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SUPATTRA KHABUANCHALAD : PROPERTIES OF HIGHLY
DISPERSED COBALT ON ZEOLITES AND MANGANESE ON
MAGNESIUM OXIDE. THESIS ADVISOR : ASSOC. PROF. JARORN

WITTAYAKUN, Ph.D. 191 PP.

ZEOLITE NaY/ZEOLITE ZSM-5/COBALT/PALLADIUMMN-BUTANE

HYDROGENOLYSIS/MANGANESE CARBONYL/MAGNESIUM OXIDE

Zeolite NaY was synthesized by a hydrothermal netned used as a catalyst
support. The optimum synthesis condition was 1-@gng time at room temperature
and 1-day crystallization time.at 10D By variation of the synthesis conditions,
zeolite NaY transformed . to zeolite-NaP. The changethe zeolite phase was
confirmed by powder X-ray diffraction. The aginghg showed a slight effect on the
transformation but the crystallization time, withbeed aging time at 1 day, caused a
significant transformation. The NaY phase was riedeoved after a crystallization
time of 4 days and zeolite with NaP as a major phass obtained after
crystallization of 5 days.

The zeolite NaY was used as a support for colzdtlysts (Co/NaY) im-
butane hydrogenolysis and compared to that suppamnezeolite ZSM-5 (Co/ZSM-
5). The conversion ofi-butane from Co/NaY was lower than that from Co/ZS5M
consequently, further study was done only over GM4. Because metallic cobalt is
an active form inn-butane hydrogenolysis, the reducibility of cobedttalysts was
determined by X-ray absorption near edge structarenonometallic catalysts (1, 4,

7 and 10 wt% Co/ZSM-5), the reducibility and corsien of n-butane



v

hydrogenolysis increased with the cobalt conterddifon of 1 wt% Pd to the
monometallic cobalt did not significantly enhandee treducibility and catalytic
activity. Monometallic cobalt catalysts producedyomethane whereas bimetallic
ones produced trace amount of ethane and propdhengithane as main product.
Another part of this work focused on improvement wiiformity and
dispersion of manganese supported on magnesiume ofhithO) prepared from
organometallic complexes as metal precursor by a@mvapor deposition.
Mny(CO)io, MN(COEH and Mn(CO3CH3 compounds were deposited on MgO and
the resulting surface species were characterizedXigy absorption, electron
paramagnetic resonance, andinfrared spectroscopieposition of Mg(CO)y,
Mn(CO)H on MgO resulted-in mixed manganese carbonyl sgecireatment of
sample prepared from MCO)o and - Mn(COgH on MgO in flowing G at room
temperature resulted in formation of manganesartsamyl species with the oxidation
state of manganese higher_than +2. In. contrastmicla¢ vapor deposition of
Mn(CO)CHsz on MgO led to the formation of only one surface@ps, manganese
tetracarbonyl, in which the manganese was catidrtie. oxidation state and number
of carbonyl ligand of manganese remained unchaafiedthis sample was treated in

O..
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CHAPTER |

INTRODUCTION

1.1 Introduction

Many industrial reactions are operated under haostditions including high
temperature and pressure in order to achieve theoetic rates of production. These
severe conditions are energy intensive, corrosiid aould cause damage to
equipment. Moreover, it could result in undesiradesreactions and products
(Farrauto and Batholomew, 1997).

The use of catalysts provides an opportunity tocl@mical reactions under
less severe conditions.and more selectively thahowt catalysts. There are two
types of catalysts that have been used in the datneactions, solid and soluble
catalysts. The solid catalysts play an importaihé o industrial applications, since
approximately 90% of all chemical processes, indgd chemical, food,
pharmaceutical, automobile and petrochemical imthsst uses heterogeneous
catalysts (J. M., Thomas and W. J., Thomas, 199horkendorff and

Niemantsverdriet, 2003; and van Santen et al., 1997

1.2 Heterogeneous catalysis

In a catalytic process, the reactants and produltiergo several steps on

solid catalysts (Dumesic et al., 2008), including (1) diffusion tie reactants



through a boundary layer surrounding the catalystige, (2) diffusion of the

reactants into the catalysts pores to the actiiee (@) adsorption of reactant onto
reactive sites, (4) surface reactions involvingnfation or conversion of various
adsorbed intermediates, possibly including surfdiffeision steps, (5) desorption of
products from catalytic sites, (6) diffusion of theoducts through the catalyst pores,
and (7) diffusion of the products across the bountyer surrounding the catalysts

particles.

The effective method to-improve-a performance aétmgeneous catalysts is
to disperse an active metal over the surface aippart, which is typically a high
surface area oxide such as@d, SIO,, or zeolites. The supported metal materials are
effective as catalysts because the active metghi@se is presented as extremely
small particles and they are firmly anchored to shpport and are separated from
each other. Thus the active metal particles mayeeudily coalesce, or sinter, during

the catalytic process (Bond, 1993):

It has been reported that the use of active mesgledsed on support could
enhance catalyst performance, and its catalytizigcalso depends on the degree of
metal dispersion. Zhang et al. (2008) prepared dlib@netallic catalysts supported
on Al-Mg-oxide. They found that the catalyst witbwler Ni-Co content has better
metal dispersion and therefore, gave rise to beta¢alytic performance in GO
reforming of CH to produce syn gas. The report from Gohlich et(2011) also
revealed that the hydrodearomatization of toluenkght alkanes over Pt/H-ZSM-5
catalyst produced more Ghvhen catalyst had a high Pt dispersion. Furthegemar

low Pt dispersion led to a faster deactivationighér time on stream.



Besides the metal dispersion, the performance mieted metal catalyst also
depends on a variety of parameters including darsize and shape, catalyst surface
structure, local composition and chemical bondimggractions between the metal
particle and support material and parameters dutimeg catalyst synthesis and
pretreatment (Zhou et al., 2011). For example, Etbapidus and Gates (2009)
reported that the activity far-butane hydrogenolysis of rhenium clusters supporte
on y-Al,Oz varied with the sizes of rhenium cluster, nameRgo > Reg >
mononuclear Re. Likewise, activity and selectivity n-butane hydrogenolysis on
Rh supported on AD; catalysts depended on the size of metal particedarge
particles the activity for this reaction was slighihcreased and the central cleavage
of n-butane became favored (Maroto-Valiente, 2004).

In this work, the -hydrogenolysis ofi-butane was used to probe the
performance of catalysts. "Hydrogenolysis can béandefas the breakage of carbon-
carbon bonds with the uptake of hydrogen. The hyeinolysis reaction of simple
alkanes on supported metal catalysts has been kimwmany years and has been
investigated by many researchers (Caeiro et al062®Bond and Hooper, 2006;
Cortright et al., 1999; Sciré et al.,, 2006). Theect use ofn-butane provides less
attractive alternative to the processes that areeotly based on the economically
industrial feedstock. Thus, transformationnetbutane into more interesting molecule
is employed by hydrogenolysis. For exampidgutane can be converted to ethane,
which is further transformed to ethylene, an imaott monomer in polymer
industries. Then-butane can be transformed intbutane (Guisnet and Gnep, 1996)

which is widely used in alkylation units for theopuction of high octane {



branched alkanes. Moreovarputane is dehydrogenated into isobutylene for the

production of methyl tertiary butyl ether (MTBE) 4€iro et al., 2006).

Because catalyst performance is largely influentsd the structure of
catalysts, chemical and structural characterizabecomes an essential requirement
to identify the structural-performance relationshifniformity of catalysts not only
influences their selectivity but also allows preciharacterization (Fierro-Gonzalez
et al., 2006). A typical method to prepare highhyform supported metal catalyst is
to use an organometallic complex as a-metal precuFer example, the preparation
of manganese oxide and cobalt oxide supported @orda by using metal-EDTA
complexes as precursors resulted in a highly umifactive phase (Boot et al., 1996).
In another example, the nearly uniform supportethaayl cluster approximated as
decaosmium was prepared by reductive .carbonylatiopadsorbed Q¢§CO). on
MgO at 275C (Kulkarni et al., 2009). Complexes with carbofignd are widely
used as metal precursors because the carbonyl eaenioved easily under mild
conditions. Chotisuwan et al. (2006) prepared gatal by adsorption of
PR Us(CO)s-(us-H)(u-H)s on y-Al,0O3 and decarbonylation by treatment in He at
300C. Characterization of samples after decarbonylatishowed that the
composition of that metal frame remained unchan{éxe material was active for
ethylene hydrogenation amebutane hydrogenolysis under conditions mild enaiagh

prevent the cluster disruption.

The first part of this thesis focused on synthedizeolite NaY and zeolite
ZSM-5 and their use as supports for cobalt catalyBtansformation of zeolite NaY
to NaP under various crystallization conditions veéso investigated (Chaptéli).

The cobalt catalysts supported on zeolite NaY aB#15b were characterized by



XRD, XANES, and BET techniques and their activities n-butane hydrogenolysis
was investigated (CHAPTER [V). Besides the suppmbrtmbalt catalysts, the
preparation and characterization of highly uniformnganese carbonyl complexes
supported on MgO was also studied. Binuclear magggmearbonyls (CHAPTER V)
and mononuclear manganese carbonyls (CHAPTER Wi¢ weposited on MgO by a
chemical vapor deposition (CVD) method. The manganearbonyl complexes
supported on MgO were investigated by using theptementary of IR, EPR and

XAS spectroscopies.

1.3 Research objectives

1.3.1 To synthesize zeolite ‘NaY. and investigate the donh that allow
transformation of zeolite NaY to zeolite NaP, atgluse as a support

for supported cohalt catalysts imihutane hydrogenolysis.

1.3.2 To compare (a) the activity in-butane hydrogenolysis of supported
cobalt catalysts prepared from zeolite NaY and ZgMb) the effect
of cobalt content, and (c) the influence of Pd apported cobalt

catalysts.

1.3.3 To prepare and characterize highly uniform samplespared from
manganese carbonyl complexes including(@®),0, Mn(CO)}H, and

Mn(CO)CHz on MgO.
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Scope and limitations of study

1.4.1 Zeolite NaY and NaZSM-5 were synthesized from hask silica.

1.4.2 The transformation of zeolite NaY to NaP was inggged by

changing the aging time and the crystallizatioretim

1.4.3 Cobalt catalysts with zeolite NaY and zeolite NaZSMs supports
were prepared by the incipient wetness impregnatiethod by using

Pd(CHCOO), and Co(NQ)2.6H,0O as metal precursors.

1.4.4 The supported cobalt catalysts were characterizete¢hniques and
instruments = available —at Suranaree University ofchhelogy,

Synchrotron Light Research-Institute (Public Orgation).

1.4.5 The activity for n-butane hydrogenolysis of the supported cobalt

catalysts was investigated by using a plug flovctea

1.4.6 The manganese carbonyl complexes Mn@EEQ)Mn(CO}D, and

Mn(CO)CHgz were synthesized from Mn(CgByr.

1.4.7 Highly uniform samples were prepared by treatment MgO-

supported manganese samples in flowing@room temperature.

1.4.8 The supported manganese samples were charactdrizezlectron

paramagnetic resonance, X-ray absorption and edrapectroscopies.
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CHAPTER I

LITERATURE REVIEW

2.1 Background of zeolite

Zeolites are well-defined crystalline aluminositeamaterials with three-
dimentional structures arising from a framework [8i0,]* and [AIQ]>. The
frameworks are open and contain channels and eaviii which cations and water
molecules are located. The cations often have fadegree of mobility giving rise to
facile movement of the water molecules that arelingdost and regained; this
property accounts for the well-known desiccant prtps of zeolites. Because
zeolites have porous structure with regular arraf/sapertures, they have size
selectively that take molecules with sizes smdhean pore diameter into their porous
structures and reject molecules with sizes larpan tpore diameter. This is the
property of molecular sieving largely unique to l#es and responsible for their first
commercial success (Dyer, 1988).

The assembly of tetrahedral [S]® and [AIO)]° through their oxygen atoms
also creates the infinite lattice composed of imahtbuilding blocks or unit cells,
with their symmetry related to the classificatiohzeolite structure. In this work,
zeolite NaY and zeolite NaZSM-5 were synthesized ased as supports for

catalysts.
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211 ZeoliteY
Structure of zeolite Y is classified as a faujagitaU) type framework, which
contains unit cells of double 6-rings consistingaotery large cavity with four 12-

oxygen ring windows (Figure 2.1).

Figure2.1  Structure of FAU framework.

Generally, zeolite Y is synthesized in a gellinggass. Alumina and silica
sources are mixed in alkaline aqueous solutiorggv® a gel. The gel is then usually
heated to 70-30C to crystallize the zeolite (Bhatia, 1990). Theystallization
condition is an important factor to induce the sfanmation of zeolite Y into the
other zeolites (Sang et al., 2006). Wittayakunle{2008) prepared zeolite NaY by
hydrothermal processs by using rice husk as aas#ieurce. Various aging and
crystallization conditions led to the transformatiaf zeolite NaY to zeolite NaP.

The most important use of zeolite Y is as a cragldatalyst. For example,
Kuznetsov (2003) reported that/IRY zeolite is an effective catalyst foroctane
hydrocracking. The report from Hopkins et al. (1p@®d Williams et al. (2000)
showed that ultrastable zeolite Y (USY) was used aatalyst for cracking of hexane

without addition of active metal. The acid siteeganted in USY was reported to be
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active for alkane cracking. Besides cracking, zeoly is also used in the
hydrogenolysis reaction. Banu et al. (2011) rembtteat the conversion of sorbitol
hydrogenolysis on 6% Ni/NaY catalyst was approxghat75%. In addition,
Mériaudeau et al. (1997) reported that propaneduaolysis rate on P¥NaY was
approximately 78mmol h* g* catalyst at 45(.

The other applications of zeolite Y are to be ufmda separation of carbon
dioxide and nitrogen gases (White et al., 2010dusrremoval of heavy metal from
the solution (Keane, 1998) or used in fuel celllaption (Ahmad et al., 2006).

212 ZeoliteZSM-5

Zeolite ZSM-5, with an MFtype framework, consistspentasil units linked
together by oxygen bridges to form pentasil chaitech pentasil unit composed of
eight five-membered rings. The pentasil-chainsirerconnected by oxygen bridges

to form corrugated sheets with 10-ring holes (Fegi2) (McCusker, 2005).

10-Rings

Figure2.2  Structure of MFI framework.
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Zeolite ZSM-5 is typically prepared from SiONaAlO, and a template,
N(CH,CH,CHs)4Br, at high temperature and high pressure in aohefbated
autoclave (Lermer et all985). In addition, ZSM-5 can be synthesized withaing
a template (Cheng et al., 2006), but the template-imethod produced zeolites with
lower structural stability.

Zeolite ZSM-5 itself can be used as a catalystngplidied by the use of H-
ZSM-5 in the conversion af-butane ta-butane, (Kumar et al., 2002). The catalytic
activity of nanosize crystallites of ZSM-5 for ckawg of 1,3,5-triisopropylbenzene
increased 1.3 times from big(82.8 nm) to small7atm) crystallite (Marales-Pacheo
et al., 2011). Zeolite ZSM-5 can/be used as a stpoactive metals. For example,
palladium was impregnated into ZSM-5-and used eatalyst for the combustion of
methane (Zhang et al., 2008).-The Pt/HZSM-5 catalas reported to be used in
hydroisomerization ofneta-xylene (Aboul-Gheit et.al., 2001land Co/ZSM-5 was
used for the reduction of N@vith iso-butane (Wang et al., 2000).

Furthermore, ZSM-5 is also used as membrane duistsize selective
property. It wasncorporated with poly vinyl alcohol (PVA) and uas a membrane
for pervaporation separation of methanol-benzengunas (Teli et al., 2011). Sun et
al. (2009) prepared Sn-ZSM-5 zeolite supportechoi ;O3 tubes and used it as a

membrane for separation of acetic acid/water megur
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2.1.3 Magnesium oxide

Magnesium oxide consists of a lattice of Mipns and & ions held together
by ionic bonds The most conventional method for synthesis of MgOthe
decomposition of various magnesium salts or magneshydroxide (Mg(OHy)
(Ding et al., 2001). The different Mg—O pairs exadtthe surface of MgO, where
Mg** and G ions have different coardination numbers dependingheir location

(terrace, corner, or edge). The basic sites arergbiy considered to be oxide ions of
low coordination, denoted b’ (whereLC = 3C, 4C, and 5C refer to tri-, tetra-,

and penta-coordinated oxide ions, respectivelygaiment of MgO at increasing
temperature led to the removal of contaminants amdjressively led to stronger

basic sites (Bailly et al.,; 2005).

2.2 Supported metal catalyst

Supported metal catalysts may be composed of tboeeponents: (1) an
active phase (2) a promoter, which increases theitg¢ selectivity and/or stability,
and (3) high surface area support that servescibtéte the dispersion and stability
of active phase.

Active phase are usually dispersed on the surfacmport in the form of
microcrystallites of 1-50 nm diameter. The surfatéhese crystallites contain active
sizes for catalyzing various reactions. Promotems added in small amounts
compared to that of active phase. The function pfamoter is to maintain catalytic
surface and/or increase the activity (Farrauto Batholomew, 1997)For example,
the addition of small quantities of Ca or Mg int@ dNAI,O3 catalysts can improve

the activity and selectivity for the steam reformiaf hydrocarbon (Lisboa et al.,
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2005). The supports refers to the high-surface-ararrier (typically oxides or
carbons) that facilitate preparation of well digsst active phases and improve the
thermal stability of the active phase over longquof time.

2.2.1 Preparation of supported metal catalysts

The preparation of supported metal catalysts ireswrious steps including
preparation of the support, deposition of activenponents onto a support and
catalyst activation. There are several methodgpdyahe active components onto the
support, for example, impregnation, adsorption, nuical vapor deposition, ion-
exchange and precipitation.- In this work; the irawp wetness impregnation and
chemical vapor deposition were used in the catslystparation.

I ncipient wetness impregnation

Incipient wetness impregnation-involves bringing tholution containing a
salt of an active ion into the pores of supporte BHmount of solution used in this
technique is low and the whole active componerexisected to be retained on the
support since there is no washing step involvinghis technique. The mixing of
active ion salt solution and support produces aepagh a distribution of active ion
as homogeneous as possible. The paste is subdgquiid and heated to
decompose the salt of active ion (Marceau efaD8).

Chemical vapor deposition (CVD) method

Chemical vapor deposition is a reaction that octyrshe adsorption of the
gas phase (precursor) onto the support. No solsamtquired. However, the choices
of salt precursor are limited due to their chanasties including; (1) stability at room

temperature, (2) sufficient volatility at room teempture, (3) capability of being



16

produced at a high purity, (4) an ability to readth support without sides reactions
(Pierson, 1992).

2.2.2 Characterization of supported metal catalysts

Understanding structure of supported metal cataligshecessary because of
the relationship among the physical, chemical priog®e and catalytic activity.
Besides, characterization of catalysts provides@portunity to determine the cause
of deactivation as well as monitor the changeshysjcal and chemical properties of
catalysts during the preparation, activation arattien testing. The characterization
tools used in this work includes the following tatjues.

Fourier transform infrared speciroscopy (FTIR) is used to analyze the
interaction between two-atoms. The incident elestrgnetic wave is adsorbed by a
molecule upon excitation . of ‘molecular vibration resd The frequency of these
vibrations depend on the nature and binding ofmtlagecules. This technique can be
used to analyze the catalyst surface during thetitea(n situ conditions).

X ray diffraction spectroscopy (XRD) is used to characterize bulk crystal
structure and chemical phase composition by thieadifon of an X-ray beam as a
function of the angle of the incident beam. Broadgrof the diffraction peaks can be
used to estimate crystallite diameter.

Electron paramagnetic resonance (EPR) spectroscopy is a technique for
investigating paramagnetic species by measuring iberaction of an external
magnetic field with the unpaired electron(s) ingraagnetic species.

X-ray absorption (XAS) spectroscopy is a technique that measures the
absorption of X-rays as a function of their enerblye energy of the X- rays is varied

in the range that the core electrons can be excdten the energy of an X-ray is
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equal to the binding energy of a core electron,cibre electron will be ejected from
atom and cause a sharp rise in the absorption repeciThis region is known as
the X-ray Absorption Near Edge Structure (XANESYyiom. The absorption at an
energy 50 eV above the sharp rise is called thergddd X-ray Absorption Fine
Structure (EXAFS) which corresponds to the scattebetween ejected electrons and
electrons of neighboring atoms. The spectrum in X&Negion provides information
about formal valence, coordination environment,g.(eoctahedral, tetrahedral
coordination) and subtle geometrical distortionstofThe EXAFS region provides
information including the bond distance and the hemof atoms surrounding the
atom that absorbs X-ray energy.

N, adsor ption-desorption.analysis is-a technique that represents the physical
adsorption and desorption of gas-molecules onid soiface. Based on the Brunauer
Emmett and Teller (BET) equation, data representimg adsorption desorption

characteristics can be used to measure: the swafaaeand porosity of material.
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CHAPTER Il
TRANSFORMATION OF ZEOLITE SODIUM Y
SYNTHESIZED FROM RICE HUSK SILICATO

SODIUM P DURING HYDROTHERMAL SYNTHESIS

Abstract

This chapter focuses on the synthesis of zeolit¢ Aiad investigation of its
transformation to NaP by variation the synthesizedditions. Rice husk silica
powder with approximately 98% purity ' was used asileca source for zeolite
syntheses. The transformation of zeolite NaY tdiidlaP was investigated during
hydrothermal synthesis at @by fixing the mass ratio of S¥OAI,Os, and NaO at
10:1:4.6. The studied parameters included aginge tigh, 2, and 3 days) and
crystallization time (1, 2, 3, 4, and 5 days). Td¢teange in phase of zeolite was
observed by powder X-ray diffraction. The agingdimid not have much effect on
the transformation. When the crystallization timaswiixed at 1 day, the synthesis
with 1-day aging produced pure phase NaY and tlitat v and 3-day produced only
a small amount of NaP. In contrast, changes otthstallization time, with a fixed
aging time at 1 day, caused a significant transébion. The transformation of NaY
to NaP was observed in the synthesis with crygtdilhn of 2 days and the amount of
NaP increased with the crystallization time. TherNdnase was not observed after a

crystallization time of 4 days and high purity Nefs obtained after crystallization
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of 5 days. Consequently, the synthesis conditioth \ah aging time of 1 day and
crystallization time of 5 days was the optimum dtod for the transformation.
Scanning electron micrographs at this optimum doolishowed a narrow size

distribution in the range of 7-14 um.

