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ABSTRACT OF THE THESIS

Characterization of surface sulfate species on mixed
metal oxide catalysts: Insights from spectroscopic
studies

by Shreyas Acharya

Thesis Director: Dr. George Tsilomelekis

Solid acidand super acidatalystsare promising alternatives fgery important reactions
usually catalyzed industrially blyomogeneous acid reactions. Sulfated metal oxade
among manyxamples of soliduperacids which work well for acid catalyzed reactions.
These catalysts have applications in isomerization, alkylation, acylation and oxidative
dehydrogenation reactiorA characteristic example encompassesdpcts from tert
butylation of phenolwhich have tremendous importanae chemical, petrochemical as
well as pharmaceutical industryn spite of significant amount of work devoted in this
area the catalysts being commercially used have low yields. Hence we channel our
efforts in enhancing the productivity of the alkylation of phenol reaction by using
sulfated metal oxideas it has showm our preliminary workmprovedcatalytic activity.

In this work, we focus on the preparation and characterization of sulfated mixed metal
oxides. Specifically, sulfatedTin-Zirconium oxides (STZ) are produced by
copreciftation method using hydrated Zirconium Oxychloride(Zr@&H,O) and Tin
Chloride(SnCJ.5H,0) as metal precursors and ammonia as the precipitating agent.
Different proportions of hydrous tin and zirconium oxides (molar ratios of 1:10,1:1 and
10:1) are sythesized. Sulfation of the prepared hydrous oxides is performed using wet
impregnation method with 1M and 0.5M sulfuric acid solution. Calcination of the
prepared sulfate mixed hydroxides follows at %R0 Our work focuses on the
incorporation of vibratioal spectroscopic tegniques at the individual steps of the

synthesis procedure. To that end, first we utilize Raman spectroscopy to study the



speciation of the metal salts precursors in water and at various pH fdreydaroad
spectral envelopes assignedo specific vibational modes of the various species. XRD
analysis is done to understand the crystalline phases of the cafalggionally, we

study the temperature evolution of the deposited sulfated species by mearstof in
Attenuated Total Reflean (ATR-FTIR) and insitu Raman spectroscopy using high
temperature reaction chambérhe results show that the molecular structure of the
surface sulfate species varies significantly with increasing temperature as underscored by
the changes of S=O vibratial bands. It was found that the sulfated species getting
attache to the catalyst support can majorly peesent as bidentate, tridentate and
polymeric species and are a function of the temperature as well as the Sn:Zr ratio. Tuning
the molecular struate of the sulfated species could potentially alter the acidic properties
of the catalysts as indicated by the Lewis/Bronsted acid sites. Lastly, it was found that the
crystalline phases of the the esgrated catalyst remain unaffecteldng with the

sulfated groups
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1 INTRODUCTION

1.1 NATURE AND IMPORTANCE OF SOLID ACID CATALYST S
Solid acid are heterogeneous materials with various acidic functional grooibsn

work as a heterogeneous catalyst. They are extensigely i oil and petrochemical
industries with the motto of making the refining and production process economically
and environmentally viableBesides the petrochemical sector, the importance of solid
acid catalysts in the chemical and pharmaceutical sectamquestionableResearch on

the synthesis and characterization of the solid acid catasystsried out heavilyas its
properties can beined by desigh The main factors governing the quality of solid acids
are the Bronsted to Lewis acidity ratio, density and strength of acidic sites, pore size and
its distribution and surface area. Taimy the propertiesf the catalyst, for instance the
strength of the acidan help in improving the product selectivity. Moderately strong acid
sites aid in hydrolysis and acetal reactions whereas isomeriaton-butaneto iso
butaneisomerization) alkylation (ex.butylation of phenoland esterification reactisn
require strong acid sites. Similarly, the nature of the acidic site plays a pivotal role. Lewis
acids like aluminum chloride work well for Friedel Crafts alkylation of toluene with
benzyl choride whereas Rinsted acid sites give better results when benzyl alcohol is
used as a reactaht.

Solid acid catalysts offer a wide range of advantages besrogeneous or liquid
phase acid catalyzed reactions. Industriggnufacturing ethang,2-diol from
epoxyethane anlisphenol A from phenalepend on mineral acids such aSB, HF or
Lewis acids like AIC{ and BF; for acid catalyzed reactions. These cleis pose a
threat to the environment as it generates large amounts of hazardous wastes. Treating
these toxic wastes involves neutralizatafrthe postreactionmixtureand hence making
it very costlyand complexprocesss Taking into account the chlde ions involved and
the nature of mineral acids, corrosion of reactors is a common issue. Lastly, liquid phase
acid catalyzed reactions consist of energy intensive techniques for separation of product
from the catalyst. All these issues can be overcomtie the useof solid acid catalyst

Some of the types of solid acid catalyst are listed below.



