O; or (VPO). Chemical
analysis gave a P/V ratio of 1.01 and vanadiumatiioa state of 4.02. The samples had
a BET surface area of 16.5%fgram. Figure 3.14 shows an SEM image of the
microstructure of a VPO particle, which has therabteristic layered structure of VPO

prepared by a non-aqueous route.

 20kY 64 004
2186365—-E 28 KX

Figure 3.14SEM image of VPO particle. The image shows a characteriséodaystructure.
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Chapter 4

CO Oxidation on Pt Catalysts

This chapter presents results from TAP experimgrgormed on a variety of Pt
catalysts including a single Pt bulk particle, &t fand Pt nanoparticles supported on two
types of SiQ support. The catalysts are probed using the Cidabgn reaction to
understand reactor transport properties, metaleauppteractions, influence of reaction

pressure, and the role of surface oxygen lifetimeatalytic performance.

4.1 Single Pt Bulk Particle TAP Experiments

4.1.1 Oxygen Uptake

To determine the number of oxygen adsorption sitesxture of Q/Ar (70/30 feed ratio)
was pulsed into the microreactor over a reducedlysitparticle. The Pt particle was
reduced in a hydrogen flow gFAr = 1, Flow rate = 40 cc/min, T = 350 °C, P =tinjfor

1 hour and the reduction was assumed complete wia¢er production was on longer
observed. After flowing hydrogen for 1 hour, tleactor temperature was reduced to 50
°C and the Pt particle was exposed to a seriesxpfiem pulses. Low temperature

oxidation limits migration of O atoms to the paleisubsurface.
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Figure 4.1 shows a typical series of oxygen exiwflresponse curves observed after
reduction with a hydrogen flow. The oxygen coni@sis calculated from the area
under each of the pulse curves shown in Figureahd the oxygen conversion per pulse
is plotted in Figure 4.2. Each pulse contains axiprately 16* oxygen molecules.
After approximately 40 oxygen pulses conversiorzaso and the area under the zero-
conversion curve can be used to calculate the esiovein previous curves and the total
oxygen conversion. The,®@esponses were also normalized with respect tstdredard

Ar diffusion curve to take into account changegputse shape related to changes in pulse
intensities. The first oxygen pulse is completatisorbed on to the Pt particle. As the
number of oxygen pulses increases, the number aflable oxygen binding sites

decreases until, after approximately 40 pulsesp#ntcle surface is saturated.

Cheygen Exit Flow

TN

Pulse Mumber

Figure 4.1 Oxygen exit flow response curves obtained from single Pt pamixygen uptake

experiment at 50 °C.
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Figure 4.2 Oxygen conversion per pulse found by taking the area under edbh ekit flow

pulse curves from Figure 4.1.

4.1.2 Reaction under Vacuum Conditions

CO oxidation Pt particle pulse response experimemte performed using the "pump-
probe" format (Figure 4.3). Mixtures ofr (70/30) and CO/Ar (70/30) stored in
separate pulse valves were injected into the nmeaior forming a train of alternating
pulses of @ and CO. Similar to oxygen uptake experiments,GO® oxidation
experiments argon is mixed with the reactant gasexct as a reference. Because it is
inert, its transient response depends only on taesport process. It is used as a
measuring stick to calculate diffusivities, conweins and kinetic parameters. The pump-
probe format maintains a relatively steady oxygencentration on the catalyst by re-
supplying any consumed oxygen in alternating glses. In single Pt particle

experiments, CO conversion was constant duringifpulse pump-probe experiments at
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a steady reactor temperature. Therefore, basedmerimental evidence, it can be stated

that the oxygen coverage on the Pt particle ioredtto the same value prior to each CO

pulse.

Reactant Pulse Train

i Pulse set 1 Pulse set 2
AjzlAr CO/Ar
0.0 20 40 6.0 8.0 10.0
Time (s)
Microreactor
Pulse set 1
v ;ﬂ Pulse set 2 Transient Response (3D Plot)

Figure 4.3Schematic of TAP single Pt particle pump-probe experiment.

In a pump-probe experiment [22, 23], the separdtioe between reactant pulses can be
varied. Time delay between the reactant pulsesearhanged to investigate the effect
of changes in the surface lifetime of reactive adsgs on the dynamics of catalyst

surface processes. For example, by changingrtieelietween the £and CO pulses, the

relative desorption rates can be determined.
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In the experiments plotted in Figure 4.4, theabd CO pulses were evenly spaced and
separated by 2 seconds. Identical experimentgyusime delays of 1 second and 3
seconds were also performed, and no differencéenamount of C@produced was
observed. This indicates that the surface oxyg@mage is approximately constant within
the pump-probe time delays. The argon responsesdarthe Pt particle pump-probe
experiments shows that > 99% of the Ar escapesetieor in less than 2 seconds. Thus,
when a CO pulse enters the reactor < 1% of thegphgase oxygen from the previous O
pulse remains, and vice-versa when oxygen is pul3dge amount of COproduced in
the pump-probe transient response experiment (&g A and 4.4C) can be determined
by measuring the area (zeroth moment) under thesigmat response curve [91]. To
determine the C@yield, the zeroth moment is normalized relativeéhte amount of CO

in a single pulse. If the amount of g@roduced is equal to the amount of CO injected
then the yield is equal to 100%. The absolute anwwf Q, CO, and CQ are
determined by comparing the response obtainedre@aetion with one obtained using a
standard blend. All responses are compared tAtheesponse, which is the internal
reference. Remove the platinum particle, leavimy dhe quartz particles, and the

responses disappear demonstrating that npi€@roduced.
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Figure 4.4 Comparison of C@produced during TAP vacuum pump-probe and atmospheric flow
experiments for CO oxidation over single Pt particle with tmeeseomposition of reactants. (A)

A typical set of pump-probe G@esponses (m/e = 44) for reaction at 140, 170, and 350 °C. (B)
CO, production observed from atmospheric flow experiment. (C) @@duction observed from
vacuum pump-probe experiment. The black line-J-represents the total G@ield. The red (-

e-) and blue lines ¢-) represent the CQyield on the oxygen pulse and CO pulse, respectively.

The black plot (Figure 4.4C) represents the tot@} ¢ield during one pump-probe cycle.
The red and blue plots (Figure 4.4C) show the, @@Id for G, pulses and CO pulses

respectively. The striking feature of these depends is the high COyield that is
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achieved despite the catalyst particle occupiestlegsn 0.1% of the total reactor volume.
At 170 °C, the yield for the individual £and CO pulses reach a maximum, making the
total yield equal to approximately 95% during ongnp-probe cycle. This result seems
counterintuitive, however it has physico-chemicabumd. Under Knudsen diffusion
conditions, at least 95% of the CO molecules pulsgal the reactor must strike the
particle. The probabilistic mathematical theory tbfs phenomenon together with
additional experimental data will be presented ha@er 4.2. Above 170 °C the €O
yield decreases, more rapidly for the fulse than the CO pulse. From 170 to 350 °C,
the CQ yield on the oxygen pulse decreases from a maximuf2% to < 5%. In the
same interval, the yield on the CO pulse decrefieas 43% to 25%, so that the overall

yield drops from 95% to less than 30%.

The difference between G@ependences obtained in @nd CO pulse experiments can
be explained within the modified adsorption mechkamni(Langmuir-Hinshelwood
mechanism). During the Opulse, adsorbed oxygen may react with adsorbed CO
molecules which are likely isolated at the reactiemperatures. In contrast, during the
CO pulse, the adsorbed CO molecule may interatt evfterent forms of stored oxygen,
e.g. via the gradual destruction of the surfacegerystructure (surface phase islands). In
this case, the CQyield decreases not so rapidly. However, theie general feature of
both dependences. The yield peak (“turning pointgurs at the same temperature of

170 °C for both CO and {pulses. Based on the adsorption mechanismyétaisonable
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to assume that it is the point of transition frdre CO dominated catalyst surface (below

170 °C) to the @dominated catalyst surface (above 170 °C).

4.1.3 Reaction at Atmospheric Pressures

After completing the set of vacuum pulse respongeeements, the slide valve was
closed so that the reactor could be operated aisgtneric pressure. Prior to introducing
an Q/CO mixture, the particle bed was exposed to adyein flow (20 cc/min diluted in
Ar, Ho/Ar = 1) at 350 °C for 1 hour. The hydrogen flomswsed to remove any memory
of the previous pump-probe experiments. The reaeds then cooled and a total flow of
50 cc/min of @, CO, and Ar (QCO/Ar = 1) was introduced through the continuous
valve, giving a gas residence time in the reactdr.® s. Conversion under atmospheric
conditions was quite high despite the short contastdence time inside the reactor

(Figure 4.4B).

The temperature dependence of,Goduction was obtained by heating or cooling the
reactor at a constant rate while maintaining arutirfow of 50 cc/min. The internal
reactor temperature was ramped from 40 °C to 436ve&® a 40 minute interval. Upon
reaching 430 °C, the reactor temperature was heftstant for 5 minutes and then

decreased at the same ramp rate to room temperature

During atmospheric pressure experiments, a smatiuamof the reactor effluent was

diverted into the mass spectrometer chamber, anthass spectrum was continuously
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monitored. The temperature dependence of the @e€ld is characterized by two
branches, which form a counter-clockwise hysterésap (Figure 4.4B). The lower
branch occurs during the up ramp and the upperchrdaring the down ramp. On the
lower branch of the hysteresis loop, at approxilg&860 °C, a dramatic rise in GQ@ield

is observed. On the upper branch of the hysteless a maximum in COproduction

of 20% is observed at 430 °C. At the temperatdrapproximately 170 °C (“turning
point”), a significant decrease of GOccurs. The phenomenon of yield hysteresis i$ wel
known in heterogeneous catalysis, particularly lwe theterogeneous CO oxidation
reaction over noble metals [99]. Such behavi@lss explained based on the adsorption
mechanism in which ©and CO compete for active catalytic sites on tleahsurface.
From this point of view, the “turning point” is themperature at which lomination on

the Pt surface is changed by the CO dominatiohetatalyst.