3.1 Introduction

Zeolite P class includes a series of syntheticitee@hases such as cubic
configuration (also termed B or)Por tetragonal configuration (also termeg.Rts
conformation depends on the extra-framework ioe, state of dehydration and the
chemical composition (Nery et al., 2003). The zZeok class has the typical oxide
formula: My O-Al,05:1.80-5.00SIQ5H,0, where-M is an n-valent cation, normally
an alkali metal. Crystallites of zeolite P with/Aifatios from 0.9 to 1.33 are useful
as molecular sieves and detergent builders (Huara.e2001). Zeolite P can be
synthesized from various silica sources and methfmisexample, from a natural
clay, Kaolinite, and crystallization at 75-85(Sathupunya et al., 2002); from coal fly
ash by agitation at 120 (Murayama et al., 2002); or from sodium aluminare
sodium silicate solution by hydrothermal treatmien& microwave oven (Zubowa et
al., 2008).

Sang et al. (2006) synthesized small crystals ofiteeNaY by hydrothermal
method and found that crystallization at X2@aused the formation of zeolite NaP
instead of zeolite NaY. Moreover, in the synthedigeolite NaY with rice husk silica
(RHS), zeolite NaP was observed when the cryséitinm at 100C was longer than

48 h (Wittayakun et al., 2008). Thus the synthesiaditions such as aging and
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crystallization time that facilitated the transfation of NaY to NaP were further
investigated.

This chapter includes the transformation of zed\igeY, synthesized with the
RHS as reported previously, to NaP at differenh@dimes (1, 2, and 3 days) and
crystallization times (1, 2, 3, 4, and 5 days). Tmeduct from each condition was
characterized by X-ray diffraction” (XRD). The sampkith the highest degree of
transformation was characterized further by foutransform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), laséirattion particle size analyzer

(DPSA) and thermal gravimetry analysis (TGA).

3.2 Experimental

3.2.1 Materials

Chemicals for the preparation of the RHS and zeofiynthesis were
hydrochloric acid (37% HCI, Carlo-Erba), sodiumralnate (~55-56% of NaAlg)
Riedel-de Haén), sodium hydroxide (97% NaOH, Céanlba), and rice husk (from
the local rice mill in Lampang, Thailand). The stard zeolites were NaY with a
Si/Al molar ratio 5.7 (JRC with Tosoh Corp) and N&Rika).

The RHS was prepared by the acid-leaching methported previously
(Khemthong et al., 2007). Briefly, the rice huskswaashed andried at 100C
overnight; refluxed with 3 M HCI for 6 h; filteregind washed again with water until
pH of the filtrate was neutral and dried at ID@®vernight before pyrolysis in a
muffle furnace (Carbolite, CWF1200) at 560for 6 h to remove hydrocarbon and

volatile organic compounds. The obtained RHS castaamorphous silica with
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approximately 98 wt% purity. This RHS was dissohred3.5 M NaOH solution to
produce NgSiO; for further zeolite synthesis.

3.2.2 Synthesis of zeolite

The transformation was investigated with the sysithe@el of zeolite NaY
prepared similarly to that in a previous work bytifakun et al. (2008) by mixing a
seed gel and feedstock gel. The seed gel was pegayr dissolving NaOH and
NaAlO; in deionized water followed by the addition of jS&D; solution and kept at
room temperature for 1 day. The feedstock gel wapgred in a similar method to
that of the seed gel except that it was used imatelgi without aging. In the
synthesis, both gels were mixed to form overal| gged (kept undisturbed) at room
temperature, and crystallized at 100 After the crystallization step, the resulting
white powder was separated by filtration; washed, éried at 10C.

The transformation of zeolite NaY to NaP was inkgged by changing the
aging time or crystallization time. In the firsttstne overall gel was aged at various
times (1, 2, and 3 days) and crystallized for 1.dHEyese conditions were chosen
because the aging time of 1 day and the crystétizeof 1 day was the optimum
condition for the synthesis of NaY (Wittayakun ét, 2008). Another set of the
experiment, the effect of crystallization time wasestigated by fixing the aging
time at 1 day and varying the crystallization titadl, 2, 3, 4, and 5 days.

3.2.3 Characterization of the synthesized zeolites

The product from each condition was characterizgdBD (Bruker) with
nickel filtered Cu K radiation scanning from 4 to 50The XRD pattern was

compared with that of standard NaY and NaP.
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A product with the highest degree of transformatiaas characterized further
by FTIR (Spectrum GX, Perkin-Elmer) using KBr asnaedium. IR spectra were
scanned in the range of 4,000t 400 cn with a resolution of 4 cth

Morphology of the zeolite was investigated by SENMQL JSM-6400) with
applied potential 10 - 20 kV.

Particle size distribution of zeolites was deteminby DPSA (Malvern
Instruments, Mastersizer 2000) with the sample edisgd in distilled water and
analyzed by He-Ne laser. The standard volume pglegrat 10, 50, and 90, or
denoted as d(0.1), d(0.5), and d(0.9), respectiwebre recorded from the analysis
and used to calculate the width of the distributibne width was calculated from the
equation below:

d(0:9)- d(0.1)
d(0.5)

Thermal stabilities were investigated by TGA-DTAA(TInstrument/SDT
2960) by heating from € to 1,000C with a heating rate of 10 /min in nitrogen

flow (100 ml/min).

3.3 Results and discussion

3.3.1 Effect of aging time on transformation of NaY to N&

The XRD patterns of the sample prepared at agmg of 1, 2, and 3 days
were compared with that of NaY and NaP standardshasvn in Figure 3.1. The
spectrum of the 1-day aging sample was similah&b of standard zeolite Y without
any other peaks, indicating that the pure phaddadf was obtained. With increased

aging time, the peaks a6 2 12.5, 21.6, and 28.1 degree with low intensihegged
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in the products from 2- and 3-day aging times. phsitions of those extra peaks
were the characteristic peaks of NaP, indicatirag #hlonger aging time than 1 day
causes the transformation of NaY to NaP. The tansition was not significant at
these conditions. It was found in the next sectiwat the transformation occurred

faster at a higher temperature.
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Figure 3.1  Normalized XRD patterns of zeolite synthesizedhwdifferent aging

times compared with the patterns of standard z¥liand zeolite P.

3.3.2 Effect of crystallization time on the transformation of NaY to NaP
The effect of crystallization time on the transfation of NaY to NaP was
investigated with the aging time of 1 day becauseshiowed no effect on the

transformation. The XRD patterns of the producthai crystallization time from 1
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to 5 days are displayed in Figure 3.2 along witht thf standard zeolites. Only the
sample with the 1-day crystallization time showed pure phase of NaY with the 3-
strongest peaks ato2= 6.5, 15.6, and 23.7 degree. These 3 peaks ledame

positions as those of zeolite Y reported in JCP&s f(International Centre for

Diffraction Data, 1979).

J k J Staj’\]dafd zeolitP
L - A
M A 4 day:

Intensity (A.U.)

20 (degree)

Figure 3.2 Normalized XRD patterns of zeolite synthesizedthwdifferent

crystallization times compared with the patternstahdard zeolite Y and zeolite P.

Characteristic peaks of NaP started to emerge enstimple with the 2-day
crystallization time and the intensities of thoseaks increased with a longer
crystallization time. The main peak of NaY was observed after crystallization for
4 days and NaP became a major component. Becagigewias another phase along

with NaP, this condition was not suitable for tlyathesis of zeolite P.
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The first peak of NaP = 12.5) from this study split into 2 peaks but the
position was similar to that of the standard Nal #me peaks of zeolite P from
JCPDS database (International Centre for Diffrachata, 1979). It was possible that
there were two types of NaP in this sample and s confirmed by SEM in the
next section. From the literature, the positiontlut peak of NaP with different
morphology was slightly different (within 0.5 degje(Sathupunya et al., 2002 and
Zubowa et al., 2008).

3.3.3 Characterization of product with 5-day crystallization

The product obtained after the 5-day crystallizatimne contained NaP as a
major component. It was further characterized byRFTSEM, DPSA, and TGA-
DTA.

The FTIR spectrum.in transmittance mode in FiguBesBlows peaks at 3487,
1638, 1002, 773, 690, 571, and 465 cmhese peaks were similar to those of zeolite
P reported by Flanigen et‘al. (1971). Thé peaks7at460 crit and 1002 cmwere
assigned to T-O (T = Si, Al) bending and Si-O, Al#trahedral vibration,
respectively. The appearance of the peaks at @88, and 3487 cthwas attributed
to the double ring external linkage, vibration céiter molecule, and OH stretching,

respectively (Albert et al., 1998).
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Figure 3.3  FTIR spectrum. of product obtained from 1-day ggi@nd 5-day

crystallization time.

The SEM micrograph in Figure 3.4 illustrates therphology of the product
from the crystallization of 5 days. There were ttypes of particles: spherical and
multifaceted. The spherical shape was similar & ¢f NaP reported by Sathupunya
et al. (2002) and the multifaceted shape was simidathat of NaP reported by
Zubowa et al. (2008). The mixed morpholagight be the reason that the XRD peak

at » = 12.5 degree (Figure 3.2) split into 2 peaks.
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Figure 3.4 SEM image of product obtained from 1-day agingd ab-day

crystallization time.

Particle size distribution of the product with tBeday crystallization time
obtained from the DPSA is shown in Figure 3.5. Tiegor population had a particle
size in the range of 4-25 pm with a small populatiath a size in the range of 0.7-
3.0 um. Note that the particle sizes from the DR@&#*e the size and distribution of
bulk particles which might be composed of sevenaals particles aggregated
together, and thus were different from the restrben the SEM which displayed

images of isolate crystals.
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Figure 3.5

day crystallization time.
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The thermal stability of the product with the 5-dapystallization time

obtained from the TGA-DTA experiment is shown irglie 3.6. The weight loss

during heating was approximately 17% up to @ccompanied by 3 endothermic

peaks at about 60, 100, and X5@vhich was attributed to the loss of water (Zubowa

et al., 2008). Further weak endothermic peaks wbeerved at about 200, 300, and

600C. These 3 peaks resulted from a 3-step endothewatier loss and, at 9D at

which the zeolite P was irreversibly converted imepheline, a dense NaAlSO

phasgAlbert et al., 1998).
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Figure 3.6 TGA-DTA thermogram of product obtained from 1-dagying and 5-

day crystallization time.

3.4 Conclusions

Two parameters that affected the transformatioreofite NaY to zeolite NaP
were the aging time and crystallization time. Wiiea crystallization time was fixed
at 1 day, the aging time of 1 day was suitablertmpce the pure phase of zeolite
NaY whereas 2 and 3 days aging times produced d smmmunt of NaP. The
crystallization time showed a more significant effen the transformation. The phase
of NaY was not observed after crystallization foddys and, after a crystallization
time of 5 days, NaP was a major product. With thda$ crystallization time, NaP

was a major product with a trace amount of NaY.
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CHAPTER IV
n-BUTANE HYDROGENOLY SIS OVER SUPPORTED

COBALT CATALYSTS

Abstract

This chapter focuses on an investigation of thevigtof cobalt catalysts
supported on zeolite NaY and zeolite ZSM-5 nfbutane hydrogenolysis. The
conversion in this reaction over.cobalt support@dNaY was lower than that of
cobalt supported on ZSM-5. Thus monometallic Co/ZSMand bimetallic
CoPd/ZSM-5 were _further prepared and investigatabalt contents in both mono-
and bimetallic catalysts were 1, 4, 7, and 10 wa#d the amount of palladium was
fixed at 1 wt%. The catalysts were characterizeXbqy diffraction, extended X-ray
absorption near edge structure (XANES) spectrosemglyN adsorption-desorption;
the catalysts with high cobalt content had low acef areas and high degrees of
cobalt reduction. The presence of Pd in the birheteatalysts did not significantly
increase the reducibility. The catalytic testirggults onn-butane hydrogenolysis
showed that activity of monometallic catalysts @ased with the cobalt content,
except the catalysts with 10 wt% cobalt and theiteid of palladium did not
significantly enhance the activity of catalysts.eTtonversion oh-butane per cobalt
atom demonstrated that 7Col1Pd/ZSM-5 has the higtadsity among the catalysts

studied in this work.
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4.1 Introduction

Oil refining processes produce large amounts ofyddmain hydrocarbons
(Leclercq et al., 1995) which are less economicalhyeresting than small
hydrocarbon molecules. Thus, reactions to conwsrg ichain to small molecules are
needed. Hydrogenolysis is a reaction which involtres breakage of carbon-carbon
bonds with the uptake of hydrogen. It is also dadims a structure sensitive reaction
because the selectivity and specific rate of alkaydrogenolysis often depend on
morphology and chemical properties of the catal(Btaidart et al., 1969).

In supported catalysts, the properties of the radtave a great influence on
the activity and selectivity in the hydrogenolyseaction. The selectivity aspect for
hydrogenolysis is represented by the fragmentafamtor, which, by definition,
characterizes the depth of hydrogenolysis as tingbeu of fragmented molecules per
molecule of feed split up. In'single hydrogenolysisly one C—Mond is cleaved and
the fragmentation factor is-one. In - multiple hydeoglysis, more than one C-Hond
is broken and the fragmentation factor is more tae (Jackson et al., 1998).

Particle sizes of metal in supported catalysts a#act the activity and
selectivity in alkane hydrogenolysis. For exampYgo et al. (1979) found that
activity and selectivity fon—pentane hydrogenolysis on alumina-supported rimodiu
(Rh) was a function of particle size. The highlpsmirsed Rh catalysts produced
ethane and propane selectively due to the selecteavage of theC—C bond. In
contrast, for the large particles, the cleavage ngbentane became random.
Furthermore, Maroto-Valiente et al. (2005) reportieat the hydrogenolysis activity
of n-butane on ruthenium supported on@d decreased with the metal particle size in

the approximate range of 1-24 nm.
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In this study, the activity of supported cobalt JjCoatalysts onn-butane
hydrogenolysis was studied. Although Co has beparted to be a good catalyst for
hydrogenolysis, only zerovalent cobalt fL&s an active form. Typically, the cobalt
in supported catalysts is in oxide forms after th¢alyst preparation is completed.
Thus, the reduction process is required to transfiie oxide to the zerovalent form.
To enhance the reducibility of cobalt oxide, a ®obletal can be added as a
promoter. The improvement could be explained by ddillover effect in which
dihydrogen molecules adsorb on the noble metaldiffidse to the adjacent cobalt
oxide particle, and thus promote the reduction.eport from Xiong et al. (2009)
demonstrated that the addition of ruthenium to B&4d5 catalysts enhanced the
reducibility of cobalt oxide. The ruthenium oxideasvfirst reduced and subsequently
catalyzed the reduction of cobalt oxide to.the mhietdorm. Jacob et al. (2002)
showed that the addition of 0.5 wt% Pt to 15 wt% €apported on AD;
significantly reduced the ‘reduction temperatureswifface cobalt oxide species. By
comparing results from temperature programmed temuc(TPR) between Pt-
promoted Co/AIO; and unpromoted catalysts, it was shown that thtiad of Pt
caused the reduction peaks to shift markedly tcelol@mperatures, presumably due
to spillover of H from the noble metal to reduce the cobalt oxidecokding to Al-
Saleh et al. (2003), platinum and rhodium were akssd to introduce fspillover on
Co on highly porous saponite (HPS). TPR studiesvsdothat Pt—Rh combination
had more significant effects on the reducibility @b species on HPS than the
unpromoted one and single noble metal (Pt, Rh iddally)-promoted catalysts. The
Pt—Rh combination shifted the TPR peaks to lowemperatures. Moreover, a report

from Khemthong et al. (2010) revealed that the @aldiof 1.0 wt% Pt to 1 wt%,
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6 wt% and 10 wt% Co supported on zeolite NaY enédribe reducibility of cobalt
oxide particle by the Fspillover effect.

In this chapter, supported cobalt catalysts weepgred by using zeolite NaY
and NaZSM-5 as supports, because they were repirted good cracking catalysts
(Danuthai et al., 2009; Karge et al., 1991). A draalount of palladium was added to
improve the cobalt reducibility. The activity ofmuorted metal catalysts were tested
for n-butane hydrogenolysis reaction. Moreover, thevagtiof cobalt catalysts

supported on NaZSM-5 with various cobalt contergsennvestigated.

4.2 Experimental

4.2.1 Synthesisof zealite NaY

Zeolite NaY was synthesized from seed gel and teeksgel by the
procedure described in Chapter Ill. The seed gal prapared by dissolving NaOH
and NaAIQ in deionized water followed by addition of }a0; solution and kept at
room temperature for 1 day. The feedstock gel wapgred by a method similar to
that of the seed gel except that it was used imatelgi Both gels were mixed
together to form overall gel, aged (kept undistdje room temperature for 24 h and
crystallized at 10@ for another 24 h. The zeolite product was sepdrdiy
centrifugation and characterized by XRD.

4.2.2 Synthesisof zeolite ZSM-5

Zeolite NaZSM-5 was synthesized with a procedurapsetl from literature
(Panpa and Jinawath, 2009). About 6.00 g of ricek&iQ, was dissolved in NaOH
solution to become N&iO; solution, while 1.5 g of tetrapropyl ammonium brdeni

(TPABr) and NaAlQ were dissolved in deionized water and NaOH sahjtio



40

respectively. The TPABr solution and NaAlSolution were first mixed together and
further mixed with the N&iO; solution. The pH of the mixture was adjusted tdog1
1 M HNO; and the mixture was crystallized in an autoclavé%0C for 48 h. The
solid product was separated by centrifugation,icatt at 550C for 5 h to remove the
template and characterized by XRD.
4.2.3 Preparation of cobalt catalysts

4.2.3.1 Monometallic cobalt catalysts

The monometallic cobalt catalysts were preparethbipient wetness
impregnation of Co(Ng),.6H,O aqueous solution to zeolite NaZSM-5. The samples
were dried at room temperature for 24 h, and at@@6r 3 h before calcination at
300C for 3 h with 2C /min heating rate. The cobalt content in samptepared from
zeolite ZSM-5 were 1,4, 7, and 10 wi%, and thegasmwere denoted as 1Co/ZSM-
5, 4C0/ZSM-5, 7Co/ZSM-5 and 10Co/ZSM-5, respectivel

4.2.3.2 Bimetallic cobalt catalysts

The bimetallic cobalt catalysts were synthesizedngypient wetness
impregnation of Pd(CECOO), (98%, Aldrich Chem) in Nkl solution (25% Fisher
Chemicals) into the monometallic cobalt cataly$tsee amount of Pd(C¥€OQO), was
fixed to give 1.0 wt% Pd. The samples were drietbatm temperature for 24 h, then
3 h at 100C before calcination in air at 4@ for 3 h with 2C /min heating rate. The
bimetallic samples with 1, 4, 7 and 10 wt% Co anevt% Pd were denoted as
1Co01Pd/ZSM-5, 4ColPd/ZSM-5, 7ColPd/ZSM-5, and 10WAASM-5,
respectively. The cobalt supported on zeolite NaXswvalso prepared in a similar
method. The metal containing in this sample weve% cobalt and 1 wt% Pd and it

was denoted as 7ColPd/NaY.
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4.2.4 Catalyst characterization

4.2.4.1 X-ray diffraction spectroscopy (XRD)

The crystalline phase of NaZSM-5 and NaY were cargd by X-ray
diffraction using Cu K radiation. The scanning range is 5-5 zeolites and 5-80
for supported cobalt catalysts with a step siz€.602 degree and scan speed of 0.5
degreel/s.

4.2.4.2 X-ray absorption near edge structure (XANES)

XANES spectra . of monometallic and bimetallic samsplevere
recorded in a transmission mode at the Beamlinkti@eoSynchrotron Light Research
Institute, Thailand. The storage ring was operatéithi the electron energy of 1.2
GeV and electron current between 90 and 140 mA.bEzen was monochromatized
using a Ge (220) double crystal,-and-the Co K-ealgé709 eV was calibrated by
using Co foil. The samples were prepared by treatrireHe at 15 for 1 h and
reduced in H at 400C for 5 h. The reduced samples were pressed to éopuallet
with a hydraulic pressure of 10 tons for 30 seconds

The pellet was then sealed by using Kapton tapeattaghed to the
sample holder. The spectra of samples and standatdrials were collected in
transmission mode at room temperature using arzatioph chamber as a detector.
Three scans of XANES spectra were acquired andagedrfor each sample before
the data analysis. Data reduction process and rliceanbination fitting were
performed by using Athena program (Ravel and Nevi2D05).

4.2.4.3 N, adsor ption-desor ption

The prepared catalysts were dried at ©06vernight before analyzing

by N, adsorption-desorption method. The adsorption-gi¢or isotherm was
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obtained by a Micromeritics ASAP 2010 Autosorb-Yiee Surface area of each
sample was determined by using Brunauer-Emmeted €8ET) method.
425 Catalytictesting

The catalytic performance of all cobalt catalystsr i-butane
hydrogenolysis was investigated in a fixed-bed fleactor. The catalyst powder was
pressed by a hydraulic press (CafyaBarver INC., USA) and sieved to the size of
250-425um. Approximately, 0.05 g of catalyst was mixed witt8 g a-Al,O3; and
packed in a quartz wool bed in-a 6 mm diametertgquabe. The catalyst was treated
in He (TSG, 99.995% purity) (50 ml/min) at 160for 1 h. The temperature was
ramped up to 40C (10C /min) in H (TSG, 99.999%) and maintained at this
temperature for 5 h.

