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Solid acid and super acid catalysts are promising alternatives for very important reactions 

usually catalyzed industrially by homogeneous acid reactions. Sulfated metal oxides are 

among many examples of solid super acids which work well for acid catalyzed reactions. 

These catalysts have applications in isomerization, alkylation, acylation and oxidative 

dehydrogenation reaction. A characteristic example encompasses products from tert-

butylation of phenol which have tremendous importance in chemical, petrochemical as 

well as pharmaceutical industry. In 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 oxides as it has shown in our preliminary work improved catalytic activity. 

In this work, we focus on the preparation and characterization of sulfated mixed metal 

oxides. Specifically, sulfated-Tin-Zirconium oxides (STZ) are produced by 

coprecipitation method using hydrated Zirconium Oxychloride(ZrOCl2.8H2O) and Tin 

Chloride(SnCl4.5H2O) 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 synthesized. 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 600
o
C. Our work focuses on the 

incorporation of vibrational spectroscopic teqniques at the individual steps of the 

synthesis procedure. To that end, first we utilize Raman spectroscopy to study the 
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speciation of the metal salts precursors in water and at various pH range. The broad 

spectral envelope is assigned to specific vibational modes of the various species. XRD 

analysis is done to understand the crystalline phases of the catalyst. Additionally, we 

study the temperature evolution of the deposited sulfated species by means of in-situ 

Attenuated Total Reflection (ATR-FTIR) and in-situ Raman spectroscopy using high 

temperature reaction chamber. The results show that the molecular structure of the 

surface sulfate species varies significantly with increasing temperature as underscored by 

the changes of S=O vibrational bands. It was found that the sulfated species getting 

attached to the catalyst support can  majorly be present as bidentate, tridentate and 

polymeric species and are a function of the temperature as well as the Sn:Zr ratio. Tuning 

the molecular structure 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 regenerated catalyst remain unaffected along with the 

sulfated groups. 
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1 INTRODUCTION  

1.1 NATURE AND IMPORTANCE OF SOLID ACID CATALYST S 

 Solid acids are heterogeneous materials with various acidic functional groups, often 

work as a heterogeneous catalyst. They are extensively used in oil and petrochemical 

industries with the motto of making the refining and production process economically 

and environmentally viable. Besides the petrochemical sector, the importance of solid 

acid catalysts in the chemical and pharmaceutical sector is unquestionable. Research on 

the synthesis and characterization of the solid acid catalysts is carried out heavily as its 

properties can be tuned by design.
1
 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. Tailoring the properties of the catalyst, for instance the 

strength of the acid, can help in improving the product selectivity. Moderately strong acid 

sites aid in hydrolysis and acetal reactions whereas isomerization (ex. n-butane to iso-

butane isomerization), alkylation (ex.butylation of phenol) and esterification reactions 

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 chloride whereas Brönsted acid sites give better results when benzyl alcohol is 

used as a reactant.
2
  

    Solid acid catalysts offer a wide range of advantages over homogeneous or liquid 

phase acid catalyzed reactions. Industries manufacturing ethane-1,2-diol from 

epoxyethane and Bisphenol A from phenol depend on mineral acids such as H2SO4, HF or 

Lewis acids like AlCl3 and BF3 for acid catalyzed reactions. These chemicals pose a 

threat to the environment as it generates large amounts of hazardous wastes. Treating 

these toxic wastes involves neutralization of the post-reaction mixture and hence making 

it very costly and complex processes. Taking into account the chloride 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 overcome with the use of solid acid catalysts. 

Some of the types of solid acid catalyst are listed below. 
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   Aluminumsilicates were the first solid acid catalyst used commercially for cracking 

process in petrochemical industries .
3
 In the past, the pore size of amorphous silica 

alumina were controlled and greatly used for hydrocarbon conversions. Besides 

amorphous silica alumina catalyst, crystalline aluminasilicates, popularly known as 

zeolites, are currently used as solid acid materials. Zeolites are versatile catalysts which 

have replaced strong homogeneous acids, especially in the petrochemical sector. 

