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Abstract 

This work presents the utilization of rice husk for the synthesis of catalytic as well as anti-

microbially active materials. The rice husk was doped with salts or metal organic 

complexes, which acted as metal source and was consecutively chemically converted via 

pyrolysis. The prepared materials were composed of a carbon silica support doped with 

metal nanoparticles.  

Ag-, Co- and Ni-doped systems were applied in catalytic hydrogenation reactions. Ag- and 

Co-based systems proved to be highly active in the selective conversion of nitro 

compounds to amines. For the Ag-based system, AgNO3 was used as metal source, while 

for the Co-based system, N-rich metal complexes were used. The catalyst synthesis was 

further improved by modifying the catalyst by base leaching. This led to a drastically 

improved catalytic performance. Furthermore, the scope of accessible hydrogenation 

reactions using rice husk-based catalysts was extended by applying the Ni-based catalyst 

(with Ni-salts as metal source) to the reductive conversion of epoxides to anti-

Markovnikov alcohols in a highly selective manner. The prepared materials were 

characterized by microscopic techniques (SEM and STEM), spectroscopic methods (XPS, 

IR and EDX-mapping), thermal sorption analytics (TPx and BET-methods), TGA and DSC as 

well as XRD. The catalytic tests included reaction optimization, broad substrate 

screenings and kinetic as well as mechanistic studies.  

Additionally, the Ag-doped material was tested as an anti-microbial agent against the 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli) and the pathogenic 

yeast Candida albicans. The tests proved activity against all pathogens using extremely 

low Ag-concentrations. 
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Zusammenfassung 

Diese Arbeit beschäftigt sich mit der Nutzung von Reisspelze für die Synthese von 

katalytisch- und anti-mikrobiell aktivem Material. Die Reisspelzen wurden mit 

Metallsalzen bzw. metallorganischen Komplexverbindungen imprägniert und 

anschließend durch Pyrolyseprozesse chemisch umgewandelt. Die hergestellten 

Materialien setzen sich aus einem Kohlenstoff/Silica Komposit-Trägermaterial dotiert mit 

Metall Nanopartikeln zusammen.  

Mit Ag, Co und Ni dotierte Materialien konnten in katalytischen Hydrierreaktionen 

angewendet werden. Die Ag- und Co-basierten Katalysatoren zeigten hohe Aktivität in 

der selektiven Umwandlung von Nitro-Verbindungen zu Aminen. Während der Ag-

basierte Katalysator AgNO3 als Metallquelle nutzt, wurde für den Co-basierten 

Katalysator auf N-reiche, metallorganische Komplexverbindungen zurückgegriffen. Dies 

führte zu einer deutlich verbesserten katalytischen Performance. Darüber hinaus wurde 

demonstriert, dass weitere Hydrierreaktionen zugänglich sind, indem der Ni-basierte 

Katalysator (basierend auf NiNO3) in der reduktiven Umwandlung von Epoxiden zu anti-

Markovnikov Alkoholen angewendet wurde. Die hergestellten Materialien wurden mit 

einer Vielzahl von mikroskopischen (SEM und STEM) und spektroskopischen (XPS, IR and 

EDX-mapping) Techniken und durch thermale Sorption (TPx and BET-Methoden), TGA 

und DSC sowie XRD chrakterisiert. Die katalytischen Untersuchungen umfassen neben 

der Optimierung der Reaktionsbedingungen und ausführlichem Substrate Screening auch 

kinetische und mechanistische Untersuchungen. 

Außerdem wurde das Ag-basierte System auf seine anti-mikrobielle Wirkung gegen die 

ESKAPE Pathogene (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumo-

nia, Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli) und die 

pathogene Hefe Candida albicans untersucht. Die Untersuchungen demonstrierten eine 

starke Wirksamkeit des Materials gegen alle Pathogene, auch bei stark erniedrigtem 

Silbergehalt. 
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Preamble 

Aim and Sustainable Development Goals (SDG) 

This work is a contribution to a more sustainable use of resources in the future. It is 

especially focused on the development of catalysts from rice husk for industrially relevant 

processes. The term “sustainability” is currently defined by the Oxford English Dictionary 

as “the degree to which a process or enterprise is able to be maintained or continued 

while avoiding the long-term depletion of natural resources”.1 The term has been 

excessively used by various organizations since the beginning of the 21st century. This 

excessive use has led to dilution and unclear reinterpretations, in short: it has become a 

buzzword. Nevertheless, the concept of using resources and designing processes in a way 

that ensures the sustenance of resources for further generations and not maneuvering 

them into life-threatening shortages has proven to be the initiator for fundamental 

changes in almost every aspect of human cohabitation. The way we think about the 

production of energy, food and consumer products has been changed drastically. In view 

of the above definition of sustainability, the developments of this work are required to 

use a resource in a way that enables the developed processes to be maintained in the 

future. 

Useful tools for the conceptualization of a sustainable development are the sustainable 

development goals (SDG) set by the general assembly of the United Nations in 2015. They 

are probably the most prominent example for using the concept of sustainability in a 

strategic plan for the future of mankind. The SDG are 17 objectives, which are referred 

to as “blueprints to achieve a […] more sustainable future”.2 The main reason for the 

emergence of plans like the SDG and the excessive use of the term “sustainability” is the 

increased awareness of the drastic changes of the environment (e.g. climate change and 

resource depletion) caused by industrialization within the last 200 years. The chemical 

industry, for example, is currently depending on fossil fuels to generate the required 

energy to conduct processes, and most of the produced organic structures originate from 

refined oil.3 This is highly problematic since the use of fossil fuels is one of the main 

reasons for the mentioned drastic changes of the environment.4 Thus, the chemical 

industry has to be transformed. This can be achieved by decreasing the required energy 

to maintain processes and by replacing chemicals that do not meet the definition of 

sustainability by the utilization of alternative resources.  

This work, which aims to use the agricultural waste product rice husk, for the synthesis 

of catalytically active materials, does both: 1) utilizing a resource growing on fields and 2) 

lowering the energy requirements of chemical processes by using a catalyst. 
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1 Introduction 

1.1 Catalysis 

1.1.1 General Definition 

The term “catalyst” (from greek “καταλύειν” – “to untie”) was defined by Ostwald in 

18945 as a material that increases the speed of a chemical reaction without being 

consumed and without changing the final location of the thermodynamic reaction 

equilibrium. Sabatier later refined the term “catalysis” in what is today known as 

Sabatier’s law.6 His key assumption is that the reaction educts are adsorbed onto the 

catalyst surface (1 in figure 1), are activated and form intermediates. These intermediates 

must be stable enough to be formed, but not stable enough to form a non-reactive 

compound. Through this, they enable rearrangement and recombination of the adsorbed 

species into the desired product, which is later on desorbed from the catalyst surface.  