Once the reduction process.was completed, theysatalas cooled
down to the reaction temperature in flowing He_ dhe reactant gases Hex:H-
butane in a mass ratio of 69.5: .30:-0.5 ml/min wie@ through the reactor. The
catalytic testing was conducted from 200 to €10The gas outlet was analyzed every
30C by a gas chromatograph (SRI-GC-310C) equippell avithermal conductivity

detector (TCD).
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4.3 Resultsand discussion

4.3.1 Effect of support
To compare effects of the support on the catal@dativity, catalysts

containing 7 wt% Co and 1 wt% Pd supported on ZSkhk8 NaY were prepared,
characterized and tested febutane hydrogenolysis.

4.3.1.1 Characterization of 7ColPd/ZSM-5 and 7ColPd/NaY

XRD spectroscopy

The XRD patterns of 7ColPd/NaY and 7ColPd/ZSMée sdrown in
Figure 4.1. The XRD pattern of 7Col1Pd/NaY showsrattaristic peaks of NaY at
20 = 6.16, 10.08, 11.82, 15.54, 18.58, 20.14, 232@.78, and 31.12 degree
(Wittayakun et al., 2008). The characteristic peak€0;0, were observed ato2=
36.76, 54.84, and 63.96 degree.  (Jiang et al.,, 200Rhe XRD pattern of
7Co01Pd/ZSM-5 shows peaks attributed to ZSM-56at 7.84, 8.72, 22.97, and 23.84
degree (Panpa and Jinawath, 2009) and peaks conctsp CgO, at D = 36.76,
54.84, and 63.96 degree. The presence of the XRiRspef zeolite in both samples
indicated that addition of cobalt and palladium dat change the zeolite structure.
The characteristic peaks of CoO were not obsemélbd diffraction pattern of either
samples. However, the presence of peaks due {0, Zuggested that cobalt nitrate
precursor decomposed during the calcinations angierted to CgO,. The C@0O, is
the typical species observed in cobalt supportednwial oxide samples. For
example, the XRD pattern of cobalt supported on,Zffer calcination, shows peaks
due to CgO, as well as the peaks of support (Yung et al., 2007

The XRD pattern of 7ColPd/NaY shows ;09 peaks with lower

intensity than that of 7ColPd/ZSM-5. This resuklpninarily suggests that cobalt
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species in 7ColPd/NaY are better dispersed tharCalPd/ZSM-5. The peaks
corresponding to PdO were not observed in eitharpsa probably because both

samples contain low Pd loadings which results iodgdispersions.

7Co1Pd/NaY
2 I 0 K .
E J w ”- duaflidi lMMWM
k=
O
9 p 7Co1Pd/ZSM-5
0 *
T T | | } *
‘Ill\ J"IHH[ lll 1 M\I\&”“WIM&I\III‘W \"IIII'IIJIIJIJ‘lIHIII 1 IIIILIIMJIJ H IH‘IHIH ]IlHIlI I“IIIIIIHuIIIlIllIIWIlIILI n III\IIIIIIII|IIIII|IIIL
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Figure41l XRD patterns of 7ColPd/ZSM-5 and 7ColPd/Na¥, peaks

corresponded to zeolite NaYi, peaks corresponded to zeolite ZSM-5 and, *, peaks

corresponded to GO..
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XANES of reduced samples
The XANES spectra of both samples after reductioa08C for 5 h

were compared to those of reference materials (EigL2).

Normalized absorbance (a.u.)

T T T T 1 T T T
7700 7720 7740 7760 7780

Energy (eV)
Figure4.2  Normalized XANES spectra of 7ColPd/NaY and 7CdZBMW-5

compared to the standard materials.

The shift in cobalt edge of the sample from thattloé standard
metallic cobalt is related to its oxidation stdtemely, if cobalt oxide is reduced, the
cobalt K-edge shifts to lower energy. A white lisbarp peak in XANES spectrum, is
a characteristic of cobalt in cationic form as ¢@nobserved in the spectra of CoO
and Cq@O, standards. The white line in spectrum of 7ColPMZS has lower

intensity than that of 7ColPd/NaY. It is prelimiarsuggested that the cobalt
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species in 7ColPd/ZSM-5 was reduced more thanith&iColPd/NaY.Another
important feature of XANES spectra is the pre-edgd@ch is a small peak before the
sharp rise of the edge. Pre-edge feature assocmtedhe symmetry effects in the
environment of cobalt and 1s3d transition (Jacobs et al., 2007). As describgd b
Moen et al. (1997), the transition is most intemgeen the first coordination shell
lacks inversion symmetry. Therefore, the pre-edgature is most intense for
tetrahedral symmetry but should not be presentedofdahedral symmetry. In
practice, a very weak pre-edge feature could berobd in a distorted octahedral
symmetry. For C¢D,, a spinal structure with one-third of the cobaltt2 oxidation
state and occupied tetrahedral site and two-thgds3 oxidation state and occupied
octahedral site. Thus'the pre-edge feature repi®esenombination of more intense
tetrahedral and less intense octahedral peak. ©mttrer hand, cobalt in CoO has
octahedral symmetry; therefore the pre-edge feasunet permited. In Figure 4.2 the
XANES spectrum of Cs; shows. pre-edge feature at about 7709 eV and italsas
observed in the spectrum of CoO, but much lesshgate However, the pre-edge
feature was not observed in the spectrum of metalbbalt. The spectra of
7ColPd/NaY and 7ColPd/ZSM-5 show features thatdetsveen the pre-edge of
cobalt oxide and metallic cobalt, suggesting thanhe fractions of cobalt in each
sample were transformed to metallic cobalt. Thestiom of metallic cobalt was
further determined by linear combination fitting.

Linear combination fitting was performed by usigNES spectra of
Co0O, Ca0,, and metallic cobalt as references. The fractibeazh reference in the
samples was estimated, and the fitting resultotf bamples are shown in Figure 4.3

and 4.4. The G®, and CoO were used as reference materials inithrggfbecause



a7

CoO is an intermediate species of the reductionge® of CgO, to metallic cobalt as

shown in the TPR of G@, (Tang et al., 2008).

—— 7ColPd/NaY

Normalized absorbance (a.u.)
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Figure4.3 Linear combination fit of 7ColPd/NaY after redoctiat 400C for

5h.
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—— 7Col1Pd/ZSM-5

Normalized absorbance (a.u.)

0 7720 7740 7760 7780 770
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Figure4.4  Linear combination fit of 7ColPd/ZSM-5 after retian at 400C for

5h.

Fraction of Co species from linear combinatiotirfg are shown in Table 4.1.
Both samples consisted of &, CoO, and metallic cobalt. The fraction of metalli
cobalt observed in 7ColPd/ZSM-5 was higher thant tbd 7ColPd/NaY,
demonstrating that the catalyst supported on ZSWaS reduced more easily than

that supported on NaY.
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Table4.1 Fraction of cobalt species in samples after rédndh H, at 400C for

5 h.
Samples Fraction
Co foll CoO Cq@Oy
7ColPd/NaY 0.298 0.425 0.277
7Col1Pd/ZSM-5 0.532 0.284 0.185

According to the XRD patterns of both samples,baks attributed to GO,
particles in the diffraction pattern of 7ColPd/Z&Vhad higher intensity than that of
7Col1Pd/NaY, suggesting that thesOg particles in 7ColPd/ZSM-5 are larger than
those of 7ColPd/NaY. The size of oxide particleypla key role in the reducibility.
Parvulescu et al. (1998) reported that the big kabade particle was reduced more
easily than the small particle due to its weaketah®sirface interaction.

4.3.2 Catalytictesting results

The activities fom-butane hydrogenolysis of 7ColPd/NaY and 7ColPd/ZSM
5 are shown in Figure 4.5. The conversion obsemwiid each catalyst increased in
accordance with temperature. For 7ColPd/ZSM-5 ctirerersion reached 100% at
320C and it tends to be stable until 400 For 7Co1Pd/NaY, the conversion was
gradually increased with temperature and it way @&@1% at 400C. These results
indicated that the catalyst supported on ZSM-5 higther conversion than catalyst
supported on NaY. Since only metallic cobalt iswvactor the hydrogenolysis reaction
(Chu et al., 2007), the conversions of both samaigee with the fraction of metallic
cobalt determined by linear combination fitting.eTHifference of metal dispersion
over both supports might be explained by differeimcacid sites of NaY and ZSM-5.

Since NaY contains more acid sites than ZSM-5 (NMsr&acheco et al., 2011), the



50

interaction between cobalt oxide and surface of Maight be stronger than that on

ZSM-5, as a result of stronger metal-support irtigoa and small oxide particle.

| 7Co1Pd/ZSM-5
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Figure45 Conversion “of n-butane - on 7ColPd/NaY and 7ColPd/ZSM-5.

Reactant gases included He: H-butane in a mass ratio of 69.5: 30: 0.5 ml/min.

The activity of n-butane hydrogenolysis over 7ColPd/NaY was lowan th
that of 7Co1Pd/ZSM-5. The activity of supported @iblocatalysts with different metal
loadings was further investigated by using ZSM-@asipport. The catalysts studied

in this work include mono- and bimetallic cobaltatgsts.



51

4.3.3 XRD spectroscopy characterizing supported cobalt catalysts on

ZSM-5

The XRD patterns of catalysts including mono- amddallic cobalt present
20 peaks of ZSM-5 at 7.84, 8.72, 22.97, and 23.84adms shown in Figure 4.6,

indicating that the structure of zeolite did noabe during the catalyst preparation.
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Figure4.6 XRD patterns of mono- and bimetallic cobalt catEys\, peaks

corresponded to ZSM-5 framework and, *, peaks spwaded to CD,.
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The peaks of CoO were not observed in all sam@asthe other hand, the
catalysts with cobalt loading at least 7 wt% showedks of C¢gD, at D = 36.76,
54.84, and 63.96 degree, similar to the XRD pasteoi 7ColPd/ZSM-5 and
7ColPd/NaY previously mentioned. The absence @O peaks for XRD pattern of
catalysts with lower cobalt loading might be a festismaller CgO, particles.

4.3.4 N, adsor ption-desor ption characterizing supported cobalt

catalystson ZSM-5

The adsorption isotherms of mono- and bimetallibatbcatalysts on ZSM-5
are presented in Appendix B. All isotherms are tjpehich indicate that all samples
are microporous materials. The adsorbed volumes@sad quickly at low pressure,
illustrating that the samples contain ‘narrow. pofdle BET surface area and
micropore volume of the as-prepared-samples anersio Table 4.2, Figure 4.7 and
Figure 4.8. For monometallic cobalt catalysts, theface area was remarkably
decreased when the cobalt content. increased fromt% to 4 wt% but slightly
decrease in 7Co/ZSM-5 and 10Co/ZSM-5. The decrgasinsurface area was
observed together with the decreasing in micropotame. Thus, this phenomenon
possibly occurred from partial blockage of zeglitee by metal.

Considering catalysts with the same cobalt contaadjtion of 1 wt% Pd to
monometallic cobalt catalyst slightly increasedsiisface area (Table 4.2). However,
the surface area of bimetallic cobalt catalyst waissignificantly higher than that of
monometallic catalyst. A small increasing in suefacea could be a result from the
higher cobalt dispersion when adding palladium icatalyst. This effect also found
in the addition of Pd into Co/S3ample reported by Sun et al. (2002). Moreover,

there was a report indicated that addition of traoeount of Pd into Co-saponite



53

catalysts improved the cobalt dispersion (Hoss&i@06). The metal with high
melting point and low surface mobility such as R,and Pd should retain high
dispersion over metal oxide because a strong rsafgsort interaction (Sault, 1995).
Thus, the strong Pd-support interaction could be rason for enhancing metal

dispersion of cobalt in this work.

Table4.2 BET surface area of mono- and bimetallic cobghipsuted on ZSM-5.

BET surface area  Micropore volume

Catalyst

(m?/g) (cm/g)

ZSM-5 332.03 0.1057
1Co/ZSM-5 344.82 0.0964
4Co/ZSM-5 28724 0.0885
7Co/ZSM-5 268.76 0.0829
10Co/ZSM-5 266.65 0.0814
1ColPd/ZSM-5 342.18 0.1057
4Col1Pd/ZSM-5 326.71 0.1038
7Col1Pd/ZSM-5 288.81 0.0854

10Co1Pd/ZSM-5 271.19 0.0835
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Micropore volume of bimetallic and monometallic edttcatalysts.



55

The correlation between cobalt content and suréaea of catalyst is in the
same trend as the work of EI-Shobaky et al. (200Bgy prepared 0.05, 0.1 and 0.2
C030,4 supported on MgO (mol/mol). The particle size€o§O, determined by using
Scherrer equation were 83, 90 and 136 A for sampl#s 0.05, 0.1 and 0.2 mole
Co304/mol MgO, respectively. The BET surface area ofséhéhree samples also
decreased with the increasing size of@ofrom 64 to 54 and 44 fty, respectively.
Thus, it can be implied from the result in this Wwhat the size of cobalt oxide in the
high cobalt content catalyst was: larger than timathe sample with low cobalt
content.

4.35 XANES spectroscopy of reduced catalysts supported on ZSM-5

XANES spectra of the reduced monometallic cobatalysts were used to
determine the degree of reducibility-by using theedr combination fitting. The
fitting results are shown in Figure 4.9-4.12 andl&ad.3. For catalyst with 1 wt%
Co, the fraction of metallic cobalt was not-obseiadicating that the cobalt oxide
can not be reduced under this condition. For thHeerosamples, the fraction of
metallic cobalt increased with the increasing cobahtent.

This result is consistent with the degree of reblility of supported cobalt on
NaY catalysts reported from Khemthong et al. (201@pidus et al. (2007) also
suggested that for catalysts with high cobalt catytthere was more cationic cobalt
phase that was not stabilized by interaction withport (large cobalt oxide particle).
Thus, the catalyst with high amount of cobalt Ww#l reduced easily. Moreover, other
reports suggested that the reduction is strondlycedd by the particle size of Co
crystallite. The smaller particles are more difficio reduce than the larger particle

(Jacob et al., 2007; Saib et al., 2006).



56

The result from linear combination fitting of redut bimetallic cobalt
catalysts is shown in Table 4.3 and Figure 4.9-4H& catalysts with the same
cobalt content, the addition of Pd to monometatiabalt catalysts increased the
reducibility. Especially the catalyst with 1 wt% Qe addition of Pd increased the
reducibility from 0 to 21.2%. However, Pd does mmgnificantly affect the
reducibility of catalyst with higher cobalt conteit contrast, cobalt oxide species in
10Co1Pd/ZSM-5 are reduced less than those in 1EMY/Z. Therefore, it can be
inferred that the size of cobalt oxide particlesuleng from the variation in cobalt

content, affects the reducibility more than théuehce from Pd addition.
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Figure4.9 Linear combination fitting of 1Co/ZSM-5 (A) and @CPd/ZSM-5 (B)

after reduction at 40Q for 5 h.
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Figure4.10 Linear combination fitting of 4Co/ZSM-5 (A) and 4CPd/ZSM-5 (B)

after reduction at 40Q for 5 h.
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Figure4.11 Linear combination fitting of 7Co/ZSM-5 (A) and @CPd/ZSM-5 (B)

after reduction at 40Q for 5 h.
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Figure4.12 Linear combination fitting of 10Co/ZSM-5 (A) and@ol1Pd/ZSM-5

(B) after reduction at 40G for 5 h.
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Table4.3 The fraction of cobalt species in mono- and bintietaobalt catalysts

supported on ZSM-5 after reduction at 4DOfor 5 h determined by linear

combination fitting.

Fraction of cobalt species

Samples

Metallic Co CoO Ce0s
1Co/ZSM-5 0.000 0.624 0.376
4Co0/ZSM-5 0.456 0.415 0.129
7Co0/ZSM-5 0.540 0.355 0.105
10Co0/ZSM-5 0.853 0.168 0.000
1Col1Pd/ZSM-5 0.212 0.602 0.187
4Co1Pd/ZSM-5 0.491 0.380 0.125
7Col1Pd/ZSM-5 0.532 0.283 0.185
10Col1Pd/ZSM-5 0.582 0.230 0.188

4.3.6 Catalytictesting of supported cobalt catalystson ZSM-5
4.3.6.1 Conversion
The activities forn-butane hydrogenolysis of monometallic cobalt
catalysts supported on ZSM-5 are presented in Eigut3. The conversion at 400
increased with the increasing of cobalt contentartalysts. This effect could be a
result from an increasing number of active sites.contrast, the conversion of
catalyst with 7Co/ZSM-5 was higher than that of &0CSM-5. According to the

surface area of 7Co/ZSM-5 and 10Co/ZSM-5 (Tablg, 4.2ould be inferred that the
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cobalt particle in 10Co/ZSM-5 is larger than that7€o/ZSM-5. Even though the
cobalt oxide in 10Co/ZSM-5 was reduced more that th 7Co/ZSM-5, it might

contain less surface cobalt active sites, whictseqoently exhibited less conversion.
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Figure4.13 Conversion oh-butane on monometallic cobalt catalysts.

Reactant gases included He: H-butane in a mass ratio of 69.5: 30: 0.5 ml/min.

The activity of n-butane hydrogenolysis over bimetallic cobalt
catalysts are presented in Figure 4.14. Conversiambutane hydrogenolysis over
bimetallic cobalt catalysts increased when the kawetent increased. Comparing to
the monometallic cobalt catalysts in the same amofuioobalt, addition of palladium
did not significantly enhance the overall convemsidHowever, it resulted in
decreasing the reaction temperature as can beisdagure 4.13 and Figure 4.14.

The conversion at 320 for all bimetallic cobalt catalysts was highearhthat of
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monometallic catalysts. This phenomenon can beaggd by the effect of H
spillover. This result is in accordance with theulé reported from Ali et al. (2002).
They found that addition of 1 wt% noble metal tdoalb clay-based catalysts two
times increased the conversion of crude oil hydrcking. The authors suggested that

improvement in conversion was a result fromsgillover.
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Figure4.14 Conversion oh-butane on bimetallic cobalt catalysts.

Reactant gases included He: H-butane in a mass ratio of 69.5: 30: 0.5 ml/min.

Figure 4.15-4.16 shows the-butane conversion per millimole of
cobalt in catalysts tested in this work. Among #heatalysts, the 1Co/ZSM-5 clearly
showed the highest conversion per millimole of d¢pbaowever, its activity was
maximum only approximately 40% conversion. On ttreeohand, the 7Col1Pd/ZSM-

5 shows lower conversion per millimoles of cobalt the reaction over this catalyst
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occurred at lower temperature and its overall cosiga was essentially high. Thus, it
could be concluded that the 7ColPd/ZSM-5 had thyhdst activity among the

catalysts in this work.
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Figure4.15 Conversion ofn-butane per mole cobalt of monometallic cobalt
catalysts. Reactant gases included Hg:r-butane in a mass ratio of 69.5: 30: 0.5

mi/min.
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Figure4.16 n-butane conversion per mole cobalt of bimetallibalbcatalysts.

Reactant gases included He: H-butane in a mass ratio of 69.5: 30: 0.5 ml/min.

4.3.6.2 Selectivity

Methane was the only product observednibutane hydrogenolysis
over monometallic cobalt catalysts (Figure 4.173%.indicating that cobalt was very
selective to the multiple hydrogenolysis. For biaflet cobalt catalysts (Figure 4.19-
4.20), besides methane, small amount of ethang@mine is observed especially at
high temperature. According to Jackson et al. (J,99® metals Pt and Pd have high
selectivity for single hydrogenolysis. On the otlhand, W, Ta, Fe and Co all have

high tendency for total degradation to methane.sTthe product selectivity from this
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work suggested that the presence of ethane andpeopver the bimetallic cobalt

catalyst could be a result from Pd in catalysts.
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Figure4.17  Selectivity of product frorm-butane hydrogenolysis on 1Co/ZSM-5
(A) and 4Co/ZSM-5 (B). Reactant gases included H{en-butane in a mass ratio of

69.5: 30: 0.5 ml/min.
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Figure4.18 Selectivity of product frorm-butane hydrogenolysis on 7Co/ZSM-5

(A) and 10Co/ZSM-5 (B). Reactant gases included Hen-butane in a mass ratio
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4.4 Conclusons

Types of support greatly influenced reducibility safpported cobalt species.
In this study, the cobalt species supported oniteedEM-5 were reduced easier than
those on zeolite NaY. The activity forbutane hydrogenolysis of 7ColPd/ZSM-5
was consequently higher than that of 1Pd7Co/Na. rEducibility of cobalt species
supported on ZSM-5 also depended on cobalt conliergfeneral, catalysts with low
metal loading consisted of small cobalt oxide jgéet which are difficult to reduce to
the metallic form. Thus, the catalyst with high attboading had high degree of
reduction relative to the low cobalt loading casaty

Addition of 1 wt% Pd to Co/ZSM-5 catalyst promotide@ reducibility only in
1Co/ZSM-5. It showed - non-significant effect-on teamples with higher cobalt
contents. Activity fom-butane hydrogenolysis on Co/ZSM-5 catalysts ireedavith
cobalt loading up to 7 wt% Co. The 10Co/ZSM-5 shdwewer activity than
7Co/ZSM-5 even though it presented. a high degreediction. This effect could be

explained by the difference in active sites intine catalysts.



71

45 References

Ali, M. A, Kimura, T., Suzuki, Y., Al-Saleh, M. AHamid, H., and Inui, T. (2007).
Hydrogen spillover phenomenon in noble metal medifi clay-based
hydrocracking catalysté&\ppl. Catal. A-Gen. 277: 63-72.

