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RESUMEN 

 

Los monolitos jerárquicos de sílice son estructuras de red interconectadas con macroporos y 

mesoporos. En este proyecto se logró obtener un material monolítico poroso de sílice de dos capas 

funcionalizadas con dos óxidos de metales diferentes en cada capa a través del método de emulsión 

de alta fase interna (HIPE). Las combinaciones logradas fueron Cu-Fe y Cu-Co mostrando que 

ambos tienen tiempos de unión similares para cada capa. Se comprobó por SEM que el monolito 

poroso de sílice es jerárquico ya que presenta mesoporosidad y macroporosidad, dadas por la 

plantilla de P123 y la fase oleosa ciclohexano, respectivamente. También se mostró la 

incorporación del metal y la distribución de los macroporos y mesoporos en la estructura.  En el 

método se planteó que un mayor uso de TEOS dio una mayor estabilidad al monolito dado que al 

usar el triple de su cantidad se alcanzó una longitud de capa de 1.765 en comparación con 0.576 

del anterior método HIPE. La presencia de los metales en los monolitos se verificó mediante 

DRUV-VIS. Se propuso que el nuevo monolito sándwich de sílice es útil como microreactor 

catalítico para reacciones consecutivas. Para esto se mostró el cladding adecuado para este 

material, se diseñó un esquema para su uso en flujo continuo y en reacciones consecutivas de 

varios pasos. El monolito sándwich Co-Cu se probó para la síntesis de una reacción orgánica de 

dos pasos para obtener iminas. El producto obtenido se caracterizó por espectroscopia IR. 

 

 

 

Palabras clave: Monolito sándwich, HIPE, recubrimiento, microreactores.  
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ABSTRACT 

 

Hierarchical silica monoliths are interconnected lattice structures with macropores and mesopores. 

In this project, it was possible to obtain a monolithic porous silica material with two layers 

functionalized with two different metal oxides in each layer through the high internal phase 

emulsion (HIPE) method. The combinations achieved were Cu-Fe and Cu-Co showing that both 

have similar bonding times for each layer. It was verified by SEM that the porous silica monolith 

is hierarchical since it presents mesoporosity and macroporosity, given by the P123 template and 

the cyclohexane oil phase, respectively. The incorporation of the metal and the distribution of 

macropores and mesopores in the structure were also shown. In the method, it was suggested that 

a greater use of TEOS gave greater stability to the monolith, since when using three times its 

quantity, a layer length of 1.765 was reached compared to 0.576 of the previous HIPE method. 

The presence of metals in the monoliths was verified by DRUV-VIS. The new silica sandwich 

monolith was proposed to be useful as a catalytic microreactor for consecutive reactions. For this, 

the suitable cladding for this material was shown, a scheme was designed for its use in continuous 

flow and in consecutive reactions of several steps. The Co-Cu sandwich monolith was tested for 

the synthesis of a two-step organic reaction to obtain imines. The product obtained was 

characterized by IR spectroscopy. 

Keywords: Sandwich monolith, HIPE, cladding, microreactors
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INTRODUCTION  

 

The development of nanostructured materials is an emerging multidisciplinary field of research 

and applications. It is one of the most visible and growing research areas due to its importance in 

materials science. In common, these materials have dimensionality on a nanoscale, that is, less 

than 100 nm. Other characteristics include laminar layers, filamentary, porous structures, and bulk 

nanostructured materials. These material properties can differ from the same substance's macro-

scale properties on a microscopic scale in many circumstances. It has made it possible to optimize 

valuable processes in the industry, such as catalysis and absorption. Examples of these materials 

with various applications include zeolites, clay carbons, ὓέὛ, graphene, carbon nitrides, layered 

double hydroxides (LDHs), Metal-Organic Frameworks (MOFs), carbon nanotubes, hybrid 

materials, bioinspired and hierarchical materials, etc.[1] Among the hierarchically structured 

materials are the silica monoliths, which have advantages such as high porosity, large specific 

surface area, and extended continuous mesopores and macropores network.[2] These monoliths can 

be synthesized by different routes like the sol-gel method and functionalized with various metals. 

These monoliths' applications are in different reactions as microreactors, catalysts, and 

biofunctional materials with vast advantages such as high conversion and improved heat and mass 

transfer. 

The general objective of this project is to obtain a sandwich monolith by HIPE method with two 

parts functionalized with different metals and use it in multi-step reactions. The specific objectives 

are to use the HIPE method to prepare sandwich monoliths, testing several times to join emulsions 

with different metals in a monolith. Another objective is to functionalize these materials with 

ὅέȟὅόȟὊὩȟὔὭ by the HIPE method. It is also to propose a simple scheme to use sandwich 

monoliths in a reaction to obtain imines. Finally, analyze the monoliths after the reaction and the 

product obtained.  