 

Figure 1 Representation of Sabatier’s law showing the cyclic nature of a catalytic heterogeneous 

reaction (A) and an energy scheme for a reaction with and without the use of a catalyst (B).6 

The formation of the intermediates leads to a lower activation energy (Ea) compared to 

the uncatalyzed reaction and, thus, catalysis is a purely kinetic phenomenon (2 in figure 

1). With this definition, Sabatier established a view on catalysis that is the foundation for 

all work in the field and has been validated by many studies and modern methods. This 

fundamental principle can be applied to all types of catalyzed reactions, for example to 

reductions. Reduction reactions are among the most important transformations in 

synthetic chemistry and the use of hydrogen as reducing agent is extremely popular.7 

There are various industrially important reduction reactions that use hydrogen, e.g. , the 

hydrotreating of the distilled fraction of crude oil. This treatment enables an easier 

removal of metal atoms and heteroatoms, especially of sulfur and nitrogen,8 which is 
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important to ensure the quality of products derived from crude oil. Other examples for 

large scale applications are the hydrogenation of fats9 or the reduction of adiponitrile to 

hexamethylenediamine.10 Apart from the described large-scale applications, there are a 

number of small-scale transformations in organic chemistry used for the synthesis of 

chemicals with special applications, e.g. pharmaceuticals or platform chemicals.11 

Additionally, the utilization of hydrogen in the synthesis of energy carriers has become 

more and more important since the beginning of the 21st century, as it is a key step in the 

development of the so-called hydrogen economy.12 Even though all described examples 

can be conducted with heterogeneous catalysts, it must be pointed out that 

homogeneous catalysts are also of great relevance in the chemical industry.13 However, 

this chapter will only put further focus on heterogeneous systems, since this work only 

addresses the development of heterogeneous catalysts.  

1.1.2 Heterogeneous Catalysis 

The definition of a heterogeneous catalyst includes that the catalyst is present in a 

different phase than the reactants14 while, in contrast, a homogeneous catalyst is present 

in the same phase as the reactants.15 A heterogeneous catalyst is, in most cases, a solid 

material used in a gas- or liquid phase reaction. The solid catalyst is often composed of 1) 

the active centers/sites on which the chemical rearrangement and recombination of the 

reactants takes place and 2) the supporting material, which is the stable carrier of active 

centers. However, even though the support is usually a chemically inert material, it is of 

critical importance for the catalytic performance and contributes to the chemical 

transformation. Heterogeneous catalysts have considerable advantages over 

homogeneous systems (figure 2). 

 

Figure 2 Comparison of homogeneous and heterogeneous catalysts. 

They are usually more stable and, thus, tolerate extremely harsh reaction conditions. 

However, this aspect can be a disadvantage as well since high temperatures may be 

required for good catalyst activity. High temperatures are not tolerated by every 
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substrate. Furthermore, there are different possible deactivation mechanisms for 

heterogeneous catalysts associated with high temperatures, e.g. cocking and particle 

migration.16 Nevertheless, a major advantage in terms of downstream processing is the 

easy separation of the catalyst, consequently enabling, the possibility to recycle the 

catalyst. Despite these advantages, homogeneous catalysts are sometimes preferable, 

since they enable more precise control of the reaction selectivity. Hence, improvement 

of product selectivity is a major obstacle when designing a heterogeneous catalyst.  

1.1.3 Hydrogenation Catalysis 

When developing and designing a catalyst for a certain reaction, it is crucial to understand 

the mode under which catalysts operate. For that purpose, Sabatier’s law6 can be used 

as a blueprint to reach a comprehensive understanding of catalytic reactions, in this case 

hydrogenation reactions. The first step of a catalytic hydrogenation is the adsorption and 

activation of the reagents on the catalyst. The adsorption and activation of most organic 

molecules is achieved relatively easily, especially if the catalyst surface provides a form 

of attractive interaction, e.g., π-stacking. Nevertheless, the selective activation of a 

certain targeted bond in an organic molecule can be challenging. Furthermore, as second 

step, the adsorption and consecutive activation of the reducing agent (i. e. hydrogen) 

must take place as well (not necessarily in this order; it is also possible that the catalyst 

surface is loaded with hydrogen first and is adsorbed onto the substrate in a second step). 

However, in most cases, this second step is the more critical one, since the bond 

dissociation energy of the strong, non-polarized H-H bond is high compared to more polar 

bonds, e.g. C-H bonds. The third step, the intermediate formation and recombination is, 

in most cases, a cascade of elementary surface reactions, which depend on the 

environment offered by the catalyst surface as well as on the energy states of possible 

reaction intermediates. For hydrogenation reactions, the transfer of a hydride species 

from the catalyst surface onto the targeted moiety is the critical step. Finally, the product 

desorption takes place, which is dependent on its physicochemical desorption 

equilibrium. This is very rarely a limitation for the reaction, unless an irreversible chemical 

adsorption of the product occurs. 

Noble transition metals, especially those with not fully occupied d-orbitals, e.g., Pd or Pt, 

are suited for the activation of hydrogen and, thus, are frequently applied in 

hydrogenation reactions.6 The activation takes place because their surface electrons can 

rapidly populate antibonding H2 orbitals, facilitating H-H bond dissociation.17 Hence, 

reduction catalysts like Pd on activated carbon have become standard systems in organic 

synthesis, especially for the hydrogenation of unsaturated C-C bonds.18 These catalysts 

are reliable, easy to handle, and can usually be used at ambient conditions.19 However, 
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their application also has decisive disadvantages, the foremost being that they are 

extremely expensive. Additionally, the high activity of noble metal catalysts in 

hydrogenation reactions can cause selectivity issues due to over-hydrogenation. For 

example, the reductive dehalogenation of substrates bearing aryl halide moieties or the 

dearomatization of phenyl groups are frequently reported problems.20 Another 

socioeconomic and environmental drawback of noble metals is associated with their 

mining. Metal mining can have a drastic and mostly negative impact on many levels. The 

nature of the impact is often dependent on the mining form and can include high energy 

demand effecting significant CO2 emissions,21 use of potentially toxic compounds, metal 

discharge into the environment22 and, last but not least, a negative social impact on 

people living in the mining area.23 Nevertheless, a strong impact in terms of CO2 emissions 

and environmental pollution is especially associated with rare elements like Pt, Pd, Ru or 

Au.21, 22, 23, 24 Thus, there have been intensive efforts to develop catalytic systems that use 

more abundant metals as active centers in order to make catalytic process more 

sustainable.25, 26 

1.2 Rice Husk and Agriculture Waste  

Rice husk (RH), which is the main feedstock for the catalyst support preparation in this 

thesis, is the main waste product of rice production beside rice straw. Rice (Oryza sativa) 

or paddy is the third most produced crop on earth after wheat and corn, with an annual 

production of 498.3 million tons in absolute numbers (figure 3).27 It is cultivated on an 

area of 1.6 million km2, 27 which is more than four times the area of Germany.  