4.1.4 Comparison of Results from Vacuum and Atmospheric
Pressure Regimes

Both vacuum and atmospheric pressure data exteldral striking features. Perhaps
most surprising is the very high conversion obsgimel AP pulse response experiments.
Despite the fact that the Pt particle occupies teas 0.1% of total reactor volume and
0.3% of its cross sectional area, it is struck tast 95 out of 100 CO molecules pulsed
into the reactor. Similarly since oxygen convens® 100% during the first oxygen pulse
in oxygen uptake experiments every oxygen moleoulst strike the Pt particle. In a

TAP vacuum pulse response experiment, gas moleoute® independently, primarily
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colliding with particles and the reactor walls. @werage, a CO molecule experiences
between 100,000 to 500,000 collisions before itsetkie microreactor [100]. As a result,
a molecule that initially bypasses the Pt partade reverse its direction during its next

collision and return to the Pt particle.

Conversion in atmospheric pressure experimentsite igh. The residence time in the
microreactor is longer than in a TAP experiment,the apparent contact residence time
in the reaction zone is about 2 orders of magnileds. Nevertheless, CO conversion
reaches 20%Clearly, the real residence time in the reactiomezis larger, and mixing is

also significant in atmospheric flow experiments.

An essential requirement for obtaining precise tknelata is uniformity within the
reaction zone in the reactant concentration pratild catalyst composition. The reactant
concentration can be defined as uniform if its igpalifference is small compared to its
maximum value. In single particle experiments risction zone is the particle surface.
In vacuum pulse response experiments the reactiore zamples the entire reactor
volume, and our estimates show that non-uniforngtyegligible [9]. In atmospheric
pressure experiments the reaction zone samplesesamtleast 67 times larger than the
particle. Consequently, in both experiments nomfeamity is negligible, so it can be

assumed the reaction zone is perfectly mixed
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Pulse response data obtained in high vacuum expetsmcan be used for direct
determination of the number of active sites orajerof an active component [23, 40].
For a single particle, this number is comparablirwhe number of molecules in a pulse,
and can be determined in a single experiment. Dedmn TAP pulse-response

experiments can also provide details related tstlps in a complex reaction, i.e. kinetic
coefficients of different reactions (reactant agsion, interaction of reactants with other
pre-adsorbed reactants), energies of activation @nedexponential factors, and the

dependence of all these parameters on the capabiteatment [23, 24].

Both TAP vacuum and atmospheric pressure dateeghtbit turning points indicating a
transition from reaction controlled by one adsorlsgciesto one controlled by a

different adsorbed species. The upper branch enQ® curve corresponds to an, O
covered surface, and the lower branch to a CO edveurface (Figure 4.4B). The
turning point in both data sets occurs at 170 “iGuiie 4.4B — 4.4C). In the region of the
CO, maximum, the areas under the @sponse curves corresponding to theatd CO

pulses (Figure 4.4A) are approximately the saméicating nearly equal coverages for
O, and CO. The correspondence in “turning pointdidgates that the coverage in
vacuum and atmospheric pressure experiments i@ppately the same and intrinsic
kinetic data obtained in vacuum experiments candsel to describe kinetic behavior in

the atmospheric pressure domain.
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Taking the conversion of CO or GQ@ield at the “turning point” from vacuum pulse
response and atmospheric flow data, the appareati&irate constant can be calculated.
In combination with the gas residence time {n the catalyst zone, the apparent kinetic
rate constant is given by the following expression:

X
Ky oy = —— 4.1

Using an approximate conversion of 90% in the vatylse response experiment, the
apparent kinetic rate constant is calculated to96@0 §. In the atmospheric flow
experiment, using a conversion of 20% the appddemetic rate constant is calculated to
be 9280 3. The two apparent kinetic rate constants diffgr approximately 3%.
Although there may be some error involved in expentation, the values of the
apparent kinetic rate constants are approximatelysdme. The ability to relate data both
gualitatively and quantitatively in the atmosphgrressure domain to the data obtained
in vacuum pulse response experiments using a sittgbarticle is a step toward bridging

across the pressure gap [51].

4.1.5 Inert Experiments

Blank experiments were run using a microreactok@dmnly with inert quartz particles
to test the validity of the single Pt particle esipents. The blank experiments were
conducted in the same manner with all identicattiea conditions as the Pt patrticle
pump-probe experiments. The only difference wad the blank experiments had no
catalyst in the reactor. Figure 4.5 plots the, @@duction (zeroth moment) as a function

of reactor temperature. The graph gives the @fduced on the oxygen pulse, CO
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pulse, and the total G(Qproduction. The temperature range is from 10Q*@80 °C,
which is the range where maximum £@roduction was observed for the single Pt
particle experiments. According to Figure 4.5, @@, produced on the oxygen and CO
pulses reached a maximum production of 1.5 and @&5280 °C, respectively. Although
the reactivity of the microreactor or the inert gmaparticles is apparent, it is not
significant compared to the amount of £@roduced with the Pt particle in the
microreactor. Also, there is no trend in the maximCQ peak seen with the Pt particle
at 170 °C.
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Figure 4.5CO; production observed in the inert microreactor with quartz packing only.

4.1.6 Surface Lifetimes of Reactive Species

The surface lifetime of an adspecies under reactomditions is a function of the rate of
reaction, the rate of desorption, and the rate fatlwthe adspecies diffuses into the

catalyst bulk. The adsorption-desorption charattes of a species can be determined
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in TAP pulse response experiments by comparingsiiteflow curve of the species with
the standard diffusion curve (STD). If the curadls inside the STD then the species is
irreversibly adsorbed. The surface concentraticencactive species can also decrease if
the species diffuses into the catalyst bulk or epleted by reaction with some other
surface species. The reactive lifetime of an atlspecan be measured in TAP pump-

probe experiments by changing the pump-probe iaterv

The reactive lifetime of oxygen on a Pt particleswmaeasured in a series of pump-probe
experiments using two separate reactant mixture©.phr (70/30 ratio) and CO/Ar
(70/30 ratio), which were injected from two separptilse valves. The mixtures were
pulsed in an alternating sequence into a microoeambntaining a single 400 um Pt
particle packed in a bed of inert quartz particlds.the pump-probe experiments, the
separation time between the &d CO pulses was varied while keeping the cyahe ti
for one pump-probe cycle at 10 s. For one reaetoperature, @was always pulsed into
the microreactor first followed by the CO pulseasped by a delay of 1, 3, 5, 7, and 9 s.
For example, when the interval between the oxygah @O pulse is 5 seconds, the
interval between the CO and following oxygen pussalso 5 seconds. The experiment
was repeated for different pump-probe intervald®@, 250, and 350 °C (Figure 4.6).
CO conversion at one reactor temperature fromrpa#i-pulse pump-probe experiments
suggests that oxygen coverage on the single paticle is restored to the same value

prior to each CO pulse.
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Figure 4.6 Pump-probe data showing €@roduction as a function of temperature and pump-

probe interval.
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CO, production on the oxygen pulse at 350 °C is sigaiftly lower than production at
150 °C. lItis independent of the pump-probe iraer\CQ production on the CO pulse at
150 °C is also independent of the pump-probe iatenAt 350 °C CQ decreases with
the pump-probe interval. The drop in £@roduction can be attributed to a decrease in
the amount of active oxygen. The rate of the dropctive oxygen can be calculated

from the zeroth moments of the €@nd is plotted in Figure 4.7.

14

[EEN
o
/
/
/
2
A3

Zeroth Moment
Normalized CO,
o o
o foe)

o
/
/
/
¢
/
/
le

o
~
|

o
N
!

o
o

1 3 5 7 9
Time Delay of CO Pulse (s)

Figure 4.7 Normalized CQ production on the CO pulse calculated from the zeroth moment of
the pulse response curve. g@oduction is constant at 150 °C, and drops @5 times its value

in 9 s at 350 °C.

From the CO pulse, the G@ produced as the input of CO reacts with tholelr G

from the previous pulse. The data in Figure 4.@wshthat the initial rates of GO
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production are approximately the same for all #ection temperatures. In the literature,
it mentions that there are two constituents ofltaegmuir-Hinshelwood mechanism for
CO oxidation; the reaction between adsorbed oxyayah strongly adsorbed CO, and
reaction between weakly adsorbed CO [99]. The m@ma@sin with the latter can be
identified as an “impact mechanism” from the cadliis between adsorbed oxygen and
gaseous input of CO. The @@roduction via the “impact mechanism” does noteaep
on the temperature. This explains that the initatbs are insensitive to the reaction
temperature for a time delay of 1 s. However,léoger delay intervals between the O
and CO pulses, there is a dramatic difference in @f@duction between different
temperature dependences. At the highest reaaiuperature (35(C), CO production
significantly decreases in time. Between the mjls® gas should have been in the
reactor, and this decrease can be explained omlythe presence of the additional
“hidden” process, which is acting with no gas pnese This process is oxygen removal
from the catalyst surface. Likely, it is a “hiddeprocess of the oxygen exchange
between the surface and the catalyst bulk, andftwden one type of catalyst site and
other sites, which are not so active. As for #h@ction temperatures of 150 and 260
the CQ production decrease is insignificant, especiatty 150 'C. Under these

temperatures, our catalyst exhibits very stabletien.