Aluminumsilicates were the first solid acid catalystedcommercially forcracking
process in petrochemical industri€sin the mst, the pore size of amorphous silica
alumina were controlled and greatly used for hydrocarbon conversBesides
amorphous silica alumina catalystrystalline aluminasilicates, popularly known as
zeolites are currently used as solid acid materidlolites are versatile catalgsthich
have replaced strong homogeneous ackEspecially in the petrochemical sector
Replacement of $iin zeolite framework to trivalent Alinduces bronsted acid sites. A
heteropoly acidex. HsPW;,040 Phosphotungsticcad or HsPMo;2040 Phosphomolybdic
acid)which can work as homogeneous and heterogeneous catalyst are acids specifically
made of hydrogen and oxygen along with metals such as tungsten, molybdenum or
vanadium and nemetals such as silicon, phosphorousrsenic.

Sulfated metal oxides is one of the examples of solid acid catalyst developed 35 years
ago which established the idea that treatment of oxides of zirconium, tin, titanium,
chromium, iron with sulfated groups can boost the surface area aiitgl.alded source of
SO on these metal oxides can be,S&,S0;, (NH,),SQs, CS, H,S. The presence of
S=0 on metal oxides generates acidic it8alfated metal oxides are used for reactions
such as alkylation, isomerization, acylation &epresentative sulfated and reulfated
metal oxidesolid acidsalong withtheir acidic strength are shown below.T@ble 1.1)

Acid strengths have been estimaf@dataa and coworkerg)y color change of Hammett
indicator, TPD of pyridine, TPR of furan, and catalytic activity for vari@astions.

Table 1.1:Solid super acids and their acidic strength

Calcination | Highest acid

Catalyst Temperaturg strength(Ho valug
S04/SnQ 550 -18

S0O4/ZrQ 650 -16.1

SO4/HfQ, | 700 -16

SO4/TIG 525 -14.6

SO4/AI20; | 650 -14.6

SO4/Fe0O; | 500 -13

S0O4/SiQ 400 -12.2




WQO3/zrQ, | 800 -14.6
MoO3/Zr0G, | 800 -13.3
WQO3/SnQ | 1000 -13.3
WO3/TIO, | 700 -13.1
WO3/FeOs; | 700 -12.5
B203/Zr& | 650 -12.5

1.2 ZIRCONIA AS PROMISING CATALYST SUPPORT
Zirconia is one of the most unirgally used metal oxide catalyst mainly because of its

ideal thermal and mechanical properties. It also offers good surface acidity and basicity,
porosity and surface afea

To synthesize zirconium oxideZirconyl chloride octahydrate (ZrO£8H;0) is
popularly used as a precursor salt. BHireonium ions exhibit a valency of +4 and it
exists in the form of isolated polymeric tetramer cations({@)s(H20)16®* in aqueous
solutions. This structure was confirmed using single cryst&a) analysis. It was
concluded that zirconium is never luea to chlorine €liter in aqueous solution or when

it is in its oxide staté.

By dropping hydroxide base on aqueous solution of zirconium precursor salts,
precipitation occurs which leads to the formation of hydrous zirconium oxides. The
structural configurations and properties of zirconium oxidkgpend heavily on
parameters such as the pH and aging fifhaccording to Clearfield, on the addition of
hydroxyl base polymeric tetrameric zirconium species is formed. These species on
calcination form a framewrk of zirconium oxides®

Zirconia has four crystalline phases; namely, cubic, tetragonal, monoclinic, and
orthorhombic. Orthorhombic phase is obtained only at high pressures. The monoclinic
phase is stable at room temperature to about PC78". It has been reported that
monoclinic zirconia show better selectity to butene in hydrogenation of carbon
monoxide reactiorté and works as a better support than tetragonal zirconia in production
of methanol from carbon monoxitfe

The tetragonal phase is stable above 1170 °C and below the cubic range temperature of
about 2370 °C. At low temperatures a metastable tetragonal phase iddigin

sulfating amorphous zirconium oxide followed by calcinatidocording to the sdiace



energy effects, at lower temperatures, tetragonal phase of zirconia is stabilized when the
particle size is less than or equal to around 3bh®ulfation of zirconia leads to
reduction in the particle size as it decelerates the-zaxonium bonds. Sulfation
overcomes sintering issuand hence prevents phase transformafion.

The application of sulfated zirconia as an acid catalyst was introduced for therfes

when it proved to be effective for the isomerization mbutane at moderate
temperature$® Tetragonal zirconia shawbetter selectivity towards methane, ethene,
propene during the hydrogenation of carbon monoxide reactions and higher activity in n

butane isomerization reactiotfs**®

1.3 TIN OXIDES AS STRONG ACID CATALYST SUPPORT
Tin dioxides (Sn@ are used as catalysts, gas sensors, transistors etc. It exhibits dual

valency exists in 2+ or 4+ oxidation stdteThis dual valency property develops
alteration in the constitution of surface oxygen dhdd helps in tuning the surface
properties. This greatly helps in tailoring the catalysioeding to the desired strength

and density of acid sites. SpOs popul arl'y known as dédcassite
oxides are generally used as an oxidative catalyst in the productearbafxylic acids

and acid anhydrides from aromatic compaind

Sulfating the tin oxide catalyst has helped to improve its surface area and its surface
acidity which in turn has enhanced its catalytic activitgmperaturgorogrammed

reactions of adsorbed furdafhhave shown S§/SnG to beone of the strongest solid

acids. Sulfated tin has been reported as the most efficient catalyst for alkylation of

hydroquinone?