Replacement of Si
4+

 in zeolite framework to trivalent Al
3+ 

induces bronsted acid sites. A 

heteropoly acid (ex. H3PW12O40 Phosphotungstic acid or H3PMo12O40 Phosphomolybdic 

acid) which can work as a homogeneous and heterogeneous catalyst are acids specifically 

made of hydrogen and oxygen along with metals such as tungsten, molybdenum or 

vanadium and non-metals such as silicon, phosphorous or arsenic.  

   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 and acidity. The source of 

SO4
2- 

on these metal oxides can be SO2, H2SO4, (NH4)2SO4, CS2, H2S. The presence of 

S=O on metal oxides generates acidic sites.
4
 Sulfated metal oxides are used for reactions 

such as alkylation, isomerization, acylation etc. Representative sulfated and non-sulfated 

metal oxide solid acids along with their acidic strength 
5
 are shown below. (Table 1.1) 

Acid strengths have been estimated (Arataa and coworkers) by color change of Hammett 

indicator, TPD of pyridine, TPR of furan, and catalytic activity for various reactions. 

Table 1.1:Solid super acids and their acidic strength 

Catalyst 

Calcination 

Temperature 

Highest acid 

strength (Ho value) 

SO4/SnO2 550 -18 

SO4/ZrO2 650 -16.1 

SO4/HfO2 700 -16 

SO4/TiO2 525 -14.6 

SO4/Al2O3 650 -14.6 

SO4/Fe2O3 500 -13 

SO4/SiO2 400 -12.2 
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WO3/ZrO2 800 -14.6 

MoO3/ZrO2 800 -13.3 

WO3/SnO2 1000 -13.3 

WO3/TiO2 700 -13.1 

WO3/Fe2O3 700 -12.5 

B2O3/ZrO2 650 -12.5 

1.2 ZIRCONIA AS PROMISING CATALYST SUPPORT  

  Zirconia is one of the most universally used metal oxide catalyst mainly because of its 

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

porosity and surface area
6
 .  

To synthesize zirconium oxide, Zirconyl chloride octahydrate (ZrOCl2.8H2O) is 

popularly used as a precursor salt. The zirconium ions exhibit a valency of +4 and it 

exists in the form of isolated polymeric tetramer cations [Zr4(OH)8(H2O)16]
8+ 

in aqueous
 

solutions. This structure was confirmed using single crystal X-Ray analysis. It was 

concluded that zirconium is never bonded to chlorine either in aqueous solution or when 

it is in its oxide state.
7
 

   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 oxides depend heavily on 

parameters such as the pH and aging time.
8-9

 According to Clearfield, on the addition of 

hydroxyl base polymeric tetrameric zirconium species is formed. These species on 

calcination form a framework of zirconium oxides.
10

  

   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 1170 °C 
11

. It has been reported that 

monoclinic zirconia shows better selectivity to butene in hydrogenation of carbon 

monoxide reactions
12

 and works as a better support than tetragonal zirconia in production 

of methanol from carbon monoxide
13

.  

   The tetragonal phase is stable above 1170 ºC and below the cubic range temperature of 

about 2370 ºC.  At low temperatures a metastable tetragonal phase is obtained by 

sulfating amorphous zirconium oxide followed by calcination. According to the surface 
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energy effects, at lower temperatures, tetragonal phase of zirconia is stabilized when the 

particle size is less than or equal to around 30nm.
14

 Sulfation of zirconia leads to 

reduction in the particle size as it decelerates the oxo-zirconium bonds. Sulfation 

overcomes sintering issues and hence prevents phase transformation.
15

 

The application of sulfated zirconia as an acid catalyst was introduced for the first time 

when it proved to be effective for the isomerization of n-butane at moderate 

temperatures.
16

  Tetragonal zirconia shows better selectivity towards methane, ethene, 

propene during the hydrogenation of carbon monoxide reactions and higher activity in n-

butane isomerization reactions.
12, 17-18

  