Regarding the obtaining of imines, these are important in research areas of organic synthesis, 

pharmaceutical chemistry, polymers, industrial products such as fertilizers. Imines and their 

derivatives are important in the synthesis of nitrogen heterocycles, especially for alkaloid 

formation and novel nitrogen heterocycles.[3] Various compounds are synthesized with other 

groups, such as ὅὰȟὛὕȟὛὕὌȟὅὕὕὌȟὔὕȟὅὔ and other halogens that serve as industrial 

materials. [4]  This imine functionality gas been used for the synthesis of pharmaceuticals like 
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tramadol, procyclidine, fluoxetine, and analogues of natural products.[5] Some examples are imine 

derivatives, ketamine an almadine derivatives for treatment patients with cancer, anil derivatives 

with antitumor and anticancer properties. [4] Cyclic imines isolated from marine organisms can be 

treated as a promising material for pharmacological applications as neuromuscular blockers, anti-

inflammatories, drugs to treat Alzheimer's disease, and osteoporosis.[5] 

First, a background about industrial cascade reactions, oxide metals as catalyzers, and reactions to 

obtain imines are presented. The second chapter shows information about hierarchical silica 

monoliths, specific applications, their synthesis by the HIPE method, and their use as catalytic 

microreactors in different organic reactions. In chapter 3 sandwich monoliths are presented as a 

new material and in chapter 4 the methodology. Finally, the results and the discussion of the entire 

project are presented. 
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CHAPTER I  

 

1. Catalysis and multistep reactions for industry 

 

The process industry in the twentieth century experienced significant development and growth 

driven by innovation in chemical engineering. It is advantageous in manufacturing, handling, and 

using chemical compounds, reprocessing, recycling, and solving environmental problems.[6] One 

of the industry's objectives is to reduce costs, improve and optimize processes to maximize profits. 

The replacement of the old stoichiometric technologies by catalytic ones and the new design of 

techniques based on catalysts helped improve energy efficiency, product selectivity, high 

conversion, lower emissions of pollutants.[6] 

 

1.1. Multistep reactions in industry  

 

For the sustainable production of chemical products, it is essential to use several types of catalytic 

processes and the combination of organic synthesis, biocatalytic methods, and homogeneous and 

heterogeneous catalysis in efficient single-vessel and sequential, cascade or domain operations. [7] 

In the chemical industry, multi-step processes are designed to synthesize complex molecules useful 

in product synthesis. To reduce the number of unit operations necessary for its manufacture, it 

seeks to optimize processes such as performing multiple and different transformations in a single 

step using a single reactor, with multifunctional catalysts being useful [8] Among the limitations 

that exist in the synthesis of complex molecules by multiple stages are cost, difficult isolation and 

purification of intermediates, precise control of the distribution in the substrate.  Catalysts and new 

concepts in reaction design are used to achieve high product conversion, higher selectivity, lower 

pollutant emissions and energy efficiency through better use of raw materials. Due to the possible 

impacts of the chemical industry on society, approaches to technology have been changing, 

reducing emissions to new processes and improved designs that avoid waste and generate financial 

savings. [7]   

1.1.1. Cascade catalytic reactions 

 

The study of catalysis since the 1950s has become one of the most important fields of industrial 

chemistry since between 85% and 90% of chemical processes include at least one catalytic process 
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and green chemistry. [9] The cascade reaction design aims to achieve controllable product 

distributions, excellent molecular efficiencies, and high selectivity. One of the principles on which 

this design is based is substrate channelling which is the direct transfer of a reagent from one active 

site to another without first diffusing into the general environment. There is a wide field in kinetic 

analysis for single-vessel and cascade-type catalytic reactions, with the exception of dynamic 

kinetic resolution that is applied in asymmetric synthesis. [7] An example of cascade reactions is 

the use of different metal-metal oxide interfaces in a nanocrystal bilayer structure, formed by 

assembling platinum and cerium oxide nanocube monolayers on a silica substrate, which can be 

used to catalyze two different sequential reactions. The ὅὩὕ-Pt interface catalyzed the 

decomposition of methanol to produce CO and Ὄ , which were later used for the hydroformylation 

of ethylene catalyzed by the close Pt-ὛὭὕ interface.[10] Therefore, propanal was produced 

selectively from methanol and ethylene in the tandem catalyst of bilayer nanocrystals. Another 

example is in the production of Ů-caprolactam from cyclohexane (figure 1) in one-pot using a 

bifunctional nanoporous catalyst, without generating ammonium sulfate as a by-product, which is 

a precursor in the synthesis of nylon-6 (polycaprolactam). Multifunctional nanoporous acid 

catalysts are used because they also have isolated redox centers such as Co III, Mn II or Fe II ions, 

tetrahedrally coordinated to oxygen, in which the air forms hydroxylamine in the presence of 

ammonia. [11] 

 

 

 

  

 

 

                      Figure 1: One-pot synthesis of caprolactam from cyclohexanone[11] 

 

1.2. Bifunctional catalyst 

 

In some heterogeneous catalytic processes and organic chemistry, more than one type of catalyst 

is required to achieve high yields in obtaining the desired product. For this, it is necessary to 

control the optimal amount of catalyst according to the reaction conditions. Bifunctional catalysts 
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have two varieties of catalytic sites that allow two different types of reactions to be catalyzed and 

can increase the selectivity of the desired products.[12] They are also porous because dual function 

requires the large specific surface areas available to improve performance.[13] An example is the 

catalyst  ὅόȾὛὭὕ with ALD alumina coating, this bifunctional catalyst was active and stable for 

the liquid phase hydrogenation of furfural to furfuryl alcohol and also allowed the esterification 

of furfuryl alcohol with 1-butanol as solvent.[14]  

 

1.3. Development of nanostructured materials for industrial  process  

 

       Heterogeneous catalysis is the most common in the chemical industry, being catalytic reactions 

that allow the manufacture of most of the polymers and compounds found in modern products. 