Figure 4.8 plots the Cproduced on the {pulse as it reacted with the remaining CO on
the surface from the previous pulse. An intergstact to note from the data displayed in

Figure 4.8 is that the increase in reaction tentpegadoes not provoke the reaction rate
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to increase as it is usually the case in chemioa¢tics. Instead, as the reaction
temperature is increased, there is a decrease iresittion rate. This is less pronounced
in the domain between 250 and 380 It is very likely that the temperature deperuen
of the reaction rate is characterized by a plate@di even by a maximum (see Chapter
4.1.2 and Figure 4.4). In the CO oxidation reagtiwhich is governed by Langmuir-
Hinshelwood mechanism (adsorption mechanism), thera step in which the two
adsorbed substances interact with each other.hdseimperature rises, it elevates both
the reaction rate between the adsorbed substa@€earfd Q), and the desorption rate of
one of the adsorbed substances (CO). Thus, oneltaim a rate plateau or maximum at
some reaction temperature. According to Figure th&re is a slight increase in €O
production at every reaction temperature with tieeaase in spacing interval between the
0O, and CO pulses. This effect is pronounced for AG0but not as significant for 250

and 350 °C.
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Figure 4.8Normalized CQ production on the £pulse.

The graph of the total CGQproduction from both the £and CO pulses (Figure 4.9) also
demonstrates the advantage of the low temperaagiene (in this case, conversion is
highest). Two combined factors may contributeh® lhehavior shown in Figure 4.9:

1. High reaction temperature is not needed becawsié firomote CO desorption.

2. High reaction temperature is not needed becausalisupport the process of

surface oxygen removal during the interval betwagases.

However, the reaction temperature also cannot bdaw. There has to be an optimal
temperature, which has to be found experimentallizis will give an indication on the
new prototype of the industrial working regime whiwill be efficient from the point of

spending less energy.
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Figure 4.9Total CQ yield/CO conversion from both @nd CO pulses added together.

Apparent kinetic constants can be calculated (Eogoat.1) based on the data shown in
Figures 4.7 - 4.9. Figure 4.10esents the apparent kinetic constant dependentieeo
time delay of the CO pulse. The apparent kinetiostant is calculated based on the
information from the CO pulse because it revealsemmformation regarding the
behavior of surface oxygen. Clearly, the appacemstant at 350 °C demonstrates a
significant decay which can be classified as aroagptial decay or combination of two
exponents. This decay may be interpreted as a&gspor a reaction of the pseudo-first
order, in which the apparent constant is givenhayfollowing equation.

Kapp= K X (Concentration of surface oxygen) (4.2)
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According to the equation above, when surface axyigeremoved, its concentration
decreases, therefore, the apparent constant desraasvell. As for dependences at 150
and 250 °C, the temporal decay of apparent corsstisninsignificant reflecting the

similar behavior of conversions.

800

Apparent Constant K (s™)

Time Delay of CO Pulse (s)

Figure 4.10Apparent constant calculated based on the data obtained fra@®Otlpeilse (Figure

4.7) as a function of time delay.

Figure 4.11 demonstrates temperature dependencése cipparent constants and its
specific features at different time delays. Theependences are not so trivial to
understand. There is an interval of temperaturestiame delays, between 150 to 250 °C
and 3 to 9 s, in which the apparent constant iscqapately the same. A “turning point”

occurs at 250 °C. Also, the time delay of 1 s ignéque case because the apparent
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constant increases with reaction temperature. dasehis behavior, it can be concluded

that the process of surface composition is changetgeen the pulses, and this process

is not only due to the simple removal of surfacggen, but a complex process of oxygen

redistribution. Characteristics of oxygen redmition on the Pt surface should have an

optimum as a function of the reaction temperatitreny be between 200 and 250 °C)

and the time delay (1 s).
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Figure 4.11Apparent constant as a function of reaction temperature for diffementilays.

The apparent constants can also be used to ca&dhlatactivation energy for the CO

oxidation reaction, particularly the reaction oflggd CO with surface oxygen. By

plotting the natural log of the apparent constana dunction of the time delay of the CO

pulse, one can denote a relationship between tparapt constant to the time delay as
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another apparent constant, “B” (Figure 4.12). Telationship can also be shown by the
following equation.
Kapp = Aexp(-Bt) (4.3)

The constant “B” can then be plotted against (1/BT)ind the activation energy. The
activation energy was found to be approximatelys 23/mol. This is within the order of
magnitude for CO oxidation activation energies giva the literature, found to be
between 45 - 100 kJ/mol for Pt single crystal stefa[57, 58, 99] and 25 — 96 kJ/mol for
polycrystalline Pt [99]. This value is on the lewd which means higher surface oxygen

composition on the Pt surface during reaction.
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Figure 4.12 Calculation of apparent constant “B” from the slopes of theali relationship

between the In (K) and time delay.
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4.2 Probabilistic Single Particle Theoretical

Model

The high conversions obtained in TAP single patekperiments can be explained by a
probabilistic theory and interpretation of conversia, based on the principle of
Brownian motion [101] of reactant molecules insitie microreactor. In this case,
Brownian motion denotes that the reactant moleduées! by random motion inside the
microreactor. The experiment is modeled in whighukse of gas of chemical species A
is released into the microreactor and the outtet fis collected at the right-hand open
side of Figure 4.13. The model is 2-dimensioridie black disc in the middle represents
the catalyst particle. The term “particle” is usexda general term to describe the single
piece of catalyst, which is not permeable. Thetipi@” can be small or big, spherical,
cylindrical, or foil shaped, but it is assumed ®ronporous. The smaller, light colored
dots represent the inert medium used to pack tieeonsiactor. As the trajectory of A gas
molecules nears the active catalyst center, anerséle reaction A—» B may occur.
The model is based on the probability of A gas rmulles coming into contact or within
close proximity to the active catalyst particleattbonversion will occur. The outlet flow
gas collected at the microreactor outlet then énathoth A and B gas molecules. The
probability (conversion) of a reactant gas moleciténg or coming very close to the
active catalyst particle is calculated using thgrnirean-Kac formula [102] and solving a

time-dependent boundary value problem (BVP).
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Figure 4.13 Model of microreactor with catalyst (black dot) and inertriuaarticles (light

colored dots). The right open side of the figure indicates the microreattet.

The model for molecular motion inside the packed bethe microreactor is based on
the principle of Brownian motion. The interior tfe microreactor is regarded as a
permeable medium in which reactant gas speciessAaldiffusion constant D. Because
transport in the TAP reactor is governed by Knuddifmsion, the transport of gas A in

the probabilistic model away from active zones. (ignoring reaction) is also governed
by the standard diffusion equation (Fick’'s Law).

% =DV? (4.4)

In Equation 4.4, c is the concentration of gas igged. It is known that Fickian

diffusion (Equation 4.4) corresponds to a modatothastic molecular motion known as
the Wiener process, which is also referred to athemaatical Brownian motion. The

Wiener process is defined by three important prtger The first property states that the
trajectories are continuous paths. The secondepipps the key assumption in the
Wiener process model which states that molecul&ction changes unpredictably after
each collision with the particles in the reactod.b& he third property states that during a

short period of time h, which is nevertheless lemgugh to contain several collisions,
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the trajectory displacement is normally distributed=igure 4.14 shows a typical
molecular trajectory path inside the microreactsdal on the above mentioned principle.
Brownian motion in the microreactor space R is medi by essentially the same
properties as in open space except that it is sutgereflection on the microreactor walls
and on the catalyst surface, and it is “killedtla¢ exit boundary (or open side) of the

microreactor (see Figure 4.13).

Figure 4.14A typical molecular trajectory in the microreactor based on Browniaiomot

4.2.1 Conversion Dependence on Catalyst Position

The following numerical example of conversion igrid by specifying the active catalyst
center at some position (X,y) inside the microreaspace R. R is defined as a region in
R", which is bounded in the sense that it is entigptained within a finite radius of
some point. For simplicity, the microreactor isdated as a square with a side length of
1. The active catalyst center will be locatechat ¢center of sample region S with lengths
of various sizes. A typical example of the micem®r configuration with the active

catalyst center is shown in Figure 4.15.
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Figure 4.15A square catalyst sample of side length 0.1 in R with actveer at (X, y). The

position % denote the position for reactant gas injection into the space R.

Figure 4.16 shows how conversion changes as tiheawtalyst center position (X,y) is

varied inside the microreactor. The square basethen xy-plane represents the
microreactor and the side parallel to the y-axiemghthe graph touches the xy-plane
represents the microreactor exit boundary. Thealnpoint where the reactant gas A
enters the microreactor is af shown in Figure 4.15. Figure 4.16 shows that eosion

is highest when the catalyst is right in front loé initial point and declines as it is moved
farther away; as a function of y for any given @neersion is at a maximum on the axis
of the microreactor (running from the mid-left tadamight sides of the square reactor)
and decreases as the catalyst is moved away frengethter axis toward the upper or

lower walls.
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Dependence of conversion on catalyst position

Conrreraion
- =]

Figure 4.16 Conversion dependence found as a function of the active catefyst osition (X,

y).