1.4 WHY MIXED METAL OXIDES SHOULD BE USED?

Sulfated Zirconia under@s deactivation on reduction or after reaction at high
temperatures. To avoid this problemirconia is dopedr stabilizedwith other metal
oxides that lead tosulfated mixed metal oxide. It has been reported that these types of
oxides have better stability and increased acidity compared to the transition metal

impregnated on the sulfated zirda catalyst?®. The acidity of the mixed oxides is



believed to be resulting from the excess of negative or positive charges caused by the
bridged hetero metabxygen bonds (MD-Md ¥ It is observed that theloping of
zirconia with Al, Fe, Si and Mn ions helps in stabilizing the tetragphake, improving

the surface area and sulfate upfdk& Therehave been very limited research effasts

the doping of zirconia with tin oxeland hence synthesizing sulfated tin zirconium oxide
and characterizing them will give better insights and understanding of its application as a

catalyst.

1.5 SYNTHESIS METHOD
Co-precipitation is the synthesis method used in this project. It is a simplegeehused

to obtainconsistency, with respect to the amounts of precursor salts, comthgosition
of catalyst. Aging, pH, solution composition, anions, temperature, precipitating agent are
the factors which affect the morphology, textural propertiestypetc. Hence optimizing
these parameters to obtain the desired material is of prime importance. A phiasf 8
been selectetor precipitating the metal hydroxideecause the solubility of Zirconium
ion species increases at a pH>8. Also, the particle dfizeetal hydroxides decreases
with increase in pH. It is also observed thia higher concentration of precursor salt
before precipitationthe largeithe particle size of precipitate.

The concentration of sulfuric acid during wet impregnation may lmwvimpact in the
sulfate species deposited on the metal oxide and also influence the LewiingteBr
acid ratios to a great extent. It has been reported that the overall acidity of sulfated
zirconia is highest when impregnated with 0.588)y. The following progression in the
acidities were reported for sulfated zirconia(8%).
Brgnsted acidity : SZ [0.5M] >> SZ [1M] > SZ [0.25M];
Lewis acidity : SZ [0.5M] > SZ [1M] > SZ [0.25M];
Total acidity : SZ[0.5M] >> SZ [1M] > SZ [0.25M].

In this work, the mixed metal oxides are treated with 1M and 0.5M sulfuric acid and
the variations in sulfated species depending erctincentration are studied.

Calcination process which is essentiallyheat treatment process is carried out to

remove or decompose counterions into volatile products and convert the amorphous
materials into crystalline materials. The order of caloomain the synthesis process of

sulfated metal oxides also plays an inipot role. Apart from AlO; acidic sites were



not effectively generated by the treatment of sulfates on the crystallized oxides of iron,
titanium, zirconium, hafnium and tin. However they were produced when the amorphous

hydroxide were treated with suléagroups followed by calcinatiofi.

1.6 VIBRATIONAL SPECTROSCOPY
Vibrational Sgctroscopy collectively consists of Infrared Spectroscopy and Raman

Spectroscopy. Both these analytical techniques are heavily used for structure elucidation,
material characterization, functional group identificati@ualitative and quantitative
analysis IR spectoscopy is an absorbance phenomenon whereas Raman Spectroscopy is
a scattering phenomendBoth these techniques give complementary information and in
unison these techniques are informative tool for structure elucidation which is the strong
focus of this researcHR spectroscopy is governed by change in the dipole moment
whereas Raman spectroscopy is governed by change in polarizability. Information about

both these techniques has been elaborated below.

The stretching frequency of a bond danapproximated by Hooke's law.

Here U is the vibrational frequency,k is the force constant and the reduced mass.
Hence higher the force constan tigher energy is required to excite the molecule,

leading to a vibrational band at higher frequency, vice ers&duced mass.

1.6.1 IR SPECTROSCOPY
IR spectroscopy usesfrared radiations as a source aneasures the quantity of incident

radiations absorbed by the sampidrared spectrum is molecular vibrational spectrum.
When the sample is excited with infrareadiation, specific wavelengths which are
characteristic to the molecule aelectively absorxd. This enablethe change ofigole
moment The vibrational mode will be IR active only when there is a change in dipole

moment.

