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Abstract 

The initial objective of the work studied here was to investigate the effects of 

isomorphously-substituted transition metals in lattice sites in Layered Double 

Hydroxides (LDHs) in terms of basicity and catalytic activity in base-catalysed 

reactions and oxidation reactions.   Experiments in which copper(II), nickel(II), 

cobalt(II), zinc(II) and iron(III) were substituted in the lattice of synthetic 

hydrotalcites showed that, on calcination, the resultant mixed oxides arising from 

hydrotalcites containing copper(II) exhibited the greatest enhancement of catalytic 

activity. Test reactions were the conversion of 4-methylpentan-2-ol to 

methylisobutylketone, the oxidation of benzyl alcohol and the Henry reaction 

between benzaldehyde and nitromethane. Results showed conclusively that 

copper(II) imparted base catalytic activity to the mixed metal oxides formed on 

calcination of the LDHs.  This was confirmed through an extension to the study in 

which the copper(II) content in the LDHs was varied.  It was shown that there is an 

optimum copper(II) loading, above which additional copper(II) is not effectively 

incorporated in the LDH lattice. 

Other supports for copper(II) as an oxide were investigated, on the basis that 

activity was linked to effective dispersion of copper(II) oxide.  A series of copper(II) 

dispersions on zirconia, on silica and on magnesium oxide were prepared and 

tested.  The zirconia-supported catalysts were the most active so work was 

concentrated on these.  Two methods for preparing copper(II) oxide/zirconia were 

investigated, using a solid state reaction and using a sol-gel process.  Catalysts 

were prepared with molar copper contents of from 2 to 60 mol%.  It was possible to 

see from powder X-ray diffraction that copper(II) was dispersed in the zirconia 

matrix at levels up to about 20% depending on the synthetic method.  And it was 

shown that base-catalytic activity of these materials correlated with the amount of 

fully incorporated copper(II).  Activities of these were generally higher than the 

mixed metal oxides made from the LDHs. 
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For comparison, another, different, approach to incorporating basicity in oxide 

supports was examined, in which alkylamino groups were tethered to silica 

supports, specifically a mesoporous molecular sieve form of silica, SBA-15.  The 

activity of these materials were compared with those of the copper(II) based 

catalysts in the Henry reaction between nitromethane and benzaldehyde.   An 

advantage of these catalysts was exploited by coordinating palladium(II) to the 

amine groups at different levels to impart oxidation catalytic activity.   The resultant 

materials, in which only part of the amine functionality was coordinated by 

palladium(II), were tested as bifunctional catalysts, for combined oxidation and 

base catalytic activity, in the two step reaction between benzyl alcohol and 

nitromethane, which proceeds via an oxidation step to benzaldehyde followed by a 

base-catalysed step. 

The overall conclusion was that copper(II) is effective at imparting base catalytic 

activity to a range of support oxides, and that it does not have significant activity 

towards oxidation reactions., contrary to some claims in the literature.  Oxidation 

activity can be obtained alongside base activity by preparing bifunctional catalysts 

but only through a different approach. 
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 Catalysts 1.1

Catalysis is a core aspect of chemical engineering. Prior to the design of any 

industrial process, the catalytic requirement must be examined [1]. The choice of 

catalyst has major consequences for reactor design and product purification steps 

[1]. Even minor changes to the catalyst can have consequences for an overall 

process. Hence, researchers in industry and academia are continuously seeking 

innovative catalysts and new methods of altering the performance of current 

catalysts [2, 3]. 

A catalyst is by definition a substance that increases the rate of a reaction by 

lowering the activation energy or providing an alternative reaction route. A catalyst 

also is a substance that when added in the balance of a chemical reaction, 

accelerates the achievement of the chemical equilibrium between reactants and 

products without influencing the thermodynamic equilibrium of the process. Usually 

catalyst is not spent during the reaction and can be found unchanged after the 

reaction completes. 

Homogeneous catalysis occurs when the catalyst, reactants and products are in 

the same phase, usually the liquid phase. The catalysts are soluble bases, acids, 

salts or organometallic compounds. Examples include the mineral acids and bases 

that are used widely in industry [4]. In contrast, in heterogeneous catalysis the 

catalyst and the reactants are in different phases. Typically the catalyst is a solid, 

and the reactants and products are in the liquid or vapor phase. The catalysts can 

be inorganic solids, such as pure metals or metal oxides, chlorides or sulfides, or 

organic compound such as modified polymers. An example may be found in the 

catalytic converters of automobiles. Platinum alloys convert pollutants in the 

exhaust to more benign compounds, reducing emissions of harmful pollutants into 

the environment [5]. Heterogeneous catalysis has secured Nobel prizes for Fritz 

Haber and Carl Bosch in 1918, Irving Langmuir in 1932, Ziegler and Natta in 1963, 

and Gerhard Ertl in 2007 [6, 7].  
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Homogeneous and heterogeneous catalysts each have advantages and 

disadvantages. Homogeneous catalysts are usually single-sited, with specific sites 

on which the catalysis occurs. By applying advanced synthesis methods and 

characterization techniques, these catalysts can be designed to be highly active 

and selective for a particular reaction. Selectivity in catalysis can be observed in 

nature through cellular enzymes. Enzymes show high specificities to reactants 

consumed and products formed within a cell, even in the presence of all other 

cellular components. Non-biological catalysts seldom reproduce the selectivity and 

specificity of enzymatic biocatalysts.  Enzyme performance serves as a motivation 

for homogeneous catalyst design [8, 9]. Regardless of the high activity and 

selectivity possessed by homogeneous catalysts, their use in industry has been 

troubled by the difficulty of separation, regeneration, and recycling of the catalyst 

[10]. From an economic and environmental point of view, it is often very important 

to recover and recycle the catalysts, especially in the case of expensive and/or 

toxic transition metal catalysts [11]. For instance, in the pharmaceuticals industry, 

where homogeneous organometallic catalysts are used to synthesize some chiral 

compounds, removal of the metals to very low, often sub ppm, levels is of vital 

importance for product purity, as specified by the United States Food and Drug 

Administration [12]. However, in many other cases, the catalyst is never recovered, 

either because only small concentrations are required (as in the case of olefin 

polymerization catalysts) [13] or because it is simply cheaper to use the catalyst 

once rather than to separate and recover it (as can be the case with mineral 

acid/base catalysts) [4].  

In contrast, heterogeneous catalysts are often multi-sited catalysts that exist in a 

different phase from the reaction medium. In the case of a solid acid, there are lots 

of different kinds of acid site chemical environments on the surface of the material, 

which promote activity [14]. These catalysts tend to be less active and less 

selective than homogeneous catalysts. However, the majority of industrial-scale 

catalysts are heterogeneous because of the easier separation of catalysts from 

reactants and products. The use of solid catalysts that can be filtered off at the end 

of a liquid phase reaction and used again may seem a green option. However, 
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many solid catalysts require the use of homogeneous catalysts and reagents in 

their synthesis and high calcination temperatures are often required to activate 

solid catalysts before a reaction, both of which factors detract from their 

environmental attractiveness. 

Another way of making it easier to separate catalysts from reactant and products is 

through immobilization of organic catalysts on solid supports. There are numerous 

ways of immobilizing a homogeneous catalyst on an insoluble support. These 

include polymer encapsulation [15], covalent tethering to a polymer backbone [16], 

and covalently tethering to an inorganic framework such as silica to form an 

organic/inorganic hybrid material [17]. The last case is advantageous because of 

the low cost and thermal stability of many inorganic materials and the wide variety 

of low-cost organosilanes available for covalent surface modification.  More 

recently, materials such as nylon have been used as supports for organic catalysts 

[18]. The behaviour of organic groups tethered to the surface are similar to their 

behaviour when they are used in solution, but the factors controlling surface 

reactions apply, such as diffusion of reactants towards the surface, migration of the 

reactants to the active catalytic sites and desorption of products from the surface.  

Understanding these principles, along with the organic chemistry of the tethered 

groups, is necessary to design supported catalysts of that type. There are 

countless reports in the literature of functionalizing silica materials with a single 

organic functionality for use in catalysis. The greatest common groups used for this 

purpose are acids and bases, though more complex molecules such as cinchona 

alkaloids[19]
 

or enzymes
 

have also been immobilized on silica for use in 

heterogeneous catalysis [20], In some examples, the heterogeneous catalyst 

outperforms its homogeneous analogue, due either to solid/liquid partitioning which 

concentrates reactants near the catalytic sites, to interactions with the support, or 

to other concentration-dependent effects linked to the concentration of the active 

catalytic sites on a two-dimensional surface.  
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 Solid base catalysts 1.1.1

The history of heterogeneous base catalysts has not been studied as much as 

solid acid catalysts. Base catalysis by heterogeneous material was not used in the 

early developmental period, in part due to rapid poisoning by species such as CO2, 

O2 and H2O. In the 1970s, heterogeneous basic catalysts became more popular 

due to an improvement in the understanding of the reactivity of surface basic sites 

[21]. Key to this was the realization that, in many cases, thermal pre-treatment at 

over 450 0C removed adsorbed catalyst poisons. 

Solid base catalysts can display Bronsted and/or Lewis basicity. A Bronsted base 

is defined as a proton acceptor and a Lewis base is defined as an electron donor. 

Solid base catalysts can often be tuned through synthesis to show one or the other 

type of behaviour. Catalysis by a Bronsted base site usually proceeds by a proton 

being removed from the reactant. Lewis base sites donate electrons to the 

reactant.  

Solid base catalysts, which include the general class of layered double hydroxides 

(LDHs), of which the mineral hydrotalcite is the most common, have received 

important attention [22]. There are many types of solid bases suitable for use as 

catalysts. 

 Layered double hydroxides 1.2

       Layered double hydroxides (LDHs) are anion-intercalated inorganic functional 

materials, also known as hydrotalcite-like compounds or anionic clays [9, 23, 24]. 

Layered double hydroxides (LDHs) are a family of extensively distributed, anion-

exchanging minerals having the general formula [M (II)1-x M(III)x (OH)2 ][Y] x. zH2 O 

[Y=e.g. Cl- or OH- or NO3
- ]. The applications and importance of LDH have recently 

been reviewed both in general  and with particular application to the incorporation 

of anionic metal complexes [25]. The first natural mineral belonging to this family of 

materials was discovered in Sweden in 1842, and is known as hydrotalcite, and 

was given the general formula MgAl2(OH)6CO3.4H2O. Synthetic analogues were 

first synthesized  in the laboratory in 1942 when Feitknecht [26, 27] reacted dilute 
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aqueous metal salt solutions with base, while the first detailed structural analyses 

of LDHs were not carried out until the late 1960s through Allmann and Taylo [28].  

Briefly, LDHs contain of stack of positively charged mixed metal hydroxide with 

chemical composition [M2+
1-xM

3+
x(OH)2]A

n-
x/n.mH2O as shown in Figure 1.1.  M2+ 

and M3+ are divalent and trivalent cations correspondingly, x is equal to the ratio 

M3+/(M2+ + M3+) and A is an anion of valence n. The structure of LDHs is similar to 

that of brucite, (Mg(OH)2), with some of the  octahedrally coordinated divalent 

metal ions M2+ partially and isomorphously substituted by trivalent cations. The 

layers carry a net positive charge that is balanced by anions that are either 

intercalated between the layers or attracted to the surface. This structure gives 

LDHs natural anion exchange properties that make them unique amongst the clay 

minerals, most of which exhibit negatively charged layers with cation exchange 

properties.  

 

Figure 1.1 – Schematic structure of a layered double hydroxide LDH [26]. 

Most commonly, the ratio of 2+ to 3+ cations in the LDH structure is about three to 

one. Hydrotalcite occurs extensively in nature and is based on Mg(II) and Al(III) in 

the lattice in a ratio of about 3:1.  This material can easily be synthesised.  

Furthermore, it is possible to take the conventional hydrotalcite structure and 
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substitute a 2+ transition metal for some of the Mg(II). Commonly, LDHs are 

synthesised with copper(II) in the lattice.  Furthermore, iron can be incorporated 

and this can take the form of Fe(II) or Fe(III) [29].  

 Preparation of LDHs  1.2.1

The most common and still the most often applied mode for the synthesis of LDH 

in the laboratory is the co-precipitation method [30]. In general, nitrate or chloride 

salts of the metal ions are used for the synthesis, because of the low affinity of 

these ions for the positively charged layers, allowing easy subsequent modification 

of the interlayer anion if needed.  

A solution containing M(II) and M(III) ions is added to an alkaline solution, in which 

the LDH precipitates [31, 32]. The counter ion (the anion between the layers) will 

be the anions in the alkaline solution. That will be predominantly the hydroxide ion 

if a concentrated NaOH solution is used. The continuous change in the pH that 

occurs during the synthesis (if not controlled) may result in the formation of 

secondary products, such as M(OH)2 and/or M(OH)3, and hence  an unplanned 

and perhaps undesired ratio of M(II) to M(III) in the LDH. As addition is normally 

slow, the time taken to precipitate the LDH can be as much as an hour or more.  

Commonly, an ageing step is included in which the suspension of the precipitate is 

held at, typically, 60 oC for an hour or more. Valim et al., showed that the crystallite 

size distribution is wider when there is no additional ageing step [33]. Pinnavaia et 

al. Also studied the effect of the ageing step on the level of crystallinity of 

hydrotalcite and found there was an enhancement in crystallinity with increased 

ageing time. There was no correlation, however, between base catalytic activity 

and improved crystallinity. 

 Solid base catalysts and based strength  1.2.2

Overall, solid bases are less easy to describe and define than solid acids. In solid 

acids the active sites may be Bronsted acid sites with ionisable hydrogens, or well-

defined electron deficient Lewis acid sites. In solid bases it is usually more difficult 

to identify distinct active basic sites. It is also significant that IUPAC describes a 
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super acid as a medium that has acidity greater than that of pure sulfuric acid. A 

super base, in contrast, has only a limited definition, being identified as a medium 

having “very high basicity” [34, 35]. Describing the “strength” of solid acids and 

bases is more difficult than describing the strength of liquid acids and bases. There 

are a number of ways of measuring and categorizing solid base strengths. The 

method for expressing acid and base strength are not as clear cut as the pH scale 

used for dilute aqueous solutions of acids or bases. The Hammett function (H) is 

often used and this is basically an extension of the pH scale to allow acid/base 

strength to be quantified in the absence of the solvent water. Hammett 

acidity/basicity is frequently determined using specific Hammett indicators which 

change colour at particular values of H. These can be used in titrations (in which 

the solids are dispersed in aprotic solvents) and the measure of acidity or basicity 

is given by the colour of the indicator on adsorption on the solid. Disadvantages of 

using Hammett indicators are that the colour is often difficult to identify. Another 

disadvantage is that the indicators used for this type of analysis are quite large 

molecules, creating problems in accessing all of the sites within the solid sample 

[35]. Some of the more extensively used solid acid and bases are shown in Table 

1.1 in terms of their relative acid and base strengths. 
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Table 1.1 – Relative orders of acid or base strengths based on adsorption of 
acidic/basic probe gases [36, 37].  

Material (Basic) Material (Acidic) Strength of sites 

---------- 

SO4/Nb2O5 

HSbF6 

TaF5/AIF3 

Very strong 

Li-MgO 

Hydrotalcite 

Zeolite β 

Heteropolyacids 
Strong 

La2O3 

ZnO 

ZrO2 

Ion-exchange resins Medium 

Al2O3 

TiO2 

 

Al2O3 

ZrO2 
Weak 

 

 Layered double hydroxides as Solid Base Catalysts 1.2.3

Studies into hydrotalcite-type materials have been wide and optimum compositions 

for ultimate catalytic performance have been deduced for numerous different types 

of LDHs. The structure of the conventional LDH, hydrotalcite, is well defined [38]. 

Subtle changes in composition have been shown to make major differences to 

catalytic properties [39]. Mixed oxides made from LDHs by calcination have been 

studied as catalysts in many reactions, including condensation, alkylation and 

Michael addition reactions [39] .  

LDHs without any calcination have also been used as catalysts [40]. In addition, 

calcined LDHs that have been rehydrated have also been used as basic catalysts 
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[41]. After calcination of an LDH to a mixed oxide, the mixed oxide can be placed 

in water and the LDH partially reforms. This property of being able to recover the 

layered structure is called the “memory effect”[42]. It is known that the interlayer 

anion is replaced with Bronsted OH- groups and it is this that promotes the basicity 

of the rehydrated compound. Base catalytic activity is apparent in the rehydrated 

LDH (because of OH- groups) but it is not generally as high as for the oxides from 

which they are made [43]. 

 Supported base catalysts 1.3

Layered double hydroxides can be described as intrinsic solid base catalysts, as 

opposed to supported solid bases, which have also received interest over the 

years, although to a lesser degree than supported solid acids [44, 45]. In early 

work, base catalysts were mainly based on supported materials.  For instance, in 

1955, Pines  reported that sodium metal dispersed on alumina acted as an efficient 

catalyst for double bond migration in alkenes [46].  In the 1970s, studies of intrinsic 

solid base catalysts became more popular [47].  Some single component metal 

oxides were found to act as solid base catalysts.   In addition, alkali ion-exchanged 

X and Y type zeolites were found to be catalysts for base-catalyzed reactions [47]. 

More recently, a wide variety of solid base catalysts have been recognized 

including mixed metal oxides which are essentially the type of base catalysts that 

derive from calcined LDHs [47]. The most common types of solid base catalysts 

are listed in Table 1.2.  
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Table 1.2 – Examples of solid base catalysts. 

Metal oxides[48] 
MgO, CaO, Al2O3, ZrO2, Rare earth 

oxides (La2O3 etc.), Alkali metal oxides 

Mixed oxides[49] 
SiO2-MgO, SiO2-CaO, Al2O3-MgO 

(calcined hydrotalcite) 

Alkali or alkaline earth oxides 
loaded on support[50, 51] 

MgO/SiO2, Cs2O on zeolites 

Alkali compounds on Al2O3[52] 
KF/Al2O3, K2CO3/Al2O3, KNH2/Al2O3, 

NaOH/Al2O3, KOH/Al2O3 

Amides and imines loaded on 
support[53, 54] 

KNH2/Al2O3, K, Y, Eu supported on 
zeolites from ammoniacal solution, 

silica supported imines 

Alkali metals loaded on 
support[52] 

Na/Al2O3, K/Al2O3, K/MgO, Na/zeolite 

Anion exchangers[55] 
Anion exchange resins. Hydrotalcite 

and modified hydrotalcites 

Zeolites[50] 
K, Rb, Cs-exchanged X-zeolites, ETS-

10, 

Clays[50, 51, 56] Sepiolite 

Phosphates[57] Hydroxyapatite, natural phosphates 

Amines or ammonium ions 
tethered to support[58] 

Aminopropyl group /silica or MCM-41 
Alkylammonium group/MCM-41 

 

The breakthrough in base catalysis was the recognition that many materials act as 

solid base catalysts if properly pretreated. Before the 1970s, catalysts were 

normally pretreated at higher temperatures of around 500 0C at which the surfaces 

of basic materials are covered with carbon dioxide, water, oxygen, etc., and show 

low activities for base-catalyzed reactions.  Removal of the carbon dioxide, water 

and oxygen etc., on the surfaces by pretreatment at high temperature allowed the 

surfaces to exhibit basic properties and promote catalyzed reactions. Pre-

treatment of the catalysts at a high temperature is crucial for solid base catalysts 

[47, 59]. 

The most common solid bases include supported alkali metals [48], alkaline 

oxides, and hydrotalcites [60]. Due to the porous nature of these materials, they 

can suffer from diffusion limitations and size restrictions of products and reactants. 

They also tend to be strongly basic and can suffer from lower selectivities than 
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those of weaker organic bases [44]. These weaker, organic bases may consist of 

supported amines on polymer resins. As mentioned previously, polymer resin-

supported catalysts are less thermally and chemically stable and are also prone to 

swelling in solvents. However, they are highly tunable in terms of the basicity and 

selectivity based on the choice of amine for each application. They have 

widespread application in industry for a variety of organic transformations: Michael 

additions [61], transesterifications [62], aldol additions [63, 64], hydrogenations, 

aminations, Knoevenagel condensations [65], alkylations,[66] etc. 

Mesoporous silica materials have also been working in the development of 

heterogeneous base catalysts. A complete survey of work up to 2000 may be 

found in a review by Weitkamp et al [67]. Corma et al [68]., have studied MCM-41 

samples functionalized with 1,8-bis (dimethylaminonaphthalene) which have 

proven to be highly efficient catalysts in the Knoevenagel condensation of 

benzaldehyde with activated methylene compounds and in the Claison–Schmidt 

condensation of benzaldehyde with 2-hydroxyacetophenone. Macquarrie et al [69]. 

Investigated the distribution of aminopropyl groups in correspondingly 

functionalized MCM-41 phases in the catalysis of classical C-C coupling reactions 

such as the nitroaldol condensation of nitromethane with benzaldehyde, and the 

Michael addition of nitromethane with 2-cyclohexene-1-one.  

Lately, a number of research groups have pursued new and creative approaches 

to incorporating oxidation and base functional groups into the same heterogeneous 

catalysts, which can catalyze multistep reaction cascades in one  system or work 

in a cooperative manner [70].  

 Zirconia support catalyst 1.4

                Zirconia is an extensively used ceramic in many technological applications. This is 

clearly attributed to its unique mechanical and chemical properties such as surface 

acidity and basicity, oxidation and reduction properties, porosity, stable surface 

area at high temperatures, high melting point, good mechanical strength, low 

thermal conductivity, and corrosion resistance [71]. Zirconia is used as an effective 
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catalyst in many important reactions such as dehydration, elimination, 

hydrogenation, and oxidation reactions. Moreover, zirconia can be acidified, most 

commonly with sulfuric acid to give so-called sulphated zirconia, a strong acid 

catalyst which can be effective in many reactions, such as alkene isomerization, 

hydrocracking, and alkylation [72]. Additionally, the high thermal stability and high 

ionic conductivity of zirconia make it a useful material for refractory purposes and 

in oxygen sensors. Zirconia has four polymorphs; namely, cubic, tetragonal, 

monoclinic, and orthorhombic. The latter is formed only at elevated pressures. 