Al-Saleh, M. A., Hossain, M. M., Shalabi, M. A., dura, T., and Inui, T(2003).
Hydrogen spillover effects on Pt—Rh modified Coyatatalysts for heavy oil
upgradingAppl. Catal. A-Gen. 253: 453-459.

Boudart, M. (1969). Catalysis by supported metats. Catal. 20: 153-166.

Chu, W., Chernavskii, P. A., Gengembre, L., Panki@a A., Fongarland, P., and
Khodakov, A. Y. (2007) Caobalt species in promoted cobalt alumina-
supported Fischer—Tropsch catalystCatal. 252: 215-230.

Danuthai, T., Jongpatiwut, -S., Rirksomboon, T., Wemn, S., and Resasco, D. E.
(2009). Conversion of methylesters to hydrocarbmres an H-ZSM-5 zeolite
catalystAppl. Catal. A-Gen. 361: 99-105.

El-Shobaky, G. A., Doheim, M. M., Ghozza, A. M.,da&l-Boohy, H. A. (2002).
Catalytic conversion of ethanol over £/MgO system treated with-
irradiation.Mater. Lett. 57: 525-531.

Hossain, M. M. (2006). Influence of noble metalsh(RPd, Pt) on Co-saponite
catalysts for HDS and HC of heavy dilhem. Eng. J. 123: 15-23.

Jackson, S. D., Kelly, G. J., and Webb, G. (199)pported metal catalysts;
preparation, characterization, and function partMdrogenolysis of ethane,
propanen-butane and iso-butane over supported platinumysasal. Catal.

176: 225-234.



72

Jacobs, G., Das, T. K., Zhang, Y., Li, J., Zactillé., and Davis, B. H. (2002).
Fischer—Tropsch synthesis: support, loading, amampter effects on the
reducibility of cobalt catalysté&\ppl. Catal. A-Gen. 233: 263-281.

Jacobs, G., Ji, Y., Davis, B. H., Cronauer, D., i€rcA. J., and Marshall, C. L.
(2007). Fischer—Tropsch synthesis: temperature  raroged
EXAFS/XANES investigation of the influence of supptype, cobalt loading,
and noble metal promoter addition to the reduchehavior of cobalt oxide
particles Appl. Catal. A-Gen. 333: 177-191.

Jiang, Y., Wua, Y., Xie, B.; Xie, Y., and-Qian, ¥2002). Moderate temperature
synthesis of nanocrystalline €®, via gel hydrothermal oxidatiorM ater.
Chem. Phys. 74: 234-237.

Karge, H. G., Mavrodinova, V., Zheng, Z., and Beyér K. (1991). Cracking of n-
decane over Lanthanum Y catalysts: Comparison ofHamum Y catalysts
obtained by solid-state ion exchange and ion exghan solution.Appl.
Catal. 75(1): 343-357.

Khemthong, P., Klaysubun, W., PrayoonpokarachR8essner, F., and Wittayakun,
J. (2010). Comparison between cobalt-platinum sttpdoon zeolite NaY:
Cobalt reducibility and their catalytic performarfoe butane hydrogenolysis.
J.Ind. Eng. Chem. 16: 531-538.

Khemthong, P., Prayoonpokarach, S., and Wittayakun(2007). Synthesis and
characterization of zeolite LSX from rice husk ali Suranaree J. Sci.
Technol. 12(4): 367-379.

Lapidus, A. L., Budtsov, V. S., Eliseev, O. L., aiBbfeev, A. B. (2007). Prediction

of stability of cobalt catalysts for hydrocarbom#yesis from CO and Hn



73

terms of resistance of cobalt crystallites agairtsigh-temperature
agglomerationSolid. Fuel. Chem. 41(6): 331-334.

Leclercq, G., Pietrzyk, S., Lamonier, J. F., LectgrL., Bouleau, L. M., and R.
Maurel. (1995). Bimetallic nickel-rhodium catalystdl. Activity and
selectivity in hydrogenolysis of butan®&ppl. Catal. A-Gen. 123: 161-172.

Maroto-Valiente, A., Cerro-Alarcon, M., GuerrerodiRUA., and Rodriguez-Ramos, |I.
(2005). Effect of the metal precursor on the swefsite distribution of AlO;
—supported Ru catalysts: Catalytic effects on mtHeutane/H test. Appl.
Catal. A-Gen. 283: 23-32.

Moen, A., Nicholson, D. G., Ronning, M., Lamble, I@., Lee, J. F., and Emerich, H.
(1997). X-Ray absorption spectroscopic study at dbkalt K-edge on the
calcination and reduction-of .the-microporous colsdltoaluminophosphate
catalyst CoOSAPO-34). Chem. Soc. Faraday T.93(22): 4071-4077.

Morales-Pachea P., Dominguez, J. M., Bu@pl., Alvared, F., Sedrag U., and
Falco, M. (2011). Synthesis of FAU(Y) and MFI(ZSM%nosized
crystallites for catalytic cracking of 1,3,5-tripmpylbenzeneCatal. Today.
166: 25-38.

Panpa, W. and Jinawath., S. (2009). Synthesis ®-B&eolite and silicalite from
rice husk ashAppl. Catal. B-Environ. 90: 389-394.

Parvulescu, V., Ruwet, M., Grange, P., and Pareule¥. |. (1998). Preparation,
characterization and catalytic behaviour of cob@bia catalystsJ. Mol.

Catal A-Chem. 135: 75-88.



74

Ravel., B. and Newville, M. (2005). ATHENA, ARTEMISHEPHAESTUS: data
analysis for X-ray absorption spectroscopy usingHFIT. J. Synchrotron
Radiat. 12: 537-541.

Saib, A. M., Borgna, A., van de Loosdrecht, J., vBerge, P. J., and
Niemantsverdriet, J. W. (2006). XANES study of ghesceptibility of nano-
sized cobalt crystallites to oxidation during retdi Fischer-Tropsch
synthesisAppl. Catal. A-Gen. 312: 12-19.

Sault, A. G. (1995). Reduction behavior of metaipported on hydrous titanium
oxide ion-exchange materials.Catal. 156: 154-162.

Sun, S., Fujimoto, K., Yoneyama, Y., and Tsubaki, (R002). Fischer-Tropsch
synthesis using Co/SiOcatalysts - prepared from mixed precursors and
addition effect of noble metalsuel 81: 1583-1591.

Tang, C. W., Wang, C. B., and Chien, S. H. (20Q@3)aracterization of cobalt oxides
studied by FT-IR, Raman, TPR and TG-M3iwer mochim. Acta. 473: 68-73.

Wittayakun, J., Khemthong, P., and Prayoonpokar&h,(2008). Synthesis and
characterization of zeolite NaY from rice huskcsiliK orean J. Chem. Eng.
25(4): 861-864.

Xiong, H., Zhang, Y., Liew, K., and Li, J. (200®3uthenium promotion of Co/SBA-
15 catalysts with high cobalt loading for Fischewgsch synthesis-ud.
Process. Technol. 90: 237-246.

Yao, H. C.,, Yao, Y. F. Y., and Otto, K. J. (197Bffects of the surface structure of
Rh vy-Al,O3 on the hydrogenolysis @fpentane on the oxidation ofbutane,

and on the reduction of nitric oxid&.Catal. 56: 21-31.



75

Yung, M. M., Holmgreen, E. M. and Ozkan, U. S. (ZD0Cobalt-based catalysts
supported on titania and zirconia for the oxidatadmitric oxide to nitrogen

dioxide.J. Catal. 247: 356-367.



CHAPTER V
FORMATION OF MANGANESE TRICARBONYL ON
THE MgO SURFACE FROM Mn »(CO)yo:
CHARACTERIZATION BY INFRARED, ELECTRON
PARAMAGNETIC RESONANCE, AND X-RAY

ABSORPTION SPECTROSCOPIES

Abstract

This chapter focuses on preparation a structunayl-defined manganese
complexes on high-area MgO powder by.vapor demwsitf Mn(CO)o. The
supported species were treated underaD 673 K and evacuated at the same
temperature and then characterized by infrared @Rtron paramagnetic resonance
(EPR), and X-ray absorption spectroscopies. Theiltsesshow that when the
manganese loading of the sample was 3.0 wt%, mbghe Mn(CO)o was
physisorbed, but when the loadings were less, dwimed species predominated,
being formed by reaction of M{CO),o with hydroxyl groups on the MgO surface.
Treatment of samples containing 1.0 wt% Mn with & room temperature resulted
in oxidation of the manganese and the formatiorswface species that are well
represented as thé domplex Mn(CO)Oy)s (where Qis surface oxygen of MgO), as

indicated by IR and extended X-ray absorption Btreicture (EXAFS) spectra. The
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EXAFS data show Mn-C, £, and Mn—-@bond lengths as 1.90, 1.43, and 1.98 A,

respectively.

5.1 Introduction

Oxide-supported metal complexes are widely investid materials that find
important applications as industrial catalysts @ier et al., 2007; Niaei et al., 2010).
They offer unique opportunities for fundamental @stigations of organometallic
compounds in the absence of solvents, becausentagybe understood as metal
complexes incorporating extremely heavy ligandssigports-allowing investigation
of their chemistry in the presence of gas-phasetaets.

The supports in supported metal complex catalygtgygically porous metal
oxides (Yang et al., 2009), chosen because theydmdigh surface areas on which
the metal complexes can be highly dispersed-giviigty catalytic activities per unit
volume of material. Some of the best-understoodpsupd metal complexes are
carbonyls of group-8 metals (Ishihara et al., 1994)e chemistry of carbonyls of
group-7 metals has also been investigated, for plgnthat of rhenium carbonyls,
including mono-, di-, and tri-nuclear species (Kirét al., 1990; Papile et al., 2000),
but only little has been reported about supportedpiexes of manganese.

This chapter reports an investigation of samplepgred by the reaction of
dimanganese decacarbonyl, NDO),, with MgO and reactions of the supported
species. Manganese was chosen because its complexiegportant in homogeneous
catalysis (Yang and Eckert, 1988; Vartzouma et 2007) and their supported
analogues might be expected to be good candidéaéysis, being characterized by

robustness and ease of separation from productbinechwith the uniformity and



78

selectivity of homogeneous catalysts. MEO), o was chosen as the precursor because
it is reactive with metal oxides and zeolites exgAl .03 (Zecchina, 1998), MCM-41
(Burch et al., 1996) and zeolite NaY (Dossi et B997) and the infrared (IR) spectra
of CO ligands on the resulting surface speciesigevaluable information about the
structure and bonding of the metal complexes. Tiglke tapor pressure of M(CO)o
allows sample preparation by chemical vapor depos{CCVD).

MgO was chosen as a support because it is avaitabke powder with high
surface area, facilitating the preparation of stefapecies in samples with high
enough loadings of the metal complex per unit vaum give good signal-to-noise
ratios in the spectra (Paganini et al., 1997; Ragteal., 1998). Our specific goal was
to elucidate the surface chemistry of relativelylwdefined manganese carbonyls on
MgO by taking advantage of a set of methods thathaghly complementary and
expected to provide .insight into the structuresthed surface species, namely, IR,
electron paramagnetic resonance (EPR), extendeay Xabsorption fine structure

(EXAFS), and X-ray absorption near edge struct¥®®NES) spectroscopies.

5.2 Experimental

5.2.1 Treatment of MgO

MgO powder (EMD Science, 98.0%) was calcined invitg dry G (Airgas,
99.9999%) as the temperature was ramped from reompérature to 40Q at a rate
of 3'C /min, then held in flowing ©at 400C for 4 h, and subsequently treated under
vacuum (pressure 1x10° mbar) at 400 for an additional 16 h. The calcined MgO,
which had been partially decarbonated and partddiyydroxylated, was kept under

vacuum as it was cooled to room temperature, agxl ithwas stored in ansMilled
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glovebox (Vacuum Atmospheres, with, @nd moisture contents each <1.0
ppm) before being used for the preparation of ti@erted manganese complexes or
subjected to characterization by IR and EPR spsotqfmes (as described below). The
BET surface area of the calcined MgO was approxpat0 nf/g.

5.2.2 Synthesis of MgO-supported samples from Mg{CO)10

The MgO-supported samples were synthesized fromy(GD), (Strem,
98.0%). The synthesis and handling were performdth wxclusion of air and
moisture on a double-manifold Schlenk line. Glasswaas dried at 12G overnight
prior to use. In an Nfilled glovebox, a flask containing the highly watile
Mn,(CO),o was quickly connected to another flask contairgatgined MgO powder
via a glass tube equipped with a Teffomalve separating the two flasks and ground-
glass joints. The apparatus was removed from tbeegox and connected to the
Schlenk line via a line with a Tefl@ valve. The flask containing M(CQO),o was
placed in a dry-ice/isopropanol  bath  (temperatere-25C). The system was
evacuated for 15 min and then warmed to room teatpes in static vacuum to allow
sublimation of the Mg(CO). The masses of M(CO), and MgO were chosen to
give supported samples containing 0.10, 1.0, a@dwd% Mn. Each sample was
evacuated overnight and stored in the glovebox.

5.2.3 Sample treatment

5.2.3.1Decarbonylation in the presence of K
The samples formed from M{CO),o on MgO were decarbonylated in

the presence of flowing Hn a once-through quartz tubular flow reactor. Poevder
sample (0.50 g) was loaded into the reactor ingtbeebox. The sample was held by

a frit mounted near the center of the tube, whiels wealed on both ends with O-ring
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compression fittings. The tube was removed from dgh@vebox and held in an
electrically heated tube furnace, and then botts eridhe reactor were connected to
the flow system, all without exposure of the samipleair. The temperature in the
reactor was measured below the frit with a K-typertocouple. K (Airgas,
99.9999%) flowed through the reactor at 70 mL(NW#)/ as the temperature was
ramped to 70€ at a rate of Z /min. The temperature of the reactor was held at
700C for 2 h, and then it was cooled to room tempeeatwhile the H flow
continued. The effluent gases from the reactor waralyzed by an online mass
spectrometer (Pfeiffer Vacuum, OmniStar). The r@aatas then flushed with helium
(Praxair, 99.999%) before being transferred badkéeoglovebox.

5.2.3.2Treatment.in O3

Each sample was-loaded into a once-through quatimlar flow
reactor and connected to the flow system as inddearbonylation experiment. At
room temperature, {JAirgas;-10% by volume in helium) was fed to tkactor at 60
mL(NTP)/min for 6 h, then the sample was flushethvnelium, and the reactor was
sealed and returned to the glovebox. In some exaits, the effluent was analyzed
with the online mass spectrometer.

5.2.4 Sample characterization

5.2.4.11R spectroscopy

The MgO support and the supported samples weractesized by IR
spectroscopy at room temperature with a Bruker K& Fourier transform
spectrometer equipped with DTGS and HgCdTe detector the glovebox, each
sample was pressed between two KBr windows andeg@lan a gas-tight cell

(International Crystal Laboratories). The cell wdeen loaded into an airtight
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container as a precaution to minimize air expos@re transfer of the cell to the
spectrometer. The sample chamber of the spectromeie evacuated (pressurel
mbar), and the vacuum was maintained as specttheofample were recorded in
transmission mode with a resolution of 4 tritach reported spectrum is the average
of 128 scans.

5.2.4.2EPR spectroscopy

The untreated and calcined MgO and the supportegblea prepared
from Mny(CO),o were characterized by EPR spectroscopy. Each samplee N-
filled glovebox was loaded into a 4-mm O.D. quéRZR tube and sealed with an
Ultra-torr® fitting. The EPR tube was removed from the glovelamd evacuated
(pressure= 1x10° mbar) for 30 min and then flame sealed. EPR date® wollected
at the CalEPR center at the University of Califafridavis. Each sample was scanned
at room temperature in a Bruker ECS 106 X-banfé.§ GHz) spectrometer equipped
with a Bruker ER4102ST ‘cavity .operating in the TEXQode. Measurements were
performed with a microwave power of 10 mW, a fielddulation of 0.2 mT at 100
kHz, and a sweep rate of 0.1 mT/s. For each spacttQ scans were accumulated.

5.2.4.3EXAFS spectroscopy

The sample formed from M(CO),o and MgO (1.0 wt% Mn) after
treatment in @was characterized by X- ray absorption spectrogcbDpta collection
was performed at beamline 9-BM at the Advanced ¢th&ource (APS) at Argonne
National Laboratory. The beamline is equipped wéhdouble-crystal Si(111)
monochromator which was detuned by approximatel§ 3§ the Mn K edge to
minimize the presence of higher harmonics in they)Xbeam. The intensity of the X-

rays entering and exiting the sample was measuitdtwo gas-filled ion chambers
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(FMB-Oxford), and a third ion chamber was used tdlect the spectrum of a
manganese foil used as a reference for energyatdb.
The sample was loaded into a stainless steel vatubensealed with

O-rings and transferred to the synchrotron, wheérevas handled in an ANilled
glovebox; the @ and moisture contents of the glovebox were 0.1@ B8 ppm,
respectively. The mass of the sample was calculatguiovide an absorbance about
2.5 and the optimized signal-to-noise ratio. Thenga was weighed, mixed with
inert boron nitride powder (Aldrich; 98.0%, paréaliameter 1 um), pressed into a
self-supporting wafer, and loaded into the celh{dé et al., 1996) which allowed
scanning of the sample without exposure to air. délewas transferred to the beam
line and mounted between the first two ion chamb&re sample was scanned at
room temperature in transmission mode at the Mrdgeq6539 eV) with a step size
of 0.07k (k is the wave vector) in the EXAFS region. The régadrspectrum is the
average of five spectra.

5.2.5 EXAFS data analysis

EXAFS data analysis was conducted by using thdéiifice file” technique
(Koningsberger et al., 2000) with the software XD@ARarkamp et al., 1995). First,
the five scans were aligned and averaged. The intused to construct the
structural models and minimize the error are sheilsewhere (Koningsberger et al.,
2000). Reference backscattering amplitudes wereuleaed by using the FEFF7.0
software (Rehr and Albers, 2000). Crystallograpttata characterizing M{COo
(Dahl and Rundle, 1963) for the representation @&, Mn—O* (O* is carbonyl
oxygen; the Mn—C-O moiety is characterized by nebir multiple scattering), and

Mn—Mn contributions were included in the fitting. ryStallographic data
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characterizing MgO3; and MnMg alloy (Pearson et al., 1985) were usedvin—O;
(Mn—GO;s refers to a relatively short Mn—O distance in sarpgd samples incorporating
oxygen of the support surface) and Mn—Mg contriimgi respectively.

The fitting was done ifiR-space (distance space) by using thegeeightings
(K, k', andk?). In the fitting with a candidate model, the paesens characterizing
each contribution, the coordination numiérthe Ac* value (Debye-Waller factor),
the interatomic distand®, and the inner potential correctial, were varied until an
optimized fit was obtained for alk-weightings. For a candidate model to be
considered acceptable, it was required to fit fadierily with all thek-weightings.
The EXAFS data were analyzed with 11 free pararsetger the range 3.08 k <
9.50 A'. The number of-parameters used in the fittingrditiexceed the statistically
justified number calculated with the Nyquist theorél4.3) (Sayers et al., 1971).

Two criteria were used to determine whether an EZAIF was satisfactory;
first, analysis was done to determine whether tigitimn of each shell to the model
decreased the value af£)? (International XAFS Society, www, 2010) and, seton
the parameters for each shell were checked tordetemwhether they were physically
appropriate; specifically, the value aEy was considered to be appropriate in the
range -10 to 10 eV, and the valueref was constrainted not to exceedx116% A,

5.2.6 XANES data analysis

Data in XANES region were analyzed with the sofevathena (Ravel and
Newville, 2005). The edge position of the manganedbe sample was taken as the
inflection point in the measured X-ray absorptigecrum. The energy scale of the
XAFS spectrum was calibrated by setting the edgstipa of the manganese foil to

the reported value. The reported XANES spectruthasaverage of five spectra.
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5.3 Results

5.3.1 Spectroscopic characterization of MgO

The EPR spectrum of MgO calcined at 4D@Figure 5.1, spectrum b) lacks
information that would identify the MgO, but thetdarovide evidence of impurities
in the MgO. The spectrum includes signals at g@923 and 2.0180 which match
reported signals of the carbonate radical>Q@eguro and lkeya, 1993; Shpak et al.,
2003). The signal at g = 1.9804, including a vepalvquartet (coupling constant, A
= 18 G) (Figure 5.1B), matches the g value of chuom reported at g = 1.9804
(Biasia and Grillob, 2004). The quartet correspoiodSCr (the natural abundance of
this isotope is 9.3%), which has a nuclear dpaf 3/2. A weak sextet of hyperfine
lines with a coupling constant of 82.11 G attrilolite Mrf* species|(= 5/2) was also
observed in this sample. These impurities .are commaommercial MgO samples
(Lange, 1975). The signal corresponding to oxygehcals was not observed in the
spectrum of this sample.

Evidence of the surface chemistry of the MgO isvigted by the IR spectra.
The spectrum of the calcined MgO (Figure 5.2, spectD) includes bands in the
interval between 3730 and 3767 tmwhich are assigned on the basis of results
reported by Diwald et al. (2002). The high-frequer(8767 cn) component is
assigned to OH groups in which the oxygen atom bdodone surface cation (1-
coordinated OH group), whereas the low-frequenapmanent is assigned to OH
groups in which the oxygen atom is coordinated v@tho 5 cations (3, 4, and 5-
coordinated OH group).