Consider the C®molecule. Cebon dioxide is a linear molecule and hence thmlper
of vibrational modes will b&3N-5, where ONO i s Foaramdrmear i f

at



molecule e.g. water, the number of vibrational modes is given b§. 3Ne 4 vibrational

modesof carbon dioxidere shown in therigurel.1

Figurel.l: Vibrational modes of Carbon dioxide

1 vi:symmetric stretching mode (elongation and contraction of bond in phase)
1 vs3: asymmetric stretching mode (elongation and contraction of bond out of
phase);

1 Vv2: 2 different types obending modes.

The symmetric stretching band is generally seen at a lower wavenumber than
asymmetric stretchingecause the energy requiredexcite the molecule to symmetric
stretching isomparatively lessAlso symmetric stretching for linear moldce doesnot
change the dipole moment but for Aamear molecules such as water the dipole moment
increases when the-B bond stretching occurs and decreases when bond contracts.
Hence for molecules like water the vibration is IR actii@atomic moleculegO,,

N, and C}) are IR inactivelR spectroscopy scans the sample from-4000cm'. FTIR
spectroscopyesults into a spectrum afteomputinga series of wavelengthshich are

used to excite the sample

The spectroscopic data obtained through the FRRthis research is by using

Attenuated total reflectance (ATR) unit which is an accessory to the FTIR instrument.



Thediamondcrystal is the heart of the ATR unit and depending upon its refractive index
the total reflectance is governed. Diamond, ZnSarn@nium are high refractive index

crystals which are generally used in ATR unit.

The incident IR beam gets reflected into the tube several times and generates evanescent
beam which comes into contact with the sample, the reflected beam is then cdllected

the detectar

1.6.2 RAMAN SPECTROSCOPY
Ramanspectroscopy is an inelastic scattering of light phenomenon. UV, Visible light or

near Infrared is used as a source in Raman spectroscopy because it has higher energy than
IR, leading to excitation at higher exatibn states. This helps to avoid absorption of
photons. When the molecules loseergy toreturn to ground state or lower excitation

state scattering reactions occurhe 3 types of scattering are:

1 Rayleigh scatteringOccurs when the light is elasticalscattered i.e scattered
light has the same energy as the incident light

1 Stokes scatteringOccurs wherthe scattered lighdettles at digher energy state
(First excited vibrationdevel) thanits previous energy state.

1 Anti-Stokes scatteringDccurswhen the scattered ligittloses energy during this

process and the system reachdower energy leVéhan its previous energy state

Rayleigh and Raman are two photon processes involving scattering of incideriEight
incident photon is absorbed missently, and then a new photon is formed when transition
occurs from ground state into a virtual state. Rayleigh scattering is the most probable
event compared to Raman scatteririghange in polarizability makes the Raman
scattering activeThepolarizability is a measure for the electron cloud's ability to deform

in contrast to the atomic nuclei. The change of the polarizablity depends on the molecule

geometry.

1.7 PROPOSED CONFIGURATIONS OF SULFATED SPECIES
The sulfated species developed on the catalyspastplay an important role in a

modulating the Lewis to Bronsted acid ratio. Hence understanding the typsoéealar

structure of the surfacesulfated species is of utmost importancEhe relative



concentration ofmetal oxides can be influential in mddting the surface dispersed
species as individual metal oxides vary in its oxidation states and its ionic radii. The
molecularstructure (se€igurel.2) of sulfated species on metal oxide was introduced by
Yamaguchi and ceworkers for the first time, where they hypothesized that the surface
had Lewis sites exclusively* The structure is a covalent chiitg bidentate sulfate

structure and was observed in iron oxides@ze

O\s /o
o\ ,,o/ \o\ o)
AN N

Figure 1.2: Proposed structure of chelating bidentate sulfated group on metal oxide

The possility of existence of bridged @éntatesulfate specie& sulfate species whose
2 out of 4 oxygen atoms are connected to the metal at@s lso put up by Yamaguchi
and his ceworkers. The structure is shown belowFigurel.3
O\S /o
N\,

£—0

—

Figure 1.3: Proposed structure of bridged bidentate sulfated group on metal oxides

Yamaguchi and coworkers compared the structural configuration of the surfeatessul
formed on the metal oxides with organic sulfates. The surface sulfate acquires high
covalency which is fairly equivalent to the organic sulfonates and sulfates. They
assigned the bands at 124P30, 11251090, 1038995, 960940 cmi' to chelating
bidentate sulfate structure exhibitinfhe chelating and bridged bidentate sulfate species
i's denfdt ech ad |6the spectra.

They pointed out the theory that distinguishing factor between chelating and bidentate
sulfate species is that the extrefnequency vibrational band of chelating is higher than
the highest frequency vibrational band of bridgetfate specie¥. The concept of band
splitting with decrease in symmetry is addressed in the next paragraph.
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The free sulfate ion belongs t@ Symmetry and oly one broad band at 1100¢ris
observed. The triple degeneracy of the band leads to one band with exception of a band at
975 cm'in few cases. The symmetry gets lowered when the sulfate group forms complex
with metal ions resulting to £,symmetry formonodentate complex. Tlsymmetriqvs)
vibrationalband splits into two, one at 975¢rand the other at higher wavenumber. For
bridged bidentate sulfate configuration the symmetry becdbagsand bands become
visible at 1000, 1050 and around 12I#20cm™. When the structural configuration of
bidentate species takes the chelating form, the highest asymmetric vibrational frequency
is observed at higher frequency (around 125 <1300cml) as that of bridged

configuration. This concept is explained pigally below.