  

1.3 TIN OXIDES AS STRONG ACID CATALYST SUPPORT  

Tin dioxides (SnO2) are used as catalysts, gas sensors, transistors etc. It exhibits dual 

valency exists in 2+ or 4+ oxidation state
19

. This dual valency property develops 

alteration in the constitution of surface oxygen and thud helps in tuning the surface 

properties. This greatly helps in tailoring the catalyst according to the desired strength 

and density of acid sites. SnO2 is popularly known as ócassiteriteô in its mineral form. Tin 

oxides are generally used as an oxidative catalyst in the production of carboxylic acids 

and acid anhydrides from aromatic compounds.  

  Sulfating the tin oxide catalyst has helped to improve its surface area and its surface 

acidity which in turn has enhanced its catalytic activity. Temperature-programmed 

reactions of adsorbed furan 
20

 have shown  SO4
2ī

/SnO2 to be one of the strongest solid 

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

hydroquinone. 
21

 

 

1.4 WHY MIXED METAL OXIDES SHOULD BE USED?  
  

  Sulfated Zirconia undergoes deactivation on reduction or after reaction at high 

temperatures. To avoid this problem, zirconia is doped or stabilized with other metal 

oxides that lead to sulfated 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 zirconia catalyst
22-25

. The acidity of the mixed oxides is 
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believed to be resulting from the excess of negative or positive charges caused by the 

bridged hetero metalïoxygen bonds (M-O-Mô).
26

 It is observed that the doping of 

zirconia with Al, Fe, Si and Mn ions helps in stabilizing the tetragonal phase, improving 

the surface area and sulfate uptake
27-28

. There have been very limited research efforts on 

the doping of zirconia with tin oxide and 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 simple technique used 

to obtain consistency, with respect to the amounts of precursor salts, in the composition 

of catalyst. Aging, pH, solution composition, anions, temperature, precipitating agent are 

the factors which affect the morphology, textural properties, purity etc. Hence optimizing 

these parameters to obtain the desired material is of prime importance. A pH of 8 has 

been selected for precipitating the metal hydroxide because the solubility of Zirconium 

ion species increases at a pH>8. Also, the particle size of metal hydroxides decreases 

with increase in pH. It is also observed that the higher concentration of precursor salt 

before precipitation, the larger the particle size of precipitate. 

   The concentration of sulfuric acid during wet impregnation may have an impact in the 

sulfate species deposited on the metal oxide and also influence the Lewis to Brönsted 

acid ratios to a great extent. It has been reported that the overall acidity of sulfated 

zirconia is highest when impregnated with 0.5M H2SO4. The following progression in the 

acidities were reported for sulfated zirconia(SZ).
29

 

Brønsted 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 on the concentration are studied. 

  Calcination process which is essentially a heat treatment process is carried out to 

remove or decompose counterions into volatile products and convert the amorphous 

materials into crystalline materials. The order of calcination in the synthesis process of 

sulfated metal oxides also plays an important role. Apart from Al2O3, acidic sites were 
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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 sulfate groups followed by calcination.
30

   

1.6 VIBRATIONAL SPECTROSCOPY  

  Vibrational Spectroscopy collectively consists of Infrared Spectroscopy and Raman 

Spectroscopy. Both these analytical techniques are heavily used for structure elucidation, 

material characterization, functional group identification, qualitative and quantitative 

analysis. IR spectroscopy is an absorbance phenomenon whereas Raman Spectroscopy is 

a scattering phenomenon. Both these  techniques give complementary information and in 

unison these techniques are informative tool for structure elucidation which is the strong 

focus of this research. IR 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 can be approximated by Hooke's law. 

ὺ
ρ

ς“

Ὧ

‘
 

Here ὺ is the vibrational frequency,k is the force constant and ‘ is the reduced mass. 

Hence higher the force constan k, higher energy is required to excite the molecule, 

leading to a vibrational band at higher frequency, vice versa for reduced mass. 

