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ABSTRACT 

  In present study, the polymerization of butadiene and ethylene were carried out 

using heterogeneous monometallic, bi-and tri-metallic catalysts. Five types of catalysts, 

nickel, cobalt monometallic, Ni-Co bi-metallic, and Ni-Co-Pd, Ni-Co-Pt tri-metallic were 

synthesized by using sol-gel, impregnation and hydrometallurgical methods. The 

synthesized nano composites were subjected to calcinations at 200, 400, 600 and 900 ºC, 

to study their effects on catalyst morphology, activity and product selectivity. These were 

characterized by X-ray diffraction (XRD), helium adsorption Brunaur, Emmett and Teller 

(BET), scanning electron microscopy (SEM) coupled with energy dispersive X-ray 

spectrometer (EDX), transmission electron microscopy (TEM), FT-IR Spectroscopy, 

temperature programmed reduction (TPR), temperature programmed oxidation (TPO) 

and X-ray Photoelectron spectroscopic (XPS) studies. 

  The synthesized catalysts were tested for the polymerization of butadiene and 

ethylene in ethanol, n-hexane and toluene solvents at various temperature and pressure 

conditions in Parr reactor. The products obtained were characterized by Fourier transform 

infrared spectroscopy FT-IR, 1H and 13C Nuclear magnetic resonance spectroscopy 

(NMR), Gel permeation chromatography (GPC), Thermogravimetric analysis (TGA), 

Static laser light scattering (SLLS) and Mass spectrometric analysis (MS). The results 

showed that in ethanol solvent at 130 °C and 1.0 barr pressure, the product obtained 

consists of aliphatic and aromatic carbonyl compounds and polybutadiene terminated  

by -OH group. The selectivity of product was obtained in n-hexane and toluene solvent. 

In order to synthesize hydroxyl group terminated polybutadiene HTPB, the termination of 

polybutadiene was carried out by acidic solution of ethanol or hydrogen peroxide, 

whereas the termination of polyethylene was carried out by the acidic solution of ethanol. 

The significant product was achieved with the catalyst prepared by hydrometallurgical 

method as compared to other techniques. The best results were achieved with the Ni-Co-

Pt catalyst calcined at 900 ºC with molecular weight average of 12414 and a 

polydispersity Mw/Mn value of 1.404 under controlled conditions of temperature 130 ºC 

and pressure 1.0 barr. The microstructure distribution of polybutadiene was studied by 

carrying out catalytic activity test at different temperature and pressure conditions. 100% 

stereoregular product of cis-1,4 polybutadiene have been achieved at low temperature 30 

ºC and pressure 0.5 barr with the catalyst Ni-Co calcined at 900 ºC. 
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Chapter − 1 

INTRODUCTION 

All over the world, the production of polyolefins has been increasing 

tremendously with the amount produced is ca. 46 million tons per year. Polyolefins have 

played an important role in substantial technical interests of detergents, plastics, 

lubricants, oil additives and a variety of fine chemicals. This development is supported 

by enormous research activities in catalysis and process technologies which have 

followed an “S’ curve over the last 60 years (figure 1.1). 

 

Figure 1.1: "S" curves for polyolefin sysnthesis. Reproduced from reference [1]  

Polymers are macromolecules build up by linking together large number of small 

molecules called monomers, and the reaction by which they combine are termed 

polymerization. There may be hundreds, thousands, ten of thousands monomer 

molecules linked together in a polymer. An oligomer is molecule with low molecular 

weight. The term stems from the Greek word Oligo mean “a few” and mer as “part”. In 

polymers, they may be present in low amount. 

Wallace Carothers demonstrated that polymers can be synthesized from their 

constituent monomers, under milder conditions of temperature and pressure [2]. Then 

synthesis of polyolefin has revolved with the development of several types of catalyst 

that promote polymerization of ethylene. The first one was a chromium trioxide-based 

catalyst, discovered by Banks and Hogan at Phillips Petroleum in 1951 [3]. In 1953, the 

German chemist Ziegler developed titanium halides and organo-aluminium compounds 
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based homogeneous catalyst that worked more effectively than Phillips catalyst [4]. 

However, Phillips catalyst is less expensive and easier to handle [5]. 

Both catalysts have been used for industrial scale polymerization of olefins.  In 

1976 a third type of catalyst based on metallocenes was discovered by Kaminsky and 

Sinn [6]. The Ziegler and metallocene homogeneous catalyst families have proven to be 

versatile for the copolymerization of ethylene with other olefins. Later in 1995, 

Brookshart and Gibbson have made great contributions in designing highly active 

ethylene polymerization/oligomerization catalysts based on Fe (II) and Cobalt (II) 

bearing 2, 6 (Imino) pyridyl ligands [7-10]. Moreover, Grubbs reported Ni (II) Salicylal 

dimminato complexes as suitable catalysts for the polymerization of ethylene to obtain 

high molecular weight polyolefin under moderate conditions [11]. The detail of different 

catalysts used for the polymerization of olefins is reviewed in table 1.1. 

Table 1.1.  Development of catalysts for the polymerization of olefins 

Year Product Catalyst Reference 

1956 PE Ni/Charcoal 
Mo/Alumina [12] 

1958 PE Phillips catalyst CrO in SiO2 [13] 
1966 PBD Rh(AcAc)3/(C2H5)2AlCl [14] 
1972 PE V2O5/Alumina, CrO3/Alumina [15] 

1995 PE [(ArN=C(R)C(R)=NAr)M(CH3)(OEt2)]+BAr4
- 

M=Pd,Ni [7] 

1998 PE [{(2,6-ArN=C(Me)2)C5H3N}MX2] 
M=Fe,Co [10] 

1999 PBD NiCl2/MAO [16] 
1999 PE Cr/SiO2 [17] 
2001 PBD Nd [18] 

2002 PE bis(imino)Ni(II)/dibutylemagnesium/alkyl 
aluminium halide [19] 

2003 PBD CoCl2/MAO [20] 

2005 PE 
Salicyladimnato Ni(II) 
Salicyladimnato Pd(II) 

[21] 

2005 PBD [C0(C8H13)-(C4H6)]/CS2 [22] 
2006 PE Cobalt (II) Pyridyl Bis(imine) [23] 
2009 PE Cr,Fe,and Co [24] 
2010 PBD Ni/Co/Ox [25] 
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The primary objective to formulate these catalysts was due to the cost of high 

pressure operations, which encouraged many researches to designed low pressure 

systems by using different catalysts.  

1.1 Polyethylene 
 Polyethylene or polythene [IUPAC name polyethene or poly (methylene)] is most 

widely used plastic with an annual production of approximately 80 million metric tons 

[26].  

1.1.1 Applications of Polyethylene 
 Polyethylene is used in a wide range of applications. 

• The low density polyethylene (LDPE) or branched polyethylene is soft 

and pliable and has been used in plastic bags, containers, textiles, 

electrical insulation, and coatings for packaging materials. 

• The high density polyethylene (HDPE) or linear polyethylene, rigid than 

branched polyethylene and is used in applications where rigidity is 

important. Major uses of HDPE are plastic tubing, bottles, and bottle caps. 

• The high and ultra-high molecular weight polyethylenes HMW and 

UHMW are used in applications where extremely tough and resilient 

materials are needed. 

1.2 Polybutadiene 
 Polybutadiene, an elastomer (elastic polymer) is a synthetic rubber formed from 

the polymerization of 1,3-butadiene monomer. The polymer is well-known for its high 

resistance to abrasion, low heat buildup and resistance to cracking. It exhibits 80% 

recovery as a result of stress is applied. In 2009, tyre products were major source of 

worldwide consumption of polybutadiene (figure 1.2) [27]. 
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Figure 1.2: World consumption of polybutadiene elastomers-2009. 

1.2.1 Applications of Polybutadiene 
 Polybutadiene is largely used in various parts of automobile. It is used in the 

tread portion of giant truck tyres helps to improve the abrasion, i.e. less wearing. 

 In the sidewall of truck tyres, it helps to improve fatigue to failure life due to the 

continuous flexing during run. As a result, tyres will not blow out in extreme 

service conditions. 

 It is used in the inner tube of hoses for sandblasting, along with natural rubber.  

 It is used in railway pads, bridge blocks, golf balls, etc. 

 It can be blended with nitrile rubber for easy processing. However large use may 

affect oil resistance of nitrile rubber. 

 It is used in the manufacturing of the high-restitution toy Super Balls. 

 It is used as a fuel in combination with an oxidizer in various Solid Rocket 

Boosters. 

 It is blended with Polystyrene to prepare High Impact Polystyrene (HIPS). 
 

1.3 Importance of Molecular Weight of Polymers 
The molecular weight of polymer is of prime importance in its synthesis and 

application. The important mechanical properties of polymeric materials are affected 

from their high molecular weights. The remarkable mechanical properties as a function 

of molecular weight of polymers are shown below. 
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Figure 1.3: Dependence of mechanical strength on polymer molecular weight. 

In (figure 1.3), point (A) represents a few thousand molecular weights, produce 

significant mechanical strength. Beyond point A, the strength increases rapidly with 

molecular weight until a critical point (B) is reached. Mechanical strength increases more 

slowly above (B) and eventually reaches a limiting value (C). The critical point (B) 

generally correspond minimum molecular weight to exhibit sufficient strength to be 

useful. Most practical applications of polymers require higher molecular weights to 

obtain higher strengths. The lowest useful molecular weight at (B), usually in the range 

5,000-10,000 varies for different polymers. The molecular weights at points (A) and (C) 

vary amongst different polymers. Polymer chains with stronger intermolecular forces, for 

example, polyamides and polyesters, develop sufficient strength to be useful. At lower 

molecular weights, polymers have weak intermolecular forces, for example, in case of 

polyethylene. Thus the practical aspect of polymerization requires carrying out a process 

to obtain a compromise molecular weight. In order to obtain required strength for a 

particular application without overly sacrificing other properties, the molecular weight 

must be sufficiently high. Synthesizing the highest possible molecular weight is not 

necessarily the objective of a typical polymerization. Instead, one often aims to obtain a 

high but specified compromise molecular weight. The control of molecular weight is 

essential for the practical use of polymerized product [28].  

Polymers differ from the small-sized compounds in that they are polydisperse or 

heterogeneous in molecular weight. The reason for the polydispersity of polymers lies in 

statistical variations present in the polymerization processes. The control of molecular 

weight and molecular weight distribution (MWD) is often used to obtain and improve 

certain desired physical properties in a polymer product. 
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 The most important feature distinguishing polymers from low-molecular weight 

species is the existence of distribution of chain lengths. This distribution can be 

illustrated by plotting the amount of polymer of a given molecular weight against the 

molecular weight. 

 For typical polymers the number average lies near the peak of the weight-

distribution curve (figure 1.4). 

 
Figure 1.4: Distribution of molecular weight in typical polymer. 

1.4 Importance of Stereoisomerism 
Stereoisomers are isomeric molecules that have the same molecular formula and 

sequence of bonded atoms (constitution) but differ only in its three-dimensional 

orientation of atoms in space. The phenomenon is known as stereoisomerism. Cis-trans 

(geometric) isomers arise from different configurations of substituent on a double bond. 

The polymerization of 1,3-diene such as butadiene can lead to cis and trans isomers 

where polymerization occurs by a 1,4-addition. On the other hand, 1,2-addition yields 

vinyl polymer. The sterereoisomers of 1,3-butadiene are shown in (figure 1.5) 

CH2

HC CH

H2C

CH2

HC CH

H2C

CH2

H2C C
H

CH2

cis-1,4

trans-1,4

vinyl-1,2
 

Figure 1.5: Microstructures of polybutadiene. 
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 The occurrence of isomerism in polymer plays a major role in their practical 

utilization. There are very significant differences in the properties of unordered and 

ordered polymer as well as in the properties of ordered polymers of different types (cis 

versus trans). The ordered polymers are dramatically different from the corresponding 

unordered structures in morphological and physical properties. 

 Stereoisomerism in 1,4-poly-1,3-dienes impart significant differences in 

properties of the cis and trans polymers. The trans isomer crystallizes to a greater extent 

as a result of higher molecular symmetry and has higher Tm and Tg values as shown in 

table 1.2. Cis and trans-1,4-polybutadienes are produced commercially. The cis polymer 

is far more important, evidenced by the annual production of ca. one billion pounds [29]. 

Table 1.2: Crystalline melting (Tm) and glass transition temperatures (Tg) 

Polymer Isomer Tg(oC) Tm(oC) 

1,4-polybutadiene 
Cis -95 6 

Trans -83 145 

 
1.5 Effect of Solvent on the Polymerization of Butadiene and 

Ethylene 
The nature of solvent affects the rate of polymerization, molecular weight and 

stereospecificity of polybutadiene. Many solvents have been used in diene 

polymerization with different catalyst. However the most employed ones are aliphatic, 

cycloaliphatic and aromatic hydrocarbons or mixture thereof. The polymerization of 

butadiene is usually carried out in hydrocarbon solvents i.e. n-hexane, cyclohexane and 

pentane which have the advantages of lower price and lower toxicity over aromatic 

solvents. In addition, aliphatic and cycloaliphatic solvents are considered to be inert [30]. 

The use of aromatic solvents results in reduced catalyst activities [31].  

Various studies showed that use of aromatic solvents usually decrease the cis-1,4 

contents of diene polymerization [32,33]. For binary Nd containing catalyst systems, the 

influence of solvent heptanes, cyclohexane, toluene, dichloromethane was investigated 

by Dong et al. [34]. On the other hand, chlorinated aliphatic hydrocarbons strongly 

decrease the catalyst activity and often yield insoluble polymeric gel [35], whilst ethers 

such as THF are catalyst poison. Mellow et al. studied the effect of cyclohexane and 

toluene in the polymerization medium of butadiene by group II Neodymium catalyst 
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[36]. They observed that these solvents have marked effect on the polymer molecular 

weight properties. The increasing of cyclohexane contents decreases the molecular 

weight and molecular weight distribution. Seoung et al., observed the effect of different 

solvents on the molecular weight distribution of polybutadiene [37]. According to their 

results, some solvents i.e. veratrole, diphenyl ether, toluene and THF were found fruitful 

as compared to other solvents i.e. PhCl, CH2Cl2 and cyclohexane. 

Heinicke et al., studied the influence of solvent for the polymerization of ethylene 

and observed high TON and molar mass in toluene/1-hexane as compared to other 

solvents [38]. Several factors affect the solvent choice, for example, the chain transfer to 

the solvent should be minimal. For heterogeneous metal oxide catalyst, it might be 

necessary to use inert solvent system [17]. In current study, following solvents have been 

selected for the catalytic polymerization of butadiene.  

1. Ethanol 

2. n-Hexane 

3. Toluene 

 The polymerization of ethylene was carried out in toluene [39]. 

1.6 Effect of Temperature on Polymerization of Butadiene 
and Ethylene 
The polymerization temperature is another most important factor in the 

commercial plants. Generally, in the heterogeneous catalysis, as the temperature 

increases, active sites of catalyst become more effective [40], which ultimately increase 

the propagation rate and equilibrium constants. Concurrently, the degree of side reactions 

such as chain transfer and self termination increases at higher temperature. Also, the 

catalyst decomposition may occur at higher temperature [41]. The optimization of 

temperature generally depends on the nature of monomer, the catalyst and targeted 

molecular weight of polymer. The stereoregularity of the final polymer product is 

dependent on the polymerization temperature. Heo et al., find out that the optimum 

polymerization temperature of BD is about 80 °C in veratrole solvent in the presence of 

CuBr/Pyridine-2-Carboxamide catalyst [42]. The high yield of trans contents indicate 

that the trans isomer is thermodynamically more stable [43]. Low temperature (50 °C) 

polymerization can be attributed to the increase in linearity of the molecule [44].  Endo 

and Uchida [45] studied the effect of temperature and aging time with Cr(acac)3-AlR3 

catalyst and observed that lower polymerization temperature (50 °C) and prolonged 

aging time were favored to produce the 1,2-vinyl structure. It has also been reported that 
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1,4-cis addition decreases as the temperature increases from 10 °C to 70 °C by the use of 

Co(II)- pyridyl bis(imine) complexes as catalyst [23]. 

Endo and Yamanaka carried out the polymerization of 1,3-butadiene in toluene at 

40 °C and get 90% cis-1,4 contents [16]. Nath et al., achieved 97-98% cis-1,4-

polybutadiene at 0 °C [20]. Feller and Field carried out the polymerization of ethylene 

with nickel and cobalt oxide catalyst systems in the range of 100 °C to 180 °C [46]. In 

present work the polymerization and control of stereoregularity has been carried out at 

30 °C, 80 °C and 130 °C whilst the polymerization of ethylene was carried out at 50 °C.  

1.7 Catalysis 
Catalysts are substances that accelerate the rate of chemical reactions, facilitate 

the establishment of equilibria and are capable of greatly enhancing product selectivity. 