The carbonate region of the IR spectrum charaabegrithe calcined MgO

(Figure 5.3, spectrum A) shows the presence ofpaak482 and 1422 ¢hmwhich
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are assigned to monodentate carbonate and -carb®xygeoup, respectively
(Hadjiivanov and Vayssilov, 2002).
5.3.2 Reaction of Mmy(CO);0 with partially dehydroxylated MgO
5.3.2.10bservations during synthesis
As the yellow-colored Ms{CO), was deposited onto MgO powder
from the vapor phase, the color of the powder chdnigom white to pale yellow,
indicating that the precursor had been adsorbed. SHEmple remained pale yellow

after subsequent overnight evacuation.
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Figure 5.1  EPR spectra (A) of untreated MgO (a), MgO afteatment in @ at
400C followed by evacuation-at the -same temperatuye séimple prepared from
Mn,(CO);o on MgO (0.10 wt% Mn) (c), and sample prepared frigimy(CO),o on
MgO (1.0 wt% Mn) (d)-and (B) magnification of Figub.1A, spectrum b, at g equal

to approximately 1.9804.
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Figure 5.2  Normalized IR spectra in theow region characterizing samples
prepared from Ms(CO);p on MgQ: the respective Mn contents (wt%) of thegkes
were 3.0 (A), 1.0 (B), 0.10 (C), and 0.0 (D). Spastere normalized with respect to

the carbonate band at 1264 tm

5.3.2.2IR evidence of reactions of Ma(CO),o with surface OH
groups of MgO

When the manganese loading of the sample was o/ Wt%, the
intensity of the band characteristic of the singhprdinated OH group (at 3767 &n
decreased after the MICO)o had been adsorbed, but the intensity of the band a
approximately 3741 cthremained essentially unchanged (Figure 5.2, spact).
These results indicate that adsorption of,(@®),0 on MgO took place initially on
the singly coordinated OH groups. The spectrum shivat this low loading of

manganese was not sufficient to convert all théaserhydroxyl groups.
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When the loading of manganese on the MgO was iseckto 1.0 and
then to 3.0 wt%, the intensities of both hydroxgnds decreased, and they finally
became unobservable (Figure 5.2, spectra B andegpectively). Thus, when the
manganese loading was 3.0 wt%, all the hydroxylpsohad reacted, and some of
the precursor might have interacted with sites otiien OH groups on the MgO.

5.3.2.3IR evidence of reactions of Ma(CO)o with surface CO5*
groups of MgO

When Mn(CO),q was adsorbed on MgO, there was a decrease in
intensity of the IR band at 1484 ¢m(Figure 5.3, spectra A, B) assigned to
monodentate carbonate (Hadjiivanov and Vayssil6922 on MgO, and there was an
increase in intensity of @ band at 1393 trassigned to carboxylates, relative to those
at 1484 and 1422 cm which-are -not-Visible in the spectrum after agson
(Hadjiivanov and Vayssilov, 2002). This result icaties that the MXCO),o interacts

weakly with the carbonate groups on MgO upon adsorp
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Figure 5.3 Normalized IR spectra“in the:carbonate regionradtarizing MgO
(A), sample prepared from MCO) on MgO (1.0 wt% Mn) (B), and after
treatment in @ (C). The spectra were -narmalized by setting tHeevaf the intensity

of the strongest band in each spectrum equal to 1.0

5.3.3 Characterization of sample containing 3.0 wt% Mn

5.3.3.1IR Spectra

The interpretation of the IR spectra of the higldgded sample is
based on a comparison of the observed IR bandsthatte reported for a family of
manganese carbonyl compounds, including,(@@),, (Table 5.1). The spectrum
characterizing the sample containing 3.0 wt% Mrudes two broad, intense bands,
at 2050(m) and 2011(s) ¢h{Figure 5.4, spectrum C). These bands essentialgh

those characterizing M(CO),o in CHCl, solution (Table 5.1 and Figure 5.4,
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spectrum D). Furthermore, the spectrum also indualeshoulder at approximately
2029 cnt" and a broad absorption extending from approximgat8B9 to 1981 cih
The similarity of the two intense bands to thosehe spectrum of the precursor
indicates that some of the M&0O), was adsorbed on MgO with its structure
essentially intact; the data do not determine tegree of any aggregation of the
Mn,(CO)p on the surface (thus, they do not determine whathwas molecularly
dispersed). The broad lower-frequency absorpti@yssts the presence of adsorbed
species other than M(CO),,, and-our goal in investigating samples with lower
loadings of Ma(CO)p was to characterize these latter adsorbed species.
5.3.4 Characterization of sample containing 0.10 wt% Mn

5.3.4.1IR spectra

The IR spectrum-of-the sample with the lowest nasmege loading
(0.10 wt%) (Figure 5.4, spectrum A) was markedlyedent from that of the sample
with the high loading (and different from that ohpICO),). The spectrum includes
three intense bands, at 2029(m), 1934(s), and #89&¢i*, which fall in the range
reported for a number of manganese tricarbonyl @amgs (Table 5.1). The data
characterizing these manganese carbonyl compourag that the positions of the
carbonyl bands depend on the non-carbonyl ligamdghe manganese. We therefore
hypothesize that the adsorption of }DO),, took place by a reaction with hydroxyl
groups of MgO formed manganese tricarbonyls withdhpport as a ligand.

Furthermore, the spectrum of the sample contaifirig® wt% Mn
(Figure 5.4, spectrum A) includes a weak shoulderabout 1869 ci. By
comparison with the spectra of manganese pentacgd¢rable 5.1), the shoulder

might indicate the presence of manganese pentatdsbon the MgO surface.
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Figure 5.4  Normalized IR spectra in theco region characterizing a sample
prepared from Mg(CO),o on MgO: the respective Mn contents (wt%) of thengles
were 0.10 (A), 1.0 (B), and 3.0 (C). Spectra A—Gemeormalized with respect to the
carbonate band at 1264 ¢mSpectrum D corresponds to MBO), in CHCl,

solution.

Manganese pentacarbonyls typically are characterige a band at
about 1898 cr; however, any peaks with frequencies near thislavbkely overlap

bands of the manganese tricarbonyl species, amdftine we are not able to draw a
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conclusion about the presence of manganese peintagds on the surface from this
region of the spectra.

5.3.4.2EPR spectroscopy

The EPR spectrum of the sample containing 0.10 Mit¥4Figure 5.1,
spectrum c) includes a signal at g = 2.0015 andxéet of hyperfine lines with a
coupling constant 82.11 G, which is characterisfiésolated MA* (Mariscal et al.,
1994). The spectrum of this sample also includgsais at g = 2.0180 and g =
2.0073, which correspond to &n MgO, which indicates that the decarbonation
during the calcination was not completed. Furtheemtie signal characteristic of the
chromium impurity in the MgO was still observed.

The presence of the Mhsignal demonstrates that the manganese was
oxidized as it reacted with. the-MgO-(the' mangariedn,(CO)y, is formally MrP),
consistent with our IR ‘evidence that M@O),, reacted with the MgO. We
emphasize that this evidence.of ldoes not rule out the presence of manganese in
other oxidation states that are not EPR active.

5.3.5 Characterization of sample containing 1.0 wt% Mn.

5.3.5.1IR spectroscopy

The IR spectrum characterizing the sample prep#ioed Mn,(CO)yo
on MgO containing 1.0 wt% Mn (Figure 5.4, spectrBinincludes bands in theco
stretching region, at 1822, 1869, 1895, 1937, 19080, 2020, 2038, and 2050 ¢m
The locations of these bands differ from thosehefliands characterizing ME&O)0
and the supported samples incorporating 0.10 ahdv®6 Mn. These IR bands are
assigned to manganese carbonyl species, as foltbedands at 2038(m), 1937(s),

and 1895(s) crh are in the range of those reported for mangangsarkonyl
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compounds, as summarized in Table 5.1. The bai®8 cnt is characteristic of
manganese pentacarbonyl compounds (Table 5.1)sifiaé peak at about 1822 ¢m
could also correspond to a manganese pentacarlamtd/some of the bands (at 2050,
2000, and 1978 ci) correspond to MifCO)yo itself. Thus, we infer from the IR
spectra that the sample prepared from,(@@),, that contained 1.0 wt% Mn
included a mixture of at least these three mangamasbonyl species, including
unreacted precursor.

5.3.5.2EPR spectroscopy

The EPR spectrum characterizing the sample cantaih0 wt% Mn
(Figure 5.1A, spectrum d) includes the sextet gbdrfine lines mentioned above
(coupling constant = 82:11 G)-that is characterisfi Mn?* (Mariscal et al., 1994),
along with signals at g = 2.0180-and-g =2.0078esponding to the COradical and
the signal at g = 1.9804 ‘characterizing the chromimpurity. Moreover, a broad
base line was observed; which results. from "dipoiéereactions (Mariscal et al.,
1994). The presence of the base line in the spacBuggests that the distance
between Mn atoms in the sample containing 1.0 wt% Whs significantly less on

average than that in the sample containing 0.1 Mi%
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Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes.

Metal
Number
coor- vcoband Number  Refs.
of Mn
Sample dina- position  of uco
valence
tion (cm™®) bands
electrons
number
Mny(CO)yo in CH,CI, 6 18 2046(m) 3 This
2011(s) work
1979(w)
Sample formed from N.A, N-A. 2029(s) 3 This
Mny(CO)o on MgO and 1934(s) work
containing 0.1 wt% Mn 1895(m)
(and represented as
Mn(CO)(Os)3)
Sample formed from N.A. 16 2038(m) 3 This
Mnz(CO)o0n MgO and 1937(s) work
containing 1.0 wt% Mn 1895(s)

(represented as

Mn(CO)(Os)3)
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vco IR bands characterizing isolated and supportedyanagse

Metal
Number
coor- vcoband  Number
of Mn
Sample dina- position  of oco  Refs.
valence
tion (cmh bands
electrons
number
Sample formed from 3 16 2042(s), 3 This
Mny(CO)o0n MgO and 1947(s), work
containing 1.0 wt% Mn 1905(s)
after Qtreatment (and
represented as
Mn(CO)s(Os)3)
[Mn(CO)s]" on MgO 5 18 1891, 2 Keyes
(inferred to be weakly 1863 et al.,
interacting with surface) 1989
5 18 2035, 4 Keyes
[Mn(CO)s]” on MgO
1916, etal.,
(inferred to be ion paired
1898, 1989.
with Mg?” sites)
1800
Mn(CO)H in 6 18 2118(vw), 3 Keyes
tetrahydrofuran solution 2016(vs), et al.,
2007(s) 1989.
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Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes (continued).

Metal Number
vcoband  Number
coordina-  of Mn
Sample position  of bco  Refs.
tion valence
(cm™®) bands
number ' ' electrons
[Mn(CO)s]  in 5 18 1898, 2 Keyes
tetrahydrofuran 1863 et al.,
solution 1989.
6 18 2045(sh), 4 Bulter
2024(vs), etal.,
CH3Mn(CO)
2002(s,sh), 1992.
1961(w,sh)
6 18 2124(w), 3 Yin et
[Mn(CO)s{C(O)O(C7H13)}] 2031(s), al.,
2007(s) 1998.
6 18 2030(s), 4 Keyes
1962(s), et al.,
[Mn(CO)s(tripod)]™®
1902(ms), 19809.

1860(s)
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vco IR bands characterizing isolated and supportedyaraase

Metal Number of
vco band  Number
coordina- Mn
Sample position  of uco Refs.
tion valence
(cm™) bands
number | electrons
[Mn(CO)3(PEb)3’] 6 18 2021(s), 2 Stiegman
[CIO4] in CHLCI, 1943(s) et al.,
solution 1986
6 18 2026(s), 3 Stiegman
Mn(COX(triphos)® 1960(sh), et al.,
1945(s) 1986
mer trans- 6 18 2033(w), 3 Beckett
[MnBr(CO); 1951(vs), et al.,
{P(CeH4ClI-4)3} 2] 1901(s) 2003
mer trans- 6 18 2031(w), 3 Beckett
[MnBr(CO)sP 1945(vs), et al.,
(CH2CgHa)3} 2] 1912(s) 2003
mer trans- 6 18 2031(w), 3 Beckett
[MnBr(CO); 1946(vs), et al.,
{P(CeH4O Me-4)},] 1908(s) 2003
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Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes (continued).

Metal Number Uco
Number
coor- of Mn band
Sample of vco Refs.
dination || valence position
bands
number | | electrons  (cm™)
6 18 2028(s), 3 Beckett
fac,cis-
1962(s), etal.,
[MnBr(CO)s(dppb)f
1910(s) 2003
[MNn(CO)4(3,5-DBCat)]° 5 16 1998(s), 2 Harlt,
in CH.ClI; solution 1891 (br) 1998
[MNn(CO)4(3,5-DBCat)]* 5 16 1998(s), 3 Harlt,
in CH.ClI; solution 1894(s), 1998
at 193 K 1883(s)
[Mn(CO); 6 18 1995(s), 3 Harlt,
(3,5-DBCat)(py)] in 1885(s), 1998
pyridine solution 1862(s)
[Mn(CO); 6 18 2001(s), 3 Harlt,
(3,5-DBCat)(PPH]™® in 1904(s), 1998
CH.ClI; solution 1867(s)
[MNn(CO)s(S,S-GHJ)l 5 16 1996(s), 2 Lee et

in THF solution 1887(s) al., 1999




99

Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes (continued).

Metal
Number Uco
coor- Number
of Mn band
Sample dina- of vco Refs.
valence position
tion bands
electrons  (cm?)
number
[MN(CO)3(S-GH4-N) 6 18 1994(s), 3 Lee et
(S-GH4N)]- in THF 1901(s), al., 1999
solution 1801(s)
6 18 2051, 2 Prinz et
[M n(CO)g(HQO)g] "
1944 al., 2004
6 18 KBr: 3 Liddle et
fac-MnBr(CO);
2029, al., 2010
[H(pzAn")]"
1923,
1902
6 19 KBr: 3 Liddle et
{fac-Mn(CH3CN)(CO)
2052, al., 2010
[H(pzAn")}" (PR)
1956,

1919
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Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes (continued).

Metal
Number Uco
coor- Number
of Mn band
Sample dina- of vco Refs.
valence position
tion bands
electrons  (cm?)
number
6 19 KBr: 3 Liddle et
[fac-Mn(CO)
2002, al., 2010
(-pzAn"9)],"
1905,
1884
(n-BusN),[Mn(CO)s(H,0) 6 18 2029(s), 3 Villannn
{M050:5(OMe)(NO)} 1933(s), eau et
1916(s) al., 1982
(n-BusN)3[Na{Mo50:3 6 18 2036(s), 3 Villannn
(OMe)(NO)}> 1930(s), eau et

{Mn(CO)s}] -MeOH 1920(s) al., 1982
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Table 5.1 vco IR bands characterizing isolated and supportedyaraase

carbonyl complexes (continued).

Metal
Number Uco
coor- Number
of Mn band
Sample dina- of vco Refs.
valence position
tion bands
electrons  (cm?)
number
Mn(CO)3(CsHbs) 6 N.A. 2033, 2 Klaui et
Co{P(O)R;} 3 1920 al., 1985
6 18 2070, 3 Purnell
Re(CO)oin
2014, et al.,
cyclohexane solution
1976 1994
0 N.A 2028, 3 Kirlin et
Re(CO}{O-Mg}
1905, al.,1986
{OH-Mg} >
1862

%0s = Oxygen originating from the support.

Ptripod = 1, 1, 1-tris((diphenylphosphino)methyl)etie

“triphos = bis(2-(diphenylphosphino)ethyl)phenylpblaoisie

ddppb = 1,4-bis(diphenylphosphino)butane
°3,5-DBCat = 3,5-di-tert-butylcatecholate
'Py = Pyridine

9PPh = Triphenylphosphine

"H(pzAnMe) = 2-(pyrazolyl)-4-toluidine ligand
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5.3.6 Characterization of sample containing 1.0 wt% Mn fdlowing

treatment in H,

5.3.6.1IR spectra

The IR spectrum of the sample after treatmeniawihg H, as the
temperature was ramped to 700acks bands in theso region (Figure 5.5, spectrum
C), indicating that all the carbonyl ligands ha@ibeemoved.

5.3.6.2EPR spectra

The EPR spectrum of this decarbonylated sampiguf& 5.6,
spectrum C) is characterized by an intense sexteymerfine lines characteristic of
Mn?* species, with the intensity being greater thart theracterizing the sample
prior to treatment in b evidently the treatment that led to decarbongtatof the
manganese species affected the EPR signals, bdatahelo not determine the ligands
replacing CO on the:manganese and, as discussaedt,libky do not simply indicate
a change in the amount of ¥rin the sample.

5.3.6.3Mass spectra of effluent gas

As the sample was being treated in flowing khass spectra of the
effluent gas were recorded (Figure 5.7). Consisteth the IR data demonstrating
decarbonylation, the mass spectra of the effluastigdicate the presence of CO in
the effluent stream; furthermore, the effluent eomtd CQ, CH,;, and CH fragments
presumably formed from CO, ,H and possibly the support surface. As the
temperature was ramped up, CO signals appeare2BaB23, and 518 suggesting
the presence of multiple surface manganese carlsp@dies in the sample prior to
treatment in KL The CQ signals appeared at temperatures higher than those

characteristic of the CO, namely, at 200, 336, &Id'C consistent with the
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formation of CQ by reaction of CO. Furthermore, the signals repnéing CH and
CH; were observed at 205, 336, and &l14uggesting that they were also formed in
reactions of CO and H
5.3.7 Characterization of sample containing 1.0 wt% Mn fdlowing

treatment in O,

5.3.7.1 IR spectra in the vco region

The sample containing 1.0 wi% Mn was treatedawiihg O, at room
temperature. The sample color changed from palleweio light brown after the
treatment. The IR spectrum changed as a resutedir¢atment (Figure 5.5, spectra A
and B). The bands representing/the untreated saropiesponding to MiiCO) on
MgO (at 2050(sh), 2000(m), and 1978(sh)drand that corresponding to manganese
pentacarbonyls (at 1869(m) &nwere no longer observed; It can be inferred that
these species were removed in the oxidative trgd@tmelhe resultant spectrum
(Figure 5.5, spectrum B) ‘includes.only three bamdshe vco region (at 2042(s),
1947(s), and 1905(s) ¢y which are in agreement witito bands characteristic of
manganese tricarbonyls (Table 5.1). These threelsbahifted slightly to higher
frequencies as a result of the @eatment. The IR spectrum of this-tleated sample
was simpler than that of the initial sample, sutjggsthe presence of more nearly
uniform surface species; consequently, this sanm@e characterized by EXAFS

spectroscopy.
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Figure 5.5 Normalized IR spectra in theso region of sample prepared from
Mny(CO)0 and MgO (1.0 wt% Mn) (A), sample from spectrum ffeatreatment in

flowing O, (B), and sample from spectrum A after decarbongfafC).
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Figure 5.6  EPR spectra of sample prepared fromy(@®),0 and MgO (1.0 wt%
Mn) (A), sample from spectrum A after treatmentlowing O, (B), and sample from

spectrum A after decarbonylation (C).

5.3.7.2Mass spectra of effluent gas

The mass spectra characterizing the effluent gasngl the Q
treatment (Figure 5.7) indicate the presence of @@monstrating that carbonyl
ligands in the sample were removed during the€atment.

5.3.7.3IR spectra in carbonate region

The IR spectrum in the carbonate region represgnitiea sample after
the Q treatment (Figure 5.3, spectrum C) shows an iserea the intensity of the
band associated with monodentate carbonate (at d#8¥% This result suggests that

the G treatment caused the formation of carbonate. Berthe CO ligands attached
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to the Mn atoms were the only carbon-containingcig®ein the sample, it can be
inferred that some of the CO was removed and redetith Q and form carbonate
groups adsorbed on the MgO. This inference is aupg by the evidence of removal

of CO during the treatment as observed by the s@estra of the effluent.

128
N\
- 923 513
<
> 336 .
g CO
o) 205 514
n +
3 CH4
= +
CH3
200 336
514 .
CO2
T T T

U T 7 T E

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5.7  Mass spectra of the effluent gases formed byrreat of the sample

prepared from Mg{CO),p on MgO (1.0 wt% Mn) in flowing Bl The data were not

normalized.
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Figure 5.8  Mass spectrum: the CQignal characterizing the effluent gas formed

by treatment of the sample prepared from,({@®O), on MgO (1.0 wt% Mn) in

flowing O, at room temperature.

5.3.7.4EPR spectra

The signal of sextet hyperfine lines correspondimgvin®® was still
observed in the spectrum of the sample after the€tment (Figure 5.6, spectrum
B), but its intensity was greatly reduced relatieethat of the untreated sample
(Figure 5.6, spectrum A), indicating that almostadithe Mrf* had been converted;
we infer that the manganese had been oxidizedthéumore, the broad base line
observed in the spectrum of the untreated sampke remnoved by the treatment,
consistent with the inference that almost all the*\vhad been oxidized. These data
are consistent with the IR spectra showing that Mme(CO), and manganese

pentacarbonyl species were converted by reactitin @i
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5.3.7.5XANES spectra

The XANES spectrum characterizing the sample coimigr 1.0 wt%
Mn after treatment in ©is shown in Figure 5.9. The spectrum shows aifsegnt
shift in the edge position (relative to that of alkt manganese) to higher energies,
strongly suggesting that the manganese in the sawgd cationic, in agreement with
the EPR results and the treatment conditions. éldge shift of 9.7 eV is compared
with the literature values determined by XANES afious manganese compounds,
shown in Figure 5.10. The comparison providessasbi@r estimating the oxidation
state of manganese in the-tbeated sample, but the comparison is open totigumes
because of the inconsistency of the literature esmlof the edge energies. A
comparison of our data with-those of Lopez-et 2004) (Figure 5.10) indicates
manganese in an oxidation state-of-approximatelywtiereas a comparison of our
data with those of Stueben et al. (2004) indicatasganese in an oxidation state of
approximately +3, and a comparison of our data wittee of Campos et al. (2010)
indicates manganese in an oxidation state of appedely +2 (Figure 5.10). We
discount the third of these possibilities on theidaf our EPR data indicating that
almost all the MA" had been removed in the oxidative treatment.