1.6.1 IR SPECTROSCOPY 

IR spectroscopy uses infrared radiations as a source and measures the quantity of incident 

radiations absorbed by the sample. Infrared spectrum is a molecular vibrational spectrum. 

When the sample is excited with infrared radiation, specific wavelengths which are 

characteristic to the molecule are selectively absorbed. This enables the change of dipole 

moment. The vibrational mode will be IR active only when there is a change in dipole 

moment. 

 Consider the CO2 molecule. Carbon dioxide is a linear molecule and hence the number 

of vibrational modes will be (3N-5, where óNô is number if atoms) 4. For a non-linear 
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molecule e.g. water, the number of vibrational modes is given by 3N-6. The 4 vibrational 

modes of carbon dioxide are shown in the Figure 1.1 

¶ v1 : symmetric stretching mode (elongation and contraction of bond in phase) 

¶ v3 : asymmetric stretching mode (elongation and contraction of bond out of 

phase);  

¶ v2 : 2 different types of bending modes.  

 

  The symmetric stretching band is generally seen at a lower wavenumber than 

asymmetric stretching because the energy required to excite the molecule to symmetric 

stretching iscomparatively less. Also symmetric stretching for linear molecule doesnôt 

change the dipole moment but for non-linear molecules such as water the dipole moment 

increases when the O-H bond stretching occurs and decreases when bond contracts. 

Hence for molecules like water the vibration is IR active. Diatomic molecules (O2, 

N2 and Cl2) are IR inactive. IR spectroscopy scans the sample from 400-4000cm
-1

. FTIR 

spectroscopy results into a spectrum after computing a series of wavelengths which are 

used to excite the sample. 

   The spectroscopic data obtained through the FTIR in this research is by using 

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

 

Figure 1.1: Vibrational modes of Carbon dioxide 
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The diamond crystal is the heart of the ATR unit and depending upon its refractive index 

the total reflectance is governed. Diamond, ZnSe, Germanium 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 collected by 

the detector. 

1.6.2 RAMAN SPECTROSCOPY 

Raman spectroscopy 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 excitation states. This helps to avoid absorption of 

photons. When the molecules lose energy to return to ground state or lower excitation 

state, scattering reactions occur. The 3 types of scattering are: 

¶ Rayleigh scattering: Occurs when the light is elastically scattered i.e scattered 

light has the same energy as the incident light  

¶ Stokes scattering: Occurs when the scattered light settles at a higher energy state 

(First excited vibrational level) than its previous energy state. 

¶ Anti-Stokes scattering: Occurs when the scattered light it loses energy during this 

process and the system reaches a lower energy level than its previous energy state  

Rayleigh and Raman are two photon processes involving scattering of incident light. The 

incident photon is absorbed transiently, 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 scattering. Change in polarizability makes the Raman 

scattering active. The polarizability 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 catalyst support play an important role in a 

modulating the Lewis to Bronsted acid ratio. Hence understanding the type and molecular 

structure of the surface sulfated species is of utmost importance. The relative 
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concentration of metal oxides can be influential in modulating the surface dispersed 

species as individual metal oxides vary in its oxidation states and its ionic radii. The 

molecular structure (see Figure 1.2 ) of sulfated species on metal oxide was introduced by 

Yamaguchi and co-workers for the first time, where they hypothesized that the surface 

had Lewis sites exclusively. 
31

 The structure is a covalent chelating bidentate sulfate 

structure and was observed in iron oxides (Fe2O3).  

 

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

The possibility  of existence of bridged bidentate sulfate species (a sulfate species whose 

2 out of 4 oxygen atoms are connected to the metal atom) was also put up by Yamaguchi 

and his co-workers. The structure is shown below in Figure 1.3 

 

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

Yamaguchi and coworkers compared the structural configuration of the surface sulfates 

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 1240-1230, 1125-1090, 1035-995, 960-940 cm
-1

 to chelating 

bidentate sulfate structure exhibiting. The chelating and bridged bidentate sulfate species 

is denoted as óɓô in all the spectra.  