They allow chemical transformations to be performed with increased efficiency, 

minimum waste and reduced energy consumption. The catalyst can increase the rate of a 

reaction that is already thermodynamically feasible; it cannot initiate a reaction that is 

thermodynamically impossible. Catalyzed reactions are as much subject to the laws of 

thermodynamics as are uncatalyzed reactions. Overall the significance of a catalyst 

decreasing the activation energy of the reaction proceeds by a new and energetically 

more favorable pathway. The ability of a substance to act as a catalyst in a specific 

system depends on its chemical nature. In heterogeneous catalysis, the major concern is 

about the specific chemical/physical properties of the surface of the chosen catalyst. 

Chemical interaction between catalyst and the reactant–product system is a necessary 

phenomenon for catalysis; however, this interaction must not change the chemical nature 

of the catalyst. 

1.7.1 Classification of Catalysis 
 The catalytic systems are divided into two distinct categories: 

• Homogeneous catalysis 
• Heterogeneous Catalysis 

1.7.1.1 Homogeneous Catalysis 

When the catalyst is of the same phase as the reactants and no phase boundary 

exists, is called homogeneous catalysis. This may take place either in the gas phase, as, 

for example nitrogen oxide catalyses the oxidation of sulphur dioxide; or in the liquid 

phase, as when acids and bases catalyze the mutarotation of glucose. 



 10

 The simplest example of a homogeneous catalyst is H+ for example, in the acid 

catalyzed esterification of carboxylic acids. The catalyst may consist of transition metal 

species which are expected to be active. The reaction usually starts with a stable 

transition metal complex which brings about a chemical reaction by entering in a 

catalytic cycle involving a series of various metal complexes, link to each other by 

consecutive reaction steps. Different metals used in homogeneous catalytic reactions are 

presented in table 1.3. 

Table 1.3: Important homogeneous catalytic reactions [47] 

Common type Reactant Product Metal 

Carbonylation 

Methanol and CO 
Methyl acetate and CO 
Methyl acetylene, CO, 

methanol 

Acetic acid 
Acetic anhydride 

Methyl methacrylate 

Rh or Co 
Rh 
Pd 

Hydocarboxylation Alkene, water and CO Carboxylic acid Rh 

Hydroformylation Propylene, CO, H2 
α-alkenes, CO, H2 

n-Butyraldehyde 
n-Aldehydes 

Rh or Co 
Co 

Hydrocyanation 
Hydrosilylation 
Hydrogenation 
Metathesis 

Butadiene and HCN 
Alkene and R3SiH 

Alkene or aldehyde and H2 
Alenes or dienes 

Adiponitrile 
Tetraalkysilance 

Alkane or alcohol 
Rearranged alkene(s) 

or dienes 

Ni 
Pt 

Rh or Co 
Mo, Re, or Ru

Polymerization Ethylene, propylene, etc Polymers Ti or Zr with 
Al;also Cr 

Di-and 
oligomerizarion Propylene,ethylene,etc. Oligomers Ni 

Auto-oxidation Cyclohexane or p-xylene Adipic or 
terephthalic acid Co, Mn, V 

Epoxidation Propylene Propylene oxide Mo 

Wacker reaction Ethylene and O2 Acetaldehyde Pd and Cu 

Asymmetric 
reactions 

Mainly alkenes with other 
appropriate reactants 

Chiral products of 
different kinds 

Rh, Ru, Ir, Cu, 
Ti, Mn, Co, Os, 

La,etc 
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1.7.1.2 Heterogeneous Catalysis 

 When phase boundary separate the catalyst from reactants, the catalytic system is 

termed as heterogeneous catalysis. It is also possible to “heterogenize” a homogeneous 

catalyst, either by attachment to a solid support or by using two immiscible media 

without altering the underlying chemistry of these catalysts. Examples of heterogeneous 

catalytic systems are summarized in table 1.4. 

Table 1.4:  Phase combination for heterogeneous catalysis 

Catalyst Reactant Example 

Liquid Gas Polymerization of alkenes catalysed by phosphoric acid 

Solid Liquid Decomposition of H2O2 catalysed by Gold 

Solid Gas Ammonia synthesized by Iron 

Solid Liquid/ Gas Hydrogenation of nitrobenzene to aniline catalysed by Pb 

 
1.8 Comparison among Different Types of Catalysts 
 Heterogeneous catalysts are more widely used in industry than homogeneous 

catalysts because of their wider scope and higher thermal stability. There are no 

homogeneous catalysts as yet for cracking, reforming, and ammonia synthesis etc. 

The upper temperature limit of a homogeneous catalytic reaction is about 250 ºC, 

while heterogeneous catalysts routinely operate at higher temperatures. 

In homogeneous catalytic reactions, it is possible to obtain very high selectivity. 

This is one of the main reasons for the commercial success of many homogeneous 

catalyst based industrial process, but in most of the reactions catalyst recovery is a 

serious problem. 

For heterogeneous catalysis, the separation of catalysts is not a problem, since a 

solid catalyst can easily separated from liquid products by filtration or decantation. In 

some of homogeneous catalytic processes especially; when expensive metals like 

rhodium or platinum are used catalyst can never be recoverable. 
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The lifetime of homogeneous catalyst is usually shorter than that of a 

heterogeneous one. Homogeneous catalysts are thermally less stable than heterogeneous 

ones; they are less susceptible to poisoning by sulfur-containing compounds.  

Macroscopic diffusion plays an important role in heterogeneous catalytic 

processes but is less important for homogeneous. 

To summarize, both heterogeneous and homogeneous catalysts play an important 

roles in the chemical industry. Roughly 85% of all catalytic processes are based on 

heterogeneous catalyst [47], however, owing to high selectivity, homogeneous catalysts 

are becoming increasingly important for the manufacture of tailor-made plastics, fine 

chemicals and pharmaceutical intermediates.  

1.9 Applications of Heterogeneous Catalysis 
 The applications of heterogeneous catalysts towards production of worldwide 

chemicals is getting attention because the chemical industries have sought to demonstrate 

improved sustainability and reduced environmental impact. The driving force for the use 

of heterogeneous catalyst is based on the inherent process benefits offered i.e. easier 

product isolation and purification, no metal leaching into the process product, often 

improved reaction selectivity and opportunities for catalyst recycling either in batch 

mode or continuous systems. Selected heterogeneous catalytic processes that find 

important commercial applications are listed in the table 1.5. 
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Table 1.5: Examples of industrial heterogeneous catalytic processes [48] 

S.# Process or 
product Major reaction step Catalytic type Catalyst 

poisons 

1 Ammonia N2+3H2→2NH3 
FeO/Fe2O3 promoted by 

Al2O3 and K2O 

Moisture, CO, 
CO2, O2 

compounds of 
S, P and As 

2 Aniline 
C6H5NO2+3H2→C6H5NH2+H2O Ni powder on Al2O3 

Group VA and 
VIA elements 

C6H5NO2+3H2→C6H5NH2+H2O Raney Ni or Cu, Cu-
chromite − 

3 Butadiene 

C4H10→C4H6+2H2 Ca8Ni(PO4)6 Cr2O3 on Al2O3 
Halides, O2, S, 

P, Si 

C4H8+1/2O2→C4H6+H2O Bi-molybdate  

C4H8→C4H6+H2 Fe2O3+Cr2O3+K2O  

4 Ethanol C2H4+H2O→C2H5OH H3PO4 on kisselguhr NH3, O2, S, 
organic base 

5 Ethylene Oxide C2H4+1/2O2→C2H4O Ag-oxide on refractory oxide Compounds of 
S 

6 Formaldehyde CH3OH+1/2O2→HCHO+H2O 
Ag on Al2O3, Ag needles 

Fe2O3+MoO3 
Cl2, S 

compounds 

7 Methanol 

CO+2H2O→CH3OH  
S-compounds, 

Fe, Ni High pressure ZnO, Cr2O3 

Low pressure CuO 

8 Nitric Acid 

4NH3+5O2→4NO+6H2O 

Pt on Rh Compounds of 
As and Cl2 

2NO+O2→2NO2 

3NO2+H2O→2HNO3+NO 

9 Polyethylene nC2H4→(-CH2-CH2-)n 
Ziegler process Al-alkyl TiCl4 precipitate 

Moisture, 
alcohals, O2, 
SO2, COS, 
CO2, CO 

10 Styrene C6H5C2H5→C6H5CH.CH2+H2 
Fe2O3+Cr2O3+K2O Halides, S 

compounds, O, 
P, Si Fe2O3+K2CO3+Cr2O3+V2O5 

11 Sulfuric Acid 
SO2+1/2O2→SO3 V2O5+K2O 

On Kieselguhr 
Halides of As, 

Te SO3+H2O→H2SO4 

12 

Cracking, 
alkylation and 
isomerization 
of petroleum 

fraction 

Acid-catalyzed reactions Synthetic alumino-silicate, 
H3PO4, AlCl3 

Organometallic 
compounds, 

organic bases 

13 

Desulfurization, 
denitrogenation 

and 
deoxygenation 

Interaction of H2 with large 
hydrocarbon molecules to 

remove S, N2 and O2 from their 
structures 

(NiO+MoO3)(CoC+MoO3)or 
(NiO+WO3) 
On alumina 

H2S, CO, CO2 
heavy 

hydrocarbon 
deposit 

compounds of 
Na, As, Pb 
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1.9.1 How the Heterogeneous Catalysts Work 
Most examples of heterogeneous catalysis go through the same stages. One or 

more of the reactants are adsorbed on the surface of the catalyst at active sites. The active 

site atoms must possess one or more free valances. The number and types of these 

valences depends on the bonding between atoms in the bulk solid and the angle that the 

fractures take through the crystal. 

An atom in the new surface have lower coordination number than for atoms 

within the bulk of the solid. So adsorption occurs as a result of molecule’s interaction 

with these free valences; this may be regarded as a chemical reaction due to the 

rearrangement of electrons within the molecule. This type of adsorption is therefore 

termed chemical adsorption or chemisorptions. 

This might involve an actual reaction with the surface, or some weakening of the 

bonds in the attached molecules followed by generation of more active species. The 

product molecules are then desorbed and then leave the active site available for a new set 

of molecules to attach and react. A good catalyst needs to adsorb the reactant molecules 

strong enough for them to react, but not for the product molecules which can stick more 

or less permanently to the surfaces. A typical catalytic curve is shown in (figure 1.6). 

 

 

Figure 1.6: A typical catalytic curve showing concentration of reactants as a function of 

time. 
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1.10 Factors Effecting Catalytic Reactions  
 Following are the main factors which influence the catalytic reaction [48]: 

• Fluid dynamic factors, e.g. mass velocity. 

• Catalyst properties, particle size, porosity and pore dimensions, and surface 

characteristics. 

• Diffusion characteristics of fluid reactant and products. 

• Activation energy requirement for adsorption and desorption of fluid reactants 

and products. 

• Activation energy of the surface reactions. 

• Thermal factors, e.g. temperature, heat-transport characteristics. 

1.11 Selectivity 
Selectivity in a chemical reaction is defined as the production of one molecule 

out of many other thermodynamically feasible product molecules. The selectivity of a 

catalyst for a particular reaction is related to the strength of chemisorptions of the 

reactants on the surface of catalyst. For example, in a unimolecular reaction the catalytic 

activity is inversely related to the strength of chemisorptions of the reactant provided that 

adsorption is sufficiently strong to achieve high surface coverage. If the reactant is very 

strongly adsorbed, it will clearly be un-reactive, as the chemisorption bond will be too 

strong to be easily broken. If on the other hand, the molecule is so weakly adsorbed that 

it covers only a very small fraction of the surface, then the rate of catalysis will be 

minimum (figure 1.7). Because of its shape, it is often referred as a volcano curve [49]. 
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Figure 1.7: The volcano curve: dependence of catalytic activity upon strength of reactant 

adsorption (lower part) and the corresponding variation in surface coverage (upper part). 
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1.12 Turnover Frequency 
The turnover frequency (TOF) also called as turnover number is a specific 

reaction rate, based on number of active sites [50]. It is most fundamental definition of 

reaction rate, since it is the frequency at which molecules reacts on an active site. It has 

the units of molecules/sites-second or s-1. Values of TOF for commercial catalyst are 

typically in the range of about 10-3 to 10+1 s-1. In principal, the TOF is a constant for a 

given metal, metal oxide, metal sulfide in a given reaction at specified reaction 

conditions. In practice, however, TOF may differ significantly (factors of 2-1000) among 

catalyst of the same type because of: 

• Differences in surface structure in a structure sensitive reaction  

• Varying degrees of metal support or metal promoter effects and  

• Differences in surface composition in a series of bimetallic or multi metallic 

catalysts 

• Differences in surface structure, surface composition, and metal support or metal 

promoter interaction from one catalyst to another may depend upon the catalyst 

preparation, thermal pretreatment history, reducing or oxidizing atom, and 

crystallite size. 

1.13 Nanostructured Catalysis 
Predicting green chemistry has become more important over the last decade, 

reflecting the design, development, and implementation of chemical products and 

processes to reduce or eliminate the use and generation of substances hazardous to 

human health and the environment. High conversion can be achieved in general if the 

catalyst species is not sintered during the reaction and selectivity is achieved from the 

specific crystal structure of the catalytic active metal or the metal oxide precursor. 

Hence, controlling the catalyst species at molecular level is possible if catalysts were 

fabricated at nanometer scale. 

On nano structured catalysts, reactant molecules undergo chemical change to 

produce intermediates. These reaction intermediates will then diffuse at certain distance 

to other sites where they undergo further rearrangements to produce the final product. In 

this case, selectivity changes markedly with conversion. As it can be seen from (figure 

1.8) nanostructured catalysis can be divided into two classes. First category is composed 

of nanoparticles of metals supported on metal oxides and second includes high-surface-

area nanocrystalline metal oxides themselves as catalysts or catalyst supports. 
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Figure 1.8: Classification of nanostructured catalyst. 

1.14 Effect of Support on the Physical and Chemical 
Properties of Catalytic Material 

 In the absence of diffusion limitations, the rate of a catalyzed reaction should be 

proportional to the surface area of active phase. To maximize this for a given mass of 

material, it is necessary to make the particles as small as possible i.e. to maximize the 

fraction of the atoms that are on the surface, this fraction is termed the dispersion or the 

fraction exposed. This objective is particularly important with the noble metals of group 

VIII, which are expensive but of high catalytic activity [51]. 

 Fortunately it is quite easy to make fine metal particles on a support (figure 1.9). 

The advantages of having the supported metal particles include: 

1. The catalyst can be easily and safely handled. 

2. It may be used in a variety of reactors, and may be recovered by filtration if used 

in a liquid medium. 

3. Because the particles are well separated from each other, they do not grow in size 

by sintering, when heated to high temperature under reducing atmosphere.  

4. The support provides a means of bringing promoters into close contact with the 

metal. 

5. There are other advantages, which are specific to particular catalyst system. The 

support effects on interactions between catalytic phases and its carrier or support, 

which affect specific activity. 
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The support effects include: 

 A strong interaction of an unreduced metal oxide with an oxide support 

preventing complete reaction of the metal, e.g. strong interaction of base metal 

oxides with alumina, silica, or zeolite supports. 

 Support-induced size and morphology e.g. pore limited crystallite diameter, 

epitaxial growth of metal layers on carbon and silica, and two-dimensional raft 

like structures of metals. 

 Contamination of the metal by support material either during preparation or 

reduction of the catalyst; 

 Bi-functional catalysis, i.e. reaction on both the metal and support. 

 Spillover of species from the metal to the support and vice versa. 

 A change in the electronic properties of these metal crystals are inherently 

different than those of the bulk metal as there are a discrete number of atoms in 

the clusters. Accordingly, it is difficult to separate size from support effects in 

nano-clusters. 

 

Figure 1.9: Metal oxides on solid support.  

1.15 Synthesis of Nano Catalysts 
One of the areas of fundamental importance to the understanding and 

development of nanoscale materials, is that development of synthetic methods that 

allows the scientist to control over such parameters as particle size, shape and size 

distribution. 

The synthesis of nanoscale particles are generally grouped into two broad 

categories; “Bottom up” and “top down”. Those materials prepared from atomic 

precursors that come together to form clusters, and subsequently nanoparticles are 

referred to as “bottom up” preparations. Conversely, when the nanoscale is reached by 
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physically tearing down larger building blocks, the process is referred to as “top down”. 

The preparation of nanoscale “bottom up” approaches can be divided into two basic 

categories: 

• Physical 
• Chemical. 

Several physical aerosol methods were reported for the synthesis of nano-size 

particles of oxide materials. These include gas condensation techniques (GCT) [52], 

spray pyrolysis [53,54], thermodynamical decomposition of metal-organic precursors in 

flame reactor [55] and other aerosol processes named after the energy source applied to 

provide the high temperature during gas particle conversion. The most common and 

widely used “bottom up” wet chemical method for the preparation of nanoscale oxides 

has been the sol-gel process. Other methods including novel microemulsion techniques, 

oxidation of metal colloids and precipitation from solution have also been used. 

