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ABSTRACT 
 
 

Hierarchically porous materials are of great interest in such applications as catalysis, drug 

delivery, chromatography, and electrochemical sensor arrays due to properties such as high 

surface area, large void volume, and tunable surface chemistry. In this study, we give the 

detailed report of the synthesis of supported Ag nanoparticles by nanocasting on to hierarchically 

porous SiO2 (silica) and Co3O4 (cobalt oxide) monoliths, as well as the use of these materials as 

heterogeneous catalysts for the hydrogenation and oxidation reactions. In the preliminary work, 

we investigated the synthesis of Ag supported on hierarchically porous SiO2 and Co3O4 

monoliths, and the catalytic activity of these monoliths for the hydrogenation of MB (methylene 

blue) and MO (methyl orange) dyes in the presence of NaBH4 (sodium borohydride). The SiO2 

monoliths were synthesized using a sol-gel technique. The Co3O4 monoliths were prepared by 

nanocasting, using the SiO2 monoliths as a template. The loading of Ag nanoparticles on the 

SiO2 and Co3O4 monoliths was done by a solution infiltration method using aqueous AgNO3 

(silver nitrate) solution followed by reduction with ethylene glycol and hydrazine hydrate. Such 

monoliths also were used as continuous flow monolithic microreactors for the catalytic activity 

and stability studies for the hydrogenation of EO (eosin-Y) dye in the presence of NaBH4. 

Finally, the use of these monoliths for the oxidation of cyclohexene was investigated including 

the effects of temperature, oxidant, catalyst loading, and substrate to oxidant ratio. All these 

studies are presented in different sections depending on the different synthesis, procedures, and 

catalytic activity occurring in each heterogeneous catalyst. 
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CHAPTER 1 

INTRODUCTION 

1.1. Overall Significance of Hierarchically Porous Materials 

 Porous materials are of great interest in various applications, ranging from catalysis, 

adsorption, sensing, and separation to biotechnology. These materials are useful because of their 

large, controllable surface area and morphology, tunable pore size at various length scales, 

adjustable framework, designable chemical composition and functional surface properties.1-3 

Porous materials are classified according to their pore size as macroporous (> 50 nm in 

diameter), mesoporous (2-50 nm in diameter) and microporous (< 2 nm in diameter) materials. 

The pore systems can be ordered (pores of one size are aligned in the same direction) or 

disordered (consisting of a network of randomly oriented pores). A hierarchically porous 

material consists of an interconnected pore system that has pores at multiple length scales. 

Porous materials are most often synthesized as powders, but many applications utilize larger 

pieces of materials, i.e those with dimentions in the mm range and above. Such materials will 

referred to as “monolithic” to indicate that large single pieces can be used and studied. The most 

well-known disordered, hierarchically porous monolithic material is silica (SiO2). The invention 

of the silica monolith in 1997 by Kazuki Nakanishi and coworkers has revolutionized the field of 

chromatography, transforming HPLC from High Pressure Liquid Chromatography to High 

Performance Liquid Chromatography.4 Mesoporous silica has been synthesized in a monolithic 

form by Nakanishi and co-workers using a process based on the spinodal decomposition of a 

polymerizing silica precursor.5 A polymer is added that binds to the silica as it forms and 
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controls the solubility of the silica polymer thereby regulating the rate of the spinodal 

decomposition process, which produces the macropores. A cationic surfactants or block 

copolymer surfactants are added to produce mesopores. The formation of silica monoliths is due 

to two essential and competitive events: the phase separation and the sol-gel transition. Those 

events take place simultaneously and a spinodal decomposition occurs which leads to the 

formation of two phases, one being a silica-rich phase, the other being depleted in silica. When 

the sol-gel transition occurs, the transient morphology of the phase separation is frozen within 

the gel-network, and the macropore network is formed. The physical characteristics, e.g. length 

scale and the ratio of silica to void volume, can be controlled by varying the quantities of the 

initial mixture. The phase separation between the solid state and the liquid state has to occur at 

the same time that the silica precursor forms into a gel. The size and shape of the monoliths are 

determined by the outline of the synthesis vessel. The desired application determines which 

geometry will be employed, with thin films being used in solar cells, and monoliths being used in 

chromatography, super capacitors, and flow-thru catalysis. Hierarchical materials have potential 

applications in catalysis,6 solar cells,7,8 chromatography,1,9,10 advanced batteries,11 separation,12  

electrochemical capacitors and fuel cells.13 

 Over the last decade, other monolithic materials that possess both macropores and 

mesopores have been developed. Such monolithic materials are synthesized as large single 

pieces and are advantageous over other materials in several ways. In the case of a flow through 

the system, the macropores within the monolith give faster flow rates and minimize problems 

due to clogging.1,4,5 For example, in chromatography monolithic silica columns with the same 

surface area as a packed particle bed give six to twenty times faster flow for equivalent 

separations.14,15 Monolithic mesoporous materials alleviate the time needed to pack a column, 
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allowing a replacement to simply be dropped in.16 They also allow for easy removal after the 

reaction, instead of requiring filtration to remove the catalyst. 

 Monolithic mesoporous silica materials with diverse structures and pore sizes have been 

synthesized by using different types of surfactant agents. Cationic and non-ionic surfactants are 

most commonly used to form mesoporous structures.1,4,5 During the synthesis, the 

tetraethylorthosilicate (TEOS) hydrolyzes and condenses into an oligomeric silica sol.2 This is 

followed by sol-gel formation due to further condensation, accompanied by the self-assembly of 

surfactants to form mesoporous structures. The chain length of the surfactant determines the pore 

diameter of the mesoporous silica.2,12,17,19 The hydrolysis reaction can be easily controlled so that 

mesoporous silica can be synthesized in the desired morphology. Such materials can be made in 

sizes ranging from the centimeter to meter scale. Valuable properties of silica supports include a 

highly interconnected porous system, chemical stability, easily functionalized surfaces, low 

density and high strength. 

 Monolithic silica can also used as a template to provide a rigid framework for the 

synthesis of other desired support materials and supported metal and metal-oxide 

nanoparticles.2,17-19 For instance, hierarchically porous silica monoliths with disordered 

mesopores were used as hard templates to produce 3-D hierarchically porous silver, cobalt oxide, 

and zinc oxide monoliths, which were applied to chromatographic separations.12 In addition, the 

catalytic activity of nanoparticles can be optimized with the use of supports that also make 

separation of the catalyst from the products much simpler. The rapid advances in development of 

supported metallic nanoparticles as catalysts for reactions such as hydrogenation, carbonylation 

and hydroformylation, suggest that supporting nanoparticles on hierarchically porous supports 

should produce better catalytic activity.20 Supporting the nanoparticles is also expected to 
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provide the benefit of extending catalyst lifetime by decreasing agglomeration of the 

nanoparticles.18,20,21 The research presented within this dissertation deals with the synthesis of 

monolithic hierarchically porous support materials via nanocasting. 

1.2. Nanocasting - A Versatile Strategy for Creating Nanostructured Porous Materials 

 Nanocasting is a practical method for the synthesis of mesoporous materials with 

different chemical compositions and structures that are more difficult to synthesize by 

conventional methods. The method is generally used to replicate mesoporous particles. The 

nanocasting process usually involves the infiltration of a fluid precursor into the nanometer size 

pores, followed by chemical conversion to the final desired product, and concluding with the 

removal of the original template. The final structure forms a negative replica of the mesopores 

and a positive replica of any macropores. Structural deformation may occur in some cases during 

the nanocasting process. The need for connectivity and mechanical strength places some 

constraints on the nanocasting process. Generally, there is a volume reduction during the 

conversion, for metal oxides final product typically only occupyies 6-12% of that of the 

precursor solution.22 If complete pore filling is desired repeated infiltrations of the precursor 

solution are required due to this volume reduction.17-19
 One of the first examples of the 

nanocasting process was shown by Rodriguez and coworkers in 1997.23 They used a mesoporous 

zeolite as a template to form a mesoporous and microporous carbon. The term nanocasting was 

first introduced by Goltner and Beibenberger in 1998.24 Their work used a two-step nanocasting 

process to form an organic polymer monolith. 

 The nanocasting method offers the possibility of producing metal and metal oxide 

monoliths with complex pore structures using a variety of templates. Silica is the most 

commonly employed template as it is inexpensive and easy to produce in a wide variety of 
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mesostructures. Templates can be synthesized with a wide range of pore sizes and pore wall 

thicknesses, which allows fine-tuning of the pore diameters of the mesoporous silica. It is 

relatively straight- forward to control most of the properties of the silica monolith such as pore 

size and surface area during synthesis as well as the dimensions of the monolith itself. Therefore, 

there have been many reports of nanocasting into mesoporous silica templates.17-19 Nanocasting 

into mesoporous silica monoliths to generate Co3O4, SnO2, MnO2 and Mn2O3 was previously 

achieved but only relatively low surface areas of 30-70 m2/g were obtained from silica monoliths 

having surface areas of 240-940 m2/g.22 Even allowing for the differences in densities of the 

template and the product nanostructure, this still represents significant room for improvement.  

Replication of silica monoliths utilizes multiple infiltration cycles. 

The nanocasting of metal oxides and carbons into mesoporous silica supports is 

extensively studied, while the nanocasting of metals is less common. Roggenbuck and co-

workers reported the synthesis of mesoporous CeO2 by nanocasting, characterization and 

evaluation catalytic properties.25 Other groups subsequently replicated mesoporous silica in 

gold,26 palladium,27 silver,28 nickel,29 and gold-cobalt.30 Structure replication on the nanometer 

length scale allows materials' properties to be manipulated in a controlled manner, such as 

tunable composition, controllable structure and morphology, and specific functionality.31 A 

broad range of silica-based syntheses provides the structure control, which is utilized in this 

approach giving it an advantage of other methods such as mechanochemical synthesis, liquid-

phase synthesis, and laser ablation.32 

 The nanocasting method to obtain nanostructured materials involves mainly three steps: 

(i) synthesis of the template; (ii) infiltration of the target precursors into the template; and (iii) 
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sacrificial removal of the template. It was found that there are many factors that must be 

considered in order to make a well-replicated, monolithic metal or metal-oxide materials. 

 The first factor in the nanocasting process is a template with well-connected porosity to 

ensure that a robust replica is obtained. Throughout this study, hierarchically porous silica 

monoliths having a trimodal pore structure were synthesized. These monoliths possess 

macropores due to the addition of polyethylene glycol to control the spinodal decomposition, 

textural mesopores due to agglomeration of silica particles of the polyethylene glycol, and 

surfactant templated mesopores due to the addition of octadecyltrimethylammonium bromide 

salts (referred to as C18TAB) to the solution. It was determined that the most highly connected 

silica monolith was the 7% C18TAB, and therefore this has been the silica template used for the 

majority of thestudies in this disseratation.33 

 The second factor is related to the metal or metal salt precursor used, particularly the 

nature and concentration of the precursor solution and the solvent. Metal nitrate salts are 

commonly used due to their high solubility in water, low melting point, and low decomposition 

temperature. The number of infiltration cycles, and the appropriate drying, decomposition, and 

reductions are determined by the initial concentration of the precursor. When a nearly saturated 

solution of metal nitrate salt is used, about 3-5 cycles are needed to produce metal oxide and 5-8 

cycles for a metal replica.17 However, Bakker, Smått and co-workers have demonstrated that in 

some cases, the use of melted metal nitrate salts alone can be used to significantly reduce the 

number of re-infiltration cycles needed to produce a replicate.19 The use of a nitrate melt can 

decrease the number of cycles necessary to lead to a metal oxide to 2-3 and for a metal replica to 

3-5.34 
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 The third factor is the infiltration method, which also has a tremendous impact on the 

surface area and pore structures of the final replica. Incipient wetness is the technique that has 

been most commonly used,2 which includes adding a volume of solution that equals the volume 

of the template to be infiltrated. The process is repeated until all the pore volume has been filled 

with the solution. Since capillary forces will favor filling the mesopores rather than the 

macropores, as the solution dries the solution will be limited to only the mesopores.19
 Another 

approach is vacuum infiltration where a monolith is placed under vacuum to empty the pores of 

all trapped water and air and followed by filling with a desired degassed concentrated aqueous 

solution. 

 The most important factor is the temperature used during nanocasting process. The final 

temperature must be high enough to complete the conversion, but still be less than the mobility 

temperatures for the final product. If the infiltrated template is heated at higher temperature rate 

then migration of particle occurs and the final product can have a hole through the entire center 

of the monolith template. If the infiltrated template is heated at a slower temperature rate then 

large salt crystals may grow causing the template to crack. The mobility temperatures for 

nanoparticles are defined as the Hüttig temperature, the temperature at which atoms from defect 

cites become mobile (~1/3 Tbulk melting) and the Tammann temperature, the temperature at which 

nanoparticles become mobile on a surface (~1/2 T bulk melting).6 

 The next critical factor is atmosphere, which determines whether the final product is an 

oxide or metal.19 Metal nitrate salts usually produce a metal oxide when decomposed under air, 

nitrogen, or argon. Metal replicas can be made when decomposition is carried out under 

hydrogen, methanol vapor, ethylene glycol vapor or other reducing vapor. The synthesis of 

Co3O4 replica under different atmosphere atmosphere: vacuum, air, helium, nitrogen, and argon 
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has been studied.17 Decomposition under nitrogen yields the smallest feature sizes, therefore 

allowing the nanostructure of the replica to most closely resemble that of the template.17 For 

making metal repicas, appropriate precautions must be taken to avoid exposing the metal replicas 

to air as their high surface area can make them very reactive, i.e. pyrophoric.19 

 Finally, once the nanocasting process is finished, the template needs to be removed via 

etching. The template removal is usually performed with either a HF acid etchant or a hydroxide 

solution.35 Unfortunately, certain metal oxides are soluble in both etchants (e.g. ZnO), and others 

will react with the etchant to produce a hydroxylated surface.19 HF acid etchant is a highly 

corrosive and dissolves many metals, which limits its utility. Base etch is safe and effective, but 

does not work for amphoteric metal oxides. 

1.3. Importance of Hierarchically Porous Materials in Catalysis 

 Chemical processes yield in addition to the desired products, large amounts of by-

products and waste that are less desirable or not desirable at all. Using catalytic technologies can 

decrease or eliminate unwanted reagents in many current processes and may eventually help to 

reduce the amount of undesirable waste. In order to decrease the formation of by- products, 

chemical selectivity in current industrial processes needs to be improved by optimizing catalysts 

and chemical processes. In particular, it is highly desirable to develop new catalytic pathways to 

replace energetically inefficient and/or environmentally unfriendly multi-step reactions. 