Zirconia can be modified by doping with other metal oxides such as magnesia and 

yttria and dopants can affect the relative stability of the polymorphs [73]. 

Customarily, zirconia is prepared through base precipitation of zirconium 

hydroxide, followed by thermal calcination. Similarly, the traditional method for the 

synthesis of sulfated zirconia involves treating zirconium hydroxide or oxide with 

an aqueous solution of sulfuric acid prior to the thermal treatment.  

              The variation of the ligands coordinated to zirconium metal will eventually influence 

properties of the final oxide catalysts such as specific surface area, surface 

morphology, phase composition, number of active sites, and surface acidity.  

 Organic-inorganic hybrid materials as solid catalyst 1.5

                Catalysis is essential for the environment as well as for the chemical industry. A 

wide range of catalysts has been applied in industry and catalysts are available in 

various forms, from heterogeneous catalysts in the form of porous solids to 

homogeneous catalysts dissolved in the liquid reaction mixture to biological 

catalysts in the form of enzymes [74]. In last decade, there has been a strong effort 

to utilize organic-inorganic hybrid materials particularly in materials science and 

catalytic applications as solid catalyst [75]. These materials can combine the 

catalytic properties of a wide range of compounds usually thought of as 

homogeneous catalysts and usually based on functionalised organic compounds, 

with the high surface area and other advantages associated with typical porous 

inorganic catalyst support materials.  If a well-defined catalytic moiety can be 

tethered to an inorganic high surface area support, heterogeneous catalysis can 
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be accomplished with a material that exhibits well-defined single-site catalytic 

centres. 

Solid catalysts are frequently environmentally benign, are often non-corrosive, 

compared to solutions of acids or bases, and  can be easily separated from liquid 

products, presenting less disposal problems as well as the possibility of their 

repeated use [76]. Moreover, they can be designed to give long catalyst life, and of 

course there is always scope for imparting higher activity and selectivity to 

designed solid catalysts [77, 78]. 

An advantage of typical organic-inorganic hybrid catalysts over for instance mixed 

metal oxide catalysts is that the former do not require high temperature pre-

treatment to activate them.  For example a support that is functionalised with a 

tethered alkylamine exhibits base properties in its as-formed state.  In contrast, 

LDHs have to be calcined at high temperature to generate the mixed oxides that 

provide the basic properties. 

There are other advantages of using organic-inorganic hybrid catalysts over, for 

instance, similar catalysts supported on organic polymer supports, including higher 

mechanical stability and, generally, less susceptibility to unfavourable interaction 

with reaction solvents [79].  

The single site nature of catalytic centres on hybrid organic– inorganic solid 

materials can be designed to be single-site catalysts coupling the advantages of 

homogeneous and heterogeneous catalysts [80]. Moreover, as mentioned above, 

the preparation of metal oxides needs very high temperature >500 °C to both 

prepare and activate the catalysts.  They are likely to be poisoned if left in air for 

long times. Hybrid organic-inorganic catalysts sometimes need no activation and, 

at most, need to be heated to typically no more than 120 °C [81].  
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 Immobilization methods for hybrid catalysts  1.5.1

        A number of methods may be used to immobilize catalysts to form hybrid 

materials. The specific reaction conditions may dictate which method is best suited 

to the   particular circumstance.  

        The simplest method of immobilizing homogeneous catalysts on solid supports 

involves adsorption of a homogeneous catalyst onto a solid support. The catalyst 

can be weakly bound via physisorption or more strongly bound via electrostatic 

interactions or metal coordination. In all cases, there is no covalent linkage 

between the support and the catalyst. As such, these materials are prone to 

leaching and may be restricted to mild reaction conditions [82].  

       A second immobilization method involves encapsulation of the catalyst and 

requires no bonding between the catalyst and support. Two types of encapsulated 

catalysts commonly appear. The first involves synthesis of the support material 

with the catalyst present in the reaction mixture. Two examples include sol-gel and 

polymeric materials. In either case, the polymerizable unit (commonly 

alkoxysilanes or sodium silicates with sol-gels or olefins or other polymerizable 

monomers in the case of polymers) and catalyst are mixed together in one pot 

while the solid support forms. Catalyst selection is limited to those that can survive 

the support synthesis conditions [82]. These materials may also be prone to 

leaching as the sol-gel or polymer may be subject to swelling in certain solvents. 

The active catalyst may diffuse out of the swollen solid support.  

       A second type of encapsulated catalyst utilizes a ship-in-the-bottle synthesis [82]. 

A rigid, microporous support is synthesized first, generally zeolites or MCM-type 

materials. The solid support is then impregnated with catalyst precursors by 

diffusion into the porous network. The catalyst is then “assembled” from the 

precursors within the network. If the catalyst is larger than the pore channels, it 

cannot diffuse out of the support, and is entrapped within the solid matrix. These 

materials also present disadvantages, including decreased activities due to slow 
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molecular diffusion of reactants and products into and out of the porous solid and, 

often, low catalyst loadings.  

      The third common type of hybrid catalyst incorporates the active catalyst directly 

within the support framework. These can be polymeric [83] or silica-based [84]. 

Like sol-gel or polymer-encapsulated materials, the catalyst and polymerizable 

monomers are combined together in the support synthesis. However, in this case, 

the catalyst contains a polymerizable unit as well. When the support forms, the 

catalyst site is directly incorporated into the solid structure [84]. The resulting 

catalyst can be more stable than the previous two types due to the covalent 

linkage to the support. In addition, ordered materials can be created through use of 

structure-directing agents during the synthesis, as is the case with pre-modified 

mesoporous silicas. Non-ordered directly incorporated catalysts such as sol-gel 

silicas or polymers can be subject to solvent swelling/shrinkage. However, they are 

less prone to leaching due to the covalent linkage to the support, unlike 

encapsulated or adsorbed catalysts where no covalent bonding is present.  

       The fourth and most common type of hybrid catalyst utilizes covalent grafting to 

immobilize single-sited catalysts on insoluble, solid supports. In this technique, the 

solid support is synthesized, and the surface is modified with chemical functional 

groups. Using this method, the catalyst may be immobilized in one step or in a 

step-by-step fashion as commonly utilized in solid phase synthesis [85]. Since the 

catalyst and support are synthesized in different steps, the catalyst choice is not 

limited by the reaction conditions of the solid support synthesis. The covalent 

nature of the bonding between the support and the catalyst can generate a more 

stable catalyst and may prevent leaching. Due to these positive attributes, the 

majority of the work in this thesis will focus on this covalent grafting method to 

generate immobilized catalysts. A range of organic grafted to the high surface area 

mesoporous silica material known as SBA-15 have been prepared, characterized, 

and tested.   
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 Catalyst support materials 1.6

       Covalent grafting of homogeneous catalyst analogues on solid supports offers 

numerous possibilities in terms of flexibility for a wide range of synthesis and/or 

reaction conditions. Consequently, a discussion on the various support materials 

that may be used is presented here. Although post-grafting techniques are 

possible on organic polymeric supports (such as Wang resins) [86], this 

introduction will primarily focus on one of the most commonly used (certainly as 

reported in the primary literature)  inorganic oxide support (silica SBA-15) due to its 

high thermal, chemical, and mechanical stability. 

 Ordered mesoporous SBA-15 silica  1.7

After the first report on surfactant templated synthesis of hexagonally ordered 

mesoporous MCM-41 silica materials in 1992, a broad spectrum of other 

mesoporous materials has been discovered. A major breakthrough in this area 

was the synthesis of large pore ordered mesoporous silica of the SBA-15 type 

using commercially available block copolymers. It is one of a series of mesoporous 

materials developed in the mid-late 1990’s in the University of California at Santa 

Barbara by Stucky et al [87]. They reported that using triblock copolymers as 

structure directing agents, mesoporous silica can be synthesized in a wide range 

of sizes. Generally, the preparation includes the synthesis of a silica-surfactant 

composite, an ageing step of the synthesis mixture under hydrothermal conditions, 

filtration, washing step, followed by calcination to remove the organic template. 

The synthesis is based on cooperative self-assembly of the silica precursor and 

micelles of the triblock copolymer template as structure directing agents under 

acidic conditions. A schematic pathway for the formation of SBA-15 silica material 

is shown in Figure 1.2. SBA-15 materials have a hexagonal pore-network like 

MCM-41, with uniform pore sizes up to approximately 30 nm [88]. A typical pore 

size for SBA-15 is 8.0 nm, depending on the template used. The specific surface 

areas and specific pore volumes are somewhat smaller than those of MCM-41 

materials, but pore walls are thicker (between 3.1 and 6.4 nm) as compared to 

MCM-41 materials [89]. One result is that the thermal and hydrothermal stability of 

these materials are better than those of MCM-41. 
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Figure 1.2 – Synthesis of SBA-15 mesoporous silica [90]. 

 Cooperative catalysis  1.8

While catalysts functionalized with a single functional group are sufficient for many 

purposes, bifunctionalized materials allow for cooperative catalysis between the 

two different functionalities. Cooperative catalysis in this thesis is demonstrated 

using organopalladium complexes, which have been used in the oxidation of 

benzyl alcohol.  Typically, and in the work described in this thesis, such complexes 

are chelated by amine groups of primary amine-functionalized mesoporous silica. 

These organopalladium complexes can also be supported on mesoporous 

materials by means of other ligands such as phosphanes and diamines [91-94]. 

The resulting materials can serve as active heterogeneous catalysts for various 

organic reactions. The use of such materials as heterogeneous catalysts in 

industrial processes could potentially result in more cost-effective catalysis, as they 

allow the rapid recovery and multiple uses of the relatively “expensive” active 

catalysts such as palladium complexes. Consequently, mesoporous materials 

functionalized with palladium or other metal complexes hold great promise for use 

as efficient catalysts for various organic reactions [91, 95-98]. 

It is possible to prepare catalysts of this type in which some of the amine groups 

on the silica surface are left free and not coordinated to a metal complex.  These 

materials are potentially bifunctional based on the metal active sites and the free 

amines which provide base catalytic activity. The synergistic catalysis by a Pd 

complex and an organic amine on a silica surface for the acceleration of the Tsuji–
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Trost reaction is a typical example of a reaction involving this type of interaction. 

The Tsuji–Trost reaction proceeds in the presence of a Pd species and a base. 

The role of the base is as an electron donor for the activation of the nucleophile (R-

H) to enhance addition to the η3-allylpalladium species (Scheme 1-1) [99]. 

 

Scheme 1.1 – Tsuji–Trost reaction via ‘‘concerted mechanism’’ (LG is a leaving 
group) [90]. 

In successive cooperative catalysis, one functional group interacts with a substrate 

to form an intermediate which successively interacts with the other functional 

group to form another intermediate or final product.  A good example of 

cooperative catalysis can be found in the oxidation of benzyl alcohol to 

benzaldehyde by oxidation sites. Then benzaldehyde reacts with nitromethane in 

the presence of base sites to form nitrostyrene.  Each site has its own role in the 

independent reaction step (Scheme 1- 6). 

Binding two, or more, catalysts to the same support raises several questions. Will 

each catalyst react as it does individually or will the catalysts interfere with one 

another? Can such systems be recycled? Where catalysts do react or interfere 

with each other, can this be avoided by anchoring in such a way that contact 

between them is prevented? Finally, will one catalyst intervene in the reaction 

path, or be destroyed by the reaction which the second catalyst promotes? There 

are a number of important design parameters which must be investigated. Of 

primary importance is the identity of the different functional groups. Once a set of 

two or more cooperating functional groups is chosen for a given reaction, the 

second design parameter is the arrangement of these groups on the surface of the 
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catalyst. The first of these challenges has its foundation in homogeneous catalysis, 

in which combinatorial approaches are well suited to finding combinations of 

catalysts which are effective at catalyzing a given reaction. Most of the reported 

examples of cooperative heterogeneous catalysis utilize a set of functional groups 

determined by solution-phase experiments.  

The second of these challenges, the effect of the type and positioning of 

cooperative functional groups, is unique to heterogeneous catalysis. In solution, 

there is no well-defined arrangement; the reacting molecules are constantly 

diffusing and rearranging, and at any given time there is a broad distribution of 

distances. On the surface of a solid catalyst particle, on the other hand, the 

catalytic species are fixed locally with respect to the surface and to one another. In 

order to determine the ideal way to obtain the maximum efficiency of the 

cooperating groups, must devise a synthetic methodology by which to produce the 

right arrangement of functional groups on the surface. Second, one must be able 

to vary this arrangement methodically.  

 Research Question and Objectives 1.9

 Overall objective 1.9.1

To develop and characterize solid base catalysts for industrially important 

reactions and, in some cases, to modify solid base catalysts to impart bifunctional 

catalytic properties. 

 Specific objectives: 1.9.2

To incorporate transition metals in layered double hydroxide and to identify their 

effect on oxidation and base catalytic properties.  

 To compare a series of supports for mixed copper(II) oxide catalysts in terms of 

their enhancement of the  catalytic properties of the copper(II) oxide, and to 

identify the role of the support materials in controlling the catalytic properties of the 

copper centres.  Effort is concentrated on zirconia as a support material. 
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 To optimise alkoxyamine functionalised silicas for base-catalysed reactions and to 

investigate the coordination of palladium to these tethered amines to prepare 

bifunctional basic/metal catalysts. 

 Catalytic reactions used to study the catalytic activity in this work  1.10

 As test reactions for base or oxidation catalysis, four reactions were chosen.  The 

first, the conversion of 4-methylpentan-2-ol shown in Scheme 1.5, has been 

studied with a view to throwing light on the acid-base properties of a variety of solid 

catalysts [29] (Scheme 1.2). 

-H2

Base catalyst

(Dehydrogenation)4-methylpentan-2-ol MIBK

Olefins

-H2O

Acid catalyst

(Dehydration)

 

   Scheme 1.2 – Conversion of 4-methylpentan-2-ol: dehydration and 
dehydrogenation routes. 

The test second reaction (Scheme 1.3) is the oxidation of benzyl alcohol to       

benzaldehyde. 
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catalyst

 

Scheme 1.3 – Oxidation of benzyl alcohol to benzaldehyde.   

       The third reaction is the  Henry reaction shown in (Scheme 1.4) between  

benzaldehyde and  nitromethane giving nitrostyrene.  This is a base-catalysed 

reaction.   

 

 CH3NO2

-H2O

base catalyst

 

Scheme 1.4 – Henry reaction (nitroaldol reaction).   

The mechanism involves the base site abstracting a proton from the nitromethane 

to form the CH2NO2
- ion which can then attack the carbonyl carbon on 

benzaldehyde.  This then proceeds to form nitrostyrene with the elimination of 

water through the recovery of the proton from the catalyst.  It is possible that, 

where functionalised silica is used for this reaction, sites on the silica surface - 

specifically mildly acidic silanol groups - may interact with the carbonyl oxygen and 

so activate the carbonyl group for the rate-limiting reaction with the CH2NO2. Katz 

et al, suggested that Bronsted silanol base groups interact with the lone pair of 

electrons on the carbonyl oxygen in the benzaldehyde to give the protonated form 

(α-hydroxy carbocation). Then, the grafted amine nucleophilically attacks the acid 
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stabilized aldehyde carbonyl, producing an iminium ion intermediate. At the same 

time, the grafted amine group deprotonates the nitromethane to give the 

nucleophilic CH2NO2
-  which condenses with the iminium ion through an ion pairing 

mechanism to produce the final product (Scheme1.5). 

+

-�

 -

-H2O

-H2O

-CH2NO2

 CH2NO2

CH3NO2

CH3NO2

 

      Scheme 1.5 – Imine catalytic mechanism for Henry reaction catalyzed by 
amines on silica. 

       The fourth, the tandem Henry reaction shown in Scheme 1.6, is a two-step 

reaction requiring first oxidation and then base catalysis. The first step is the 

oxidation of benzyl alcohol, to give benzaldehyde. The benzaldehyde then reacts 

with nitromethane in the base-catalyzed step described above giving nitrostyrene. 

 CH3NO2

-H2O�

oxidation catalyst base catalyst

 

Scheme 1.6 – Tandem oxidation-Henry reaction. 
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 Introduction 2.1

The main goal of this chapter is to show the physical techniques applied in this 

work to characterize solid materials. The first goal is to establish the identity card 

of the material, including its structure, morphology, porosity, and chemical 

composition, while the second is to obtain the characteristics of the surface related 

to its reactivity (nature and number of surface sites). 

 Catalyst characterization 2.2

       The characterization methods used in this thesis are explained. Nitrogen 

adsorption measurements were performed to determine porosities and surface 

areas. Powder X-ray diffraction (p-XRD) was used to confirm crystal structures for 

some catalysts studied. Elemental analysis (Cu, Ni, Fe, Zn, C, H, N and S) was 

used to estimate the loading of active sites on the catalyst surface. Infra-red 

spectroscopy was used to confirm the presence of functional organic groups on 

the catalyst surface. Gas chromatography (GC) was used to monitor reaction rates 

by quantitative analysis of reactants and products in the deacetalization-Henry 

reaction. In the following sections, the theory and methods of the major techniques 

used in this work are covered. 

 Powder X-Ray Diffraction (p-XRD) 2.3

Powder X-Ray Diffraction (p-XRD) has been used to characterize some catalysts 

in this thesis when the ordered mesopourous silica (MCM-41) was used as 

support. p-XRD was discovered in 1912 by Laue, Friederich and Knipping and 

later developed by W. H. Bragg and W. L. Bragg [1, 2].  

A monochromatic beam of X-rays can be diffracted by atoms in a crystal. The 

angle at which intense reflections are detected is governed by interferences 

between X-ray beams reflected by adjacent planes of atoms in the crystal. From 

these angles, the spacing between the various planes of atoms can be 

determined. Diffraction patterns (intensity of reflections vs. 2θ, where θ is both the 

incident and reflected angle between the X-ray beam and the planes of the atoms) 

recorded for individual crystalline materials can be interpreted in terms of the 

crystal structure of the material. 
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Reflected x-rays from a set of planes interfere constructively when the Bragg 

condition is met, (Equation 2.1 and Figure 2.1). 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝛳 Equation 2.1 

Where d is the spacing between the planes, θ the angle between both incident and 

reflected beams and the plane, and n is an integer, the order of reflection. h, k and 

ℓ are Miller indices associated with the set of planes  

 

Figure 2.1 – Powder X-ray diffraction, lattice planes [3]. 

There are many sets of planes of atoms in a crystal that give rise to diffraction. 

Each set of planes is defined by Miller indices, h, k and l. These relate how planes 

intersect the three axes, x, y and z relative to the dimensions of the crystal unit 

cell. Diffraction patterns recorded from powdered (polycrystalline) samples contain 

less information than those collected from single crystals but sometimes give 

information on specific lattice spacings which help characterize the powdered 

material. Powder XRD patterns are routinely used to fingerprint crystal structures. 

The p-XRD pattern of a typical SBA-15 is quite characteristic and can be seen in 

Figure 2.2.  
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Figure 2.2 – Typical powder X-ray diffraction pattern of SBA-15. 

Generally, the typical powder X-ray diffraction pattern of SBA-15 with long-range 

order shows three peaks that can be indexed on a hexagonal unit cell to (100), 

(110) by analogy with literature reports [3]. The level of crystallization of SBA-15 

can be judged through the diffraction intensities of these peaks.  The more highly 

is the ordered hexagonal structure, the higher the intensities.  

 Nitrogen Adsorption 2.4

By using the adsorption of an inert gas onto a solid surface we can calculate the 

surface area of the solid. Typically, nitrogen is used as an adsorbate, and an 

adsorption isotherm is generated by measuring the amount of nitrogen adsorbed 

by a solid as a function of the pressure of nitrogen in equilibrium with the solid. The 

pressure is conventionally expressed as P/Po where P is the pressure of nitrogen 

and Po is the saturated vapour pressure at the adsorption temperature. Adsorption 

isotherms are normally reported over P/Po range of zero to 1.0. With nitrogen, 

adsorption isotherms are usually collected at 77 K when the saturated vapour 

pressure Po is 1.0 atmosphere. 
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Adsorption of a gas onto a solid can be either via van der Waals (physical) or 

covalent (chemical) interactions. There are six identified types of adsorption 

isotherm that are classified in terms of the nature (porosity) of the adsorbent 

(Figure 2.3). 

 

Figure 2.3 – Types of physisorption isotherms [4]. 

Type I isotherms are apparent when a monolayer forms on the surface. It is 

typically observed for microporous adsorbants (where pore widths do not exceed 2 

nm). The adsorption takes place at relatively low pressure and the isotherm 

flattens off when a monolayer of adsorbate forms, only rising again when P/Po 

approaches 1.0 and condensation occurs. Type II isotherms are typical of non-

porous (or macroporous) solids for which multilayer adsorption occurs. Type III 

isotherms do not show any point at which a monolayer is formed. These are seen 

when the heat of adsorption is less than that of liquefaction. This type of isotherm 

is very uncommon. The type IV isotherm is characteristic of mesoporous solids 

(pores widths 2 nm – 50 nm). Hysteresis loops are apparent because the capillary 

condensation that occurs in mesoporous solids is not replicated at the same 

pressures during the desorption process. Pores appear to fill at higher pressure 
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during adsorption and then at lower pressure during desorption. Type IV isotherms 

are initially similar to type I isotherms as a monolayer is formed but gradually 

multilayer formation can be seen as the pores fill up. Type V isotherms are not 

common and are obtained when there is very little interaction between the 

adsorbent and the adsorbate. Type VI isotherms are also uncommon because the 

sites involved are usually non-uniform in size and energetics. The steps that are 

seen in this isotherm show that there are groups of different sized pores. 

 Adsorption isotherm models 2.4.1

The simplest model for the adsorption process of gas molecules onto a surface 

was derived by Langmuir in 1918 [5]. This model assumes the following:  

 Adsorption cannot form more than one molecular layer on the surface.  

 All adsorption sites are uniform and equivalent.  