The methods of sample preparation are naturally the determining factors in 

producing different morphologies [53], for example, burning of Mg in oxygen (MgO 

smoke) yields 40~80 nm cubes and hexagonal plates, while thermal decomposition of 

Mg(OH)2, MgCO3 and especially Mg(NO3)2 yields irregular shapes often exhibiting 

hexagonal platelets. Surface areas can be in the range of 10 m2g-1 for MgO smoke to 250 

m2g-1 for Mg(OH)2 thermal decomposition. Synthesis of nanomaterials via various 

methodologies including their advantages and disadvantages is summarized in table 1.6. 
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Table 1.6: Various techniques for the synthesis of nanomaterials  

S.No Technique Advantages Disadvantages 

1 

Chemical Vapor Condensation 
(CVC).  

It involves two steps, nanophase 
powder is condensed under inert 
convection gas after 
supersaturated vapors of the metal 
obtained inside a chamber [56]. 
The powder is then oxidized 
under oxygen environment [57].  

Versatile, ease in 
performance and high 
purity products with 
narrow size 
distribution. Large 
amount of 
nanoparticles with a 
nanoaglomerated state. 

High production 
cost. 

2 

Spray pyrolysis.  

The process involves the 
generation of aerosol droplets by 
nebulizing or “atomization” of the 
starting salt solution or 
suspension [58,59]. The 
generated droplets undergo 
evaporation and solute 
condensation within the droplets, 
drying, thermolysis of the 
precipitate particles lead to form 
micro porous particle, and finally 
dense particles. 

Single step process, 
high purity nano size 
particles with uniform 
particle size and 
particle size 
distribution 
homogeneous oxide- 
powder composition. 

Use of large 
amount of non-
aqueous solvent, 
high cost, and need 
for proper disposal 
of solvent. 

3 

Combustion method. 

Metal salts, usually nitrates being 
decomposed into metal oxides 
upon heating to or above the 
phase transformation temperature 
[60]. 

Self sustaining 
synthesis, rapid and 
avoids formation of 
intermediate crystalline 
phases that require 
inter-diffusion for 
complete reaction. 

Variable particle 
size distribution, 
high energy 
consumption 

4 

Mechanochemical synthesis. 

It involves the milling of 
precursor powders to form a 
nanoscale composite structure of 
the starting materials, which react 
during shaking with balls and 
subsequent heating to form a 
mixture of dispersed nanocrystals 
[61] of the desired oxide within 
soluble salt matrix [62]. 

Simple, economical, 
and efficient method 
[63], formation of 
allowing phase at low 
temperature. 

High energy 
requirement, 
variable particle 
size and size 
distribution, 
uncontrolled 
surface 
morphology. 
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5 

Reverse 
microemulcifications/Micelles. 
Surfactants dissolved in organic 
solvents form spheroidal 
aggregates called reverse 
micelles. In water, polar head 
groups of surfactant molecules 
organize themselves around small 
water droplets, leading to 
dispersion of aqueous phase in 
continuous oil phase. These 
surfactant-covered water pools 
offer a unique microenvironment 
for the formation of nanoparticles 
[64,65]. 

Simple method, 
powders with well-
defined and controlled 
properties. Uniform 
particle size 
distribution and 
homogeneous 
nanopowder [66]. 

Low production 
rate, use of large 
amount of organic 
solvent, 
uneconomical, 
surfactant can 
adsorbed at the 
surface of 
nanoparticle and 
removal of solvent 
is difficult. 

6 

Low temperature wet-chemical 
synthesis.  
The aqueous solution of salt 
precursors, usually chloride, 
oxychloride, or nitrates usually 
added in sodium hydroxide or 
ammonium hydroxide solution to 
form precipitates of 
corresponding hydroxide [67,68] 
Further calcinations gives final 
oxide powder  

Useful in preparing 
composites of different 
oxides by co-ppt. of the 
corresponding 
hydroxide in same 
solution and low cost 
[69,70]. 

Uncontrolled 
precipitates 
resulting in large 
particle size. 

7 

Sol-gel. 
Metal.oxides are prepared via the 
hydrolysis of metal reactive 
precousors in an alcoholic 
solution [71,72]. It involves four 
steps i.e. hydrolysis, 
polycondensation, drying and 
thermal decomposition [73,74]. 

Simple method, easy to 
control the particle size 
and atomic level 
mixing of constituent 
ions in amorphous 
phase, high purity 
product. 

Metal alkoxides 
are highly 
expensive if used. 

8 

Hydrometallurgical method. In 
this method aqueous solutions are 
vaporized to react with solid 
materials at high temperature and 
pressure. This method exploits 
the solubility of almost all 
inorganic substances in water at 
elevated temperature and pressure 
and subsequent reduction of the 
dissolved material with hydrogen 
yielded nanoamophous powder. 
Further calcinations results in the 
production of metal oxide. 

Controlled particle size 
and uniform particle 
size distribution, well 
crystallized powders, 
high purity product, 
very low grain size and 
narrow particle size 
distribution, single 
phase, nanocrystals 
with high crystallinity. 

Limited in use of 
high temperature 
pressure autoclave. 
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1.16 Acid/Base Behavior of Metal Oxide Surface 
Metal oxides are often hard acids or bases e.g. (MgO, Al2O3), so they posses sites 

capable of catalyzing acid/base chemistry. Several insulating oxides and oxide 

composites were found to be potential catalysts for a variety of important reactions as a 

result of their surface basicity or acidity [75]. Some selected reactions including metal 

oxides as support are dehydration of alcohols, cracking of hydrocarbons, isomerization 

of olefins and parafins, dehydrohalogenations, alkylations, and estrifications. 

Acidity and basicity vary from one metal oxide to another. Several metal oxides 

exhibit basic behaviors, such as MgO, CaO and SrO, whilst others are considered to be 

acidic solids that possess more and stronger acidic sites on their surfaces, such as Al2O3. 

Acid/base behavior and presence of several types of deficiencies in the lattice and on the 

surface are two major driving forces for surface reactivity of metal oxides. When metal 

oxides are prepared in nanostructures, the percentage of coordinatively unsaturated ions, 

especially on edges and corners, increases significantly. Consequently, surface chemistry 

effect, which are barely noticeable in large particle systems, become overwhelming in 

nanoparticle systems. These effects are demonstrated by enhanced surface reactivities 

and catalytic potentials possessed by many nanoparticle systems of metal oxides. 

The mixing of two oxides can enhance the catalytic activity many fold because of 

synergistic effects. This is probably because of oxide-oxide interaction at molecular level 

[76]. In mixed metal oxide nanoparticles, when strong chemical bonding is present, 

delocalization varies with size; this in turn can lead to different chemical and physical 

properties. Mixed metal oxides are known to have different structural arrangement of 

constituent ions. The nature of these ion is important (size and charge) in the final 

adaptation of geometry; however, control over homogeneity, stoichiometry, phase, and 

crystallinity largely depend upon structure and reactivity of precursors in homogeneous 

solutions and their fate in subsequent processing steps. The stoichiometry and 

homogeneity depend upon the ability of mixed precursors especially on addition of water 

to form a single molecular species, so that the ions are distributed evenly. Morphological 

studies indicate that the nanocrystals are more polyhedral. 
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1.17 Choice of Metals 
The balance of the bond breaking and bond making processes on the metal 

surface dictates the choice of metal. Metal oxides supported on finally divided inert 

materials have been useful for polymerization of olefins such as ethylene and other vinyl 

monomers. The mechanism is presumably similar to that of heterogeneous Ziegler Natta 

polymerization with initiation occurring at active sites on the catalyst surface [52]. 

Unlike the traditional Ziegler-Natta catalysts which are two-component systems, the 

supported metal-oxide catalysts are usually one-component systems. They do not require 

a cocatalyst (activator). The catalytic active sites become effective at higher temperature and 

responsible for initiation [40] Chromium [13], vanadium [15], molybdenum [12], nickel 

and cobalt [25] are among the metals that have been investigated for these catalysts. 

Materials typically used as supports include silica, alumina, and charcoal. 

The most active catalyst reported previously is a chromium oxide supported on 

silica or aluminosilicate (mixed SiO2/Al2O3) for the polymerization of ethylene [77]. The 

best known among the other metal oxide (MoO3) catalyst originally developed at 

standard oil of Indiana. The catalysts are generally prepared by one of the two methods, 

impregnation and co-precipitation. 

 In current study, Ni, Co, Pt and Pd metals and alumina as a support were selected 

to carry out the catalytic reactions. The supported and unsupported alloys were 

synthesized by using different methodologies with different metals ratios  

1.18 Research Objectives 
 The primary objective of research is to formulate the catalysts for the 

polymerization (selectively) of olefins. Following are the main objectives of current 

study: 

• Synthesis of nanocrystalline metal oxides based catalysts. 

• The introduction of bi- and tri-metallic composites in order to enhance the 

catalytic activity by synergism. 

• The catalyst should be stable at high temperature and have longer active life. 

• Utilization of cheaper raw materials 

• The design of catalytic activity by varying process parameters to control the 

molecular weight and stereo-regularity of the product in order to get desire 

physical and mechanical properties of the polymer. 

• Decrease the hazardous effect of green house gases. 
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Chapter − 2 

SYNTHESIS OF CATALYST 

2.1 Chemicals 
Cobalt(II) nitrate hexahydrate [Co(NO3)2. 6H2O] purity > 99%, nickel(II) nitrate 

hexahydrate [Ni(NO3)2. 6H2O] purity > 98%, citric acid (C6H8O7) purity of > 99.5% 

were purchased from Fluka, hexachloroplatinic acid hexahydrate [H2PtCl6. 6H2O], 

palladium chloride  [PdCl2], ammonium hydroxide (NH4OH), nitric acid (HNO3), 

hydrogen peroxide (H2O2), hydrochloric acid (HCl), chloroform (CHCl3), dimethyl 

sulfoxide (DMSO) were purchased from Merck, and were used as such. γ-Al2O3 was 

freshly prepared according to the literature method modified in reference [1]. Toluene 

(C7H8), n-Hexane (C6H14), and absolute ethanol (C2H5OH) of analytical grade, were 

purchased from Panreac and were freshly dried according to the standard procedures 

[2,3]. All other chemicals including butadiene and ethylene were used without further 

purification unless stated otherwise. 

2.2 Instrumentation 
XRD (Phillips PW 3040/60 X Pert Pro) powder diffractometer was used for analysis, 

using nickel filtered copper K-alpha radiations with generator setting of 40 KeV. The 

diffraction patterns were recorded in the range, 5°-70°. The peak identification was 

accomplished in comparison with ASTM standard diffraction data file. BET surface area 

of all the samples were determined by nitrogen physisorption using a Micromeretics 

ASAP 2010. The samples were degassed at 155 ºC for 3-hours before the experiment. 

The morphologies of the support and the synthesized catalysts were examined by Phillips 

scanning electron microscope SEM XL-30ESEM FEG, equipped with an energy 

dispersive X-ray spectrometer (EDX). The shape and sizes of nanocrystallites 

constituting catalyst was explored by transmission electron microscopy (TEM) LEO 912 

OMEGA electron microscope with accelerating voltage 200keV, current 20µA. The 

elemental analysis of catalysts prepared by hydrometallurgical method was carried out 

by X-ray fluorescence spectroscopy. The Horiba mesa 500 X-ray fluorescence Analyzer 

was used. IR spectra were recorded on a Perkin-Elmer system 2000 FT-IR spectrometer 

(250-4000 cm-1) and Bio-Rad FTS 3000 MX spectrophotometer (400- 4000 cm-1). 

Temperature programmed reduction (TPR) studies were carried out with brand 

Micromeritics and model Chemisorb-2750. Weighed amount of sample was activated at 
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200 °C for four hours in 10% O2/He & purged Ar as preparatory gas to remove moisture 

and physisorbed impurities and then cooled down to ambient temperature 30 °C. Set path 

select knob to sample using 10% H2/Ar as carrier gas till TCD signal returns to base line. 

Set the temperature controller at ramp rate 15 °C/min to target temperature 900 °C. Close 

the furnace door and run the temperature controller. Start analysis by plotting 

temperature vs TCD response. Measurement of total H2 consumption was done by 

converting PA data to Vol data. TPO was performed following TPR. To remove residual 

impurities, cooled / purged the sample in Ar flow to ambient temperature. Set carrier gas 

to 10% O2/He, flow rate 35 SCCM and wait till base line was stabilized. Set temperature 

controller at ramp rate of 15 °C/min to 900 °C. Measured total O2 consumption i.e. 

convert peak area data to volume data. 

 XPS measurement on the fresh and spent catalysts was performed using VG 

Escalab MK II spectrometer, equipped with monochromatic Mg K⍬v radiation. The 

powder was stuck on a double sided adhesive, conducting polymer tape. Binding energy 

correction was done by using C 1s core level at 284.9 eV as an internal reference. 

The 1H and 13C NMR spectra of polymer product was recorded on a Bruker 300 

MHz spectrometer using deuterated solvents and TMS as a reference operating at 300 

and 75.5 MHz respectively. Weight-average (Mw), number-average (Mn) molecular 

weights and polydisparity of polybutadiene were determined using GPC equipped with 

Waters 515 pump. Polystyrene was used as the standard. A combination of three 

columns Water Styragel HR1 (100-5,000), HR3 (500-30,000), and HT6E (5,000-1*107) 

in a series supplied by polymer standard service (PSS), Mainz (Germany) was used for 

GPC analysis. THF was used as elute with a flow rate of 1.0 ml/min at 60 °C one 

hundred microliters and fifty microliters of polymer solution in THF were injected and 

elutes were monitored with an RF detector. The thermal decomposition behavior of the 

samples was studied by thermogravimetric analysis (TGA) and differential thermal 

analysis (DTA) on a Mettler Toledo TGA/SDTA 851 in oxygen environment. 

Laser Light Scattering (LLS) of the products were performed using a commercial 

light-scattering spectrometer (ALV/SP- 150 equipped with an ALV-5000 multi-ô digital 

time correlator) was used with a solid-state laser (ADLAS DPY 425II, output power  

400 mW at ë = 532 nm) as light source. For each sample four concentrations ranged from  
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2.0 x 103 to 8.00 x 10-3 g/mL were prepared by dilution. All polymer solutions were 

filtered by using a 0.50 µm Whatman filter in order to remove dust completely. Analysis 

of the exit gasses and oily samples were carried out using on line GC/MS 6890N Egilent 

Technology USA. The poropak Q column was used for GC analysis. Before the analysis 

the GC was calibrated using standard mixtures of hydrocarbons aliphatic/aromatics 

products supplied by BOC, UK. 

2.3 Synthesis of Solid Support 
2.3.1 Gamma Alumina Preparation 

Aluminum nitrate nana-hydrate [Al(NO3)3. 9H2O] 163.5g was dissolved in  

1000 cm3 distilled water. 150-200 cm3 of 10.5% aqueous ammonia was added drop wise 

to aluminum nitrate solution with constant stirring until the pH of the suspension reached 

to 10. The mixture was stirred for 30 minutes and left to stand at room temperature for 

72 hours. The suspension was filtered off and washed thoroughly until the pH of the 

filtrate was approximately 7. The precipitates were dried in vacuum oven at 120 ºC 

overnight. The dried alumina was calcined in a muffle furnace at 500 ºC for 16 hours and 

ground. The portion between 85-240 (178-66 µm) mesh (BS-410) was obtained and used 

as a catalyst support. 

2.4 Catalyst Preparation 
Three different methods were employed for the preparation of catalysts which are 

given below. 

2.4.1 Sol Gel Method 
2.4.1.1 Synthesis of Cobalt Oxide Catalyst 

Cobalt (II) nitrate hexahydrate [Co(NO3)2. 6H2O] 3g and citric acid (C6H8O7) 

7.7g were separately dissolved in 50 cm3 ethanol and were mixed together at vigorous 

stirring. The mixture was stirred for 30 min at 90 ºC and the resulting cake obtained was 

dried in vacuum oven at 120 ºC for 2 hours. The solid powder obtained was divided into 

four parts and then calcined at 200, 400, 600 and 900 ºC in muffle furnace for 6 hours. 

The preparatory variables are given in table-2.1. 

2.4.1.2 Synthesis of Nickel Oxide Catalyst 

Nickel (II) nitrate hexahydrate [Ni(NO3)2. 6H2O] 3g and citric acid (C6H8O7) 7.7g 

were separately dissolved in 50 cm3 ethanol and were mixed together at vigorous 

stirring. The mixture was stirred for 30 min at 90 ºC and the resulting cake obtained was 
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dried in vacuum oven at 120 ºC for 2 hours. The solid powder obtained was divided into 

four parts and then calcined at 200, 400, 600, and 900 ºC in muffle furnace for 6 hours. 

The preparatory variables are given in table-2.1. 

2.4.1.3 Synthesis of Ni-Co bi-metallic Oxide Catalyst 

Nickel (II) nitrate hexahydrate [Ni(NO3)2. 6H2O] 3g and cobalt (II) nitrate 

hexahydrate [Co(NO3)2. 6H2O] 3g were separately dissolved in 50cm3 ethanol, and citric 

acid (C6H8O7) 15g  was dissolved in 50 cm3ethanol at vigorous stirring. The salt 

solutions were added in citric acid solution drop wise with vigorous stirring. The mixture 

was stirred for 30 min at 90 ºC and the resulting cake obtained was dried at 120 ºC in 

vacuum oven for 2 hours. The solid powder obtained was divided into four parts and 

then calcined at 200, 400, 600, and 900 ºC in muffle furnace for 6 hours. The preparatory 

variables are given in table-2.1. 