 

Figure 3 Production of crops worldwide27 (left) and crop production in Vietnam28 (right) in 2019. 

The majority of rice is harvested on fields in Asia (approximately 443 million tons)27 and 

it is considered the main source of calories for the two most populated countries in the 
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world, China and India, which alone harbor a third of the world population. Thus, rice 

production is vital for the nutrition of humanity. The scale on which it is produced is 

enormous and so is the amount of waste accruing due to its cultivation. The rice husk 

used for the work presented in this thesis was collected in Vietnam. Rice is the most 

important crop produced in Vietnam, which is depending on rice as nutrition source, like 

most Asian countries (figure 3).28 The focus of this work is on rice husk, which is the 

protecting layer of the grain. It accumulates after the paddy ear is removed from the 

straw, dried and separated into grain and husk by milling in so-called husking machines. 

Around 20 to 25 wt% of the paddy ear is accounted to husk.29 The overall amount of 

agricultural residues due to rice production is approximated with 800 million tons 

annually30 and approximately 16 wt% of this waste is rice husk. Hence, the overall 

production of husk can be estimated to be around 135 million tons per year.31 

The main purpose of the husk is to protect the rice grain. Thus, it has to be mechanically 

and biologically stable. The stability of rice husk is reflected in its composition. Rice husk 

is manly composed of cellulose, lignin, hemicellulose and ash (figure 4). The share of 

hemicellulose (22 to 30 %) is low compared to softer natural fibers like baggase (56 

wt%).32 A low hemicellulose share is often associated with more rigid plant parts like 

trunks or other supporting structures. However, the lignin and cellulose shares are 

surprisingly low, compared to other natural fibers that are designed by nature to protect 

the fruit body. For example: coconut coir, well known for being a mechanically resistant 

material has a lignin share of 32 wt%,33 about 10 wt% higher than rice husk. 

 

Figure 4 Rice husk (left) and rice husk ash (right) composition.32 

Nevertheless, rice husk is well suited to protect the rice grain. This is due to the high 

content of what is usually referred to as ash. Ash is a collective term for everything that 

is left after the material is burned under atmospheric conditions. In the case of rice husk, 

most of the ash (93 wt%) is SiO2 (figure 4). The remains are other nonflammable residues, 

especially oxides of alkaline- and alkaline earth metals, but also metal oxides like Al2O3 

and Fe2O3 as well as phosphorus in oxidized form. 
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The fact that silica is found in living organisms and in plants in particular has been known 

to the scientific community since the beginning of the 19th century.34 It is important to be 

aware of how and where nature incorporates silica into plants. This knowledge is the basis 

to be able to change the structure, and consequently, the properties, of materials derived 

from such plants can be changed, as described in this thesis. 

The silica uptake by different species like diatoms35 and terrestrial plants36 from sediment 

always starts with the chemical dissolution of SiO2 into orthosilicic acid (figure 5). The 

concentration of orthosilicic acid in marine and terrestrial water is in a range of 10-4 to 

10-3 mol l-1.37 This H4SiO4 can move across plasma membranes of plant roots at biological 

pH.38 Following the uptake in the roots, 39 the H4SiO4 is transported to the shoots and 

distributed by the plant nodes. Finally, the H4SiO4 reaches the panicles and starts to 

accumulate until concentrations of 2·10-3 mol l-1 are exceeded.40 The orthosilicic acid 

starts to condensate into di-, tetracyclo- and polysilicic acid as a consequence of this high 

concentration (figure 5). The polysilicic acid forms colloidal silica and accumulates by 

eliminating water. The silica particles start to form a dense layer of 2.5 µm thickness 

beneath the cuticle layer41 and the water leaves the plant by humidification. The 

amorphous silica particles lose more and more water over time, which increases 

mechanical stability. 

 

Figure 5 Conversion of SiO2 into structures formed by silica gel. 

The silica particles lower abiotic and biotic stressors by increasing mechanical stability 

and, thus, increase resistance of plants to pests and diseases.42 Especially in the marine 

environment, several organisms rely on the utilization of Si in the form of SiO2. For 

example, diatoms sequester 240 Tmol of Si yr-1.43 However, recent studies pointed out 
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that plants in the major terrestrial biomes also fix a total amount of 84 Tmol Si yr-1 and 

that most terrestrial Si is indeed fixed on cultivated land (29 Tmol Si yr-1). The highest 

share of Si is considered to be fixed by members of the order of Poales, which includes 

i.e., grasses, sedges and the three main crops produced on Earth (figure 3). 

However, beside the described advantages of a high silica content in rice husk, there are 

also disadvantages. They mainly lie at the end of the rice production chain: in the waste 

management. The high stability and stress resilience of the plant material entails a 

tendency for slow composting.44 This is extremely problematic when taking into account 

the sheer amount of waste, because it would take too much time to compost the rice 

husk waste. Hence, composting of rice husk in the slow traditional way and reutilization 

as fertilizer is not practicable, even though the use as fertilizer would be generally 

beneficial for the rice production. Thus, the decomposition must be sped up or the rice 

husk must be transformed for repatriation in an exploitation chain. The current approach 

by rice farmers all over the world to deal with the plant waste is the open burning on the 

fields or the burning in furnaces, which is a form of faster decomposition (figure 6). 

Figure 6 Burning of rice production residuals in Vietnam.45 

The method is fairly straightforward because it does not require sophisticated machines 

and it is simply the fastest way to deal with the waste. Additionally, the resulting ash 

simultaneously acts as fertilizer, since it contains essential nutrients for the next 

generation of plant e.g. Si and P (as shown in figure 4). However, this practice is 

responsible for massive air pollution, drastically affecting the air quality in all rice growing 

regions such as China, lndia and Vietnam.46 The pollution is a health risk for humans and 

has a negative environmental impact due to massive CO2 and particulate matter 

emission. Moreover, it affects the rice production itself, since recent studies indicated a 

correlation of high air pollution levels with low rice yields.47 Hence, it is not only in the 

interest of human health and environmental conditions but also economically reasonable 

to find alternative ways of waste treatment in order to decrease the burden caused by 

rice production. 
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1.3 Utilization of Rice Husk and Straw as Bio-Derived Feedstock 

1.3.1 General Introduction 

The problem of dealing with RH as a waste product is not a new challenge. In fact, it is 

very old, since the origin of rice domestication can be dated back 820048 to 1350049 years 

ago. Hence, it seems reasonable to assume that RH has been used for centuries for 

different purposes due to the fact that a separation of the husk form the grain was 

necessary at any given historic stage of rice consumption.50 Generally, the use of RH can 

be divided into approaches that convert RH into a working material and approaches 

utilizing energy generated by burning RH or derivatives of it (figure 7).32  

 

Figure 7 Heating value of RH compared to other fuels.32, 59, 60 

The earliest well-documented example of research on RH utilization is a German patent 

from 1924,51 describing the use of RH as an additive for concrete.52 This application has 

caught more and more attention in recent years due to its potential to replace the 

widespread Portland concrete.53, 54 Besides, there are other uses that cannot be 

historically dated back accurately. The use of rice husk ash in ancient ceramic glazes is 

mentioned in literature.55 Rice bran oil56 (produced from RH through different extraction 

methodologies)57 is produced since the 1950s on a large industrial scale, but was popular 

long before that.50  

1.3.2 Non-Catalytic Applications 

The burning of RH is an exothermic process and, therefore, energy is generated by it. 