They also play an important role in oil refining, biofuel production, pollution control, medical 

applications, and food production.[15]  

The continuous development of nanostructured materials and the study of nano-scale 

physicochemical properties have allowed technological innovation with a wide range of 

applications due to the need of a more efficient and environmentally friendly technology. One of 

the reasons is that the properties differ significantly from the macro scale at the molecular scale, 

allowing us to obtain advantages over conventional materials. These materials such as activated 

carbons, zeolites, mesoporous materials, pillared interlayered clays, metal-organic frameworks 

have a high surface area, unique reaction selectivity and adsorption while having a large 

dispersion of active sites. [16]The application of these materials in the industry in some cases is 

limited due to a lack of understanding of their catalytic mechanism. [17]  

The development of nanostructures with multiple organic and inorganic active sites that catalyze 

the desired cascade reaction aims to produce results similar to what is observed with substrate 

channelling: the efficient processing of reagents along a cascade to produce high yields the desired 

compound with high selectivity. [18] Other porous materials of multiple dimensions with various 

applications are presented in figure 2. 
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      Figure 2: Nanostructured materials a) Nanoparticles arrays from Au[19] b) Titanium dioxide  

                    nanotubes[20] c) Nanolayers of ZnO [21] d) Yolk-shelled uniform ὠὕ spheres[22] 

 

1.4. Metal oxides in heterogenous catalysis 

 

The use of metal oxide catalysts came to prominence in the 1950s when they were found to 

effectively catalyze a wide variety of oxidation, hydrotreating, and acid-base reactions, particularly 

in petroleum chemistry. Among the metal oxide catalysts, transition metals occupy a preponderant 

place due to their low production cost, easy regeneration and selective action. [23] They are widely 

used in organic reactions such as oxidation, dehydration, dehydrogenation, and isomerization, are 

also involved in many petrochemicals, intermediates, fine and pharmaceutical chemicals, and 

biomass transformation reactions (table 1). [24]  

 Mixed metal oxides have a better catalytic activity than component oxides in various reactions 

because it increase active acidic or basic sites, surface area and productivity through a reduction 

of reaction time.[23] Metal oxides with ordered meso / macroporous compared to non-porous metal 

oxides, can interact not only on their outer surface but also within the large internal surface of the 

material.[25]  The use of metal oxide catalysts is important in the industry because they are present 

in the synthesis of special chemicals and decontamination by maximizing the selectivity of the 

reaction to avoid by-products of waste.[9] 

 

 

A) B) 

C) D) 
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          Table1 : Heterogeneous metal oxide catalyst prepared classically by precipitation or co-precipitation[9] 

 

1.5. Microreactors in two-step reactions 

 

Microreactors are devices that incorporate channels with diameters < 1mm or several microns 

where chemical reactions take place generally under liquid-flowing. [26] These channels can be 

made of different materials such as silicone, glass, stainless steel, ceramic or polymers that are 

connected to reservoirs that have reagents or solvents.[27] In comparison with industrial reactors of 

many cubic meters, they are useful since reactions that require extreme operating conditions such 

as high temperatures, pressures or have a risk of explosion can be carried out. Other advantages 

are high portability, reduced reagent consumption, minimization of waste production and efficient 

heat dissipation.[28] Therefore, in this type of reactors, multi-step cascade reactions can be carried 

out with a high yield and  large quantity of product obtained. A reactor composed of straight 

channels and rapid mixing-reaction units has been used for two-step reactions such as the oxidation 

of glucose. [28] Another reaction in which they can also be used is the preparation of 

diphenyldimethoxysilane ὅὌ ὛὭὕὅὌ  using as reagents ὅὌ ὛὭὅὰ and methanol 

ὅὌὕὌ). [29] 

 

1.6. Two-step imine synthesis and applications 

 

Imines are compounds that have a functional group with carbon-nitrogen double bond, the general 

structure is Ὑὅ ὔὙ where R is an organic group or a hydrogen. Imines have applications as 

versatile components in nucleophilic addition with organometallic reagents, potential for 

Catalyst Important industrial applications 

ὛὭὕ-ὃὰὕ , acid 

zeolites 

Acid-catalyzed reactions, FCC, isomerization 

ὊὩὕ , ὅέὕ Fisher-Tropsch reaction, ethyl benzene dehydrogenation to styrene 

Cu-ὤὲὕȾὃὰὕ  Methanol synthesis from Ὄ /CO mixtures 

ὅό ὅὶ oxides Hydrogenation, combustion reactions 

Ὓὲ Ὓὦ oxides Selective oxidation, as propene to acrolein or isobutene to methacrolein 



School of Chemical Sciences and Engineering YACHAY TECH   
 

8 
 

therapeutic applications such as lipoxygenase inhibitors, anti-inflammatory agents and anti-cancer 

agents. [30] The reaction of aldehydes and ketones is the most common method to produce imines, 

it was first discovered by Schiff and imines are often referred to as Schiff bases.[31] One way to 

synthesize imines is from benzyl alcohol and amines catalyzed by ὃόȾὤὶὕ in the presence of a 

strong base at 60 ° C (figure 3).  The first reaction step is the selective oxidation of benzyl alcohol 

to benzaldehyde, catalyzed by Au nanoparticles,  and the second step is coupling amines with 

benzaldehyde  [30] 