Species Symmetry Infrared Active Bands
0 Aqueous sulfate Ta [[I]
| i
/S“'A,.o ]
o] 0 Outer-Sphere sulfate Td(distorted} I:
/° Monodentate s
—_—— Q. onoden
M—0—s- o Cu, [ U m
o (M = Metal or Proton) . \
Me —_— :' s i
\O Bidentate ‘ L‘
Me i Binuclear . : ST
\0 /slmo {Me = Metal) I:I H [] [I
o > Cu i ; ! |

Me —o Bidentate I:I [I D U

\ I Mononuclear ! [
— ! !
0 _S -0 .
Q

Figure 1.4. IR spectrum bands to distinguish between chelating and bridged bidentate sulfate complexes.
Adapted from Hug *

In order to take into account the Brgnsted acid sitesugture shown ifFigure1.5 is
a proposed model of sulfated group on zirconia by Ward®tialis a modifed structure

which is also a chelating bidentate sulfate structdi@tera et al. studied the behavior of
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sulfated zirconia by injecting 4 vapors and observed two broad bands at 1130 and

1280cnt, which was typical of bidentate sulfato compfeéx.

OXS/O

o SN
LN

/ \O/""\O/ .

Figure 1.5: Proposed structure of modified chelating bidentate sulfated group on metal oxides

I

0 o) 0

/ \O/ \O/ \
Figure 1.6: Proposed structure of tridentate sulfated group by Bensiteland coworkers

TheFigurel1.6 is the structurevhich wasfirst introduced by Bensiteind ceworkers®®®’

It consists of single S=0O structure and testincludesthree oxygen atoms bonded to the
metal component by single bond#&/hen the sulfate group was increased significantly
they suggested the possibility of existence of one more sulfate species. This structure is

indicated inFigurel1.7.
O o)
\S/O\S/

VANAN

|

M M M M
/ \O/ \O/ \O/ N

Figure 1.7: Proposed structure of polymeric sulfate group on metal oxides by Lavalley and co workers
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The tridentate species is represemd (Ba swhber eas pol ymeric sul
represgated abedOspectra compil ed Bemnsitelt he r e
and coworkers used different types of sulfating source and postulated that the all these
sources lead to same types of scefaulfate species at dehydrated conditions. According
to their interpretation from the IR spectra, the sulfate structure exhibits 2 type of species,
both with single S=O oscillator. The difference in these species is believed to be due to
anchoring of thee sulfate species on differetrystallinefaces of zirconia. They used
isotopic exchange of oxygen at high temperatures to propose the tridentate species with
single S=0 oscillator. It was also concluded that these sulfate species were free from any
kind of hydrogenosulfate species using heavy water (deuterium) for hydration. This
research group assigned the peaks arising at 1370, 1355, 1035, 968, 947 880cm
tridentate species. They also hypothesized the existence of polysulatesggcies at
high temperature loadings displaying bands at 1004, 1085 and 140@&iemer and
coworkeré® came to an agreement to the above work by making use of Raman
spectroscopy and NMR.

It was furthemreported that the effect due to hydration on these rogidés influences
the structure of sulfated groups to a large extent. They speculated that the structure of
sulfated group on hydration will have more of ionic character and it will be attached to

only 2 metal atoms. The hypothesized structure is sholewbe Figure1.8

Figure 1.8: Proposed structure of hydrated sulfated group on metal oxides.

Through ab initio calculations Hasaad Sauer showed that the bidentate structures are
not thermodynamically stable at high temperatures and get converted to tridentate
species. They predicted the spectral spgttfor tridentate specielsetween vibrational
bands of S=O and-6 to be 350ci whereas for bidentate species the spectral splitting
of S=O symmetric and asymmetric stretching to be 96€m
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A different structure of sulfated zirconia withcbordination surface atoms was proposed
by White et al*°. Each sulfur atom in this structure is surrounded by five oxygen atoms
(seeFigurel.9.)

AR
NN
[\
O o)

Figure 1.9: Proposed structure of sulfated group on metal oxides by white et. al.

1.8 BUTYLATION OF PHENOL
The tertbutylation reaction of phenol has tremendous commer@hlev The major

products of this reaction are Zj#tert-butylphenol (2,4DTBP), 4tertbutylphenol (4

TBP) and 2tertButylphenol (2TBP). 2,4DTBP is a rawmaterial used in the
manufacture of stabilizers for PVC or UV absorbers in polyoléfifiisis a primal méer

for producing antioxidants as welkBP plays a crucial role in the production of phenol
formaldehyde resins. These resins are used as surface coatings binders or varnishes. 2
TBP is used as a feedstock in the production of antioxidants and agroalsems
mentioned earlier, reaction temperature and nature of acid sites are the two main factors
which govern the selectivity of these products. In this research we have restricted our
reaction conditi on t oteswvandsag thearbodint & tin ddpang u r e
is altered In order to elaborate on the importance of nature of acid sites on the selectivity

of products some of the examples are given below.

1. zeolite'Y is a weak solid acid when used as a catalyst with phenol and tert
butanol, leadt-butyl phenyl ethert{BPE).