 It has been experimentally demonstrated that metal nanoparticles have high catalytic 

activities for hydrogenation, hydroformylation, carbonylation, oxidation, and polymerization 

reactions.20,36,37 Polymerization, hydrogenation and oxidation are among the largest processes in 

the chemical industry that require the use of catalysts. Heterogeneous catalysts with high surface 

area and selectivity play a vital role in a range of catalytic hydrogenation18 and oxidation37 

https://en.wikipedia.org/wiki/Corrosive
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reactions. Hydrogenation reaction is commonly employed to reduce a molecule by adding pairs 

of hydrogen atoms. In most cases, a catalyst is needed for the hydrogenation reaction as the non-

catalytic rates are low. Such reaction processes are used for the synthesis of various chemicals 

worldwide. Oxidation reactions also uses heterogeneous catalysts and are of significant interest 

with applications in areas ranging from agricultural products to pharmaceuticals. Oxidation 

reactions offer a sustainable path for the synthesis of epoxides. Epoxides are industrially 

important and are mostly produced using catalytic processes. They are important intermediates in 

the synthesis of multiple valuable chemicals, such as ketones, aldehydes, alcohols, etc. Oxidation 

reactions also contribute to the establishment of novel and sustainable chemical processes.38 

 Metal and metal oxide nanoparticles are of great interest for various applications due to 

their unique electronic, catalytic, and optical properties.21 Generally, the smaller the 

nanoparticles, the higher the surface area and the catalytic activity. However, the higher the 

surface area, the higher the surface energy, and the larger the driving force for particle 

agglomeration. The catalytically active nanoparticles are subject to aggregation which usually 

minimizes their surface energies, especially at high reaction temperatures.20 At elevated 

temperatures, metal nanoparticles the inherent tendency of nanoparticles to agglomerate can lead 

to rapid growth and loss of catalytic activity. Therefore, much effort has been focused on the 

synthesis of metal nanoparticles with precise size control on various supporting materials, that 

can minimize nanoparticle growth. When a nanoparticle catalyst is loaded on a support, the 

dispersion is often improved leading to smaller catalyst size and increased activity. 41  The 

nanoparticles, can also be more active and selective catalysts through the interaction of 

nanoparticle and surface.40 These are often referred to as metal-support interactions. The 

existence of such interactions can both impact the catalytic path and reaction rate, and also 
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decrease the mobility of the nanoparticles.  This allows highly porous catalysts to last longer. In 

addition to this, supporting the nanoparticles has the advantage of making it easier to separate the 

catalyst from the solution for potential reuse. Such heterogeneous catalysts have the potential to 

open up more methods for synthesis of nanoparticles, combined with the added bonus of 

retaining the reusability of the catalyst. The rapid advances in colloid chemistry over the past 

decade have resulted in the synthesis of nanocatalysts with tunable size, shape and 

composition.41 Even though the interactions between the nanoparticles and their supports are 

generally not well understood, there is a common agreement that the nature of the support is one 

of the key factors affecting the catalytic activity and stability of supported nanoparticles. 
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CHAPTER 2 

CATALYTIC ACTIVITY OF Ag/SiO2 AND Ag/CO3O4 HIERARCHICALLY POROUS 
MONOLITHS FOR HYDROGENATION OF DYES 

 
2.1. Abstract 

 In this work, the synthesis of silver (Ag) supported on hierarchically porous silica (SiO2), 

and cobalt oxide (Co3O4) monoliths and the catalytic activity of these monoliths for the 

hydrogenation of methylene blue (MB) and methyl orange (MO) dyes in water is reported. The 

SiO2 monoliths were synthesized using a sol-gel technique. The Co3O4 monoliths were prepared 

by nanocasting, using the SiO2 monoliths as template. Loading of Ag nanoparticles on the SiO2 

and Co3O4 monoliths, was done by a solution infiltration method using aqueous silver nitrate 

(AgNO3) solution followed by reduction with ethylene glycol. The resulting monoliths were 

characterized by X-Ray Diffraction Analysis (XRD), BET-Surface Area (BET-SA), and 

(Scanning electron microscope) SEM, and the catalytic activity of the monoliths was studied for 

the hydrogenation of MB and MO by sodium borohydride (NaBH4). Careful control experiments 

allowed the overall rate of the Ag catalyzed reaction to be corrected for the rates of the non-

catalyzed reaction and the rates of dye adsorption on the supports and Ag nanoparticles. Ag 

supported on SiO2 gave the fastest hydrogenation for MB, Ag on Co3O4 gave the fastest MO 

hydrogenation. 

2.2. Introduction 

 Hierarchically porous monolithic materials have attracted significant interest in numerous 

areas due to their large, accessible surface area, and the ability to separately control structure at 
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the nanometer and micrometer length scales. These materials are already widely used in 

chromatography1-3 and have potential applications in medicine, electronics, optical switches, 

sensors, heterogeneous catalysis,4,5 and nanoelectronic devices.6 The combination of large pores 

that provide rapid transport of material through the monolith, and nanopores that provide very 

high surface area make these materials particularly suitable for use as catalytic monolithic 

microreactors in continuous mode.7-10 Although silica (SiO2) monoliths as large as 1000 mL have 

been reported,11 monoliths are more typically synthesized with total volumes of 0.1 to 10 mL.4,5, 

12,13 For use as microreactors such small monolith volumes imply that reactions catalyzed on the 

monolith need to be rapid to provide suitably short residence times. 

 The rapid advances in development of metallic nanoparticles as catalysts14-16 for reactions 

such as hydrogenation,17 carbonylation,18,19 and hydroformylation,20 suggested that supporting 

nanoparticles on hierarchically porous supports should produce very active catalytic monolithic 

microreactors. In particular, reports of the activity of silver (Ag) nanoparticles as catalysts for 

hydrogenation21,22 of many water soluble organic dyes suggested that this combination would be 

suitable for green transformations utilizing water as a solvent. Supporting the nanoparticles is 

also expected to provide the benefit of longer catalyst lifetime by decreasing agglomeration of 

the nanoparticles.22 Silver (Ag) is both more earth abundant and cheaper than the platinum (Pt) 

group metals often used for continuous hydrogenation reactions. Herein we report the in situ 

preparation of Ag nanoparticles supported on hierarchically porous SiO2 and cobalt oxide 

(Co3O4) monoliths and the use of these materials as catalysts for hydrogenation of methylene 

blue (MB) and methyl orange (MO) dyes by NaBH4, in water to determine if this reaction is 

sufficiently fast for use of these materials in a flow reactor. 
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2.3. Experimental Methods 

2.3.1. Materials 

 All chemicals used were commercially available and used as received. Polyethylene 

glycol 35000 (PEG 35000), tetraethylorthosilicate (TEOS, 98%), ammonium hydroxide 

(NH4OH), cobalt nitrate hexahydrate (Co(NO3)2.6H2O), silver nitrate (AgNO3), 30% nitric acid 

(HNO3), potassium hydroxide (KOH), methylene blue (MB), methyl orange (MO) and sodium 

borohydride (NaBH4) were procured from VWR St Louis, MO, 

USA.Octadecyltrimethylammonium bromide (C18TAB) was obtained from Genscript. The assay 

of all the chemicals was 99.9% except for TEOS. 

2.3.2. Synthesis of SiO2 Monoliths 

 SiO2 monoliths were synthesized using literature procedures.23 In a typical synthesis, 2.21 

g PEG was dissolved in 6.62 mL 0.1 M HNO3 solution followed by the addition of 32.54 mL 

TEOS. The solution was stirred until it was transparent. C18TAB (5.48 g) was then added to the 

solution and stirred until complete dissolution. The resulting sol was poured into molds (well 

plates) and allowed to gel overnight.  The resultant gel was treated with 1 M NH4OH at 90°C for 

12 h. Initially, the monoliths were rinsed with deionized (DI) water and then neutralized in 0.1 M 

HNO3. These were then rinsed with acetone, dried for 72 h at 40°C, and calcined at 550°C for 5 

h with a ramp rate of 1°/min. 

2.3.3. Synthesis of Co3O4 Replica 

 The Co3O4 monolith replica was synthesized using a SiO2 template by the nanocasting 

method.24,25 The SiO2 monolith templates to be infiltrated were degassed and kept under vacuum 

during the infiltration of the solution. A 5.4 M aqueous solution of Co(NO3)2.6H2O was degassed 

and added to the SiO2 monoliths. The monoliths were dried at 150°C for 12 h under N2 flow. 
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This was followed by heating the monoliths at 250°C for 4 h to achieve complete decomposition 

of the Co(NO3)2.6H2O to Co3O4. The infiltration and subsequent drying and heating processes 

were repeated three times for optimum filling of the mesopores in order to attain complete 

replication. The resultant SiO2-templated Co3O4 monoliths were placed in 4 M KOH solution at 

room temperature (RT) for 24 h to etch away the SiO2. The etching was repeated to ensure 

complete removal of the SiO2 template. The Co3O4 replica was rinsed with DI water until a 

neutral pH was obtained. 

2.3.4. Synthesis of Ag/SiO2 and Ag/Co3O4 Catalysts 

 Synthesis of SiO2 and Co3O4 supported Ag nanoparticles was achieved by infiltrating a 

0.1 M aqueous solution of AgNO3 into SiO2 (0.0250 g), or Co3O4 (0.0382 g) monoliths under 

vacuum. The impregnated monoliths were dried at 80°C, followed by the reduction of the 

AgNO3 salt to metallic Ag at 165°C under a flow of ethylene glycol vapor. 

2.3.5. Catalyst Characterization 

 Nitrogen (N2) physisorption measurements were taken on a Quantachrome Nova 2200e 

pore size analyzer (Boynton Beach, FL) at -197°C with He mode to determine surface areas and 

void volumes of the monoliths, respectively. Interpretation of the isotherms was carried out with 

Quantachrome’s NovaWin software version 10.01, and the Barrett-Joyner-Halenda (BJH) 

method26 was applied to the adsorption branch to determine the pore size distribution. Powder X-

ray diffraction (XRD) measurements were performed on a Bruker D8 Discover with GADDS 

(wavelength Co Kα, 1.79 Å) and a Hi-Star area detector. Scanning Electron Microscope (SEM) 

images were taken on a JEOL 7000 FE-SEM (Tokyo, Japan) with diode based back scatter 

electron detector and with an Oxford Energy Dispersive Spectroscopy (EDS) detector for 

elemental analysis. The amount of Ag impregnated on the SiO2 and Co3O4 supports was 
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determined by dissolving the respective monoliths in aqua regia and determining the resulting 

Ag ion concentration using a Perkin Elmer AAnalyst 400 atomic absorption spectrophotometer. 

Rate constants and 95% confidence limits for the rate constants were determined from the peak 

absorbances using the regression functions in the SPSS software package from IBM. 

2.3.6. Catalytic Tests 

 Hydrogenation of MB and MO dyes was studied using SiO2, Co3O4 replica, Ag/SiO2 and 

Ag/Co3O4 composites as catalysts in the presence of NaBH4. The hydrogenation of the dyes was 

carried out in a 250 mL beaker charged with 100 mL aqueous solutions of 5.0 µM MB or 4.6 µM 

MO dye and a 0.028 g of NaBH4 in 50 mL of DI water. To this solution were added two 

monoliths suspended in a graphite fiber basket. The progress of the reaction was monitored by 

analyzing 5 mL aliquots of the reaction mixture at regular time intervals using a Varian, Cary 50 

Scan UV-Vis spectrophotometer in the range of 200-800 nm. The final reaction products were 

confirmed using a Varian, Cary 50 Scan UV-Vis spectrophotometer in the range of 200-800 nm. 

2.4. Results and Discussion 
 
 Figure 2.1 shows photographic images of the monoliths used in this study. As shown, the 

dimensions of the monoliths are 5 mm x 7-8 mm. 

 

 
 

Figure 2.1. Picture of (from left to right) Parent SiO2 Monolith, Ag/SiO2 Monolith, Co3O4 
Replica, and Ag/Co3O4 Replica. An American 1 cent Coin is shown to indicate scale. 
 

The monoliths show porosity as clearly observed from SEM images (Figure 2.2 and 2.3). 

The parent SiO2 monolith consists of a network of ligaments with diameters of around 2 m that 
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delimit networks of pores with 8-10 m diameters. Although not apparent in the SEM images, the 

SiO2 ligaments are themselves porous (vide infra), consisting of ~ 3.5 nm pores formed by the 

cationic surfactant added during the synthesis. These pores are referred to as surfactant 

mesopores. The monoliths also have a range of mesopores produced during the sol-gel process 

arising from the addition of PEG during the synthesis. These are referred to as textural 

mesopores. The Co3O4 replica is formed when the mesopores of the SiO2 monolith are filled with 

the Co3O4 precursor solution during the infiltration process. 

2.4.1. Pore Size Characterization 

 The pore size characterization of the materials is summarized in Table 2.1. The SiO2  

monolith showed a surface area of 741.1 m2/g with a mesopore volume of 0.58 cm3/g and a BJH 

pore size diameter of 3.49 nm, which are consistent with previous reports for hierarchically 

porous SiO2 monoliths.23 The surface area of the Co3O4 replica was 71.7 m2/g with a mesopore 

volume and BJH pore size of 0.17 cm3/g and 2-12 nm, respectively. When Ag nanoparticles were 

impregnated into the SiO2 and Co3O4 monoliths by the infiltration technique, in both cases 

significant decreases in the surface areas and mesopore volumes were observed. The surface area 

for Ag/SiO2 was 309.2 m2/g and that for Ag /Co3O4 was observed to be 59.4 m2/g. It is possible 

that the Ag nanoparticles may block off some pores in both cases. 
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Table 2.1. Physical Properties of Monolithic Materials. 
 

 
 
 The N2 physisorption isotherm of SiO2, represented in (Figure 2.2a) exhibits two regions 

of prominent N2 uptake. The first in the lower pressure range ~ 0.35-0.45 P/P0 which is attributed 

to the surfactant template mesopores and the second comes in the range of ~ 0.6-1 P/P0 due to 

the textural mesopores. On incorporation of Ag on the SiO2 monoliths by infiltration, the 

monoliths exhibited N2 uptake in the pressure range of 0.6-1 P/P0 (Figure 2.2b). The loss of N2 

uptake in the 0.35-0.45 P/P0 range suggests that loading of Ag either takes place in the 

mesopores, or blocks the mesopores preventing N2 uptake. The N2 sorption of Co3O4 replica 

(Figure 2.2c) illustrates that N2 uptake occurs gradually across the entire adsorption branch of the 

isotherm, which indicates the presence of a broad mesopore distribution. Hysteresis was 

observed between the adsorption and desorption following a sharp forced closure of the 

desorption branch at around ~ 0.53 P/P0 value, suggesting that there is partial pore blockage. 

These observations are compatible with the surface area results where the Ag nanoparticles may 

give rise to some extra surface area to offset the surface area lost by pore blockage. 

 



 

18 
 

 
 

Figure 2.2. N2 Adsorption-Desorption Isotherms of a) SiO2 b) Ag/SiO2 c) Co3O4 d) Ag/Co3O4 
Monoliths. 
 
2.4.2. X-ray Diffraction Studies 

 X-ray diffraction (XRD) patterns of Co3O4 and Ag/Co3O4 are shown in Figure 2.3. The 

amorphous nature of the SiO2 monolith results in only a very broad diffuse peak around 2ϴ = 20-

30o, consistent with earlier work. XRD confirmed the formation of crystalline Co3O4 and did not 

show peaks from other materials. The crystallite size was determined by Scherrer analysis from 

the full width at half maximum and is similar to that found for nanocasting in other work.24 The 

incorporation of Ag particles on the Co3O4 did not result in significant changes in the spectrum. 