 The probability of a site adsorbing a molecule is the same, irrespective of 

whether the adjacent sites are vacant or not.  

 Every adsorption site can accommodate only one molecule of adsorbate.  

 Molecules of the adsorbate do not interact with one another.  

 Equilibrium is achieved between the rate at which species adsorb and desorb 

from the surface.  

Hence, adsorption is a dynamic process. The Langmuir isotherm equation can be 

derived by looking at the processes of adsorption and desorption of a gas on a 

uniform solid surface. At equilibrium, the rate of adsorption is equal to the rate of 

desorption. The rate of adsorption of gas A on the surface is proportional to the 

pressure of gas and the concentration of vacant sites, expressed as the fraction of 

sites on the surface that are available for adsorption (when ϴ = the fraction of 

surface sites occupied by gas A), (Equation 2.2). 

𝑟𝑎𝑡𝑒𝑎𝑑𝑠 =  𝑘𝑎𝑑𝑠𝑃𝐴(1 − ϴ) Equation 2.2  
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The rate of desorption of gas A is proportional to the concentration of sites 

occupied by gas A on the surface, expressed as the fractional coverage of gas A 

on the surface ϴ, (Equation 2.3). 

𝑟𝑎𝑡𝑒𝑑𝑒𝑠 =  𝑘𝑑𝑒𝑠𝛳  Equation 2.3 

At equilibrium: 

𝑘𝑎𝑑𝑠𝑃𝐴(1 − ϴ) =  𝑘𝑑𝑒𝑠𝛳  Equation 2.4 

Therefore: 

𝑘𝑑𝑒𝑠

𝑘𝑎𝑑𝑠
=  

𝑃𝐴(1−ϴ)

𝛳
  Equation 2.5 

If “b” is defined as kads/kdes then from Equation 2.5 it can be shown that: 

ϴ =  
𝑏𝑃

1+𝑏𝑃
  Equation 2.6  

Now, ϴ = V/Vm , where V is the volume of gas A (at STP) adsorbed at equilibrium 

and Vm is the volume of gas required to complete a monolayer of A on the surface 

of the adsorbent, so: 

 

𝑉

𝑉𝑚
 =  

𝑏𝑃

1+𝑏𝑃
  Equation 2.7 
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We can rearrange this equation: 

𝑃

𝑉
 =  

1

𝑏𝑉𝑚
 + 

𝑃

𝑉𝑚
 Equation 2.8 

Therefore, if Langmuir’s model isotherm is obeyed, a plot of P/V against P over the 

equilibrium pressure range studied will give a straight line. The intercept will be 

equal to 1/bVm with a gradient of 1/Vm. If the surface area occupied by one 

molecule of the adsorbate is known then the volume Vm can be used to calculate 

the surface area of the solid. The value of b gives an indication of the “strength” of 

the adsorption of gas A on the surface. If Vm is the volume of gas at STP required 

to form a monolayer on the sample used (of known weight), NA is Avogadro’s 

number and σ is the cross-sectional area of one molecule of adsorbant, in this 

case N2 (1.6 nm2), the surface area of the surface sample (S) is given by: 

𝑆 =  
101325

8.314 𝑥 298
 𝑉𝑚 𝑥 𝑁𝐴 x σ Equation 2.9 

The assumptions made by Langmuir are not appropriate for many porous 

materials and there have been several attempts to develop a model that does not 

rely so heavily on them, one of which is the BET (Braunauer, Emmett and Teller) 

model [6]. The BET equation is based on the Langmuir model but with the 

following additional assumptions:   

  The adsorbate may form more than a single layer on the surface. 

  The initial monolayer heat of adsorption has a specific value.  

  The heat of adsorption of the second and subsequent layers of adsorbed gas    

molecules is equal to the heat of condensation of the gas.  

  Interactions between the vapour and surface only correspond to adsorption and 

desorption.  

  Adsorbed molecules are not free to migrate from one layer to another.  
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The BET equation is: 

𝑃

𝑉(𝑃𝑜−𝑃)
 =  

1

𝑉𝑚𝑐
 + 

(𝑐−1)

𝑉𝑚𝑐
.

𝑃

𝑃𝑜
 Equation 2.10 

P is the equilibrium pressure of the adsorbate and Po is the saturated vapour 

pressure. V is the volume of gas adsorbed at P/Po. Vm is the volume of gas 

adsorbed to form a monolayer and the constant c is associated with the net heat of 

adsorption. A straight line, usually between P/Po values of 0.05-0.35, is obtained 

by plotting: 

𝑃

𝑉(𝑃𝑜 − 𝑃)
 𝑣𝑠.  

𝑃

𝑃𝑜
 Equation 2.11 

The intercept,  
1

𝑉𝑚𝑐
 and the slope, 

(𝑐−1)

𝑉𝑚𝑐
 can be used to calculate Vm and then the 

surface area of the solid can be calculated as before. 

𝑉𝑚 =   
1

𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 Equation 2.12 

 

An example of a nitrogen adsorption/desorption isotherm of a mesoporous silica 

structure can be seen in Figure 2.4 – a type IV isotherm. The surface area is 

normally calculated using the desorption isotherm. 
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Figure 2.4 – Nitrogen adsorption isotherm typical of that of mesoporous silica. 

 Adsorption in pores  2.4.2

In this thesis the BJH (Barrett, Joyner and Halenda) method is used to calculate 

the pore size distribution of porous solid samples [7]. This method is used 

conventionally to analyse mesoporous materials and is based on the Kelvin 

equation. There are assumptions made, which are:  

  The pores are of a uniform shape.  

  All pores are in the mesoporous range (pore widths between 2 nm and 50 

nm).  

  The presence of pores in an adsorbent solid can affect the shape of an        

adsorption/desorption isotherm because the equilibrium vapour pressure 

above condensed liquid in a (cylindrical) pore, in which the surface of the 

liquid is curved, is lower than that above a liquid with a flat surface. 

The Kelvin equation relates the equilibrium vapour pressure of a liquid in a small 

cylindrical pore where the surface of the liquid takes up a regular curvature. The 

Kelvin equation describes the dependence of the equilibrium vapour pressure of a 

liquid in the pore on the radius of the pore, r, and the contact angle, θ. Because the 

equilibrium vapour pressure above a curved surface is lower than above a flat 

surface, vapour condenses in pores at lower P/P0 values than on a flat surface, 

with narrow pores filling at lower pressures than wide pores. From the pressure at 
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which condensation occurs, the radius of the pores can be calculated. The Kelvin 

equation is given below. In the equation, P/P0 is the relative vapour pressure at 

which condensation occurs in pores of radius r with contact angle of the 

condensed liquid with the pore walls θ. θ is assumed to be zero for pores in the 

size range studied here). Other constants are γ, the surface tension of the 

condensed liquid, Vmolar, the molar volume of the liquid, R and T. 

ln
𝑃

𝑃𝑜
 =  

−2.𝛾.𝑉𝑚𝑜𝑙𝑎𝑟 

𝑟.𝑅.𝑇
cos 𝜃  Equation 2.13 

The BJH method involves a correction of the pore radius given by the Kelvin 

equation to allow for a film of condensed vapour on the pore walls which means 

that the pore radius is slightly larger than the radius of curvature of the meniscus. 

Data shown in this thesis is BJH corrected pore diameter. 

 Adsorption in pores  2.4.3

In this thesis the BJH (Barrett, Joyner and Halenda) method is used to calculate 

the pore size distribution of porous solid samples [7]. This method is used 

conventionally to analyse mesoporous materials and is based on the Kelvin 

equation. There are assumptions made, which are:  

 The pores are of a uniform shape.  

 All pores are in the mesoporous range (pore widths between 2 nm and 

50 nm).  

        The presence of pores in an adsorbent solid can affect the shape of an 

adsorption/desorption isotherm because the equilibrium vapour pressure 

above condensed liquid in a (cylindrical) pore, in which the surface of the 

liquid is curved, is lower than that above a liquid with a flat surface. 

 

The Kelvin equation relates the equilibrium vapour pressure of a liquid in a small 

cylindrical pore where the surface of the liquid takes up a regular curvature. The 

Kelvin equation describes the dependence of the equilibrium vapour pressure of a 
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liquid in the pore on the radius of the pore, r, and the contact angle, θ. Because the 

equilibrium vapour pressure above a curved surface is lower than above a flat 

surface, vapour condenses in pores at lower P/P0 values than on a flat surface, 

with narrow pores filling at lower pressures than wide pores. From the pressure at 

which condensation occurs, the radius of the pores can be calculated. The Kelvin 

equation is given below. In the equation, P/P0 is the relative vapour pressure at 

which condensation occurs in pores of radius r with contact angle of the 

condensed liquid with the pore walls θ. θ is assumed to be zero for pores in the 

size range studied here). Other constants are γ, the surface tension of the 

condensed liquid, Vmolar, the molar volume of the liquid, R and T. 

ln
𝑃

𝑃𝑜
 =  

−2.𝛾.𝑉𝑚𝑜𝑙𝑎𝑟 

𝑟.𝑅.𝑇
cos 𝜃  Equation 2.14 

The BJH method involves a correction of the pore radius given by the Kelvin 

equation to allow for a film of condensed vapour on the pore walls which means 

that the pore radius is slightly larger than the radius of curvature of the meniscus. 

Data shown in this thesis is BJH corrected pore diameter. 

 Gas Chromatography (GC)  2.5

Gas chromatography (GC) is an analytical technique by which mixtures of organic 

compounds in the vapour at gas are separated and their components quantified. A 

small amount of sample is introduced to an injector which is set to a temperature 

hot enough to vaporize the sample. The vaporized mixture is then swept into the 

column by a carrier gas. The column inner walls are coated by an adsorbent 

material, the stationary phase. Interactions between the sample and the stationary 

phase cause the individual compounds in the mixture to pass through the column 

at different rates and to reach the detector at different times; the stronger the 

interaction between the compound and the stationary phase, the longer it takes for 

the compound to reach the detector. The column can be subjected to a 

temperature program if there is a requirement to separate materials with widely 
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different boiling points. Stationary phases are chosen depending on the 

compounds that require separation. In general, polar compounds will interact 

strongly with polar stationary phases and therefore will have longer retention times. 

As well as temperature, other variables which affect separation include the column 

length, injection volume and the nature and flow rate of the carrier gas. There are 

several types of detector, e.g. flame ionization (FID), thermal conductivity (TCD), 

and electron capture (ECD). For all experiments in this thesis FID was used. An 

FID can be used to detect organic compounds with significant hydrocarbon 

content, and is used with a hydrogen-air flame. Organic compounds emerging from 

the column are burnt in the flame and the ions generated in the flame are detected 

via increased electrical conductivity across the gas flow. A potential difference of 

200-300 V is applied across the flowing gas and the current that flows is 

measured, amplified and seen as a peak on a chromatograph. 

 Atomic Absorption Spectroscopy (AAS) 2.6

Atomic absorption spectroscopy (AAS) was used to measure sodium levels in 

synthesised catalysts. This is a trace element analytical technique for measuring 

concentrations of elements to ppm or lower levels in aqueous solutions. An 

aqueous solution is aspirated into a flame, in which any compounds or ions 

containing the element under analysis are decomposed so that only atomic 

species exist. 

The flame is irradiated using a high voltage lamp containing the vapour of the 

element under analysis. A detector records the absorption of the monochromatic 

light from the lamp by the atoms of the element in the flame. The extent of 

adsorption is then converted to concentration in the solution using a suitable 

calibration curve prepared using standard solutions of the element. Because AAS 

relies on discrete emissions and absorption lines in gas phase atomic spectra, 

there is virtually no interference between other elements in solution and the 

element being analysed. Sample preparation is therefore relatively simple. 
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 Thermogravimetry (TG)  2.7

TG is an analytical technique used to quantitatively determine the decomposition 

and thermal stability of a material and its portion of volatile constituents by 

measuring its change in mass as a function of increase in temperature or time in 

the presence of air or inert atmosphere [8]. The change in mass of a material 

strongly depends on the experimental parameters such as the type of atmosphere, 

the form and mass of sample, rate of scanning as well as the nature and shape of 

the sample holder. To slow down the rate of oxidation, the experiment can be 

carried out under lean amount of oxygen in N2 or Helium. Curves in TG are 

normally plotted with change in mass (Δm) expressed in percentage on the 

primary vertical axis while the corresponding 1st derivative of the TG which is 

referred to as Differential Thermogravimetry (DTG) curve is expressed in (% °C), 

and is usually plotted on the secondary vertical axis with both plots (TG and DTG 

plots) against temperature (T) or time (t) on the horizontal axis. Figure 3.1 is a 

typical TG/DTG curve of the oxidative thermal degradation of polydimethylsiloxane 

(PDMS) to synthesize fumed silica as support for catalysts studied in this thesis. 

The DTG curve gives detailed decomposition information such as the different 

temperatures at which each reaction steps initiates or terminates and depending 

on the rate of heating, it can also be used to identify the exact number of 

degradation steps a material undergoes [9]. 

 Fourier Transform Infrared – Attenuated Total Reflectance (FTIR-ATR)  2.8

Spectroscopy  

FTIR-ATR Spectroscopy was used in this thesis to qualitatively study the 

spectroscopic behaviour of the chemical constituents of the prepared catalysts. It 

is a surface sensitive technique which causes the interaction of electromagnetic 

radiation with solids, liquids or gaseous molecules within 4000 – 400cm-1 region of 

the electromagnetic spectrum. Infrared spectra can be reported as wavelength (μ) 

but wavenumber (cm-1) is usually preferred because the energy of light varies 

directly with wavenumber [10, 11]. The spectrum generated by this procedure is 

made possible by the help of a mathematical algorithm called Fourier Transform. 
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The process of interaction excites the molecules making its covalent bonds to 

vibrate by stretching or bending [10].  

n1 Sinθ1 = n2 Sinθ2                                                              Equation 2.15 

The basic principle of operation in a typical FTIR-ATR technique is described 

according to Figure. 2.5 and equation 2.15. 

 

   

 

 

 

 

 

 

 

 

Where n1 is the refractive index of the crystal, n2 is the refractive index of the 

sample; θ1 is the angle of incident light while θ2 is the refracted angle. Here, an 

infrared light at a certain angle of incidence is directed through a sample that is 

placed in close contact with a crystal (for example, ZnSe) which has a relatively 

high refractive index, this light then reflects from the internal surface of the crystal 

and penetrates into a less dense medium (which is the sample) with small 

refractive index to form a process called total internal reflection (TIR), which 

suggest that the angle of incidence exceeds the critical angle. This process 

eventually generates an evanescent wave which produces some energy that gets 

absorbed by the sample and reflected beam which then attenuates and goes to the 

detector as interferograms and converts to infrared spectrum by the Fourier 

Transform[12].  

Figure 2.5 – Schematic of Infrared – Attenuated Total 
Reflection Spectroscopy (IR-ATR) [4]. 
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3 Chapter 3 

Mixed metal oxide catalysts for dehydration 

and dehydrogenation of 4-methylpentan-2-ol 
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 Introduction 3.1

It is known that transition metal ions often have useful catalytic properties 

because of their ability to exist in more than one oxidation state [1]. Therefore it 

could reasonably be expected that it might be possible to enhance the activity 

of conventional hydrotalcite-based catalysts (or Layered Double Hydroxides 

[LDHs] by the inclusion of a transition metals into the cationic sheet of LDHs.  

  Transition metal-substituted Layered Double Hydroxides (LDHs) 3.1.1

Salts of transition metals often show catalytic properties, in part because of 

their variable oxidation states [2]. Furthermore, transition metal oxides often 

feature large numbers of surface defects and cationic and anionic vacancies 

which result in acidic, basic and acid-base paired catalytic sites It is often 

through these properties that catalyst (or precursor) synthesis can be tuned to 

the reaction requiring catalysts,i.e. Through the generation of strong/weak 

acid/base sites [3- 8]. 

LDHs which incorporate transition metals, on calcination, produce transition 

metal-containing mixed oxides [9-13]. The key to the special properties 

exhibited by these materials is that the transition metal oxides are invariably 

more highly dispersed in the overall solid lattice than they would be when they 

are mixed in a   more conventional way.   

In the work reported here, a series of transition metals has been incorporated in 

the lattices of LDHs based on conventional hydrotalcite and the metals 

magnesium and aluminium.  These materials have been calcined to form the 

mixed oxides and their activities have been measured in the reactions 

described below. 

This work was prompted by a report by Valente [14]. In which a similar series of 

catalysts were prepared and evaluated in the reaction of 4-methylpentan-2-ol.  

Two mechanisms were identified, one involving dehydration of the alcohol to 

the alkenes which was quite reasonably assumed to be acid-catalysed, and a 

second involving dehydrogenation to the ketone, methylisobutylketone (MIBK) 

which was described as a base-catalysed reaction.  Using this reaction, the 

conclusion of these workers was that several of the calcined transition metal-
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containing LDHs showed significant base catalytic activity, with the copper(II) 

containing catalyst showing the highest.  In the work reported here in this 

thesis, one objective has been to test whether this reaction, the conversion of 4-

methylpentan-2-ol to methylisobutylketone, is really base-catalysed or whether 

it is in fact a simple oxidation process.  To achieve this, a similar series of 

transition-metal substituted LDH catalysts has been investigated in terms of 

their activity towards this 4-methylpentan-2-ol reaction and two other reactions 

that are unambiguously base-catalysed in one case and oxidation in the other.  

The reaction used to test base catalysis has been the nitroaldol reaction 

between benzaldehyde and nitromethane to produce nitrostyrene. The reaction 

used to test activity towards oxidation is the conversion of benzyl alcohol to 

benzaldehyde. 

  Reactions 3.1.2

 4-methylpentan-2-ol reaction  3.1.2.1

 This reactant has been used by Valente et al. In the study of transition metal-

containing LDHs. Two possible pathways for the conversion of 4-methylpentan-

2-ol were proposed by Valente et al [14]. As shown in scheme 3.1: a base-

catalysed dehydrogenation route and/or an acid-catalysed dehydration one. 

 

. 

 

 

 

 

   

 

Scheme 3.1 – Conversion of 4-methylpentan-2-ol: dehydration and 
dehydrogenation routes. 
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 Nitroaldol reaction 3.1.2.2

The nitroaldol reaction is shown in scheme 3.2. This reaction is considered to   

be a model for a base-catalysed reaction.  

 

Base catalyst

CH3NO2�

 NO2

-H2O  

 

                                 Scheme 3.2 – Henry reaction (nitroaldol reaction). 

 Benzyl alcohol oxidation 3.1.2.3

The oxidation of alcohol benzyl alcohol to benzaldehyde is shown in scheme 

3.3. This reaction is considered to be a model for oxidation-catalysed reaction. 

 

+ H2�

catalyst

oxidation
 

Scheme 3.3 – Oxidation of benzyl alcohol to benzaldehyde. 

  The catalysts 3.1.3

  Incorporation of one or more transition metal into the hydrotalcite lattice is 

common in the preparation of catalysts [15]. In fact, calcined MgAl-LDH and 

similar hydrotalcite materials exhibit basicity but this is often enhanced or 

changed when transition metals are incorporated. In one example, Carlini et al 

[16]., Has studied the incorporation of Pd, Rh, Ni and Cu into LDHs for use in 

the condensation reactions of methanol and n-propanol, as possible 

replacements for copper chromite. In this study the mixed oxides resulting from 

LDHs were compared with physical mixtures of the same oxides and, in all 
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cases, the simple mixtures showed no activity.  In contrast, several of the 

calcined LDHs showed similar activities and selectivities to copper chromite.  

The transition metals used in this work are iron, zinc, nickel, and copper. There 

are reports of all four cations being successfully incorporated into the LDH 

lattice. Nickel and zinc invariably exhibit the +2 oxidation states [17-19]. But iron 

can in principle be +2 or +3, or both in the same lattice [20]. Interestingly, in 

nature, LDHs exist with iron in the lattice only in the +3 state [21, 22]. Examples 

are Reevesite and Pyroaurite, both of which have the formula 

Mg6Fe2(CO3)(OH)16.4H2O. 

  In the work reported here it was assumed that if an iron(III) salt is used in the 

synthesis of an LDH, it is incorporated in the lattice in the +3 oxidation state, 

substituting for Al3+. In some reported cases where Fe3+ has been used in the 

synthesis of LDHs, very small amounts of Fe2+ have been seen to exist in the 

lattice in addition to Fe3+ [20]. Iron has been incorporated in the Mg/Al lattice by 

many workers  and investigated in catalysis [21, 22].  

  Zinc has been incorporated in the LDH lattice previously and the Zn2+ 

containing LDH has been used as a catalyst in 4-methylpentan-2-ol 

conversion [14]. It was found that zinc played a major role in the increased 

activity achieved. 

      In the work reported in this thesis nickel, that has many applications in catalysis 

as a single oxide, was chosen for building into an LDH as it is able to be formed 

by the calcination of its hydroxide [23- 25]. The importance to the synthesis of 

LDHs, is that nickel is stable in the +2 oxidation state and the hydroxide can be 

precipitated out of aqueous solution with KOH. The full and partial isomorphic 

substitution of magnesium by nickel has been successfully achieved by others 

using standard methods of synthesis [26-28]. This relatively easy process is 

achieved because the ionic radius of nickel(II) is very close to that of 

magnesium(II), (Table 3.1). It is interesting to note that there is a naturally 

occurring nickel LDH, takovite, in which nickel is the only divalent cation, 

Mg6Al2(CO3)(OH)16.4H2O [29,30].  
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       For highly active catalysts a requirement is to have even dispersions of the 

transition metals and also high surface areas. Feng et al [31]. Looked at the 

morphology of nickel LDHs and reported high surface areas and enhanced 

metal dispersions, in addition to very well defined pore sizes. Evidently, all three 

aspects impacted on the catalytic activities of the corresponding mixed metal 

oxides formed from calcination. 

       Copper is one of the most useful transition metals to incorporate as it is readily 

available, inexpensive and forms one of the most catalytically active metal 

oxides [32]. Copper, existing as Cu2+, has been successfully incorporated into 

the hydrotalcite lattice by many researchers, replacing some of the Mg2+[14, 32. 