4.2.2 Comparison of Experimental Results to Probabstic

Theory

The catalyst used in these experiments is a cir€@ul®5 in. (0.317 cm) diameter Pt foil

packed in the microreactor bed with inert quarttipias with diameters between 210 to
250um. The Pt foil was placed in three different posis inside the microreactor: at the
very top near the microreactor inlet; in the miclédled at the bottom of the microreactor.
The Pt foil was placed in the microreactor with titet circular surfaces facing the

microreactor inlet and outlet. The reaction use@®O oxidation because CO oxidation is
a model reaction to demonstrate conversion foritteversible reaction of reactant A

(CO) to produce product B (G This reaction is ideal for relating the probtic

theory to experimental data.
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In preparation for TAP pulse response experimehis,Pt foil was pre-treated with a
continuous QAr flow (20 cc/min for each gas, P = 1 atmy/& = 1) for 1 hour at 375
°C to ensure maximum oxygen adsorption on the iPsdioface. After pre-treatment, the
slide valve was opened, evacuating the microreastdrconfiguring the system for TAP
vacuum pulse response experiments. The micromresataperature was maintained at
375 °C during the course of the experiments to renauast reaction rate. A series of
COJ/Ar pulses (CO/Ar = 70/30 feed ratio) were inggttinto the microreactor and CO
conversion to C@was measured using the mass spectrometer. Theyi€ld, or CO
conversion (Figure 4.17), was obtained by takingaeerage of the first 10 CO pulses
converted to C@because this is the range of maximum conversiaenwhe catalyst was
initially at a completely oxidized state. The xswof Figure 4.17 gives the Pt foll
position within the microreactor. Position O regmets the microreactor inlet and position
1 represents the microreactor outlet. The thregangular boxes represent the
experimental data in Figure 4.17. The center cheactangle gives the measured point
estimate of C@yield for the respective position in the microreacthe height of the
rectangle is twice the standard deviation of theasuesd yield, and the width of the
rectangle is a rough estimation of the uncertaiimyplacing the Pt foil in the
microreactor. The vertical line segments repredémt theoretical values for CO
conversion. The line segment gives a range ofegltor a fixed position x along the
length of the reactor, for all values of y from tlogver to the upper microreactor walls.
Figure 4.18 gives a more detailed description lfiis tange when the foil position is at

the midpoint of the microreactor, x = 0.5, and yasied.
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According to Figure 4.17, when the Pt foil is pldcen close proximity to the
microreactor inlet, CO conversion/G@eld is approximately 72%. In the middle of the
microreactor and closer to the microreactor outlet, CO conversion is approximately
65% and 42%, respectively. CO conversion is higiween the Pt foil is placed near the
microreactor entrance due to the transport pragserof the CO molecules in the
microreactor. In the Knudsen diffusion regime, diféusivity of each gas in a mixture is
independent of the composition of the mixture aghale [22, 23]. When the Pt foil is
placed near the microreactor entrance, there ieaeay probability for CO molecules to
keep returning near or hit the catalyst particle do the random (Brownian) motion
caused by multiple collisions with the inert pdegcin the microreactor bed. As the Pt
foil is moved closer to the microreactor outleg tirobability of CO coming back to the
Pt foil once it has passed the position where #talyst is located decreases. Notice that
the nature of the random motion of the gas molecslénportant for explaining both the
relatively high yield for a single catalyst pariichnd the way the yield depends on the
catalyst position: random motion creates the opmary for the molecule to return
multiple times to where the catalyst is located, the number of returns decreases if the
distance between the position of the Pt foil arerthicroreactor outlet decreases. Once a
gas molecule reaches the microreactor outlet, its élke microreactor into the vacuum

chamber.

Figure 4.18 shows the numerical values for conearfpund at x = 0.5 and y is between

0 and 1. The range of conversions found numeyi¢ailx = 0.5 and 0 <y < 1 is between
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58 and 77%. This is compared to the experimerdal/ersion result shown in Figure
4.17 of 65%. The qualitative result of decreagingduct yield with catalyst position is
in agreement with what was obtained numericallyhe Values for conversion shown in
Figure 4.17 seem to be in reasonably good agreemt#nthe numerical values shown in
Figure 4.16 for an idealized TAP experiment witbqaiare catalyst particle. Despite the
rather idealized nature of the two dimensional micaémodel, the experimental values
fall within the range of the theoretical values the first two points, nearer to the
microreactor inlet. Greater discrepancy between ribmerically and experimentally
obtained conversions occurs near the microreacttletp indicating that gas molecules
near the exit tend to leave somewhat sooner thpactad by the theoretical model. It is
possible that near outlet, the Brownian motion apjpnation is not as good as it is
deeper inside the microreactor. It is also possibat the simple square reactor model
does not serve equally well near the border ofsiteom into the vacuum chamber and a
more realistic microreactor shape is needed. ithportant to emphasize, however, that a
careful quantitative comparison between theory expkeriment cannot be done on the
basis of two-dimensional numerical experiments,niyabecause Brownian motion in
dimension 2 is known to differ in important waysrfr Brownian motion in dimension 3.
For example, Brownian motion in 3-space is trartsi@mereas in 2-space it is recurrent
[103]. This suggests that conversion in dimendahould be less than in dimension 2

for comparable configurations of catalyst size pasition.
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4.3 Reaction on Pt Supported Catalysts

4.3.1 TAP Vacuum Pulse Response Results

TAP vacuum pulse response experiments were pertbonesupported catalysts with Pt
nanoparticles deposited on two types of SsOpports (see Chapter 3.2.3 for details on
catalysts); unimodal porous silica (UPS) suppod &BA-15 SiQ support. For each
experiment, the microreactor was packed with seM®hum diameter catalyst particles.
Unlike the single Pt particle experiments, morentlme catalyst particle is needed
because the supported Pt catalysts are not aseaativthe Pt bulk metal particle.
Although 7 catalyst particles are used to packntieoreactor, this is still significantly
less than the amount of catalyst needed for azbine configuration. The reaction used
is again the CO oxidation reaction. The catalygstiples were pre-treated via an/&r
atmospheric flow (20 cc/min each gas, T = 400 °G; P atm) prior to vacuum pulse
response experiments. The TAP pulse responseimqrgs were performed using the
pump-probe format. First, a mixture of,/@r (O,/Ar = 70/30) was pulsed into the
microreactor first followed 2 s later by the CO/&O/Ar = 70/30) pulse. The total
collection time was set for 4 s. The reactant pradluct exit flow data was collected for

a series of reaction temperatures.

Figure 4.19 plots the CQyield/CO conversion found for the Pt nanopartidepported
on the SBA-15 Si@support. Figure 4.20 plots the €@eld/CO conversion found for
the Pt nanoparticles supported on the unimodalysosdica (UPS) support.
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Figure 4.19 CGO, yield/CO conversion found for Pt nanoparticles deposited on SBA-Q5 Si
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Figure 4.20CQO; yield/CO conversion found for Pt nanoparticles deposited on unirpodailis

silica (UPS) support.
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Figures 4.19 and 4.20 show similar trends in the @éld found on the ©pulse, CO
pulse, and the total CGQield found by adding the amount of €@roduced on both the
O, and CO pulses. The only difference lies in thecimam value of the C®yield on
the CO pulse. C@yield calculated on the CO pulse reaches a maxiratigh0% on
Pt/SBA-15 and 30% on Pt/UPS. The difference indgias a result of the amount of
available surface oxygen. The SBA-15 support mdaal in structure; therefore, there
are more pores as well as a greater surface amaahk UPS support. In greater surface
area allows for more available sites for oxygerogatson. Also, the dependence of yield
on reactor temperature for the CO pulse is apprateiy linear. As the reactor
temperature increases, the £Ofeld increases as well. This indicates thathasreactor
temperature increases, the amount of surface oXygemmes more available either by an
increased rate in Ladsorption, storage of by the catalyst support which results in
increased rate of movement to the Pt active sttesn increase in the rate of reaction.
This will be explored in greater detail in the nesdction as the performance results

between the supported Pt catalysts are compartbe et bulk metal particle.

The dependence of GQield on temperature found on the Qulse is almost identical

for both types of catalysts. The same maximum @@ld of 15% is achieved at the
same reactor temperature, 140 °C. This indicdi@sthe amount CO adsorption on both
types of catalysts is approximately the same. @€digtion most likely occurs on the Pt
nanoparticles and it is temperature dependent. loMer reactor temperatures, CO

adsorption is favored and as the reactor temperatgreases, the rate of CO desorption
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also increases. This results in less,@@ld because there is essentially less and 1€ss C
on the catalyst surface for the, @ react with. At approximately 140 °C, thereais
turning point in the C@yield which means that at this temperature, thithe optimal

conditions for CO adsorption on the Pt supportedlgsts.

4.3.2 Comparison with Pt Bulk Metal Particle

In comparison of results with the Pt bulk metaltisbe (see Figure 4.4C in Chapter
4.1.2), there are 3 distinct differences in thedsefor CQ production as a function of
temperature which will give important insight irttze role of the catalyst support during
chemical reaction. The first difference and mdstious is the significant decrease in
CQO, yield obtained on the supported Pt catalysts ¢évengh there are 7 catalyst particles
in the microreactor instead of just one catalystigda. The single bulk Pt particle is
extremely active with 95% total G@ield in comparison with a maximum of 45% €0
yield obtained with the Pt/SBA-15 supported cataly®lthough more supported Pt
particles were packed in the microreactor, the scpd particles were mostly Si@ith
approximately 4-7 wt% of Pt. This result indicatbsat reaction between,Gnd CO

molecules occurs on the Pt active material.

The second difference between the,@@bduction trends is that for the Pt bulk particle
there is a “turning point” at 170 °C in the ¢@eld plot on both the Opulse and the CO
pulse. There is only a “turning point” on the £@eld plot on the @ pulse for the Pt

supported catalysts. Although the £eld plot is decreasing gradually on the CO pulse
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for the Pt patrticle, it is still decreasing. Medmle, the CQ yield plots on the CO pulse
for the supported Pt catalysts are increasingfas@ion of reactor temperature. For the
Pt particle, the slight decrease in £feld on the CO pulse as a function of increasing
reactor temperature suggests that taedhtent on the catalyst surface is fairly stalte.
the case of the supported Pt catalysts, the ¥i€dd on the CO pulse is increasing with
the reactor temperature which suggests that thposups playing a role for oxygen
storage. As the temperature increases, the ratbiah the oxygen stored on the support
moves to the Pt nanoparticles increases providinghie extra oxygen for reaction with

CO; hence increase in G@ield.