2.4.2 Impregnation of Metal Oxides on Solid Support 
2.4.2.1 Synthesis of CoO/ γ-Al2O3 and NiO/ γ-Al2O3 

1.5g γ-Al2O3 was activated in 15 cm3 concentrated nitric acid (HNO3) for 10 

minutes. The slurry was stirred for 30 minutes with the addition of 10 cm3 H2O. Then 

cobalt (II) nitrate hexahydrate [Co(NO3)2. 6H2O] (17.29 g/100 cm3 H2O) was slowly 

added through dropping funnel in the mixture with constant stirring followed by the  

addition of 100 cm3 of 35% ammonia solution drop wise in one hour with vigorous 

stirring[4]. Then the temperature of reaction mixture was raised to 90-96 ºC and kept at 

this temperature for 3 hours. During the process volume of the mixture was kept constant 

with the addition of water. When the pH of the reaction reached to 7, the slurry was 

cooled to room temperature, filtered off and washed with deionized water. The resulting 

powder was dried in vacuum oven for overnight at 120 ºC. 

Similarly a Ni-supported sample was also prepared by using the same procedure. 

Then all the Co and Ni supported metal oxide samples were divided into four portions 

and calcined at 200, 400, 600, and 900 ºC in muffle furnace for 6 hours. The preparatory 

variables are given in table-2.1. 

2.4.3 Hydrometallurgical Method 
2.4.3.1 Synthesis of Ni-Co bi-metallic oxide 

Nickel (II) nitrate hexahydrate [Ni(NO3)2.6H2O] and cobalt (II) nitrate 

hexahydrate [Co(NO3)2. 6H2O] were taken in (1:1) mole ratio and dissolved in 100 cm3 
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distilled water respectively. These two solutions were simultaneously added drop wise 

using dropping funnel in 200 cm3 35% liquid ammonia solution, already present in  

1000 cm3 beaker. The whole mixture was vigorously stirred for 30 minutes at room 

temperature. The resulting solution was transferred in autoclave and the system was 

flushed with N2 gas 4-5 times. The temperature of autoclave increased to 160 ºC at  

250 rpm. The reaction mixture was kept on heating under closed environment for 2 hrs 

and then H2 gas was passed through the slurry at 500 psi for 15 minutes and left the 

reaction mixture at that temperature and pressure for 1hr. Then reaction mixture was 

allowed to attain room temperature. The slurry was transferred into the beaker. The 

prepared product was black in color, decanted off and dried in vacuum oven at 120 ºC 

for 24 hrs. The preparatory variables of the sample are presented in table-2.1. 

2.4.3.2 Synthesis of Ni-Co-Pd tri-metallic oxide 

 A molar ratio of (0.495:0.495:0.01) for nickel (II) nitrate hexahydrate  

[Ni(NO3)2. 6H2O], cobalt (II) nitrate hexahydrate [Co(NO3)2. 6H2O] and palladium (II) 

chloride (PdCl2) respectively, were separately dissolved in 100 cm3 distilled water 

respectively. The resulting solutions were added drop wise to 200 cm3 35% liquid 

ammonia already present in 1000 cm3 beaker. The solution was vigorously stirred for  

30 minutes at room temperature and then transferred to autoclave which was flushed 

with N2 gas 4-5 times to remove any traces of air. The reaction mixture was kept on 

heating under closed environment for 2 hrs and then H2 gas was passed through the 

reaction mixture at 500 psi for 15 minutes and kept at that temperature and pressure for  

1 hr. Then stopped the reaction and allowed to attain the room temperature. The slurry 

was transferred into the beaker. The prepared product was black in color, decanted off 

and dried in vacuum oven at 120 ºC for 24 hrs. The preparatory variables of the sample 

are presented in table-2.1. 

2.4.3.3 Synthesis of Ni-Co-Pt tri-metallic oxide 

 A molar ratio of (0.495:0.495:0.01) for the nickel (II) nitrate hexahydrate 

[Ni(NO3)2. 6H2O], cobalt (II) nitrate hexahydrate [Co(NO3)2. 6H2O] and hexachloro-

platinic acid hexahydrate [H2PtCl6. 6H2O] respectively, were separately dissolved in  

100 cm3 distilled water respectively. The resulting solutions were added drop wise to  

200 cm3 35% liquid ammonia already present in 1000 cm3 beaker. The solution was 

vigorously stirred for 30 minutes at room temperature and then transferred to autoclave 

which was flushed with N2 gas 4~5 times to remove any traces of air. The reaction 
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mixture was kept on heating under closed environment for 2 hrs and then H2 gas was 

passed through the reaction mixture at 500 psi for 15 minutes and kept at that 

temperature and pressure for 1hr. Then stopped the reaction and allowed to attain the 

room temperature. The slurry was transferred into the beaker. The prepared product was 

black in color, decanted off and dried in vacuum oven at 120 ºC for 24 hrs. The 

preparatory variables of the sample are presented in table-2.1. 

The black powder prepared in procedures 2.4.3.1, 2.4.3.2, and 2.4.3.3, were then divided 

into four portions and calcined at 200, 400, 600, and 900 ºC in muffle furnace for 6 hrs. 

 
Figure 2.1: Schematic diagram for the synthesis of catalyst by Hydrometallurgical 

method. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure.2.2: Schematic diagram for the synthesis and characterization of catalyst. 

TPO 
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Table 2.1: Catalyst preparation details 

Catalyst Identification Catalyst composition Ni Salt Co Salt Pt Salt Pd Salt support Citric Acid Synthesis Technique 

Cat-01 Ni(O)x 3g -- -- -- -- 7.7g Sol –Gel 

Cat-02 Co(O)x -- 3g -- -- -- 7.7g Sol-Gel 

Cat-03 Ni/Co 3g 3g -- --  15.5g Sol-Gel 

Cat-04 CoO / Alumina Supported -- 17.29g -- -- 1.5 g -- Impregnation Method 

Cat-05 NiO / Alumina Supported 17.2 g -- -- -- 1.5 g  Impregnation Method 

Cat-06 Ni-Co/oxide 58.162g 58.206g -- -- -- -- Hydrometallurgical method

Cat -07 Ni-Co-Pd/oxide 36.78g 36.67g -- 1.67g -- -- Hydrometallurgical method

Cat-08 Ni-Co-Pt/oxide 36.95g 36.83g 0.398g -- -- -- Hydrometallurgical method
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Chapter − 3 
CATALYST TESTING 

3.1 Catalyst Activity Testing System 
 The catalyst testing was carried out in autoclave (Parr 4520 bench top reactor) 

(figure 3.1). The reactor consists of a high pressure vessel SS-316 with a volume of  

2000 cm3 equipped with an impeller with variable agitation speed, arrangement for 

cooling coil, gas inlet/outlet, and safety rupture disc. A j-type thermocouple was 

immersed into the liquid phase to measure the reactor temperature, and was connected to 

a heater and automatic temperature controller (model 4841, PARR Instruments 

Inc.USA), to maintain the reactor temperature within ±1 ºC. Liquid samples were 

collected using a 1/8 inch o.d stainless tube connected to a stainless steel sampling valve. 

A pressure recording by a transducer (Foxboro electronic transmitter, Model 84GM-D) 

was used to measure pressure in the reactor with an accuracy of ±4.0 kPa. 

 

 

Figure 3.1: Experimental setup. 
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3.2 Catalysts Activity 
The activity of cat-03 was carried out in autoclave in toluene solvent at different 

temperature 30 °C, 80 °C and 130 °C for the polymerization of butadiene. It has been 

observed that catalysts show very low activity at 30 °C, only traces of oligomers were 

obtained. When the temperature of reaction was increased to 80 °C reasonable product 

was achieved with low yield. However when the catalytic activity was tested at 130 °C, 

an appreciable quantity of product was obtained.  

The activity of the same catalyst (cat-03) was also tested in different solvents like 

ethanol, n-hexane, and toluene for oligomerization and polymerization of butadiene in 

autoclave, at 1 bar pressure and 130 °C temperature, it has been observed that the 

optimum activity was in ethanol but with  poor selectivity of product. The moderate 

results were obtained in n-hexane, but it is a very volatile aliphatic hydrocarbon and its 

boiling point is 69 °C. So it imparts high vapour pressure during activity test. The best 

selectivity of product was exhibited in toluene. The boiling point of toluene is high 

110.62 °C. The % age conversion of monomer into polymer was calculated with the 

change in pressure with time during activity test as shown in (figure 3.2 to 3.5). On this 

basis, the activities of other synthesized nanocatalysts were also performed in toluene to 

get better selectivity of product. During activity testing in each case, the reaction was 

monitored by GC-MS, when the product becomes stabilized, the reaction was stopped 

and the product was analyzed using 1H NMR, 13C NMR, and FT-IR spectroscopy. 
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Figure 3.2: Conversion time plot of the cat-03 calcined at 200 °C. 
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Figure 3.3: Conversion time plot of the cat-03 calcined at 400 °C. 

 

Figure 3.4: Conversion time plot of the cat-03 calcined at 600 °C. 
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Figure 3.5: Conversion time plot of the cat-03 calcined at 900 °C. 

3.2.1 Activity of Cat-03 in Ethanol 
1.0 g of freshly calcined cat-03 was loaded inside the autoclave in 400 cm3 

absolute ethanol. The reactor was then purged with nitrogen in order to remove any air 

initially present in the system. 1, 3-butadiene was injected with continuous stirring at a 

pressure of 1.0 bar and 25 °C. The temperature of the reaction was raised to 130 °C and 

maintained for 4 hours. The % conversion of monomer into polymer was observed with 

the change in pressure during activity. 

3.2.2 Activity of Cat-03 in n-hexane 
1.0 g of freshly calcined cat-03 was loaded inside the autoclave in 400 cm3  

n-hexane. The reactor was then purged with nitrogen in order to remove any air initially 

present in the system. 1, 3-butadiene was injected with continuous stirring at a pressure 

of 1.0 bar and 25 °C. The reaction temperature was raised to 130 °C and maintained for  

4 hours. The % conversion of monomer into polymer was observed with the change in 

pressure during activity. 

3.2.3 Activity of Cat-03 in Toluene 
1.0 g of freshly calcined cat-03 and 400 cm3 toluene was loaded in the autoclave. 

The reactor was then purged with nitrogen in order to remove any air initially present in 

the system. 1,3-butadiene was injected with continuous stirring at a pressure of 1.0 bar 

and 25 °C. The reaction temperature was raised to 130 oC and maintained for 4 hours. 

The % conversion of monomer into polymer was observed with the change in pressure 

during activity. 
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3.2.4 Activity of Cat-06 at Low Pressure and Low Temperature 
Condition 
1.0 g of freshly calcined cat-06 and 400 cm3 toluene was loaded in the autoclave. 

The reactor was then purged with nitrogen in order to remove any air initially present in 

the system. 1,3-butadiene gas was passed at a pressure of 1.0 bar and 30 °C. The 

temperature and pressure was maintained by continuous flow of water which was 

monitored by thermocouple incorporated into the reactor vessel and pressure transducer. 

The catalyst was filtered off and the reaction product was terminated by adding 5cm3 of 

H2O2. The residual toluene was evaporated by rotary evaporator at 40 °C. The product 

was analyzed by FT-IR spectroscopy. 

3.2.5 Activity of Cat-06 at Low Pressure and Moderate Temperature 
Condition 
1.0 g of freshly calcined cat-06 and 400 cm3 toluene was loaded in the autoclave. 

The reactor was then purged with nitrogen in order to remove any air initially present in 

the system. 1,3-butadiene gas was passed at a pressure of 1.0 bar and 80 °C. The 

temperature and pressure was maintained by continuous flow of water which was 

monitored by thermocouple incorporated into the reactor vessel and pressure transducer. 

The catalyst was filtered off and the reaction product was terminated by adding 5 cm3 of 

H2O2. The residual toluene was evaporated by vacuum evaporator at 40 °C. The product 

was analyzed by GPC and FT-IR spectroscopy. 

3.2.6 Activity of Cat-06 at High Pressure and High Temperature 
Condition 
1.0 g of freshly calcined cat-06 and 400 cm3 toluene was loaded in the autoclave. 

The reactor was then purged with nitrogen in order to remove any air initially present in 

the system. 1, 3-butadiene gas was passed at a pressure of 10.0 bar and 130 °C. The 

temperature and pressure  was monitored by thermocouple incorporated into the reactor 

vessel and pressure transducer. The catalyst was filtered off and the reaction product was 

terminated by adding 5cm3 of H2O2. The residual toluene was evaporated by vacuum 

evaporator at 40 °C. The product was analyzed by, FT-IR, SLLS, 1H NMR and 13C NMR 

spectroscopy. 
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3.3 General Procedure for the Activity of all Catalysts at 
Controlled Pressure and Temperature Condition 
1.0 g of freshly calcined catalyst and 400 cm3 toluene was loaded in the 

autoclave. The reactor was then purged with nitrogen in order to remove any air initially 

present in the system. 1, 3-butadiene gas was passed at a pressure of 1.0 bar and 25 °C. 

Then increase the temperature to 130 °C. The temperature and pressure was maintained 

by continuous flow of water which was monitored by thermocouple incorporated into the 

reactor vessel and pressure transducer. The reaction was stopped after 2 hrs and allowed 

to attain the room temperature. The viscose product obtained was centrifuged at  

6000 rpm for 4 hours to separate out the catalyst. The reaction product was terminated by 

5 cm3 of 5% HCL in ethanol solution [4] or H2O2. The residual toluene was evaporated 

by rotary evaporator at 40 °C. The product obtained was analyzed by GPC, 13C NMR, 1H 

NMR, TG/DSC, and FT-IR spectroscopy. The schematic diagram for the catalytic 

activity and characterization of product is given in (figure 3.4). 

3.4 General Procedure for the Activity of Catalysts (cat-06 
and cat-08 series) for Ethylene 
1.0 g of freshly calcined catalyst (cat-06 and 08 series) and 400 cm3 toluene was 

loaded in the autoclave. The reactor was then purged with nitrogen in order to remove 

any air initially present in the system. Then ethylene was passed at pressure of 1 bar at 

room temperature. The temperature of the autoclave was maintained at 50 °C. The 

reaction was stopped after 4 hrs and immediately filtered off the hot solution for catalyst 

separation with wattman 42 filter paper. The filtrate was added to the acidic solution of 

ethanol (5% HCl in ethanol) to terminate [1] the oligomer / polymer at room 

temperature. The viscous product was analyzed by GC/MS, and FT-IR. 
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Figure 3.6: Schematic diagram for catalytic activity and characterization of product. 
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Chapter − 4�

RESULTS AND DISCUSSION 

PART-I CATALYST CHARACTERIZATION 

4.1 XRD Characterization of Synthesized Catalysts 
Crystallite size and phase changes after thermal activation treatment at different 

temperatures of fresh and spent catalyst were studied by X-Ray Diffraction (XRD). 

4.1.1 XRD Pattern of NiO Catalysts 
 The XRD pattern of NiO calcined at different temperature is presented in 

figure4.1. 

 

Figure 4.1: PXRD of NiO calcined at (a) 400 °C, (b) 600 °C and (c) 900°C. 

 The (figure 4.1)shows that the diffraction peaks 37.23, 43.42, 62.88, 75.20, and 

79.40 2θ values can be readily indexed as (111), (200), (220), (311), and (222) crystal 

planes of the bulk NiO, respectively [1]. All these diffraction peaks represent the face-

centered cubic (FCC) crystalline structure of NiO. Not only in peak position, but also in 

their relative intensity of the characteristic peaks, match with the standard spectrum 

(JCPDS) No.04-0835. 



 45

4.1.2 XRD Pattern of CoO Catalyst 
 Cobalt oxide exists in various oxidation states depending upon form of oxide 

formed (CoO, Co3O4, Co2O3) [2] at different calcinations temperatures. The Co2+ occur 

in tetrahedral geometry whilst Co3+ occur in octahedral geometry [3]. Figure 4.2 

represents the PXRD pattern of Cobalt oxide obtained by calcinations at 600 °C which 

shows the strong but broad peaks observed at 31.63, 37.0, 38.90, 45.10, 56.01, 59.71, 

and 65.50 at 2 theta values which were assigned to obtain as a result of scattering from 

111, 200, 222, 400, 422, 511, and 533 planes respectively for the Co3O4 crystal lattice. 

 

Figure 4.2: PXRD of CoO calcined at 600 °C. 

4.1.3 XRD Pattern of Ni-Co Catalysts 
 Figure 4.3 represents PXRD patterns of Ni-Co based catalysts calcined at various 

temperatures. The shift and change in intensity of characteristic peaks of metallic Ni and 

Co has been observed, indicating the formation of alloy in the bulk catalysts. The state of 

the alloy remained unchanged during catalytic activity which was confirmed by PXRD 

of spent catalysts (figure 4.3). 