The ionic radius of a cation is one vital factor in determining whether it can be 

incorporated in the hydrotalcite structure.  The copper(II) cation radius is almost 

identical to that of magnesium(II) as can be seen in Table 3.1. 

       As will be clear in the results, the activities of the copper(II) containing LDHs 

were the most interesting. Therefore, it was decided to also synthesise copper 

containing LDHs in four stoichiometries, with copper levels lower than, higher 

than, and equal to those of magnesium.        

It was mentioned above that Valente and co-workers have looked at the 

properties of LDHs, containing magnesium, aluminium and a transition metal 

[24], one of which was copper(II). They reported copper(II)-containing LDHs to 

be the most active in the dehydrogenation of 4-methylpentan-2-ol so it is in part 

for this reason that work in this chapter is so concentrated on copper-containing 

materials.  
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Table 3.1 – Ionic radii of M(II) and M(III) cations [135]. 

Cation Ionic radius (Å) 

Mg2+ 0.72 

Fe2+ 0.78 

Zn2+ 0.74 

Cu2+ 0.73 

Fe3+ 0.65 

Ni2+ 0.69 

Al3+ 0.54 

            All the synthesised catalysts have been characterised in this work using 

powder X-ray diffraction to study the phases present, and by N2 adsorption–

desorption at -196 oC for the determination of surface areas and porosities.  

Elemental analytical data has been used to confirm the formulations used. 

 Overall aim 3.1.4

     

The objectives of the current work: 

 -To investigate the influence of isomorphous substitution of transition metal 

ions in the structure of hydrotalcite catalysts on the catalytic properties of these 

materials.   

 -To investigate the activity of these substituted hydrotalcite catalysts in acid 

and base catalysed, and oxidation reactions. 

 -To understand the role of substituted metal ions in generating surface acidity 

and basicity.   
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  Experimental 3.2

The most commonly used precipitate method for the synthesis of hydrotalcite. 

Involve starting with a solution of the two metals as nitrates and precipitating 

the mixed metal hydroxides by raising the pH. In this method, the pH is 

controlled by the addition of KOH solution to the nitrate solution, together with 

K2CO3 which provides the exchangeable anion to occupy the hydrotalcite 

interlayer. This method has the advantage over others of being very simple and 

uses inexpensive reagents. 

  Materials 3.2.1

The following reagents were used for LDH synthesis:  Al(NO3)3.9H2O (99.9%, 

Sigma-Aldrich) Cu(NO3)2.3H2O (99.9%, Sigma-Aldrich), K2CO3 (99.9%, Sigma-

Aldrich), KOH (99.9%, Sigma-Aldrich)  Fe(NO3)3·9H2O(99.9%, Sigma-Aldrich) 

Zn(NO3)2.6H2O(99.9%, Sigma-Aldrich),  Ni(NO3)2
.6H2O(99.9%, Sigma-Aldrich), 

CuO (99.9%, Sigma-Aldrich) and Mg(NO3)2·6H2O (99.9%, Sigma-Aldrich). 

  Synthesis of MgAl-LDH   3.2.2

MgAl-LDH with target Mg0.75Al0.25(CO3)0.125(OH)2 was prepared by slowly adding 

simultaneously a solution of 250 ml magnesium and aluminium nitrates in a 3:1 

molar ratio (total 1.0 mol dm−3) and 250 ml potassium carbonate solution (0.625 

mol dm−3) to a 1000 ml beaker, under vigorous stirring as the mixture was 

formed. The pH of the solution was maintained at about 8.0 by adding 

potassium hydroxide solution (0.20 mol dm−3), under vigorous stirring for an 

hour at 60 0C. The resulting slurry was aged at 65 oC for 18 h under vigorous 

stirring. The precipitate was collected by filtration (vacuum filtration pumps), 

washed several times with hot deionized water and dried at 100 oC overnight. 

  Synthesis of Ni -LDH, Zn-LDH and Fe-LDH 3.2.3

LDHs were prepared using the precipitation method (using KOH/K2CO3 as the 

precipitating agents). The molar ratio used in the synthesis of the transition 

metal doped LDHs was M2+/M3+ = 3/1 (with Mg2+/MTM 2+).  

Target compositions of Mg0.76Fe0.09Al0.15(CO3)0.075(OH)2, 

Mg0.54Ni0.13Al0.33(CO)0.165(OH)2 and Mg0.45Zn0.25Al0.30(CO3)0.15(OH)2 LDHs were 

prepared by slowly adding simultaneously a 250 ml solution of magnesium, 

aluminium and the corresponding transition metal nitrates total of 1.0 mol dm-3 
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and a 250 ml potassium carbonate solution 0.625 mol dm-3 into a 1000 ml 

beaker. The pH of the solution was adjusted to 8 with potassium hydroxide 0.20 

mol dm-3 for precipitation of the metal hydroxides. Transition metal nitrates used 

were Zn(NO3)2.6H2O, Ni(NO3)2.6H2O and Fe(NO3)3.9H2O. 

 The resulting slurry was aged at 65 °C for 18 h under a vigorous stirring.  Care 

was taken to remove any residual potassium in the lattice with washing using 

hot deionised water and once the pH had stabilised the LDHs were filtered. The 

resulting slurry was aged at 65 oC for 18 h under vigorous stirring.  LDHs were 

dried overnight in an oven at 100°C and afterwards kept in a desiccator to 

minimise any contact with moisture from the air. 

  Synthesis target composition of LDH-Cu(0.06), LDH-Cu(0.25), LDH-3.2.4

Cu(0.55), LDH-Cu(0.75) 

Mixtures of copper nitrate, magnesium nitrate and aluminium nitrate were used 

in the same precipitation method to form the corresponding LDHs. The pH of 

the solutions was kept at 8.0 throughout the precipitation process as this was 

the range in which the copper nitrate would precipitate as copper hydroxide. 

The amounts of the three salts were set to correspond to the following target 

product formulae: LDH-Cu(0.06), LDH-Cu(0.25), LDH-Cu(0.55) and LDH-

Cu(0.75). The resulting slurry was aged at 65 oC for 18 h under vigorous 

stirring.  LDHs were filtered, washed and fried as above and stored in a 

desiccator. 

All the mixed metal oxides were calcined at 600 °C, for 4 hours in static air in a 

furnace. Typically samples of 3-5 g were used and they were spread thinly as 

powders in large crucibles to allow even reaction.  The heating rate used was 

10 °C min-1. The mixed metal oxides were allowed to cool at the same rate and 

then transferred to a desiccator to prevent water re-adsorption by the oxide. It 

was important to do this as it is known that the mixed metal oxides can convert 

back to the LDHs in the presence of water [33]. In Table 3.3 shown below, the 

target compositions and shorthand names for the catalysts used in this work 

are shown.  

    In this chapter a simplified system of nomenclature will be used, so that the 

LDH containing only Mg and Al will be labelled MgAl-LDH, without specifiying 
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the actual Al content in the name (although this will be made clear elsewhere).  

Those containing transition metals will be labelled, for instance, Ni-LDH, again 

without including the Ni content in the name (although this will be specified 

elsewhere).  The copper containing LDHs will be labelled Cu-LDH(x) where x is 

the copper content as shown in Table 3.3.  (The experimentally determined 

formulae are given in Table 3.3.) 

  Catalyst characterisation 3.2.5

      Powder X-ray diffraction (XRD) patterns were measured using a Rigaku miniflex 

diffractometer, using copper K-alpha radiation (use Greek letter). Data were 

collected over the 2θ range 5°–100° with a step size of 0.05° and at 30 

s/degree. The N2 adsorption–desorption isotherms were measured at -196 oC 

on a Micromeritics ASAP-2020, after evacuation at 300 oC for 5 h. Surface 

areas were calculated by the BET method on the adsorption branch.  Pore size 

distributions were determined from the desorption branch using the BJH 

method, based on the Kelvin equation.  Elemental analyses were performed 

externally by ICP-AES (MEDAC Ltd.). 

  Catalytic activities 3.2.6

 Benzyl alcohol to benzaldehyde 3.2.6.1

 The catalytic experiments were carried out in the same flow reactor at 

atmospheric pressure under air flow as carrier gas. About 0.5 g of the catalyst 

was loaded and heated in air flow at 500 oC for 1 h. After catalyst activation, the 

reaction temperature was set and the reactant (benzyl alcohol) was fed at a 

flow rate of 1 ml h-1 along with air gas flow at a rate of 60 ml h-1. The product 

was collected in a 50 ml flask connected to the base of the reactor and 

analyzed by gas chromatography  (FID, 25 m BPI column). 

 

 4-methylpentan-2-ol: dehydrogenation and dehydration 3.2.6.2

This reaction was carried out in a flow reactor fed by air (as a carrier gas at a 

flow rate of 60 ml h-1). The flow reactor was a vertical 40 cm length and internal 

diameter 1 cm glass tube in a tube furnace.  The solid catalyst was inserted in 

the middle of the glass tube held by glass wool and covered with granules. A 

glass insert which protruded into the catalyst bed for a thermocouple allowed 
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the temperature of the catalyst bed to be monitored. The catalyst was heated in 

situ at 500 °C for 1 h using air in order to purge all vaporous impurities from the 

catalyst surface, and then it was brought to reaction temperature. The reactant, 

4-methylpentan-2-ol, was fed by a syringe pump (model number 74905-50 

Cole-Parmer) at 1.0 ml h-1 to the top of the reactor. The product was condensed 

in a 50 ml flask connected to the base of the reactor and analyzed by gas 

chromatography  (FID, 25 m BPI column).  

 Benzyl alcohol to benzaldehyde 3.2.6.3

 The catalytic experiments were carried out in the same flow reactor at 

atmospheric pressure under air flow as carrier gas. About 0.5 g of the catalyst 

was loaded and heated in air flow at 500 oC for 1 h. After catalyst activation, the 

reaction temperature was set and the reactant (benzyl alcohol) was fed at a 

flow rate of 1 ml h-1 along with air gas flow at a rate of 60 ml h-1. The product 

was collected in a 50 ml flask connected to the base of the reactor and 

analyzed by gas chromatography  (FID, 25 m BPI column). 

 Nitroaldol (Henry) reaction 3.2.6.4

A mixture of benzaldehyde (0.1 ml), nitromethane (5 ml) and xylene as internal 

standard (0.1 ml) was prepared in a round-bottom flask with a water condenser 

fitted, and heated to the reaction temperature of 90 oC under nitrogen.  Catalyst 

(50 mg) was activated at 150 oC for 1.0 h and then added to the stirred reaction 

mixture.   Aliquots (0.1 ml) of the sample mixture were removed at regular 

intervals of 20 minutes, cooled rapidly in ice and then filtered.  They were 

analysed by  gas chromatography see chapter 2. The final product was fully 

identified by GC. Nitrostyrene was the product, accounting for 100% of the 

converted benzaldehyde.     

  Analysis of reaction products by GC-FID 3.2.7

       Details of the reactions used to measure catalytic activity appear below. In this 

section the gas chromatography method used to monitor reaction progress is 

described. The reactions products were analysed using a Clarus 500 equipped 

with flame ionisation detector (FID) and SPB-5 capillary column (30 m, 0.25 

μm). Helium was used as a carrier gas. The temperatures of the injector and 

detector were set to 300 °C.  The oven temperature (column temperature) was 
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ramped from 100 oC to 290 oC at 30 oC min-1 and then held at 290 oC for 11 

minutes. 

  Direct injections of 0.2 μL of the reaction mixtures at regular intervals were 

analysed. The standard retention times of the all compounds of interest are 

shown in Table 3.2. 

Table 3.2 – Order of elution and retention for reactants and products under the 
GC conditions described in the text. 

Reactants Product Retention time (min) 

4-methylpentan-2-ol  2.25 

 
methylisobutylket

one 
2.90 

 
4-methylpentan-

2-ene 
2.41 

Nitromethane  1.71 

O-xylene (as internal 

standard) 

 2.19 

Benzyl alcohol  2.12 

 Benzaldehdye 2.38 

 Nitrostyrene 4.14 
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 Results and discussion 3.3

  Elemental compositions of the synthesised LDHs 3.3.1

 In this section the metal ion analytical data is given for the synthesised LDHs 

and the % compositions provided by MEDAC have been used to determine the 

formulae of the %w/w dry LDHs.  This data appears in Table 3.3.  

Table 3.3 – the actual formulae, based on the analysis for LDHs. 

sample 
Al

% 

Mg

% 

Fe 

% 

Ni

% 

Zn 

% 

Cu 

% 

Structural formulae based on 

analyses 

Cu-

LDH(0.04) 

 

8.2 
    

 

3.35 

 

Mg0.66Cu0.04Al0.28(CO3)0.14(OH)2 

Cu-

LDH(0.23) 

 

8.1 

 

5.3 
   

 

29.02 

 

Mg0.47Cu0.23Al0.30(CO3)0.15(OH)2 

Cu-

LDH(0.50) 

 

7.1 

 

7.5 
   

 

35.68 
 

Mg0.27Cu0.50Al0.23(CO3)0.12(OH)2 

Cu-

LDH(0.74) 

 

6.0 
    

 

45.88 
 

Cu0.74Al0.26(CO3)0.145(OH)2 

Fe-LDH 
 

4.0 

 

20 

 

8.2 
   

 

Mg0.76Fe0.12Al0.12(CO3)0.06(OH)2 

MgAl-LDH 
 

8.0 

 

21 
    

 
Mg0.76Al0.24(CO3)0.12(OH)2 

 

Ni-LDH 
 

7.3 

 

13 
 

 

17 
   

Mg0.49Ni0.26Al0.25(CO)0.125(OH)2 

Zn-LDH 
 

7.1 

 

7.1 
  

 

7.5 
 

 
Mg0.36Zn0.31Al0.33(CO3)0.165(OH)2 

              

  Nitrogen adsorption/desorption of calcined layered double                       3.3.2

hydroxides (excluding those with varied copper contents) 

All the studied LDHs were calcined at 600 oC and characterised by nitrogen 

physisorption at -196 oC. Adsorption/desorption isotherms of two of these are 

shown in Figures 3.1 and 3.2.  These are typical type IV isotherms, according to 

the IUPAC classification [34]. The obtained BET-surface areas for the calcined 

LDHs are given in Table 3.4.  There is variability but they tend to be in the 50-
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150 m2 g-1 range.  These surface areas are not particularly high compared to 

many porous catalytic solids.   

The shapes of the two isotherms shown at higher values of P/Po suggest that 

the materials are mesoporous or, more likely, macroporous to a degree.  The 

pore size distributions, determined from the desorption branches using the 

Kelvin equation and BJH method, are not shown but do confirm this, but at the 

same time they show significant variation amongst the set of LDHs.  This may 

be because there is variability in the morphologies of the calcined products, 

perhaps linked to the differing ways in which the LDHs precipitate when they 

contain different metal ions.  They might also be dependent on on the facility 

with which the transition metals can be incorporated into the LDH lattice and, 

presumably, the rate at which the hydroxides dehydroxylate to form the mixed 

oxides.  Pore volumes and average pore diameters are shown in Table 3.4 

confirming the presence of macropores and quite possibly a degree of 

mesoporosity. 
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Figure 3.1– Nitrogen adsorption/desorption isotherms for MgAl–LDH 

calcined at 600 oC for 4 h. 
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     Figure 3.2–Nitrogen adsorption/desorption isotherms for Ni–LDH 
calcined at 600 oC for 4 h, as an example of a transition metal containing 
LDH. 

Table 3.4 – Surface properties of layered double hydroxides calcined at 600 oC 
for 4 h. 

Catalysts 
 
 

Surface Area 
(m2 g-1) 

Total pore 
volume (cm3 g-1) 

Average pore 
diameter (nm) 

MgAl-LDH 182 0.53 83 

Ni-LDH 122 0.36 92 

Fe-LDH 55 0.25 121 

Zn-LDH 42 0.25 219 

                         

 Powder X-ray diffraction of LDHs and calcined LDHs (excluding Cu-         3.3.3

LDHs) 

       In Figures 3.3, 3.4 and 3.5 the powder X-ray diffraction patterns of Fe-LDH, Zn-

LDH and Ni-LDH are compared with that for MgAl-LDH.  The reflections are 

indexed conventionally. 

     The first observation is that the diffraction patterns for the transition metal 

containing LDHs are broadly similar to those of MgAl-LDH, suggesting that the 

degree of crystallinity of these materials are similar,  Crystallite sizes have been 

determined from the 003 and the 110 reflections applying the Scherrer equation 

to the line widths at half height equation 3.1.  They appear in Table 3.5 as L110 

which is the crystallite dimension perpendicular to the 110 planes.   
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d = 
𝐾𝜆

𝐵 𝑐𝑜𝑠Ɵ
                                                                              3.1 Equation 

d = Average crystallite size (Å) 

K = Scherrer constant (0.87-1.0, normally taken to be 1.0) 

𝞴= wavelength of X-ray source (1.541 Å) 

2Θ = 2 theta angle of peak 

B = full peak width at half maximum (FWHM) in degrees   

This is only an approximate method because the results can be influenced by 

various factors such as lattice distortion as well as instrumental parameters.  

Unit cell dimensions for the LDHs can be calculated from the spacings between 

crystal planes.  The 003 spacing (d003) gives the c dimension directly (c = 3d003) 

and this is perpendicular to the layered structure of the LDH and the dimension 

includes the interlayer spacing.  This is variable, depending on the level of 

hydration for instance, so this is not particularly sensitive to the composition of 

the LDH.  The 110 spacing (d110) is related to the cell parameter a (=2d110).  

The value of a is equal to the average cation to cation distance in the brucite 

structure and is therefore expected to vary with the ionic radii of the 

isomorphously substituted transition metals.  The values of a and c also appear 

in Table 3.4.  The values for both a and c, but particularly a, are associated with 

a significant uncertainty because the110 reflection is not very well defined in 

any of the patterns shown.  This means that small variations in the value of a 

are a little suspect, Nevertheless, an attempt is made here to compare 

variations in a with the changes that might be expected based on the radii of 

the metal ions in the lattice. 
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Table 3.5 – Unit cell parameters and average crystal sizes of the LDHs.  

 

LDH 

 

a (Å) 

 

c (Å) 

 

L1 1 0  (Å) 

MgAl–LDH 3.042 22.01 197 

Fe–LDH 3.056 21.01 166 

Ni–LDH 3.051 21.51 112 

Zn–LDH 3.061 21.11 223 

 

 The powder XRD pattern for the as-synthesised Fe-LDH shown in Figure 3.3. 

Is characteristic of the Fe-LDH structure and is compared to the MgAl-LDH 

diffraction pattern. The iron/aluminium/magnesium LDH displays broad peaks at 

values of characteristic of that of a layered double hydroxide.   The d110 spacing 

for Fe-LDH is smaller than for conventional hydrotalcite (MgAl-LDH). This is 

opposite to expectations if Fe3+ were simply replacing Al3+ since the Al3+ ion is 

smaller (radius = 0.54 Å) than the Fe3+ ion (0.65 Å).   This unexpected result is 

not easy to explain.  A possibility is that the iron is being incorporated in both 

Fe(II) and Fe(III) forms and that there is therefore uncertainty over the M2+:M3+ 

ratio in these materials.  However, a higher value of M2+:M3+ would only explain 

a larger unit cell and this is clearly the opposite of what is observed.   
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Figure 3.3 – Powder XRD diffraction patterns of as-prepared Fe-LDH 

and hydrotalcite, MgAl-LDH. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
   
            
 
 

Figure 3.4 – Powder XRD diffraction pattern of as-synthesised Zn-LDH 
and hydrotalcite, MgAl-LDH. 

Figure 3.4 shows the powder XRD pattern of the as-synthesised Zn-LDH. It is 

characteristic of the LDH structure and is compared to the MgAl-LDH 

hydrotalcite, diffraction pattern. The isomorphic substitution of zinc for 

magnesium results in an increase in the a spacing. The spacing is calculated 

for Zn-LDH to be 3.06 Å and for MgAl-LDH to be 3.04 Å. The spacing of the a 
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planes is dependent on the size of the lattice cations and this increase in a 

reflects the fact that the ionic radius of Zn2+ is 0.75 Å compared to Mg2+ which is 

0.72 Å Table 3.1. 
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Figure 3.5 – Powder XRD diffraction pattern of as-prepared Ni-LDH and 
conventional hydrotalcite MgAl-LDH. 

 
Figure 3.5 shows the powder XRD pattern obtained for as-synthesised Ni-LDH 

and conventional hydrotalcite, MgAl-LDH. The nickel/magnesium LDH exhibits 

broad peaks at values of  characteristic of a layered double hydroxide structure. 

In general, the XRD pattern for Ni-LDH has slightly sharper peaks than MgAl-

LDH hydrotalcite, indicating smaller crystallites. The a spacings for both are 

about 3.04 Å, consistent with the similarly sized Ni2+ and Mg2+ ions. 
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Figure 3.6 – Powder XRD pattern of MgAl-LDH, Zn-LDH, Ni-LDH and Fe-LDH 

calcined for four hours at 600 0C. 
 

Figure 3.6 shows the powder XRD patterns of the same series of layered 

double hydroxides after calcination at 600 oC for four hours. The dominant 

pattern that emerges in most cases is that for MgO, as indicated on the figure.  