Weak peaks for crystalline Ag were observed for Ag/SiO2 (not shown), but these peaks were too 

weak to be observed for Ag/Co3O4. In the case of the Ag/Co3O4 nanocomposite prepared by the 

ethylene glycol reduction method, a small peak at 2ϴ = 57.5° corresponding to the presence of 

Co3O4 (d-spacing = 1.55 Å) was observed. The reflection at 2ϴ value of 65.34° overlaps with 

that of Ag. The crystallite size of Co3O4 and Ag/Co3O4 was calculated using the Debye-Scherrer 
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formula and the values are given in the Table 2.1. The Ag/Co3O4 nanocomposite material had a 

crystallite size in the range of 20-60 nm (the range of values is the result of overlap of Co3O4 and 

Ag peaks). From AAS analyses the amount of Ag on SiO2 and Co3O4 was found to be 2.1 and 

1.8 wt%, respectively. 

 
 

Figure 2.3. X-ray Diffraction Patterns of a) Co3O4 and b) Ag/Co3O4. 
 
2.4.3. Scanning Electron Microscopic Studies 

 The SEM images of the SiO2 monoliths are shown in Figure 2.4. The macropores can be 

clearly seen in Figure 2.4A and are produced by agglomeration and partial merging of large (2-5 

µm) SiO2 particles during the sol-gel synthesis. They are less clear in the image shown in Figure 

2. 4B that was taken from a different position in the monolith. Here the parent SiO2 particles are 

somewhat smaller (100-300 nm) and so the macropores are less well defined. The cervices 

between the parent SiO2 particles give rise to textural mesopores, which typically have a broad 

range of diameters. The parent SiO2 particles are themselves mesoporous due to the presence of 
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the added surfactant. This produces surfactant mesopores, which have a narrow range of pore 

diameters. In the case of Ag/SiO2 (Figure 2.4C and 2.4D), the SEM images show the presence of 

Ag nanoparticles deposited through the channels of the macro- and mesopores of the SiO2 

monolith. The Ag particle sizes seem to be less than 20 nm (Figure 2.4C and 2.4D). The SEM 

analysis of Co3O4 (Figure 2.5A and 2.5B) confirmed that the macroporous structure resembled 

that of the parent SiO2 monolith. The ligaments appear to have a coarse texture as observed in 

the case of the SiO2 monolith. The SEM images of Ag/Co3O4 (Figure 2.5C and 2.5D) show the 

formation of Ag nanoparticles in the pores and on the macropore surfaces of the Co3O4 replica. 

The Ag particles have sizes that are generally < 100 nm. 

 The SEM image in Figure 2.5D was recorded using the back-scatter detector. Higher Z 

elements (elements with higher atomic number), such as Ag, back-scatter much more strongly 

than lower Z elements such as cobalt (Co). The bright particles can therefore be confidently 

assigned to be Ag. The Ag particles appear concentrated at the surface of the macropores. At an 

accelerating voltage of 20 keV we would expect to see backscattered electrons from deep within 

the Co3O4 ligament. As no particles appear to be within the ligament, this suggests that those 

observed are in fact concentrated at the macropore surface. The use of vacuum infiltration is 

expected to concentrate the aqueous precursor solution within the mesopores. The volume of 

liquid added was sufficient to completely fill all the mesopores throughout each ligament. The 

concentration of Ag particles at the macropore surfaces, as well as the size of the observed 

particles, which is much larger than the 3.5 nm diameter of the mesopores suggests that there has 

been significant movement of Ag out of the mesopores and into the macropores. This is 

consistent with earlier work on nanocasting Ag into SiO2 monoliths.24
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Figure 2.4. SEM Images of A) and B) SiO2 Using Secondary Electron Imaging;  
C) and D) Ag/SiO2 Using Back-scatter Detection Mode. 
 
  

 

A B 

C D 



 

22 
 

 
 
Figure 2.5. SEM images of A) and B) Co3O4; Using Secondary Electron Imaging;  
C) and D) Ag/Co3O4 Using Backscatter Detector Mode. 
 
2.4.4. Catalytic Studies 

 Hydrogenation of MB and MO using NaBH4 (Schemes 2.1 and 2.2) was carried out to 

study the catalytic activity of the monoliths. Figure 2.6 shows the absorbance at various times for 

MB in the presence of Ag/SiO2 catalyst and NaBH4 and the relevant control experiments. Figure 

2.6A shows that in solution phase NaBH4 will reduce MB slowly. Figure 2.6B shows that the 

absorbance from MB in solution slowly decreases in the presence of SiO2. This is believed to be 

due to absorption of MB onto SiO2. At higher MB concentrations the SiO2 monoliths slowly turn 

the same blue color as the MB solution, consistent with adsorption. This is not unexpected as 

MB has a positive charge in water at neutral pHs and so would be expected to strongly adsorb 

onto the negatively charged SiO2 surface. As would be expected MB also adsorbs onto the 
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Ag/SiO2 catalyst. The initial pH values of MB and MO solutions in water were 7.5 and 9.2 

respectively. Addition of the NaBH4 turned the solutions slightly more basic. 

 

 
 

Scheme 2.1. Hydrogenation of MB Using NaBH4 
 
 
 
 
 
 
 
 
 

 
 

Scheme 2.2. Hydrogenation of MO Using NaBH4 
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Figure 2.6. Detailed Study of the Hydrogenation of  MB Using SiO2 and Ag/SiO2 as Catalysts. 
Reaction conditions: [MB] = 5x10-3 mM; NaBH4 = 0.0465 g; SiO2 (2 monoliths) = 0.0500 g, 
Ag/SiO2 (2 monoliths) = 0.0806 g. Composition: A) MB + NaBH4, B) MB + SiO2,  
C) MB + NaBH4 + SiO2, D) MB + Ag/SiO2, E) MB + NaBH4 + Ag/SiO2. 
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Figure 2.7. First Order Kinetic Plots for MB with SiO2 Monoliths. 
 

Adsorption onto a surface is often a first order process, as are many heterogeneous 

catalytic reactions. Figure 2.7 shows plots of the natural logarithm of the absorbance vs time for 

the reaction of MB with NaBH4 and the related control experiments. Straight lines fitted through 

the peak absorbance yield coefficient of determination (R2) values in excess of 0.9 indicating that 

the data can be reasonably well fitted in all cases. The rate constants with error range 

corresponding to the 95% confidence limits, and associated R2 values are given in Table 2.2. 

A set of parallel first order reactions can be modeled as a single first order process with a 

rate constant that is the sum of the individual rate constants as shown in the Equation 2.1 

-d[MB]/dt = KAds[MB] + KSol[MB] + KAgAds[MB] + KCat[MB] 
 

= (KAds + KSol + KAgAds + KCat)[MB] = k[MB]     (Equation 2.1) 
 

where kAds is the rate constant for adsorption of MB onto SiO2, ksol is the rate constant for 

the reaction between NaBH4 and MB, kAgAds is the rate constant for adsorption of MB onto Ag, 

and kCat is the rate constant for the Ag catalyzed reaction of NaBH4 with MB. This analysis 
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neglects desorption from the surface, which is found experimentally to be much slower than 

adsorption. The solution-phase reaction of NaBH4 and MB would be expected to be pseudo first 

order under our conditions of a large excess of NaBH4. Further, this rate constant is significantly 

smaller that the rate constants for the other processes and so deviations from first order kinetics 

are much less than the error ranges estimated. 

Table 2.2. Rate Constants and R2 values for Degradation of MB Using SiO2 Based Catalysts. 
 

 

The above analysis also lets us determine the relative importance of the various 

processes. From comparison of the respective rate constants for MB adsorbing on SiO2 and on 

Ag/SiO2 it is possible to extract an estimate for MB adsorbing on the Ag (assuming that the 

adsorption onto the SiO2 portion of the support is not impacted by the Ag). The rate constant 

kAgAds can be determined as the difference between 2.4±1.2x10-3 s-1 and 0.097±0.022x10-3 s-1, 

giving kAgAds = 2.3±1.2x10-3 s-1. That is, the adsorption of MB on Ag is significantly faster even 

than the adsorption onto SiO2. This is consistent with other work for adsorption of MB onto Ag 

nanoparticles,27, 28 in which MB is reported to be strongly adsorbed. Similarly, it is possible to 

determine if the bare SiO2 monolith catalyzes the hydrogenation of MB: for MB + SiO2 + NaBH4 

the rate constant is 0.45±0.09x10-3s-1. Correcting for the solution phase reaction and the 

adsorption of MB on SiO2 gives a rate constant of 0.041±0.10x10-3 s-1. That the rate is smaller 
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than the error limit is consistent with SiO2 itself not significantly catalyzing the reaction. The rate 

for the catalytic hydrogenation of MB by NaBH4 on Ag/SiO2 monolith reported herein, kCat can 

be determined by correcting the overall rate (MB + NaBH4 + Ag/SiO2) for the solution phase 

reaction and the adsorption of MB onto Ag/SiO2, giving kCat = 13±8x10-3 s-1. 

 The hydrogenation of MB forms leuco methylene blue (LMB) as the product. The 

formation of LMB was confirmed by comparing the UV spectrum of the neat MB solution with 

the final decolorized reaction mixture. The peaks at 248, 293, 619 and 665 nm corresponding to 

the initial MB solution disappeared and new peaks at 256 and 317 nm were observed which 

correspond to the peaks of LMB, as shown in Figure 2.10.29 

 
 

Figure 2.8. First Order Kinetic Plots for MO on SiO2. 
 

Figure 2.9 shows the absorbance as a function of time for MO reacting with NaBH4 in the 

presence of Ag/SiO2 and the related control experiments. Again there is significant adsorption of 

the dye onto SiO2 and onto Ag/SiO2. 
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Figure 2.9. Detailed Study of the Degradation of MO using SiO2 and Ag/SiO2 as Catalysts. 
Reaction conditions: [MO] = 5x10-3 mM; NaBH4 = 0.0465 g; SiO2 (2 monoliths) = 0.0500 g, 
Ag/SiO2 (2 monoliths) = 0.0806 g. Composition: A) MO + NaBH4, B) MO + SiO2,  
C) MO + NaBH4 + SiO2, D) MO + Ag/SiO2, E) MO + NaBH4 + Ag/SiO2. 
 

The absorbances are fitted to first order kinetics (Figure 2.8) and the rate constants, 95% 

confidence limits and R2 values determined are given in Table 2.3. Again the solution reaction of 

NaBH4 with MO fits well to first order kinetics, and the rate constant is small relative to the 

other processes, allowing an analysis similar to that given above. The adsorption of MO onto 
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Ag/SiO2 is significantly stronger than that onto SiO2 giving a value for kAgAds of 1.4±0.4x10-3 s-1. 

The observed adsorption of MO onto Ag/SiO2 is consistent with a recent report of MO 

adsorption onto Ag nanoparticles supported on activated carbon.30 

Table 2.3. Rate Constants and R2 values for Degradation of MO Using SiO2 Based Catalysts. 
 

 

The SiO2 is clearly not catalytic for the hydrogenation of MO, as the rate constant for 

MO + NaBH4 + SiO2 is almost exactly the sum of the solution-phase reaction and the adsorption 

of MO onto SiO2. The overall rate of the catalytic hydrogenation of MO by NaBH4, kCat, is 

0.17±0.8x10-3 s-1. Since the rate found is less than the 95% confidence limit it is not possible to 

state that any heterogeneous catalysis is occurring. In case of the catalytic reactions using Ag 

based monoliths, comparison of the initial and final UV spectra of the initial MO solution and 

the final decolorized reaction mixture, showed the presence of a peak at 247 nm corresponding to 

N,N’-dihydro methyl orange (N,N’-DHMO) with disappearance of the peaks at 268 and 460 nm 

corresponding to the MO (Figure 2.10). The formation and confirmation of the products was in 

good agreement with literature reports.31-33 
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Figure 2.10. Product Confirmation Using the Comparison Between Initial Dye Solution and the 
Final. 
 

The reactions of MB and MO on Ag/Co3O4 were treated similarly. The plots of the 

absorbances are given in Figure 2.11 and 2.12. The fits to first order processes are given in 

Figure 2.13 and 2.14. The rate constants fitted are summarized in Tables 2.4 and 2.5. 
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Figure 2.11. Detailed Study of the Degradation of MB Using Co3O4 and Ag/Co3O4 as Catalysts. 
Reaction Conditions: [MB] = 5x10-3 mM; NaBH4 = 0.0465 g; Co3O4 (2 monoliths) = 0.0764 g 
and Ag/Co3O4 (2 monoliths) = 0.1234 g. Composition: A) MB + Co3O4,  
B) MB + NaBH4 + Co3O4, C) MB + Ag/Co3O4, D) MB + NaBH4 + Ag/Co3O4. 
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Figure 2.12. Detailed Study of the Degradation of MO using Co3O4 and Ag/Co3O4 as Catalysts. 
Reaction conditions: [MO] = 5x10-3 mM; NaBH4 = 0.0465 g; Co3O4 (2 monoliths) = 0.0764 g, 
Ag/Co3O4 (2 monoliths) = 0.1234 g. Composition: A) MO + NaBH4, B) MO + Co3O4,  
C) MO + NaBH4 + Co3O4, D) MO + Ag/Co3O4, E) MO + NaBH4 + Ag/Co3O4. 
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Figure 2.13. First Order Kinetic Plots for MB on Co3O4. 
 
 
 

 
 

Figure 2.14. First Order Kinetic Plots for MO on Co3O4. 
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MB shows significant adsorption onto Co3O4, and significantly stronger adsorption onto 

Ag/Co3O4, again consistent with the strong adsorption of MB onto Ag nanoparticles known to 

occur. There is no apparent catalysis by the Co3O4 itself, as the rate of color loss for MB in the 

presence of Co3O4 and NaBH4 is less than the rate of homogenous hydrogenation of MB. Within 

95% confidence limit this rate constant is zero. The rate for the heterogeneous catalysis on 

Ag/Co3O4 is 6±4x10-3 s-1; which is significantly slower than that observed for Ag/SiO2. 

For MO on Co3O4, adsorption onto the Ag/Co3O4 is again significantly faster than onto 

the Co3O4 bare support. As was observed for MB on Co3O4, the bare Co3O4 is not catalytic for 

MO hydrogenation. The rate determined for the Ag catalyzed hydrogenation of MO, kCat, is 

3.8±1.9x10-3 s-1, which does not significantly differ from that for the hydrogenation of MB on 

Ag/Co3O4, but is significantly larger than the rate found for MO hydrogenation on Ag/SiO2. 

The rate of adsorption of MB onto Co3O4 is significantly faster than the adsorption of 

MO onto Co3O4, whereas adsorption onto Ag is the opposite, with MO adsorption being faster. 

On SiO2 and Ag/SiO2 there are no significant differences in adsorption rates between the two 

dyes. SiO2 and Co3O4 are known to be negatively charged at neutral pHs34-36 and so adsorption 

of positively charged MB is not surprising based simply on electrostatic interactions. MO on the 

other hand is negatively charged and so adsorption must occur through a different mechanism. 

The lower rate constant for Ag on Co3O4 compared to SiO2 could be simply due to 

differences in the surface area of Ag or in the size of the nanoparticles. However, from the 

surface areas determined before and after the addition of Ag, it seems likely that Ag/Co3O4 has 

more accessible Ag surface area than does Ag/SiO2. This would suggest that the lower rate 

constant is not the result of Ag surface area. One possible explanation is metal-support 
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interactions15,37,38 in which the SiO2 or Co3O4 supports interact electronically with the supported 

Ag nanoparticles. 

Table 2.4. Rate Constants and R2 Values for Degradation of MB Using Co3O4 Based Catalysts. 
 