 46

 
Figure 4.3: Ni-Co catalyst calcined at different temperature. 

Cat-06 a,b-F and S(200 °C), c,d-F and S(400 °C), e,f-F and S(600 °C), g,h-F and S(900 °C),  

F-fresh, S-spent 

4.1.4 XRD Pattern of Ni-Co-Pd Catalyst 
Figure 4.4 represents PXRD patterns of Ni-Co-Pd based catalysts calcined at 

various temperatures. Pronounced shift in the peaks of metallic Ni and Co was observed 

due to incorporation of palladium. The peak of characteristic palladium oxide at 33.8 [4] 

appeared at low temperature due to the formation of crystalline PdO2. When the 

temperature for calcinations increased above 600 °C, it loses its identification, due to 

more interaction of Ni and Co. The PXRD also shows irregular particle size distribution 

in Ni-Co-Pd catalyst. 

 
Figure 4.4: Ni-Co-Pd catalyst calcined at different temperature. 

Cat-07 a,b-F and S(200 °C), c,d-F and S(400 °C), e,f-F and S(600 °C), g,h-F and S(900 °C),  

F-fresh, S-spent 
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4.1.5 XRD Pattern of Ni-Co-Pt Catalysts 
 In case of Ni-Co-Pt based catalysts, the diffraction peaks are slightly shifted 

towards lower angle as compared to Ni-Co catalyst due to platinum loading. The 

diffraction peaks due to platinum are appearing at low 2θ value. The characteristics 

peaks are present at 18.919 and 33.64 diffraction angle [5]. These peaks are more 

pronounced in catalyst calcined at 200 °C. In other catalyst calcined at higher 

temperature, the Pt traces are masked by Ni and Co contents (figure 4.5). The 

diffractions peaks show that there is regular increase in particle size distribution with the 

increase in calcinations temperature. The PXRD patterns show that all the catalysts are 

crystalline in nature. 

 

Figure 4.5: Ni-Co-Pt catalyst calcined at different temperature. 
Cat-07 a,b-F and S(200 °C), c,d-F and S(400 °C), e,f-F and S(600 °C), g,h-F and S(900 °C),  

F-fresh, S-spent 
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Table 4.1: Detailed XRD characterization of catalysts 

NiO CoO − − 

2θ d I/I₀ 2θ d I/I₀ − − − − − − 

37.27 2.41 61.03 − − − − − − − − − 

37.38 2.41 28.60 31.47 2.84 29.71 − − − − − − 

43.30 2.09 100.00 37.00 2.43 100.00 − − − − − − 

43.42 2.09 41.98 44.95 2.02 12.00 − − − − − − 

62.86 1.48 35.33 59.54 1.55 27.55 − − − − − − 

63.02 1.48 21.28 65.43 1.43 28.92 − − − − − − 

75.33 1.26 15.08 − − − − − − − − − 

Ni-Co(200 °C) Ni-Co(400 °C) Ni-Co(600 °C) Ni-Co(900 °C) 

2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 

31.37 2.85 24.32 31.34 2.85 41.03 31.27 2.86 20.82 - - - 

36.96 2.43 100 36.91 2.44 100 36.66 2.44 100 37.01 2.43 78.14

43.46 2.08 28.38 43.38 2.09 34.62 43.23 2.09 67.91 42.95 2.11 100 

- - - - - - 44.67 2.03 21.28 - - - 

59.43 1.56 27.03 59.42 1.56 26.92 59.30 1.56 22.73 59.13 1.56 6.03 

- - - 63.05 1.47 19.23 63.04 1.48 33.58 62.32 1.49 42.35

65.35 1.43 32.43 65.32 1.43 35.90 65.23 1.43 27.39 - - - 

- - - - - - - - - 74.81 1.27 14.82

Ni-Co-Pd(200 °C) Ni-Co-Pd(400 °C) Ni-Co-Pd(600 °C) Ni-Co-Pd(900 °C) 

2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 

13.09 6.76 3.40 - - - - - - 16.61 5.34 16.44

22.88 3.89 4.32 22.88 3.87 2.71 22.90 3.88 4.01 17.03 5.21 12.33

26.22 3.39 0.39 - - - 29.47 3.03 100 28.56 3.12 11.42

29.39 3.04 100 29.45 3.03 100 29.56 3.03 52.09 30.27 2.95 18.26

29.39 3.03 48.82 29.54 3.03 49.15 - - - 33.46 2.61 3.65 

31.93 2.80 19.63 31.96 2.80 32.77 31.97 2.80 12.02 34.36 2.61 10.50
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2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 

32.98 2.72 2.75 33.80 2.65 1.36 34.01 2.63 4.53 34.69 2.59 13.24

35.43 2.53 7.07 35.44 2.53 5.88 35.48 2.53 5.92 35.35 2.54 19.63

37.37 2.40 3.01 37.38 2.40 8.14 37.29 2.41 19.16 37.33 2.41 69.41

38.98 2.31 20.94 39.00 2.31 12.66 39.04 2.30 15.33 38.10 2.36 20.09

42.55 2.12 6.94 42.58 2.12 5.76 42.64 2.12 7.14 40.05 2.25 8.22 

43.45 2.08 5.24 43.32 2.09 13.67 43.30 2.09 29.97 41.27 2.19 12.79

48.39 1.88 6.81 46.70 1.94 1.47 45.50 1.99 4.01 43.32 2.09 100 

55.61 1.65 4.19 48.00 1.88 5.08 48.45 1.88 8.36 46.56 1.95 2.74 

56.48 1.63 3.14 55.65 1.65 3.05 55.68 1.65 4.36 48.52 1.88 4.11 

61.70 1.50 1.57 56.57 1.62 1.81 56.55 1.63 4.01 51.09 1.79 0.46 

62.35 1.49 3.01 58.84 1.57 0.90 62.84 1.48 11.85 62.88 1.48 42.92

63.58 1.46 2.75 61.71 1.51 1.47 75.37 1.26 5.40 75.42 1.26 15.98

66.70 1.40 3.27 63.09 1.47 4.41       

Ni-Co-Pt(200 °C) Ni-Co-Pt(400 °C) Ni-Co-Pt(600 °C) Ni-Co-Pt(900 °C) 

2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 2θ d I/I₀ 

18.92 4.69 18.38 - - - - - - - - - 

25.80 3.45 18.18 - - - - - - - - - 

31.22 2.87 19.42 31.40 2.85 34.18 31.27 2.81 29.21 - - - 

33.64 2.66 12.87 - - - - - - - - - 

36.76 2.45 100 36.87 2.44 100.00 36.81 2.44 100 36.93 2.43 77.59

- - - - - - 37.26 2.41 71.71 - - - 

- - - 43.37 2.09 65.20 43.27 2.09 94.04 42.94 2.11 100 

44.73 2.03 25.15 - - - 44.86 2.02 24.11 - - - 

59.11 1.56 18.17 59.35 1.56 31.22 59.42 1.55 24.99 59.29 1.56 4.27 

- - - 62.86 1.48 34.68 63.01 1.48 28.44 62.33 1.49 42.43

65.24 1.43 30.62 65.20 1.43 32.95 65.22 1.43 24.99 - - - 
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4.1.6 Crystallite Size Calculations  

The catalyst crystallite size was calculated by X-ray diffraction line broadening 

(with a standard deviation of ±10% because of limitation of PXRD particle size 

calculation <100nm) using the following Scherrer formula [1]. 

57 .3kD
co s

λ
=

β θ  

Where: 

D crystallite size 

K 0.89 is the scherrer constant related to the shape and index (hkl) of the crystal 

λ is the wave length of the X-ray (Cu Kα= 1.54056 Ǻ) 

θ is the diffraction angle of the peak 

β stands for the full width at half- height of the peak (in radian) 

 The particle size calculated using PXRD data, is given in table 4.1 for various 

catalysts. 

Table 4.2: Crystallite Size Calculated for the Active Catalyst using PXRD data 

Sample ID Calcination Temp.°C Particle Size(nm) 

Cat-03 400 146 

Cat-03 600 152 

Cat-03 900 160 

Cat-06 200 21 

Cat-06 400 35 

Cat-06 600 43 

Cat-06 900 86 

Cat-07 200 54 

Cat-07 400 85 

Cat-07 600 114 

Cat-07 900 114 

Cat-08 200 30 

Cat-08 400 35 

Cat-08 600 53 

Cat-08 900 61 
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Figure 4.6: Effect of calcinations temperature on particle size. 

4.1.7 Discussion of XRD Results 
 The PXRD patterns shown in above figures, revealed that after calcinations of 

catalysts at different stages, the shift in metallic phase of characteristic nickel and cobalt 

oxide was also observed. This indicates the formation of a homogeneous alloy of cobalt 

and nickel during calcinations [6]. The change in peak position and intensity was also 

attributed due to geometric interaction of crystalline phases [5]. The broad peaks of Ni-

Co (cat-06) and Ni-Co-Pt(cat-08) indicate that the sample was on the nanometer scale. 

The change in crystallite size of cat-03 (not shown in figure) estimated from Scherer 

equation was due to different synthetic technique. The Ni-Co-Pd cat-07 also showed 

variable behavior due to incorporation of palladium. The catalyst diffuses at higher 

temperature and palladium diffuses at the surface of catalyst but at room temperature it 

becomes harder and more crystalline as observed in PXRD patterns. Overall, with the 

increase in calcinations temperature, from 200 °C ~ 900 °C, the diffraction peaks turn 

out to be sharp, indicating that the crystallite size become larger. It was also observed 

that when the calcinations temperature increases, the number of peaks reduces and 

shifted which indicates the change in oxidation state and phase transition of metal oxide. 

The activity results showed that the variation in crystallinity and phase transition have an 

impact on the activity and stability of the catalyst. The samples calcined at 900 °C have 

found to be well-crystalline [7] and single phase. 

4.1.8 Summary of the Characterization Results 
From the PXRD spectrum, we can draw the following inferences: 

 The broad diffraction peaks indicate that the catalysts are in nano-phase. 

 The intense peaks are indicating the crystalline character of the catalysts. 

 The XRD study of bi-and tri-metallic catalyst shows the change in peak position 
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and intensity due to geometric and electronic interaction of metals. 

 Appearances of new and shifting of already existing peaks indicate the phase 

transition due to calcinations and formation of alloy. 

 There is increase in crystallite size and crystallinity with the increase in 

calcinations temperature. 

 In spent catalyst, the state of alloy remained unchanged during catalytic activity 

confirms the stability of catalyst. 

4.2 BET Surface Area Analysis 
 Nitrogen physisorption was employed to determine the surface area and pore size 

distribution of catalysts. The low BET specific surface areas [8, 9] of the bi- and tri-

metallic composites are due to alloy formation. It can be seen that surface area and pore 

volume follow the same order.The surface area, langmuir area and micropore volume of 

only active catalysts were determined by BET analysis and results are shown in table 4.3. 

Table 4.3: BET Surface Area Measurement 

Sample ID BET Area (m2/g) Langmuir 
Area(m2/g) 

Micropore 
Volume(cm3/g) 

Cat-03(400 ºC) 2.8 1.21 1.85 

Cat-03(600 ºC) 2.1 0.99 1.75 

Cat-03(900 ºC) 1.9 0.95 1.13 

Cat-06(200 ºC) 19.68 25.90 5.20 

Cat-06(400ºC) 10.58 12.29 3.93 

Cat-06(600 ºC) 9.13 12.37 2.20 

Cat-06(900 ºC) 4.08 5.30 1.75 

Cat-07(200 ºC) 3.12 4.4810 2.10 

Cat-07(400 ºC) 2.656 4.290 1.85 

Cat-07(600 ºC) 1.413 2.525 1.16 

Cat-07(900 ºC) 1.316 1.787 0.95 

Cat-08(200 ºC) 16.23 21.81 4.30 

Cat-08(400 ºC) 14.17 19.62 4.10 

Cat-08(600 ºC) 12.43 16.89 3.85 

Cat-08(900 ºC) 1.16 Not-defined 1.10 
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4.2.1 Summary of the Characterization Results 
 The BET surface area reduces with the increase in calcinations temperature. 

 Langmuir Area and micropore volume is also reduces with increasing 

calcinations temperature. 

 High surface area Langmuir area and micropore volume trend is observed in Cat-

08, when compared with other catalysts. 

 Lowest surface area observed for Cat-03 is due to large particle size, as observed 

in PXRD results. 

 Lower surface area observed for Cat-07 is due to different behavior of catalyst by 

the incorporation of Palladium. 

4.3 Scanning Electron Microscope (SEM) 
 SEM images were obtained by scanning samples with electron beam in a raster 

scan pattern. The electrons interact with the sample atoms producing signals that contain 

information about the sample’s surface, composition, topography and other properties 

such as electrical conductivity [10]. It is employed to investigate the micro and 

nanostructures surface morphology of synthesized catalysts. The SEM images provide 

diversified qualitative and quantitative information on many physical properties 

including the size, morphology and surface texture of fresh and spent catalysts. 

 

 

Figure 4.7: SEM Micrograph  

of NiO (Cat-01 at 200 ºC) 

 

Figure 4.8: SEM Micrograph  

of NiO (Cat-01 at 400 ºC) 
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Figure 4.9: SEM Micrograph  

of NiO (Cat-01 at 600 ºC) 

 

Figure 4.10: SEM Micrograph  

of NiO (Cat-01 at 900 ºC) 

 

Figure 4.11: SEM Micrograph 

of CoO (Cat-02 at 200 ºC) 

 

Figure 4.12: SEM Micrograph 

of CoO (Cat-02 at 400 ºC) 

 

Figure 4.13: SEM Micrograph 

of CoO (Cat-02 at 600 ºC) 

 

Figure 4.14: SEM Micrograph 

of CoO (Cat-02 at 900 ºC) 
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Figure 4.15: SEM Micrograph 

of Ni-Co (Cat-03 at 200 ºC) 

 

Figure 4.16: SEM Micrograph 

of Ni-Co (Cat-03 at 400 ºC) 

 

Figure 4.17: SEM Micrograph 

of Ni-Co (Cat-03 at 600 ºC) 

 

Figure 4.18: SEM Micrograph 

of Ni-Co (Cat-03 at 900 ºC) 

 

Figure 4.19: SEM Micrograph 

of Ni/ γ-Al2O3(Cat-04 at 200 ºC) 

 

Figure 4.20: SEM Micrograph 

of Ni/ γ-Al2O3(Cat-04 at 400 ºC) 
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Figure 4.21: SEM Micrograph 

of Ni/ γ-Al2O3(Cat-04 at 600 ºC) 

 

Figure 4.22: SEM Micrograph 

of Ni/ γ-Al2O3(Cat-04 at 900 ºC) 

 

Figure 4.23: SEM Micrograph 

of Co/γ-Al2O3(Cat-05 at 200 ºC) 

 

Figure 4.24: SEM Micrograph 

of Co/γ-Al2O3(Cat-05 at 400 ºC) 

 

Figure 4.25: SEM Micrograph 

of Co/γ-Al2O3(Cat-05 at 600 ºC) 

 

Figure 4.26: SEM Micrograph 

of Co/γ-Al2O3(Cat-05 at 900 ºC) 
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Figure 4.27: SEM Micrograph  

of Ni-Co (Cat-06 at 200 ºC) 

 

Figure 4.28: SEM Micrograph 

of Ni-Co (Cat-06 at 400 ºC) 

 

Figure 4.29: SEM Micrograph  

of Ni-Co (Cat-06 at 600 ºC) 

 

Figure 4.30: SEM Micrograph  

of Ni-Co (Cat-06 at 900 ºC) 

 

Figure 4.31: SEM Micrograph  

of Ni-Co-Pt (Cat-08 at 200 ºC) 

 

Figure 4.32: SEM Micrograph  

of Ni-Co-Pt (Cat-08 at 400 ºC) 
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Figure 4.33: SEM Micrograph  

of Ni-Co-Pt (Cat-08 at 600 ºC) 

 

Figure 4.34: SEM Micrograph  

of Ni-Co-Pt (Cat-08 at 900 ºC) 

 

 

Figure 4.35: SEM Micrograph  

of Spent Cat-03 

 

Figure 4.36: SEM Micrograph 

 of Spent Cat-06 

 

Figure 4.37: SEM Micrograph 

of Spent Cat-07 

 
4.3.1 Summary of the Characterization Results 

 Regular open pore structures can be seen on the Fresh Cat-01, 02, 04, and 05 

calcined at 600 ºC. 

 The packing order observed for these samples could be due to geometrically 
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defined channels of the oxide formed. 

 The bi-and tri-metallic catalyst (cat-06 and 08) prepared by hydrometallurgical 

process gives uniform particle size with particle size distribution. 

 The SEM images show the even configuration of edges and corners of cat-06 and 

08 at different calcinations temperatures due to crystalline nature of material. 