It is well established that diffraction lines from Al2O3 are generally not observed 

and the observations here are consistent with this.  The important aspect of 

these patterns is whether discrete diffraction patterns for the oxides of the 

transition metals in the LDH can be seen, since this would suggest that the 

transition metal oxide exists as a discrete ad separate phase.  The pattern for 

calcined Fe-LDH is rather poorly defined but does not seem to show any 

reflections that can be assigned to iron oxides. The Ni-LDH pattern is also 

poorly resolved but reflections at 38 °, 43 ° and 62 ° may be due to either MgO 

or NiO (which have similar XRD patterns).The final two materials, Zn-LDH and 

Cu-LDH, show very clear reflections due to ZnO  (JCPD 36-1451) and CuO 

(JCPD 01-078-0428).The importance of these observations is that, if patterns 

associated with the transition metal oxide are seen and are well defined, it 

implies that these oxides are not produced in a form in which they are 

integrated with the magnesium and aluminium oxides.  If this is the case, then it 

would be reasonable to expect that the transition metal oxide would behave 

much as the bulk oxide, in which case, it would not be expected that enhanced 

catalytic properties would be observed compared to the bulk, pure oxides, In 
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the work here, it would appear that CuO, and ZnO are certainly formed in their 

pure forms.  The size of the transition metal oxide crystallites can be 

determined from the diffraction lines seen and for ZnO and CuO, they appear to 

have dimensions of typically 60-70 Å using the Scherrer equation to analyse the 

lines seen for these two samples. 

 Layered double hydroxides with varying copper contents 3.3.4

     Surface areas, pore volumes for the mixed metal oxides obtained from 

calcination of the copper-containing LDHs are shown in Table 3.5. The surface 

areas and total pore volumes decrease with increasing copper content. These 

changes probably originate from morphological differences in the crystallites 

arising with a change in Cu and Mg concentrations.       

Table 3.6 – Surface properties of calcined LDHs (600 0C) with varying levels of 
Cu. 

 

Catalysts 

 

Surface 

Area(m2 g-1) 

 

Total pore 

volume (cm3 g-1) 

 

Average pore 

diameter (nm) 

Cu-LDH (0.04) 153 0.47 52 

Cu-LDH (0.23) 122 0.63 17 

Cu-LDH (0.50) 106 0.38 13 

Cu-LDH(0.74) 60 0.35 18 
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Figure 3.7 – XRD patterns of as-synthesized copper hydrotalcite samples. 

Figure 3.7 displays the powder XRD diffraction patterns for the as-synthesised 

copper- containing LDHs. All catalyst precursors before calcination exhibit 

broad peaks at approximate values of 2Ɵ = 11°, 24°, 34°, 46°, 62° attributed to 

diffraction by basal planes (003), (006), (009), (015), (110), (1013) respectively 

in the LDH structure.  

It is important to note that the only phases detected by XRD in all these copper-

containing LDHs are the LDH phases.  Surprisingly, the peaks related to (110), 

(006) and (009) planes become sharper with a rise in Cu content and the peaks 

for (1013) merge with (110). No significant positional changes in the basal 

plane reflections were observed with the variation in the Cu/Mg atomic ratio. 

This may be due to a small difference in the octahedral ionic radii of Cu2+ (0.73 

Å) and Mg2+ (0.72 Å).  

The average crystallite sizes were calculated from the (110) reflections using 

the Scherrer equation and are summarized in Table 3.6. crystallite sizes of 

samples varied in the range 15–29 Å. The Cu-LDH(0.74) exhibits the smallest 

crystallite size at about 15.6 Å. The lattice parameters of all the Cu-LDH(0.04), 

Cu-LDH (0.23) and Cu-LDH(0.50) samples are similar as expected.  
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Table 3.7 – Unit cell dimensions and average crystal sizes of layered double    
hydroxides with varying copper contents.  

 

Catalysts 

 

a (Å) 

 

c (Å) 

 

L1 1 0  (Å) 

Cu-LDH (0.04) 3.069 22.920 29.53 

Cu-LDH (0.23) 3.069 22.920 28.01 

Cu-LDH(0.50) 3.069 22.920 27.23 

Cu-LDH(0.74) 3.051 23.110 15.61 

Figure 3.8 shows the powder XRD patterns for Cu-LDH(0.04), Cu-LDH(0.23), 

LDH(0.50) and LDH(0.74) after calcination at 600 0C at 4 h. The important 

observation is that the reflections from MgO are only visible for the low copper 

materials and reflections from CuO are only visible for the highest copper 

content LDHs.  Based on relative intensities it appears that, for Cu-LDH(0.04)  

and Cu-LDH(0.23), the fact that no pure CuO phase is detected is not because 

copper levels are below the limit of detection of XRD.   
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Figure 3.8 – Powder X-ray diffraction patterns of copper-containing 

LDHs after thermal treatment at 600 0C for 4 h. 
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     The formulae for these two LDHs based on the elemental analytical data are 

Cu0.74Al0.26(CO3)0.145(OH)2  and Mg0.47Cu0.23Al0.30(CO3)0.15(OH)2 and it seems 

probable that the copper contents in these formulae are high enough so that, 

were all the copper converted to CuO, this would be easily seen in the XRD.  

The absence of reflections due to pure CuO in these LDHs could well be a 

consequence of a very well dispersed form of CuO in the mixed oxide lattice.  

At higher copper concentrations, where a CuO phase is detected, it seems that 

effective dispersion is not possible.  There may be two phases present: an MgO 

phase that is saturated with CuO (MgO/CuO phase), and a CuO phase.  The 

breadth of the MgO diffraction lines may be indicative of relatively poor 

crystallinity and possibly a solid solution of CuO with a relatively poorly defined 

crystal structure.  If, as is suggested later, MgO/CuO mixed metal oxide (MMO) 

phase is responsible for catalytic activity, then a correlation between activity 

and the abundance of the single MgO/CuO phase might be expected. 

 Catalytic Activity 3.3.5

 Catalytic activity as oxidation catalysts 3.3.5.1

Activities of the calcined LDHs containing the range of transition metals in the 

4-methylpentan-2-ol reaction to form 4-methylpentan-2-one (MIBK) as the only 

product [14], and the oxidation of benzyl alcohol to benzaldehyde, are shown in 

Table 3.7. Data is presented for catalysts calcined at 600 °C for 4 h. Initially, an 

experiment was conducted without the catalyst using air as carrier gas in the 

reactor, and no products were detected.  The idea here is to compare the 

activities of the catalysts in a reaction that is unambiguously an oxidation 

reaction with those in the 4-methylpentan-2-ol reaction which has been 

described by other workers as a base-catalysed, rather than an oxidation, 

reaction. 
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Table 3.8 – Catalytic data for the conversion of 4-methylpentan-2-ol and the 
conversion of benzyl alcohol using calcined (4 h at 600 oC) LDH catalysts.  
Reaction conditions as in section 3.2.6.1.  

 

Catalyst 

Conversion of 4-

methylpentan-2-ol 

/% 

Conversion of benzyl 

alcohol 

/% 

No catalyst 0 0 

MgAl-LDH 3 13 

Cu-LDH (0.50) 91 86 

Fe-LDH 46 54 

Ni-LDH 44 47 

Zn-LDH 67 65 

 

MgAl-LDH shows the lowest reaction rates in both reactions, by a large margin. 

The first thing to note from this data is that the incorporation of transition metals 

into the hydrotalcite structure can increase the catalytic activity towards both 

the 4-methylpentan-2-ol conversion reaction and the oxidation of benzyl alcohol 

reaction. The most effective transition metal of those tested appears to be 

copper(II), although zinc(II), nickel(II) and iron(II) containing LDHs are also 

much more active than MgAl-LDH for both reactions. Importantly, the patterns 

of activity towards 4-methylpentan-2-ol conversion and the oxidation of benzyl 

alcohol are very similar.  

Table 3.9 – Catalytic data for the conversion of 4-methylpentan-2-ol and the 
conversion of benzyl alcohol using calcined (4 h at 600 oC) LDH catalysts.  
Reaction conditions as in section 3.2.6.2.  

 
Catalyst 

Conversion of 4-

methylpentan-2-ol 

/% 

Conversion of benzyl 

alcohol 

/% 

CuO 0 0 

Cu-LDH (0.04) 8  69  

Cu-LDH (0.23) 67  56  

Cu-LDH (0.50) 91 86 

Cu-LDH(0.74) 59  48  

   

     Activities of the range of copper-containing LDHs (calcined) were measured in 

the same way.  Included in this part of the study was pure CuO.  The results are 

shown in Table 3.8. The pure CuO shows no measureable activity. The 

activities of the LDH catalysts increases in line with increasing copper content 
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for LDHs with loadings up to the formal loading of “0.5” Cu-LDH (0.50). No 

attempt has been made to quantify reaction rates or to correlate them with 

copper content because it is clear that a simple quantitative relationship 

between rates and copper contents would not be found with the data presented 

here.  This is not surprising and factors such as catalyst porosity, which varies 

from catalyst to catalyst, would reasonably be expected to affect the activities 

towards the two reactions differently.    

Significantly, the activities of the “0.74” highest copper loading LDH are lower 

than the “0.50” activities in both reactions so it does appear that there is an 

optimum copper content for these catalysts (and the same optimum copper 

content probably applies to both reactions).  If, as was alluded to above, the 

critical active phase is a solid solution of CuO in MgO, this observation 

suggests that this is present in roughly the maximum amount in the “0.50” 

catalyst.  Lower copper contents result in less and higher copper amounts have 

the effect of reducing the magnesium content and therefore this also reduces 

the amount of the critical MgO/CuO active phase.  

 Catalytic activity towards base-catalysed Henry reaction           3.3.5.2

The activities of the LDHs (calcined) containing the range of transition metals 

were measured in the batch reaction of benzaldehyde with nitromethane to 

produce nitrostyrene.  Benzaldehyde conversion vs. time plots is shown in 

Figure 3.9.  In all cases, the products were exclusively nitrostyrene as recorded 

by GC.  This reaction is unambiguously base-catalysed and is not an oxidation 

process.  Although not recorded, we found that, in the absence of catalyst, no 

conversion of benzaldehyde was measured. 
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Figure 3.9 – Catalytic data for transition metal containing LDHs in the Henry 

reaction between benzaldehyde and nitromethane at 90 °C to form nitrostyrene. 

The conversions shown in Figure 3.9 can be treated on the assumption that the 

reaction obeys pseudo-first order kinetics to give pseudo-first order rate 

constants that can be compared.  In Figure 3.10, in In (100-%conversion) is 

plotted vs time for the reactions catalysed by each of the five catalysts and the 

gradients are taken as the rate constants (in min-1).  The values are shown on 

the figure. 

 

Figure 3.10 – First-order kinetic model of aldol reaction for the studied 
catalysts. the gradients are shown and these are equal to –k(pseudo first 
order) in min-1. 
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Relatively low activities are reported for the five catalysts with conversions 

limited to less than 10% in each case.  Crucially, the activities of the five do not 

differ from each other to anything like the extent they differ in the two reactions 

in the previous section.  This major difference in activity pattern from catalyst to 

catalyst strongly suggests that base catalytic activity (as required here) is not 

responsible for the activity required to catalyse the reactions described above - 

either the oxidation of benzyl alcohol or the conversion of 4-methylpentan-2-ol 

to isomethylbutylketone. 

 Conclusion  3.4

One of the objectives of the work was to establish whether the relatively high 

catalytic activity of copper-containing LDHs (calcined) in the conversion of 4-

methylpentan-2-ol to methylisobutylketone is due to imparted basicity to the 

catalyst or to some other property.  The fact that the pattern of activities shown 

by a range of copper-containing LDHs towards this reaction and to the oxidation 

of benzyl alcohol is essentially the same, and the fact that the activity of copper-

containing LDHs in the nitroaldol reaction studied does not appear significantly 

higher than other LDHs, strongly suggests that copper-containing LDHs are 

relatively active oxidation catalysts, but not particularly active in base-catalysed 

reactions. 

Another objective was to assess any acid-catalytic activity materials exhibit.  

The absence of activity towards the dehydration of 4-methylpentan-2-ol (to 

produce alkenes) essentially confirms the conclusions of previous workers [35] 

that all the transition metal-containing LDHs studied here exhibit relatively low 

acid catalytic activity. 

Another objective was to identify the way in which copper is incorporated in the 

LDH.  In this work it is shown that copper can be effectively substituted for 

magnesium quite effectively, and on calcination it seems certain that much of 

the copper oxide formed remains intimately mixed with the other metal oxides.   

Evidence for this is the absence of reflections from a CuO phase in calcined 

LDHs that contain all but the highest copper contents.  This may well mean that 

a solid solution of CuO in MgO is formed and this may result in modification of 

the surface structure of the copper oxide.  This could explain the dramatic 
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difference between the activity of copper oxide held in the mixture and copper 

oxide used pure which, as shown above, is essentially inactive in these 

oxidation reactions.   

Oxidation catalysts generally benefit from a transition metal which can readily 

move between oxidation states and a surface that binds strongly to oxygen, 

properties typical of many transition metal oxides.  It may be that the distorted 

structure of copper oxide formed in the LDH, brought about by what may be its 

complete incorporation in the magnesium oxide, or even the alumina,structure, 

somehow enhances the ease of copper(II) to copper(I) conversions, or 

conversions to copper metal, or somehow alters the affinity with which the oxide 

surface interacts with oxygen.  Although not studied in the same detail, it seems 

that the properties of the other transition metal oxide in this work as oxidation 

catalysts are also modified by their incorporation in the mixed oxides which 

come out of calcining the LDHs. 

The conclusion that the support for copper oxide can modify the catalytic 

properties of the copper oxide suggests that it would be worthwhile looking at 

other matrices in which copper oxide can be incorporated.   
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Cu-stabilized Cubic Zirconia Catalysts 
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 Introduction  4.1

This observation that copper(II), almost certainly in the form of the oxide, is 

particularly active has led on to the work reported in this chapter, in which 

copper(II) catalysts have been studied on a range of other support materials.  

The object has been to optimise the activity of supported copper catalysts and 

to investigate the role played by the support in enhancing the activity of the 

copper centres.  The importance of this is in part because copper is a relatively 

inexpensive metal compared to those that are traditionally used as oxidation 

catalysts so there is an economic, as well as environmental (solid catalysts are 

environmentally preferable to homogeneous liquid catalysts) reason for 

pursuing this research.  The other transition metals studied earlier have also 

been studied in the work reported here. 

Copper(II) has been studied by others on many solid catalyst supports, some of 

which have catalytic properties themselves [1].  In the work reported here, SiO2, 

MgO and ZrO2 support materials have been studied.  Of these, ZrO2 has been 

the main focus as it is well known to be an effective support for copper 

catalysts. 

 Zirconia (ZrO2) exhibits unique mechanical and chemical properties.  It has 

surface acidity and basicity, as well as oxidation and reduction properties [2].  

Zirconias are porous with high and stable surface areas at high temperatures.  

Zirconia has a high melting point, good mechanical strength, low thermal 

conductivity, and corrosion resistance [3]. Zirconia has four polymorphs: cubic, 

tetragonal, monoclinic, and orthorhombic. The last is formed only at elevated 

pressures.  Zirconia alone is used as an effective catalyst in many important 

reactions such as dehydrations, hydrogenations and oxidations. Additionally, 

the high thermal stability and high ionic conductivity of ZrO2 make it a useful 

material for refractory purposes and in oxygen sensors.  

Zirconia can be modified by doping with other metal oxides [4]. Copper oxide 

supported on ZrO2, ZrO2–Al2O3 and Al2O3  with different surface areas has 

been used for the  oxidation of CO [5, 6]. It was found that Cu-ZrO2 showed 
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better oxidation activity than the other catalysts because of the easy reduction 

of highly  dispersed copper species on zirconia [5, 7] .  In other oxidation 

reactions  copper supported on zirconia has been shown to be more active than 

copper on alumina, silica, titania, chromium oxide and zinc oxide [8].  

Amenomiya [9] reported that Cu-ZrO2 is more active than Cu-Al2O3, Cu-SiO2, 

Cu-MgO, and Cu-TiO2 for oxidation of methanol. Takezawa, Showed that Cu-

ZrO2 was more active than Cu-SiO2 in alcohol oxidation. Other metal catalysts 

on zirconia have been widely studied. The introduction of multivalent Mn into 

the ZrO2 fluorite lattice is effective for the oxidation of n-butane. Choudhary, 

reported [10] that Mn, Co, and Fe-stabilized cubic zirconia materials are 

excellent catalysts for CH4 combustion with a catalytic activity similar to those of 

noble metal catalysts. 

In this work, Cu-ZrO2 catalysts and the other transition metals on zirconia were 

synthesized via two approaches: a solid state reaction and a sol-gel technique.  

Catalysts made by the two methods are investigated in the oxidation of benzyl 

alcohol and in the conversion of 4-methylpentan-2-ol to 4-methylpentan-2-one.   

Both of these reactions are believed to be oxidation processes and are used to 

probe the oxidation activity of the catalysts.  A third reaction, the Henry reaction 

between benzaldehyde and nitromethane to produce nitrostyrene, has also 

been used in the study.  This reaction is used as a probe for activity towards 

base-catalysed reactions.  

The effects of catalyst loading, calcination temperatures and other variables are 

examined, and activities are compared with those of copper-containing layered 

double hydroxides and copper and the other metals supported on silica and 

magnesium oxide. 

 Overall aim 4.1.1

The overall aims of the work reported in the work reported in this chapter are as 

follows. 

 
1. To evaluate ZrO2, MgO, SiO2 as supports for copper oxide catalyst in    

comparison to calcined layered double hydroxides, 
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2. To measure the catalytic activity of copper catalysts supported on the 

materials listed above in acid-catalysed, base-catalysed and oxidation 

reactions, 

3. To identify the properties in the supports studied that are important in 

enhancing the activity of supported copper and copper oxide catalysts. 

4. To develop a model through which optimised supported copper and copper 

oxide catalysts can be designed for the reactions listed. 

 Experimental 4.2

All samples of copper-zirconia were prepared by both the sol-gel technique and 

the solid state reaction method.  

 Materials 4.2.1.1

 The following salts were purchased from Sgma-Aldrich: Cu(NO3)2.3H2O 

(99.9%), ZrO2 (99.9%), Zr(OCH(CH3)2)4 .(CH3)2CHOH, (70 wt. % solution in 1-

propanol), MgO (99.9%), SiO2 (99.9%)  Fe(NO3)3·9H2O(99.9%), 

Zn(NO3)2.6H2O(99.9%),  Cr(H2O)6](NO3)3.3H2O(99.9%) Ni(NO3)2
.6H2O(99.9%), 

CuO (99.9%) and MgO (99.9%), SiO2 (99.9%). 

  Solid state reaction 4.2.2

 Mixtures of CuO and ZrO2 with target molar ratios 2-60 mol% of copper were 

milled for 30 min in a planetary ball mill by hand then calcined at 600 oC for 6 h 

in air at a heating rate 10 oC/min and slowly cooled to room temperature. In the 

end, they were milled for 10 min again to get the final products  [11]. 

Mixture of CuO and MgO with sample target content 5 mol% of Cu was milled 

for 30 min in planetary ball mill by hand, and then calcined at 600 oC for 6 h. 

 Mixture CuO and SiO2 with sample target content 5 mol% of Cu was milled for 

30 min an planetary ball mill by hand, then calcined at 600 oC for 6 h. 

The ZnO and ZrO2 catalyst was by prepared by solid state reaction. Mixture of 

Zn(NO3)2.6H2O with ZrO2 with target 5 mol% of Zn was milled for 30 min an 

planetary ball mill by hand, then calcined at 600 oC for 6 h. 
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The Cr2O3 andZrO2 catalyst was by synthesized by solid state reaction. Mixture 

of Cr(H2O)6(NO3)3.3H2O with ZrO2 with target 5 mol% of Cr was milled for 30 

min an planetary ball mill by hand, then calcined at 600 oC for 6 h. 

The Fe2O3-ZrO2 catalyst was by prepared by solid state reaction. Mixture of 

Fe(NO3)3·9H2O with ZrO2 with target 5 mol% of Fe was milled for 30 min an 

planetary ball mill by hand, then calcined at 600 oC for 6 h. 

The NiO-ZrO2 catalyst was by synthesized by solid state reaction. Mixture of 

Ni(NO3)2
.6H2O with ZrO2 with target 5 mol% of Ni was milled for 30 min an 

planetary ball mill by hand, then calcined at 600 oC for 6 h. 

 Preparation of Cu-ZrO2 by sol-gel technique 4.2.2.1

In a typical synthesis, 47 g of zirconium isopropoxide (70 wt. % solution in 1-

propanol,). To this solution, the calculated amount of Cu(NO3)2.3H2O (Sigma-

Aldrich) dissolved in 100 ml of isopropyl alcohol was added under continuous 

stirring to achieve a clear, homogeneous solution. Afterwards, a stoichiometric 

quantity of water and catalytic amount of hydrochloric acid (0.5 ml of 0.1 M HCl) 

were mixed in 100 ml of isopropanol and presented to the above solution in 

order to hydrolyze the zirconium isopropoxide. The mixture was stirred for 1 h 

and allowed to stand for 18 h to form a thick transparent gel, which was kept at 

room temperature for drying. The final glassy solid product was ground to a fine 

powder and then calcined at different temperatures (400 0C, 500 0C, 600 0C, 

700 0C and 800 0C) for 6 h. 

 A series of Cu-ZrO2 samples with varying concentrations of Cu of from 2% to 

30 mol% based on Zr were prepared by adjusting the appropriate 

concentrations of Cu(NO3)2.3H2O in the initial solutions. 

 Catalyst characterization 4.2.2.2

Powder XRD patterns were recorded on a Bruker D-8 diffractometer using Cu 

Kα radiation (1.5418 Ǻ) at 40 kV and 20 mA. The patterns were collected over 

the range 5-80 o for 2θ with a step size of 0.02° at a scanning speed of 2° per 

min. 
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Catalyst surface areas were determined from nitrogen adsorption–desorption 

isotherms.  These were measured at 77 K on a Micromeritics ASAP-2020 after 

evacuation at 423 K for 5 h. The surface areas were calculated from the 

adsorption isotherm using the BET method and pore size distributions were 

determined form the  desorption isotherms using the BJH method. Copper 

contents were measured using atomic absorption spectroscopy (AAS) with a 

copper lamp (λmax = 325 nm), following digestion in concentrated nitric acid.  

Solutions, including blanks, were diluted with deionised water to bring Cu2+ 

concentrations into the linear.  Standard solutions were prepared from a 

commercial 1000 ppm Cu2+ stock solution. Iron contents were measured using 

(AAS) with lamp an iron (λmax = 248.3 nm), then digestion spectroscopy (AAS), 

were diluted with deionised water to bring Fe2+ concentrations into the linear. 