     They pointed out the theory that distinguishing factor between chelating and bidentate 

sulfate species is that the extreme frequency vibrational band of chelating is higher than 

the highest frequency vibrational band of bridged sulfate species.
32

  The concept of band 

splitting with decrease in symmetry is addressed in the next paragraph. 
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     The free sulfate ion belongs to Td symmetry and only one broad band at 1100cm
-1

 is 

observed. The triple degeneracy of the band leads to one band with exception of a band at 

975 cm
-1 

in few cases. The symmetry gets lowered when the sulfate group forms complex 

with metal ions resulting to C3v symmetry for monodentate complex. The asymmetric (v3) 

vibrational band splits into two, one at 975cm
-1

 and the other at higher wavenumber. For 

bridged bidentate sulfate configuration the symmetry becomes C2v, and bands become 

visible at 1000, 1050 and around 1200-1220 cm
-1

. When the structural configuration of 

bidentate species takes the chelating form, the highest asymmetric vibrational frequency 

is observed at higher frequency (around 1250 < v <1300cm-1) as that of bridged 

configuration. This concept is explained pictorially below. 

    

 

Figure 1.4: IR spectrum bands to distinguish between chelating and bridged bidentate sulfate complexes. 

Adapted from Hug 33 

  

    In order to  take into account the Brønsted acid sites, a structure shown in Figure 1.5 is 

a proposed model of sulfated group on zirconia by Ward et.al.
34

. It is a modified structure 

which is also a chelating bidentate sulfate structure. Mortera et al. studied the behavior of 
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sulfated zirconia by injecting H2O vapors and observed two broad bands at 1130 and 

1280cm
-1

, which was typical of bidentate sulfato complex.
35

 

 

 

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

 

 

Figure 1.6: Proposed structure of tridentate sulfated group by Bensitel and co-workers 

The Figure 1.6 is the structure which was first introduced by Bensitel and co-workers.
36-37

 

It consists of single S=O structure and the rest includes three oxygen atoms bonded to the 

metal component by single bonds. When the sulfate group was increased significantly 

they suggested the possibility of existence of one more sulfate species. This structure is 

indicated in Figure 1.7.  

 

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 represented as óŰô whereas polymeric sulfate species are 

represented as óɟô in the spectra compiled in the results and discussion section. Bensitel 

and coworkers used different types of sulfating source and postulated that the all these 

sources lead to same types of surface sulfate 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 these sulfate species on different crystalline faces of zirconia. They used 

isotopic exchange of oxygen at high temperatures to propose the tridentate species with 

single S=O 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, 930cm
-1

 to 

tridentate species. They also hypothesized the existence of polysulfate S2O7 species at 

high temperature loadings displaying bands at 1004, 1085 and 1400cm
-1

.
 
Riemer and 

coworkers
38

 came to an agreement to the above work by making use of Raman 

spectroscopy and NMR. 

   It was further reported that the effect due to hydration on these metal oxides 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 shown below in Figure 1.8 

 

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

  Through ab initio calculations Hasse and Sauer showed that the bidentate structures are 

not thermodynamically stable at high temperatures and get converted to tridentate 

species. They predicted the spectral splitting for tridentate species between vibrational 

bands of S=O and S-O to be 350cm
-1

 whereas for bidentate species the spectral splitting 

of S=O symmetric and asymmetric stretching to be 90cm
-1

.
39
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A different structure of sulfated zirconia with 5-coordination surface atoms was proposed 

by White et al. 
40

. Each sulfur atom in this structure is surrounded by five oxygen atoms 

(see Figure 1.9.) 

 

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

1.8 BUTYLATION OF PHENOL  

The tert-butylation reaction of phenol has tremendous commercial value. The major 

products of this reaction are 2,4-di-tert-butylphenol (2,4-DTBP), 4-tert-butylphenol (4-

TBP) and 2-tert-Butylphenol (2-TBP). 2,4-DTBP is a raw-material used in the 

manufacture of stabilizers for PVC or UV absorbers in polyolefins.
41

 It is a primal matter 

for producing antioxidants as well. 4-TBP 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 agrochemicals. As 

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 condition to only 150 C. Nature of acid sites varies as the amount of tin doping 

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, leads t-butyl phenyl ether (t-BPE).  