The final difference is the location of the “turgipoint” of the CQ yield plot on the @
pulse. For the Pt particle, the “turning pointcacs at 170 °C and for the supported Pt
catalysts the “turning point” occurs at approxinhate40 °C. With the presence of the
SiO, support, perhaps the activation energy ferr€action with surface CO decreases,

resulting in the shift to a lower temperature foe tturning point.”
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Chapter 5

Selective Oxidation of Furan over VPO

Catalysts

This chapter presents results from TAP multi-pussedies of furan oxidation over
oxygen-treated VPO catalysts. Furan is an interatedormed in the selective oxidation
of n-butane to produce maleic anhydride (MA). Furaeay has a ring structure similar
to the molecular structure of MA, except furan bae oxygen atom and the formation of
MA requires two additional oxygen atoms (Figure)5.Furan is a good probe reactant
molecule because furan can be used to probe tlatma state of the VPO catalyst.
Also, furan oxidation is the simplest to do expenntally because this reaction produces

the least number of different products to be maoado

H H . 2
/ \ 0\
A 6 7
1 e
& O
o Maleic Anhydride

Furan

Figure 5.1Molecular structures of furan and maleic anhydride.
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In all the experiments, the VPO catalyst was iltjtimxidized in air at 480 °C for
approximately 10 minutes with the slide valve ctbseAfter the initial oxidation, the
slide valve was opened to configure the reactor T&P multi-pulse vacuum pulse
response experiments. A series of pulses thatcwd the reactant (furan = 60%) and
inert (argon = 40%) gases were sent into the nmeawor to reduce the oxidized VPO
catalyst for a series of reactor temperatures ranfjom 400 to 480 °C. The reduction
with furan proceeded until the selective produchjeic anhydride, was no longer being
produced. During the reduction experiment withafyrthe pulse responses for the
reactants and products (furan, maleic anhydridep, GTD, argon) were monitored
separately. The microreactor configuration walitone configuration with 40 mg of
VPO catalyst ranging in diameters from 210-2@th packed in the center of the
microreactor surrounded by inert quartz particleshe same size. The microreactor
length is approximately 1 inch and the catalystezohickness is approximately 10

percent of the total microreactor length.

5.1 Temperature Dependence of Product Yield

and Reactant Conversion

Figures 5.2 — 5.5 presents plots of furan conversiod product yields versus pulse
number for four different reactor temperatures (4080, 450, and 480 °C). Furan

conversion is relatively the same as a functiopw$e number for all four temperatures.
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However, what is changing is the selectivity of gireducts as the reaction temperature
changes (Figures 5.6 — 5.8). At approximately gpulsmber 28, there is essentially no
more MA being produced and the selectivity is spktween the two non-selective

products, CQand CO.
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Figure 5.2 Furan conversion as a function of pulse number for four different oreact

temperatures.
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Figure 5.4CQO, yield as a function of pulse number for four different reactor terhpesa
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In Figure 5.2, furan conversion during the firstgeuis nearly 100 percent. The products
that are being produced are maleic anhydride;,G@d CO. The furan conversion
decreases as more and more furan pulses are serth@ microreactor because each
furan pulse is reducing the VPO catalyst of oxygenproduce the products. For
example, in order to produce MA, each furan molkeduhs to acquire two additional
oxygen atoms. In order to produce £@ach furan molecule dissociates into four carbon
compounds which must acquire two oxygen atoms @aeking the total oxygen needed
to be eight. The selective product, MA, yield igghest at the lowest reaction
temperature of 400 °C (Figure 5.3). As the temfpeeaincreases, the MA yield
decreases, however, the £@nd CO yields increase. One of the theories ler t
production of carbon oxides at high temperatureseiated to the number of easily
removable oxygens around an adsorbed surface specik the number of easily
removable oxygens around an adsorbed surface spsdeo high, then over oxidation
with the formation of carbon oxides is highly pdsi[104]. At higher reaction
temperatures, the selectivity decreases for therédle product, MA, and this can also
contribute to the higher formation of less favoeaptoducts, the carbon oxides. Also, at
higher temperatures, the rate of diffusion of oxygethe catalyst lattice is much faster.
If the residence time of adsorbed surface spesidsng enough, the high mobility of
oxygen ions at high temperatures would lead to yctsd with a greater number of
oxygens, and eventually to the formation of carb&ies. According to Grasselli and
Callahan [105], they proposed the “site isolatipniiciple which requires that clusters of

sites containing active oxygen should be isolategrévent the easy diffusion of oxygen
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to the adsorbed surface species. In the caseeofahadyl pyrophosphate (V&0;

catalyst, the VQunits are isolated in clusters of four by the pyrosphate groups.

One of the surprising results found from these grpents is that there is a maximum
observed in the MA vyield (Figure 5.3). The maximooturred during the second MA
pulse response collected. The second MA pulseonsgpactually corresponds to the
sixth furan pulse sent into the microreactor. Ti&ss spectrometer and the TAP data
collection can only observe one atomic mass ama.ti The experiment was set up to
collect the pulse responses in the following ordé&, CO,, CO, furan, and then argon.
As the reaction temperature is increased, the maxinm the MA yield is not as
pronounced. The maximum observed in the MA yiadnss to indicate that there may
be two types of oxygen species present on the V&@lyst. The initial, more readily
available oxygen on the VPO surface from the oxahain air may not be as selective as
the surface lattice oxygen. Previous TAP multiseuéxperiments on VPO catalyst fer
butane oxidation suggest that there are two typesymen species present [22, 65]. The
first type is suggested to be the activated specfesxygen formed by the strong
chemisorption of electrophilic dioxygen molecul€his type of oxygen species is said to
be responsible for furan oxidation and butane attw. It is present in low
concentrations on the catalyst surface. The setygoedof oxygen species is suggested to
be surface lattice oxygen. In the selective oxisatof n-butane, the surface lattice
oxygen is responsible for the allylic oxydehydrogggon of olefins and for oxygen

insertion with ring closure to form furan. Thegn of oxygen incorporated into the

117



butane selective oxidation reaction is still a matf debate. Some authors suggest that
both chemisorbed and lattice oxygen participat¢éhan production of maleic anhydride
from n-butane oxidation [104]. Using isotopic labelingttwoxygen-18 and following
the production of maleic anhydride, others haveppsed that only lattice oxygen is
active for MA formation [66]. Based on the furaxidation results from this dissertation,

it suggests that both the chemisorbed dioxygen ftioeninitial oxidation with air and
surface lattice oxygen is responsible for the potidn of MA. However, the
chemisorbed dioxygen is not as selective for thiem&dion of MA as the surface lattice

oxygen.

This result is confirmed by a similar experimentihich instead of initially oxidizing the
VPO catalyst in air, it is oxidized by an/@r (O,/Ar = 7) atmospheric flow at 480 °C for
15 minutes. Also, more VPO catalyst was packetienmicroreactor, approximately 110
mg. The catalyst was then probed with a furan/#g grixture under TAP vacuum pulse-
response conditions for a series of temperatumegirrg from 400 to 480 °C. The MA
yield calculated from the oxidation with an atmosph flow of oxygen exhibited similar
trends to the MA yield obtained from oxidation im @igure 5.9). A maximum in MA
yield was also observed as a function of pulse rrmlAlso, the highest MA vyield was
found at the lowest reaction temperature of 400 T@e differences lie in the number of
furan pulses needed to reduce the oxidized VPQysataecause there was more catalyst

packed in the microreactor which means more asiies for oxygen storage.
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Figure 5.9 MA vyield obtained with VPO catalyst oxidized in an atmosph#taw of OJ/Ar at

480 °C.

5.2 Characterization of VPO Catalyst State

from Apparent Kinetic Constants

One of the main ideas of the TAP multi-pulse experit is to kinetically characterize the
changing catalyst states pulse by pulse. Eachamiagpulse perturbs the catalyst state in
a controlled manner. In the VPO experiments, thial catalyst state is the oxidized
state, which is the starting point of the experitagioxidation in air at 480 °C), and the

final catalyst state is the reduced state in winiglreactant conversion is detected. Each
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catalyst state can be characterized by directlysomazg the integral or cumulative

amount of reactant (e.g. furan) converted to raaehfinal reduced state. Instead of
looking at the catalyst state in terms of the am@fimeactant converted, the catalyst state
can also be defined in terms of how much oxygeremoved from the catalyst. The

amount of oxygen removed from the catalyst candyeotéd by a catalyst state scale as
the “catalyst oxidation degree.” A catalyst oxidat degree of 1 indicates that the
catalyst is completely oxidized, and a catalystdakon degree of O indicates that the

oxygen is almost completely removed from the cataly

Figures 5.10 — 5.13 plots the apparent kinetic t@onts for furan, MA, CQ and CO as a
function of the catalyst oxidation degree. As tanseen from Figures 5.11 — 5.13, the
apparent kinetic constant for the product MA isfediént than the apparent kinetic
constants for C@and CO. This indicates that there are two sepaestction routes: one
reaction route for MA production and another roiasteCO, and CO production. This is
consistent for the theory that there may be twtedsht types of active sites on the VPO

catalyst.