Standard solutions were prepared from a commercial 1000 ppm Fe2+ stock 

solution. For Ni+2 and Zn+2 measured same method above a nickel lamp (λmax = 

290 nm) and zinc lamp (λmax = 219.9 nm). 

 Catalytic activities 4.2.2.3

 Nitroaldol (Henry) reaction 4.2.2.4

Catalysts were ground and activated before use at 120 °C for 2 h in still air.  A 

mixture of benzaldehyde (0.1 ml), nitromethane (5 ml) and xylene as internal 

standard (0.1 ml) were kept at 90 °C under an atmosphere of nitrogen with 

magnetic stirring for 30 min. After that 50 mg of the selected catalyst was added 

to the mixture. Aliquots of the sample mixture were removed with a filter syringe 

and analysed by gas chromatography-flame ionisation detector using a 25 m 

BPI column  more details chapter 3.  

 Benzyl alcohol to benzaldehyde  4.2.2.5

This reaction was carried out in a flow reactor fed by air (as a carrier gas at a 

flow rate of at 1 ml h-1). The flow reactor was a vertical 40 cm long and with an 

internal diameter 1 cm glass tube in a tube furnace with control temperature. 

Catalyst temperature was monitored with a thermocouple in the catalyst bed.  

The solid catalyst was inserted in the middle of the glass tube held by glass 

antibumping granules. The catalyst was heated in situ at 500 °C for 1 h using 

air in order to purge all vaporous impurities from the catalyst surface, and then 

it was brought to reaction temperature. The reactant, benzyl alcohol, was fed by 



 

83 
 

a syringe pump (model number) at 1.0 ml h-1 to the top of the reactor.  The 

reaction temperature was   300 0C. The product was condensed in a 50 mL 

flask connected to the base of the reactor and analyzed by gas chromatography  

(FID, 25 m BPI column). 

 4-methylpentan-2-ol reaction  4.2.2.6

The catalytic experiments are carried out in a flow reactor at atmospheric 

pressure under air flow as carrier gas. About 0.5 g of the catalyst is loaded and 

heated in air flow at 500oC for 1 h. After catalyst activation, the reaction 

temperature was set and the reactant (4-methylpentan-2-ol) was fed at a flow 

rate of 1 ml h-1 along with air gas flow at a rate of 60 ml h-1. The product was 

collected in a 50 ml flask connected to the base of the reactor and analyzed by 

gas chromatography. 
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 Results and discussion 4.3

Table 4.1–Characterisation and catalytic data for the materials studied.  
Reaction conditions are as described in the text.  Data for the 4-methylpentan-
2-ol reaction is after 0.5 h and at 250 oC.  Conversion of benzyl alcohol is at 250 
oC. 95% confidence limits associated with conversions of reactants are 
estimated at ±5% (that is 5% of the conversion values).  

 
Catalysts 
calcined 
at 600 

0C 

Analysis 
(mol%) 

Surface 
Area 

(m2 g-1) 

Pore 
Volume 
(m3 g-1) 

Mean Pore 
Diameter(nm) 

Conversion of 
4-

methylpentan- 
(2 h) 

Conversion 
of benzyl 
alcohol 
(2 h) 

ZrO2  117 0.13 41 0 0 

SiO2  385 0.61 48 0 0 

MgO  61 0.35 22 0 0 

Cu-SiO2-

5%-solid 
reaction 

5.3 317 0.050 46 63 61 

Cu-MgO-
5%-solid 
reaction 

4.7 55 0.022 14 71 64 

Cu-ZrO2-
2%-sol-

gel 
2.0 32 0.020 0.9 61 73 

Cu-ZrO2-
5%-sol-

gel 
- 22 0.07 0.8 81 96 

Cu-ZrO2-
10%-sol-

gel 
- 17 0.013 0.4 37 41 

Cu-ZrO2-
20%-sol-

gel 
20.6 13 0.013 0.2 29 31 

Cu-ZrO2-
30%-sol-

gel 
- 11 0.013 0.6 19 24 

Cu-ZrO2-
2%-solid 
reaction 

2.3 56 0.23 0.14 21 26 

Cu-ZrO2-
5%-solid 
reaction 

5.0 54 0.22 0.17 32 37 

Cu-ZrO2-
solid 

reaction 
- 50 0.10 0.12 41 39 
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Cu-ZrO2-
20%-
solid 

reaction 

- 42 0.082 0.1 67 81 

Cu-ZrO2-
30%-
solid 

reaction 

- 34 0.044 0.08 77 69 

Cu-ZrO2-
40%-
solid 

reaction 

- 22 0.025 0.04 53 55 

Cu-ZrO2-
50%-
solid 

reaction 

- 17 0.013 0.04 31 19 

Cu-ZrO2-
60%-
solid 

reaction 

- 13 0.014 0.03 17 19 

Fe-ZrO2-
5%-solid 
reaction 

5.2 58 0.004 0.19 49 45 

Zn-ZrO2-
5%-solid 
reaction 

5.1 25 0.016 0.12 67 61 

Ni-ZrO2-
5%-solid 
reaction 

4.9 61 0.030 0.11 50 57 

Cr-ZrO2-
5%-solid 

state 
reaction 

4.8 38 0.021 0.25 50 47 

 Characterization of oxidation catalysts 4.3.1.1

Based on those catalysts that were analysed by atomic absorption, it is clear 

that the copper contents are generally very close to the target contents 

expressed as mol %.  From now on all catalysts will be named based on their 

target compositions and it will be assumed that copper contents are essentially 

the same as the target values.  The same applies to the iron, zinc and nickel 

containing catalysts. 

 Examples of nitrogen adsorption/desorption isotherms, for ZrO2 and Cu-ZrO2-

5%-solid state reaction (calcined at 600 0C) are shown in Figures 4.1 and 4.2 

and it is from isotherms like these that the surface area and porosity data in 

Table 4.1 is taken. 
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Note that the step in the adsorption isotherm for zirconia indicates a narrow and 

uniform pore size distribution, while its height is related to the pore volume. The 

poorly-defined step in the Cu-ZrO2 5 mol% isotherm is indicative of a relative 

disorder in the mesostructure. 

0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

30

40

50

60

70

po
re

 V
ol

um
e(

cm
3/

g)

Relative pressure (P/P0)

 

 

 

Figure 4.1 – Nitrogen adsorption/desorption isotherms for pure zirconia       
calcined at 600 °C for 6 h. 
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Figure 4.2 – Nitrogen adsorption/desorption isotherm for Cu-ZrO2, 5 mol% 
prepared by solid state reaction route and calcined at 600 °C for 6 h 

Returning to the data in Table 4.1 the following observations can be made. 

1.  In all cases, adding CuO and the other oxdes (assuming they are converted 

to simple oxides on calcinaton) to a support decreases the surface area of the 
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support.  It appears that the effect of increasing the loading of the catalytic 

metal results in progressive decreasing of the total surface area of the 

supported catalyst. 

 

2.  The supports used, ZrO2, MgO and SiO2, exhibit quite different surface 

properties and this must be taken into account in interpreting all data on the 

supported catalysts. 

 

3.  The average pore diameter of the catalysts following metal deposition are 

very much less than for the support materials.  The pore volumes change in a 

less consistent way, but the trend seen in the pore diameter strongly suggests 

that catalyst deposition is into the pores of the support. 

 

4. The effect of calcination temperature on the properties of the catalysts can 

be seen in Table 4.2 which shows surface area and porosity data for the Cu-

ZrO2 mol 5% of Cu synthesized by sol-gel catalyst following calcination 400-800 

0C. The data show that increasing the calcination temperature from 400 0C to 

800 oC decreases the surface area.  The effect on pore volume and pore size is 

less distinct although there is a trend towards an increasing pore volume as the 

temperature is increased. 

Table 4.2 – The effect of calcination temperature on surface properties of Cu-
ZrO2- 5 % - sol gel.  

Catalyst 
Calcination 

temp (ºC) 

BET 

Surface 

Area (m2/g) 

Pore 

Volume 

(m3/g) 

 

Pore Size 

(nm) 

Cu-ZrO2 400 22 0.08 17 

Cu-ZrO2 500 17 0.07 10 

Cu-ZrO2 600 11 0.07 13 

Cu-ZrO2 700 8 0.04 15 

Cu-ZrO2 800 4 0.03 18 
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Turning to the crystal structures of the calcined catalysts, firstly the effect of 

calcination temperature on the crystal structure of pure zirconia will be 

described.  This is based on commercial zirconia as used in the “dry reaction” 

method described above.  The main reflections which are used as indicators of 

the dominant phase are as follows.  For cubic zirconia, 2θ = 30.4o, 35.4o, 50.7o, 

60.4o.  For monoclinic zirconia 2θ = 28.2o, 32.1o.    

Consistent with literature reports, following calcination at 400 0C zirconia 

exhibits the powder XRD pattern of the monoclinic form of zirconia.  This is 

shown in Figure 4.3.  The important reflections on which this is based are those 

from the   111 and 003 planes. 

On calcination at up to 600 0C, reflections from the cubic phase are visible, 

these are those at 280 and 310 associated with the (111) and (110) planes. 

The reflections produced by calcining in the range of 700 - 800 ºC, are 

reflections associated with the monoclinic phase of zirconium oxide. Note the 

reflections with the strongest intensities are at 2Ɵ = 28.5 o and 31.5 o. 
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 Figure 4.3 –The XRD for zirconia calcined at 300 ºC, 400 ºC, 500 ºC, 

600 ºC, 700 ºC, 800 ºC.   

The effect of calcination temperature on the crystal structure of Cu-ZrO2(20%) 

prepared by solid state reaction is shown in Figure 4.4.  It is important to say 
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that reflections at 2θ =   35.6o, and 38.8o   are characteristic of a pure copper(II) 

oxide phase [14]. 
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 Figure 4.4 –Powder XRD of Cu-ZrO2-20%-solid reaction after 

calcination at 400-800 oC. 

At 400 oC, the monoclinic zirconia structure is dominant with a small amount of 

the cubic zirconia. At 500 oC and 600 oC, the peak intensities of cubic zirconia 

and for pure copper oxide all get stronger and those of copper oxide all become 

narrower. Above 700 oC, the monoclinic phase of zirconia is detected.  Overall, 

the effect of added copper is to increase the temperature at which monoclinic 

rather than cubic zirconia is formed.   This suggests that there is at least some 

copper incorporated in the zirconia, to bring about this difference in transition 

temperature.  The other observation is that there is at least some copper oxide 

existing as a separate pure phase.  Further results presented below will 

examine this idea that 1) a limited amount of copper can be homogeneously 

incorporated in zirconia and 2) this has the effect of making the cubic phase of 

zirconia stable to higher temperature.  This last conclusion is consistent with the 

work of others [13].  

Powder X-ray diffraction patterns of various Cu-ZrO2 compositions prepared by 

the sol-gel technique and pure zirconia, all calcined at 600 0C, are shown in 

Figure 4.5. Pure zirconia exhibits the key reflection at 30.4o suggesting that it is 

mixture of the cubic phase (30.4 o)   with a small amount of monoclinic phase 
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(characterised by the 2θ = 28.2 o reflection), as discussed above.  The results 

show that progressively adding Cu to ZrO2 using the sol-gel technique and then 

calcining at 600 oC results in stabilisation of a cubic zirconia phase and the 

monoclinic phase is not formed.  Crucially, for the catalysts containing 5 and 20 

mol % Cu, there is no sign of reflections from a separate CuO phase.  This 

suggests that the CuO formed on calcination is intimately incorporated in the 

zirconia structure.  The material with 30 mol% copper shows fairly distinct 

reflections from a CuO phase at 2θ = 35.6º and 38.8º, indicating a discrete 

second phase of pure CuO. 
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Figure 4.5 – Powder XRD profiles of ZrO2 (curve A) and Cu-ZrO2 samples 
containing 5, 20 and 30 mol% Cu in ZrO2 prepared by sol-gel procedure 

and calcined at 600 ºC (curves B to D, respectively). 

The powder XRD patterns of the Cu-ZrO2 samples prepared by the solid state 

reaction route and 600 oC calcination appear in Figure 4.6. Again, at low Cu 

loadings the patterns are typical of zirconia in the cubic phase, with no evidence 

for the monoclinic zirconia that appears in the absence of copper.  Again, no 

reflections linked to a separate CuO phase can be seen at low loadings.  

Reflections due to CuO are seen at nominal loadings of 20 mol % and above.  

This suggests that the solid state reaction is perhaps less  effective in 

incorporating Cu in the zirconia structure than the sol gel process.  Roughly, 

using sol gel process it appears that copper oxide can be incorporated in the 

zirconia structure up to 20 or more mol % without creating a separate phase.  
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Figure 4.6 – Powder XRD profiles of ZrO2 (curve a) and Cu-ZrO2 samples 
containing 2, 5, 10, 20,  and 30, 40, 50 and 60 mol% Cu in ZrO2 prepared   

by solid state dry reaction  procedure and calcined at 600 ºC (curves b to e, 
respectively). 

The question of whether the other supports, SiO2 and MgO, can also 

incorporate CuO is addressed now and Figure 4.7 shows the patterns due to 5 

mol% Cu on MgO, SiO2 and ZrO2.  Relections from a pure CuO phase with 

MgO, SiO2 supports  (strongest at 35.4o and 38 ) are not visible with ZrO2 at 

this loading (as described above) but are visible with Cu-SiO2 and with Cu-MgO 

suggesting that these supports are less effective at incorporating CuO than 

zirconia. 

Figure 4.7 shows the XRD diffractograms of 5 mol% of Cu supported on 

different materials (Cu-SiO2-5%-solid reaction, Cu-MgO-5%-solid reaction), all 

calcined at 600 oC. Reflections corresponding to CuO were clearly observed at 

35.4o, 38 with both supports. The peaks indicate the presence of a pure CuO 

phase and therefore suggest strongly that these supports are not as effective 

as zirconia at incorporating copper catalysts.  
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Figure 4.7– Powder XRD for Cu-MgO-5%-solid reaction and Cu-SiO2-5%-solid 
reaction catalyst calcined at 600 oC syntheses by sol-gel method. 

 
Next, the powder XRD patterns of the other metals oxides (Fe2O3, Cr2O3, NiO, 

ZnO) studied on zirconia supports by solid state reaction are shown (Figure 

4.8). The monoclinic zirconia structure and cubic structure are dominant with 

small amount of monoclinic zirconium and some amorphous phase.    

In the case of the supported ZnO catalyst, extra lines for ZnO are visible 2Ɵ = 

31.80°, 34.41°, 36.21°.  With NiO the metal oxide can also be seen, with iron 

and chromium, it is not easy to identify lines due to the metal oxides.  The 

conclusion has to be that ZnO and NiO are not effectively incorporated in the 

zirconia lattice but with Fe2O3 and Cr2O3 it is not possible to say definitively 

whether they are effectively incorporated. 
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Figure – 4.8 Powder XRD for Zn-ZrO2-5%-, Ni-ZrO2-5%-, Cr-ZrO2 and Fe-ZrO2-

5%, all made by -solid reactions, calcined at 600 0C.  

 Catalytic activity        4.3.1.2

 Catalytic activity of oxidation catalysts 4.3.1.3

 Catalytic activities were measured under vapour flow conditions in the 

oxidation of 4-methylpentan-2-ol to methylisobutylketone (MIBK) in the 

presence of air and the oxidation of benzyl alcohol to benzaldehyde as well in 

the presence of air.   In the first reaction MIBK was the only detected product by 

GC so it is assumed that these catalysts are acting as oxidation, or 

dehydrogenation, catalysts.  In the second reaction, the only product detected 

was benzaldehyde.  The results are expressed as % conversions of reactant in 

both cases.  Replicate experiments were performed and it is on the basis of 

these that 95% confidence limit for conversion values have been estimated. 

 Catalytic activity of CuO on MgO, SiO2 and ZrO2 4.3.1.4

    In Table 4.1, conversion data is shown for the two test reactions for the CuO 

supported on MgO, SiO2 and ZrO2. 

    Zirconia appears to be the most effective support for CuO.  This is consistent 

with the observation above that zirconia is able to incorporate CuO in its 

structure to a higher concentration than the other two supports.  However, it has 

to be remembered that the three supports exhibit very different surface 

area/porosity characteristics and it is therefore not possible to draw definitive 
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conclusions about the relative activities of CuO on these three oxide supports 

from this limited set of experiments. 

 Catalytic activity of Fe2O3, CrO, ZnO, NiO on ZrO2 4.3.1.5

Catalytic data shows in Table 4.1 that Cu-ZrO2-5%-sol-gel has the best catalytic 

activity for both the oxidation of benzyl alcohol and dehydrogenation of 4-

methylpentan-2-ol.  These results are consistent with the results obtained with 

calcined layered double hydroxides containing the same transition metals 

(which generate the mixed transition metal, Mg and Al oxides on calcination) as 

described in Chapter Three.  So the observed trend may be a result of the 

relative activities of the five transition metal oxides towards the two oxidation 

reactions.  On top of this however is the observation above that the five oxides 

can be incorporated in the ZrO2 support to different extents and this 

compatibility with the support may also be a factor in controlling relative 

activities. . 

 Effect of CuO content on activity of CuO/ZrO2 catalysts 4.3.1.6

In Table 4.1 the catalytic activities of ZrO2-supported CuO towards both the 

oxidation of 4-methylpentan-2-ol and the oxidation of benzyl alcohol are given 

for catalysts with copper contents ranging from zero to nominally 30% (by mole) 

for those prepared by the sol gel method and 60% for those prepared by the dry 

reaction method. 

In both sets of data, activities reach maximum values at well-defined copper 

contents and the maxima for the two reactions are found at the same copper 

contents for catalysts made by both routes.  For catalysts made by the sol gel 

process, maximum activity is exhibited by the catalysts with nominal 5 mol % 

copper content.  At higher loadings activities fall, although the 20% catalyst 

shows anomalous behaviour in both reactions. 

In the case of catalysts made by the dry grinding method, maximum activity is 

achieved at a higher loading of 30% nominal (in both reactions) and, although 

these catalysts show slightly higher activity than the best of those produced by 

the sol gel method, the specific activity (activity per copper atom), were it 
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calculated, would be less for the dry grinding catalysts than for the sol gel 

catalysts. 

Note that the ZrO2 used alone and CuO used alone (both calcined) give very 

low activities.  This confirms the importance of the support in these catalyst 

systems. Table 4.1 depicts the catalytic activity showing that for pure zirconia 

and copper oxide only 10% and 8% conversion in 4-methylpentan-2-ol and 

oxidation of benzyl alcohol respectively were seen with catalysts calcined at 

600 0C. A steady increase in catalytic activity of Cu-ZrO2 samples with Cu 

content up to 5 mol% clearly shows that the catalytic activity is related to the Cu 

contentin lattice positions as well as on the subsurface layers of cubic ZrO2. 

The maximumcatalytic activity of Cu-ZrO2 with 5 mol% in the system under 

study is attributed to the maximum amount of copper in substitutional position 

and the resulting possible oxygen vacancies. The Cu in the lattice position 

seems to be an active site for redox reaction in cubic zirconia [14]. 

The appearance of a maximum activity with an optimum molar ratio of Cu to 

ZrO2 has also been observed for other preparation methods [12]. 

 Catalyst reusability Cu-ZrO2-5%-sol-gel for oxidation of benzyl     4.3.1.7

alcohol 

A reusability test was performed four times. In each of the four runs, the 

catalytic reaction was run for 2 hours. After each reaction the catalyst was 

simply re-calcined at 500 oC for 1h. It was convenient to carry out these 

experiments without removing the catalyst from the reactor but this required 

that a lower than optimal calcination temperature was used. However, at this 

temperature, any organic compounds covering the catalyst pores are expected 

to decompose, the catalyst used in this experiment was Cu-ZrO2 produced 

using the wet method at a molar ratio of Cu 30 mol% calcined initially at 600 ºC. 

This catalyst showed relatively high activity in its first run. The results are 

shown in Table 4.3.  A progressive slight loss in activity is seen with repeat 

runs.  Unfortunately additional experiments to establish the cause of this 

decrease were not performed.  It may have been that removal of contaminating 

compounds was not complete on re-calcination at 500 C.  It may have been 

that some catalyst was lost through use, although with a vapour phase reaction 

this would seem unlikely.  The key experiment to perform would be to repeat 
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with a re-calcination temperature of 600 oC – perhaps for longer than was used 

here. 

  Table 2.3 – reusability of Cu-ZrO2-5%-sol-gel for oxidation of benzyl alcohol    
reaction, (T= 300 0C, air at a flow rate of 60 ml/h-1, calcined at 600 oC, 6 h). 

Recycle  catalyst Benzyl alcohol 

conversion /% 

First run Cu-ZrO2 96 

2nd Cu-ZrO2 94 

3rd Cu-ZrO2 90 

4th Cu-ZrO2 87 

 Catalyst robustness for Cu-ZrO2-5%-sol-gel for oxidation of 4.3.1.8

benzyl alcohol reaction 

The evaluation of robustness of the Cu-ZrO2-5%-sol-gel catalysts was 

conducted over extended reaction times of 6 hours, reaction temperature 300 

oC, and the results are shown in Table 4.4. The intention was to discover 

whether the activity of the catalyst over a period of time can be maintained.  

There is progressive loss in activity over this period.  The question of whether 

activity can be re-generated by re-calcining has not been addressed although 

the results above (section 4.3.2.5) suggest that this might be the case.  Overall, 

and despite the fact that further experiments are necessary, the results suggest 

that these ZrO2-supported CuO catalysts could well be of practical value under 

extended use. 

Table 4.4 – Robustness of Cu-ZrO2-5%-sol-gel for oxidation of benzyl alcohol 
reaction,   (T= 300 0C, air at a flow rate of 60 ml/h-1, calcined at 600 oC, 6 h).     