2. H-BEA considered to be a strong acid catalyst showed enhanced selectivity for m-

t-butylphenol (m-t-BP)
42

.  
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3. Moderate acid catalysts tend to favor products such as o-t- and p-t-butylphenol (o-

t-BP and p-t-BP)
43 

4. Sulfated zirconia favors p-t-butylphenol with the improved activity only when 

alkylating agent used is in higher proportions. 
44 

5. Sulfated tin oxide shows poor activity for butylation of phenol reaction but it has 

proved to be the most efficient catalyst for the alkylation of hydroquinone.
21 

As per our knowledge, sulfated zirconium and tin mixed oxides havenôt been used for 

these reactions. Determining the nature of acid sites is beyond the scope of this project 

but depending on the conversion and selectivity it is 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 and tin. There 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 the condition of 

the catalyst (hydrated or dehydrated) is made. The materials produced are used as catalyst 

for butylation of phenol which was part of the research we undertook in this thesis. The 

long term goal of this project is to develop an efficient catalyst for the 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 sulfated zirconium-tin oxides. The 4
th
 

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 of some of the catalyst is also covered in 

this project. 
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2 EXPERIMENTAL SECTION  

2.1 CHEMICAL REAGENTS  

 

Reagents for catalyst synthesis 

Zirconium oxychloride (Zirconyl chloride octahydrate) ZrOCl2.8H2O is in the form of 

white powder and is water soluble chloride salt of zirconium. Zirconium oxychloride 

[Molecular weight 322.25, CAS No.7699-43-6, Sigma-Aldrich 98% reagent grade, 

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

Tin(IV) chloride pentahydrate SnCl4.5H2O [ Molecular weight 350.6, CAS No. 10026-

06-9, Sigma-Aldrich 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) [Sigma-Aldrich, 28-30 wt%, 2.5L] 

is a colorless liquid used as a precipitating agent for the co-precipitation of zirconium and 

tin salts in its respective hydroxide forms. 

Concentrated sulfuric acid (conc. H2SO4) [Sigma-Aldrich, 5M, 1L], is a colorless 

solution used for the wet impregnation of mixed metal hydroxides with sulfated groups 

Reagents for Alkylation R eaction 

Phenol [Molecular weight 94.11, CAS no. 108-95-2, Alfa Aesar 99.5% unstabilized, 

100gm] is of solid melt form and is used as one of the reactants for the alkylation 

reaction.  

Tert-butyl alcohol [molecular weight 74.12, CAS no. 75-65-0, Fisher Chemical, reagent 

grade, 99.5%] is a colorless liquid which has a boiling point of 83 C and is used as an 

alkylating agent in the reaction carried out in a parr reactor. 

 

 



16 
 

 

2.2 CATALYST SYNTHESIS 

The mixed hydroxides of zirconium and tin were prepared by the co-precipitation 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 solutions 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 proper mixing for half an hour.  

Co-precipitation  

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

probe [Cole-Parmer pH 

electrode, Electrode type: Double 

junction, Electrode body 

material: Epoxy, gel filled] was 

immersed in the beaker 

containing the above mixture. 

The simultaneous precipitation of 

more than one component is 

called as co-precipitation. See 

Figure 2.1. 

This solution containing 

ZrOCl2.8H2O (0.1M) and 

SnCl4.5H2O (0.1M) was 

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

the pH 8 was reached. At this pH hydroxides of both components i.e. Zirconium and Tin 

gets co-precipitated. A white precipitate is observed and is allowed to age for an hour. 

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 higher retention 

 

Figure 2.1: Experimental setup for the co-precipitation process 
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efficiency of fine particles (<3ɛm in size). The filtered solid is kept for drying in the 

vacuum oven overnight at 85
o
C.  