 The SEM micrographs of synthesized catalysts show that at low temperature  

(200 ºC) the catalyst is more amorphous, and surface boundaries are not 

differentiated. 

 When the calcinations temperature increases; the sharp surface boundaries are 

being observed, which is also supported by the result of XRD, that crystallinity 

and particle size increases with the increase in calcinations temperature. 

 The comparative study of fresh and spent catalyst revealed that there is change in 

particle size and surface morphology due to interaction with monomer. 

4.4 Transmission Electron Microscopy (TEM) 
 TEM microscopy is used to estimate the accurate sizes of nanocrystallites which 

are beyond the resolution limit of SEM. TEM spectroscopy can resolve the agglomerates 

[9] of crystallites to give a cluster of particles, which may be one of the reasons for 

observed bigger particle size from SEM techniques. Numbers of TEM images were 

recorded at different location on the same sample and at different magnification to 

conform the morphology of catalyst present throughout. For each series of catalyst, 

representative image are presented in figure 4.38-4.41. 

 

 

Figure 4.38: TEM image of Cat 03. 

 

Figure 4.39: TEM image of Cat 06. 

50nm 50nm 
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4.4.1 Summary of the Characterization Results 
 The TEM study shows good agreement with nanocrystallite morphology of the 

particles. 

 The estimated crystallite size is in range of 50nm, which is in good agreement 

with the average crystallite size calculated from PXRD data. 

 The TEM micrographs clearly reveal the agglomerates of crystallites to give 

cluster of particles. 

 The TEM images also confirm the uneven configuration of corners and edges of 

active catalyst, which are responsible for unique catalytic properties. 

4.5 EDX Analysis 
 The %age of metal concentration determined by the EDX analysis is in close 

agreement with the theoretical value. 

Table 4.4: Elemental analysis of synthesized catalysts (EDX) 

Catalyst Designation 
EDX 

Composition of Catalyst Ni (%) Co (%) Al (%) O (%) 
01 NiOx 80 -- -- 20 
02 CoOx -- 78 -- 21 
03 NiO:CoO(x) 39 39 -- 22 

04 CoOx/Alumina 
Supported -- 34 31 36 

05 NiOx/Alumina 
Supported 33 -- 31 36 

 

 

Figure 4.40: TEM image of Cat 07. 

 

Figure 4.41: TEM image of Cat 08. 

100nm 30nm 
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4.5.1 EDX Characterization 
 EDX study of single particle figure 4.42, 4.43 shows that there is interaction of 

Ni and Co so that we can get the single bimetallic nanoparticle with variable 

concentration of Ni and Co evidenced by PXRD data. 

 

Figure 4.42: EDS of cat-06. 

 

Figure 4.43: EDS spectrum of cat-06. 

4.6 X-ray Fluorescence (XRF) 
 The catalysts prepared by hydrometallurgical technique were analyzed by XRF. 

The metal concentration determines are in close agreement with theoretical data. The 

results are summarized in table given below. 

Table 4.5: Elemental analysis of synthesized catalysts (XRF) 

Catalyst 
Designation 

Composition of 
Catalyst Ni (%) Co (%) Pt (%) Pd (%) 

Cat-06 Ni-Co 54.1 45.90 -- -- 

Cat-07 Ni-Co-Pd 49.0 50.14 -- 0.86 

Cat-08 Ni-Co-Pt 50.69 48.74 0.87 -- 

 

4.7 FT-IR Spectroscopy 
 In order to find out the mechanism of polymerization, FT-IR spectra of fresh and 

spent catalysts were obtained. 

4.7.1 FT-IR Characterization of Fresh Catalyst 
 The representative FT-IR spectra of fresh catalyst Cat-06 shows the broad peak in 

region of 3200-3500 cm-1 due to surface moisture adsorption. The peak at 3413 cm-1 was 



 62

due to –OH stretching vibration figure 4.44. 

 
Figure 4.44: FT-IR of fresh catalyst. 

4.7.2 FT-IR Characterization of Spent Catalyst  
 FT-IR study of same catalyst after activity shows the appearance of peak at  

1626 cm-1 due to stretching vibration of characteristic C=C bond. Similarly, a sharp peak 

was found at 1383 cm-1, because of symmetrical deformation vibration of (-CH2) figure 

4.45. 

 

Figure 4.45: FT-IR of spent Catalyst. 

4.7.3 Summary of the Characterization Results 
• The appearance of broad peak at 3413 cm-1confirms the presence of active 
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catalyst surface i.e. moisture sensitive. 

• It is suggested that activity of catalyst is decreases with the exposure to air and 

humidity. 

• The appearance of peak due to C=C stretching and –CH2 vibration confirms the 

adsorption of monomer at catalyst surface. 

• Therefore it is concluded that whole initiation and propagation of polymerization 

takes its root at the surface of catalyst. 

4.8 X-ray Photoelectron Spectroscopy (XPS) 
 The XPS technique is particularly suitable for the understanding of electronic and 

morphological structures of heterogeneous catalyst [11]. The XPS study performed for 

the Cat-06 and Cat-08 calcined at 900 °C are presented in figures below; 

 
Figure 4.46: Binding energy correction spectra of C1s. 

 
Figure 4.47: Complete survey scan of catalyst.
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Figure 4.48: XPS Spectra of Co2p for cat-06. 

 
Figure 4.49: XPS Spectra of Ni2p for cat-06. 

 

 The XPS spectrum of Co2p in (cat-06) catalyst before and after catalytic activity 

is shown in (figure 4.48). The XPS spectra of fresh catalyst presented the spin-orbit 

components of Co2p3/2 at 780.0, and 781.2 eV with shake up satellite at 784.0 eV, while 

the Co2p1/2 appeared at 796.5 eV with the satellite 802.0 eV [12]. Binding energy, spin-

orbit coupling and highly intense satellites, showed that Co2+ was in high-spin state [13]. 

The absence of a peak at 778.1 eV indicated the disappearance of Co metal impurity. In 

spent catalyst, the binding energy of Co2p3/2 and Co2p1/2 has been shifted to +ive 

direction. 

 The Ni showed a strong binding peak at 855.2 eV and satellite at 861.2 eV in 

(figure 4.49) which may be attributed to the formation of Ni2+ [14,15]. The intense peak 
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at 850.8 eV and 852.3 eV may be assigned to Niº. The shift in binding energy of surface 

electrons has been observed in spent catalyst. The xps data of spectras are presented in 

table 4.6. 

Table 4.6: XPS results for cat-06: binding energies for the Co2p and the Ni2p level; 
surface composition 

XPS binding energy eV  XPS binding energy eV 

Fresh catalyst Spent catalyst Fresh catalyst Spent catalyst 

780.0 -- 850.8 - 

781.2 782.5 852.3 - 

784.2 787.5 855.2 856.5 

796.5 794.0 861.2 861.8 

802.0 805.7   

 The XPS spectra of (Cat-08) based on Ni2p and Co2p are shown in figures 

below: 

 

Figure 4.50: XPS spectra of Co2p for cat-08. 



 66

 
Figure 4.51: XPS Spectra of Ni2p for cat-08. 

 The Co 2p3/2 shown in (figure 4.50) presents the spin-orbit component at  

781.3 eV and shake up satellite at 789.2 eV. The binding energy of Co 2p1/2 appeared at 

796 eV with satellite at 803.5 eV, which correspond to the presence of Co2+ in bulk of 

catalyst. The slight shift in BE might be due to the interaction of surface electrons with 

monomer. 

 The Ni 2p shown in (figure 4.51) presents a strong peak at 854.6 eV and the 

shoulder at 860.0 eV corresponds to the shakeup satellite structure of Ni2+ as the major 

component of catalyst. The shift in binding energy of Ni was not observed in spent 

catalyst, attributed to the stability of metal oxidation state due to incorporation of 

platinum [16]. There was no appearance of binding energy due to platinum; the results 

are supported by XRD and TPR. That at higher calcinations temperature the platinum 

was masked by the concentration of nickel and cobalt. The xps data is presented in table 

4.7. 

Table 4.7: XPS results for cat-08: binding energies for the Co2p and the Ni2p level; 
surface composition 

XPS binding energy eV Co2p XPS binding energy eV Ni2p 

Fresh catalyst Spent catalyst Fresh catalyst Spent catalyst 

- 780.5 854.6 854.6 

781.3 781.5 860.0 860 

789.2 786.8 - - 

- 794.0 - - 

796.0 795.8 - - 

803.5 803.5 - - 
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4.8.1 Summary of the Characterization Results 
 The shift in BE and changes in the peak shape is due to the chemical nature of 

sample which suggest that catalyst contains different oxides of Co in comparison 

with Ni. 

 The XPS study performed for the sample calcined at 900 ºC, confirms the finding 

of XRD, SEM, EDX, and TPR. At 900 ºC the electronic interaction between Ni 

and Co shifts the binding energy towards positive side due to ensemble effect. 

 The X-ray photoelectron spectra of the Ni2p3/2 and Co2p3/2 in bi-metallic and tri-

metallic catalyst showed the major oxidation states correspond to Ni2+ and Co2+. 

 The shift in binding energy of Ni and Co indicates the occurrence of electron 

transfer between Ni and Co. It is much more shifted in tri-metallic catalyst, which 

is believed to prevent metal from further oxidation during the reaction. It is 

authenticate the near-distance interaction between the metal atoms, which is 

responsible for alloying during calcinations. 

 The shift in BE of spent catalyst, supports the evidence of surface electronic 

interaction with the monomer during activity test. This corresponds to the active 

catalytic behavior of sample as seen in SEM images. 

4.9 Temperature Programmed Reduction (TPR) 
 Temperature-programmed reduction (TPR) is a widely used tool for the 

characterization of metal oxides, and mixed metal oxides. The TPR method yields 

quantitative information of the reducibility of the oxide’s surface, as well as the 

heterogeneity of the reducible surface. TPR is a method in which a reducing gas mixture 

10% H2/Ar flows over the sample. A thermal conductivity detector (TCD) is used to 

measure changes in the thermal conductivity of the gas stream. The TCD signal is then 

converted to concentration of active gas using a level calibration. Integrating the area 

under the concentration vs. time (or temperature) yields total gas consumed. The peak 

maximum indicates the temperature that corresponds to the maximum rate of reduction. 

The TPR method provides a qualitative, and sometimes quantitative, picture of the 

reproducibility of the catalyst surface, as well as its high sensitivity to chemical changes 

resulting from promoters. 
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The TPR profiles for all the active  catalysts prepared by hydrometallurgical method are 

shown in figures below: 

4.9.1 TPR of Ni-Co (Cat-06) 
 The combine spectra presented in (figure 4.52) showed that catalyst (calcined at 

200 °C) give reduction maxima at 215 °C and the highest reduction maxima appeared in 

the range of 335-460 °C. No further reduction occurs above 515 °C. Whereas the catalyst 

(calcined at 400 °C) showed the reduction peaks at 215 °C, 217 °C, 390-515 °C, and  

565 °C and above 650 °C no further reduction was observed. In catalyst (calcined at  

600 °C) the reduction started from 215 °C and the only reduction maxima appear in the 

range of 450-587 °C. No further reduction occurs above 620 °C. The catalyst (calcined at 

900 °C) showed the reduction peaks at higher temperature, reduction maxima appearing 

at 330 °C, 470~540 °C, and 610 °C. No further reduction occurs above 800 °C. 

 When the catalyst calcined from 200-900 °C the reduction maxima shifted 

towards +ive direction. Under similar operating conditions, the pure nickel and cobalt 

oxides reduce with peak maxima of 317 °C and 367 °C respectively [17]. This indicates 

that the nickel and cobalt oxides were present in bimetallic form [7] and reduced at 

higher temperature, compared to pure nickel and cobalt oxides. It was also observed that 

with the increase in calcination temperature the reduction profile shifted to higher 

temperature. The reduction peak shift of  Ni-Co bimetallic sample to higher temperature 

confirmed the alloying of bimetallic oxide which was also supported by the results of 

XRD. The shift in peak maxima with calcinations to higher temperature also ascribed to 

the increase in thermal stability of catalyst [18]. The results of activity test were also in 

accordance with that the catalyst calcined at 900 °C gives high molecular weight product 

due to more satability of catalyst. The XRD patterns confirmed the bimetallic oxide but 

did not provide information on active components such as Ni and Co. As the TPR profile 

of Ni-Co (calcined at 400 °C); showed two broad reduction peaks ranging from  

180 ~ 250 °C and 280 ~ 530 °C respectively were observed. The broad maxima between 

280 ~ 530 °C became unresolved, indicated the existence of several different species of  

NiO, CoO, Co3O4, and Co2O3.While high temperature reduction peak showed the 

evidence of bimetallic electronic and geometric interaction, as supported by the results of 

XRD and XPS [11]. The phase transformation of mixed Ni and Co oxide was also 

confirmed by calcinations, supported by the results of XRD. 
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Figure 4.52: TPR spectra of cat-06. 

 

4.9.2 TPR of Ni-Co-Pd (Cat-07) 
 The TPR profile of Ni-Co-Pd (cat-07) (figure 4.53) sample calcined at 200 ºC 

showed broad reduction maxima at 120 ºC. Another onset reduction peak started at  

350 °C and giving a broad and intense reduction maxima in the range of 660 ºC-883 °C. 

The TPR study cannot be applied on other series of catalyst due to fusion of samples 

above 300 ºC. 
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 The Cheekatamarla et al. [19] described that palladium oxide reduces at 110 ºC. 

It has been observed in cat-06 catalyst that reduction maxima appeared in the range of 

300 ~ 800 ºC due to reduction of different oxidation states of nickel and cobalt generated 

at different calcinations temperature. During the calcinations of Ni-Co-Pd catalyst the 

fusion occurs above 300 ºC, which is in contrast to Ni-Co catalyst. It means that during 

calcinations palladium diffuses above the surface of catalyst as confirmed by the XRD 

results, and showed the reduction temperature range 110 ~ 230 ºC. The shift of reduction 

temperature to higher temperature range can be attributed due to synergic effect of Ni 

and Co. Similarly the shift of reduction behavior of Ni-Co above 800 ºC can be attributed 

due to synergic effect of palladium on them. 

 
Figure 4.53: TPR spectra of cat-07. 

4.9.3 TPR of Ni-Co-Pt (Cat-08) 
 The TPR was applied to characterize the reduction behavior of Ni-Co-Pt catalyst. 

The combined TPR profile of catalyst series are shown in the (figure 4.54) at different 

calcinations temperature. 
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Figure 4.54: TPR spectra of cat-08. 

 It was observed that catalyst (calcined at 200 °C) shows three reduction peaks. 

The sharp reduction peak appeared at 325 °C. Other reduction maxima centered at  

440 ºC. The peak was broad with large peak area. The third and unresolved peak was 

appeared at 530 ºC which gives small uptake of H2 consumption whereas after 550 ºC, 

no more reduction took place. 

 The catalyst (calcined at 400 ºC) showed a very strong and sharp reduction peak 

at 203 °C. Another broad and unresolved reduction peak appeared at 570 °C, after that no 

further reduction occurred. 

 The catalyst (calcined at 600 ºC) showed two low temperatures H2 consumption 

peaks at 240 °C and 265 ºC. The peaks are not properly resolved, while the major 

reduction occur in the range of 285 ~ 580 °C, with large peak area no further reduction 

took place above 580 °C. 
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 The catalyst (calcined at 900 ºC) showed the shift in reduction due to H2 

consumption. The first small and unresolved reduction peak appeared at 335 °C. The 

intense and comparatively short reduction maxima appeared at 440 °C. The other two 

reduction peaks appeared at 600 °C and 685 ºC. But the reduction continued up to  

900 ºC, which was contradictory than other catalysts. 

 The Tang et al. [20] observed the TPR profile for Co catalyst centered at  

400 °C with a shoulder peak at 345 ºC. He did not observed the clear reduction peak due 

to Pt, while Pt5Co10 bimetallic catalyst showed one strong peak at 130 °C and a weak 

peak at 280 °C. He concluded that TPR peak of bimetallic Pt-Co catalyst appeared due to 

the reduction of cobalt oxide only. Haneda et al. [21] ascribed the reduction of Co3+ to 

Co2+ at 315 °C and Co2+–Co0 at 385 ºC. While Ganzàlez et al. [22] found the single 

reduction of Co2+–Co0 and Ni2+–Ni0 at 400 °C independently. Cheekatamarla and Lane 

[19] found the TPR profile of Pt in range of 50 ~450 ºC. The TPR profile of Ni-Co-Pt 

presented here shows that the reduction maxima at 315 °C can be attributed due to 

independent behavior of Co and the sharp and low area peak compared to main reduction 

maxima contribute the small concentration of Co. The reduction profile due to nickel 

appeared at 200 ~ 250 ºC, 315 ~ 360 °C, 440 ~ 480 ºC and 665 ~ 685 ºC [15]. The 

reduction peaks presented in catalysts at 205 °C, 240 ºC, 265 °C, 315 ºC and 335 °C can 

be due to independent behavior of Ni, Co or Pt reduction to zero valent. The small peak 

area presents the low concentration of above metals. The major and broad peak at high 

temperature region was very likely due to presence of a great proportion of Ni and Co in 

the same mixed phase [23]. 