Thus, burning for energy production is perhaps the most obvious way to deal with the RH 

waste, since it is common practice in the countryside. Nevertheless, the burning of pure 

RH is not favored from an energetical point of view, due to its low caloric value of 13 to 

18.7 MJ kg-1. 58 Material synthesis from RH can be conducted 1) by separating RH into its 

constituents and consecutively utilizing them separately or 2) by using the RH as a whole. 



 10 
 

The separation of RH into its main constituents carbon and silica is possible by various 

methods.61 Most procedures start with pyrolysis of the RH under inert conditions (1 in 

scheme 1) or the burning of RH under aerobic conditions (2 in scheme 1), which leads to 

complete decarbonization of the material and mainly yields amorphous SiO2 as residue. 

However, silica obtained by this approach is not directly used for application, since it 

contains impurities of other metal oxides.  

One of the most popular down-stream treatment for unpurified silica from RH is etching 

(often also referred to as leaching, which is a more general term).1 This process includes 

the selective removal of silica by converting it to a soluble form. This reverses, the natural 

silica deposition that was described above, is reversed. However, the conversion of SiO2 

into H4SiO4 is very slow and, therefore, not suitable for technical application.40 Hence, 

silica is usually removed by using base to convert it into the corresponding silicate, which 

can be extracted due to its good water solubility.62 If a carbon-based material is to be 

synthesized, silica is removed in an analogous manner (3 in scheme 1). Nevertheless, a 

major drawback of this separation approach is its demand for high amounts of chemicals, 

energy and time, as well as the production of copious amounts of waste water.64-68 

The utilization approaches presented in this work use RH as a whole with two purposes: 

synthesis of 1) materials with antimicrobial activity and 2) hydrogenation catalysts. 

 

Scheme 1 Reaction equations for 1) RH pyrolysis, 2) RH burning and 3) RH base leaching.63 

The application of RH-derived materials as antimicrobial agents is mainly motivated by 

the fact that approximately 780 Million people (current state in 2014)69 do not have 

access to clean drinking water. Beside chemical pollution, bacterial contamination is a 

major reason for poor drinking water quality. There are already several examples 

describing the loading of active carbon from RH with antimicrobial agents for water 

purification.66, 70 Analogous to the RH-derived carbon materials, there are also examples 

of silica materials from RH, e.g. pseudowollastonite,64 SiC,65 pure silica66, 67 or MCM-4168, 

which act as a carrier for antimicrobial agents, such as Ag nanoparticles (NP).  

This thesis also presents the use of RH-derived material with Ag as an antimicrobial agent. 

The anti-microbial properties of Ag have been long known. Already Herodot71 mentioned 

the use of Ag vessels for water storage by Romans and Persians to ensure the quality of 
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drinking water.72 However, since the development of highly effective antibiotics, Ag has 

become less important as an antimicrobial agent. Nevertheless, the world is currently 

facing a global microbial resistance crisis due to intensive and inappropriate usage of 

antibiotics.73, 74 The number of microbial strains in 2018 that developed resistance to the 

majority of antibiotics is increasing drastically and, approximately 700 000 people have 

died from infections caused by resistant pathogens.74 It is estimated that, in 2050, this 

number will increase up to 10 000 000.73, 75 Hence, there is a vital need for alternative 

antimicrobial agents like Ag, against which resistances are less likely to be developed.76 

1.3.3 Catalytic Application 

The amount of research with special focus on the catalytic application of RH-derived 

materials is rather small in terms of total number of research articles. According to the 

data-base Web of Science, only 4 %, of all reports regarding the use of RH (approx. 17.32 

million articles), are related to catalysis.77 

However, within these 710 000 publications, the use of silica as a support for 

heterogeneous catalysts is discussed many times. Thus, there are several examples of RH-

derived silica matrices impregnated with a number of different metals and used as 

heterogeneous catalysts. Such catalysts are especially attractive for oxidation reactions, 

since silica supports tend to form highly active, dehydrated metal-oxo-species with metal 

oxides at high temperatures.78 Prominent examples are the use of chromium on silica for 

styrene oxidation,79 the ozonation of oxalic acid using RH after decarbonization,80 

oxidative degradation of CO and p-xylene from waste gas streams using Mn as active 

centers81 or the partial methanol oxidation with copper on silica.82 Additionally, other 

industrially relevant reaction types using silica from RH as carrier have been explored, e.g. 

the catalytic light naphtha cracking with ZSM-5,83 MCM-41 loaded with Pd/Cu/Zn for 

methanol production from CO2
84 or reduction of nitro compounds by Au NP.85 

Furthermore, there is a number of rather academic applications like TiO2 on silica for 

photocatalytic applications,86 iron for alkylation reactions87 or even basic sodium silicate 

without further added metals for transesterification.88 In contrast, the use of carbon from 

RH as support for catalysts is less explored. Only a hand full of examples are known in 

literature, e.g. the hydroxylation of phenol with Fe@C,89 Fe/Cu@C for NO reduction with 

CO,90 magnetic Ni/ferrite@C for nitrophenol reduction using NaBH4 as reduction agent,91 

Bacillus sp. fixed on carbon as an oxidation catalyst92or activated carbon for NO, CO and 

toluene degradation.93 Nevertheless, whether these examples will ever cross the 

boundary from academic research to applicable chemical processes is highly debatable 

as they do currently not outperform established catalytic systems. 79, 83-86, 89, 91 The only 

advantage they offer is the fact that the catalyst support is derived form a renewable 
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feedstock. However, all reported RH-based catalyst systems have two major pitfalls. First, 

all reported examples used silica or carbon from RH that can barely be distinguished from 

silica or carbon derived from any other sources.94 Thus, all structural features of the RH 

are lost completely during the preparation process and do not contribute to the catalytic 

activity. Second, a high amount of energy is necessary for the separation of carbon and 

silica, which cannot be compensated by the energy saved due to the application of the 

catalyst in the targeted reactions. This critical point is intensified when considering that 

the recycling stability is only sufficiently evaluated for the minority of the above-

mentioned catalysts. The lack of data concerning this critical parameter for a 

heterogeneous catalyst makes most catalysts based on RH-derived systems unattractive. 