  The product obtained after drying the 

filtered solids are hydrous tin-

zirconium oxides. Half of the amount 

of hydrous tinïzirconium oxides was 

sent for calcination to form crystalline 

mixed oxides.   

 

Wet Impregnation 

   Wet impregnation was carried out on 

the remaining amount of hydrous 

oxides, where they were stirred with 

1M and 0.5M sulfuric acid for 1 hour. 

The excess was filtered off and the 

filtered solids were kept in the vacuum 

oven overnight at 85
o
C.  

 

Calcination 

The oven-dried sulfated hydrous tin-

zirconium hydroxides were calcined 

for 3 hours at 600
o
C or 500

o
C (only 

sulfated and non-sulfated hydrous tin oxides) with a ramp rate of 5K/min in the presence 

of air flow of 100ml/min. 

 

Figure 2.2: Vaccum oven used for drying 

 

 

Figure 2.3: Experimental setup for sulfation of hydrous 
mixed oxides using wet impregnation process. 
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Figure 2.4: Experimental setup and image of Calcination furnace [Lindeberg Blue M] from Thermo 

scientific 

 

 

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 co-precipitation process and the concentration of sulfuric acid used during wet 

impregnation process are tabulated in Table 2.1 and Table 2.2 respectively. The following 

abbreviations are used to represent specific metal or mixed metal oxides.  
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óTô signifies Tin oxide, óZô represents Zirconia, óTZô represents Tin-Zirconium mixed 

metal oxides with different molar ratios.  Similarly for Sulfated metal oxides and mixed 

metal oxides óSTô Sulfated Tin oxide, óSZô represents Sulfated Zirconia, óSTZô represents 

Sulfated Tin-Zirconium mixed metal oxides  

Table 2.1: Various proportions of mixed metal oxides produced 

Material  

Tin -Zirconium 

molar ratio  

Calcination 

temperature 

T (tin oxide) [1:0] 500
o
C 

TZ (tin-zirconium oxide) [10:1] 600
o
C 

TZ (tin-zirconium oxide) [1:1] 600
o
C 

TZ (tin-zirconium oxide) [1:10] 600
o
C 

TZ (tin-zirconium oxide) [1:25] 600
o
C 

Z (zirconium oxide) [0:1] 600
o
C 

 

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

      

Concentration of 

Sulfuric acid used 

Material  
Tin -Zirconium 

molar ratio  

Calcination 

temperature 
Group 1 Group 2 

ST (Sulfated tin oxide) [1:0] 500
o
C 1M 0.5M 

STZ (Sulfated tin-zirconium 

oxide) 
[10:1] 600

o
C 1M 0.5M 

STZ (Sulfated tin-zirconium 

oxide) 
[1:1] 600

o
C 1M 0.5M 

STZ (Sulfated tin-zirconium 

oxide) 
[1:10] 600

o
C 1M 0.5M 

STZ (Sulfated tin-zirconium 

oxide) 
[1:25] 600

o
C 1M - 

SZ (Sulfated zirconium 

oxide) 
[0:1] 600

o
C 1M 0.5M 



20 
 

 

 

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 

25ml Parr reactor at atmospheric pressure and temperature of 150 C for a reaction time of 

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 used. The quantitative analysis 

of the product and the reactant was done using GC-MS.   

 

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 using Horiba UV-NIR LabRAM HR Evolution Raman 

spectrometer. It is a high spatial and spectral resolution Raman spectrometer equipped 

with a confocal microscope. It is equipped with an air cooled open electrode 1024x256 

pixels CCD -75°C and a laser source of 532nm. The additional feature is the UV-Vis-

NIR macro lens of 40 mm focal length for open geometry Raman configuration. Raman 

Spectrometer was used to characterize the hydrous TZ, TZ, hydrous STZ-Gr1, hydrous 

STZ Gr-2, STZ-Gr1, STZ-Gr2 materials. The spectra were recorded in dark room to 

avoid interference of light. Laser-safety goggles were used whenever Raman 

spectrometer was in use. The 10x objective was used for focusing the laser on the 

samples. Images are captured using the microscope (See Figure 3.1) 

 

Figure 3.1:Magnified images of (a)SO4
2ī/SnO2, (b)SO4

2ī/ZrO 2 using 10x objective of spectrometer 

To get very high resolution spectra of the sulfated groups (900-1450cm
-1

) the 100x 

objective was used. Images are captured using the microscope. The parameters were 

regulated using the LabSpec software. 