The apparent kinetic constants for all the gasesdacreasing as the catalyst is further
reduced. The apparent kinetic constant for MA a@srdasing almost linearly with the
catalyst oxidation degree for all the reaction terafures. This may reflect that there is a
specific site on the VPO catalyst particularly /A production. The MA apparent

kinetic constant decreases linearly because tlseless and less available MA-specific
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oxygen on the catalyst surface. Meanwhile, theaeggi kinetic constants for G@nd
CO are decreasing nonlinearly with respect to #talgst oxidation degree. According
to the Shekhtman dissertation [106], a nonlinearafese in the apparent kinetic constant
with the catalyst oxidation degree may reflectitifeience of oxygen exchange between
the surface and bulk oxygen. Initially, the appaitenetic constants for CGand CO are
almost constant and in some parts even increasirggfanction of the catalyst oxidation
degree. This can be caused by either an abundanird of surface oxygen specific for
CO, and CO production or a fast supply of sub-surf@ogen to the VPO surface. The
sharp decrease in the apparent kinetic constantCfor and CO at a low catalyst
oxidation degree may be caused by a slow supplyut¥ oxygen to the VPO surface.
The nonlinear dependence of the apparent kinetistaats as a function of the catalyst
oxidation degree is usually an indication that ib&ction is a multi-step reaction, with a
minimum of at least two steps in the reaction sahewmith participation of catalyst
oxygen (i.e. sub-surface oxygen, different typesaofive oxygen specific for the
production of particular products). The analyssg apparent kinetic constants is only
preliminary and represents the complexity of theOv&atalyst system. Using furan as
the reactant probe is the simplest route for undeding the VPO catalyst for the
production of maleic anhydride. Howeverpibutane were used as the reactant probe, it
would be an even more complicated process with nmalependent reaction routes and
specific intermediates to keep track of. The exaethanism for furan oxidation over

VPO catalysts is still under debate. In the nextisn, we will examine real TAP pulse
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response data to give more insight into the mesharior furan oxidation over VPO

catalysts.
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Figure 5.10Apparent kinetic constant for furan versus catalyst oxidation degree.
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Figure 5.12Apparent kinetic constant for G@ersus catalyst oxidation degree.

123



250

@ 400 C
S 00 | ©430C
8 O . O L 450 C
S AEA A Ao 480 C
c | O o Vv A A
g 150 A DA O ] O O 0O <A A
c él O O O A
8 A o S o0 S
S 100 0o ° oo,
=
X
= 50 -
o
©
o
o
< O T T T
1 08 06 0.4

Catalyst Oxidation Degree

Figure 5.13Apparent kinetic constant for CO versus catalyst oxidation degree.

5.3 Deducing Mechanistic Detail from Real

TAP Data

TAP pulse response exit flow curves can give abondaformation regarding

mechanistic details of a reaction just by lookingteashape. The shape of the exit flow
curves can provide information as to whether theiga product, reactant, or inert, and
gas adsorption behavior such as whether it is enslly or reversibly adsorbed to the
catalyst surface. Figures 5.14 — 5.17 shows exesrgfl the 3-dimensional plots of TAP
exit flow pulse curves for the reactant and proslictthe VPO experiments at 400 °C.

Figures 5.18 — 5.21 plots individual pulse curvesf the 3-D plots in Figures 5.14 —
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5.17 to give a clearer picture of the progressibohange in the exit flow pulse curves.

The insets in Figures 5.18 — 5.21 show height nbzexh pulse response curves from an
initial curve in the 3-D plot compared to a latterve in the 3-D plot when the catalyst is
further reduced to show any changes in the pulseeatharacteristics. Figure 5.22 plots
the argon zeroth moment (MO) as a function of thisgpnumber to show that the pulses

sent into the microreactor are consistent, and that reactant and product pulse

responses are real.
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Figure 5.14TAP pulse response 3-dimensional exit flow curves for theartifran obtained

over thin bed of VPO catalysts at 400 °C.
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Figure 5.15TAP pulse response 3-dimensional exit flow curves for MA obtagved thin bed

of VPO catalysts at 400 °C.
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Figure 5.16 TAP pulse response 3-dimensional exit flow curves fog Gi@ained over thin bed

of VPO catalysts at 400 °C.
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Figure 5.17TAP pulse response 3-dimensional exit flow curves for CO obtainemtiowm bed of

VPO catalysts at 400 °C.
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Figure 5.18Individual pulse response curves for furan plotted from the 3aphgn Figure 5.14

obtained over thin bed of VPO catalysts at 400 °C. The sismt/s the height normalized pulse

curves for pulse 8 and 30.
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Figure 5.19Individual pulse response curves for MA plotted from the 3-&phyrin Figure 5.15

obtained over thin bed of VPO catalysts at 400 °C. The sis®t/s the height normalized pulse

curves for pulse 8 and 15.
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Figure 5.20Individual pulse response curves for Q@otted from the 3-D graph in Figure 5.16

obtained over thin bed of VPO catalysts at 400 °C. The sismt/s the height normalized pulse

curves for pulse 1 and 15.
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Figure 5.21Individual pulse response curves for CO plotted from the 3-D grapigure 5.17

obtained over thin bed of VPO catalysts at 400 °C. The sismt/s the height normalized pulse

curves for pulse 1 and 15.
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Figure 5.22Graph of argon zeroth moment (MO) plotted against the corresgppdise number
at 400 °C. This shows that the pulse valve is very consistedt each pulse contains

approximately the same number of gas molecules sent into the micrareactor

Looking at Figure 5.18, the pulse shape for fusanat changing much as more and more
furan pulses are introduced into the microreacté'hat is changing is the amount of
furan coming out of the microreactor exit because tatalyst is changing from an
oxidized state to a reduced state. As oxygen en/#O catalyst is being used up, there
is less available oxygen for the furan to reachwiherefore, as more furan pulses are

sent into the microreactor, an increasing portibthe pulses leave unreacted.

The MA exit flow pulse response curves in Figurgd5show that the largest amount of

MA produced is during the first pulse because atli@ginning, the VPO catalyst is at its

131



most oxidized state. There is more oxygen on tR®\tatalyst for the furan pulse to
react with. Notice in the inset in Figure 5.19tttlkee MA pulse response curve widens
with increasing pulses of furan. This wideningtisd MA pulse curve indicates that as
the VPO catalyst reaches a more reduced statkas tionger for a furan gas molecule to

find available oxygen to react with to produce MA.

The most drastic change observed in the exit flovgg response curves is the one for
CO; (Figures 5.16 and 5.20). As the VPO catalyseduced with furan pulses, the €0
production decreases and the pulse shape chamgesafsingle peak to a double peak.
Compared to the pulse response curves for CO Eifrl), it can be clearly seen that
CO, and CO are two separate products that may be tbfreen two separate reaction
pathways. The CO pulse response curves do nobiexhdouble peak. An explanation
for the double peak seen on the L£ulse curves can be related to how the, @O
formed. As the VPO catalyst is reduced, thereess lavailable oxygen, therefore, the
CO, production decreases. The initial £@roduction is produced mostly from surface
oxygen that is readily available from the initiaidation in air. This type of oxygen may
be specific for the production of G@nd CO. Recall from the previous section that we
proposed there may be two forms of active oxygethenvVPO catalyst: one type for the
production of MA and another type for the productaf CG, and CO. As time passes
and the catalyst is reduced further (see insetignré 5.20), the C@exit flow pulse
curve widens considerably and the appearance afdhble peak is observed. The initial

first peak in the C@double peak curve may suggest a portion of the @@duced is
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still coming from the reaction of furan with oxygen the VPO surface, although now it
is probably sub-surface oxygen. The second, lgiek in the C@double peak can be
explained by two ways. The first explanation iattthe second peak in the €Curve is

a result of a time delay for a furan molecule tadfoxygen to react with. Because the
VPO catalyst is in an almost completely reducetestaere is no more readily available
surface and sub-surface oxygen, therefore, thenfomalecule has to find lattice oxygen
to react with. The problem with this explanatisnnhy we do not see this same double
peak behavior for CO production. The reason is @@ production is not as an oxygen-
rich process as that for the production of ,C@nother explanation for the G@ouble
peak is that the second peak is the result of @@duction from another pathway, for
example the dissociation of MA to G{11]. Another detail found in the exit flow pulse
response curves of G@nd CO to support the previous theory is the tintekes for the
entire product to come out of the microreactor myia single furan pulse. For example,
it takes approximately 4 seconds for the CO pufsésd entirety to come out of the
microreactor (Figure 5.21). In comparison, it kémost 8 seconds for the €Qulse to
completely come out of the microreactor (Figureéd.2ZThis time difference may be used
to explain that a portion of the G@roduced is from a slower, secondary mechanistic

step.

One of the experimental lessons learned and oliefram the furan oxidation
experiments over VPO catalysts is to set a long dallection time so that enough time

is allocated for the entire GQpulse response curve to come out of the microveadt
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the collection time is set too short, then durindquean pulse, not all of the GQs
collected coming out of the microreactor. Therefawhen the next furan pulse is sent
into the microreactor, there is still leftover €6n the VPO surface from the previous
pulse. This results in a build-up of €On the catalyst surface which interferes with
accurate data measurements. The original colletioes were set for 4 seconds and 7
seconds. However, as you can see from theda (Figure 5.20) that even 7 seconds is
not enough time for all of the G@o exit the microreactor. Finally, a collectiomé of

13 seconds was set to ensure enough time for allhef CQ pulse to exit the

microreactor.

The main idea from this section is to show thateanendous amount of information can
be gathered simply by looking at the raw TAP pulesponse curves, without any
mathematical analysis. Just by looking at the eoulata, we were able to come to the
conclusion that furan oxidation over VPO catalysisy involve two separate reaction
pathways. The first pathway is the reaction oafuwith oxygen to produce MA, GO

and CO. The second pathway is the dissociatioroaitthtion of MA to produce C9O

5.4 Observation of VPO Structure Sensitivity

The ability to visually detect catalyst structuchlanges is typically reserved for surface
science techniques. Although the TAP reactor systannot perform catalyst surface

analysis in situ right now, it can relate a chaimgthe kinetics to a change in the catalyst
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structure and composition. The small amount ofrgakecules sent into the microreactor
during a single pulse does not alter the catalysfase composition significantly;

therefore, minute changes in the activity can beitoced.