The use of RH-derived catalysts with a composite matrix of silica and carbon does not 

require the breakdown of RH. Thus, this approach eliminates the described major 

drawbacks in catalyst preparation by being straightforward and less energy-demanding. 

Nonetheless, this approach has rarely been explored and only few examples are reported 

in literature. These describe the use of sulfonated RH ash as an acid catalyst for the 

acylation of aldehydes95 and esterification of glycerol,96 waste cooking oil, 97 palm oil98 or 

oleic acid with methanol.99 The esterification of bio oils is a frequently described pathway 

towards bio fuels.100 However, such catalysts made from RH ash could, in principle, also 

use pure carbon materials, since the sulfonation only takes place on the carbon surface.95-

99 Thus, there is no major advantage of using RH compared to other feedstocks. 

Other examples for the direct use of RH as feedstock for catalyst supports concern 

biomass gasification into synthesis gas101, 102 or hydrogen103 by using in situ generated 

Ni101 and Ni-Fe102, 103 NP. In the described reactions, RH or rice straw also serves as the 

biomass, which is converted into synthesis gas. 101, 102 This means that RH can 

simultaneously be used as substrate and catalyst. Such catalysts are prepared by wet 

impregnation of RH with metals in an oxidized form. 101-103 Consecutively, catalytically 

active metal centers are generated via in situ carbothermal reduction in a reactor. 

Temperatures above 450 °C are required for the gasification. 101-103 This approach leads 

to a notable induction period but also enables a continuous process, which is preferred 

for large scale application from an engineering point of view. However, as described 

above, the conversion of RH in gas- or liquefaction reactions is economically not 

profitable.60 This is also true for synthesis gas production from RH because it cannot 

compete economically with established approaches.104 
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1.4 Applications in Heterogeneous Catalysis 

The following chapter will provide an overview on the conducted catalytic reactions using 

RH as feedstock for catalyst preparation: the reduction of nitro groups to the 

corresponding amines as well as the reductive conversion of epoxides to anti-

Markovnikov alcohols (anti-MA). The current state of the art in catalyst development and 

known mechanistic modes of action will be introduced briefly to enable comprehension 

for the reactions presented in this thesis. 

1.4.1 Hydrogenation of Nitro Compounds 

The reduction of nitro groups is frequently used for the synthesis of amines in fine as well 

as bulk chemical synthesis25 and it is a popular test reaction in catalyst development.25, 

105 The transformation was first reported by Béchamp more than 150 years ago.106 Since 

this non-catalytic approach, the use of heterogeneous metal catalysts with hydrogen as 

reducing agent rapidly gained importance. Numerous metals have been employed as 

catalyst. Noble metals including Pd, Pt, Ir and Au107 are popular as active sites, since they 

enable high turnover frequencies. Nevertheless, noble-metal-based catalysts often suffer 

from low selectivity.108, 109 This is the case if the substrate molecule offers more than one 

potentially reducible group, e.g. alkyne, nitrile or carbonyl functions. 107, 110, 111 However, 

even with non-complex substrates like nitrobenzene or halogen-substituted 

nitrobenzene, selectivity issues can occur because noble-metal-based catalysts tend to 

catalyze dearomatization as well as dehalogenation. 107, 108, 109 Additionally, the use of 

noble metals comes with a significant financial burden.112 Hence, it is reasonable to 

develop efficient replacements. This thesis presents alternative systems that use Ag and 

Co as active sites. 

 

Figure 8 Mechanism of nitro hydrogenation by Ag NP on metal oxide support.115 

Ag, which is by far the cheapest noble metal, has rarely been exploited for nitro reduction 

reactions, which can be explained by its unattractive inertness towards H2 dissociation at 

low temperatures.113 However, the use of Ag NP on metal oxide support for selective 

hydrogenation of nitro groups has been reported.114, 115 The mechanism is generally well 

understood and works via hydrogen dissociation on the highly polarized metal oxide 
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surface (figure 8).115 The formed hydride species is transferred to the nitro group and the 

product is formed via water elimination. Unfortunately, the scope of most studies using 

Ag is very narrow and limited to nitrobenzene, chloronitrobenzenes, nitrophenol and 

other para-substituted nitro aromatics. So far, benzylic as well as aliphatic nitro 

compounds have been neglected.109, 116, 117, 118 

Besides Ag, the use of Co as active center was also previously explored for the reduction 

of nitro compounds.25 First reports in 1921,119 1937119 and 1975120 exclusively used CoS 

as active center for nitro group hydrogenation at high temperatures as well as high 

hydrogen pressure. No improvement was documented until 2005, when, Johnson et al.121 

presented metallic Co NP combined with a Co-Pd alloy as catalyst. The system achieved 

a turnover frequency of 23000 h-1 at 80°C and 25 bar H2, which, to date, is still one of the 

highest ever reported values for this reaction. Nevertheless, the system is not attractive 

for application, since the recycling is insufficient and Pd is required. Thus, Co-based 

hydrogenation catalysts had to be improved further before being compatible with 

established noble metal systems. This happened in 2013, when Beller et al.122 reported 

the development of Co NP with a Co3O4 shell incorporated in a nitrogen-rich carbon 

environment by pyrolysis of nitrogen-rich Co complexes on silica. This approach led to a 

ligand-like interaction of the Co NP with pyridinic nitrogen moieties on the surface. This 

interaction facilitates charge polarization analogous to the mechanism proposed for Ag 

on metal oxide support and, thus, enables an easier H-H bond dissociation (Scheme 2). 
122 

 

Scheme 2 Hydrogen activation via nitrogen Co NP interaction.123 

The approach was used in many studies and led to a significant improvement of Co 

hydrogenation catalysts, even beyond the objective of nitrogen group reduction. 123-128, 

129, 130-132 Studies showed that the use of the macrocyclic phthalocycanine, a chlorophyll 

and heme analogue, as Co source often achieved the best results in terms of catalytic 

performance.124-126 Additionally, Beller et al.127 established the impregnation of N-rich Co 

ligands on bio-derived chitosan for active nitro group reduction catalysts. However, the 

chitosan used in that study is a highly purified and processed industrial product and, thus, 

does not qualify as sustainable. 
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1.4.2 Reductive Synthesis of Anti-Markovnikov Alcohols from Epoxides  

The second reaction presented in this thesis is the catalytic conversion of epoxides to the 

corresponding anti-MAs.133 Currently, anti-MAs are synthesized on a small scale by 

hydroboration (scheme 3) but this approach is not suited for industrial scale, since borane 

agents are expensive, hard to recycle and required in stochiometric amounts. The current 

pathway to anti-MAs used by industry is hydroformylation followed by carbonyl reduction 

(scheme 3). However, the synthesized alcohols always entail an additional C1 building 

block and, like many hydroformylations, the reaction often suffers from selectivity issues. 