 

 

 

Figure 3: Two-step synthesis of imines. Benzyl alcohol is oxidized in the presence of strong base, 

the product reacts with amines yielding to imines as a final product.[30] 

 

1.6.1. Reaction of alcohols to produce carbonyl compounds 

 

In aldehydes and ketones the carbonyl group can generate other functional groups through more 

or less complex chemical transformations allowing a variety of synthetic transformations. Since 

Alcohols are the most abundant organic compound, and they are as convenient reagent in synthesis 

route to prepare aldehydes and ketones, but their selective oxidation is one of the most difficult 

transformations to control due to the propensity toward over-oxidation to the respective carboxylic 

acid. Stoichiometric amounts of oxidizing agents are also used in these reactions which are toxic, 

dangerous and costly. [32] Over the years, different simpler and more effective operational 

procedures have been developed under ambient aerobic conditions to obtain aldehydes and ketones 

from their respective alcohols. One reaction to produce carbonyl compounds is the oxidative 

dehydrogenation of alcohols, using nanoparticles of CuO prepared by solution synthesis in 

buffered media. Copper oxide CuO is considered an efficient, inexpensive and selective 

heterogenous catalyst for the oxidative dehydrogenation of alcohols in air [33] The reaction 

conditions to obtain cyclohexanone from cyclohexanol are alcohol (1mmol), toluene (3ml), 

catalyst (60 mg), 24 h,100  ° C at atmospheric air with 7% convertion.  
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Figure 4: Catalytic oxidation of cyclohexanol to cyclohexanone over CAPS-CuO with air 

 

1.6.2.  Synthesis of imines from alcohols and amines 
 

 

In comparison, the amination of ketones is more difficult than that of aldehydes, because the 

hydrogenation of the sterically hindered imine. However, a Co-triphos catalysts has been develop 

useful for the reductive amination of ketones, cobalt-catalyzed dehydrogenative coupling of 

alcohols and amines.[34] Dehydrogenation without alcohol acceptors is an efficient method to 

convert alcohols to carbonyl compounds and other derivatives as it also has synthetic applications 

including oxidant-free synthesis of carbonyl compounds and tandem coupling reactions for the 

synthesis of imines and amides. Among the existing catalysts for the dehydrogenation of the 

alcohol acceptor and the synthesis of imines from alcohols and amines, an efficient cobalt one has 

been developed. [35] In this reaction the dehydrogenation and reductive amination are run in THF 

with conditions: Substrate alcohol (0.05 mmol), toluene 2ml , 5 mol% cobalt complex catalyst in 

100 mL reaction vessel, 120  ° C  for 42 hours, and was determined by GC. [34] 

 

 

 

 

 

Figure 5: Scheme for dehydrogenation of alcohols and applied to synthesize imines from alcohols and 

amines[35]  
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CHAPTER II  

 

2. Hierarchically silica monoliths, an interesting porous material 

 

2.1.Porous materials 

Solids are porous when they have voids, cavities, or channels in their structure. The synthesis of 

materials with organized pores of different lengths has allowed the optimization of various 

chemical processes such as catalysis, separation, energy storage and conversion. [36] By 

controlling porosity it allows the optimization of various functions of solid catalysts and 

adsorbents used in industry, such as heat and mass transfer, contact time.[1] The applicability and 

mechanical stability of these materials depend on important characteristics such as the number of 

pores, their accessibility, shape, surface area, interconnectivity and chemical composition. 

According to the length of the pore, they are classified into micropores (pores <2 nm), mesopores 

(pores between 2-50 nm), and macropores (pore> 50 nm) represented in figure 6. Another 

classification is according to its accessibility to an external fluid where if the pore is closed it will 

influence the macroscopic properties of the solid such as mechanical stability but it is inactive in 

terms of chemical reactions. [37] On the other hand, if it is open to the external surface or at 

multiple ends, it will guarantee mass transport through the material.  Porous materials cover a 

wide range of inorganic porous materials such as metal oxides and zeolites, organic-inorganic 

hybrids and organic materials.[38]  At present there is a general interest in the design of structured 

solids and in knowledge of structure-function such as the incorporation of mesoporosity. An 

example is in zeolites that by incorporating mesoporosity optimization mass diffusion properties 

can improve fluid catalytic cracking compared to traditional zeolites.[39]  

 

 

 

 

 

  Figure 6:  Macropores on glass scaffold in a and b using SEM, and mesopores in c using TEM.[39] 
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In the synthesis of porous solids with a large surface, templates are used that, depending on the 

technique of their use, can be exo-templates or endo templates that will give the size of the pores. 

As an example, colloidal or silica polymer dispersions give rise to macroporosity while surfactants 

and amphiphilic block copolymers form micelles through self-assembly producing a 

mesostructure.[40] Instead, individual molecules are templates to obtain microstructure as in the 

case of zeolites. By combining templates, nanostructured materials are obtained that present 

porosity and have several applications in the industry for example: Monoliths, latered double 

hydroxides (LDHs), Metal Organic Frameworks, hybrid materials, bioinspired materials, etc. [1] 

2.2. Hierarchically monolithôs structure  

 

The term monolith is associated in the literature with porosity, and according to the IUPAC the 

definition is ñShaped, fabricated, intractable article with a homogeneous microstructure which 

does not exhibit any structural components distinguishable by optical microscopy.ò [37] The 

geometry of the channels of the monoliths can be circular, triangular, hexagonal that will affect 

the performance of the monolithic converters that can be affected by different fsilicsariction 

factors.[41] Monolithic structures have better properties, such as mass transfer optimizations, low 

pressure drop, thermal stability, than catalyst pellets or powders. [42] They can also be extruded 

from other materials such as zeolites, carbon or porous glasses. [42,43] There are many strategies for 

preparing hierarchical porous monoliths that are themselves a combination of multiple techniques.  