5.3.7.6EXAFS spectra

EXAFS data characterizing the sample containingvlt% Mn after
O, treatment and the best-fit model are shown inféigull (the plots for the other
models are shown in appendix A). Each of the notleht led to satisfactory fits
included Mn—-C, Mn-0O*, and Mn—=Qcontributions, described below. An attempt
was made to fit the data by including a Mn—Mn citmition, but no such contribution

was found. The inclusion of a Mn—Mg contributi@tthough it gave a model with a
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good fit, did not give an acceptableyj® value. Details are presented in Appendix A.
The fitting demonstrated that the data quality Veas than excellent, and tkeange

for which meaningful analysis could be done wastéhto 3.08 to 9.50 A
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Figure 5.9 XANES spectra characterizing the sample preparech fivin,(CO)o

on MgO (1.0 wt% Mn), after &treatment and manganese foil.
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Figure 5.10 XANES calibration data.and comparison with edgét sii supported
manganese carbonyl species after treatmentsin Oterature data characterizing
standard samples (including. manganese foil and aresg oxides) as showr],
Lopez et al.;O, Stueben et al.y/, Campos et al.ll, datum obtained in this work
shown on each of the three lines to indicate-thegaaese oxidation state according

to each of the three literature data sets.

Thus, the EXAFS fits that were found to be mostrappate included
Mn—-C, Mn—-0O*, and Mn—-Os contributions (Table 5.Bor each of these models, the
results indicate Mn—C and Mn-O* contributions witloordination numbers of
approximately 3, indicating manganese tricarbongtssistent with the IR spectra.
A Mn-0Os contribution was consistently indicated, but, hessathe strong correlation
between the coordination number and the Debye-Wilttor, it was not possible to
discriminate between the models with Mn-g@ordination numbers of approximately

1, 2, and 3 (for Models 1, 2, and 3, respectivdighble 5.2) The Mn—Qdistances in
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each case were found to be close to 2.0 A (Tatfle Al three of these models
provide satisfactory overall fits, but model 3 iseferred because the number of
ligands and total valence electrons of mangane&selgctron rules) is the most likely
possible (see the discussion part). The lack of Mim-eontributions is consistent
with the presence of mononuclear manganese congplexe

In summary, the data indicate that the Mn—Mn bantin,(CQO),o had
been cleaved, resulting in mononuclear manganeseiesy and these cationic

complexes are well approximated as manganeseliaogis.

5.4 Discussion

5.4.1 Reaction of Mny(CO)1owith MgO

The data clearly demonstrate that @O}, reacted with OH groups and
CO:* on the MgO surface and thus that the depositidntdesome chemisorption.
The IR spectra characterizing the resultant supdomanganese carbonyls can be
compared with the results of Keyes et al. (1989 wlso used vapor deposition of
Mny(CO)yp to prepare MgO-supported samples. Their suppastavpressed 0.3-mm-
thick wafer that was thin enough for transmissiéh dpectroscopy; it had been
pretreated at 40, as had our MgO. Keyes et al. (1989) obsenmgspectra as the
Mn,(CO),o deposition was taking place, presenting resuléd they interpreted as
evidence of adsorption combined with breaking of -Mm bonds and
decarbonylation. Specifically, they observed baati2052, 2000, and 1978 ¢m
(among others), in good agreement with the bandsisnwork at 2050(sh), 2000(m),
and 1978(sh) cih for example. They inferred the presence of,(@0)y, itself, of

[Mn(CO)s]’, and of Mn(CO)Os)sx (X = 2—4), in broad agreement with data and
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interpretation in this work. However, the manganeséings in the samples of Keyes
et al. (1989) were not reported, any role of swefagdroxyl groups was overlooked,
and the surface species generally consisted of koaigd mixtures, in contrast to

what we observed after treatment of our samplezier@he samples made by adding
only small amounts of M(CQO),, to the MgO.

The oxidative fragmentation of M{TCO),o in our work is in line with the
chemistry of Ma(CO), in solutions of nitrogen- and oxygen-donor ligameigorted
by Stiegman and Tyler (1984). They observed theprdportionation and
decarbonylation of Mi{CO),o 0ccured with 1,2-bis(dimethylphosphino)ethane &pp
or bis-(2-(diphynylphosphino)ethyhphenylphosphir{eiphos), to give products
including [Mn(CO}]” and [Mn(CQ)Lg,]" where x = 0-4 and L is a ligand.

The EPR evidence of Mh-in-the initially prepared sample in this work
indicates that manganese in the precursos(®),, was oxidized as a result of the
chemisorption on MgO. It can be proposed that thease hydroxyl groups on MgO,
which the IR spectra show reacted with the,(@®),o, were the oxidizing agents.
There are other examples of the oxidation of metalsoxide supports by surface

hydroxyl groups, exemplified by the oxidation otlreanium-osmium clusters on

Al,O3 (Scott et al., 1981) and rhodium clustersyei ;03 (van't Blik et al., 1985).
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Table 5.2 EXAFS parameters characterizing sample prepam@t mn,(CO)o

supported on MgO (1.0 wt% Mn) aftep @eatmerit

Absorber—
Model Ac?x 10°
backscatterer N R (A) AEy (eV) (Ay)*°
Number (A9
pair
1 Mn-C 3.2 1.93 9.0 6.3 107
Mn-O* 3.0 3.29 12.1 6.3
Mn-Os 1.1 2.05 10.0 2.7
2 Mn-C 2.7 1.92 7.8 3.9 122
Mn-O* 3.0 3.33 11.9 3.9
Mn-Os 1.8 2.00 10.5 8.9
3 Mn-C 3.2 190 10.4 3.4 140
Mn-QO* 3.2 3.33 12.6 3.4
Mn-Os 2.6 1.98 13.8 9.9

®Notation: N, coordination numberR, distance between absorber and backscatterer
atoms;Ac?, sigma-squared value (disorder termi, , inner potential correction; O,
oxygen of carbonyl group; £Ooxygen atom of MgO. In the fitting, th&E, values

for Mn—C and Mn-O were constrained to be equalpidat errors: N, +20%; R,
+0.04 A; Aoy, £20%; AEo, £20%.

P (Ay)? is a measure of the quality of the fit, as defiedlsewhere (International

XAFS Society, www, 2010).
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Figure 5.11 EXAFS data characterizing sample prepared from(®@), on MgO
(1.0 wt% Mn) after @ treatment & ; data, ..... best-fit according to model 3§
weighted EXAFS function ik-space. (A); imaginary part and magnitude of EXAFS
function in R-space with FTk’-weighting (B), FTk'-weighting (C), and FTi*-

weighting (D).

5.4.2 Oxidation of initially prepared supported manganesecarbonyls

The oxidative treatment at room temperature ledatoversion of the surface
manganese carbonyls, as shown by the change inRhgpectrum and by the
formation of gas-phase products (such as CO and) Gidserved by mass
spectrometry. The EPR data show clearly that th@eht manganese was removed,

evidently by oxidation.
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The XANES data show that the manganese was in @mlizer state after the
sample had been exposed ta GHowever, as a consequence of the inconsistency i
the literature regarding the XANES edge positioluea (Figure 5.10), determination
of the oxidation state(s) of Mn in our sample by NS spectroscopy is not
unequivocal.

To elucidate the state of the manganese, exammatithe likely forms of the
manganese complexes that are expected on thedfdbs known organomanganese
chemistry was performed. The most common (statie)plexes of manganese are
18-electron and 16-electron complexes (Shrivel.etl890). We infer from the EPR
data (and the treatment conditions) that the olddaitate of manganese was greater
than +2. Thus, the number of bonding electronplkegh by the manganese must be
less than 5, with the likely values: being 2 or @fresponding to M and Mri™
respectively. On the basis of the EXAFS and IRad#iite manganese complex in the
oxidized sample was a manganese ‘tricarbonyl, arsl rdsult was used in the
following electron counting; the key complicatios that the EXAFS data do not
distinguish the Mn—Qcoordination numbers-the data are consistent wallies of
nearly 1, 2, and 3.

To proceed with the electron counting, the contiady XANES data of
Figure 5.10 were used to estimate the candidatkatgn state of the manganese. The
XANES data of Campos et al. (2010) were ruled adaoise they indicate that the
manganese in the oxidized sample was nearly'NFigure 5.10), contradicting the
EPR data.

If, instead, the data of Lopez et al. (2004) weyasidered to be correct, then

the comparison of XANES result in this work witrethdata would indicate that the
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manganese had been oxidized to°MnMn®* complexes are’ccomplexes, and if the
tricarbonyl of M* were six-coordinate (the Mn<@oordination number would be 3,
which is consistent with the EXAFS data; each oxygkthe support is regarded as a
two-electron donor), then the supported manganes®lex would be a 14-electron
complex. Because these are rare, this possibiity discounted. If the manganese
tricarbonyl of M were five-coordinate, it would be a 12-electromgtex, which is
even more unlikely and rejected.

The remaining possibility is that the more reliaBlBNES standard data are
those of Stueben et al. (2004). According to frossibility, the manganese in the
oxidized sample would be nearly Mr{Figure 5.10). MA" complexes are common;
these are tcomplexes: If the tricarbonyl-of Mhwere six-coordinate (the Mn<O
coordination number would be-3, which'is consisteith the EXAFS data; again,
each oxygen of the support is regarded as a twairefe donor), then the supported
manganese complex would-be a 16-electron compkgcause these complex are
common, this model is considered to be a highlglyikpossibility. Examples of six-
coordinate 8 complexes of manganese include the following (@otnd Wilkinson,
1980): Mn(acag)(acac = acetylacetonato) and [Ma(&)3]*".

If the manganese tricarbonyl of Mnwere five-coordinate, it would be a 14-
electron complex, which is highly unlikely and refed.

Thus, it can be inferred that the supported margmonemplex in the oxidized
sample is a‘icomplex with three carbonyl ligands and bondelig® as a tridentate
ligand. The structure is inferred to be closelynparable to one incorporating an
oxometallate ligand that can be regarded as a moflein oxide surface; the

corresponding compounds are-BusN)2[Mn(CO)3(H20){M0o5s0,3(OCH;s)4(NO)}]
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and (-BusN)3[Na{Mos0:3(OMel(NO)}AMN(CO)3},]-MeOH (Villanneau et al.,
2003), which are formed by oxidation and decarbatigh of MnBr(COj} in solution
by a route that is roughly similar to this work.

Correspondingly, it can be inferred that the mdstly Mn—Q; coordination
number is 3 and the probable structure of our stpgamanganese complex is as
shown in Scheme 5.1, where the distances are twsesponding to the preferred

EXAFS model 3.

Scheme 5.1 Proposed structure of surface manganese tricarlspegies prepared
from Mny(CO);0 on MgO (1.0 wt% Mn) after ©treatment; the distances are in A, as

determined by EXAFS spectroscopy for the prefemedel 3.

The CO stretching frequencies of the sample tlsatinferred to be a
manganese tricarbonyl appear at lower wavenumbes those of Mg{COp.
Although the oxidation state of manganese in thexgaaese tricarbonyl species
(Mn*") is higher than that in MCO), (Mn%), the presence of the three surface
oxygen atoms as ligands affects the stretchinguerqy of CO, which consequently

shifts the CO bands to lower frequencies than tlod$dn,(CO),0. Correspondingly,
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there are several examples of manganese tricarboorylplexes with oxygen-
containing ligands for which theco bands are at lower wavenumbers than those of
Mn,(CO)yo (Table 5.1). Examples in Table 5.1 include comeéewith strong and
weak back-bonding tendencies. An example is MngEQHs)Co{P(O)R:} 3 (Klaui

et al., 1985), which is characterized ¥y bands at 2033 and 1920 ¢mMoreover,

this behavior is also observed in the rhenium thcayl complexes (Kirlin et al.,

1986; Purnell et al., 1994).

5.5 Conclusions

A sample prepared by vapor deposition of,fl@0), on MgO was treated in
flowing O, at room temperature to form a species shown byat EXAFS
spectroscopies to be a manganese. tricarbonyl andnsby EPR spectroscopy to
incorporate manganese an oxidation state greas#r #2. The EXAFS data and
electron counting lead to the inference that thecks is a 8 complex bonded to

three oxygen atoms of the MgO support as showrche®e 5.1.
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CHAPTER VI
ADSORPTION OF MANGANESE CARBONYLS
Mn(CO)sH AND Mn(CO) sCH; ON PARTIALLY

DEHYDROXYLATED MgO

Abstract

This chapter is a report of the preparation andattarization of manganese
carbonyl complexes supported on MgQ. A family of ®gupported manganese
carbonyl complexes was prepared. by chemical vapmosition of mononuclear
manganese carbonyls, Mn(G#&) and Mn(COJCHs, -on partially dehydroxylated,
high-area MgO powder. ' The resultant.supported sasmpkre treated in flowing O
to produce highly uniform surface species. CharaaBon of the samples by
infrared, electron paramagnetic resonance, andyXalsorption spectroscopies
showed that the adsorption of Mn(GB)on MgO produced a mixture of manganese
pentacarbonyl and manganese tricarbonyl speciésmadinganese in a cationic form.
Treatment of this sample in flowing,@esulted in the disappearance of manganese
pentacarbonyl species, allowing the formation ohgamese tricarbonyl in high yield.
In contrast, the adsorption of Mn(G{QH; on MgO led to a surface-bound
manganese tetracarbonyl, with manganese in a aafiem; this sample was stable

in Oo.
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6.1 Introduction

Supported transition metal complexes, a well-ingas¢d and widely applied
class of catalyst, consist of metal complexes dsgzbon high-area porous supports
that are usually metal oxides (Hlatky, 2000; Yonextaal., 2001).The catalytic
activity of a supported metal complex is affectgdtlire metal, the ligands bonded to
it, the support (which may also be a ligand) (Ttaéle 2009), and the oxidation state
of the metal. Determinations of the properties opmorted metal complexes are
usually based on spectroscopic characterizatiamsinterpretation of the spectra is
often challenging because of the nonuniformityha support surface and the species
bonded to it (Schneider et al., 1984). Combinatiohsomplementary spectroscopic
methods are usually required for a good structeterchination, and interpretation of
the spectra is facilitated when the synthesis efdtrface species is precise and the
surface species are as uniform as possible.

To goal of synthesizing supported metal complexed are nearly uniform
motivates the choice of the precursor. It is hdlpfwse precursors with well-defined
structures and reactive ligands—thus, organometetimplexes (Chotisuwan et al.,
2006; Psaro and Recchia, 1998). Metal complexe$ wdrbonyl ligands are
especially useful because the CO ligands allowkingcof the surface chemistry by
infrared (IR) and complementary spectroscopies. &ample, the adsorption of
Fe(CO} on dehydroxylated MgO led to a mononuclear surtqeeies represented as
[(CO).Fe(CQ)]*{Mg?"} (where the brace represents groups on the suspoface)
(Guglielminotti and Zecchina, 1984). The chemisomptof H,Os(CO) on MgO

produced species represented ag}tH(CO)OsHCO {Mg?}(Lamb and Gates,
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1986). The reaction between Re(G@)and MgO resulted in surface species
represented as [Re(C{) H*{MgO} (Kirlin et al., 1990).

Beyond its value as a probe of structure of metahmexes, CO offers
numerous other advantages in investigations of aeg catalysts: (a) CO is a good
electron-donor ligand that can stabilize metal eentwhile being small enough to
allow coordinative saturation of the complexes,@d) is a reactive ligand that is an
intermediate in a number of catalytic reactions, dnfldecarbonylation of supported
metal complexes is often possible under mild coolé, so that metal carbonyls on
supports may be precursors of metal complexes witwide variety of ligands
(Fierro-Gonzalez et al., 2006; Liang et al., 2009).

The chemistry of reactions of metal carbonyl cometewith metal oxide
surfaces includes chemisorptions that involve padecarbonylation of the precursor
(Hugues et al., 1982yleavage of metal-metal bonds (Purnell et al., },98dduct
formation via a bridging ‘CQO figand (Youngs et &l983), and replacement of
carbonyl ligands with other ligands (Kirlin et al990; Kirlin et al., 1986; Lobo-
Lapidus and Gates, 201€)ch as oxygen of the support surface. Furthernmoetal
cluster formation (Kulkarni et al., 2009), and/eagmentation of metal carbonyls
(Bhirud et al., 2005) are also observed on metaleogurfaces.

The supported metal carbonyl complexes that haen bnvestigated most
widely are those of Group-8 transition metals. Reddy little has been reported with
complexes of transition metals in Group 7, mosthatt with rhenium (Kirlin et al.,
1986; Papile et al., 2000; Kirlin et al., 1990).efé& are various routes to prepare
metal carbonyl on metal oxide. Papile et al. (20@0)Nnd that reaction of RECO)o

and partially dehydroxylated MgO produced }@O)]*> as surface species.
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Treatment of these species either in vacuum, Heaioled to the formation of
rhenium subcarbonyl containing; [Re(G@Mg} {HOMg} 3.4](Papile and Gates,

1992). On the other hand, the adsorption gR&(CO), and Re(COH on MgO

of both surface species undes & He produced Re(CgD-Mg)(HOMQg), (Kirlin et
al., 1990).

Manganese has been relatively neglected, with améw reports of supported
complexes (Keyes et al.,, 1989; Khabuanchalad et28l10),although there are
several attractive manganese carbonyl precursoadable, including Ma(CO)o
(Ramallo-Lopezet al., 2004; Dahl and Rundle, 1963), Mn(@®)(Edgell et al.,
1969), and Mn(CGBr (Huang et al.,, 2000). In contrast to surfacentisey of
Re(CO), the adsorption of MiCOxe on MgO produced more than one surface
species, which are physisorbed M}M2O),0, manganese pentacarbonyl and manganese
tricarbonyl. Treatment of these surface specie®drresulted in only one surface
species, which is manganese tricarbonyl (Khabudadlet al., 2010). Furthermore, a
solution of manganese complexes is also used adysttfor example, in the
oxidation reactions (Ishii et al., 1999; Tagliatest al., 2006).

In our previous work, we found that binuclear cdemp Mmny(CO)p,
oxidatively reacts on MgO to give mononuclear manag& carbonyl species, so we
extend the investigation of supported manganese plex@s prepared from
mononuclear manganese carbonyls, Mn@#B) and Mn(CO3H, to allow
comparisons with the earlier work (Khabuanchaladalet 2010). High-area MgO
powder was chosen as the support because we dkpeaxidation of Mn(CQJCH;

and Mn(CO3H on MgO surface as observed in the reaction of(l@),o and MgO.
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The Mn(CO3CH3z and Mn(CO3H are highly volatile compounds that provide
the opportunity to prepare supported samples bynates vapor deposition (CVD)-
thus, in the absence of any solvent and the coatplitcs resulting from solvent-
support interactions.

Our goal was to identify the surface species falrmem these precursors on
MgO and to investigate the stability of the suppdrspecies in ©by using a set of
complementary physical methods, including infrai@), electron paramagnetic

resonance (EPR), and X- ray absorption spectross@iAS).

6.2 Experimental

6.2.1 Synthesis of Mn(CO}H

Mn(CO)H was synthesized by a method essentially matcthag reported
for the synthesis of'Re(C€ (Urbancic and Shapley, 1989). The starting makeri
was Mn(CO3Br (Strem, 98%) (instead of Re(CfBY)). Tetraglyme (Sigma-Aldrich,
99%), phosphoric acid (EMD Science, 85%), zinc d&gther Scientific, 99%), and
phosphorus pentoxide (Sigma-Aldrich, 98%) were uaedreceived. All handling
during the syntheses was carried out in affilled glovebox (AMO-2032, Vacuum
Atmospheres, with ©@and moisture contents each <1.0 ppm). Standardedch
techniques were used to minimize exposure of thapks to air. The liquid
Mn(CO)XH (clear solution) formed in the synthesis wasedoin a refrigerated air-
tight flask with paraffin-sealed joints until it waused for the synthesis of the

supported samples by CVD.
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Mn(COxD was also prepared as described above, except alhathe
glassware was treated with@ (Cambridge Isotope Laboratory, 99.9%) before use,
and PO, (Acros Organics, 85%) was used instead s# 6.

The products Mn(CG@H and Mn(CO3D were authenticated by IR
spectroscopy of the gas-phase compounds [= 2033(sh), 2028(s), 2023(sh) and
2018(sh) crit for Mn(COXH and uco = 2035(sh), 2029(s), 2024(sh) and 2020(sh)
cm* for Mn(CO)D], matching literature values (Edgell et al., 1969

6.2.2 Synthesis of Mn(CO}CH3

Mn(CO)CHs was synthesized by a route analogous to that tegbdior
Re(CO}CHgz (Zybill, 1997). The starting material was MB0O)o (Strem, 98.0%)
(instead of RECO),). Mercury (Quicksilver Products Inc.), sodium (Atch, 99%),
anhydrous tetrahydrofuran (Aldrich; 99.9%), and mgketiodide (Acros Organics,
99%) were used without further purification. Thenthesis and handling were
performed with exclusion of air and-maisture oncalale-manifold Schlenk line. The
C-H bonds and carbonyl groups of Mn(GOMs (white solid) was confirmed b{H
NMR (CD.Cl,) (6 = -0.09 ppm)Zybill, 1997)and IR spectroscopyéo = 2111(w),
2009(vs) and 1986(w) ch) (Mahmood et al., 2006), respectively.

6.2.3 Synthesis of MgO-supported sample from Mn(COH

MgO powder (EMD Science, 98.0%, BET surface arepr@pmately 70
m?/g) was calcined by using the method describedhiap®r V. In the glovebox, a
flask containing the highly volatile, air-sensitiekear liquid Mn(COgH was quickly
connected to another flask containing calcined Mp@wvder via a glass tube
equipped with a high vacuum valve and ground-gjasgs. The section containing

MgO was separated from the assembly containing @& by a high vacuum
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valve. The apparatus was removed from the glovetsak connected to the Schlenk
line. The flask containing the Mn(C£p) was placed in a dry-ice/acetone bakh=(-
55C). When the Mn(CGQH was frozen, the system was evacuated for 15 min t
remove N, and then the high vacuum valve that was usedeparate the MgO
section from the Mn(CQH section was opened for 30 min to allow the Mn(&0D)
to sublime and deposit onto the MgO powder, whicais weing stirred in the
adjoining flask. As the vaporized Mn(C4Bl) was deposited, the color of the powder
changed from white to yellow (any exposure of thesnple to air caused it to turn
brown). The sample was evacuated overnight to renpbysisorbed Mn(CGH and
stored in the glovebox. The amount of Mn(G@)deposited on MgO can not be
controlled because the Mn(CGsBl)precursor-is highly volatile.