 In general, the presence of reduction peaks above 350 °C for all the catalysts 

allow the inference of the possibility of metal-metal interaction that hinder the reduction 

of several metal oxide species formed during the calcinations of these materials. There 

was no pronounced difference in the shift of reduction maxima due to Pt incorporation 

except the catalyst calcined at 900 ºC. Where reduction peaks appeared at much high 

temperature then Ni-Co catalyst. 

4.9.4 Summary of the Characterization Results 
 The shift of reduction maxima of catalyst to a higher temperature than the 

reduction maxima of pure nickel and cobalt was attributed that nickel and cobalt 

were present in bi-metallic form in bulk of catalyst. 
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 With the increase in calcinations temperature the gradual shift of reduction 

maxima towards +ve direction can be due to the increase in the stability of 

catalyst. 

 The large peak area of major reduction temperature region can be attributed due 

to the overlap of multiple oxidation states of nickel and cobalt. 

 The appearance of reduction maxima at low temperature in cat-07 confirms the 

diffusion of palladium from bulk of catalyst to the surface. 

 The shift of reduction temperature in cat-07 and cat-08 confirms the effect of 

palladium and platinum to increase in thermal stability of catalyst than in cat-06. 

 The sharp and small peak area appeared at low temperature region can be 

attributed due to the presence of small impurities of monometallic nickel and 

cobalt. 

4.10 Temperature Programmed Oxidation (TPO) 
To investigate the oxidation behavior of the reduced catalyst, TPO was carried 

out with oxidizing mixture of (oxygen in helium) It is used to determine how stable the 

catalyst was after exposure to air. 

4.10.1  TPO of Ni-Co( Cat-06) 
 The combined TPO spectrum of Ni-Co (cat-06) is shown in (figure 4.55). The 

oxidation of a reduced catalyst indicated that at room temperature corrosive 

chemisorptions of oxygen uptake has taken place. The spectras present that during 

oxygen consumption the switch peak, adsorption of oxygen started at lowest temperature 

200 °C. The rate of oxygen uptake confirmed that oxidation already took place around 

room temperature. The TPO behavior of pure cobalt demonstrated that maximum oxygen 

uptake of Co to Co3O4 occurred at 500 °C [24, 25]. VOB and company [26] observed the 

oxidation temperature of Co3O4 at 527 °C and 727 °C for CoO. The oxidation of Niº to 

Ni2+ was found to be 370 °C. The other exothermic peaks due to oxidation of nickel 

appeared 350 °C and 400 °C for the Ni→NiO process [27]. The shape of curves points to 

the presence, partly to a super position of various oxidation reactions. 

In the case of quantitatively running reactions there is a direct relation of (He or 

O2) consumption of the amount of metal contained in the samples. So that the oxidation 

state of the metal can be determined. 
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When the reduced catalyst was heated under a stream of O2 in He, oxygen was 

consumed appreciably at 300 °C. The combined TPO spectra of oxidation indicates four 

peaks indicating four different oxidation processes, with the peak maxima appeared at 

around 620 ~ 670 °C (main peak) and the minor peaks appeared at 525 °C, 765 ~ 780 °C, 

850 ~ 860 °C and oxygen consumption continued up to 900 °C. The shift of peaks 

revealed the presence of bi metallic oxide the appearance of peak for the catalyst 

calcined at 900 °C show a minor peak at 527 °C. It can be due to presence of small 

impurity of cobalt in bulk of catalyst. The oxidation temperature goes up to 900 °C, 

which was in agreement with the suggested temperature of research objective. The shift 

of oxidation profile of bimetallic catalyst suggested that there might be a species present 

on the bimetallic catalyst that was not present on monometallic catalyst. 

 

 
Figure 4.55: Combined TPO of Cat-06. 
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4.10.2  TPO of Ni-Co-Pd (Cat-07) 
The TPO experimentation was carried out only for the sample calcined at 200 ºC, 

the other catalyst were discarded due to diffusion of material above 300 ºC. The figure 

(4.56) revealed the onset of oxidation started at 150 ºC. The spectra revealed three major 

peaks at 665 ºC, 760 ºC and 825 ºC for the consumption of oxygen, whereas 100% loss 

of oxygen occurred at 960 ºC. Yenet et al. [28] reported that palladium is oxidized to 

PdO2 over a temperature range of 420 ºC, and the PdO2 decomposes to Pdº at 

temperature beyond 780 ºC. The result clearly agreed with the reported data. The slight 

shift of loss of oxygen temperature might be due to tri metallic behavior of catalyst the 

oxidation peaks can be attributed due to effect of nickel and cobalt synergism, and 

reduction peak might be due to the independent behavior of palladium as confirmed by 

the results of XRD and TPR. Therefore, the coexistence of both metallic Pd and oxidized 

PdO species were supposed to be present in trimetallic catalyst, which may constitute a 

new type of active site for polymerization [29]. 

 
Figure 4.56: Combined TPO spectra of Cat-07. 
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4.10.3  TPO of Ni-Co-Pt (Cat-08) 
 The combined TPO spectrum of all the catalysts of Ni-Co-Pt (cat-08) is shown in 

(figure 4.57). The onset of oxidation occurred above 200 ºC. The major oxidation 

maxima appeared at temperature 618 ºC, 635 ºC, 590 ºC, and 610 ºC for the catalyst 

calcined at 200 ºC, 400 ºC, 600 ºC and 900 ºC respectively. Overall there was shift of 

oxidation maxima towards lower temperature than cat-06. It was attributed due to the 

synergic effect of platinum loading. The consumption of oxygen continued above  

900 ºC. No oxidation peak was appeared due to metallic impurity of nickel or cobalt. 

 
Figure 4.57: Combined TPO spectra of Cat-08. 
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PART-II  CHARACTERIZATION OF PRODUCT 
4.11 NMR Spectroscopy 
4.11.1  13C and 1H NMR Characterization of Polybutadiene Synthesized 
in Ethanol 
 When polymerization was carried out in ethanol solvent, we can get the 

microstructures of aliphatic and aromatic carbonyl compounds in addition to saturated 

and olifinic methylene and methine carbon. The 13C signals at 167.8, 128.81, 130.9 and 

132.43 ppm as shown in the (figure 4.58) and 7.53, 7.76 ppm of 1H (not shown in figure) 

are the specific signals of microstructure of Pthalicanhydride [30]. 

 

Figure 4.58: 13C NMR spectra of polybutadiene in Ethanol. 
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4.11.2  13C NMR Characterization of Polybutadiene Synthesized in n-

hexane 

The 13C NMR spectra of PBDs gives distinct absorption at 27.40 ppm and  

32.76 ppm for methylene carbon and at 130.02 ppm, 30.16 pm and 131.28 ppm for 

olifinic carbon respectively (figure 4.59). The resonance peak near 114.42 ppm are the 

characteristic carbon signal for vinyl terminal bonded to the chain of polybutadiene, 

while the peak at 142.72 ppm are that for the other atoms of vinyl group. 

 

 
 

Figure 4.59: 13C NMR spectra of polybutadiene obtained in n-hexane. 
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4.11.3  1H NMR Characterization of Polybutadiene Synthesized in 
Toluene 

Polymerization of butadiene gives three kinds of steric structures Cis-1,4, trans-

1,4 and 1,2 with vinyl branches. The decoupled proton 1H NMR spectra (figure 4.60) of 

isomerized and equibinary PBDs methylene proton absorption split into 2.05, 2.09, 2.38 

ppm indicating the presence of cis-1,4 and trans-1,4 linkages. The methane proton 

absorption split into 5-peaks representing CTC 5.44 ppm, TTC 5.34 ppm, TTT 5.42 ppm, 

TTT 5.40 ppm, and CCC 5.39 ppm. 

 
Figure 4.60: 1H NMR spectra of Polybutadiene in Toluene. 

4.11.4 13C NMR Characterization of Polybutadiene Synthesized in 
Toluene 

The 13C NMR spectra of PBDs gives cis,1,4 (C) and trans-1,4 (T) units with 

distinct absorbtion at 27.5 ppm and 33.97 ppm for methylene carbons and at 130.03 ppm 

and 130.60 ppm for olefin carbons, respectively in CDCl3 as solvent. 

The olefinic carbon further split into four peaks and assigned as 130.60 ppm to 

CTC +TTC(C2) +CTT(C1), 130.46 ppm to TTT+TTC(C1+ CTT(C2) ,130.176 ppm to 

CCC+TCC(C2) +CCT(C1) and 130.03 ppm to TCT + TCC(C1) + CCT(C2). The 

resonance assignments were made in terms of triads according to the results of Sato and 

Wang et al. [31, 32] (figure 4.61-4.62). The hydroxyl–terminated end groups gave peaks 



 80

at 58.55 ppm, 63.1 ppm and 65.38 ppm due to cis-, trans-, and vinyl-units respectively. 

The detailed characterization of spectra is presented in table 4.8 and 4.9. 

 

 

 

Figure 4.61: 13C NMR Characterization of Polybutadiene in Toluene. 
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Figure 4.62: 13C NMR Characterization of Polybutadiene in Toluene. 
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Table 4.8: Assignment of saturated methylene and methine carbons of polybutadiene 

No Assignment 
Chemical Shift/ppm 

Sato et al. Wang et al. In house Tech 

1a C*-V-T   CH2 (4) 25.4 24.92 24.91 

(B) C*-V-C  25.02 25.02 

2 C*-C/T     CH2(4) 27.5 27.46 27.42,27.55 

3(a) T*-V-T      CH2(4) 30.16 30.10 30.18 

(b) T*-V-C  30.17 30.25 

4 V-V(M)-C* CH2(1) 31.80 - 30.96 

5 C/T-V-C*   CH2(1) 32.72 32.76 32.76 

7 V-V(R)-C*  CH2()1 33.44 - 33.97 

8 T-V*-C,C-V*-T     CH2(V) 34.13 34.18 34.17 

9 C/T-V-T* CH(1) 38.18 38.14 38.24 

10 T-V*-T     CH(V) - 43.46 43.56 

11 C-V*-C - 43.69 43.78 
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Table 4.9: Assignment of olefinic methylene and methine carbons of polybutadiene 

 

C: cis-1,4 (CH2(1)-CH=CH-CH2(4)-. * Indicates the unit in which the assigned carbon is 

present 

T: trans-1,4     V: -CH2-CH- 

                             CH=CH2 

No Assignments 
Chemical Shift/ppm 

Elgert et al. Wang et al. In house Tech

1 -C*H=CH- V-C*-V 126.98 - 126.96 

2  V-C*-T 127.15 127.88 127.73,127.92 

3  V-T*-T 127.64 128.38 128.26 

4  V-T*-C 127.77 128.52 128.38 

5  C/T-C*-V 128.56 129.28 129.07 

6  C/T-C*-C 128.91 129.63,129.65 129.64 

7  C/T-T*-V 129.11 129.87 129.86 

8 -CH=CH*- T-T*-C/T 129.30 130.01,130.03,130.05, 130.03 

9  V-C*-C/T 129.30 130.14,130,16,130,18 130.17 

10  V-T*-C/T 129.87 130.49 130.46 

11  C/T-T*-V 130.55 131.28 131.28 

12 -
CH=CH*2 

V-V*-V 
mrrm 114.28 - 114.32 

13  C-V*-C 114.26 -- 114.42 

14 -CH*=CH2 T-V*-T 142.79 -- 142.73 

15  V-V*-
V(rmmr) 143.32 -- 143.16 
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 The micro-structure distribution of polybutadiene has been determined according 

to the procedure describe in reference [33] and presented in table 4.10. 

Table 4.10: Micro structures Distribution of Polybutadiene 

Sr# Identification Vin% Cis% Trans% 

1 E-10 20.8238 24.3025 54.8735 

2 E-11 18.7900 25.4100 55.7800 

3 E-14 26.3360 20.3805 53.2859 

4 E-15 21.4659 33.3793 45.1546 

5 E-18 10.8386 31.0900 58.0700 

6 E-19 23.6512 24.6064 51.7423 

7 E-20 24.7695 20.1695 55.0609 

 

4.11.5   Summary of the Characterization Results 
 The change in peak intensity of decoupled 1HNMR spectra of polybutadiene 

shows the random distribution of microstructures of cis-1,4 and trans-1,4. 

 The different peak intensities of 13CNMR also support the random distribution of 

microstructures. 

 The peak appeared from 63 ~ 68 ppm in same polymer indicates that terminal –

OH group is present in cis or trans carbon. 

 The obtained high trans contents indicate that the trans isomer is 

thermodynamically more stable at higher temperature. 
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4.12 FT-IR Characterization of Product 
4.12.1 FT-IR Characterization of Polybutadiene Synthesized in Ethanol 

The aromatic absorption band was present in 1580 ~ 1600 cm-1. The polymeric 

H-bonding is found in 3400 ~ 3441 cm-1.The absorption at 3067 cm-1 was due to 

stretching of sp2-C-H.The sharp and characteristic peak of carbonyl group C=O was 

present at 1730 cm-1.The C-O-C absorption peak was present in the range of 1073 ~  

1123 cm-1 (figure 4.63). 

 
Figure 4.63 FT-IR Spectra of Polybutadiene in Ethanol. 

4.12.2 FT-IR Characterization of Polybutadiene Synthesized in  
n-hexane at 130 °C 
The FT-IR spectra of polybutadiene gives IR absorption at 911 cm-1 and 966 cm-1 

representing vinyl 1,2 and trans 1,4 isomers respectively. The single peak at 1440 cm-1 

was due to vibration of methylene-CH2 group. The strong peak at 1643 cm-1 represents 

the presence of the double bond attributed to stretching vibration absorption. The peak at 

2847 cm-1 and 2918 cm-1 was due to sp3 C-H stretching vibration. A small peak 

appeared at 3110 cm-1 absorption represents olefin =CH bond. A characteristic peak of 

terminal –OH group presents a broad band at 3410 cm-1 (figure 4.64). 



 86

4000.0 3000 2000 1500 1000 500 250 .0
11.1

20

30

40

50

60

70

80

90

99.4

cm-1

%T 

3410.76
2918.65

2847.35 1640.06 1440.26
966.20

911.30

379.70

297.22
271.22

 
Figure 4.64: FT-IR Spectra of Polybutadiene in n-hexane at 130 °C. 

 
4.12.3   FT-IR Characterization of Polybutadiene Synthesized in toluene 

at 130 °C 
The (figure 4.65) shows the representative FT-IR spectra of polybutadiene 

product obtained at 130 ºC in toluene. The product obtained showed similar trend as in n-

hexane solvent. The IR vibration at 725 cm-1 was due to long chain polymer band of cis-

1,4 microstructure. The vinyl isomer was found at 912 cm-1 and 967 cm-1 represents 

trans-1,4 configuration [34]. The single peak at 1442 cm-1 was due to vibration of 

methylene–CH2 group. The strong peak at 1640 cm-1 represents the presence of the 

double bond attributed to stretching vibration absorption. The intense band at 2919 cm-1 

was due to Vas CH2 and 3110 cm-1 absorption was due to olefin =C-H bond. A 

characteristic peak of terminal –OH group presents a broad band at 3461 cm-1 table 4.11. 

The micro structure distribution of cis, trans, and vinyl were confirmed by IR [35-37].  
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Figure 4.65: FT-IR Spectra of Polybutadiene in toluene at 130 °C. 

Table 4.11: Identification of characteristic peaks of polybutadiene 

Functional group. of PB Type of Vibration Wave no.cm-1 

CH2-OH Deformation 620 

Cis 1,4-CH2 --- 725 

Vinyl 1,2-CH2 --- 912 

Trans-1,4 –CH2 --- 967 

Methylene-CH2 Bending 1442 

Olifinic C=C Sym-stretching 1640 

-CH(aliphatic) Stretching 2855~2919 

=CH(olifinic) Stretching 3110 

Terminal –OH Sym-stretching 3461 
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Figure 4.66: FT-IR Spectra of Polybutadien in toluene at 80 °C. 

4.12.4 FT-IR Characterization of Polybutadiene Synthesized in toluene 
at 80 °C 
The FT-IR spectra of polybutadiene product obtained at 80 ºC (figure 4.66) 

showed that intense peak due to cis-1,4 polybutadiene has been appeared at  

698 cm-1.Whereas small peak due to vinyl 1,2 appeared at 918 cm-1 and microstructure 

distribution data confirms 95% cis 1,4 contents of polybutadiene. The single peak at 

1446 cm-1 was due to vibration of methylene –CH2 group. The strong peak at  

1661 cm-1 represent characteristic presence of the double bond attributed to stretching 

vibration absorption. The intense band at 2919 cm-1 was due to sp3 Vas CH2 and 3110 

cm-1 absorption is due to olifinic =C-H bond. 