2. H-BEA considered to be a strong acid catalyst showed enhanced selectixity for
t-butylphenol ¢n-t-BP)*.
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3. Moderate acid catalysts tend to favor products suchtaandp-t-butylphenol ¢-
t-BP andp-t-BP)"
4. Sulfated zirconia favors-pbutylphenol with the improved activity only when
alkylating agent used is in Higr proportions**
5. Sulfated tinoxide shows poor activity for butylation of phenol reaction but it has
proved to be the most efficient catalyst for the alkylation of hydroquiffone.
As per our knowl edge, sul fated zirconium
these reactions. Determining the nature of acid sites is beyond the scope of this project
but depending on the conversion and selectivitg possible to draw an idea about the

nature of the catalyst synthesized.

1.9 GIST OF THIS WORK
In this work, mixed metal oxide of zirconium and tin is produced and its crystalline

structures are compared with sulfated mixed metal oxide of zirconium arkhére is

limited understanding and ambiguity in the structure of sulfate species developed on
zirconia and tin oxides. Therefore an attempt to decipher the type of sulfate species
developed depending on the composition of the mixed metal oxide and theocoati

the catalyst (hydrated or dehydrated) is made. The materials produced are used as catalyst
for butylation of phenol whickvas part of the research we undertook in this th@sie

long term goal of this project is to develop an efficient catdiystthe alkylation of
phenol and also to determine if there is any relationship or reliance of the selectivity of
the products on the type of sulfate species developed. The following chapters are
dedicated to the synthesis and characterization of sultiteshiumtin oxides. The %
chapter will help to draw insights about the sulfate species using vibrational
spectroscopy. In order to analyze the applicability of the generated material as a catalyst,
the catalytic activity and regeneration ability ofreo of the catalyst is also covered in

this propct.

(
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2 EXPERIMENTAL SECTION

2.1 CHEMICAL REAGENTS

Reagents for catalyst synthesis

Zirconium oxychloride (Zirconyl chloride octahydratg)OCl,.8H,0 is in the form of
white powder and is water soluble chloridet safl zirconium. Zirconium oxychloride
[Molecular weight 322.25, CAS No.7698-6, SigmaAldrich 98% reagent grade,

100gm] is used as zirconium source for the synthesis of the catalyst.

Tin(IV) chloride pentahydrate SnC5H,O [ Molecular weight 350.6, CA8lo. 10026
06-9, SigmaAldrich 98% reagent grade, 100gm] is in the form of solid lumps which is

water soluble and is used as the precursor for synthesis of zirconium tin hydroxide .

Aqueous ammonia solution (Ammonium hydroxide) [Sigddrich, 2830 wt%, 25L]
is a colorless liquid used as a precipitating agent for thgedpitation of zirconium and

tin salts in its respective hydroxide forms.

Concentrated sulfuric acid (conc.,$0;) [SigmaAldrich, 5M, 1L], is a colorless

solution used for the wet impnegtion of mixed metal hydroxides with sulfated groups
Reagents forAlkylation R eaction

Phenol [Molecular weight 94.11, CAS ntb0895-2, Alfa Aesar 99.5% unstabilized,
100gm] is of solid melt form and is used as one of the reactants for the alkylation

readion.

Tertbutyl alcohol [molecular weight 74.12, CAS i&b-65-0, Fisher Chemical, reagent
grade, 99. 5 %] is a colorless | iquid which

alkylating agent in the reaction carried out in a parr reactor.
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2.2 CATALYST SYNTHESIS
The mixed hydroxides of zirconium and tin were prepared by threxpitation method

and described next:
Dissolving in water

Firstly, both the precursor salts were separately dissolved in water. The concentration of
the salts in its aqueous gtibns was always maintained to 0.1M. These solutions were
stirred in 2 separate beakers with magnetic stirrers. In order to synthesize mixed oxide
catalysts, these separately dissolved salts were then mixed together. This mixture was
later kept for propemixing for half an hour.

Co-precipitation

A pH meter was used to continuously monitor the pH of the solution. The pH meter

probe [ColeParmer pH

electrodeElectrode type: Doublg
junction, Electrode body
material: Epoxy gel filled was
immersed in the beaker
containing the above mixturg
The simultaneous precipitation g
more than one component

called as ceprecipitation. See

Figure2.1.

This solution containing
ZrOCl,.8H,0O (OlM) and
SnCl,.5H,0 (0.1Mm) was

hydrolyzed with ammonia solution by drop wise addition and was vigorously stirred until

Figure2.1: Experimentalsetup for the ceprecipitation process

the pH 8 was reached. At this pH hydroxides of both components i.e. Zirconium and Tin
gets ceprecipitated. A white precipitate is observed and is allowed to age foowan h

The obtained precipitate was filtered and washed thoroughly with deionized water to
ensure the chloride ions do not get incorporated with the hydroxides. Fisherbrand glass

fiber filter circles G6 were used for filtration process. These offer highentren
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efficiency of fine particles (<3egm in

vacuum oven overnight at &.