The furan oxidation experiments over VPO catalystse performed by collecting five
different atomic masses during the same experirfdA; CO,, CO, furan, and argon).
Recall as previously stated, the TAP data acqarsislystem and mass spectrometer can
only collect one atomic mass per furan pulse ana.t Therefore, for every atomic mass
collected, it corresponds to every fifth furan gulsFor example, the first MA pulse
response curve observed corresponds to the firah fpulse sent into the microreactor
because MA was set to be the first atomic masstoadtiected. The second MA pulse
response curve collected does not correspond tesehend furan pulse sent into the
microreactor; instead it corresponds to the sigthri pulse sent into the microreactor. In
order to capture the MA production during the lapbperiod between furan pulses, an
experiment was conducted in which only MA and argeas collected. Instead of
collecting the MA response for every fifth furanlggs now the MA is obtained for every
other furan pulse. Also, the number of furan moles sent into the microreactor per
pulse was lowered significantly to probe the VP@algat even further. Typically, one
reactant pulse contains on the order of §s molecules. During these experiments, the
pulse valve voltage was lowered so that during maetant pulse approximately'£0
furan molecules were sent into the microreactone goal of these experiments was to

understand what is occurring on the VPO catalystnduthe beginning of the furan
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oxidation when there was a maximum observed duhiegoroduction of MA (see Figure
5.3 in Section 5.1). A surprising phenomenon veamfl as a result of these experiments

which demonstrated the sensitivity of the TAP teghe.

Figure 5.23 shows the 3-D plot of MA collected &wery other furan pulse sent into the
microreactor at 400 °C (TAP vacuum pulse respoxgerénents). The VPO catalyst
was oxidized the same way as previous experimgnexposing it to atmospheric air at
480 °C for 10 minutes. Figure 5.23 shows thatehsra step increase in the amount of
MA produced during the very beginning of furan @atidn. Figure 5.24 plots the areas
under the MA pulse response curves shown in Fi§u28 (zeroth moment) normalized
to the argon pulse response as a function of trenfpulse number. The MA produced
during the first furan pulse starts off low indicag that the initial surface oxygen is not
as selective. Then, the MA production rises andchies the first plateau. At
approximately pulse 10, the MA production increasgain and reaches a second plateau.
At approximately pulse 25, the MA production dr@sl decreases gradually as oxygen
is being depleted from the VPO catalyst. The soddereases in the amount of MA
produced could suggest that as the initial, outstrayer of oxygen atoms is removed
from the VPO surface, the oxygen underneath isaflgtmore active. Also, if too much
oxygen is present on the VPO surface, there ae deailable active sites for furan
adsorption. As more oxygen is removed, the furateoule has more available sites to
adsorb on the VPO surface and then react with axgdgems in its vicinity. The second

plateau observed from Figure 5.23 could indicata the first or second monolayers of

136



surface oxygen are the most active and selectiv®1f production. After the surface
and sub-surface oxygen is removed, the MA prodnatiecreases steadily because the
oxygen supply is diminishing and is mostly suppliedVPO Iattice oxygen. The two
plateaus observed on the MA production plot coldt suggest a rearrangement of the
VPO surface atoms to allow for a more selective antive orientation. With an
improvement in the TAP reactor system design, kinetperiments could be performed

in situ with catalyst surface analysis to confitmstconclusion.
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Figure 5.233-D plot of MA production obtained with smaller furan pulsed4G@ °C. Each MA

pulse response curve was collected during every other furan pulse seheiAP microreactor.
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Figure 5.24MA normalized zeroth moment found from the areas under the M#epekponse

curves shown in Figure 5.23.
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Chapter 6

Conclusions

The work presented in this dissertation is deditébea greater understanding of catalyst
development and characterization. The time itddke a catalyst to be commercialized
may take many years of research. The goal of xperemental work in this dissertation
is to introduce new approaches for catalyst charaettion using the TAP reactor system
to simplify and shorten the time for the catalysvelopment process. At the same time,
a tremendous amount of information related to talgst structure and composition can
be gathered using TAP experiments to understandc#talytic performance. TAP
vacuum pulse response, temperature-programmed, -pusbp, and steady-state
experiments can be performed on different catalgstples to obtain kinetic parameters
and understand the role of reactive species orcdledyst surface. In particular, two
types of catalytic systems were studied in thiseligtion. The first system is CO
oxidation on Pt catalysts (Pt powder particle, d#tt Pt supported on SKR One of the
most significant results found from these experitaavas the high conversion of CO on
a single 400 micron Pt particle packed in a bed ragmapproximately 100,000 inert

quartz particles. The main results for CO oxidabo Pt catalysts are listed below.
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1) With a single 400 micron diameter Pt particle packe the center of the
microreactor bed surrounded by inert quartz pasielith diameters between 210-

250 microns, 95 percent conversion of CO was obthat 170 °C.

2) The new TAP reactor configuration, the single péaticonfiguration, has
demonstrated the high sensitivity of the TAP rea@nd the ability to compare
kinetic characteristics of the same catalyst udmeh high vacuum and atmospheric
pressures. Experiments performed under vacuunaanaspheric pressures exhibit a
“turning point” at 170 "C, which indicates a traimi from the @ dominating regime
to the CO dominating regime (or vice versa) onRhaingle particle. In both cases,
the “turning point” temperature is about the sama&7® °C. Therefore, the “turning
point” temperature is the pressure independentackenistic which is governed by
the steps of the complex catalytic processes wotlparticipation of gas reactants or
products (e.g. CO desorption, interaction betwedsodbed oxygen and CO). The
fact of observation of such pressure independemtracteristic creates a new

possibility for bridging across the pressure gap.

3) Experimental data obtained with a Pt foil catalysipport a theoretical,
probabilistic mathematical model based on the gla®f Brownian motion. The Pt
foil is placed in three different locations axiaitythe center of the microreactor. A
conversion profile created from the probabilistiodal show good agreement with

the experimental data. Conversion near the miaotog inlet is the highest and
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conversion at the microreactor outlet is the loweShe conversion profile can be
explained by the Knudsen diffusion of gas molecuhssde the TAP microreactor.
When the catalyst is placed near the microreaalet,igas molecules have a greater
probability to return to the active catalyst pdeiby random motion from hitting the
catalyst particle, inert quartz particles, or thigmgreactor walls. When the catalyst
particle is placed near the microreactor outlet, grobability for the gas molecules to
return to the catalyst is less because it is feawvacuum chamber which draws the

gas molecules out of the microreactor.

4) Similar CO oxidation experiments performed on Phaparticles supported on
SiO, demonstrate the role of the support material endhemical reaction. At high
reaction temperatures, some oxygen is sitting ersthriface of the SiCand the rate

at which oxygen is supplied to the active Pt nanogas increases, allowing for an

increase in the amount of GProduced.

5) TAP pump-probe experiments performed on the sid@@ micron Pt particle
demonstrated the surface lifetime of reactive agisgeon the catalyst surface by
varying the time between the oxygen and CO pulgesthe time delay between the
oxygen and CO pulse is increased at high reacéopeératures, the oxygen lifetime
on the Pt surface decreases dramatically comparitsame experiment performed
at a lower reaction temperature. At high reactemperatures, there may be some

exchange of surface oxygen with the bulk.
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The second catalytic system studied is furan oiadabver VPO catalysts. In this
system, a thin zone containing 40 mg of VPO catggsticles (210-250 microns) was
packed in the center of the microreactor surroungiedhert quartz particles (210-250
microns). The experiment was carried out by fsdizing the VPO catalyst in air at
480 °C and then reducing the catalyst with a sesfdsiran pulses under TAP vacuum
pulse response conditions. The main results ferftihan oxidation studies over VPO

catalysts are highlighted below.

1) The selective product, maleic anhydride (MA), exieidh a maximum in the yield
close to the beginning of the experiment. Thisicatks that the initial surface
oxygen from the oxidation in air is not as seleetas the oxygen underneath the first

layer.

2) As the VPO catalyst is further reduced with furansps, the selectivity for MA

decreases and increases for the non-selective @sydtQ and CO.

3) The maximum yield observed for MA occurred at thedst reaction temperature
taken at 400 °C. At higher reaction temperaturpso 480 °C, furan tends to oxidize

and dissociate to G&and CO.

4) The time for CQ to come out of the microreactor was considerathgér than

the rest of the products formed. This indicatest GQ may be formed from a

142



secondary mechanistic step. For example, patieof2Q could be formed from the

oxidation of furan and another portion could berfed from the oxidation of MA.

5) By lowering the pulse intensity of the furan pulsewre detailed information

regarding surface processes on the VPO catalydbeamserved. By only collecting
the MA and argon pulse responses, step increagegplateaus) in the amount of MA
produced was observed during the beginning of #per@ment. This could be the
result of a rearrangement of surface atoms of tR© \tatalyst to achieve a more
selective orientation or we are observing the reaho¥ the immediate surface layer
of oxygen atoms. This supports our previous caictu that the initial layer of

oxygen on the VPO is not as selective.

The TAP reactor system is a powerful tool to uetdinetic characteristics of simple
and complex catalytic materials. The work presginehis dissertation provides a small
part to a much larger, complex problem of relatimg surface composition of a catalyst
to its activity and selectivity. However, with ambination of new experimental
techniques and equipment development, the gap bateerface science and industrial

research can be bridged.
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Chapter 7

Recommendations for Future Work

This project was focused on the introduction ofesviTAP microreactor configuration
known as the single particle TAP microreactor.this configuration, a single Pt catalyst
particle is placed in the reactor bed surrounded ®@y,000 inert quartz particles. The
oxidation of CO was selected as a simple testi@actThe single particle experiments
open the realm for new experiments to provide adénmental understanding of catalysts
and their performance. For example, the singléigharcan be defined by a variety of
materials ranging from structural complexity fromgde crystals to mixed metal oxides.
The materials can then be tested with the apprepdatalytic system. Coupled with
reactor development, these experiments can proaxati@ble information and insight in
the field of catalysis and reaction engineeringitoerstand catalysts and their behavior
for certain reaction systems, provide understandingas transport processes inside the
reactor, and with careful experimentation can siiypphe catalyst development process.
Before these goals can be realized, a continuaifotine single particle experimental
work needs to be accomplished to support the dpuedot of the single particle TAP
microreactor mathematical and theoretical modehe Tollowing is a list of possible

experiments that still needs to be performed:
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1) A more comprehensive study of the placement okthgle catalyst particle in the
microreactor needs to be performed to support tobgbilistic theoretical model.
The catalyst particle needs to be placed in varlonations in the microreactor in
both the axial and radial directions. This helpg® do understand the transport
behavior of gases in different locations of thenarieactor. If the transport properties
of gases in the microreactor were uniform, thenveosion should be the same
regardless of the position of the catalyst particlethe microreactor bed at one

reaction temperature.