 
 

 
Table 2.5. Rate Constants and R2 Values for Degradation of MO Using Co3O4 Based Catalysts. 
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Table 2.6. Summary of Heterogeneous Catalytic Rate Constants. 
 

 
 

2.5. Conclusions 

 From the rate constants summarized in Table 2.6, it is clear that Ag nanoparticles 

supported on hierarchically porous silica and cobalt oxide are active for hydrogenation of MB 

and MO dyes. The monolithic nature of the catalysts makes their removal from solution much 

simpler than removal of powder catalysts, which require filtering, settling or centrifugation, 

while the hierarchical porosity allows for rapid transport of dye molecules and reductant to the 

catalytic surface. The rapid reaction of MB and MO dyes at room temperature also implies that 

these materials are sufficiently reactive to be suitable for use in continuous processes. The high 

rate constants found implies that even at relatively short retention times sufficient hydrogenation 

will occur in a flow system operating at moderate to high flow rates. The high rate of adsorption 

observed, particularly in the case of MB onto silica does raise some concern for a flow process, 

where build up of dye onto the silica surface could result in a significant conditioning time being 

necessary before a silica based flow reactor reached equilibrium. Incorporating silver supported 

on silica and cobalt oxide monoliths in a flow reactor is an ongoing research project that will also 

address the stability of the monolithic catalysts. 

 

 



 

37 
 

2.6. References 

1. Miller, S. Separations in a Monolith. Anal. Chem. 2004, 76, 99A-101A. 
 

2. Unger, K.-K.; Skudas, R.; Schulte, M.-M. Particle packed columns and monolithic 
columns in high-performance liquid chromatography-comparison and critical appraisal. J. 
Chromatogr. A, 2008, 1184, 393-415. 

 
3. Zhu, Y.; Morisato, K.; Li, W.; Kanamori, K.; Nakanishi, K. Synthesis of Silver 

Nanoparticles Confined in Hierarchically Porous Monolithic Silica: A New Function in 
Aromatic Hydrocarbon Separations. App. Mater. Inter., 2013, 3, 2118-2125. 

 
4. Linares, N.; Hartmann, S.; Galarneau, A.; Barbaro, P. Continuous Partial Hydrogenation 

Reactions by Pd@unconventional Bimodal Porous Titania Monolith Catalysts. ACS 
Catal., 2012, 2, 2194-2198. 

 
5. Numata, M.; Takahashi, R.; Yamada, I.; Nakanishi, K.; Sato, S. Sol-gel preparation of 

Ni/TiO2 catalysts with bimodal pore structures. App. Catal. A, 2010, 383, 66-72. 
 
6. Su, B.-L.; Sanchez, C.; Yang, X.-Y. Hierarchically Structured Porous Materials. Wiley-

VCH Verlag: New York 2012. 
 
7. Jahnisch, K.; Hessel, V.; Lowe, H.; Baerns, M. Chemistry in Microstructured Reactors. 

Angew. Chem. Int. Ed., 2004, 43, 406-446. 
 
8. Hessel, V.; Angeli, P.; Gavriilidis, A.; Lowe, H. Gas-Liquid and Gas-Liquid-Solid 

Microstructured Reactors: Contacting Principles and Applications. Ind. Eng. Chem. Res., 
2005, 44, 9750-9769. 

 
9. Hartman, R. L.; McMullen, J. P.; Jensen, K. F. Deciding Whether To Go with the Flow: 

Evaluating the Merits of Flow Reactors for Synthesis. Angew. Chem. Int. Ed., 2011, 50, 
7502-7519. 

 
10. Frost, C. G.; Mutton, L. Heterogeneous catalytic synthesis using microreactor 

technology. Green Chem., 2010, 12, 1687-1703. 
 
11. Miyamoto, R.; Ando, Y.; Kurusu, C.; Bai, H.-Z.; Nakanishi, K.; Ippommatsu, M. 

Fabrication of large-sized silica monolith exceeding 1000 mL with high structural 
homogeneity. J. Sep. Sci., 2013, 36, 1890-1896. 

 
12. Sayler, F. M.; Grano, A. J.; Wiedmer, S.; Smått, J.-H.; Bakker, M. G. Application of 3-D 

Hierarchically Porous Silver, Cobalt Oxide and Zinc Oxide Monoliths to 
Chromatographic Separations. Mater. Res. Soc. Sym. P., 2012, 1389, g03-16. 

 



 

38 
 

13. Sachse, A.; Galarneau, A.; Fajula, F.; Di Renzo, F.; Creux, P.; Coq, B. Functional silica 
monoliths with hierarchical uniform porosity as continuous flow catalytic reactors. 
Micropor. Mesopor. Mater., 2011, 140, 58-68. 

 
14. Zaera, F. Nanostructured materials for applications in heterogeneous catalysis. Chem. 

Soc. Rev., 2013, 42, 2746-2762. 
 
15. Mitsudome, T.; Kaneda, K. Gold nanoparticle catalysts for selective hydrogenations. 

Green Chem., 2013, 15, 2636-2654. 
 
16. Thomas, J. M.; Johnson, B. F. G.; Raja, R.; Sankar, G.; Midgley, P. A. High-Performance 

Nanocatalysts for Single-Step Hydrogenations. Acc. Chem. Res., 2003, 36, 20-30. 
 
17. Alonso, F.; Riente, P.; Yus, M. Nickel Nanoparticles in Hydrogen Transfer Reactions. 

Acc. Chem. Res., 2010, 44, 379-391. 
 
18. Halttunen, M. E.; Niemelä , M. K.; Krause, A. O. I.; Vaara, T.; Vuori, A. I. Rh/C 

catalysts for methanol hydrocarbonylation I. Catalyst characterisation. App. Catal. A, 
2001, 205, 37-49. 

 
19. Magano, J.; Dunetz, J. R. Large-Scale Applications of Transition Metal-Catalyzed 

Couplings for the Synthesis of Pharmaceuticals. Chem. Rev., 2011, 111, 2177-2250. 
 
20. Neves, A.-C. B.; Calvete, M.-J. F.; Pinho e Melo, T.-M.-V. D.; Pereira, M.-M. 

Immobilized Catalysts for Hydroformylation Reactions: A Versatile Tool for Aldehyde 
Synthesis. Eur. J. Org. Chem., 2012, 2012, 6309-6320. 

 
21. Pan, L.; Tang, J.; Wang, F. Synthesis and electrocatalytic performance for p-nitrophenol 

reduction of rod-like Co3O4 and Ag/Co3O4 composites. Mater. Res. Bull., 2013, 48, 2648-
2653. 

 
22. Jiang, Z.-J.; Liu, C.-Y.; Sun, L.-W. Catalytic Properties of Silver Nanoparticles 

Supported on Silica Spheres. J. Phys. Chem. B, 2005, 109, 1730-1735. 
 
23. Smått, J.-H.; Schunk, S. A.; Lindén, M. Versatile Double- Templating Synthesis Route to 

Silica Monoliths Exhibiting a Multimodal Hierarchical Porosity. Chem. Mater., 2003, 15 
(12), 2354-2361. 

 
24. Smått, J.-H.; Sayler, F. M.; Grano, A.; Bakker, M. G. Formation of Hierarchically Porous 

Metal Oxide and Metal Monoliths by Nanocasting into Silica Monoliths. Adv. Eng. Mat., 
2012, 14 (12), 1059-1073. 

 
25. Sayler, F. M.; Grano, A. J.; Smått, J.-H.; Lindén, M.; Bakker, M. G. Nanocasting of 

Hierarchically Porous NiO, Co3O4, Ni, Co and Ag Monoliths: Impact of Processing 
Conditions on Fidelity of Replication. Micropor. Mesopor. Mater., 2014, 184, 141-150. 

 



 

39 
 

26. Barrett, E. P.; Joyner, L. G.; Halenda, P. P. The Determination of Pore Volume and Area 
Distributions in Porous Substances. I. Computations from Nitrogen Isotherms. J. Am. 
Chem. Soc., 1951, 73, 373-380. 

 
27. Ghaedi, M.; Heidarpour, S.; Kokhdan, S. N.; Sahraie, R.; Daneshfar, A.; Brazesh, B. 

Comparison of silver and palladium nanoparticles loaded on activated carbon for efficient 
removal of Methylene blue: Kinetic and isotherm study of removal process. Powder 
Technol., 2012, 228, 18-25. 

 
28. Khajeh, M.; Kaykhaii, M.; Sharafi, A. Application of PSO-artificial neural network and 

response surface methodology for removal of methylene blue using silver nanoparticles 
from water samples. J. Ind. Eng. Chem., 2013, 19, 1624-1630. 

 
29. Sohrabnezhad, S.; Pourahmad, A.; Rakhshaee, R.; Radaee, A.; Heidarian, S. Catalytic 

reduction of methylene blue by sulfide ions in the presence of nanoAlMCM-41 material. 
Superlattice Microst., 2010, 47, 411-421. 

 
30. Pal, J.; Kanti, D. M.; Deshmukh, D. K.; Verma, D. Removal of methyl orange by 

activated carbon modified by silver nanoparticles. Appl. Water Sci., 2013, 3, 367-374. 
 
31. Philip, D.; Vidhu, V. K. Catalytic degradation of organic dyes using biosynthesized silver 

nanoparticles. Micron, 2014, 56, 54-63. 
 
32. Joseph, S.; Mathew, B. Microwave-assisted facile synthesis of silver nanoparticles in 

aqueous medium and investigation of their catalytic and antibacterial activities. J. Mol. 
Liq., 2014, 197, 346-352. 

 
33. Prasad, H. S.; Gowda, S.; Abiraj, K.; Gowda, D. C. Catalytic Transfer Hydrogenation of 

Azo Compounds to Hydrazo Compounds Using Inexpensive Commercial Zinc Dust and 
Hydrazinium Monoformate. Syn. React. Inorg. Met., 2003, 33, 717- 724. 

 
34. Gaudin, A. M.; Fuerstenau, D. W. Quartz Flotation with Cationic Collectors. AIME 

Trans, Min. Eng., 1955, 202, 958-962. 
 
35. Yu, Z.-G.; Yang, B.-C. Morphological investigation on cobalt oxide powder prepared by 

wet chemical method. Mater. Lett., 2008, 62, 211-214. 
 
36. Kim, T. W.; Oh, E.-J.; Jee, A.-Y.; Lim, S. T.; Park, D. H.; Lee, M.; Hyun, S.-H.; Choy, 

J.-H.; Hwang, S.-J. Soft-Chemical Exfoliation Route to Layered Cobalt Oxide 
Monolayers and Its Application for Film Deposition and Nanoparticle Synthesis. Chem. 
Eur. J, 2009, 15, 10752-10761. 

 
37. Ruckenstein, E. In Sintering and Heterogeneous Catalysis, Kuszynski, G. C.; Miller, A. 

E.; Sargent, G. A., Eds. Plenum Press: New York, 1984; pp 199-221. 
 



 

40 
 

38. Sushumna, I.; Ruckenstein, E. Role of Physical and Chemical Interactions in the 
Behavior of Supported Metal Catalysts: Iron on Alumina - A Case Study. J. Catal., 1985, 
94, 239-288. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

41 
 

CHAPTER 3 

Ag/SiO2- AND Ag/Co3O4-BASED MONOLITHIC FLOW MICROREACTORS FOR 
HYDROGENATION OF DYES: THEIR ACTIVITY AND STABILITY 

 
3.1. Abstract 

Silver nanoparticles supported on hierarchically porous silica and cobalt oxide monoliths 

have previously been shown to be catalytically active for the hydrogenation of common organic 

dyes in batch studies. This work presents a detailed investigation of the activity and stability of 

these monoliths during the hydrogenation of Eosin-Y in a continuous flow microreactor. The 

silver containing monoliths showed excellent catalytic activity that reached a plateau after a 

period of approximately 6 h. From SEM particle size distribution studies of the catalysts before 

and after water and hexane were flowed through them, it was determined that under reaction 

conditions silver was removed both by washing off of particles and by dissolution of silver. 

3.2. Introduction 

 Heterogeneous catalysis is an important component in the development of atom and 

energy-efficient chemical transformations. The design of processes that are highly selective, 

energy efficient and environmentally benign requires detailed knowledge of the reaction kinetics, 

thorough evaluation of the catalytic materials and rapid optimization of the reaction conditions. 

Microreactors enable precise control of reaction parameters (e.g., temperature, pressure), and the 

reaction conditions can be continuously varied and monitored in flow systems during catalytic 

processes, greatly accelerating reaction kinetic studies and process optimization.1,2 Additionally, 

flow microreactors have advantages, such as enhanced atom efficiency, selectivity, yield and 



 

42 
 

purity of products, reproducibility, increased turn-over-number (TON), turn-over-frequency 

(TOF), process safety, shorter development cycles and rapid scale-up from lab to pilot plant.3 

The use of water as the solvent in such reactors is particularly attractive in cutting operating 

costs. 

The efficiency of heterogeneous catalysts depends on various properties, such as surface 

area, the pore size of the support and the particle size of the active metals on the support. 

Hierarchically porous materials have interconnecting pore networks at multiple length scales, 

making them particularly attractive for reactions that are mass transport limited. When fabricated 

as monoliths, i.e., as single pieces, they are particularly attractive as continuous flow 

microreactors, providing superior mass diffusion and increasing the accessibility of the fluids 

(reactants and products) during organic transformations.4 A wide variety of hierarchically porous 

monoliths,5 such as hierarchically porous zeolites (SiO2/Al2O3, aluminophosphate (AlPO), silico-

aluminophosphate SAPO),6 hierarchically porous metal oxides (SiO2,7-10 Co3O4,8-10 NiO,8-10 

ZnO,11 TiO2
12) and hierarchically porous carbon-based catalysts,13,14 have been studied. 

With the recent explosion of work in the synthesis and application of metal nanoparticles, 

there have been numerous reports of the use of metal nanoparticles as catalysts for various 

organic transformations, including carbonylation,15,16 hydroformylation17 and hydrogenation.18,19 

However, during solution phase catalytic reactions, nanoparticles tend to aggregate due to high 

surface energy and van der Waals forces. This is undesirable in terms of catalytic activity and the 

longevity of the catalyst. Supporting the nanoparticles on a high surface area support is one step 

towards overcoming the issue of aggregation. Supporting the catalyst also simplifies the 

separation of the catalyst from the reaction products. Hierarchically porous monolithic materials, 

like SiO2, can be used as high surface area supports in which the nanoparticles can be formed or 
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entrapped inside the interconnected channels. The formation of metal nanoparticles on supports 

to give heterogeneous catalysts is somewhat of an art form that has been studied over many 

years.20 However, there is considerably less work on hierarchically porous materials,4,5,21,22 

particularly monolithic materials, which have been evaluated in only a handful of flow 

experiments.23-25 

We have recently shown in batch reactions that silver (Ag) nanoparticles supported on 

hierarchically porous SiO2 and Co3O4 monoliths (Ag/SiO2 and Ag/Co3O4, respectively) are 

catalytically active for the hydrogenation of methyl orange (MO) and methylene blue (MB) dyes 

with rate constants that indicate the potential of studying these reactions in a continuous flow 

microreactor.26 Herein, for the first time, we report the hydrogenation of Eosin-Y (EO) using 

Ag/SiO2 and Ag/Co3O4 hierarchically porous monoliths as microreactors in a continuous flow 

system. The use of a microreactor allows us to assess the stability of these catalysts and explore 

the origins of the decreases observed in the initial catalytic activities. 