For example by controlling the phases of two surfactants in an aqueous medium, ice-templating 

where pore structure vary by controlling freezing experimental conditions, selective leaching, 

breath figures templating and using emulsions. [44,45]  Other techniques are biological templating 

that involves ὛὭὕ-sol prepared and mixed with various parts of plant structure which had various 

types of porosities.[44] 

2.2.1.  Silica-based monoliths   

 

Being silica hierarchically structured, they have multiple growing pores of different sizes that 

incorporate a continuous piece of silica. These monoliths can be produced by different techniques 

among which are fusion of silica particles by thermal sintering, cross-linking / entrapping silica 

particles in a packed bed using the sol-gel process, and the most used polymerization of silicon 

alkoxide precursors using sol- gel process.[46]  
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Monolithic 

Oxide 

> 1 cm diameter 

Macropores with 

diameters 

> 500 nm diameter 

Mesopores with 

diameters 

> 5 nm diameter 

Microporous walls 

with diameters 

<  2 nm  

Silica-based monoliths with bimodal distribution offer advantages such as high separation 

efficiency, low-pressure drops and a large specific surface area for high adsorption and reaction 

capacity. Its main advantages lie in features such as its extremely high surface area and great 

accessibility to porosity networks, in comparison with non-porous structure or an inaccessible 

intraskeletal pore network resemble beds of non-porous spheres, therefore have a small diffusion 

length. [47] Also better accessibility compared to micropores in MOF and zeolites. The figure 7 

represents how the different pore sizes are arranged in a monolithic structure. 

 

 

 

 

 

 

Figure 7: Schematic representation of hierarchical silica monoliths exhibiting multiscale porosity[37] 

 

2.2.2. Sol-gel processing 

 

The formation of porous structures is typically a two-step process: first the solid matrix is formed 

and then the solvent is removed. In this process, the formation of networks occurs through 

hydrolysis and condensation reactions of metal alkoxides, providing control in the composition 

and morphology of the material.[37] The sol-gel process produces a solid material from molecular 

precursors through the formation of colloidal particles (the sol). The basic sol-gel process involves 

the sequential hydrolysis and polycondensation of orthosilicate of alkoxy silicon derivatives, or 

tetramethyl orthosilicate, in acid or aqueous base with a mutual cosolvent [36,48]  
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2.2.3. High internal phase emulsion (HIPE method) 

 

An emulsion is the union of two immiscible fluids, where one phase is dispersed in the other, more 

predominant, forming the dispersed and continuous or internal phase, respectively. This occurs by 

adding emulsifying substances, catalysts and using procedures that facilitate the formation of the 

emulsion between two substances generally immiscible. The use of emulsion templates is a very 

effective technique to prepare materials with high porosity and connectivity due to interconnected 

macropores and mesopores.[44] In the HIPE method the internal phase is above 0.74 ratio in 

composition of the emulsion compared to the dispersed phase. [49] The types of emulsions can be 

obtained in type water in oil (W / O) with the internal phase being polar or oil in water (O / W) 

where the internal phase is nonpolar. [37] A surfactant is used to avoid the problem of segregation 

and total emulsion breakdown. Due to the high dispersed phase fraction and tunable pore size, 

HIPEs can be utilized as handy templates for preparing hierarchical porous materials[50] In the 

general method to obtain a double template is necessary to add a precursor to the continues phase 

before the solidification. The precursor and continuous phase will give mesopore and macropore 

structure, respectively. Finally, the template must be removed to keep the porosity, by different 

techniques like solvent extraction or calcination. [37]  This method is called high internal phase 

emulsion because it will have a greater amount of oil in water without bursting the emulsion. 

Figure 8 shows the representation of HIPE where the oil phase will give the macroporosity and the 

water phase will give the mesoporosity. 

 

 

 

Figure 8: HIPE representation as template for synthesis of monolithic material [51] 

 

High internal 

phase emulsion  

Phase separation in 

continuous phase  
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2.2.4. Source of silica in HIPE method 

Tetraethyl orthosilicate is the most common silica source in the hierarchically monoliths, it is 

colorless liquid that degrades in water. Alkoxides are ideal chemical precursors for sol-gel 

synthesis because they react easily with water. In the reaction a hydroxyl ion bind to the silicon 

atom. It is an example of sol-gel process where a solid material (the gel) is produced from 

molecular precursors through the formation of colloidal particles (the sol). The basic sol-gel 

process involves the sequential hydrolysis and polycondensation of orthosilicate of alkoxy silicon 

derivatives, or tetramethyl orthosilicate, in acid or aqueous base with a mutual cosolvent. TEOS 

serves as a source of silica in the HIPE method to obtain hierarchical porous monoliths of silica.[52]  

In the reaction of hydrolysis of TEOS the side product is ethanol. 