Activity of  Cu-ZrO2 with time reaction (h) Conversion of benzyl alcohol (%) 

1 95 

2 93 

3 89 

4 87 

5 81 

6 78 
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 Catalytic activity towards base-catalysed reactions           4.3.1.9

 The activities of the supported CuO catalysts in base catalysis were tested 

under batch conditions in the nitroaldol condensation between nitromethane 

and benzaldehyde to produce nitrostyrene.     

The comparison of activities in terms of conversion of benzaldehyde versus 

time in the nitroaldol condensation reaction is for three catalysts (Cu-ZrO2-5%-

sol-gel, Cu-MgO-5%-solid reaction and Cu-SiO2-5%-solid reaction) and is 

shown in Figure 4.9. 

The difference in activities between the catalysts made with three support 

materials (ZrO2, MgO and SiO2) is relatively small compared to their activities in 

the oxidation reactions described above.  

 

Figure – 4.9. Kinetic data for the Henry reaction between benzaldehyde and 
nitromethane at 90 °C, catalyzed by Cu-ZrO2-5%-sol-gel (blue line), Cu-MgO-

5%-solid reaction (red line) and Cu-SiO2-5%-solid reaction (green line). 

The data shown in Figure 4.9 can be treated on the supposition that the 

reaction obeys pseudo-first order kinetics to give pseudo-first order rate 

constants that can be compared.  In Figure 4.10, ln(100-%conversion) is plotted 

vs time for the reactions catalysed by each of the three catalysts and the 

gradients are taken as the rate constants (in min-1).  The values are shown on 

the figure. 
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Figure 4.10 – First-order plots for the three catalysts described in Figure 4.9 

in the base-catalysed Nitroaldol reaction.  Gradients are equal to –kpseudo-

1st order 

An objective here was to establish whether the supported copper catalysts 

exhibit significant base-catalytic activity.  Without more meaningful comparisons 

it is not possible to draw firm conclusions, but the fact that the three catalysts 

show relatively similar activities in this reaction when we know that the 

supported copper sites are in very different environments in the three catalysts 

and they show very different activities in oxidation reactions, does at least 

suggest that the catalysts are relatively benign in this base-catalysed process.   

One of the objectives of the project was to establish whether supported copper 

catalysts exhibit base or oxidation activity.  That base activity does not seem 

very dependent on how well the copper on the catalyst is dispersed possibly 

suggests that supported copper oxide is not a very active base catalyst.   

 Conclusion 4.4

There are several conclusions from this work.  The first concerns the relative 

activity of ZrO2-supported CuO in oxidation reactions and in base-catalysed 

reactions. From activities towards benzyl alcohol oxidation and 4-methylpentan-

2-ol, it is clear than CuO on zirconia is significantly more active than CuO on 

other supports and also more active than other transition metal oxides on 

zirconia.  The conclusion is that 1) CuO is an active oxidation catalyst and 2) 
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zirconia is an effective support that enhances the activity of CuO towards 

oxidation reactions.    

Zirconia -supported CuO is active as a base catalyst (as seen in the nitroaldol 

reaction) but, relative to other oxides on the same support and relative to CuO 

on other supports, activity is relatively modest. 

Conclusions about the way in which CuO is incorporated in the zirconia support 

can be drawn.  It appears that up to 10 mol % copper can be incorporated 

without seeing a separate CuO phase (in XRD).  Others have reported this and 

some suggestions as to how the CuO is incorporated have been made.   Of the 

two methods used to prepare the supported catalysts. Calcination temperatures 

have been optimized and it is clear that the presence of CuO on the catalyst 

has the effect of stabilizing the cubic zirconia phase.Further work to investigate 

the potential scope for modifying surface properties of the catalysts (surface 

areas etc) by controlling synthesis conditions is needed to optimize this class of 

oxidation catalyst. 
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Co-operative oxidation base bifunctional catalyst 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 

  Introduction 5.1

There are many reactions where both oxidation and base catalysis are 

required, often in sequential steps, and there are obvious advantages in being 

able to use a bifunctional solid catalyst which carries both oxidation and base 

groups on the same support [1]. Selective oxidation of alcohol to an aldehyde or 

ketone is significant transformation in organic synthesis [2-5], and various 

approaches are known for this particular conversion [4, 6- 8]. Aldehydes are an 

important class of compounds used as food additives and as intermediates in 

organic syntheses such as Aldol condensations, Henry reactions, Michael 

additions, Cannizaro and Perkin reactions [9, 10]. To achieve selective 

oxidations, various homogeneous catalysts and combined catalysts have been 

reported in the literature.  

Homogeneous catalysts have huge relevance in various organic reactions [11-

13]. Though, homogeneous catalysts have some disadvantages in that they 

can decompose during the course of the reaction and are not easily recovered 

after the reaction for reuse, and in any case their separation from the reaction 

mixture inevitably results in the generation of significant amounts of waste [14- 

18]. Furthermore, oxidation reactions are frequently performed in solvents such 

as chlorinated hydrocarbons, which can have an adverse environmental impact 

when practiced on an industrial scale [19-21]. Immobilization of homogeneous 

catalysts on solid supports frequently presents advantages due to easy 

separation from the product mixture by simple filtration.  Not uncommonly, this 

type of catalyst is more stable than its homogeneous counterpart.  In addition, 

solid catalysts can show high selectivity in comparison to, for instance, 

unsupported metal complexes [22- 26]. Because of these inherent advantages 

of heterogeneous catalysts over homogeneous catalysts, a great deal of effort 

has been devoted to the development of heterogeneous catalysts [27-29]. In 

the literature, many heterogeneous catalysts have been proposed for oxidation 

of alcohols to aldehydes or ketones [30].  

Nowadays, silica, carbon, zeolite, metal oxide polymers, and other mesoporous 

materials are being used as inorganic solid supports for metal-based oxidation 

catalysts.  Ordered mesoporous materials have been studied extensively in the 
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literature due to their high surface areas and uniform pore structures, and as 

they can easily be functionalized with various organic and organometallic 

species to tune their surface properties as well as their potential applications 

[31-34]. For instance, Ghiaci immobilised manganese porphyrin complexes on  

silica supports [35] showed high shape selectivity and activity towards 

hydrocarbon oxidation.  

Mesoporous materials functionalized with palladium or other metal complexes 

hold great promise for use as efficient catalysts for numerous organic reactions 

[36-38]. For example, organopalladium complexes, which have been 

extensively used to catalyze various C–C bond coupling reactions for example 

the Sonogashira, Heck, and Suzuki reactions, can be tethered onto the surface 

amine groups of primary amine-functionalized mesoporous silica [1, 36, 39]. 

These organopalladium complexes can also be supported on mesoporous 

materials through means of other ligands such as diamines [1, 40-43]. The 

resulting materials can serve as active heterogeneous catalysts for numerous 

organic reactions [18, 44]. The use of such materials as heterogeneous 

catalysts in industrial developments results in potentially cost-effective 

catalysis, as they allow the fast recovery and multiple uses of these relatively 

expensive active catalysts [45, 46].  

Bifunctionality can be exhibited by supported catalysts of this type.  The Henry 

reaction, which is an important C–C bond forming reaction, [47-52] can be 

base-catalysed by amine groups that are tethered onto mesoporous silica 

support materials [53-55]. If these amine groups are coordinated (or partially 

coordinated) to metal complexes, this can impart another functionality to the 

mesoporous silica surface as the coordinated metal centres can catalyse a 

second type of reaction, sometimes in a two-step reaction in a one-pot system 

[56-58].  

In the work reported in this chapter, this approach will be taken to preparing 

bifunctional catalysts.  Specifically, the objective is to functionalise mesoporous 

silicas such as SBA-15 with tethered amine groups and to coordinate 

palladium(II) by NH2 and that assume that one Pd reacts with two NH2 to these 
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centres in a way that leaves some amines free [1], so providing two distinct 

catalytic groups. 

Two reactions were carried out separately, testing a series of catalysts with 

varying levels of Pd(II). The first reaction is the oxidation of benzyl alcohol to 

benzaldehyde as shown in Scheme 5.2. 

 

Scheme 5.2 – Oxidation of benzyl alcohol to benzaldehyde. 

The second reaction is the Henry reaction of benzaldehyde with nitromethane 

to produce nitrostyrene as shown in Scheme 5.3. 

 

 

 

 

 

 

Then the two step, one-pot, reaction will be used with the catalysts as shown in 

scheme 5.4. 

- H2O

Base catalyst

CH3NO2

Scheme 5.3 – Henry reaction between benzaldehyde and 

nitromethane under base catalysis to form nitrostyrene. 
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(compound 1)                      (compound 2)                            (compound 3) 

oxidation catalyst base catalyst

 

Scheme 5.4 – Tandem oxidation-Henry reaction. 

This model reaction is representative of two step, oxidation and Henry, 

reactions that are frequently used to generate various pharmaceutically and 

industrially valuable compounds [59].  Normally these pairs of reactions are 

carried out separately with the associated difficulties in isolating and purifying 

intermediate products so there are obvious potential advantages in developing 

a solid catalyst that can catalyse both steps in a single pot.  To the best of our 

knowledge, the tandem oxidation-Henry reaction, with a bifunctional 

heterogeneous catalyst has not been demonstrated previously.  

 Experimental  5.2

  Materials 5.2.1

SBA-15 mesoporous silica (surface area 772 m2 g-1, particle size 40-63 µm; 

average pore size 7.6 nm) was supplied by Glantreo. (3-

aminopropyl)trimethoxysilane (99.9%, Sigma-Aldrich), nitromethane, acetone 

(99.9%, Sigma-Aldrich), o-xylene (99.9%, Sigma-Aldrich), dichloromethane, 

ethanol, palladium acetate (Pd(O2CCH3)2) (99.9%, Sigma-Aldrich) were 

purchased from Aldrich. Benzaldehyde and benzyl alcolol were purchased from 

Acros. Unless noted otherwise, all chemicals were at least 99 % pure and used 

as received. Deionized water was used in all experiments.  

  Activation of SBA-15 5.2.2

SBA-15 was treated with acid to ensure that the maximum number of silanol 

groups were present on the surface for the subsequent functionalisation.  30 g 

raw SBA-15 was refluxed in 150 ml of stock HCl (37%) for 4 h at 100 °C. The 

treated SBA-15 was washed with distilled water until the washings were neutral, 

and dried under vacuum for 24 h, and dried in still air at 120 ºC for 12 h [60]. 



106 
 

  Synthesis of supported base catalysts  5.2.3

A sample of 10 g of activated SBA-15 was suspended in 50 ml dry toluene, and 

1.9 ml (3-aminopropyl)trimethoxysilane was added to this suspension. The 

mixture was refluxed in a dry nitrogen atmosphere for 72 h at 110 °C and the 

modified SBA-15 was filtered off, washed with toluene and dried under vacuum 

for 24 h [61]. Synthesized material was named SBA-NH2.  

  Preparation of SBA-15-NH2-Pd samples 5.2.4

A series of SBA-NH2-Pd samples with varying concentrations of Pd were 

prepared. SBA-NH2-Pd (10%) was prepared by stirring a mixture of 8.6 mg of 

(Pd(O2CCH3)2)  (0.04 mmol) with 500mg SBA-NH2 (0.77 mmol of NH2) in 100 

ml dry acetone for 24h at room temperature. After stirring, the resulting solid 

was filtered, washed with a large volume of acetone. It was then dried in an 

oven at 100 oC overnight. 

Further catalysts with nominally 50%, 75% and 100% of the amine coordinated 

by palladium were prepared in the same way using 43 mg (0.19mmol), 65.5 mg 

(0.28 mmol), 86 mg (40 mmol) of palladium acetate respectively. In 100 ml 

acetone (100 ml) at room temperature for 24 h. After stirring results solid were 

filtered, washed with large volume of acetone, they were then dried in an oven 

at 100 oC overnight. 

  Catalyst characterization 5.2.5

X-ray diffraction (XRD) patterns were measured on a Bruker diffractometer. 

Data were recorded over the 2θ range 0.5°–10° with a step size of 0.05° and a 

counting time of 30s/degree. Nitrogen adsorption–desorption isotherms were 

measured at 77 K on a Micromeritics ASAP-2020 after evacuation at 423 K for 

5 h. The surface areas and the average pore sizes were calculated from the 

adsorption isotherm using the BET method and the desorption isotherm using 

the BJH method respectively.  

Levels of functionalisation were assessed by two methods. Nitrogen and Pd 

levels in the catalysts were determined by elemental analysis (MEDAC Ltd). 

Thermogravimetric analysis (TGA) was conducted using a thermogravimetric 

analyzer (Perkin-Elmer TGA). The heating rate was 10 °C/min in a nitrogen 

atmosphere and the materials were heated to 150 °C and held at this 
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temperature for 2 h to ensure the evaporation of all surface adsorbed water.  

Then the temperature was increased to 500 °C at 10 °C/min under nitrogen to 

estimate the concentration of organic species attached to the silica surface.  

Infrared spectra of the solid samples were recorded on a Nicolet 380 FTIR 

single reflection Nicolet spectrometer recording attenuated total reflectance 

infrared (ATR IR) spectra over the range 400-4000 cm-1 under atmospheric 

conditions.  

  Catalytic activities 5.2.6

  Henry reaction (nitroaldol reaction) 5.2.6.1

     Catalysts were activated before use at 120 °C for 2 h. A mixture of 

benzaldehyde (0.1 ml) and nitromethane (5 ml) and xylene as internal standard 

(0.1 ml) were heated to 70 °C under nitrogen. Activated catalyst was added to 

the stirred mixture. Aliquots of the sample mixture were removed every 20 

minutes, with a filter syringe and analyzed by gas chromatography GC (FID, 25 

m BPI column). The final product was fully identified by GC. Nitrostyrene was 

the only product, accounting for 100% of the converted benzaldehyde.  The 

possibility of catalyst leaching from the silica surface was tested by monitoring 

the reaction mixture after removal of the catalyst by filtration at the reaction 

temperature after a suitable reaction time. In all cases, the reaction ceased on 

removal of the catalyst.   

 Benzyl alcohol to benzaldehyde oxidation reaction (flow) 5.2.6.2

This reaction was carried out in a flow reactor fed by air at a flow rate of 60 ml 

h-1. The flow reactor was a vertical 40 cm glass tube in a tube furnace.   100 mg 

of the solid catalyst was inserted in the middle of the glass tube held by glass 

wool.  The catalyst was covered by a layer of anti-bumping granules to ensure 

that the reactant was dispersed fully in the carrier gas before contacting the 

catalyst.  A glass insert which protruded into the catalyst bed for a 

thermocouple allowed the temperature of the catalyst bed to be monitored 

continuously. The catalyst was heated in situ at 150 °C for 1 h using air in order 

to purge all vaporous impurities from the catalyst surface. The reactant, benzyl 

alcohol, was fed by a syringe pump (model number 74905-50- Cole-parmer) at 

1.0 ml h-1 to the top of the reactor.  The reaction temperature was fixed at 150 



108 
 

°C. The product was condensed in a 50 ml flask connected to the base of the 

reactor and analyzed by gas chromatography  (FID, 25 m BPI column). 

 One-pot oxidation–Henry reaction (batch) 5.2.6.3

Catalysts were activated before use at 120 °C. Benzyl alcohol (0.1 ml), 

nitromethane (5 ml) and xylene (0.1 ml – internal standard) were added to a 

glass reactor. The stirred mixture was heated to 90 °C under nitrogen and 

catalyst (0.05 g) added. The stirrer speed was set to ensure that the reaction 

was not under diffusion control.  Control experiments confirmed that the 

reaction did not proceed in the absence of catalyst. Aliquots of the sample 

mixture were removed t= 0, 20 minutes, then every 1h with a filter syringe 

regularly and analyzed by gas chromatography (FID, 25 m BPI column).  

 Results and discussion 5.3

  Characterization of the silica structures 5.3.1

 Thermogravimetric analysis (TGA) curves for SBA-15 and SBA-NH2 are shown 

in  Figure 5.1. 

 

. 

 

 

 

 

 

 

 

TGA analysis was used to determine the amount of propyl amine group 

Figure 5.1 –TGA-mass loss curve of SBA-15 and SBA-NH2 catalyst heated at a 
rate of 10°C min-1 under the flow of a mixture of 80% O2 and 20% N2. 
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incorporated into SBA-NH2 There are two weight loss steps, at 20–200 °C and 

at 200–500 °C (-0.301 and -0.764 mg). The first is related to the drying of SBA-

15. The second, which is important, is attributed to the decomposition of the 

organic groups grafted on the surface. On the basis of the assumed formula of 

the tethered groups ((CH2)3-NH2), the mass loss measured over 200-500 oC, 

after deducting the mass loss observed for pure silica (4.473%) is converted to 

a molar concentration (0.77 mmol g-1). The concentration of N atoms calculated 

by elemental analysis (0.79 mmol g-1) agrees very well with the amount of 

functional groups determined from the TGA data. 

The amount of palladium ions on the catalysts SBA-NH2-Pd (10%), SBA-NH2-

Pd (50%), SBA-NH2-Pd (75%) and SBA-NH2-Pd (100%) were measured by 

elemental analysis and the results are tabulated in Table 5.1. 

Table 5.1 – Elemental analytical data for the catalysts. 

Sample C/% 
C/ 

mmolg-1 
N/% 

NH2 sites 
/mmol g-1 

Pd /% 
Pd 

/mmol g-1 

SBA-NH2 4.01 3.34 1.11 0.79 - - 

SBA-NH2-Pd 
(10%) 

3.87 3.22 1.08 0.77 0.43 0.04 

SBA-NH2-Pd 
(50%) 

3.83 3.19 1.06 0.75 1.97 0.15 

SBA-NH2-Pd 
(75%) 

3.80 3.16 1.06 0.75 2.99 0.28 

SBA-NH2-Pd 
(100%) 

3.63 3.02 1.02 0.73 4.28 0.40 

        

Firstly, the nitrogen data shows that the level of amine functionalisation is 

essentially the same in all catalysts, as would be expected, at an amount 

equivalent to 0.7-0.8 mmol g-1.  This is typical for silica supports functionalised 

with these trialkoxysilane compounds.  It is likely that functionalisation takes 

place mainly outside the mesopores in SBA-15, and not within the long, 

hexagonal pores.  The slight fall in nitrogen values as we move from SBA-NH2 

through the series with increasing Pd content is expected as the mass of Pd 

adds to the overall catalyst mass. 

javascript:popupOBO('CMO:0000332','B805824E')
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The carbon data can be used alongside the nitrogen data to confirm the the 

functionalisation with aminopropyltrimethoxysilane has been effective.  The 

methoxy groups are assumed to condense with surface silanol groups to form 

oxygen bridged bonds to the silicon atoms on the surface of the SBA-15.  There 

are three methoxy groups and bonding could be via one, two or all three of the 

methoxy groups.  The amount of carbon in the functionalised product depends 

on how many of the methoxy groups have condensed. If all three have 

condensed then there should be only three carbon atoms left (those in the 

propyl group) in the functional group and the molar ratio of carbon to nitrogen in 

the material would be 3:1.  If only two methoxy groups have reacted and one 

methoxy group remains on the silane then the carbon to nitrogen molar ratio 

would be 4:1.  If only one methoxy group were reacted, the ratio would be 5:1 

and if there was no binding the ratio would be 6:1.  The data in Table 5.1 shows 

C:N molar ratios of 3:1 for the catalysts made showing that functionalisation has 

been successful using essentially two of the methoxy groups as effective 

tethers. 

On the basis that one palladium ion coordinates to two amine groups, the % of 

amine groups coordinated to Pd2+ can be estimated by doubling the values in 

the last column and then comparing these values with the molar concentrations 

of nitrogen (amine).  It can be seen that the experimentally determined % of 

amine coordinated agrees very closely with the theoretical values that appear in 

the labels for the catalysts (10%, 50%, 75% and 100%). . 

The nitrogen adsorption–desorption isotherms for SBA-15, SBA-NH2 and SBA-

NH2-Pd(50%) catalysts were recorded and those for silica, as representative 

results, are shown in Figure 5.2.  
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Figure 5.2 – N2 adsorption–desorption isotherms at 77 K for SBA-15 

(black line), SBA-NH2 (purple line) and SBA-NH2-Pd (50%) (blue line). 

The isotherms show type IV profiles with sharp hysteresis loops which is 

characteristic of highly ordered mesoporous materials according to the 

classification of IUPAC [62].This indicates the presence of tubular pores of 

relatively large sizes.  Adsorption at low pressures (P/P°<0.25) is accounted for 

monolayer–multilayer adsorption of N2 on the walls of the mesopores. Steep 

capillary condensation in the mesopore region (P/P°=0.6–0.7) was observed for 

all three catalysts. This result suggests that most, but not all,of the nanometer-

scaled channels of the host SBA-15 remain open after functionalisation .  

     BET surface areas, the average pore diameters and the total pore volumes 

calculated from the corresponding nitrogen sorption isotherms for SBA-15, 

SBA-NH2 and two of the palladium coordinated catalysts are summarized in 

Table 5.2.  
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Table 5.2 – BET surface area for SBA-15, SBA-NH2, SBA-NH2-Pd (10%), SBA-

NH2-Pd (50%) SBA-NH2-Pd (75%) and SBA-NH2-Pd (100%). 

Catalyst 
Surface area 

/m2 g-1 
Pore volume 

/cm3 g-1 
Average pore 
diameter /nm 

SBA-15 556 0.82 80 

SBA-15 296 0.56 71 

SBA-15-Pd (10%) 292 0.56 69 

SBA-NH2-Pd (50%) 276 0.53 64 

SBA-NH2-Pd (75%) 259 0.51 64 

SBA-NH2-Pd (100%) 232 0.51 64 

 

SBA-15 shows the largest surface area, in line with previous reports [32]. With 

the introduction of amine groups, the specific surface areas and pore volumes 

decrease. This implies the successful grafting of functional groups in the pores 

of the silica support. Adding palladium has relatively little effect on both surface 

area and porosity.  This may be because Pd atoms/ions have relatively little 

effect on pore sizes when they are incorporated in the pores or it may suggest 

that the palladium is largely located in coordination sites associated with the 

external surface of the silica and that it is not bound within the pores.  If this is 

the case, it could be significant for accessibility of active sites and for catalytic 

activity. 