3.3. Experimental Section 

3.3.1. Materials 

 All chemicals used were commercially available and used as received. Polyethylene 

glycol 35000 (PEG 35000), tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide 

(NH4OH), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), silver nitrate (AgNO3), 30% nitric acid 

(HNO3), potassium hydroxide (KOH), Eosin-Y (EO) and sodium borohydride (NaBH4) were 

purchased from Sigma-Aldrich. Octadecyltrimethylammonium bromide (C18TAB) was obtained 

from Genscript. The assay of all of the chemicals was 99.9%, unless otherwise noted. 
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3.3.2. Synthesis of the SiO2 Monolith Template 

 The SiO2 template monoliths were synthesized according to the procedure described by 

Smått et al.8 In summary: polyethylene glycol (PEG, MW = 35,000 g/mol), 30% v/v HNO3, 

tetraethyl orthosilicate (TEOS) and octadecyltrimethylammonium bromide (C18TAB) were 

mixed with molar ratios of 5.5×10−4: 2.5×10−1: 14.5:1: 0.12, respectively. This solution was 

transferred to a mold (96-well plate) and allowed to gel for at least 72 h at 45°C. To improve the 

stability of these monoliths, they were aged in 1 M NH4OH at 90°C for 8 h, followed by 

neutralization in 0.1 M HNO3, rinsing with deionized water and acetone and drying at 45°C 

overnight. Finally, the SiO2 monoliths were calcined at 550°C for 5 h with a ramp rate of 

1°C/min. 

3.3.3. Synthesis of the Co3O4 Replica by Nanocasting 

 The SiO2 monoliths were used as a template for the synthesis of Co3O4 replica monoliths 

by nanocasting. Initially, the SiO2 monoliths were degassed under vacuum and filled with a 5 M 

aqueous solution of Co(NO3)2·6H2O. The infiltrated monoliths were dried at 150°C overnight 

under N2 flow. These monoliths were then heated at 250°C for 4 h to ensure total 

Co(NO3)2·6H2O salt decomposition to metal oxide, Co3O4. The above procedure was repeated 

three times to completely fill the mesopores and so giving continuous Co3O4 monoliths. The SiO2 

template was then dissolved using 3 M aqueous KOH at room temperature for 24 h. This process 

was carried out twice to ensure complete SiO2 removal, and the replicas were then rinsed with 

water until a neutral pH was achieved. 

3.3.4. Synthesis of Ag/SiO2 and Ag/Co3O4 Composite Monoliths by Solution Infiltration 

 An aqueous solution of 0.1 M AgNO3 was prepared and degassed prior to infiltration into 

SiO2 and Co3O4. The SiO2 monolith appeared greyish in color after the addition of silver (Ag), 
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while the Co3O4 monolith remained black in color after Ag addition. The infiltrated monoliths 

were dried overnight at 65°C. The Ag salt was then reduced using ethylene glycol at 165°C for 

30 min, to give the supported catalysts that will be referred to as Ag/SiO2 for the Ag supported 

on SiO2 and Ag/Co3O4 for the Ag supported on Co3O4. 

3.3.5. Characterization 

 Scanning electron microscopy (SEM) on a JEOL-7000 FE SEM equipped with an Oxford 

energy dispersive spectroscope (EDS) was used for characterization and elemental analysis. X-

ray diffraction (XRD) was carried out on a Bruker D8 Discover with General Area Detector 

Diffraction System (GADDS) X-ray (Co Kα, λ = 1.79 Å). ImageJ (version: 1.48v; National 

Institutes of Health: Bethesda, MD, USA, 1997) was used to carry out the determination of the 

particle sizes from the SEM images. 

3.3.6. Catalytic Reduction of EO Using Supported Ag Nanoparticles as Catalyst 

 The continuous flow monolithic microreactor was constructed as follows: The monolith 

(5 mm x 7 mm) was positioned into a heat shrinkable PTFE tube of 30 mm and 60 mm in length, 

which was heated to shrink the PTFE tubing until a tight fit to the monolith was produced. An 

aqueous solution of EO (2.9 μM) and reducing agent NaBH4 (0.018 M) was pumped with a 

peristaltic pump through the microreactor at a constant flow rate of 2.1 mL/min. The product 

solution was passed through a UV cuvette flow cell of 4.5 mL capacity to analyze the reduction 

of EO using a Cary 50 Scan UV-Vis spectrophotometer in the range of 200-800 nm. Calibration 

experiments showed that the absorbance recorded at 521 nm was linear for concentrations up to 

2.9 μM, corresponding to an absorbance of 2.5. 
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3.3.7. Washing Studies 

 The washing tests of the Ag/SiO2 and Ag/Co3O4 monoliths were carried out in a 

continuous flow microreactor. The fixed bed of the continuous monolithic microreactor was 

constructed as mentioned in Section 2.6. Neat hexane was pumped through the microreactor with 

a peristaltic pump at a constant flow rate of 2.1 mL/min. The quantitative analysis of the washing 

of Ag from the support was determined by measuring the Ag ion concentration in the effluent 

using a Perkin Elmer AAnalyst 400 atomic absorption spectrophotometer. 

3.4. Results and Discussion 

3.4.1. Catalyst Characterization 

 The detailed characterization of the SiO2, Ag/SiO2, Co3O4 and Ag/Co3O4 monoliths was 

performed and reported previously.26 In brief, SiO2 and Co3O4 showed high BET surface areas of 

741.1 and 71.7 m2/g, with total pore volumes of 1.26 and 0.34 cm3/g, respectively. The surface 

area was found to decrease with the addition of Ag for both monoliths. The structure of the 

monoliths can be seen in the SEM images (Figure 3.1). Atomic Absorption Spectroscopic AAS 

analyses showed the amount Ag on SiO2 and Co3O4 to be 1.8 and 2.1 wt%, respectively. 

 Both SiO2 and Co3O4 monoliths showed the presence of similar network of 10-15 μm 

macropores, consistent with the replication into Co3O4 of the macropore structure of the SiO2 

template. The formation of Ag nanoparticles on the macropore surfaces of the SiO2 and Co3O4 

replica monoliths can clearly be seen in Figure 3.1. These images were taken with a back-scatter 

detector, so that brighter areas correspond to Ag nanoparticles, which have a higher atomic 

number than the supports. In general, the Ag nanoparticles are < 100 nm. 
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Figure 3.1. SEM images of Monolithic Catalysts. 
 
3.4.2. Hydrogenation of EO in Continuous Monolithic Microreactors 
 
 Hydrogenation of EO dye has been studied to evaluate the activity and stability of these 

materials in a continuous reactor (Scheme 3.1). 

 
 

Scheme 3.1. Hydrogenation of Eosin (EO)-Y2- to EO-Y3- and EOH-Y3-
. 
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The continuous monolithic microreactor set-up used is shown in Figure 3.2 and incorporates a 

UV-visible spectrophotometer as the detector. 

 
 

Figure 3.2. The Typical Continuous Monolithic Microreactor Used for the Hydrogenation of 
EO. 
 
 Careful control experiments were carried out to confirm the stability of the experimental 

set-up. The EO hydrogenation was performed in the absence of the monolithic catalyst using 

NaBH4 as the reducing agent under flow conditions. The absorbance was recorded at 525 nm, the 

absorption maximum of EO. The absorbance (A) vs. time (t) plot is shown in Figure 3. No 

change in the absorbance of the initial EO solution was observed over 600 min. This clearly 

indicated that the rate of the reaction of EO is negligible in the absence of catalyst. 
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Figure 3.3. Reaction of EO and NaBH4 in the Absence of Catalyst (absorbance (A) vs. time (t) 
plot). 
 
 In our earlier work on the hydrogenation of dyes under batch conditions, it was observed 

that SiO2 and Co3O4 were not catalytic for the hydrogenation of either MO or MB and so would 

not be expected to catalyze the hydrogenation of EO. However, it was observed that both MB 

and MO adsorb on SiO2 and Co3O4 supports, which significantly complicated the data analysis. 

Based on the negative surface charges of both SiO2 and Co3O4 at neutral pH, anionic EO was 

predicted not to significantly adsorb on either support. The adsorption behavior of EO on the 

SiO2 and Co3O4 monolithic supports was studied under flow conditions in the absence of NaBH4. 

The results can be seen in Figures 3.4 and 3.5, which show no decrease in the absorbance value 

from the initial EO solution. Previously strong adsorption of MO and MB on Ag nanoparticles 

supported on SiO2 and Co3O4 was observed, in agreement with other reports. Accordingly, the 

adsorption of EO on Ag nanoparticles supported on SiO2 and Co3O4 was studied as a function of 

time in the absence of NaBH4. As can be seen in Figures 3.4 and 3.5, initially, 100% of the EO is 

adsorbed on both Ag/SiO2 and Ag/Co3O4 monoliths. The EO was completely absorbed until 105 

min for Ag/SiO2 and 150 min in the case of Ag/Co3O4. Subsequently, the absorbance gradually 
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increased and attained a steady state value less than that of the initial EO solution, indicating 

continuing adsorption of EO on the Ag nanoparticles. The steady state for Ag/SiO2 was achieved 

at 345 min with approximately 33% of the EO being adsorbed. The steady state for Ag/Co3O4 

was achieved at 345 min with 46% of the EO being adsorbed. 

 
 

Figure 3.4. Absorbance (A) vs. time (t) plots of EO Reaction Studies Using SiO2-based 
Monolithic Catalysts. 
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Figure 3.5. Absorbance (A) vs. time (t) plots of EO Reaction Studies Using Co3O4-based 
Monolithic Catalysts. 
 
 The absence of adsorption on the bare supports indicates clearly that the adsorption of EO 

is taking place on the Ag nanoparticles. 

 Figures 3.4 and 3.5 also show the absorbance vs. time plots when NaBH4 is added to the 

EO solution. For Ag/SiO2, complete removal of EO from the solution increases from 100 min in 

the absence of NaBH4 to 195 min in the presence of NaBH4. For Ag/Co3O4, complete removal of 

EO increases from 150 min to 205 min with the addition of NaBH4. Our earlier work with MO 

and MB confirmed that reaction with NaBH4 directly converted these dyes to their 

hydrogenation products and did not indicate any changes in the extent of dye adsorption. 

Similarly, batch studies of EO confirmed the stoichiometric conversion to the products, with no 

indication of changes in the extent of EO adsorption on Ag. Accordingly, the difference between 

the amount of EO leaving the microreactor in the absence and presence of NaBH4 can be 

ascribed to the catalytic reaction and conversion of EO to products. 

Figure 3.6 shows the extent of catalytic conversion of EO to products. For Ag/SiO2, the 

catalytic conversion reaches a peak of 29% at 210 min and then decreases to a constant 
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efficiency of 16.4%. For Ag/Co3O4, the catalytic conversion reaches an efficiency of 28% at 360 

min and then decreases slightly to a constant efficiency of 26.7%. The initial increases in 

conversion can be readily ascribed to the decrease in the extent of EO adsorption, but in the 

absence of other factors, the conversion efficiency would be expected to monotonically increase 

to a steady state value. That it does not suggests that something is occurring beyond the decrease 

in the extent of absorption seen in the absence of NaBH4. There are a number of possible causes 

for this change in catalytic activity, including alterations in the nature of the monolith in terms of 

the structure and the porosity of the support and changes in the number and size distribution of 

the Ag nanoparticles. 

 
 

Figure 3.6. Conversion of EO in the Presence of NaBH4 using (A) Ag/SiO2 and (B) Ag/Co3O4 as 
the Catalysts. 

 
3.4.3. Particle Size Distribution and Washing/Leaching Studies 

Detailed SEM analysis was carried out on the spent catalysts and compared to that of 

fresh catalyst. No changes in the structure of the supports were seen. Figure 3.7 shows SEM 

images of the fresh and spent Ag/SiO2 monolith at a magnification at which the Ag nanoparticles 

can be resolved. Particle size distributions for the Ag nanoparticles are also shown in Figure 3.7. 
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The size distribution of Ag nanoparticles in fresh Ag/SiO2 monoliths is observed to be somewhat 

bimodal, with a significant number of Ag nanoparticles with a size < 35 nm. No Ag 

nanoparticles in the 36-64 nm range were observed, with the remainder of the Ag nanoparticles 

falling in the 65-164 nm size range. The spent Ag/SiO2 catalyst showed a decrease in the number 

of the smallest nanoparticles (from 24 to 12) and an approximately 50% decrease of Ag 

nanoparticles < 84 nm. Agglomerates of Ag nanoparticles in the range of 235-270 nm were seen 

in the spent catalyst. Overall, there is a significant decrease in the number of Ag nanoparticles, 

accompanied by an increase in average nanoparticle size, as well as the observation of 

agglomerates for the spent catalyst. 

 

 



 

54 
 

 
 

Figure 3.7. SEM Particle Size Distributions of (A) Fresh; (B) Spent Ag/SiO2 Monoliths; 
(C) Particle Size Distribution of Fresh and Spent Ag/SiO2. 

 
A similar analysis for Ag/Co3O4 is shown in Figure 3.8. Again, the distribution of Ag 

nanoparticles is bimodal, even more so than for Ag/SiO2, with a majority of the Ag nanoparticles 

having diameters < 52 nm. Along with the fine Ag nanoparticles, there is also a broad 

distribution of Ag nanoparticles centered at 106-131 nm, extending out to 368 nm. The number 

of small (< 52 nm) Ag nanoparticles in the spent Ag/Co3O4 was found to decrease to 50% of that 

in the fresh Ag/Co3O4. Similarly, the average size distribution for the larger Ag nanoparticles 

was also observed to shift to larger average particle sizes, with some agglomerates in the 369-

394 nm range being observed in the spent Ag/Co3O4. The overall number of Ag nanoparticles 
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was also observed to decrease. Ag/Co3O4 shows the same trends as found for Ag/SiO2: fewer, 

larger, Ag nanoparticles in the spent catalyst compared to fresh catalyst. Ag/Co3O4 shows a 

larger overall decrease in the number of Ag nanoparticles, which may reflect differences in 

metal-support interactions or could simply be a result of how the initially different particle size 

distribution changes during the course of the reaction. 

 
 

Figure 3.8. SEM Particle Size Distributions of Fresh (A) and Spent (B) Ag/Co3O4 Monoliths; 
(C) Particle Size Distribution of Fresh and Spent Ag/Co3O4. 

 
The extent of the changes in the number and size of the Ag nanoparticles is large enough 

that this appears likely to explain the changes in the catalytic activity and extent of dye 

adsorption observed. 
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The changes in the number and size of the Ag nanoparticles could result from a number 

of physical mechanisms. The observation of large nanoparticles that are clearly agglomerates 

suggests that the collision and merging of two or more nanoparticles into an agglomerate (with a 

smaller surface area) is likely to be occurring. This could be either by the movement of 

nanoparticles across the surface of the support or by the nanoparticle being dislodged from the 

support and suspended in the solvent. If the latter is occurring, then some loss of Ag from the 

monolith would be expected. We will refer to this mechanism as “washing” of the nanoparticles. 