 

 

 

                            Figure 9: Reaction of hydrolisis of TEOS in aqueous media 

2.2.5. Pluronic P123  

 

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) are symmetric triblock 

copolymers known commercially as poloxamers or pluronics.[53] The copolymer blocks consist of 

three blocks of polymerized monomers. It is used as surfactant (structuring agent), that have a 

hydrophilic and hydrophobic part (figure 10). Being a block copolymer, it can self-assemble into 

various nanostructures in water and its mixtures with polar organic solvents. [53] These solvents 

can aid in a higher concentration of critical micelles because they decrease the cohesive forces in 

the solvent mixture with block copolymer.[54] The structure of the Pluronic P123  

Ὁὕὖὕ Ὁὕ  allows to form spherical, hexagonal, and tubular micelles. Using Pluronic P123 

as a template, under acidic conditions and at different heating temperatures it has been possible to 

synthesize silica SBA-15 materials with mesoporous structure.[54] In the HIPE method the P123 

copolymer serves as a structuring agent to give mesoporosity and gives stability to the emulsion. 

In the figure 10 is presented as a paste that can be diluted in cold water up to a certain concentration 

because it is not so soluble in it. 
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2.3. Applications of hierarchically  silica monoliths 

 

 

Due to the benefits of having hierarchical multiporosity, they are used in a wide field of 

applications such as chromatography, sensing, controlled release, scaffolds for biomedical 

applications and catalyst supports. [37] The extension in the surface area of monoliths is a key aspect 

for their use in separations, extraction, purification of small molecules and macromolecules, 

filtration of bioparticles, immobilization of enzymes.[55]  One of the specific applications of 

hierarchically silica is to use it as a continuous flow microreactor for the study of reactions in 

heterogeneous catalysis such as the Knoevenagel reaction. [56,57] They are also used for the 

selective uptake of radioactive cesium by inserting metal hexacyanoferrate (MHCF) particles into 

the porous  of the support, serving as a very efficient cesium sorbent with high selectivity even 

with competitive ions such as sodium in waters contaminated with radioactive cesium. [58] Another 

recent example would be the encapsulation of grass chloroplasts allowing the monoliths to occupy 

them as bioreactors that absorb ὅὕ. [59]   

 

2.4. Silica monoliths as continuous flow catalytic microreactors  

 

Economic and environmental factors have led to the implementation of catalytic and separation 

processes in continuous flow mode, due to greater safety, and easier product recovery.[1] The first 

monolithic reactors were made of polymers, and more recently of silica, these being more useful 

because on its surface it can be easily functionalized with catalytic sites.[56] Among the advantages 

of a hierarchical monolithic material with organized pores are lower back pressures, higher 

Figure 10:  Schematic diagram of structure block 

copolymer              

Figure 11:  P123 dissolution in acid aqueous media   

Hydrophilic              Hydrophilic              Hydrophobic              
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permeability and better performance in catalytic or continuous flow separation systems.[36] These 

continuous flow microreactors also allow solving problems associated with the deactivation of 

catalytic sites due to the accumulation of by-products, allowing safer process operations with 

higher performance, selectivity and productivity.[56] To use as microreactors, the monoliths must 

be wrapped in a suitable material that allows flow through it, not interfere with the reaction with 

any of its components, and resist the experimental conditions. A peristaltic pump should also be 

selected that allows adequate flow for the reaction between the components and does not destroy 

the monolithic material in the process. Finally, it is appropriate to point out some catalytic 

experiments where these silica monoliths have been used as microreactors and to analyze their 

possible use in multiple reactions. [57] 

 

2.5. Cladding of monoliths 

 

The coating of the monoliths allows them to be used in a variety of applications, so it must have 

the appropriate characteristics to withstand the reaction conditions. Among the coatings that exist 

are polytetrafluoroethylene PTFE that can be heated up to 350 °C, for which two glass tubes are 

placed on each side of the monolith and the coating is carried out. [1] One way to be tested in an 

HPLC instrument, is that monoliths are placed inside a polycarbonate tube with epoxy resin, they 

are covered with thermo-shrinking PTEE tubes as shown in figure 12 (left), to finally be installed 

in a compression module radial.[60]  

Also to facilitate its use in catalysis or in additional post-treatment flow, they can be cut into very 

small pieces; as and a coating of heat-shrinkable deray-PTFE is occupied for two hours at 280 °C 

and joined to two glass tubes to secure the connections to the pump for flow processes.[56] The 

manufacture of silica monoliths within capillaries of fused silica coated with membrane - like 

zirconia have also been reported, increasing the stability of the monolithic column in the separation 

of the basic compounds aromatic amines and alkaloids. Another important coating of these 

monoliths is ὃὰὕȟ[61] heat shrink polyolefin o column coatings designed with metals as shown in 

figure 11(right).[62] 
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Polycarbonate Pipe Thermo-shrinking PTFE 

tube 

 
 
 
 
 
 
 
 
 

 

 

2.6.  Microreactor  silica monoliths in catalytic experiments 

 

2.6.1. Diels-Alder  reaction 

 

This reaction was formulated by Otto Diels and Kurt Alder in 1928 and consists of the reaction of 

a conjugated diene and a usually conjugated olefin to form a substituted cyclohexane. It is widely 

useful because of its ability to form ubiquitous six-membered ring compounds, molecules 

otherwise difficultly accessible, and because of its remarkable narrow-specificity.[63]  To test this 

reaction, a silica monolith with alumina grafting Al-MonoSil was prepared The comparison of the 

performance of the reaction in a batch reactor is also reported, increasing the productivity of the 

process by 30% when using the monolith in continuous flow, being promising for reactions that 

require moderate acidity and that involve bulky molecules such as the Diels-Alder reaction. 