2) In terms of understanding catalyst structure agtivelationships, it would be
interesting to place a single crystal in the TARnmiieactor. This would create a
bridging step between surface science and conveltioeactor systems.
Experiments have already been performed on a sibgle catalyst particle and
supported catalysts but experiments have never pedarmed on single crystals in
the TAP microreactor. Different single crystal emtiations can be studied to
understand how surface structure changes activity.continuation with the CO
oxidation experiments on Pt, it would be interggtio test out the Pt(111) orientation
because of its dense atomic packing and its sudaceture stability during the
course of the CO oxidation reaction. There arepammes who can make the single
crystals to specified dimensions. For example,Rt{&@11) crystal could be made to
be a cylindrical disk, so when placed in the TARnmieactor, the top and bottom

faces of the crystal will be facing towards thestrdind outlet of the microreactor to
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ensure maximum surface contact with any input gasaise of the benefits of using
surface science techniques is the ability to montimanges in the single crystal
structure during the course of an experiment. ®g\ng the single crystal in the
TAP reactor, any changes in structure can be m@uaitby a change in the kinetics.
For example, through a series and repetition ofearpents by increasing and
decreasing the reactor temperature, the @©Oduction can be monitored to see if it
changes through the course of the experimentshdhges in the CQproduction is
observed, then it can be noted that there may degds in the orientation of surface
atoms on the Pt(111) single crystal and certaifiasaratom arrangements may be
more active than others. Another method to testhdr the Pt(111) single crystal
undergoes any atomic surface arrangements is tiodestingle crystal move in and out
of the microreactor over a period of time. Kinetltaracterization can be performed
before and after set periods of time, and any absung product yields can be related
to changes in the single crystal atomic surfacentations, if any change is observed
at all. As a check, a scanning electron microso&@€M) can be used to record
images of the Pt(111) surface before and after raxpats to see if there is any

changes in the arrangement of surface atoms.

3) Coupled with catalyst fabrication, experiments t@nperformed using a single
catalyst particle by depositing different amounitactive substance on each catalyst
support. Then TAP experiments can be performetherdifferent catalyst samples

to determine if there are any changes in the lagetA change in the kinetics for the
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different catalyst samples can be related to agdamthe amount of active material

on each catalyst particle.

4) One of the unique features of the TAP experimerhestransport of gases in the
microreactor known as Knudsen diffusion. The amoaoh gas sent into the
microreactor per pulse is very small in relationthe volume of the microreactor.
The trajectory of the gas molecules in each pudsebe modeled by a random motion
or walk inside the microreactor because the gasecnt#s are hitting the inert
particles, reactor walls, thermocouple, or the lgataparticle before exiting the
microreactor into the vacuum chamber. A possikfgeament that can be performed
to prove the high conversion achieved with a sirglalyst particle in a packed bed
TAP microreactor is to simulate the same experiregnéept there is no packed bed of
inert particles inside the microreactor. The actsingle Pt particle will have to be
suspended on a thermocouple tip. In this experip@fast response time, stainless
steel thermocouple will be used as a substratecpmgit Pt metal on its tip. Fast
response time thermocouples typically have vemy giobes and in order to deposit
Pt metal on the tip, we must be sure that the Teédetor is sensitive enough to catch
activity from a very minute amount of catalyst. osition of metals on
thermocouple tips enables us to find close to etaanperature profiles of the catalyst
in the microreactor. We may also be able to ddtestamount of exothermic heat
given off during reaction, or the amount of heaterassociated with adsorption of

reactant gases. This experiment requires the rmtisin of a new microreactor
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where there is a side fitting that allows for tlemoval and replacement of the
thermocouple. The current microreactor has a railevscreen at the outlet where
inert and catalyst particles can be packed wittagomary thermocouple on the inside
of the microreactor. However, if we wanted to da@pdifferent amounts of Pt metal
on the thermocouple tip, we would need to trangferthermocouple in and out of the
microreactor constantly. Therefore, the new miactor with a vacuum tight side
fitting to accommodate the thermocouple will be \eament and necessary for these
experiments. The hypothesis is that without a eddied of inert quartz particles,
conversion will be extremely low with only a singkatalyst particle in the

microreactor.

In regards to the VPO experiments, further testsishbe performed using other reactant
gases besides furan to probe the oxidative stateeo¥PO catalyst for the production of
maleic anhydride. For example, experiments canpbdormed using the other
intermediate products formed from timebutane to maleic anhydride process as the
reactant gas such as butenes and butadiene. €or-kbiitane oxidation reaction to
produce maleic anhydride, the first stempddutane activation is the rate determining step
of the reaction, therefore, information on the te#y and kinetics of the consecutive
steps in the reaction can only be obtained by stgdihe kinetics of the intermediate
olefin products. By studying different reactansgg such as butenes, butadiene,rand
butane, one can try to understand the oxygen saurdbe VPO catalyst. For example,

when 1-butene is used as the reactant, the amduattioe oxygen incorporated in the
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products of reaction is much higher than whedwutane is used as the reactant [65]. This
indicates the substantial difference in the re#@gtand the type of interaction of 1-butene
and n-butane to the oxygen on the VPO. Another expertnthat is useful in
understanding the active phase of VPO catalystarfaleic anhydride formation is to

deposit controlled amounts of vanadium atoms tastiveace of the VPO catalyst.
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Appendix A
Calibration of Pulse Valves

TAP vacuum pulse response experiments measure rtfeard of gas leaving the

microreactor outlet. However, the amount of gad s&#o the microreactor needs to be
calibrated in order to ensure that the pulse vaaresoperating in the Knudsen diffusion
regime. Also, the number of gas molecules semt ithée microreactor can be used to
calculate conversion data if one knows the raticeattant/inert in the gas blend. Figure
A.1 shows a schematic of the assembly used toratdilthe pulse valves. The assembly
contains a known volume, two 2-way valves, a marienteat can measure the pressure,
and 1/16-inch diameter stainless steel tubing. Krievn volume used was a U-shaped
Ya-inch diameter stainless steel tubing that waghesl before and after being filled with

water. The difference in mass and the density afewcan be used to calculate the
volume. A 2-way valve was connected to either enthe U-shaped tubing. One of the

2-way valves was connected directly to the inesttgak (argon) and the other valve was
connected to the pulse valve. In between the 2wedye and the pulse valve, a 3-way

connector is used to set-up a manometer to metdseiFessure.
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Figure A.1 Schematic of assembly used to calibrate pulse valves.

The experimental procedure to calibrate the pulHges is as follows. Let some gas
from the argon gas tank to fill the entire calibbatassembly and record the pressure
(P1). Close the 2-way valve in the middle (leadingtaghe pulse valve) and evacuate
the 1/16-inch diameter stainless steel tubinghalway from the middle 2-way valve to
the pulse valve. Once that line is evacuated, nsake the 2-way valve connected to the
argon gas tank is closed. Open the middle 2-wéxevand record the pressure)P P

is the pressure in the known volume andidthe pressure in the entire calibration
assembly. The known volume is already calculatieerefore simply use the equation
P1V1 = RV, to find the volume of the entire calibration asbgm(V,). Start pulsing
from the pulse valves and measure the pressure digp make sure to keep track of the
number of pulses used. The number of gas molepdepulse can be calculated using

the ideal gas law, PV = nRT.
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The pulse valves are highly dependent on both tésspre in the gas blend tanks and the
pulse valve voltage, which controls its intensityf too much gas is sent into the
microreactor in a single pulse, the gas transporpgrties are no longer in the TAP
Knudsen diffusion regime. Figure A.2 shows howsptge in the gas blend tank can
affect the pulse shape. At high pressures, typiaound 35 psia, transport in the
microreactor is in a transition zone between cotivecflow and diffusion. At this
pressure, it is equal to approximately*16as molecules sent into the microreactor per
pulse. A typical TAP Knudsen pulse is on the ordel0" to 10 gas molecules per
pulse. When too much pressure is in the pulseegalthe appearance of a double peak
occurs in the pulse response. The first peaklase@ to a pressure driven force from the
pulse valves and the second peak (plateau) ibatidd to diffusion of the remaining gas
molecules in the pulse. Once gas transport inidemicroreactor reaches the Knudsen
diffusion regime, the shape of the pulse curve khdie independent of the pulse

intensity.

152



L4 o 2.80E+17

o 2.30E+17

1.2 % a 2.10E+17

1017 molecules/pulse x 1.70E+17

10 148 1.00E+17

: o 5.50E+16

2 0.8 + 3.10E+16
)
c
g

£ 0.6 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure A.2 Argon pulse response curves showing the pressure dependence orvagbudse

operation.

Figure A.3 plots the argon pulse response curvisnadr pulse intensities in the Knudsen
diffusion regime (18 — 10 gas molecules/pulse). In Figure A.3, althoughdize of
the pulse curves is changing because the amouydsin each pulse is decreasing, the

shape of the curves is the same. The shape ofkeaalsen pulse curve can be fitted to

the standard diffusion curve (Figure A.4).
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