A second possible mechanism would involve Ostwald ripening. Dissolution/ionization of Ag 

would occur preferentially from the highest curvature surfaces, and precipitation/reduction 

would occur preferentially on the Ag surfaces with the lowest surface energy/surface curvature. 

The formation of Ag ions is believed to play an important role in the bactericidal properties of 

Ag nanoparticles,27 although the presence of NaBH4 would be expected to suppress this 

ionization by reducing the Ag ions back to Ag. We will refer to this mechanism as “leaching”, 

and it would also be predicted to result in a net loss of Ag from the monolith. 

In order to evaluate the relative importance of these possible mechanisms, the amount of 

Ag lost when different solvents were passed through the column was determined. The use of a 

non-polar organic solvent, such as hexane, would be expected to substantially reduce or possibly 

completely suppress any Ag ionization. For such solvents, the “leaching contribution” should be 

significantly reduced, if not completely eliminated. “Washing” of Ag nanoparticles would be 

expected to be relatively unaffected by the nature of the solvent. Neat hexane was flowed 

through fresh Ag/SiO2 and Ag/Co3O4 monoliths at the same constant rate as used in the flow 

experiments, and the effluent was collected and analyzed using AAS to evaluate the 
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concentration of washed Ag particles. The percent loss and cumulative loss of Ag nanoparticles 

during the washing with hexane are shown in Figures 3.9 and 3.10. 

 
 

Figure 3.9. Percent Loss of Ag from Ag/SiO2 Under Flow Conditions Using Hexane as the 
Solvent. 
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Figure 3.10. Percent Loss of Ag From Ag/Co3O4 Under Flow Conditions Using Hexane as the 
Solvent. 
 

From Figures 3.9 and 3.10, it is clear that Ag nanoparticles are being suspended in the 

hexane and that some fraction is then being washed completely out of the monolith. 

The particle size distribution studies of fresh and spent Ag/SiO2 and Ag/Co3O4 for the 

hexane washing experiments are shown in Figures 3.11 and 3.12, respectively. For both Ag/SiO2 

and Ag/Co3O4, the particle size distribution shifts markedly towards larger particle sizes. Larger 

Ag particles in the 300-500 nm range were observed in the spent catalysts, which were not seen 

in fresh catalysts. In total, 1/6th of the Ag particles were washed from the fresh Ag/SiO2 and 

1/4th of the initial Ag particles were washed from the fresh Ag/Co3O4 when hexane was used. 

This is significantly less than seen for aqueous media. This indicates that there is significant 

leaching/dissolution occurring in water, such that some of the small Ag nanoparticles are not 

washed off, but rather dissolved completely. The growth of larger agglomerates for the hexane 
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washed samples suggests that many nanoparticles that might otherwise dissolve are instead 

washed into contact with other Ag nanoparticles, forming the larger agglomerates observed. 

From these observations, it is evident that in aqueous media, the loss of Ag particles is 

due to the washing of the loosely bound Ag nanoparticles along with the leaching of Ag ions due 

to their dissolution in aqueous medium. The contribution of the leaching to Ag loss can be 

estimated as the difference between the loss of Ag from the aqueous samples and that washed off 

in hexane. These values are given in Table 3.1. 

Comparison of the data for Ag/SiO2 and Ag/Co3O4 shows that a significantly larger 

portion of the Ag is leached from the Co3O4 than from Ag/SiO2, suggesting that there is some 

metal support interaction. 

Table 3.1. Percentage Loss of Washed and Leached Ag From SiO2 and Co3O4 Monolithic 
Supports. 
 
Monolithic catalysts Number of Ag 

nanoparticles lost from support,% 
Ag leached from 

support in aqueous 
reaction medium,% Polar Solvent 

(Water) 
Non-Polar Solvent 

(Hexane) 
Ag/SiO2 27 17 10 

Ag/Co3O4 44 25 19 
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Figure 3.11. Washing Studies of Ag/SiO2 in Hexane: (A) SEM of Fresh Ag/SiO2; (B) SEM of 
Spent Ag/SiO2; (C) Particle Size Distribution of Fresh and Spent Ag/SiO2. 
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Figure 3.12. Washing Studies of Ag/Co3O4 in Hexane: (A) SEM of Fresh Ag/Co3O4; (B) SEM 
of Spent Ag/Co3O4; (C) Particle Size Distribution of Fresh and Spent Ag/Co3O4. 

 
From the data, it is clear that for the hierarchically porous catalysts studied, the loss of 

catalytic activity is caused by both washing and leaching of the Ag nanoparticles. For non-polar 

solvents where leaching is expected to be much less prevalent, agglomeration may not produce 

such a large change in metal surface area as it would for aqueous media, since there would be 

less Ostwald ripening.28 This would predict that in non-aqueous media, the decrease in catalytic 

activity would be closer to proportionate to the amount of metal lost. It is also likely that the flow 

rate could impact the fraction of particles that are washed off, as higher flow rates would be 

expected to dislodge more strongly bound particles. 
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3.5. Conclusions 

Silica and cobalt oxide monoliths supporting silver nanoparticles were successfully used 

as continuous flow monolithic microreactors for the hydrogenation of Eosin-Y by sodium 

borohydride. The dye was found to adsorb on silver nanoparticles in the absence of reducing 

agent. Catalysis and absorption occurred simultaneously on the silver-based monoliths in the 

presence of reducing agent. Ag/Co3O4 was found to be more active than Ag/SiO2 for the 

hydrogenation of Eosin-Y. A loss of catalytic activity was observed for silver nanoparticles on 

both silica and cobalt oxide supports in the aqueous reaction media. From the comparison of the 

particle size distributions of the spent and fresh catalysts and the impact of the solvent, it was 

concluded that the loss of activity is a result of the loss of silver from the support and of particle 

size growth due to washing and leaching. 
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CHAPTER 4 
 

SILVER SUPPORTED ON HIERARCHICALLY POROUS SiO2 AND CO3O4 MONOLITHS: 
EFFICIENT HETEROGENEOUS CATALYST FOR OXIDATION OF CYCLOHEXENE 

 
4.1. Abstract 

This study describes silver (Ag) nanoparticles supported on hierarchically porous SiO2 

and Co3O4 monoliths and the use of these materials as heterogeneous catalysts for the oxidation 

of cyclohexene. Structural characterization of these materials was carried out by various 

techniques including scanning electron microscopy (SEM), N2 adsorption, X-ray diffraction 

(XRD), and X-ray photoelectron spectroscopy (XPS). Characterization results revealed that Ag 

nanoparticles were incorporated into hierarchically porous SiO2 and Co3O4 without significantly 

affecting the structures of the supports. The oxidation of cyclohexene was investigated for 

hierarchically porous Ag/SiO2 and Ag/Co3O4 monoliths and powdered forms of the catalysts 

using H2O2 as oxidant. Detailed parameters including the effect of temperature, oxidant, catalyst 

loading, and substrate to oxidant ratio were thoroughly studied. The catalyst was found to be 

stable and could be reused several times without affecting its catalytic activity under the 

optimized reaction conditions. 

4.2. Introduction 

There has been great interest during the past decade in improving heterogeneous catalysts 

by controlling the surface chemistry, crystal structure and shape, size, and by selection of 

suitable supports. In many cases enhanced catalytic activity can be obtained from nanomaterials 

due to their large surface area to volume ratio.1 The catalytic activity of nanoparticles can be
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optimized with the use of supports that also make separation of the catalyst from the products 

much simpler as well as allowing for continuous production.2,3 Metal containing metal oxide 

supports are used as catalysts in all fields of heterogeneous catalysis, including oil refining, fine 

chemical synthesis, pharmaceutical industry, and in production of pesticides, plant protection 

agents, epoxy paints, and rubber promoters.4 Finding new catalysts remains highly desirable, 

particularly to address the increasing demand for sustainable and environmentally benign 

chemical feed stocks and processes.5-9 Oxidation is one such important process that leads to a 

number of critical intermediates. Although homogeneous catalysts have higher activity in 

oxidation reactions, homogeneous catalytic systems have significant drawbacks in catalyst 

recovery and product separation. Therefore, heterogeneous catalyst systems with high activity, 

stability and reusability are of interest. In particular, the development of more active and 

selective heterogeneous catalysts for the epoxidation of olefins is an attractive topic. In general, 

epoxides can be prepared by the oxidation of the corresponding alkenes using an oxidant in the 

presence of metal and metal oxide catalysts. The use of heterogeneous catalysts is complemented 

by the use of continuous processes, particularly in the use of microreactors,10-15 which allow 

effective reaction optimization and production of small quantities of product. In such systems 

high accessible surface area is desirable in giving higher throughput. A particularly effective 

approach is hierarchically porous materials in which networks of mesopores (diameter 2-50 nm) 

are connected by macropores (micrometer diameters).16-22 Such materials have recently been 

explored for use as monolithic microreactors in which a monolithic piece of the hierarchically 

porous material serves as the reactor.23-27 For use in a continuous process the catalyst needs 

reasonable activity to enable a sufficient level of conversion to occur in a time scale compatible 

with a continuous process. To the best of our knowledge there has been no report of a monolithic 
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microreactor for carrying out an epoxidation as acontinuous process. This paper reports the first 

steps in developing such a catalyst. The aims of the present study are to (1) synthesize Ag 

supported on hierarchically porous monoliths of SiO2 and Co3O4, and to optimize the Ag 

material for cyclohexene oxidation, (2) investigate the catalytic performance of the prepared 

catalysts in the selective epoxidation of cyclohexene, in solution phase, and (3) determine the 

impact of using a whole monolith as catalyst compared to using the powdered form of the 

catalysts. 

4.3. Experimental 

4.3.1. Materials 

All chemicals used were commercially available and used as received. 

Tetraethylorthosilicate (TEOS, 96%), polyethylene glycol 35000 (PEG 35000 g/mol), cobalt 

nitrate hexahydrate [Co(NO3)2.6H2O], potassium hydroxide (KOH), 30% nitric acid (HNO3), 

ammonium hydroxide (NH4OH), methanol, silver nitrate (AgNO3), hydrazine hydrate 

(N2H4·H2O), hydrogen peroxide(H2O2, 30% v/v), tertbutyl hydroperoxide (TBHP, 98%), 

acetonitrile and dichloromethane (DCM, 98%) were obtained from Sigma-Aldrich, St Louis, 

MO, USA. Octadecyltrimethylammonium bromide (C18TAB) was obtained from Genscript, 

USA. The assay of all the chemicals was > 99% unless stated otherwise. 

4.3.2. Synthesis of SiO2 Monoliths 

The SiO2 monoliths were synthesized according to the procedure described by Sayler et 

al.28 In a typical synthesis, tetraethylorthosilicate, 30% HNO3, deionized (DI) water, 

polyethylene glycol, and octadecyltrimethylammonium bromide were mixed in a 250 mL beaker 

at a molar ratio of 1: 0.26: 14.5: 5.5×10−4: 0.14, respectively. The resulting sol was transferred to 

molds and allowed to gel at 40ºC for 24 h, followed by treatment of the gel with 1 M NH4OH at 
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90ºC for 12 h to increase the stability of the monoliths. The resulting monoliths were rinsed with 

DI water, three times with acetone and dried for 3 days at 40ºC. Finally, the monoliths were 

calcined in air at 550ºC for 5 h with a heating rate of 1ºC/min. 

4.3.3. Synthesis of Co3O4 Monolith Replica 

The fully reproducible nanocrystalline Co3O4 replicas exhibiting hierarchically 

mesoporous structures were synthesized by a nanocasting method using the SiO2 monoliths as 

templates as reported earlier.28 The SiO2 monoliths were impregnated with 4.5 M solution of 

Co(NO3)2·6H2O by incipient wetness. The infiltrated SiO2 templates were heated at 150ºC for 8 

h under nitrogen (N2) flow. This was followed by heating the monoliths at 250ºC for 4 h to 

convert the infiltrated Co(NO3)2·6H2O to Co3O4. The infiltration, heating, and decomposition 

processes were repeated three times to ensure the optimum filling of mesopores of the SiO2 tem-

plates. The SiO2 was subsequently etched using 4 M KOH solution, followed by rinsing with 

methanol and DI water to ensure complete removal of residual hydroxide. 

4.3.4. Synthesis of Ag Supported on the SiO2 and Co3O4 Catalysts 

Synthesis of Ag nanoparticles supported on the SiO2 and Co3O4 monoliths was performed 

by infiltrating 0.1 M AgNO3 into SiO2 and Co3O4 monoliths, separately under vacuum at room 

temperature (RT). The impregnated monoliths were dried at 40ºC for 8 h. Finally, the reduction 

of the AgNO3 salt to metallic Ag was performed overnight under N2H4·H2O vapors at 35ºC in a 

closed container containing the monoliths and a beaker of N2H4·H2O. The resultant catalysts are 

named as Ag/SiO2 and Ag/Co3O4. The properties of these new catalysts were compared with the 

Ag supported on monolithic SiO2 and Co3O4 catalysts reported in our previous work in which the 

reduction of the AgNO3 salt to metallic Ag was performed under ethylene glycol vapors at 

160ºC.26 These catalysts will be denoted as Ag/SiO2-EG and Ag/Co3O4-EG. Powdered forms of 
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the catalysts were prepared by grinding the monolithic form into powder. For the hydrazine 

reduced catalysts the suffixes ‘-M’and ‘-P’ are used to denote the monolithic and powdered 

forms of the catalysts respectively. The monolithic forms of the hydrazine reduced Ag catalysts 

were used for gas sorption analysis and XRD, and the powdered forms for XPS and SEM 

analysis. 

4.3.5. Catalyst Characterization 

Scanning electron microscope (SEM) images of all the samples were taken on a JOEL 

7000 FE-SEM (Tokyo, Japan) with diode based back-scatter electron detector equipped with an 

Oxford Energy Dispersive Spectroscopy (EDS) detector for elemental analysis. The amount of 

Ag loading on the respective supports was determined using the EDS accessory on the SEM 

JEOL 7000. ImageJ (version: 1.48 v; National Institutes of Health: Bethesda, MD, USA, 1997) 

was used to carry out the determination of the particle sizes from the SEM images. The Nitrogen 

(N2) physisorption measurementswere carried out on a Quantachrome Nova 2200e (Boynton 

Beach, FL) pore size analyzer at -197ºC with He mode to determine the surface area and void 

volume of the monoliths, respectively. Isotherms were analyzed with Quantachrome Nova Win 

software version 11.1. Powder X-ray diffraction (XRD) patterns of the monoliths were obtained 

on a Bruker D8 Discover (Madison, WI) with GADDS (General Area Detector Diffraction 

System) (wavelength Co Kα 1.79 Å) and a Hi-Star area detector. The X-ray photoelectron 

spectroscopy (XPS) spectra were recorded using a Kratos Axis Ultra spectrometer employing 

unmonochromated Al Kα radiation(1486.6 eV) operated at 15 kV, 20 mA under a pressure below 

10−9 Pa to evaluate the compositions of each component in Ag/SiO2 and Ag/Co3O4 with analyzer 

pass energy of 20 eV for elemental scans. Spectra were analyzed by first subtracting a Shirley 
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background and then obtaining accurate peak positions by fitting the peaks using a mixed 

Gaussian/Lorentzian line shape. 

The loading of Ag on the monolithic supports was determined by leaching the silver from 

the monoliths overnight with aqua regia (concentrated nitric and hydrochloric acids in a 1:3 

ratio) and determining the concentration of the Ag ions in the resultant solutions by Atomic 

Adsorption Spectrometry (Perkin Elmer AAnalyst 400). 