2.6.2. Triacetin transesterification 

The transesterification is the process of exchanging the organic alkyl groups (Ὑ, Ὑ, Ὑ) of an 

ester with the methyl group methyl alcohol, where methanol and ethanol are the most commonly 

used alcohols, catalyzed by the addition of an acid or base catalyst. [64] Transesterification reactions 

are useful in industry such as reducing the boiling point of esters, producing polyethylene 

terephthalate and polyvinyl butyrate.[65] For this reaction, the use of the silicon monolith called 

ὌὛὕ-MonoSil is reported at 60 °C using the data reported in the table 2. [56] The same reaction 

under batch reactor conditions using a round bottom flask and a magnetic stirrer at 1000 rpm, 

presents a lower yield and productivity compared to the monolith in flow. 

Effective Length: 33 mm 

Figure 12: Cladding of silica monoliths to use in continuous flow mode 

Colum around silica for continuous-flow operation 
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2.6.3. Knoevenagel reaction 

 

It is an organic reaction that allows the formation of carbon-carbon bonds. Occurs between 

activated carbonyl and methylene compounds. In addition to being used for the production of 

intermediate drugs it is also used as a classical test reaction to examine the activity of newly 

synthesized Bronsted-base catalysts. [66] 

Table 2: Hierarchical silica monolith and their synthesis parameters as catalytic microreactors 

Reaction Monolith Reagents and reactive Flow of the 

process 

mL άὭὲ 

Increased 

productivity 

Reference 

Diels-Alder Al -

MonoSil 

Cyclopentadiene (1mmol), 

crotonaldehyde (1mmol) 

20 ml Dehydrated  ὅὌὅὰ. 
 

 

0.2 and 0.5 

 

30% 

 

[61] 

Triacetin 

esterification 

ὌὛὕ-
MonoSil 

Triacetin (0,70 mol ὒ  

proportion methanol / 

triacetin = 6 

 

0.5 

 

10% 

 

[1] 

 

Knoevenagel 

reaction 

K-LTA-

MonoSil 

4-isopropylbenzaldehyde ( 

32 mmol), 

ethylcyanoacetate (27.2 

mmol) 

40 mL DMSO 

 

0.5 

 

27% 

 

[56] 

 

 

 

 

 

Figure 13: Cladding monolith and scheme reaction in continues flow mode with a HPLC 

micropump [56] 

 

2.7. SiHIPE monolithic microreactors 

 

Pilots reactor are used for continuous liquid phase heterocatalysis, these reactors have smaller 

dimensions than the industrial scale reactor. One of the uses given to SiHIPEs is for the design of 

a continuous reactor for transamination reactions by inmmobilized enzymes, where SiHIPEs are 

used as support for the enzyme. Flow and pressure drop depend on the macropores, while 
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functionalization occurs by immobilization of enzymes.[67] The idea is to mimic the ability of 

enzymes to achieve catalysis in active sites located within the pores of materials such as zeolites, 

clays, aerogels with appropriately adjusted micro and meso architecture. SiHIPEs are generally 

used as heterogeneous catalysts with peristaltics pumps as shown in the following figure: 

 

  

 

                                     

 

                                            

                                          Figure 14: Si(HIPE) monolith placed in a heat-shrinkable PTFE tube[67] 
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CHAPTER III  

3. Problem Statement 

 

In industry, reaction catalysts are widely used and their optimization is increasingly sought by 

lowering their cost, improving their efficiency and avoiding contamination both in their synthesis 

and in their use. But many times more than one catalyst is needed in different stages and carrying 

out these reactions in cascade can be very expensive, so alternatives are sought to achieve the 

optimization of the process. One of the alternatives that is presented is the use of nanostructured 

materials such as silica monoliths which, by presenting a hierarchical porous structure, are very 

stable under different reaction conditions and have a variety of applications due to their versatility 

in their functionality. For this reason, it is necessary to find or improve existing nanostructured 

materials to solve these problems that arise in the industry. 

 

3.1.  Objectives 

3.1.1 General 

To develop and test a new type of material which allows to do multi-step reaction, based on silica 

monolith synthesized by HIPE method. 

 

3.1.2 Specifics 

i. Develop a new idea of material which could allow multi-steps reactions. 

ii.  Obtain a hierarchical silica monolith functionalized with Co, Cu, Fe, Ni metals by the HIPE 

method. 

iii.  Propose the appropriate method to prepare sandwich monoliths and define the time to join 

two layers of this material. 

iv. To obtain Co-Cu sandwich monoliths and test it in a two-step reaction to get imines. 

v. Propose a suitable scheme and cladding material to test hierarchically silica monoliths for 

two-step reactions. 

vi. Analyze the product obtained in the reaction. 

vii.  Study the interaction of each layer of monoliths. 

viii.  Evaluate the monolith before and after use in the two-step reaction to form imines. 
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CHAPTER IV  

 

4. Sandwich monolith, a new type of silica monolithic material 

4.1.  A unique material with multi -catalysis? 

The problem is how to group different materials inside one unique material. As shown before, in 

industry this approach can be summarized as cascade reaction, where each reactor has a specific 

function. While very effective, it requires a high cost and space in order to apply this strategy. 