Nonetheless, the approach is frequently used due to high turnover numbers of the 

applied Rh and Ru catalysts.134 Despite this, a requirement for alternative synthetic 

pathways remains. 

 

Scheme 3 Possible synthetic pathways to primary alcohols from terminal olefins. 

The conversion of epoxides to anti-MAs has become an attractive third pathway at the 

beginning of the 21st century, the reason being that the selective synthesis of epoxide 

moieties has long been an unsolved challenge. However, when this changed and the 

synthesis of epoxides from olefines became possible on large scales,135 their reduction to 

anti-MAs attracted more attention.136 Additionally, olefins like styrene, which are key 

starting materials in these processes (scheme 3) are not only available via reforming from 

petroleum137 but can also be produced from biomass on a large scale.138 

Despite these more recent advances, the synthesis of anti-MAs from epoxides has already 

been known for a long time. In 1949, Renoll et al.133 reported the synthesis using Raney-

Ni with good selectivity but very harsh reaction conditions of 150 °C and 62 bar of H2. 

Furthermore, the synthesis was investigated in the early 1980s. 133, 139, 140 However, most 

of those early examples of selective systems did not operate under catalytic conditions, 

but used stochiometric additives like chlorotrimethylsilane139 or MgI2/AIBN.140 Active 

catalytic systems like Pd/C110 achieved only very poor selectivity towards the anti-MAs 

and the work of Renoll et al.133 remained one of the few selective catalytic systems.  
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The mechanism for the catalytic ring opening and reduction was investigated in detail 

during the 1980s.141-143 Especially the work of Bartók and Notheisz141 pointed out that 

noble-metal-based systems (Pt or Pd/C) are only useful for the synthesis of Markovnikov 

products or for the conversion of symmetric epoxides when regioselectivity is not 

relevant. They used kinetic experiments to explain the high selectivity of Ni-based 

catalysts in comparison to Pt-based systems.141, 143 They could show that the higher 

electron affinity of Ni causes a positively charged or strongly polarized intermediate with 

a positive charge/polarization that requires stabilization (Scheme 4). Thus, the C-O bond 

at the higher substituted carbon atom is cleaved. In comparison, Pt allows a non-charged 

intermediate through much faster metal-H insertion, causing the reaction to be more 

selective towards the Markovnikov product. 

 

Scheme 4 Markovnikov selectivity using Pt or Ni catalysts. 141, 143 

Since the initial work by Renoll et al.,133 epoxide conversion to anti-MAs was 

demonstrated with bulk Ni on different inorganic supporting materials144, 145 like MgO-

Al2O3,146 MgO147 or saponites.148 However, the scope of the so far published systems is 

limited to 2-Phenylethan-1-ol and high Ni loadings are necessary. 144-146 147, 148 

Additionally, catalysts like Raney-nickel have proven to be difficult to handle when 

wanting to avoid deactivation.149 In general, epoxide-rings can be opened not only by 

coordination on a metal center, but also by several other techniques because the ring 

strain of the three-membered cycle causes high reactivity. Thus, epoxides are popular as 

intermediates in complex chemical transformations150 as well as in polymer chemistry.151 
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2 Results and Discussion 

The first step in the utilization of RH for the preparation of a hydrogenation catalyst was 

to modify its structure. This has to be done because the composition and surface 

structure of RH are not suitable for its direct application as a heterogenous catalyst due 

to a lack of active sites and low thermal stability. Metal NP are frequently used as active 

sites in hydrogenation reactions and are, therefore, the most promising candidates to be 

introduced into RH to prepare a catalytically active material. In order to introduce metal 

NP onto the surface, two approaches can be considered: 1) previously prepared NP are 

deposited on the surface via impregnation techniques or 2) metal ions are deposited on 

the surface and subsequently converted into NP. The advantage of the first method is 

that the morphology and, consequently the reactivity of the NP can be controlled more 

precisely beforehand. This means that the supporting material only has the role of a 

mechanical stabilizer for the catalytically active species. The advantage of the second 

approach is that the reactivity of the generated NP is mainly dependent on the 

distribution and the chemical interaction with the supporting material. This means that, 

in the second approach, the nature of the support is much more important for the 

catalytic activity. In addition, the approach is far more explorative, since it is nearly 

impossible to precisely predict the interaction of a polymorphous natural fiber with metal 

ions. Thus, the second approach was chosen for this work.  

2.1 Preliminary Rice Husk Treatment 

At the beginning of the preparation process, mechanical grinding of RH was conducted 

to generate small pieces of RH. This was achieved with a cutting mill using a 2 mm sieve 

followed by treatment with a ball mill in order to homogenize the RH and increase the 

accessible surface area. Additionally, acid leaching was applied to the homogenized RH 

using 10 mol% HCl, to eliminate trace metals, which are naturally present in RH. Such 

trace metals (like Mg, Ca, Mn, Co, Cu, Zn, Fe, Na and K) can negatively influence the 

material properties. However, control experiments revealed that the acid washing has no 

influence on the material performance. Thus, the step can be omitted, which avoids the 

production of approximately 300 liters of acidic wastewater per kilogram of prepared 

catalyst. This mechanical grinding was done equally for all materials presented in this 

work.  
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2.2 Silver-Containing Materials 

2.2.1 Preparation and Characterization 

The first developed system uses Ag NP as active centers. For the impregnation of RH with 

Ag ions, the RH was mixed with AgNO3 in a methanolic solution for 24 h. This makes use 

of the ion coordination ability of carbohydrates for the fixation the Ag+ ions on the surface 

(red in scheme 5).152 Consecutively, the solvent was removed in vacuo and the material 

was dried for 24 h at 60°C at 60 mbar. Finally, the impregnated RH was pyrolyzed in a 

quartz tube furnace, resulting in the applied material, which is referred to as Ag@RH. The 

pyrolysis was performed under inert atmosphere (N2) in order to avoid the complete 

oxidation of the polysaccharide and lignin network to CO2. Furthermore, by using a N2 

atmosphere, the conversion of the Ag+ ions to the corresponding oxides (3 in scheme 5) 

is avoided. This is favoured, since in most reported cases completely oxidized metal NP 

are less active in hydrogenation reactions.153 Nevertheless, this statement should not be 

generalized because contradicting examples are known.154 

 

Scheme 5: Reaction equations for the conversion of coordinated Ag+ ions (1) to Ag0 (2) under 

nitrogen atmosphere and consecutive partial oxidation to Ag oxide (3). 