4.3.6. Catalytic Tests 

 The liquid phase oxidation of cyclohexene was carried out in a 25 mL two-necked round 

bottom flask charged with 1 mmol of cyclohexene, 2 mmol of oxidant, 6 mL of acetonitrile, 0.02 

g of catalyst and a magnetic stir bar. The flask was fitted with a reflux condenser and immersed 

in a thermostatic oil bath at 80ºC. The reaction assembly was placed on a magnetic stirrer and the 

reaction mixture was stirred vigorously for 24 h. The samples were filtered and analyzed on a 

Varian GC model CP-3800 equipped with flame ionization detector (FID) and EC-5 column 

(length 30 m × ID 0.25 mm × film thickness 0.25 µm). Product identification was carried out by 

injecting authentic samples into the GC and matching the retention times with those of the 

products formed in the reaction. The catalytic activity was compared to that of previously 

reported Ag/SiO2-EG and Ag/Co3O4-EG catalysts. The activity of the catalysts was compared 

using respective monolithic and powdered forms of the catalysts. 

4.3.7. Catalytic Recycle Studies 

 The recycle studies were performed using Ag/SiO2-P as catalyst and H2O2 as oxidant. 

The recycle reactions were performed using the conditions described in Section 2.5. After 24 h 

the reaction mixture was cooled and filtered. The residual catalyst was washed with acetonitrile 

followed by DCM and dried at 30ºC for 4 h. The flask was charged with fresh reaction feed for 
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the consecutive runs and the final reaction mixtures were analyzed using GC. Three cycles were 

performed on the same catalyst to ensure the reusability of the catalyst. 

4.3.8. Leaching Studies 

 After the catalytic reaction, the reaction mixture was cooled to RT and filtered. 

Quantitative analysis of the filtrate was performed to determine the Ag ion concentration using a 

Perkin Elmer AAnalyst 400 atomic absorption spectrophotometer. 

4.4. Results 

4.4.1. Scanning Electron Microscopic Studies 

SEM images of all the samples are shown in Figure 4.1. The hierarchically porous nature 

of SiO2 can be clearly seen from the SEM images in Figure 4.1a. Well-defined macropore 

networks are generated by SiO2 ligaments, where the ligaments are formed by agglomeration of 

smaller (mesoporous) particles. The SiO2 incorporates mesopores formed by the addition of the 

surfactant, C18TAB, during the synthesis. The particles are mesoporous having pores in the range 

3-12 nm (vide infra) and form 0.2-26 µm macropores in both SiO2 and Co3O4. The SEM image 

of the macropores of the Co3O4 replica is shown in Figure 4.1b. Less than 1 wt% residual SiO2 

was detected in the final Co3O4 replica as determined by EDS analysis, indicating good removal 

of the SiO2. The final Co3O4 monolith is apositive replica of the macropores from the parent 

SiO2, indicating the uniform infiltration of cobalt precursor through the interconnected walls of 

the SiO2. In Figure 4.1c and d, the SEM images show the presence of Ag nanoparticles supported 

on the SiO2 and Co3O4 supports. Elements with higher atomic number backscatter much more 

strongly than those with lower atomic number. Therefore, the bright particles can be identified as 

Ag nanoparticles. The Ag loadings on the SiO2 and Co3O4 estimated from EDS were consistent 

with loading of 3.8 and 3.0 wt%, respectively determined by AAS. Figure 4.2 gives the size 
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distributions of the Ag nanoparticles determined by SEM for Ag/SiO2-P (Figure 4. 2a and b) and 

Ag/Co3O4-P (Figure 4.2c and d). Using these particle size distributions the Ag surface area for 

Ag/SiO2-P was calculated to be 3.9×1015 nm2 and that for Ag/Co3O4-P was calculated to be 

2.9×1015 nm2. In our previous work the Ag surface areas for Ag/SiO2 and Ag/Co3O4 were found 

to be 2.2×1015 nm2 and 1.7×1015 nm2, respectively.26 Comparison shows that the use of 

hydrazine hydrate gives smaller particles, larger surface areas, and fewer agglomerates. 

 
 

Figure 4.1. SEM images of (a) SiO2-P and (b) Co3O4-P Using Secondary Electron Imaging;  
(c) Ag/SiO2-P and (d) Ag/Co3O4-P Using Back-scatter Detection Mode. 
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Figure 4.2. (a) SEM Image and (b) Particle Size Distribution of Ag/SiO2-P; (c) SEM Image and 
(d) Particle Size Distribution of Ag/Co3O4-P. (Images Were Recorded Using Back-scatter 
Detection Mode). 
 
4.4.2. Textural Characterization 

The N2 physisorption technique was used to measure the surface area and pore size to 

determine the textural properties of the materials. The extent of physisorption is shown in Figure 

4.3 and the textural properties are summarized in Table 4.1. 
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Figure 4.3. Nitrogen Physisorption Isotherms of (a) SiO2-M (b) Ag/SiO2-M (c) Co3O4-M (d) 
Ag/Co3O4-M. 
 
Table 4.1.Textural Properties Derived from Nitrogen Physisorption and XRD. 
 

Sample BET surface 
area 

(m
2
/g) 

Mesopore 
volume 
(cm

3
/g) 

Total 
pore 

volume 
(cm

3
/g) 

BJH pore 
size 
(nm) 

Crystallite 
size 
(nm) 

SiO2 647 0.47 1.25 3.5 -- 

Ag/SiO2 472 0.17 0.31 2.4 33 

Co3O4 148 0.13 0.25 2-20 15 

Ag/Co3O4 73 0.05 0.11 8-24 15-32 
 

The shape of the isotherm depends on the porous texture and composition of the meso- 

and macropores in the catalysts. Typical Type IV hysteresis loops were observed for all the 

materials. In Figure 4.3a, the SiO2 isotherm shows two regions of increased capillary 
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condensation. The first in the lower relative pressure range due to the surfactant templated 

mesopores and the second is associated with the textural mesopores produced by particle 

agglomeration. The pore size of SiO2 from surfactant templated mesopores was measured to be 

around 3.5 nm using the Barrett-Joyner-Halenda (BJH) method. The BET surface area of SiO2 

was found to be 647 m2/g. The surfactant templated mesopore volume and the total mesopore 

volume of SiO2 were determined to be 0.47 cm3/g and 1.25 cm3/g, respectively. In Figure 4.3c, 

the isotherm for Co3O4 shows a gradual increase in adsorption over the whole pressure range, 

indicating a broad mesopore size distribution. The surface area of Co3O4 replica was lower than 

that of the parent SiO2. This might be attributed to the higher density of the Co3O4 (6.11 g/cm3) 

compared to that of SiO2 (2.2 g/cm3). The Co3O4 replica showed a surface area of 148 m2/g, and 

mesopore volume and total pore volume were found to be 0.13 cm3/g and 0.25 cm3/g, 

respectively. The BJH pore size of Co3O4 was found to be in the range of 2-20 nm. The broader 

range is consistent with the disordered nature of the mesopores of the SiO2 template. 

Nanocasting produces a negative replica of the SiO2 template in the mesoporerange and so the 

variable wall thickness in the silica transforms into a variable mesopore diameter. Figure 4.3b 

and d show the isotherms after incorporation of Ag nanoparticles onto the SiO2 and Co3O4 

support. The monoliths show N2 uptake in the relative pressure range of 0.6-1 P/P0. The loss of 

N2 uptake in the range 0.35-0.45 P/P0 indicates that loading of Ag nanoparticles occurs in the 

mesopores and blocks the mesopores, which in turn prevents N2 uptake. It may also lead to some 

disruption of the SiO2 structure as the Ag nanoparticles exceed the diameter of the mesopores, 

similar to what has been observed with nickel oxide.29 As observed previously Co3O4 had a 

lower surface area and pore volume than the parent SiO2, and addition of Ag nanoparticles 

decreased this further.26,30 
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4.4.3. X-ray Diffraction Studies 

 
 

Figure 4.4. XRD Patterns of (a) SiO2-M (b) Ag/SiO2-M (c) Co3O4-M (d) Ag/Co3O4-M. 
 

Figure 4.4 shows the XRD patterns of SiO2-M, Co3O4-M, Ag/SiO2-M and Ag/Co3O4-M 

composites. The amorphous nature of the SiO2 was observed from the XRD pattern as a broad 

diffraction peak at 2ϴ = 25-30º, consistent with reported literature.31 XRD analysis also 

confirmed the formation of pure, nanocrystalline  Co3O4, with characteristic peaks corresponding 

to Co3O4 observed at 20º, 35º, 44º, 65º, 70º, and 86º respectively, for the (111), (220), (400), 

(440), (500), and (533) reflections of Co3O4. The XRD analysis of Ag/SiO2-M showed that even 

upon incorporation of Ag nanoparticles onto the SiO2 support, the SiO2 support retained its 

amorphous nature with a band centered at ∼ 25º, 45º, 53º, 60º, 78º, and 93º from Ag/SiO2-M 

match the (200), (202), (220), (311), and (333) reflections of metallic Ag nanoparticles, and 

could be observed from both Ag/SiO2-M and also Ag/Co3O4-M. No peaks corresponding to the 
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oxides of Ag were observed in either case. The crystallite size of Ag on both the supports was 

calculated using the Debye-Scherrer formula and given in Table 4.1. The crystallite sizes from 

Debye-Scherrer analysis are compatible with the Ag particle size determined from the SEM 

images. 

4.4.4. X-ray Photoelectron Spectroscopy 

 XPS analyses of each component in Ag/SiO2-P and Ag/Co3O4-P were carried out and the 

results are shown in Figures 4.5 and 4.6, respectively. The carbon C 1s peak at 284.6 eV was 

used as a reference for the binding energy. In Figure 4.5, it can be seen that the normal 

component of Ag/SiO2-P appeared as peaks of Si 2p, Ag 3d and O 1s. In Figure 4.5a, the peaks 

with binding energies of 368.88 and 374.6 eV prove the existence of metallic Ag corresponding 

to the Ag 3d5/2 and Ag 3d3/2 states of Ag, consistent with the values reported in the literature.32 In 

Figure 4.5b, the peak corresponding to O 1s with binding energy of 531.8 eV corresponds to 

elemental ‘O’ in SiO2. Additionally, the peak for Si corresponding to Si 2p was seen at 102.8 eV. 

XPS analysis was carried out on Ag/Co3O4-P and is shown in Figure 4.6. High resolution scans 

indicated that the sample was composed of Ag, Co, and O. Figure 4.6a shows binding energies of 

367.90 and 373.8 eV assigned to Ag 3d5/2 and Ag 3d3/2 showing the presence of metallic Ag. 

Two peaks located at binding energy values of about 779.8 eV and 794.9 eV are seen in Figure 

4.6b, were consistent with the values reported in the literature for Co 2p1/2 and Co 2p3/2 

respectively.33 From Figure 4.6c, the broad peak at binding energy of 529.8 eV was due to O 1s. 

Based on the XPS data, the studied samples were consistent with the compositions of the 

Ag/SiO2 and Ag/Co3O4 composites. 
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Figure 4.5. High Resolution XPS Scans of Ag/SiO2-P Acquired Using Al Kα Line Excitation 
(a) Ag, (b) Si, (c) O. 
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Figure 4.6. High Resolution XPS Scans of Ag/Co3O4-P Acquired Using Al Kα Line Excitation. 
(a) Ag, (b) Co, (c) O. 
 
4.4.5. Catalytic Activity 

 The Ag/SiO2-EG and Ag/Co3O4-EG monoliths have been reported as promising 

heterogeneous catalysts for the hydrogenation of dyes under batch and flow conditions, 

respectively.26,30 Supported Ag catalysts have been known as effective heterogeneous catalysts 

for the epoxidation of ethylene and propene.34,35 Owing to the reported literature, the present 

work describes detailed parametric study for the oxidation of cyclohexene using Ag/SiO2 and 

Ag/Co3O4 catalysts as shown in Scheme 4.1. The reactions were performed for 24 h in order to 

attain maximum cyclohexene conversion. All the control reactions were carried out using H2O2 

as an oxidant. The catalytic activities of monolithic and powdered Ag/SiO2 and Ag/Co3O4 were 
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initially compared for the oxidation of cyclohexene with the activities of monolithic and 

powdered Ag/SiO2-EG and Ag/Co3O4-EG and the results are shown in Figure 4.7. The catalytic 

reactions were performed in triplicate to ensure the reproducibility of the results presented. 

Cyclohexene oxideCyclohexene

O

O

Cyclohexenone

Ag catalyst, H2O2/TBHP
CH3CN, 80 °C, 24 h

OH

OH

OH O

Cyclohexane diol Cyclohexenol Cyclohexanone  
 

Scheme 4.1. Oxidation of Cyclohexene in Presence of Supported Ag Catalysts. 
 

 

 
 

Figure 4.7. (A) Comparison of Activity of Different Catalysts for Cyclohexene Oxidation and 
(B) TOF values. Reaction conditions: cyclohexene- 1 mmol, H2O2- 2 mmol, catalyst- 0.02 g, 
acetonitrile- 6 g, temperature- 80°C, time- 24 h. 
 
 
 



 

82 
 

 
 

Figure 4.8. (A) Cyclohexene Oxidation Using TBHP as Oxidant and (B) TOF Values of the 
Reactions. Reaction conditions: cyclohexene- 1 mmol, TBHP- 2 mmol, catalyst- 0.02 g, 
acetonitrile- 6 g, temperature- 80°C, time- 24 h. 
 
 

 
 

Figure 4.9. (A) Effect of Temperature on Cyclohexene Oxidation and (B) TOF Values of the 
Reactions. Reaction conditions: cyclohexene- 2.4 mmol, TBHP- 4.8 mmol, catalyst- 0.02 g, 
acetonitrile- 6 g, temperature- 80°C, time- 24 h. 



 

83 
 

 

 
 
Figure 4.10. (A) Cyclohexene Oxidation Using Ag/SiO2-P and Ag/Co3O4-P with Varying 
Amounts and (B) Corresponding TOF values of the reactions. Reaction conditions:  
cyclohexene- 2.4 mmol, H2O2- 4.8 mmol, acetonitrile- 6 g, temperature- 80°C, time- 24 h. 
 
 The results clearly showed that Ag/SiO2 and Ag/Co3O4 have better catalytic activity for 

cyclohexene oxidation compared to that of the Ag/SiO2-EG and Ag/Co3O4-EG catalysts. 

Generally the powdered catalysts showed better conversion of cyclohexene than the monolithic 

form. The hierarchically porous nature of the monolithic catalysts is expected to give enhanced 

mass transport into the interior of the catalysts. However, the observation that the powdered 

catalysts give higher activity than the monolithic form indicates that stirring is likely insufficient 

to force the solution very effectively into the monoliths, with the result that there is effectively 

less accessible Ag surface area that for the powdered catalysts. It is not surprising that mass 

transport in the stirred solution should be faster than mass transport through the macropores in 

the monolith where mass tranport will be close to diffusion limited unless solution is forced 
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through the macropores. Irrespective of the form and support of the catalysts, in all the cases 

only two oxidation products, cyclohexene oxide and cyclohexenone, were observed. 