The product obtained after drying th
fillered solids are hydrous &n
zirconium oxides. Half of the amour
of hydrous tiiizirconium oxides was
sent for calcination to form crystallin

mixed oxides.

Wet Impregnation

Wet impregnation was carried out
the remaining amount of hydrou
oxides, where they were stirred wit
1M and0.5M sulfuric acid for 1 hour.
The excess wasiltered off and the
filtered solids were kept in the vacuu

oven overnight at 8&.

Calcination

The ovendried sulfated hydrous tn

zirconium hydroxides were calcine

Figure2.3: Experimental setup for sulfation of hydrous
for 3 hours at 60 or 500C (only | mixed oxides usig wet impregnation process.

sulfated and nosulfated hydrous tin oxides) wiita ramp rate of 5K/min in the presence

of air flow of 200ml/min.
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mo
SCIENTIFIC

Figure 2.4: Experimental setup and image of Calcination furnace [Lindeberg Blue M] from Thermo

scientific

Calcined/ Abbreviations of
Non-Calcined samples prepared
Calcined
[Oxides| STZ-Grl
1M sulfuric acid

[Group 1]

Non-Calcined

[Hydrous Oxides] Hydrous STZ-Gr1

Sulfated

Calcined

[Oxides] STZ-Gr2

0.5 M sulfuric acid

Tin-
Zirconium [Group 2] Non-Calcined

oxide [Hydrous Oxides]

— Hydrous STZ-Gr2

Calcined
[Oxides]

TZ

Non Sulfated

Non-Calcined
[Hydrous Oxides]

Hydrous TZ

Figure 2.5: Overview of the materials generated over the synthesis process

Proportions of tin and zirconium in the catalyst prepared

The proportions of a component (for ex. Zirconium or Tin) in the mixed oxide used
during coeprecipitaton process and the concentration of sulfuric acid used during wet
impregnation process are tabulated@#ble2.1 and Table 2.2 respectively. The following

abbreviations & used to represent specific metal or mixed metal oxides.



0TO6 signifDE&$§
metal oxides with different molar ratios. Similarly for Sulfated metal oxides and mixed

met al oXxi desedoSTo SBul Oe,

Tepresentes Zi

Sulfated TinZirconium mixed metal oxides

Table 2.1: Various proportions of mixed metal oxides produced

6SZ6

r eZwconium mixed T Z 6

19

represents

Tin-Zirconium | Calcination
Material molar ratio temperature
T (tin oxide) [1:0] 500°C
TZ (tin-zirconium oxide) [10:1] 600°C
TZ (tin-zirconium oxide) [1:1] 600°C
TZ (tin-zirconium oxide) [1:10] 600°C
TZ (tin-zirconium oxide) [1:25] 600°C
Z (zirconium oxide) [0:1] 600°C

Table 2.2: Various proportions of sulfated mixed metal oxides produced.

Concentration  of
Sulfuric acid used
_ Tin-Zirconium | Calcination
Material ) Group 1 | Group 2
molar ratio temperature

ST (Sulfated tin oxide) [1:0] 500°C 1M 0.5M
STZ (Sulfated tirzirconium

_ [10:1] 600°C 1M 0.5M
oxide)
STZ (Sulfated tirzirconium

_ [1:1] 600°C 1M 0.5M
oxide)
STZ (Sulfated tirzirconium

_ [1:10] 600°C 1M 0.5M
oxide)
STZ (Sulfated tirzirconium

_ [1:25] 600°C 1M -
oxide)
SZ (Sulfated zirconion

_ [0:1] 600°C 1M 0.5M
oxide)

r

S

[
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2.3 BUTYLATION OF PHENOL REACTION
To test the activity of the materials produced, 1:1 STZ Group 2 and 1:10 Group 2

catalyst were used for the butylation of phenol. These reactions were carried out in a
25mlParrreactorataho s pheri ¢ pressure and temperatur
7 hrs.The weight ratio of the reactant to alkylating agent was kept as 1:2 and the catalyst
weight utilized was around 13% of the amount of phenol uBee.quantitative analysis

of the ppduct and the reactant was done using\s&

Figure 2.6:Experimental setup for alkylation of phenol reaction
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CHAPTER 3
3 CATALYST CHARACTERIZATION

3.1 RAMAN SPECTROSCOPY
Raman spectra were recorded usingibtJV-NIR LabRAM HR EvolutionRaman

spectrometer. It is &igh spatialand spectralresolutionRamanspectrometeequipped
with a confocalmicroscope It is equipped with amir cooledopenelectrodel024x256
pixels CCD -75°C and a lasersourceof 532nm The additional feature is tHgV-Vis-
NIR macrolensof 40 mm focal lengh for opengeometryRamanconfiguration.Raman
Spectrometewas usedto characterizehe hydrousTZ, TZ, hydrousSTZ-Gr1, hydrous
STZ Gr-2, STZ-Grl, STZ-Gr2 materials.The spectrawere recordedin dark room to
avoid interference of light. Lasersafety goggles were used whenever Raman

spectrometemwas in use. The 10x objective was used for focusingthe laser on the

samplesimagesarecapturedusingthe microscopgSeeFigure3.1)

Figure 3.1:Magnified images of (2)SQ? /Sn0,, (b)SOs? /ZrO , using 10x objective of spectrometer

To get very high resolution spectraof the sulfated groups (900-1450cn) the 100x
objective was used.Imagesare capturedusing the microscope.The parametersvere
regulatedusingthe LabSpecsoftware.