The p-XRD patterns of SBA-15, SBA-15-NH2 and SBA-15-NH2–Pd(50%) are 

shown in Figure 5.3. 
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Figure 5.3 – XRD patterns of SBA-15, SBA-15-NH2,and SBA-15-NH2 –
Pd(50%). 

The XRD patterns of SBA-15, SBA-NH2, and SBA-NH2 –Pd (50%) display two 

peaks that can be indexed on a hexagonal unit cell to (100) and (110) by 

analogy with literature reports [63]. All of the catalysts gave the same XRD 

pattern, independent of whether they were functionalised, which is in line with 

other reports.  Scaroni [64] reported that amine coating on the outer surface of 

a mesoporous support hardly influences the diffraction pattern of the support. 

This may or may not be of relevance since the surface area and porosity data 

above suggests that there is some functionalisation within as well as outside 

the pores. 

However, this result indicates overall that the impregnation process has no 

significant detrimental effect on the long-range pore order. No sign of a 

systematic shift of the major peaks is witnessed in Figure 5.3 when comparing 

the pattern for SBA-15 with functionalised SBA-15 and thus no noteworthy 

contractions or expansions of the mesopore unit cells seems to be occurring 
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[65]. So, taking this together with the porosity data, it seems that 

functionalisation reduces the pore size and pore volume purely by partially 

occupying the pores and effectively causing constrictions within them, but not 

by having any effect on the silica framework or the pores in the silica that form 

the basic structure . 

The objective of running IR spectra has been to verify that the silica had been 

functionalised with the 3-aminopropyl(trimethoxy)silane.  The infra-red spectrum 

of SBA-15 and SBA-NH2 can be seen in Figure 5.4. 
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               Figure 5.4 – IR spectra of samples SiO2 (black line), SiO2-NH2 (red line).   

The FTIR spectra confirm amine functionalization on SBA-15. SBA-NH2 shows 

three bands characteristic of the CH2 groups of the propyl chain of the silylating 

agent: a stretching vibration band at 2980 cm-1, a bending vibration band at 

2360 cm-1, and a rocking vibration band (799 cm-1). The weak band at 3647 cm-

1 is characteristic of the NH2 group (NH vibrations). The vibrations of Si–O–Si 

can be seen at 1058 cm-1 (asymmetric stretching), 799 cm-1 (symmetric 

stretching), 452 cm-1 (bending)  and 957 cm-1 (for Si-O- stretching) which are 

characteristic of the silica support. The C-N bond-stretching signal from the 

primary amine is normally seen at around 1059 cm-1 but this overlaps with the 

broad Si-O-Si band, making it hard to distinguish. The band at 1630 cm-1 is 
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assigned to the vibrations of physically adsorbed water [66, 67]. Thus, overall 

the IR spectra are reflecting the functional groups on the support. 

  Catalytic activity 5.3.2

 Nitroaldol reaction (Henry reaction) 5.3.2.1

 

 

Figure 5.5 – Reactivity of nitromethane (5 ml) with benzaldehyde (1.0 
ml) over       SBA- NH2, SBA-NH2-Pd (10%), SBA-NH2-Pd (50%), SBA-

NH2-Pd (75%) and SBA-NH2-Pd (100%). 
 

Figure 5.5 shows the kinetic data for the series of SBA-NH2 catalysts in the 

reaction of benzaldehyde and nitromethane with  Pd(II) contents varying from 

zero to nominally 100% - meaning all amine is coordinated The  SBA-15-NH2 

with no palladium was the most active catalyst as expected. The catalytic 

activity decreased with increasing Pd content suggesting that the palladium 

ions decrease the accessibility to active sites (amine groups). The catalyst 

showed no activity when all the amine groups were covered by palladium ions 

in case of SBA-NH2-Pd -100%.  Note that the actual Pd content of this catalyst 

was determined to be 0.40 mmol% relative to the amine concentration, where it 

is assumed that 100% coverage with Pd means there is one Pd(II) ion for every 

two amine groups on the catalyst.   
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The kinetic data shown in Figure 5.5 can be treated using pseudo-first order 

kinetics, since nitromethane is in a large excess over benzaldehyde.  Assuming 

that the rate is first order in benzaldehyde, the rate constants for the reaction (k) 

can be estimated from the gradient of a ln (benzaldehyde) vs t plot as shown in 

Figure 5.6. 

By drawing In [100 - %conversion] against time (t), a straight line with a slope 

equal to -ḱ will be obtained. Then by using k, TOF can be calculated by using 

the equation following. 

   TOF =   
k×60×Initial moles of reactant (mmol)

Initial moles of reactant (mmol
=  ℎ−1                            Equation 5.1 

 

        Figure 5.6 – First-order plots for the Henry reaction for the studied 
catalysts. 

 
From data shown in Figure 5.6, it appears clear that the linear fittings are good 

for all catalysts in our reaction.  These data were analyzed to give pseudo first 

order rate constants.  These rate constants are shown in Table 5.5.  The rate 

constants have been normalized for the number of free amine active sites on 

the catalysts. 
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Table 5.3 – Pseudo-first-order rate constant the studied catalysts at pseudo-
first-order condition Henry reaction.   

Catalyst 
Active 
sites 

/mmol 

1st order 
rate 

constant 
(k) /h-1 

1st order 
rate 

constant/ 
number of 
free amine 

active 
sites 

/mmol-1 h-1 

TOF based on 
free amine 
sites (h-1) 

 

SBA-15-NH2 
 

0.039 
 

0.105 
 

2.71 
 

6.3 

SBA-15-NH2-
Pd(10%) 

 
0.037 

 
0.040 

 
0.84 

 
2.34 

SBA-15-NH2-
Pd(50%) 

 
0.029 

 
0.019 

 
0.75 

 
1.17 

SBA-15-NH2-
Pd(75%) 

 
0.024 

 
0.005 

 
0.041 

 
0.3 

0.05 g catalyst 
Amount of benzaldehyde (0.98 mmol)  

The most striking observation from Table 5.3 concerns the changes in turnover 

frequency (TOF) for the free amine catalysts for the Henry reaction.  It was 

expected that the TOF would be similar for all the catalysts, independently of 

how much palladium is incorporated in the catalyst but, in fact, the activity of 

individual amine groups evidently falls dramatically as the amount of palladium 

is increased.  It is not clear why palladium should influence the activity of 

uncoordinated amine, unless the assumption made in this work that palladium 

ions each tie up two amine groups is in error.  It is possible that, if each 

palladium ion in fact coordinates more than two amine groups, the apparent fall 

in TOF referred to above might be explained (because it would mean that we 

have been using catalyst amine concentrations that are too high in the 

calculations).  It seems unlikely however, since it is difficult to visualise how 

more than two tethered amine groups could arrange themselves in a way that 

allows them to bind to a single palladium ion. 

Despite this, the importance of the dramatic fall in amine TOF as palladium 

content is increased, is clear in trying to decide upon an optimum palladium 

content in a catalyst where both base catalytic activity and metal activity for 

oxidation are required in the same catalyst. 
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 Oxidation reaction  5.3.2.2

Investigation of catalytic activities towards the oxidation of benzyl alcohol to 

benzaldehyde was conducted for all catalysts in the flow system described in 

the experimental part and in previous chapters, at a reagent flow rate of 1.0 

ml/h and at reaction temperature1500C Benzyl alcohol conversions were 

measured after the reactor had reached steady state, corresponding to about 

30 minutes under operating conditions.  For each catalyst conversions were 

measured three times and an average taken when the three values were within 

+/- 2% of each other.  These values are plotted against the nominal Pd content 

(assuming 100% corresponds to a Pd:amine ratio of 1:2) in Figure 5.7.  

 

 

 

 

 

 

 

 

 

To see a quantitative relationship between activity and palladium content, rates 

and not % conversions should be plotted, however, using % conversions shows 

the catalyst with no palladium ions shows no activity in the oxidation while there 

is a broad correlation for the other catalysts between benzyl alcohol conversion 

and Pd content. 

 Tandem oxidation-Henry reaction 5.3.2.3

To investigate the activities of the catalysts in the tandem oxidation/Henry 

reaction a one-pot reaction mixture was set up as described in section 5.2.4.3.  

Only one of the bifunctional catalysts was used and this was the catalyst with 
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Figure 5.7 – catalytic activity of SBA-15-NH2, SBA-15-NH2-Pd(10%), 
SBA-15-NH2-Pd(50%), SBA-15-NH2-Pd(75%) and SBA-15-NH2-
Pd(100%) for oxidation of benzyl alcohol reaction the catalysts in 

oxidation reaction. 
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nominally 50% of the amine being coordinated with palladium.  The reason for 

this election to study only one of the catalysts can be explained in terms of the 

turnover frequencies given in Table 5.3.  The fact that the activity of each amine 

group is so dramatically reduced by the presence of palladium led us to choose 

this one catalyst, knowing that the catalyst with the next higher loading of 

palladium, that is the 75% material, exhibits a TOF for base catalysis by amine 

groups that is almost four times lower than for the 50% coordinated catalyst and 

would therefore almost certainly show extremely low base catalytic activity in 

the tandem reaction. 

 The reaction mixture was analysed after a reaction time of 6 h at 90 oC.  The 

conversion of benzyl alcohol (compound 1) togther with, the yield of 

benzaldehyde (compound 2) and the yield of nitrostyrene (compound 3) are 

reported in Table 5.4.  

Table 5.4 – Kinetic data for the bifunctional catalysts in the one-pot oxidation 
reaction–Henry reaction over different catalysts. 

Benzyl alcohol (0.1 ml),  xylene (0.1 ml), nitromethane (5 ml), catalyst (0.05 g), 
90 °C, 6 h reaction time. 

From Table 5.4, it can be seen that SBA-15 and SBA-NH2 do not catalyze the 

reactions (entries 1 and 2), as would be expected from the results in the 

individual reactions above.The catalyst SBA-NH2-Pd (50%)  in contrast shows 

significant activity in both steps. A more complete set of kinetic data for this 

catalyst is shown in Figure 5.8.  The concentration of benzaldehyde is very low 

throughout, indicating that the oxidation step is the rate limiting step.  The rate 

at which nitrostyrene is formed matches that at which benzyl alcohol is 

consumed.  Although not analysed, the plots appear to be characteristic of first 

order plots, suggesting that, at least, the oxidation activity of the catalyst 

remains constant throughout.  Similar comment cannot be made about the base 

Catalyst Conv. of 1 /% Yield of 2 
/% 

Yield of 3 /% 

SBA-15 Trace Trace Trace 

SBA-NH2 Trace Trace Trace 

SBA-NH2-Pd (50%)  95% 4% 91% 
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catalytic activity since this reaction step is fast and is not controlling overall 

kinetics.  

 

          

 
 

 

       
         
         
         
         
         
         

         
         
          

 

 

 
 
 
 
 
 
 
 

 Conclusion 5.4

We have synthesized, by using a post-grafting method, a bifunctional organic–

inorganic hybrid mesoporous catalyst containing two different catalytic sites, 

that is, a PdII–diamine complex and a primary amine, next to each other within 

the channels of mesoporous silica. The bifunctional catalyst and the two 

catalytic groups are proven to be active catalysts for catalyzing two different 

reactions, that is the oxidation and Henry reactions, in one pot. This is the first 

time that these two widely used base and oxidation chemical reactions were 

performed in tandem in one pot by using a single bifunctional catalyst and 

without separating or purifying the intermediate products. The bifunctional 

catalyst gave 100% yield for the oxidation–Henry tandem product in 6 h in one 

Benzaldehyde to nitrostyrene 
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Figure 5.8 – Composition of the reaction mixture versus time for the              
deacetalization Henry reaction between benzyl alcohol  and nitromethane at 90 °C 
to form nitrostyrene, catalyzed by SBA-NH2-Pd (50%). 
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pot. The bifunctional catalyst also catalyzed both reactions, individually 

resulting in approximately 60% reactant conversion in the oxidation reaction 

and approximately 100% reactant conversion in 80 min in the Henry reaction. 

The development of such bifunctional catalysts for tandem reactions would 

have implications such as reducing the cost of purification and separation of 

intermediate products in multi-step synthesis. Furthermore, calcination of 

catalysts and high reaction temperature, which are typically used in the flow 

reaction, were not required here to successfully perform the two-step, one-pot 

tandem reaction. 
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6 Chapter 6 

Summary and conclusion  
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Transition metals, zinc(II), nickel(II), and iron(III) have been incorporated in the 

LDH structure. Nickel(II) and zinc(II) appear to be favourably substituted for 

magnesium, iron(III) was incorporated readily and it was assumed it substituted 

for aluminium They too seem to enhance oxidation catalytic activity, but not to 

the same extent as copper(II). However, these oxides showed very little 

catalytic activity in the Henry reaction, largely confirming the known fact that 

these reactions are very much more effectively catalysed by oxidation than by 

base. 

The incorporation of copper(II) in the layered double hydroxide structure has 

been studied. Results demonstrate that copper(II) can indeed be successfully 

substituted for magnesium in the layered double hydroxide structure and that, 

on calcination, mixed oxides containing aluminium, magnesium and copper are 

formed, resulting in very much higher catalytic activity in the oxidation-catalysed 

benzyl alcohol reaction and 4-methylpentan-2-ol oxidation reaction. It seems 

clear that the copper(II) is responsible for this enhancement.  

A series of Cu-ZrO2 catalysts with varying concentrations of Cu from 2 to 60 

mol% have been synthesized by solid state reaction and sol-gel technique and 

calcined at 600 0C.XRD characterization of catalysts with copper content of 2 to 

60 mol% reveals the stabilization of ZrO2 cubic phase. The Cu-ZrO2 samples 

with higher copper content of 30 mol% revealed the presence of bulk copper 

oxide. In addition to that, the choice of support is crucial and this study 

discovered ZrO2 as a preferred support giving enhancement in  activity towards 

benzyl alcohol reaction and 4-methylpentan-2-ol oxidation.  

We have synthesized solid oxidation and solid base catalysts for flow and liquid 

phase reactions.  The final approach was to prepare bifunctional organic–

inorganic hybrid mesoporous catalyst containing two different catalytic sites, 

that is, Pd(II) and a primary amine next to each other within the channels of 

SBA-15 ordered mesoporous silica. The bifunctional catalyst and the two 

catalytic groups are proven to be active catalysts for catalyzing two different 

reactions. By using the resulting amine/Pd(II) bifunctional mesoporous material 

as catalyst, the occurrence of two very important reactions, that is, the oxidation 

of benzyl alcohol and the Henry reactions, was demonstrated in one pot for the 
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first time. The synthesis and use of such bifunctional catalysts for efficient 

catalysis of the tandem reaction is of importance in three significant ways: it 

prevents the unnecessary use of solvents and additional chemicals required for 

the purification of the intermediate products of either individual reaction, 

removes some of the work-up procedures, and lowers the cost of synthesis of 

the final product. 

The work I have described in the preceding chapters is only one step in the 

design of cooperative heterogeneous catalysts. The synthetic methodologies 

developed are versatile and should allow for the synthesis of other paired 

bifunctional catalysts.  

New and better synthetic heterogeneous catalysts will surely emerge in the 

future which extend the idea of polyfunctional cooperativity to other classes of 

reactions beyond those that are currently known to benefit from cooperative 

catalysis. Identifying the appropriate functional groups and optimum 

concentration and organizing them on the surface are key steps in designing 

good cooperative materials. There are still many obstacles to be overcome 

before synthetic materials can approach the catalytic prowess of enzymes.  

In order to rival enzymatic catalysts, two aspects of enzymes must be copied: 

the number of cooperating functional groups should be increased beyond two, 

and chirality must be introduced to these polyfunctional catalysts. Although this 

may seem a daunting challenge, the promise of novel catalytic activity is 

immense.  
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1-  Calculate Structural formulae based on analyses for LDH 

Mg0.76Al0.24(CO3)0.12(OH)2 

      Al = 8%, Mg =21% 

Al = 8÷27= 0.29, Mg = 21÷24.3 = 0.87 

0.29+0.87= 1.16 

Al = 1÷1.16 × 0.29 = 0.25 

Mg = 1÷1.16 × 0.87 = 0.75 

Mg0.39Ni0.42Al0.19(CO3)0.095(OH)2 

Mg = 12.99%, Ni = 16.5%, and Al = 7.32% 

Mg = 12.99÷24.3 = 0.53, Ni = 16.5÷28 = 0.58, Al = 7.32÷27 = 0.27 

 0.53 + 0.58 + 0.27 = 1.381 

Mg = 1÷ 1.381× 0.53 = 0.39, Al= 1÷1.381×0.27= 0.19, Ni = 1÷ 1.381× 0.58 = 

0.42 

Mg0.36Zn0.31Al0.33(CO3)0.165(OH)2 

Mg = 7.1%, Al = 7.13%, Zn = 7.52% 

Mg = 7.1÷24.3 = 0.29, Al = 7.13 ÷ 27 =0.27, Zn = 7.52 ÷ 30 =0.25 

        0.29+ 0.27+ 0.25 = 0.8 

Mg = 1÷ 0.8 × 0.29 = 0.36, Al = 1÷ 0.8 × 0.27 = 0.33, Zn = 1÷ 0.8 × 0.25 = 0.31 

Mg0.66Cu0.06Al0.28(CO3)0.14(OH)2 

Mg = 16.8%, Al = 8.23%, Cu = 3.25% 

Mg =  16.8 ÷ 24.3 = 0.7, Al = 8.23 ÷ 27 = 0.30, Cu = 3.25 ÷ 63.5 = 0.051 

0.7 + 0.30 + 0.051 =1.051 

Mg = 1 ÷ 1.051 × 0.7 = 0.66, Al = 1 ÷ 1.051 × 0.30 = 0.28, 1 ÷ 1.051 × 0.051= 

0.06 
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2-   Calculation mol% of copper 

 

232.60 g/mol  of copper nitrate                                                               58.15 g 

        63.55 g/mol                                                                                          ? Cu 

                               63.55*58.15/232.60 = 15.8875 g of Cu 

 

               15.8875 g of Cu                                                                    250 ml 

                                  ? Cu                                           9 ml 

                   Cu% =15.8875 g * 9ml/250 ml = 0.57177 g 

 

                   0.57177 g/0.57177 g + 5g * 100 = 10.26 mol% of Cu 

 

                                           10 mol% of Cu = 9 ml  

5% of Cu = 4.5 ml 

20 mol% = 20 ml 

30 mol% = 30 ml 

3- Gas Chromatography Clarus 500 Perkin Elmer  

This work utilized gas chromatography technique to monitor sample (reactant 

and product) for nitoaldol (Henry) reaction and tandem deacetalization-Henry 

reaction. The GC used for this purpose was Perkin Elmer Clarus 500 with 50 m 

capillary column (BP1 column), equipped with FID detector.  
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 a) GC operation conditions  

 

Unit Operating Conditions 

Column  BP1 50 m 

Detector  
Flame Ionisation Detector (FID) at 

250 °C 

Oven Temperature  

 Initial Temp.  

60 °C, hold 0 min  

Ramp 1 

10°/ min to 160°, hold for 0 min 

Ramp 2 

20°/ min to 290°, hold for 2 min 

Carrier Gas  

Helium at 2 ml min-1 

Air at 450 ml min-1 

H2 at 45 ml min-1 

Injector  On Colum injector 

Injection temperature 250 °C 

Injection volume  0.5 μml  

Channel Run Time  18.5 min  

GC conditions 
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Gas Chromatography Clarus 500 Perkin Elmer 

b) Characterization of reaction products in test reaction: tandem 

deacetalisation-henry reaction. 

Reactant conversions were determined from peak areas relative to that 

of internal standard, using calibration plots with standard solutions of o-

xylene, nitrostyrene, benzaldehyde and benzyl alcohol. 

 

Figure X1. GC chromatograms of tandem deacetalization-henry reaction 
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d) Monitoring the conversion using GC-FID for Henry reaction.  

 CH3NO2

-H2O

base catalyst
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Min 

SiO2-NH2  

(52.10 mg) 

Peak 

area 
Conc. M 

0 

Benzaldehyde 124913 0.124 

O-xylene 16303   

5 

Benzaldehyde 96868 0.094 

O-xylene 16712   

10 

Benzaldehyde 53215 0.068 

O-xylene 12624   

15 

Benzaldehyde 44295 0.042 

O-xylene 16923   

20 

Benzaldehyde 24682 0.024 

O-xylene 16586   

25 

Benzaldehyde 10543 0.010 

O-xylene 16619   

30 

Benzaldehyde 3040 0.003 

O-xylene 14091   

35 

Benzaldehyde 1835 0.002 

O-xylene 16559   

40 

Benzaldehyde 1035 0.001 

O-xylene 17585   
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5 0.094 24 
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15 0.042 66 

20 0.024 81 

25 0.010 92 

30 0.003 97 

35 0.002 99 
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C) Calibration graph for sodium analysis using AAS 

 

4- Reproducibility of the results.  

It is important to note that throughout this thesis in certain sections, the results 

shown are summarily formatted to demonstrate the best results obtained based 

on triplicate reading. Also some experiments were repeated three or two times 

to ensure reproducibility of the results. Below for reference is a comparison 

between two MCM-41 supports prepared by same conditions in different dates.  

5- Powder X-ray Diffraction Bruker D8  

 

a) Operating conditions  

• Operating conditions:  40 kV, 20 mA using nickel-filtered Cu Kα radiation 

(1.5406 A°)  

• Scan Axis 2 theta  

• Start 1.5 and stop 10°  

• Step size : 0.02  

• No. of steps : 3250  

• Time/step : 1  

• Total scan : 0:54:11  

y = 0.0415x + 0.009 
R² = 0.999 
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b) XRD –Equipment Bruker D8  

 

 

 

6- Nitrogen Adsorption : Micrometrics ASAP 2020  

This method was used to measure BET surface area, pore volume and 

pore diameter of the catalyst. The analysis was run at 77 K or -196 °C.  

Micrometrics ASAP 2020 
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