The MgO-supported Mn(CGD sample was prepared in the same way as
MgO-supported Mn(CQH sample.

6.2.4 Synthesis of MgO-supported sample prepared from M©O)sCHs3

Because Mn(CQHs, a white solid, is also highly volatile, it waspidsited
onto MgO by a procedure similar to that used fer deposition of Mn(CQH. After
the apparatus had been assembled in the glovabeasitaken out and connected to
the Schlenk line; in this synthesis, the cold ba#ts dry-ice/isopropanoll(= -25C).
Then the system was evacuated for 15 min and watoezbm temperature to allow
sublimation of the Mn(CQTHs. The masses of Mn(C&JH; and MgO were chosen
to give a supported sample containing 1.0 wt% Mhe Bample was evacuated

overnight and stored in the glovebox.
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6.2.5 Treatments of supported samples

It was reported in Chapter V that treatment in flogvO, of MgO-supported
samples prepared from MIECO)o resulted in nearly uniform surface manganese
complexes. Hence, the MgO-supported samples pregeos Mn(CO}H and from
Mn(CO)CHs were treated in ©in a once-through quartz tubular flow reactor. ieac
powder sample (1.0 g) was loaded into the reactdhé glovebox; the sample was
held by a frit mounted near the center of the tutd@ch was sealed on both ends by
O-ring compression fittings. The reactor was rengofrem the glovebox, and then
both ends of the reactor were connected to the figstem—without exposure of the
sample to air. At room temperature; (0.1 bar) (Airgas, 10% by volume in helium)
was fed to the reactor at a rate of 60 mL(NTP)/fom6 h, and then the sample was
flushed with flowing helium, and the reactor waaled and returned to the glovebox.
The effluent was analyzed with an online mass spetter.

6.2.6 Spectroscopic characterization of samples

6.2.6.1IR spectroscopy
The partially dehydroxylated MgO and the samplespared from

Mn(COxH and Mn(CO3JCH3; supported on MgO (before and aftep @eatment)
were characterized with a Bruker IFS 66v IR speungter equipped with DTGS and
HgCdTe detectors. In the glovebox, each sample pvassed between two KBr
windows and placed in a gas-tight cell (Internadlo@rystal Laboratories, Garfield,
NJ). The cell was then loaded into an airtight eaorér. The container was removed
from the glovebox and mounted in the spectromdtben the spectrometer sample
chamber was evacuated immediately (pressuré mbar), and the vacuum was

maintained as the spectra were recorded at roorpeture, in transmission mode,
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with a resolution of 4 cth Each reported spectrum is the average of at 28t
scans.

6.2.6.2EPR spectroscopy

The calcined MgO and the supported samples befode adter Q
treatment were characterized by EPR spectroscopgh Eample in the Nilled
glovebox was loaded into a 4-mm O.D. quartz EPRe tabd sealed with an Ultra-
torr® fitting. The EPR tube was removed from the glovebnd evacuated (pressure
~ 1x10° mbar) for 30 min and-then flame sealed. EPR date® wellected at the
CalEPR Center at the University of California, BauWCA. Each sample was scanned
at -223C on a Bruker ECS 106 X-band 0.5 GHz) spectrometer equipped with a
Bruker ER4102ST cavity operating in the ;§E£ mode. Measurements were
performed with a microwave power of 10 mW, a fieiddulation of 0.2 mT at 100
kHz, and a sweep rate of 0.1 mT/s. Ten scans warenaulated for each reported
spectrum.

6.2.6.3X-Ray absorption spectroscopy

The supported samples before and aftes eatment were
characterized by XAS. Data collection was perfornadbeamline 9-BM of the
Advanced Photon Source (APS) at Argonne Nationabtatory,Argonne, IL, and at
beamline X-18B at the National Synchrotron Lighu8e (NSLS), Upton, NY. Each
of the beamlines was equipped with a Si(111) deabjstal monochromator which
was detuned by approximately 25-30% at the Mn Keetigminimize the effects of
higher harmonics in the X-ray beam. The intensftthe X-rays entering and exiting

the sample was measured with two gas-filled ionmdbexrs, and a third ion chamber
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was used to collect the spectrum of a manganekeded as a reference for energy
calibration.

The samples were loaded into a stainless-steel riggietube sealed
with O-rings and transferred to the synchrotronerehit was handled in anHilled
glovebox. The @and moisture contents of the glovebox at APS viet® and 1.3
ppm, respectively, and the,@nd moisture contents of the glovebox at NSLS were
less than 1.0 ppm. The mass of each sample waslaiaid to provide an absorbance
of about 2.5 to give a nearly optimized signal-tose ratio in the data.

The sample prepared from Mn(GE)on MgO and treated inQwvas
weighed and pressed into a self-stupporting wafésrbeat was loaded into the cell
(Jentoft et al., 1996), which allowed scanninglef sample without exposure to air.
The other samples were weighed, mixed with inerobmitride powder (Aldrich,
98.0%, particle size1 um), packed into a stainless-steel plate, and tkeafed with
Kaptor® tape. All the sample-preparation steps ‘were chwig in the glovebox to
minimize the air exposure. The sample cell wassfeamed to the beam line and
mounted between the first two ion chambers. Eachpka was scanned at room
temperature in transmission mode at the Mn K edi#8q eV). Each reported
spectrum is the average of at least four spectra.

6.2.7 Data analysis

6.2.7.1EXAFS data analysis

EXAFS data analysis was conducted with a “diffeeefie” technique
(Koningsberger et al., 2000) by use of the softwdDAP (Vaarkamp et al., 1995).
The functions used to construct the structural red®ad minimize the error are

shown elsewhere (Koningsberger et al., 2000dhe first step of the data analysis, all
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scans of a given sample were aligned and averaBeference backscattering
amplitudes were calculated by using the FEFF7.0vs0€& (Rehr and Albers, 2000)
from crystallographic data characterizing Mn(G®)(Laplica et al., 1964) for
representation of Mn—-C and Mn-O* contributions (@ carbonyl oxygen).
The Mn—C-O moiety is characterized by collinear tiplé scattering. Mg(CO)o
(Dahl and Rundle, 1963yas used as a reference for Mn—Mn contributions, an
Mn,O3 (Pearson et al., 1985) and MnMg alloy (Pearsonl.et1885) were used as
references for Mn—Q(Mn-Q; refers to a relatively short Mn—O distance in supgd
samples incorporating oxygen of the support sujfacel Mn—Mg contributions,
respectively.

The data fitting was done IR-space (distance space) by using thee
weightings K°, k*, andk?). For a candidate'model to be considered apprepitavas
required to fit satisfactorily with all the-weightings. In the fitting with a candidate
model, the parameters characterizing each ‘conioibuthe coordination numbe,
the Ac? value (disorder term), the interatomic distarigeand the inner potential
correctionAEy were varied until an optimized fit was obtained &brk-weightings.
The number of parameters used in the fitting diden@eed the statistically justified
number calculated with the Nyquist theorem (Sayersal., 1971). The multiple
scattering in Mp(CO)yo calculated with FEFF7.0 was used to identify andthe
colinear Mn—C-O contributions.

Two criteria (International XAFS Society, www, 201@ere used to
determine whether an EXAFS fit was satisfactorystfi analysis was done to
determine whether the addition of each shell to thedel improved the fit by

decreasing the value of\f)? and, second, the parameters for each shell were
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checked to determine whether they were physicglgr@priate. Specifically, the
value of AEy was constrained to be in the range -10 to 10 eV, tha value ofAc?
was not to exceed x%0% AZ,

6.2.7.2XANES data analysis

Data in the X-ray absorption near edge struc{¢&NES) region
were analyzed with the software package Athena éRamd Newville, 2005). The
edge position of the manganese in each sampleakas &s the inflection point in the
measured X-ray absorption spectrum. The energg stahe XAFS spectrum was

calibrated by setting the edge position of the naaege foil to the reported value.

6.3 Results

6.3.1 Adsorption of Mn(CO)sH and of Mn(CO)sCH3 on MgO
6.3.1.10bservations during synthesis
When either Mn(CQJH, & clear liquid, or Mn(CQELHs, a white solid,
was deposited on MgO powder by CVD, the color efpowder changed from white
to pale yellow, indicating that each of these caxpt interacted with the MgO
surface.
6.3.2 Characterization of initially prepared samples
6.3.2.1IR spectroscopy
Spectrain voy region
IR spectroscopy was used to characterize the Ohpgron MgO. The
spectrum of the MgO before deposition of a manganssmplex (Figure 6.l1a,
spectrum A) includes an intense band at 3763, cattributed to singly coordinated

OH groupgqwith the oxygen atom bonded to only one surfadeca (Diwald et al.,
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2002), as expected and consistent with the lackoaiplete dehydroxylation of the
support. When Mn(CQH was deposited on the support, the intensity of tand
decreased substantially, showing that the OH groepsted with the precursor.

To track the reactivity of the hydride ligands dn(CO)H, a supported
sample was prepared from the labeled compound My@Oand again, IR
spectroscopy was used to characterize the reswéample. The spectrum in the OH
region includes a very weak band at 2774 dfFigure 6.1b), which is assigned to
surface OD groups (Datka et al., 2003). These tesleimonstrate that the adsorption
of Mn(CO)D on MgO involved not just-its reaction with OH gps but also

donation of a deuteron to surface oxygen atomsi®fMgO, or replacement of OH

groups by OD groups.:
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Figure 6.1 (a) IR spectra in theoy region characterizing MgO (A); the sample
prepared by CVD of the precursor Mn(GB)on MgO (B); the sample prepared by
treating the sample represented by spectrum B,iat@5C and R, = 0.1 bar (C);
and (b) spectrum in thepp region of characterizing the sample prepared from

Mn(CO)D and MgO.
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The IR spectrum of the sample prepared from MngC8} and MgO
(Figure 6.2) shows a decrease in intensity of tedbassigned to 1-coordinated OH
groups on MgO, indicating a reaction of the precumsith these groups. The-&
stretching band observed for the precursor at 28840d 2905(w) cil (Mahmooa
et al., 2006) was not observed in the spectrunhefsupported species, suggesting

that the CH had been removed as a result of chemisorption.
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Figure 6.2 IR spectra in thepy region of characterizing MgO (A), the sample
prepared by CVD of Mn(CQ@FH; on MgO (1.0 wt% Mn) (B), and the sample
prepared by treatment of the sample representespégtrum (B) in @at 25C and

R, = 0.1 bar (C).
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Spectrain vcoregion

The vco IR spectrum characterizing the sample prepareadn fro
Mn(COxH and MgO includes bands at 2039(s), 2020(m), 19394910(m), and
1870(w,sh) crit. These frequencies are different from those of fmecursor
Mn(CO)XH in the gas phase [2033(sh), 2028(s), 2023(sl) 281.8(sh) cr] (Edgell
et al., 1969), indicating that the precursor redqeteth MgO and formed manganese

carbonyl species that were not simply physisorlreduyrsors.
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Figure 6.3 IR spectra in thevco region characterizing Mn(CeH in the gas
phase (A); sample prepared by chemisorption of M®)E on MgO (B); and
spectrum of sample represented by spectrum (B} &ftetreatment at 2& and

R, = 0.1 bar (C).
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The literature provides a basis for assigning thg bands of the
supported manganese carbonyl species. The bandactdr&Zing the supported
sample made from Mn(CEH and MgO at 2039(m), 1939(s), and 1910(m)"cane
in the range of bands observed for the manganesarkionyls (a)mer trans-
[MNBr(CO)s{P(CeH4Cls)3}] -, observed at 2033(w), 1951(vs), and 1901 qiBeckett
et al., 2003) (b)fac,cis-[MnBr(CO)s(dppb)], at 2028(s), 1962(s), and 1910(s),
(Beckett et al., 2003)nd (c)fac-MnBr(CO)[H(pzAn"®)], at 2029, 1923, and 1902
cm® (Liddle et al., 2010).

The bands at 2020(m) and 1870(sh)‘cmimost match the most
intense band of Mn(C@) in THF [(2118(vw), 2016(vs), and 2007(s) ¢in
(Muetterties and Dekker, 1971) and Mn(G@n MgO [1863, 1891 c (which is
inferred to interact weakly with the surface) (Keyet al., 1989), respectively. Thus,
it can be inferred that there were at least two gaaese carbonyl species in this
sample.

The IR spectrum of the sample prepared from MngC8) and MgO
is characterized byco bands in positions different from those of Mn(@ChHi; in
CH,Cl, solution (Figure 6.4, spectrum Apdo = 2012(vs) and 1987(m) chh
indicating that the Mn(CQLH; reacted with MgO and was converted to other

manganese carbonyl species.
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Figure 6.4 IR spectra of -Mn(CQfLHs in .CH,Cl, solution (A); of sample
prepared by deposition ‘of Mn(C§@Hs on MgO (1.0-wt% Mn) (B); and of sample

represented by spectrum B aftert@atment at 28 and R,= 0.1 bar (C).

The spectrum of the sample prepared from MngC8B) and MgO
(Figure 6.4, spectrum B) includes bands at 20552038(w), 1981(w), and 1944(s)
cm?, which are in the same range as the bands cherame the following
manganese tetracarbonyl complexes: (a) [Mn(&PMe,), at 2015(vs), 1978(s),
and 1936(s) cm (Almond et al., 1995); (b) [Mn(CGBr],, at 2056, 2023, 1982, and
1954 cmi* (Abel and Butler, 1964); (c) [Mn(CQl),, at 2048, 2022, and 1983 ¢m
(Abel and Butler, 1964); and (d) Hg[Mn(C§{POPHh)], at 2055.0, 2021.3, 1977.0,
1964.7, and 1954.2 ch(Parker, 1969). Because the IR bands at 2948(w) and

2908(w) cm (Mahmooa et al., 2006), corresponding to €Hroup were not
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observed in the spectrum of the supported sammenter that the Cklgroup was
removed as a consequence of the adsorption.

6.3.2.2XANES spectroscopy

Because the IR spectra show that the sample pikpéem
Mn(COxH and MgO consisted of a mixture of supported maega carbonyl
species, this sample was not characterized by XAISR&troscopy (as the data
quality would not allow a satisfactory resolutiohtbe components of the mixture).
However, the XANES spectrum ' characterizing the damprepared from
Mn(CO)CHsz and MgO shows the edge energy at 6549 eV whid0igV higher
than that of manganese foil, indicating that thengamese in this supported sample
was predominantly present as cationic species:

6.3.2.3EPR spectroscopy

The EPR spectrum of the sample formed by adsorpidvin(CO)H
on MgO (Figure 6.5, spectrum:B) indicates a sigriadextet hyperfine splitting with
a coupling constant of 82.11G, indicative of ¥iMariscal et al., 1994). However,
this signal is very weak, and we recognize thatight have resulted from impurities
in the MgO rather than M from the precursor. Thus, we also measured the EPR
spectrum of the pretreated MgO, as shown in Figuse spectrum A. The spectrum
includes a weak signal characterized by sextet fipyeesplitting which confirms that
there was some M# impurity initially present in the MgO. Thus, wermude that
the oxidation state of essentially all of the marese in the supported sample
prepared from Mn(CQH was not +2 and must have been either +1 (aseaupsor

the Mn(CO3}H) or greater than +1—as these species are EPR.sile
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Figure 6.5 EPR spectra -~ of  pretreated MgO (A); sample prapatey
chemisorption of Mn(CQH on MgO (B), and sample prepared by chemisorpbion

Mn(CO)H on MgO after treatment inQC).

The EPR spectrum of the sample prepared from Mr{Cidy and
MgO includes a very weak signal characteristic a’Mspectrum not shown). The
spectrum is again similar to that of MgO, showihgttthis sample contained a very
small amount of Mfi, which again we identify as an impurity. Thereforee

conclude that the oxidation state of manganesedrstipported species in this sample

was not +2.
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6.3.2.4EXAFS spectroscopy

Because the IR results indicated that the supp@pedies in sample
prepared from Mn(CQLH; and MgO were nearly uniform, we used EXAFS
spectroscopy to characterize it. The EXAFS pararsetepresenting this sample
(Table 6.1) include Mn-C and Mn-O* contributions*(@@ oxygen of carbonyl
groups), each with a coordination number of apprately 4, showing that there
were four carbonyl ligands per Mn atom, on average.

The EXAFS data also indicate another Mg-€Ontribution (Q refers
to an oxygen atom of MgO)-and a Mn—Mg contributiath coordination numbers
of approximately 2 and 1, respectively. The preseat these two contributions
indicates that the manganese carbonyl- precursatecawith the MgO support.
Consistent with this inference, the -Mn<@istance of 2.12 A is characteristic of
bonding between manganese cations and oxygenamndgy For example, the distance
between MA" and G in Mn/Co/TiO, system characterized by EXAFS spectroscopy
was reported to be 2.223 A (Morales et al., 2006iciv matches the Mn-O distance
of MnO determined crystallographically (Kim and Bar2003). The Mn-©
coordination number indicates that the MgO suppas a bidentate ligand, as in
presumably analogous samples such as that preframdir,(CO),> supported on
MgO after decarbonylation in He followed by, Kt 300C (Kawi et al., 1994) or
MgO-supported gold complex synthesized by reaatioAu(CHzg).(acac) with highly
dehydroxylated MgO (Uzun et al., 2009). The Mn—Maptribution shows that the
manganese complexes were bonded to the MgO surésreVig cations, and the lack

of Mn—Mn contributions confirms that the surfaceaps remained mononuclear.
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Table 6.1 The EXAFS parameters characterizing sample peepairom

Mn(CO)%CHz on MgC.

Absorber-backscatterer

N Ac? (A2 R(A) Eo (eV)

pair

Mn-C 3.7 0.01031 1.87 1.82
Mn-O* 3.8 0.00710 2.96 1.82
Mn—-Os 2.2 0.00937 2.12 8.34
Mn-Mg 1.2 0.00205 3.48 9.71

®Notation: N, coordination numberR, distance between absorber and backscatterer
atoms;Ac?, sigma-squared value (disorder termlf,, inner potential correction; O,
oxygen of carbonyl group; Ooxygen atom of MgO. In the fitting, thtE values for
Mn—-C and Mn-O contributions were constrained -toebeal because the multiple
scattering identified C and. O-atoms-as presentineat Mn—C—-O combinations
(terminal manganese carbonyls). Typical errdis+20%; R, +0.04 A; Ac?, £20%:;

AEg +20%.
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Figure 6.6 EXAFS data characterizing sample prepared from Q@) CHs on
MgO (1.0 wt% Mn) after @treatment+{- ; data, -, best-fit): k-weighted EXAFS
function ink-space (A); imaginary part.and magnitude of EXAESction inR-space
with FT K%-weighting (B), FTk-weighting (C), and FK* weighting (D). Ak = 3.08-

11.54 AY.

6.3.3 Characterization of samples after Q treatment
6.3.3.1IR spectroscopy
The IR spectra in the OH region of the samples gnep from
Mn(CO)H and from Mn(CO)CH3; on MgO remained essentially unchanged after the
samples were treated irnp @t room temperature. These results show that thaseno

change in the OH group on MgO as a result of thmsure to @
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The vco IR spectra of the sample prepared from Mn(§&0Odn MgO
after treatment in © (Figure 6.3, spectrum C) includes three bands203(s),
1945(s), and 1903(s) ¢h essentially matching those of the supported meesm
tricarbonyl, as assigned for the sample preparesn fiMn(CO}H and MgO.
However, the band at 2020(w) and a shoulder at T87bthat were evident in the
spectrum of the untreated sample and assigned nganase pentacarbonyls were no
longer observed.

In contrast, the IR spectrum of sample preparec fidn(CO)CHs
and MgO did not show an significant change resgltrom the Q treatment.

6.3.3.2Mass'spectra of effluent gas

The mass spectrum characterizing the effluent gdsesg the Q
treatment of the sample prepared-fromMn(&0and MgO (Figure 6.7) indicates the
presence of CO signal, suggesting that carbongntis were removed from the
sample. The CO ligands that were removed duringhieatment were most likely
the ligand from manganese pentacarbonyl specietgrasnstrating by the absence of
these species in the IR spectrum of thdr€ated sample (Figure 6.3, spectrum C).

The mass spectrum characterizing the effluent gasesed during the
O, treatment of the sample prepared from Mn(§&B); and MgO does not show any
evidence of CO removal, indicating that the COnids were not removed during the

treatment.
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Figure 6.7  Mass spectrometry data: the C€gnal characterizing the effluent gas
formed by treatment of the sample prepared-fram@@¥H on MgO in flowing Q

(P, = 0.1 bar) at room temperature.

6.3.3.3XANES spectroscopy

The edge energy of the sample prepared from Mn{g@nd MgO
shifted as a result of the,@eatment from a value of 6539 eV to to a valu&®49
eV, which is 10 eV higher than that of manganesk Ttis energy is sufficiently
greater than the edge energy of manganese falletoly show that manganese was

cationic.
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The lack of any change in the edge energy of sam@pared from
Mn(CO)CHsz and MgO after @treatment indicates the lack of change in eleatron
properties of the manganese in this sample duhied@} treatment.