Table 3.1: Values of parameters used in Raman Spectrometer

Parameters Value

Acquisitiontime 75seoor 150sec(fosulfatedgroups)



http://www.horiba.com/us/en/scientific/products/raman-spectroscopy/raman-spectrometers/raman-microscopes/details/labram-hr-evolution-17309#high_spatial
http://www.horiba.com/us/en/scientific/products/raman-spectroscopy/raman-spectrometers/raman-microscopes/details/labram-hr-evolution-17309#high_spatial
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Accumulations 10

Wavenumberange 50-1700cm’

Objective x10 or x100¢or sulfatedgroups)
LaserIntensity 10%

Grating 1800

- 24 i
| e

i W
LabRAM HR Evolution .

AAMAN BPECTROMETIIR

Figure3.2: HORIBA LabRAM HR Evolution Raman Spectrometer

3.1.1 HIGH TEMPERATURE REACTION CHAMBER
Raman spectra of calcined catalyst at high temperatures were taken using a high

temperature reaction chamber (HVC). Chilled water was constantly cedulato the

HVC and the catalyst was dehydrat¢
at high temperatures. During th
process the catalyst was kept in
oxidizing environment bgontinuously
flowing air. The spectra were taken ¢ ®
temperatures up 500C. The spectra |
were taken after stabiing the catalyst
at a particular temperature for 1 hr. S
Figure3.3 for HVC

Figure3.3: High Temperature Reaction Chamber
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3.2 FOURIER TRANSFORM INFRARED SPECTROMETER -
ATTENUATED TOTAL REFLECTANCE (FTIR-ATR)
FTIR spectra were collected usiDCOLET 1S50 FT-IR spectrometerThis analytical

instrumentis a high resolution(~0.9 cm-1) infrared spectrometeand is equippedwith

DLaTGS and MCT-A detectors For this researchproject only DLaTGS detectorwas

used.It containsl ong | i feti me PolarisE infrared so
connected to a Park&alston 7545 purgeunit to provide a purified purge gas and air

bearing gas from compressed air. The purge gas generator supplies carbon dioxide free

air. Thishelps in obtainingcleaner background spectra in a shorter period of time and

more accurate analysis by improvitige signaito-noise ratio. All the samples mentioned

in the flowchart are characterized using FTIR at room temperature. Attenuated Total
Reflectance technology is incorporated with this FTIR. The FATR is used to
characterize the type of sulfated spsaeveloped on the timirconium oxide support.

Figure3.4:Thermo Scientific NICOLET IS50 FTIR spectrometer

SpecacATR is ahigh-performancesingle reflection monolithic diamond ATR. One of the
chaacteristic featuresof this equipmentis that it can analyze a wide range of materials
irrespective of the material 6s abrasiveness,
platform is connected with an electrical heating wifiich enables the plarm to reach a
maximum temperature of 300°C. With the help of this heating unit the@TZand STAGr2

catalyst are characterized at higher temperatures as well. The changes in the sulfated species with
respect to temperature are recorded at 25, 50,18500and 20%C. To get high resolution peaks of

the sulfated groups the parameters of FTIR were selected accordingly using OMNIC software.


http://www.horiba.com/us/en/scientific/products/raman-spectroscopy/raman-spectrometers/raman-microscopes/details/labram-hr-evolution-17309#high_spatial
http://www.horiba.com/us/en/scientific/products/raman-spectroscopy/raman-spectrometers/raman-microscopes/details/labram-hr-evolution-17309#high_spatial
http://www.harricksci.com/ftir/accessories/group/Raman-High-Temperature-Reaction-Chamber
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Table 3.2: Values of parameters used in FTIRATR

Parameters

Detecta DTGS
Beam Splitter KBr
Resolution Acm*

Wavenumber range | 400-4000cni

Aperture 100
No.of scans 128
Optical Velocity 0.1581cm/sec

Figure3.5:Specac ATR

3.3 X-RAY DIFFRACTOMETER
XRD data was collected to draw insights about the crystal phase and structures of the TZ,

STZ-Grl, STZGr2 catalyst. The XRD equipment used here has a Cu anode and a
PHILIPS PW1710 Goniometer. It is also equipped with a mini proportional counter
detector, graphite monochromator, programmable receiving slisadfple changer;
sample spinner.

Table 3.3: Values of parameters used in XRD

Parameters Value
K-Alphal wavelength 1.540598
K-Alpha2 wavelength 1.544426
Ratio K-Alpha2/K-Alphal | 0.5
Receiving slit 0.2
Generator voltage 45Kv
Tube current 40Ma
Scan range 20°-93°
Scan step size 0.02

No. of points 3650

Time per step 2°/min









































