Another approach in order to obtain two properties during a general process is the mixture of two 

catalysts together. This reduces the cost but can sometimes give rise to undesired properties, as the 

mixture of two catalysts is not only the sum of two catalysts. From these considerations, we can 

think about 3 main requirements of such materials: 

i.A reduced cost, in less operations and less space. 

ii.Unmodified catalytic properties when together: there should be physical separation between the 

catalysts.   

iii. It should be relatively easy to make. 

4.2. All -in-one using HIPE? 

 

According to the references presented, it has been verified that the HIPE method is useful for 

synthesizing hierarchical porous silica monoliths functionalized with different metal oxides that 

have a wide variety of applications and allow them to be used in continuous flow. The inclusion 

of different metals can be done relatively easily during the emulsion process while preparing the 

monoliths in contrast to sol-gel method which need at least two different steps. In this research, 

therefore, it is sought through the HIPE method to join two types of these functionalized materials 

with different metal and verify that several layers can be joined in this material and then be used 

in reactions of several steps, i.e multi-step catalysis. It is worthy to note that the idea the same idea 

can be extended to any type of functionalization possible using HIPE method, not only metals. 

However, the simplicity of detection and synthesis of metal-functionalized monolith makes it a 

perfect candidate to proof this idea.  Its use is also sought in new applications, such as 

microreactors with one, joining several or achieving monoliths with more than two layers. Where 

each layer functionalized with different metal conforms to a single monolith, checking the bonding 

time and that the impregnation in the monolith structure of other substances. 
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CHAPTER V 

5. Methodology 

 

First, the silica "sandwich" monolith was synthesized by the HIPE method: a combination of a 

one-pot procedure and the skeleton's calcination, joining two emulsion layers in different times. 

The emulsion and final sandwich silica monolith of course, was functionalized with different 

metals Co-Cu and Cu-Fe. Also, several metal functionalized silica monoliths without sandwich 

form were made: Co, Cu, Fe and Ni. One reference silica monolith was also synthesized without 

any metal.  

5.1.  Synthesis of porous ñsandwichò silica monoliths 

 

5.1.1. Reactives and reagents  

 

TEOS (purity 98%) from Merk, Pluronic P123 (purity 99%), copper nitrate trihydrate  

ὅόὔὕ σὌὕ from Sigma Aldrich, (purity 98%), cobalt nitrate hexahydrate 

ὅέὔὕ σὌὕ (purity 98%) from Acros, iron nitrate nonahydrate ὊὩὔὕ ωὌὕ (purity 

98%) from Alfa Aesar, nickel  chloride hexahydrate ὔὭὅὰ φ Ὄὕ, sodium fluoride (NaF 99 %) 

from Sigma Aldrich. Organic solvent cyclohexane (99%) from Fisher Chemical. 

5.1.2. Experimental procedure 

 

The procedure was carried out for obtaining two monoliths in order to switch emulsion layers and 

have the sandwich monoliths made of different metal composition. The general procedure used to 

obtain the samples by HIPE with metal content was the one already described by Sommer et. al, 

2016. The metal salts were dissolved in an acid solution of P123, 20%w(separately). This mixture 

is considered the aqueous phase. The silica source (TEOS) was added dropwise very slowly to start 

its hydrolysis under stirring at 400 rpm.  The hydrolysis phenomenon with the acidic solution of 

P123 is carried out for 30 minutes. After this time has elapsed NaF (8 g/L) was added to allow the 

polymerization of the silica precursor and the regulation of the pH.  During this time, the stirring 

was increased to 700 rpm and the cyclohexane (oil phase) was slowly incorporated. This leads to 

the oil-in water (O/W) emulsion obtaining, made of cyclohexane oil drops stabilized by the 

surfactant, and with metallic cations in the water phase in close vicinity to the surfactant.[68]  
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Figure 15: General scheme for the synthesis of bilayer silica monoliths 

4)  NaF as catalyst 

5) Cyclohexane  

 

Figure 16: MonFe and MonCu-Fe after pyrolisis    

1) Acid solution of P123 

pH=2 

The emulsion was placed in plastic bottles until certain level in order to complete with another 

layer of another different metal emulsion composition. Different time was used in order to put the 

other second layer as follows: at 47, at 83, at 98 minutes respectively. The sandwich monoliths as 

well as the reference sample and the ones with only one metal emulsion were placed into a 

desiccator at room temperature during several days for aging. Meanwhile, the cyclohexane slowly 

evaporates and the macropores are emptied. Finally, a pyrolysis step was carried out at 500 °C to 

increase the mechanical strength of the silica skeleton and to give rise to mesopores due to 

surfactant template elimination.   In the Figure 14 is presented the procedure followed: 
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Aging in a glass desiccator 8 

days (cyclohexane environment) 

Liberate macroporosity at room 

temperature 
30 °C to 500 °C  ЎὝ  1 °C/min to 

pyrolysis at T=500 °C   for 6 hours. 

(liberate mesoporosity) 

6) Add second layer in the 5ml flask 

Horizontal position  

2) Add metal salt 

3) Add TEOS drop 

by drop 

 

Dissolve the metal 

salt under stirring  

Hydrolysis of silica  Adding oil phase  






