 

Table 3.1: Values of parameters used in Raman Spectrometer 

Parameters Value 

Acquisition time 75sec or 150sec(for sulfated groups) 

a b 

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 

Wavenumber range 50-1700cm
-1

 

Objective x10 or x100(for sulfated groups) 

Laser Intensity 10% 

Grating 1800 

 

 

 

 

 

 

 

 

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 circulated into the 

HVC and the catalyst was dehydrated 

at high temperatures. During this 

process the catalyst was kept in an 

oxidizing environment by continuously 

flowing air. The spectra were taken at 

temperatures up to 500
o
C. The spectra 

were taken after stabilizing the catalyst 

at a particular temperature for 1 hr. See 

Figure 3.3 for HVC 

 

 

 

Figure 3.2: HORIBA LabRAM HR Evolution Raman Spectrometer 

 

 

Figure 3.3: High Temperature Reaction Chamber 
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3.2 FOURIER TRANSFORM INFRARED SPECTROMETER - 

ATTENUATED TOTAL REFLECTANCE  (FTIR - ATR)  

FTIR spectra were collected using NICOLET IS50 FT-IR spectrometer. This analytical 

instrument is a high resolution (~0.9 cm-1) infrared spectrometer and is equipped with 

DLaTGS and MCT-A detectors. For this research project only DLaTGS detector was 

used. It contains long lifetime PolarisÊ infrared source and gold optics. The FTIR is 

connected to a Parker-Balston 75-45 purge unit to provide a purified purge gas and air 

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

air. This helps in obtaining cleaner background spectra in a shorter period of time and 

more accurate analysis by improving the signal-to-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 FTIR-ATR is used to 

characterize the type of sulfated species developed on the tin-zirconium oxide support.   

Specac ATR is a high-performance single reflection monolithic diamond ATR. One of the 

characteristic features of this equipment is that it can analyze a wide range of materials 

irrespective of the materialôs abrasiveness, hardness, reactivity or corrosiveness. The ATR 

platform is connected with an electrical heating unit which enables the platform to reach a 

maximum temperature of 300°C. With the help of this heating unit the STZ-Gr1 and STZ-Gr2 

catalyst are characterized at higher temperatures as well. The changes in the sulfated species with 

respect to temperature are recorded at 25, 50, 100, 150 and 200
o
C. To get high resolution peaks of 

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

 

 

Figure 3.4:Thermo Scientific NICOLET IS50 FTIR spectrometer 

 

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


24 
 

 

Table 3.2: Values of parameters used in FTIR-ATR 

Parameters 

Detector DTGS 

Beam Splitter KBr 

Resolution 4cm
-1

 

Wavenumber range 400-4000cm
-1

 

Aperture 100 

No.of scans 128 

Optical Velocity 0.1581cm/sec 

 

 

3.3 X-RAY DIFFRACTOMETER  

XRD data was collected to draw insights about the crystal phase and structures of the TZ, 

STZ-Gr1, STZ-Gr2 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 slit, 15-sample changer; 

sample spinner.  

Table 3.3: Values of parameters used in XRD 

Parameters Value 

K-Alpha1 wavelength 1.540598 

K-Alpha2 wavelength 1.544426 

Ratio K-Alpha2/K-Alpha1 0.5 

Receiving slit 0.2 

Generator voltage 45Kv 

Tube current 40Ma 

Scan range 20
o
-93

o
 

Scan step size 0.02 

No. of points 3650 

Time per step 2
o
/min 

 

Figure 3.5:Specac ATR 

 
















