Through the pyrolysis, the surface as well as the composition of the material has been 

drastically changed. The most significant change of the RH material under the applied 

conditions was the thermal decomposition of the contained hydrocarbons to a graphene-

like structure in an autoxidative process. This structure was investigated with X-ray 

photoelectron spectroscopy (XPS) and infrared spectroscopy (IR) measurements, which 

showed a significant increase of sp2 hybridized carbon and, simultaneously, a decreased 

amount of carbon oxygen bonds. 

An indicator for the structural change was the highly increased surface area of the 

material. RH usually has a single-digit surface area155 but the surface area of Ag@RH and 
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RH pyrolyzed without preliminary impregnation was determined to be 260 m2g-1 and 

270 m2g-1, respectively, which is significantly higher (B in figure 10). A type H3 hysteresis 

loop was identified, which is well known for silica-carbon-based materials156 like clay157, 

158 and silica-based catalysts prepared by sol-gel methods.159 The hysteresis loop 

indicates the existence of slit pores and capillary condensation of adsorption gas in 

interstices between silica and carbon.158 

 

Figure 9 A) Ag3d5/2 XPS signal, B) Brunauer-Emmett-Teller (BET) quantitative sorption of N2 and 
C) pore volume and area distribution plotted against the pore width of Ag@RH. 

Aside from the described changes, the Ag+ ions were converted into their sterling 

oxidation state via carbothermal reduction (2 in scheme 5). The presence of Ag0 in the 

sample was confirmed by X-ray diffraction (XRD) and XPS (A in figure 9) and the measured 

Ag3d5/2 binding energy of 368.56 eV suggested NP with an average diameter of 6 nm. 

Interestingly, XRD peaks showed neither Pseudo-Voigt nor Lorenzian shape. The peak 

shape was interpreted to be a result of overlapping peaks from two or more crystallite 

fractions coexisting in the sample (Figure 10), a phenomenon known as bimodal 

crystallite size distribution.  

 

Figure 10 A) XRD pattern of Ag@RH with the schematic presentation of overlapping signals from 
different Ag particle size fractions. B) and C) annular bright field (ABF)-STEM of Ag@RH proving 

the presence of particle size fractions. 

Thus, scanning transmission electron microscopy (STEM) was applied in order to prove 

the presence of more than one Ag crystallite size fraction (B and C in Figure 10). Indeed, 

STEM showed three crystallite fractions in the material. The smallest identified particle 

fraction had a diameter of 1 to 2 nm and was distributed all over the material. The second 

fraction, which consisted of particles of 6 to 10 nm, was the most widespread one and 

appeared to be fully monocrystalline. In contrast, the last identified fraction contained 



 20 
 

larger particles of 70 to 200 nm and appeared to be the result of agglomeration of the 

smaller crystallites. 

2.2.2 Application as Hydrogenation Catalyst  

The catalytic activity of Ag@RH was tested in the hydrogenation of nitrobenzene to 

aniline. Additionally, other metals, e.g. Co, Cu and Ni were impregnated on RH with 

analogous methods and tested in the same reaction. Ag@RH clearly showed the best 

results with a yield of 47 % (table 1). In general, it is not surprising that Ag is active in the 

hydrogenation of nitro benzene, as described in the introduction.114, 115, 160 Nevertheless, 

Co,127, 129 Cu161 and Ni162-based reduction catalysts are also known in the literature.25 

Thus, the observed clear differences in activity were unexpected. Another noteworthy 

result in the preliminary screening was the catalytic activity of the bare supporting 

material. The activity of the support can be explained by the metal impurities, e.g. Fe2O3, 

which are known to catalyze hydrogenation reactions.163 These impurities were left in the 

material, even though it was leached with acid in the pretreatment. Additionally, it has to 

be pointed out that bare Ag particles fixed on silica and prepared through a similar 

process turned out to be catalytically inactive under the same reaction conditions. This 

result hints at the importance of the RH as support during the reaction as well as during 

the preparation process.  

Table 1 Condition screening for the hydrogenation of nitrobenzene using pyrolyzed catalysts 

containing various metals (optimal conditions marked bold). 

 
ii Catalyst[a] Pyrolysis temperature [°C] Yield [%][b] Selectivity [%][c] 

1 RH 600 2.5 99 

2 Co@RH 600 7.3 99 

3 Cu@RH 600 4.8 78 

4 Ni@RH 600 2.2 69 

5 Ag@RH 600 47.3 99 

6 Ag@RH[d] 600 47.3 99 

7 Ag@SiO2 600 - - 

8 Ag@RH 500 22 99 

9 Ag@RH 700 29 99 

10 Ag@RH 800 6 99 

[a] Metal content of the catalysts is 13 wt-% of metal nitrate relative to dry mass of RH [b] Yields 
determined by GC using n-heptane as internal standard. [c] Selectivity towards aniline was calculated 

using GC with n-heptane as internal standard. [d] Catalyst prepared without acid leaching. 
 



 21 
 

The pyrolysis temperature during preparation is a critical factor for the performance of 

heterogeneous catalysts.25, 130 Thus, it is not surprising that a strong correlation of 

catalytic activity with this preparation parameter was found (Table 1). The achieved yield 

dropped drastically at both lower and higher temperatures. This can be explained with 

insufficient Ag reduction at lower temperatures and particle migration and/or thermal 

Ostwald ripening164 leading to larger, less active particles at higher temperatures.165 

Finally, all relevant reaction conditions, i.e. temperature, hydrogen pressure, reaction 

time and catalyst loading, were screened and optimized with regard to yield and 

selectivity. The system turned out to be highly selective towards the amine as reaction 

product and relevant side products like azo- or nitroso-components were not detected. 

The solvent screening revealed polar solvents as the best option and an equal voluminal 

mixture of methanol and water was chosen. Additionally, a base screening was done, 

since the addition of bases is often associated with higher yields in nitro reduction. 

Nevertheless, the screening showed that the addition of bases actually decreased the 

reaction yield and, thus, this step was not included. Finally, the catalyst loading was 

screened and it turned out that only 1.4 mol% of Ag with regard to the educt were 

sufficient for quantitative yield. The optimal conditions for the catalytic conversion of 

nitrobenzene to aniline are displayed in figure 12. 

 

Figure 11 Selected products of the catalytic conversion of nitro compounds to amines using 
Ag@RH. [a] Isomeric mixture of nitrosocyclopentane and cyclopentanone oxime. Yield 

determined by GC. 