6.3.3.4EPR spectroscopy

The EPR spectra of the samples prepared from Mrgf€@pd from
Mn(CO)CHsz on MgO also remained essentially unchanged afier® treatment.
These results are consistent with the XANES raaditating essentially no changes
in the electronic properties of the manganeserasudt of exposure to Dthus, it can
be inferred that there were negligible changesénaxidation states of manganese.

6.3.3.5EXAFES spectroscopy

The IR spectra-show that the sample prepared fromiCldxH on
MgO consisted of .the . mixture —of “manganese tricaypboand manganese
pentacarbonyl. This sample was not characterizeEX&FS spectroscopy because
of its complexity. However;-treatment of this samph G led to a more uniform
structure that was characterized by EXAFS speatmscThe EXAFS parameters
characterizing this sample after the t@2atment include Mn—C, Mn—-O*, Mn-Cand
Mn—Mg contributions (Table 6.2). The absence of Mn—contributions confirms
that the surface species remained mononuclearMiir&€ and Mn—O* contributions
with coordination numbers of approximately 3 pdiotmanganese tricarbonyls, in
agreement with the IR spectra. The Mp—€ntribution demonstrates that the
manganese was bonded to the MgO support. TheQMinoordination number of 1,
within error, indicats that each Mn atom was bonte@dnly one O atom of MgO.

Because the MfO; interaction in sample prepared from Mn(G)and MgO was

not characterized by IR spectroscopy, the msetgiport interactions in the as-
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prepared and £treated samples cannot be compared. However Rtant EXAFS
results characterizing the carbonyl ligands in the® samples suggest that the
manganese pentacarbonyl species was either renmvednverted during the O

treatment.

Table 6.2 The EXAFS parameters characterizing sample prdpaf®m

Mn(CO%H on MgO after Qtreatment.

Absorber

Model backscatterer, =~ N AR ) R(A) Eo(eV)

No. pair

1 Mn—-C 2.81 0:01132 1.98 7.02
Mn-O%* 2.72 0.01464 3.30 7.02
Mn=Os 0.73 0.01207 2.23 -9.69
Mn—-Mg 0.36 0.00012 3.60 -9.97

2 Mn-C 2.90 0.01107 1.98 6.92
Mn-O* 2.84 0.01450 3.30 6.92
Mn-Os 0.62 0.00767 2.24 -10.42
Mn-Mg 0.36 0.00025 3.59 -8.88

3 Mn-C 241 0.01211 1.981 7.05
Mn-O* 2.30 0.01472 3.294 7.05
Mn-Os 0.75 0.01401 2.216 -0.54

Notation: N, coordination numbeR, distance between absorber and backscatterer

atoms;4c0?, sigma-squared value (disorder termif,, inner potential correction; O,
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oxygen of carbonyl group; £oxygen atom of MgO. In the fitting, theEy values for
Mn—-C and Mn-O* were constrained to be equal (sd@elT@.2). Typical errorsi,

+20%; R, +0.04 A; Ac?, +20%; AEy, £20%.
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Figure 6.8 EXAFS data characterizing sample prepared fron{QM)H on MgO
(1.0 wt% Mn) after @ treatment  ; data, ; best-fit): k-weighted EXAFS
function ink-space (A); imaginary part and magnitude of EXAESction inR-space
with FT K%-weighting (B), FTk-weighting (C), and FK* weighting (D) @Ak = 3.06-

10.30 AY.
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6.4 Discussion

6.4.1 Adsorption of Mn(CO)sH on MgO

The complementary spectroscopic techniques cle@miyonstrate that each of
the two precursors reacted with the OH groups enstirface of MgO, leading to
chemisorption of the manganese carbonyls. The #tsp characterizing the sample
prepared from Mn(CQH and MgQ show the non-uniformity of the surface
species—more than one supported manganese carfiomgd. The deprotonation
was observed in the adsorption of Mn(€®)on MgO and this reaction was also
observed in the reaction of Re(GB)and MgO as reported by Kirlin et al. (1990).
The supported samples prepared from Ref8@jere synthesized in the presence of
hexane solvent; the IR spectrum characterizing shpported rhenium complex
demonstrated the partial deprotonation of Re@O)pon adsorption, resulting in
only one surface species postulated to be MgQRe(CO})]. In contrast to the
supported rhenium complex; the, supported specieseid from Mn(COsH in this
work consisted of a mixture of supported manganeagbonyls (manganese
tricarbonyl and manganese pentacarbonyl). Sombeotlifferences between Kirlin's
rhenium chemistry and manganese chemistry in tloskwnay have to do with
different coverages of the MgO surfaces—neithetitKimor we could determine the
exact surface coverage.

O,-treatment of the mixture of manganese carbonylsMgO led to the
removal of manganese pentacarbonyl species from Mgface and resulted in more
uniform surface species, inferred to be essentminganese tricarbonyl.

To further elucidate the chemistry of the decarlatign of the manganese

pentacarbonyl on MgO, we turned to EPR and XANEBeexrents; the EPR data
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demonstrate that the oxidation state of mangamettes sample was not +2, but they
do not rule out manganese in the other oxidatiatest The XANES spectra offer the
prospect of providing insight into the manganesglabon states in the samples; a
plot of XANES data characterizing known compoundghwnanganese in various
oxidation states (Stueben et al., 2004) (Figur¢ m@cates—by interpolation—that
the manganese in this sample is in®Mform. In this respect, the OH group of MgO
is found to be an oxidizing agent in the adsorppaocess because the oxidation state
of manganese changed from 0 to +3 after reacted @ group. Such role of OH
group was reported in the adsorption of HRe(£&)d HBRe;(CO)», on MgO, (Kirlin

et al., 1990). The OH group of Ab; and SiQ is also as an oxidixing agent in the
adsorption of Rh crystallite' (Rh in the presence of CO to produce'([®ID), (Basu

et al., 1987).
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Figure 6.9 XANES calibration data and comparison with edgdtsbii sample
prepared from Mn(CGIH and MgO aiter @treatmentO; and sample prepared from
Mn(CO)CHsz and MgO,L]; Literaturedata characterizing standard samples including

manganese foil and manganese oxidegStueben et al., 2004).

The EXAFS fitting that were found to be most appiaje included Mn-C,
Mn-O*, and Mn-Q contributions (Table 6.2). For model No. 1 and2\léhe results
indicate Mn-C and Mn-O* contributions with coordiima numbers of approximately
3, indicating manganese tricarbonyls, consisteth Wie IR spectra. Whereas model
No 3 shows the coordination number of Mn-C and Mnviich are not close to
three and thus contrast to the IR results. Coresgty this model was neglected.

A Mn-Os contribution was observed for all models with @boation number
about 1. However, Model No.2 was also neglectedalmee theE; of Mn-O

contribution is exceed the limit (10 to -10 eV).uBhthe fitting result from model
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No. 1 was chosen to represent surface speciessosémple. If each carbonyl and
surface oxygen ligand is a 2-electron donor, th&lNMrtricarbonyl complex would
be a 12-electron complex, which is highly unlikbgcause the most common (stable)
complexes of manganese are 18-electron and lGatecomplexes (Shriver et al.,
1990).

Because, the only experimental information about® coordination is the
EXAFS data and the quality of several scans is sudficient to determine it
accurately, the number of Mns@ontribution could alternatively be estimated by
performing electron counting for the Mn(lil) tridsnyl complex. If the MA were
five-coordinated with two Mn-Ocontributions, it would be a 14-electron complex,
which is uncommon. On the other hand,-if Mmere six-coordinated, three MnsO
contribution, it would be a 16-electron-complex;ievhis the most common complex
of manganese. Other common manganese complexeek3aectron complexes.
However, the 18-electron:complex of Rinwould be 7-coordinated, which is
uncommon. Thus it can be inferred that the supgdonmnganese complex after
treatment in @ stream is most likely Ml bonded to 3 carbonyl ligands and 3
oxygen atoms of the MgO. This model representimgsilrface species of the sample
prepared from Mn(CQ@H and MgO after @treatment is illustrated in Scheme 6.1.

The model of surface species of the sample prep@oed Mn(CO}H and
MgO in O, stream is consistent with the surface species ddrim the sample
prepared from Mg{CO),o on MgO in Q as described in Chapter V. The ¥©O),o
was deposited onto MgO by CVD and treated in The IR, EPR, and XANES
results characterizing this sample demonstrate ttt&atMn-Mn bond in Mr(CQO),o

was cleaved during the oxidative adsorption on Mgface, resulting in the
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mononuclear manganese species. In the present Warksurface species remained
mononuclear as in the precursor, which is Mn(§ED)Proposed surface species is
shown in scheme 6.1. Bond distance o£0C Mn-C, and Mr-Os are close to the
bond distance of €0 (1.43 A), Mn-C (1.90 A), and MrO;s (1.98 A) reported for
surface species of sample prepared fromy(@®),0 and MgO after @ treatment

(Khabuanchalad et al., 2010).

Scheme 6.1Proposed: structure of surface manganese tricartspecies prepared

from Mn(CO)H on MgO after Q treatment.

6.4.2 Adsorption of Mn(CO)sCH3zon MgO

The spectra characterizing the samples prepared fn(CO}CHz and
partially dehydroxylated MgO show that the chenpgion involved the reaction of
the precursor with surface OH groups and the remaiv&0O and CH ligands from
precursor. In the adsorption of Mn(GGH3; on MgO, the reaction might be expect to
form CH,, as suggested by the work of Becker et al., 198@y investigated the
amounts of gases liberated as helium flowed throwgimples made from
Mn(COxCHz and dehydroxylated alumina (DA) and partially détoxylated

alumina (PDA). Their results suggested that the @@oval from the sample
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prepared with PDA was significantly faster than whthe support was DA.
Moreover, the liberation of CHwvas observed in the sample made with PDA but not
in the sample made with DA. This result is attrdzuto the low OH content in DA
sample. The effect of OH group mentioned abovestithtes that the protonolysis of
the CH ligand occurred during the adsorption of the prssy subsequently
resulting in CH removal.

In this work, Mn(COJCHz was chosen as a precursor because of the
expectation that it might provide evidence of teaation involving CH groups and
support OH groups. Indeed, in adsorption of thescprsor, the removal of OH group
from MgO and CH groups from the precursor were both observed. GHg group
might have reacted with OH group to form £4$in Becker's work. However, it was
not determined whether Ghkivas formed.

To determine the oxidation state of manganeséensample prepared from
Mn(CO)%CHz and MgO, XANES data were compared with those chtaraing
known compounds with manganese in various oxidastates (Figure 6.9). Similar
to the characterization of sample prepared from GO¥KH and MgO after @
treatment, the plot indicates that manganese s1dample is in +3 oxidation state.
The electron counting, considering carbonyl andaser oxygen to be two-electron
donor ligands, demonstrates that the surface spa@ee 16-electron complexes.

A model representing the surface species of thmap#a is presented in
Scheme 6.2. The M€ and G-O* bond distances in this model are in agreement
with the crystallographic data characterizing [MO)XS;PMe)] (Almond et al.,

1995), which show Ma-C and Mr—O* at 1.81 and 1.14 A, respectively.
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Scheme 6.2Proposed structure of surface manganese tetravdrbpecies prepared

from Mn(CO)}CH; and MgO (1.0 wit% Mn).

6.4.3 Comparison of the chemistry of manganese carbonylsaand
rhenium carbonyls on the surface of MgO

The interaction of Mn(CGH ‘and-Mn(CO), with the surface of partially
dehydroxylated MgO produced more surface specias that of rhenium carbonyls
[Rex(CO)p, HsRe(CO),; and HRe(CGQj. This effect. suggested that manganese
complexes are more reactive than rhenium compldresontrast to Mg(CO);p and
Mn(CO)H, the reaction of Mn(CGLH; and MgO produced only one surface
species. In both rhenium and manganese carbonyl pleass, oxidative
fragmentation of dinuclear to produce mononucle@atbonyl surface species was
observed, but the reaction of manganese complare®,(at room temperature)
happened at lower temperature than the reactiorherfium complexes (in air at
200C). The proposed surface chemistry of manganesbowrgr and rhenium

carbonyl with MgO were shown in scheme 6.3 and i@gpectively.



160

characterized by IR

A
,
Mn;(CO)j¢ ————> Mn(CQ); H OMg + (O Mn(CQO); + physisctbed
MgO Mn,(CO), \ i

G, CcC CC
room temperature \Mn/
1™,
Mn(CQ)H ——> Mn(CO); H OMg + (O Mn(CO); o .
MgO _ ) characterized
£ by IR, EXAFS

characterized by IR

o¢ co O, represents surface cxygen
Mn(CC);CH;, ——————> oc\\//co
MgQ /Mn\
O, 0,

Scheme 6.3 Proposed chemistry of manganese carbonyls on tfeecewof MgO.
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Scheme 6.4 Proposed chemistry of rhenium carbonyls on theaserfof MgO

derived from Kirlin et al., 1990; Papile and GatE892; Kirlin et al., 1990.
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6.5 Conclusions

The adsorption of Mn(CGiH on partially dehydroxylated MgO produced a
surface species inferred to be a mixture of marg@pentacarbonyls and manganese
tricarbonyls, as shown by IR spectroscopy. Afteatment of this sample in flowing
O, at 298K, the only manganese species on the sup@srtmanganese tricarbonyl.
XANES and EPR data show that the manganese inrbaally prepared sample
was cationic and that the manganese oxidation didtaot change as a result of the
O, treatment. In contrast, the reaction between ND)CHz; and MgO led to the
formation of supported manganese tetracarbonyl, agan the manganese was
cationic. Q treatment of the sample prepared from Mn(§GB) on MgO did not
change either the manganese oxidation state aittimder of carbonyl ligand on the

manganese in this sample:
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CHAPTER VII

CONCLUSIONS

Dispersion of active metal on high surface area materials is an effective
method to improve the performance of heterogeneous catalysts. In this thesis, zeolite
NaY was synthesized and its transformation to NaP was investigated by variation of
the synthesis conditions including aging and crystalization time. When the
crystallization time was fixed at 1 day, the aging time of 1 day was suitable to
produce the pure phase of zealite NaY whereas 2 and 3 days aging times produced a
small amount of NaP. The crystallization time showed a more significant effect on
the transformation. The phase of NaY was not observed after crystallization for 4
days and NaP was the major product after 5 days erystallization,.

The zeolite NaY was used as a support for bimetallic catalysts containing
palladium and cobalt (1Pd7Co/NaY) in n-butane hydrogenolysis. Its activity was
compared to that of bimetalic catalysts supported on zeolite ZSM-5 (1Pd7Co/ZSM-
5). Reducibility of cobalt species supported on zeolite ZSM-5 after reduction,
determined by XANES spectroscopy was higher than that supported on zeolite NaY .
The results from catalytic testing on n-butane hydrogenolysis showed that activity
over 7ColPd/ZSM-5 was higher than that over 1Pd7Co/NaY. Thus, the activity of
cobalt catalysts with ZSM-5 as a support was further investigated. In monometallic
cobalt cataysts (1, 4, and 7Co/ZSM-5), except 10Co/ZSM-5, the reducibility of

cobalt and the conversion of n-butane hydrogenolysis increased with cobalt content.
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The activity of 10Co/ZSM-5 was lower than 7Co ZSM-5 despite the higher degree of
reduction because of the difference in surface active sites on both catalysts, namely,
the 10Co/ZSM-5 had a poorer cobalt dispersion. Methane was the only product
observed over the monometallic cobalt catalysts because cobalt favored multiple
hydrogenolysis reaction.

Addition of 1 wt%Pd to cobalt catalysts promoted the reducibility only in
1Co/ZSM-5 whereas enhancement in the reducibility or catalytic activity were not
significant on the catalysts with the higher cobalt loading. Besides methane, trace
amount of ethane and propane was observed in the reaction over bimetalic catalysts
suggesting that Pd inhibited the multiple hydrogenolysis.

A highly uniform manganese supported on high area MgO was prepared by
chemical vapor deposition of manganese carbonyl complexes including Mny(CO)1o,
Mn(CO)sH and Mn(CO)sCHg. The reaction of Mn,(CO);o and MgO took place at -
OH groups of MgO. IR spectrascopy characterizing the supported samples indicated
that the sample with 3.0 wt% Mn contained physisorbed Mn,(CO)4 as a dominant
surface species whereas surface species of sample with 1.0 wt% Mn consisted of a
mixture of physisorbed Mny(CO)i0, Manganese pentacarbonyl and manganese
tricarbonyl. Treatment of sample prepared from 1.0 wt% Mn on MgO in O, a room
temperature resulted in a more uniform surface. EXAFS characterizing this sample
showed that Mn-Mn bond in Mny(CO)1o was cleaved and each manganese atom
bonded to three oxygen atoms of MgO and three carbonyl ligands. EPR and XANES
spectroscopy indicated that the oxidation state of manganese in the O, treated sample

was greater than +2.
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The adsorption of Mn(CO)sH occurred on -OH groups of MgO. The IR
spectroscopy characterizing sample prepared from Mn(CO)sD and MgO suggested
that the adsorption also involved the donation of deuteron to surface oxygen of MgO.
Reaction between Mn(CO)sH and MgO produced surface species including
manganese tricarbonyl and manganese pentacarbonyl. Treatment of this sample in O,
at room temperature resulted in a sample with only manganese tricarbonyl as surface
species. XAS characterization of this sample indicated that each manganese atom
bonded to three oxygen atom of MgQ and three carbonyl ligands. EPR and XANES
spectroscopy indicated that the exidation state of manganese in this sample was +3.

The adsorption of Mn(CO)sCH3; on MgO involved reaction of Mn(CO)sCHj3
and OH group as well asthe removal of COand CHzin precursor. The adsorption led
to the formation of only one-surface species, manganese tetracarbonyl with
manganese in +3 oxidation state. O, treatment of the sample prepared from
Mn(CO)sCH3z on MgO did not change either-the manganese oxidation state or the

number of carbonyl ligands on the manganese.

Recommendation for further work

The dispersion of cobalt oxide in mono- and bimetallic catalysts containing
cobalt before and after reduction could be determined by using TEM, EXAFS or

other techniques. The surface species could be suggested by EXAFS.
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EXAFS FITTING CHARACTERIZING Mn ,(CO)yq
SUPPORTED ON MgO CONTAINING 1.0 wt% Mn
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Table Al EXAFS parameters characterizing sample igpared from
Mn,(CO);0 supported on MgO containing 1.0 wt% Mn after G, treatment for

model including an Mn—-Mg contribution®.

Absorber—backscatterer
N R Ax10°(AD AE (V) @D

pair
Mn-C 2.78 193 8.7 7.3 260
Mn-O* 248 @ 3.28 12.6 7.3
Mn—-Os 0.86 2.04 9.4 2.3
Mn-Mg 0.59 3.56 0.2 -1.6

®Notation: N, coordination numberR, distance between absorber and backscatterer
atoms:Ac?, sigma-squared value (disorder termy, inner potential correction; O,
oxygen of carbonyl ‘group; Qoxygen atom of MgO. Typical errors\, +20%; R,

+0.04 A; Ac?, +20%: AEo, +20%.
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Figure Al EXAFS data and corresponding FT magnitudes and imaag parts
characterizing the sample prepared from,(@®)o supported on MgO containing
1.0 wt% Mn after @ treatment for a model including a Mn—Mg contriloati: k-
weighted EXAFS function itk-space (A); imaginary part and magnitude of EXAFS
function in R-space with FTK-weighting (B), FTk'-weighting (C), and FTk*

weighting (D).
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Figure A2 EXAES data and corresponding FT magnitudes and imaag parts
characterizing the sample prepared from{@®)p supported on MgO containing
1.0 wt% Mn after @ treatment for model 1: contribution k-weighted EXAFS
function ink-space (A); imaginary part and magnitude of EXAESction inR-space

with FT K-weighting (B), FTk-weighting (C), and FK*- weighting (D).
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Figure A3 EXAFS data and corresponding FT magnitudes and imaag parts
characterizing the sample prepared from,(@®)o supported on MgO containing
1.0 wt% Mn after @ treatment for model 2: contribution k-weighted EXAFS
function ink-space (A); imaginary part and magnitude of EXAESction inR-space

with FT K-weighting (B), FTk-weighting (C), and FK*-weighting (D).
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EXAFSFITTING CHARACTERIZING Mn(CO)sH AND
Mn(CO)sCH; ON PARTIALLY

DEHYDROXYLATED MgO
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TableB1 EXAFS parameters characterizing sample prepared from

Mn(CO)sH on MgO after O, treatment M n,(CO)yo for model No. 22,

Absorber—backscatterer pair N R (A) Ac? (A AEq (eV)
Mn-C 290 1.984 0.01107 6.92
Mn-O* 2.84 3.299 0.01450 6.92
Mn—0Os 0.62 | 2.236 0.00767 -10.42
Mn—-Mg 0.36 ' 3.588 0.00025 -8.88

®Notation: N, coordination numberR, distance between absorber and backscatterer
atoms:Ac?, sigma-squared value (disorder termff, , inner potential correction; O,
oxygen of carbonyl group; Hoxygen atom of MgO. Typical errord, +20%; R,

+0.04 A; Ad?, £20%; AEy £20%.
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TableB2 EXAFS parameter s characterizing sample prepared from

Mn(CO)sH on MgO after O, treatment M n,(CO)yo for model No. 32,

Absorber—backscatterer pair N R (A) AGA AP AEq (V)

Mn-C 2.41 1.981 0.01211 7.05
Mn-O* 2.30 3.294 0.01472 7.05
Mn—Os 0.75 2.216 0.01401 -9.54

®Notation: N, coordination numberRR, distance between absorber and backscatterer
atoms:Ac?, sigma-squared value (disorder termif, , inner potential correction; O,
oxygen of carbonyl group; Hoxygen atom-of MgO. Typical errors\, +20%; R,

+0.04 A; Ad?, +20%; AEq +20%.
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ARPPENDIX C
N, ADSORPTION-DESORPTION ISOTHERM S OF
MONO-AND BIMETALLICCOBALT SUPPORTED ON

ZSM-5
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