Cyclohexene conversion of 21% and 16% was obtained in presence of Ag/SiO2-EG-M and 

Ag/Co3O4-EG-M as catalysts with 53% and 51% selectivity for cyclohexene oxide, respectively. 

The conversion of cyclohexene was observed to increase considerably when Ag/SiO2-EG-P and 

Ag/Co3O4-EG-P were used as catalysts with maximum selectivity of 58% and 59% for 

cyclohexene oxide, respectively. The remaining product was cyclohexenone. However, an 

appreciable increase in the conversion of cyclohexene was observed when Ag/SiO2 and 

Ag/Co3O4 catalysts were used. High cyclohexene conversions of 63% and 60% were achieved 

when Ag/SiO2-P and Ag/Co3O4-P were used and 67% and 64% selectivity for cyclohexene 

oxide, respectively. Turnover frequencies (TOFs) of 9 h−1 and 11 h−1 for Ag/SiO2-P and 

Ag/Co3O4-P were found. A considerable drop in activity with 44% and 38% cyclohexene 

conversion was observed with 48% and 59% selectivity for cyclohexene oxide, respectively, 

when Ag/SiO2-M and Ag/Co3O4-M were used as catalysts. 

To confirm that the reaction seen is truly catalyzed by Ag, the cyclohexene oxidation was 

performed using pristine SiO2-P and Co3O4-P catalysts under the same operating conditions as 

that of Ag-based catalysts described above. Very low cyclohexene conversions of around 9% and 

12% were obtained in these cases, respectively. In both the cases cyclohexene oxide was formed 

with selectivity > 95% proving the noncatalytic nature of the SiO2 and Co3O4 supports 

themselves. These observations were in agreement with the results obtained from cyclohexene 

oxidation using H2O2 as an oxidant but in absence of catalyst to evaluate the extent of auto 

oxidation. Only 7% conversion of cyclohexene was attained with 100% selectivity for 
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cyclohexene oxide. This clearly establishes that Ag-based catalysts play a significant role in the 

high conversion of the substrate with formation of the two different products. 

Control experiments were performed in order to obtain better insight into the parameters 

affecting the catalytic activity of Ag/SiO2 and Ag/Co3O4 catalysts. The effect of oxidant was 

studied by carrying out the oxidation using TBHP as an oxidant. The results are shown in Figure 

4.8. 

Little difference was seen in the extent of conversion or the selectivity when the oxidant 

was changed from H2O2 to TBHP with no effect on the selectivity pattern of the products as seen 

when H2O2 was used as oxidant showing that there is no favorable or adverse effect of the 

oxidizing agent on the activity of the hierarchically porous Ag/SiO2 and Ag/Co3O4 catalysts. The 

effect of reaction temperature was studied in the temperature window of 40-80ºC using the 

Ag/SiO2-P and Ag/Co3O4-P catalysts and the results can be seen in Figure 4.9. 

It was seen that cyclohexene conversion and selectivity of cyclohexene oxide drastically 

decreased with decreasing reaction temperature from 80ºC to 40ºC. Along with the decrease in 

conversion of cyclohexene, a decrease in the selectivity of cyclohexene oxide was observed. At 

40ºC, cyclohexene conversion of 39% and 35% was observed with 52% and 47% selectivity for 

cyclohexene oxide using Ag/SiO2-P and Ag/Co3O4-P catalysts, respectively. The cyclohexene 

conversion and cyclohexene oxide selectivity gradually increased at 60ºC and reached optimum 

values at 80 ºC clearly suggesting that the substrate conversion and selectivity of cyclohexene 

oxide is thermally favored. The effect of catalyst amount was further evaluated by maintaining 

the reaction temperature at 80ºC using Ag/SiO2-P and Ag/Co3O4-P catalysts. The catalyst 

amount was increased in the range of 0.04 g-0.32 g and the observations are presented in Figure 

4.10. 
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Interestingly, the cyclohexene conversion increased from 63% to 79% for Ag/SiO2-P and 

60% to 70% for Ag/Co3O4-P, respectively, when the amount of catalyst was increased from 0.04 

g to 0.32 g. Not much change in the conversion was observed with catalyst amount in the range 

of 0.04 g to 0.32 g. However, in all the cases a significant increase in the selectivity for 

cyclohexene oxide was observed with increase in the amount of catalyst. This shows that the 

amount of catalyst can be optimized to obtain the desired product. 

The substrate to oxidant ratio was another important parameter affecting the cyclohexene 

conversion and the selectivities of the products. By fixing all the parameters such as substrate 

amount, catalyst (Ag/SiO2-P), catalyst amount, temperature and solvent; the effect of amount of 

H2O2 was studied over a range of substrate to oxidant mole ratios. An equimolar ratio of 

cyclohexene to H2O2 led to only 23% conversion of cyclohexene with very high selectivity of 

73% for cyclohexene oxide. Cyclohexene conversion increased up to 71% at a cyclohexene: 

H2O2 molar ratio of 1:4 but with a decreased (66%) selectivity for cyclohexene oxide. 

4.4.6. Catalyst Recycle Studies 

 Based on the experimental observations, the powdered Ag/SiO2-P has shown the most 

promising catalytic activity giving a high conversion of cyclohexene and high cyclohexene oxide 

selectivity under the optimized reaction conditions; therefore it was selected as the standard 

catalyst for recycle studies keeping the other reaction parameters constant. The results are given 

in Table 4.2. The catalytic activity of Ag/SiO2-P was consistent throughout the three recycle runs 

with a negligible reduction in the conversion and cyclohexene oxide selectivity which might be 

due to the handling losses of the catalyst during filtration and washing, thus indicating high 

stability and the efficiency of the catalyst even after three cycles without a significant loss in the 

activity. 
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Table 4.2. The recycle studies of Ag/SiO2-P catalyst. 
 

Recycle 

 

Cyclohexene 
conversion (%) 

Selectivity (%) 

Cyclohexene oxide Cyclohexenone 

1 63 67 33 

2 61 68 32 

3 60 67 33 

 

Reaction Conditions: Cyclohexene- 2.4 mmol, H2O2- 4.8 mmol, Catalyst- 0.02 g,  
Acetonitrile- 6 g, Temperature- 80ºC, Time- 24 h. 
 
4.4.7. Leaching Studies 

Leaching studies were conducted to determine if the active phase of the catalyst leaches 

into the organic phase during the reaction to complement the results from the recycle studies 

ofthe catalyst. After the catalytic reactions using Ag/SiO2-P and Ag/Co3O4-P catalysts, the solid 

catalysts and the final reaction mixture were separated by filtration. The respective filtrates 

showed around 0.8% and 0.6% presence of Ag, respectively, from AAS analyses, indicating 

limited Ag leaching. 

4.5. Discussion 

The present study showed the role of Ag-based catalysts in formation of two different 

products: cyclohexene oxide and cyclohexenone. A small part of the cyclohexene oxide product 

is produced by a homogeneous reaction, however the bulk of the products are formed by a 

pathway that includes Ag. These products might be forming via two different mechanistic 

pathways which are illustrated in Figures 4.11 and 4.12. 
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Figure 4.11. Illustrative Mechanism for the Conversion of Cyclohexene  to Cyclohexene Oxide. 
 
 
 
 

 
 

Figure 4.12. Illustrative Mechanism for the Conversion of Cyclohexene to Cyclohexenone. 
 

For cyclohexene oxide formation over Ag using O2 as oxidant it is reported that oxygen 

adatoms (O(ad)) form, and that these O(ad) atoms are weakly bound, favoring formation of the 

epoxide.36 These observations suggest the conversion of cyclohexene to its respective oxide as 

shown in Figure 4.11, with the cleavage of H2O2 followed by the loss of surface hydrogen to 

give water and an oxygen adatom (O(ad)) which then adds to the double bond to give 

cyclohexene oxide. The conversion of cyclohexene to cyclohexenone might occur through a free 

radical mechanism as outlined in Figure 4.12, in which hydrogen abstraction from the 

cyclohexene occurs at the thermodynamically more stable a position.37 Free radical addition to 

give the hydroperoxide, followed by an intramolecular rearrangement gives the cyclohexenone. 

This route is analogous to that proposed by formation of acrolein in the epoxidation of 

propylene35 and is consistent with the activation of the C H bondin the presence of Ag or Au- 
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based catalysts to form ketones.38 The comparative studies of the catalytic activities of Ag/SiO2 

and Ag/Co3O4 synthesized by the two different routes show a clear difference in extent of 

conversion and selectivity. The catalysts synthesized using hydrazine hydrate reduction lead to 

higher conversion efficiency and somewhat higher selectivity for cyclohexaneoxide. This is 

likely to be a result simply of the smaller average particle size of metal and higher surface area 

for the hydrazine hydrate reduced catalysts. This reduction is carried out at a relatively low 

temperature (35ºC vs. 165ºC typical for the ethylene glycol), which would decrease the extent of 

sintering and grain growth. This is born out in the size distributions for the Ag nanoparticles that 

give significantly smaller particles using hydrazine hydrate with a larger surface area. The lower 

activity seen for the ethylene glycol reduced catalysts is therefore consistent with the lower 

surface area of the catalyst. Only a small difference was seen between the results from Ag/SiO2 

and Ag/Co3O4. The TOF’s observed for Ag/Co3O4 were a little higher than those observed for 

Ag/SiO2, despite the fact that the Ag surface area calculated from SEM was somewhat higher on 

SiO2 compared with Co3O4. This would suggest that the Co3O4 the support may play some role 

in the catalysis. 

4.6. Conclusions 

 Silver nanoparticles supported on hierarchically porous SiO2 and Co3O4 monoliths were 

found to be active as heterogeneous catalysts for oxidation of cyclohexene to cyclohexene oxide 

accompanied by formation of cyclohexenone as a minor product. Other possible products were 

not observed. The extent of reaction was found to follow the silver surface area, with higher 

silver surface area giving higher activity. A small increase in TOF was observed when Co3O4 

was the support compared to SiO2 suggesting that there may be a minor impact of the support. 

The extent of reaction and the selectivity also appeared to be relatively independent of the nature 
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of the oxidant, with hydrogen peroxide and t-butylperoxide giving similar conversions. Although 

the activity of the catalyst found in this study is not yet high enough to be practical for a 

continuous process, the observation that activity is related to higher surface area suggests that if 

the average silver nanoparticle size can be significantly reduced the increased activity may be 

sufficient to allow for a continuous process. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE WORK 
 

5.1. Conclusions 
 

 This study describes the synthesis of Ag nanoparticles supported on hierarchically porous 

SiO2 and Co3O4 monoliths and the use of these materials as heterogeneous catalysts for selected 

hydrogenation and oxidation reactions. The synthesis of hierarchically porous SiO2 monoliths 

with high surface area, controllable pore structure, and specific surface functionality via sol-gel 

silica synthesis was investigated. The SiO2 monoliths synthesized were used as the sacrificial 

template to produce the Co3O4 replicas used throughout this study. The Co3O4 monoliths were 

synthesized by the nanocasting method, using the SiO2 monoliths as template. The SiO2 

monoliths were found to be good templates for nanocasting giving high surface area Co3O4 

replicas. Loading of Ag nanoparticles on the SiO2 and Co3O4 monoliths was performed by a 

solution infiltration method. In Chapter 2, Ag nanoparticles supported on hierarchically porous 

SiO2 and Co3O4 monoliths were shown to be catalytically active for the hydrogenation of MB 

and MO dyes in batch studies. Ag supported on SiO2 gave the highest rate for hydrogenation for 

MB, while Ag on Co3O4 gave the highest rate of MO hydrogenation. The rapid reduction of 

these dyes at room temperature suggested that these materials may be sufficiently reactive for 

use in continuous processes. 

Chapter 3 presented a detailed study of the activity and stability of these monoliths during 

the hydrogenation of EO in a continuous flow monolithic microreactor. The two types of 

monoliths initially showed excellent catalytic activity. However, loss of activity was found. SEM 
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analysis and AA analysis of the spent reaction solution, showed that Ag was removed both by 

washing off of Ag and by dissolution of Ag particles. The loss of reactivity was therefore 

attributed to both loss of Ag nanoparticles from the supports and of increases in particle size due 

to Ostwald ripening. For non-polar solvent the leaching was significantly less, suggesting that 

dissolution of silver nanoparticles was an important component in the loss of activity. 

In Chapter 4 the catalytic properties of the SiO2 and Co3O4 monoliths supporting silver 

nanoparticles were investigated for the oxidation of cyclohexene in a batch process. The two 

catalysts were utilized both as monoliths and in powder forms. The powdered catalysts were 

found to produce faster catalytic conversion of cyclohexene than the monolithic forms, which is 

believe to be due to their higher accessible Ag surface area. Regardless of the form and support, 

in all the cases only two oxidation products, cyclohexene oxide (major product) and 

cyclohexenone (minor product) were observed. The conversion of cyclohexene and the 

cyclohexene oxide selectivity appeared to be independent of the nature of the oxidant. Overall, 

the catalysts were stable and could be reused several times without affecting their catalytic 

activity under the optimized reaction conditions. 

 In conclusion, Ag nanoparticles supported on the SiO2 and Co3O4 monoliths were 

successfully used as both batch and continuous flow monolithic microreactors for hydrogenation 

and oxidation reactions. The catalysts showed catalytic properties not seen elsewhere in the 

literature. However, the activity of the catalysts for oxidation/epoxidation reactions were still 

below what would be needed for a successful commercial catalyst. 
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5.2. Suggestions for Future Work 

 A better understanding of the impact of relationship between synthesis conditions and the 

size and shape of the supported nanoparticles, would provide for a path to more active and 

selective catalysts. In the work described in this dissertation, loading of Ag nanoparticles onto 

the SiO2 and Co3O4 monoliths was performed by a solution infiltration method using Ag salt 

solution followed by reduction with either ethylene glycol and hydrazine hydride reductant. 

However, the synthesis might be improved by using Lithium aluminium hydride (LiAlH4) as 

reductant. LiAlH4 is a more reactive reductant, would allow reduction of the Ag salt to occur at a 

lower temperature. Lower reduction temperature would be expected to result in, less migration 

and agglomeration of the Ag nanoparticles, yielding smaller Ag nanoparticles. Smaller Ag 

nanoparticles would have higher surface area, and thus should be more catalytically active. 

 In the microreactor work described in chapter 3, the loss of activity was in large part due 

to dissolution of the silver nanoparticles. The use of gas-phase rather than aqueous phase should 

significantly decrease or completely stop this mechanism. Further, the lower viscosity of gases 

compared to water should also significantly decrease the extent of washing off of the supported 

Ag should also result in an increase in stability of the catalyst. One of the benefits of a gas-phase 

microreactor using hierarchically porous monoliths is that microreactors are expected to be able 

to operate at lower pressures. The higher accessible surface areas are also expected to give better 

dispersed nanoparticles, which is predicted to decrease the rate of particle growth, leading to 

longer catalyst lifetime. However, there have been very few experiments that determine if this is 

indeed the case, and so such an experiment with the monolithic catalysts reported in chapter 4 

could address these predictions. 
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 In addition, it is likely that the factors that lead to well dispersed silver nanoparticles on 

silica and cobalt oxide are similar to those that would lead to well dispersed nanoparticles of 

other precious metals, such as platinum, palladium, and gold. So these metals supported on silica 

and cobalt oxide would also be of interest for use in a continuous gas flow microreactor. 
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