4.12.5 FT-IR Characterization of Polybutadiene Synthesized in toluene 
at 30 °C 
The most intense peak at 727 cm-1 was due to cis-1,4 polybutadiene. Whereas the 

frequency at 3060 cm-1 represents the =C-H stretch, 2918 cm-1 and 2869 cm-1 were due to 

aliphatic C-H stretching vibration. The characteristic peak owing to C=C stretch of 

double bond was present at 1604 cm-1. The representative peaks of vinyl 1,2 and trans 

1,4 microstructure of polybutadiene had been disappeared at low temperature 

polymerization (figure 4.67). 
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Figure 4.67: FT-IR Spectra of Polybutadiene in Toluene at 30 °C. 

4.12.6 FT-IR Characterization of Polyethylene 
The FT-IR spectra of obtain PE samples (figure 4.68) showed intense bands at 

about 2925 cm-1 (νas CH2) and 2856 cm-1 (νs CH2). Moreover, two single peaks were 

present around 1458 cm-1 and 720 cm-1, respectively, assigned to scissoring and rocking 

vibrations of sequential methylene (-CH2) groups and a weak peak was found in  

1370 ~ 1380 cm-1due to symmetrical deformation vibration [38]. There was additional 

bands of characteristic presence of the double bond, a prominent peak at 1644 cm-1 

attributes to stretching vibration absorption band of C=C.A broad band at 3402 cm-1 is 

due to terminal OH group and a peak at 1080 cm-1 is due to C-O absorption. 
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Figure 4.68: FT-IR Spectra of Polyethylene. 

4.12.7  Summary of the Characterization Result 
 The solvent (ethanol) interacts with the monomer in the presence of catalyst at 

high pressure and temperature resulting in the formation of aliphatic and aromatic 

carbonyl compounds, confirmed by FT-IR spectra. 

 Pure product of polybutadiene was produced with inert solvent n-hexane and 

toluene in the presence of heterogeneous catalyst. 

 During catalytic activity, temperature plays a significant role in the 

microstructure distribution of polybutadiene. 

 At low temperature we can get highly cis-1,4 polybutadiene. 

 With the increase in temperature, trend towards trans 1,4 product was 

tremendously observed. 

 The FT-IR results showed that we can control the microstructure distribution of 

polybutadiene by the use of such type of heterogeneous catalysts at different 

temperature. 
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4.13 Gel Permeation Chromatography (GPC) 
The molecular weight and molecular weight distribution of polybutadiene was 

determined by GPC technique table 4.12. The chromatograms shown in (figure 4.69), 

presenting the products obtained was by cat-06, 07 and 08 series catalysts. 

 

Figure 4.69: GPC-chromatograms of polybutadiene. 
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Table 4.12: Molecular weight and Molecular weight distribution of Polymers 

Determined by GPC-chromatograms of Polybutadiene at controlled pressure and 

temperature 

Sr.# EXP-
ID 

Catalyst 
ID 

Cat. 
Composition 

Calcinations Temp. 
°C Mw Mn Mp Mw/Mn

1 E-1 
01 

NiO 600 ----- ----- ----- ------ 

2 E-2 NiO 900 299 268 -- 1.11 

3 E-3 
02 

CoO 600 -- -- -- -- 

4 E-4 CoO 900 - -- -- -- 

5 E-7 

03 

Ni-Co 400 1180 1071 -- 1.10 

6 E-8 Ni-Co 600 1425 1322 ------ 1.077 

7 E-9 Ni-Co 900 1454 1351.8 ----- 1.07 

8 E-5 04 Ni-Al2O3 900 578 498 ------ 1.16 

9 E-6 05 Co-Al2O3 900 243 246 ----- 1.01 

10 E-10 

06 

Ni-Co 200 8556 4147 11263 2.06 

11 E-11 Ni-Co 400 10527 5797 17153 1.80 

12 E-12 Ni-Co 600 11909 7935 15964 1.50 

13 E-13 Ni-Co 900 12352 8669 18259 1.424 

14 E-14 

07 

Ni-Co-Pd 200 9767 5033 14797 1.940

15 E-15 Ni-Co-Pd 400 10799 6750 14418 1.59 

16 E-16 Ni-Co-Pd 600 11884 7351 15706 1.548

17 E-17 

08 

Ni-Co-Pt 200 11312 6799 22627 1.66 

18 E-18 Ni-Co-Pt 400 11371 7401 16197 1.536

19 E-19 Ni-Co-Pt 600 12150 8304 17360 1.463

20 E-20 Ni-Co-Pt 900 12414 8841 17842 1.404
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4.13.1  Summary of the Characterization Results 
 The GPC traces in (figure 4.69) shows that the poybutadiene product obtained 

displayed bimodal molecular weight distribution with narrow polydispersity. 

 The observed bimodal distribution is attributed to the formation of two different 

types of catalyst active sites when catalyst with bi-and tri-metallic composition 

were treated at different calcinations temperature. 

 The number-average Mn values increases with the increased in calcinations 

temperature of catalyst, which demonstrated a higher molecular weight for 

catalyst with most stable oxidation state. 

 Weight-average Mw increases with the increase in calcinations temperature 

shows that activity is directly related with calcinations temperature. 

 Overall catalytic activity and stability increases with the increase in calcinations 

temperature. 

 Polydispersity Mw/Mn is decreases with calcinations, so narrow molecular 

weight distribution has been achieved. 

4.14 Thermogravimetric Analysis of Polybutadiene 
 The change in weight loss of polymer has been determined by TGA in order to 

explore the thermal stability of polymers. The polybutadiene products produced by Cat-

06, 07 and 08 catalysts were subjected for TGA analyses. 

4.14.1  Characterization of Results 
 The thermogravimetric analysis (TGA) curve of polymeric products is presented 

in (figure.4.70). The initial weight loss was due to the loss of solvent and lower fractions 

of polymer and rapid weight loss occurs between ca. 450 ~ 550 °C [39] followed by 

100% weight loss in the range of ca. 520 ~ 540 °C. The changes in weights loss of 

different samples were due to slight change in molecular weight of polymeric products. 
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Figure 4.70: Themogravimetric study of Polybutadiene. 

 

4.14.2  Summary of the Characterization Results 
 TGA curves show that polymeric product decomposes essentially in the same 

manner. 

 The complete decomposition of polymer occurs at higher temperature (ca.  

550 °C). It is suggested that polymer is thermally stable and decomposing at high 

temperature. 

4.15 Laser Light Scattering (LLS) 
 The molecular weight of polybutadiene produced by catalyst (cat-06) at higher 

pressure and temperature conditions was determined by SLLS. Figure 4.71 shows a 

typical Zimm plot of polymeric product in THF at 25 °C, where a 0.50 μm filter was 

used and concentration range from 2.00 x 10-3 to 8.00 x 10-3 g/mL. 
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Figure 4.71: Typical zimm plot for the product of (cat-06) in THF at 25 °C, where the 

solution was clarified by 0.45 µm filters and C ranged from 2.0 x 10-3 to 8.00 x 10-

3g/mL. 

Table 4.13: Static Laser Light- Scattering (SLLS) Results 

Ni:Co 
(Mw) Wt. Avg. 

Molar Mass 
(g/mol) 

(<Rg> Avg. Radius 
of Polymer (nm) 

A2 (Polymer 
solvent) 

(mol.mL/g2) 

Calcined at 600 ºC 5.60x 105 69.02 2.76x104 

Calcined at 400 ºC 4.40x105 55.43 4.35x104 

Calcined at 200 ºC 2.52x105 36.15 6.50x104 

 

4.15.1  Summary of the Characterization Results 
 The molecular weight of polymer produced by catalysts calcined at different 

temperature increases with the increase in calcinations temperature. 

 The radius of gyration increases with the increase in molar mass. 

 The positive values of A2 indicate that THF is reasonably good solvent for 

polymer under study at 25 °C. The values of A2 decrease with the increase in 

molar mass. 
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4.16 Mass Spectrometric Analysis of Polyethylene 
 Only the Cat-06 & 08 series were applied for catalytic activity of ethylene 

Oligomerization/ polymerization. The oligomers obtained were in the form of wax or 

oily in nature. The mass fragmentation peaks are presented table 4.14 and maximum 

molecular ion peaks of oligomers are presented in table 4.15. The MS spectra are shown 

in (figures 4.72, 4.73). The data confirmed the same fragmentation pattern of ethylene 

oligomer by using different catalysts. 

Table 4.14: Fragmentation Pattern of Mass Spectra of Polyethylene 

Empirical 
Formula M/Z Empirical

Formula M/Z Empirical
Formula M/Z Empirical 

Formula M/Z 

C2H5 + 29 C16H31 + 221 C24H53 ++ 341 C34H75 475 

C4H9 + 57 C18H35+ 251 C25H56 + 356 C35H71+ 491 

C5H13 + 73 C19H38 + 266 C25H55+ 355 C36H72+ 504 

C7H15 + 99 C20H41 + 281 C26H57 + 369 C38H76+ 531 

C11H32 + 155 C23H49+ 325 C27H57 + 381 C39H79+ 547 

C15H29+ 207 C21H45 + 297 C33H60O+ 460 C40H81+ 561 

 

 
Figure 4.72: Mass spectrum of polyethylene obtained by Cat-06. 
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Figure 4.73: Mass spectrum of polyethylene obtained by Cat-08. 

 

Table 4.15: Maximum molecular ion peaks of Polyethylene obtain by GC/MS 

Catalyst Identification Calcination temperature ºC Highest M+ 

Cat-06 200 279 

Cat-06 400 355 

Cat-06 600 651 

Cat-06 900 703 

Cat-08 200 577 

Cat-08 400 627 

Cat-08 600 788 

Cat-08 900 797 
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4.17 Summary of Discussion 
 Nanoparticles of mono, bi and tri composite metal oxides are prepared by using 

sol gel, wet chemical and hydrometallurgical method. 

 The thermal treatment of catalysts has major effects on the nature of active sites 

and calcinations temperature was found to be crucial to achieve the desired 

catalyst properties and performance. 

 The mixture of Co and Ni were found to be the best catalyst for the growth of 

polymer chain. 

 On the addition of small amount of Pd and Pt to Ni-Co catalyst, it has been 

observed that the rate of activity increases significantly. The results showed that 

the bi- and tri-metallic catalysts have better time-on-stream activity during steady 

state reaction as compared to the monometallic catalyst. 

 The BET surface area and micropore volume decreases with the increase of 

calcinations temperature. However change in surface area may not be only cause 

of variation in catalyst activity. Since, the surface geometry of metal particles 

greatly contributes in determining the catalyst activity [19]. It appears that the 

catalyst activity depends not only on metal sites but also on other factors such as 

metal crystalline structure. 

 The numbers of active sites are usually less than the total number of metal 

particles present on the surface [19]. When Ni, Co, Ni-Co, Ni-Co-Pd and Ni-Co-

Pt were subjected for calcinations multiple oxidation states of metals have been 

observed at different temperature as confirmed by the results of XRD, XPS, TPR, 

and TPO. 

 When the catalytic activities were being carried out at 30 °C, 80 °C and 130 °C. 

Variable product molecular weight has been achieved that may be plausible that 

by increasing the temperature, active sites of catalyst also increases hence activity 

was being enhanced. 

 The more selective product was achieved in n-hexane and toluene. Whereas, in 

ethanol, we obtained variable product due to polar nature of solvent. 

 The active sites of catalyst interact with polar H or O of solvent and alter the root 

of polymerization. 
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 It is suggested that the solvent should be inert for such type of heterogeneous 

catalyst [34]. 

 The termination of polymer was carried out with acidic solution of ethanol and 

hydrogen peroxide, which confirms the interaction of catalyst with ionic radical 

and coordination mechanism. 

4.18 Conclusion 
 The catalyst series cat-01 to cat-08 containing different metal ratio were prepared 

by using different methodologies. The synthesized catalysts were subjected for the 

oligomerization and polymerization of butadiene and ethylene in different solvents at 

variable pressure and temperature. The products were obtained at 130 °C and a pressure 

of 1 barr for polymerization of butadiene; low oligomers were obtained by the Cat-01 at 

900 °C. Similarly no product was achieved by Cat-02 at all calcinations temperature. The 

Cat-03 has shown appreciable activity and the polymers achieved were of narrow 

molecular weight distribution. Weight average (Mw) and number average (Mn) values 

increases by using the catalysts prepared at high calcinations temperature, which is in 

accordance with the research objective. The cat-06, 07 and 08 were prepared by 

hydrometallurgical method and calcined at different temperatures. They have shown 

significant activity for the polymerization of 1,3-butadiene and ethylene. The results 

showed that catalytic activity increases with the increase in calcinations temperature. The 

Mn values exhibited that the addition of monomer units in the propagating chains 

increase for the same catalyst calcined from 200 ~ 900 °C. The incorporation of Pd and 

Pt has significantly enhanced the activity of parent Ni-Co catalyst which ultimately 

resulted in an increase of molecular weights of polymer. 

 The activity trend in terms of molecular weight follow the order of Ni-Co-Pt> Ni-

Co-Pd> Ni-Co>> Ni-Co>Ni-γAl2O3.>NiO>CoO. The decrease in value of polydispersity 

(Mw/Mn) or narrow distribution of polymer can be attributed to the increase in 

crystallinity and edges with calcinations of catalyst at different temperature. The GPC 

traces of polybutadiene shown in (figure 4.69), which displayed bimodal molecular 

weight distribution which was due to the formation of two different types of catalyst 

active sites. Where one active site was very strong and the other active site was weak 

which have negligible effect on activity, as very short and small number of polymer 

chains were obtained. The fractional distributions of polymers showed that 
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≥ 5% of such oligomers were obtained. Similarly the Cat-06 and 08 series were tested for 

the oligomerization of ethylene at 1 bar pressure and 50 °C. Only the oligomers in the 

form of wax were obtained. The maximum molecular ion peak of Ms obtained with 

catalyst calcined at 900 °C. 

 In nutshell, we have achieved interesting results by the use of heterogeneous 

(metal oxide composites) catalysts for the polymerization of olefins. The catalysts were 

designed to target high molecular weight polymer. The activity procedure was being 

emended to get controlled molecular weight and molecular weight distribution. 100% 

stereoregular product of cis-1,4 polybutadiene have been achieved at low temperature 

and pressure [41]. By controlling the process parameters, the trend towards trans1,4-

polybutadiene was also achieved. The microstructure distribution meets with the interim 

defense standard HTPB product. We can get high cis and trans polybutadiene by the use 

of same catalyst under different experimental conditions, which was in contrast with the 

previously [42, 43] reported results. The current work is in progress to get 100% cis 1,4-

polybutadiene and trans 1,4-polybutadiene. 

4.19 Suggested Mechanism 
 Several schemes have been proposed by different scientists such as Cossee and 

Arlman, Green and Rooney and most recent one by Brookhart and Green for the olefin 

insersion steps. However, the experimental results have not proven any one mechanism. 

The problem in determining the mechanism arises from the fact that most of the catalysts 

are heterogeneous in nature. 

 The mechanism of polymerization on one component metal oxide catalyst was 

assumed to be similar to that on traditional Ziegler-Natta two component catalysts [44]. 

The details of initiation mechanism are not precisely understood. 

 According to the literature reviewed two types of initiation mechanisms are 

proposed here: 

1) Initiation involves the formation of metal-carbon δ-bond, which is consequently 

followed by coordination of an incoming monomer molecule and insertion into 

the metal carbon bond. While the mechanism of continued propagation of chain 

is similar to Ziegler-Natta mechanism. 
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2) Initiation can be presumed to involve initial formation of pi-complex, which 

disproportionate to yield both metal-CH=CH2 and metal-CH2CH3 coordination. 

Propagation then proceeds via insertion mechanism [45]. 

 In general, two mechanisms have been proposed to explain polymerization [46] 

a. The bond-ion-radical mechanism 

b. The bond-ion-coordinate mechanism 

 According to the bond-ion-radical mechanism, the catalyst chemisorbs monomer 

on its surfaces. As a result monomer (I) polarized by some species on the catalyst surface 

converting it to an ion (or a radical or an ion-radical pair) bound to the surface. 

Propagation takes place along the surface and the polymer chain is eventually terminated 

and desorbed from the surface, being replaced by fresh monomer. 

 The chain termination may be caused by transfer with monomer, or by the 

selective addition of chain terminating agent, may cause the polymer chain desorbed 

from the surface, being replaced by fresh monomer. The molecular regularity of polymer 

formed depends on the surface layer line-up of the adsorbed monomer molecules. 

 In bound-ion-coordination mechanism, the reaction is considered to be anionic 

because the negative end of the olefin coordinates with the active surface of catalyst. 

Olefin molecules are inserted between the metal ion and the alkyl chain on the oxide 

surface, simultaneously, extending the chain by two carbon atoms. It is proposed that the 

addition of a monomer molecule being held in a fixed orientation at the instant of 

reaction and it decides the stereo-specificity of the polymer. Moreover, since the 

orientation of the monomer molecules can greatly reduces the activation energy 

necessary for the propagation step, a high rate of reaction would be expected. 
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Figure 4.74: (A) Adsorption of monomer at the surface of catalyst. (B)pi complex 

formation.(C) bond-ion-radical mechanism on a catalyst surface. 
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