In order to investigate the chemoselectivity and demonstrate the applicability of the 

synthesized catalyst, a substrate screening was performed (a selection of converted 

substrates is displayed in figure 11). An example of an industrially relevant educt 

converted with Ag@RH catalyst is 4-nitrophenol. The reduction of the nitro group to the 

corresponding amine is the first step in the synthesis of the globally used generic drug 
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paracetamol.118 Even though the reaction was not optimized for this specific conversion, 

4-aminophenol was produced in good yields of 87 %. Beside this example, a number of 

halogenated substrates were converted, providing evidence that reductive 

dehalogenation reactions do not limit the substrate scope. Additionally, other reduction 

sensitive groups like nitriles or sulfides did not seem to disturb the reaction selectivity. A 

number of aliphatic substrates were converted in excellent yields, as well. Nevertheless, 

it must be pointed out that the conversion of nitro groups bound to cyclic aliphatic carbon 

chains turned out to be difficult. At the given reaction conditions, the conversion stopped 

at the nitroso intermediate, which was stabilized by isomerization to the oxime. However, 

this limitation could be overcome by increasing the reaction temperature to 140°C and 

raising the H2 pressure to 40 bar. Interestingly, this limitation was not found for non-cyclic 

aliphatic carbon backbones. This is particularly surprising, since these substrates also 

offer an acidic proton in alpha position, which can be assumed to be the reason for the 

isomerization. 

 

Figure 12 STEM images and recycling stability of Ag@RH. A) Catalyst recycling experiments for 
the hydrogenation of nitrobenzene using Ag@RH. B) ABF- high-angle annular dark-field imaging 
(HAADF)- STEM after first catalytic cycle. C) ABF- STEM after eight catalytic cycles. D) ABF-STEM 
after last catalytic cycle, E) HAADF- STEM after first catalytic cycle, F) HAADF- STEM after eight 

catalytic cycles. 

Beside the chemoselectivity, the recycling stability is a key characteristic of 

heterogeneous catalysts. This is especially relevant, since it often justifies the favoured 

use of heterogeneous over homogeneous catalysts. Thus, the catalyst was recycled eight 

times using the conversion of nitro benzene to aniline as test reaction and the change of 

the Ag@RH catalyst was investigated with STEM. The yield decreased only marginally 

within the first four runs and then reached a stable plateau of around 91 % isolated yield 
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for the next four catalytic cycles (A in figure  12). The reaction selectivity remained stable 

at 99 % for the entire recycling experiment. The STEM revealed that the appearance of 

the catalyst did not change drastically on a macroscopic level (B to F in figure 12). 

The slight decrease in yield can be explained by investigating the composition of the 

catalyst on a nm-scale (B and C in figure 12). While the main particle fraction of Ag 

particles with a diameter of 6 to 10 nm remained unchanged during the experiment, a 

strong change was visible for the smallest fraction of 1 to 2 nm particles. The smaller 

fraction almost entirely disappeared after four catalytic cycles. Thus, this suggests that 

the fraction of 6 to 10 nm NP is responsible for most of the materials´ catalytic activity, 

which is in line with earlier studies.109, 116 Additionally, the fact that the smallest fraction 

appears to leach from the surface raises the question if the reaction is purely 

heterogeneously catalyzed, since the leached Ag clusters could be responsible for 

activity, as well. However, a hot filtration experiment proved that the system acts only in 

a heterogeneous manner. 

Finally, a reaction mechanism was proposed based on isolated intermediates and 

literature reports (scheme 6).25, 166 The reaction starts with a hydride transfer from the 

Ag particles to the nitro educt, leading to a nitroso intermediate under the elimination of 

water. As described above, the nitroso intermediate is especially relevant for aliphatic 

substrates. There are two possible pathways from the nitroso intermediate, which are 

frequently described in literature.25, 166 Those two pathways occur as competing 

processes: 1) the transfer of four more electrons and protons to a single nitroso benzene, 

leading to the amine via the hydroxylamine or 2) the condensation of a hydroxylamine 

with a nitroso group to an azoxy component, which is further reduced to the desired 

amine product. 

 

Scheme 6 Proposed reaction mechanism for the reduction of nitro groups catalyzed by Ag@RH. 
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2.2.3 Application as Antimicrobial Agent 

In cooperation with the Lalk group (Cellular Biochemistry & Metabolomics at the 

University of Greifswald), the antimicrobial behavior of Ag@RH against the ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli) and the pathogenic 

yeast Candida albicans was tested. Preliminary tests gave positive results against all 

pathogens, using the exact same Ag@RH material used for the catalytic reduction of nitro 

compounds (figure 13).  

The preliminary test as well as all following investigations on the antimicrobial behavior 

were conducted by determining the zone of inhibition (ZOI). Measuring the ZOI is since 

1944167 the most wide-spread method to examine anti-microbial properties offered by 

various materials.168 In order to determine the ZOI Ag@RH was suspended in methanol 

(20 mg/ml) and 10 µl of this suspension was transferred onto a cotton disc of 6 mm 

diameter with a syringe. The disc was placed on agar containing microbes. Finally, the 

sample was incubated, and the ZOI was measured after 24 h.  
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Figure 13 Antimicrobial effect of RH doped with Ag NP on Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia 

coli (ESKAPE pathogens) and Candida albicans. 

 
The material prepared for the catalytic experiments contained 4.9 wt% of Ag, which is a 

relatively high amount. However, even though Ag cannot be considered a cheap 
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resource, it is cheaper than commonly used antibiotics. For example, 0.5 g of Cefuroxime, 

an antibiotic drug used against bronchitis, costs approximately 15 USD,169 while the same 

amount of bulk Ag is available for approximately 0.32 ± 0.06 USD. Furthermore, 0.5 g Ag 

NP of <100 nm particle size are available for 6 USD and 0.5 g AgNO3 cost ~0.9 USD.170 

Nevertheless, it is reasonable to lower the amount of Ag as much as possible in order to 

decrease the product cost. Hence, a series of Ag-bearing materials were synthesized with 

AgNO3 concentration in the non-pyrolyzed RH varying from 28 to 0.001 wt%. The material 

was consecutively tested for antimicrobial behavior (figure 13). The test revealed that the 

material was active against all strains. A significant loss of activity was observed down to 

a concentration of 0.015 wt% AgNO3 in the non-pyrolyzed RH. This corresponds to an Ag 

concentration in the used Ag@RH material below the limit of quantification of the applied 

inductively coupled plasma optical emission spectrometry (ICP-OES) method, which is 

0.001 wt% (table 2). Interestingly, a similar sensitivity of Gram-positive and -negative 

bacteria against the material was found. 

 

Table 2 AgNO3 content in raw material and Ag content in pyrolyzed material, on cotton disc and 
in agar. 

ii 
AgNO3 in raw 

material [wt%][a] 
Ag in pyrolyzed 

material [wt%][a] 
Ag at cotton disc 

[wt%][a] 
Ag in agar 

[wt%][a] 

1 28 4.880(4) 0.069(3) <0.001[b] 

2 20 3.472(8) 0.047(5) <0.001[b] 

3 17 2.945(0) 0.033(4) <0.001[b] 

4 13 2.241(3) 0.031(5) <0.001[b] 

5 2.9 0.478(5) <0.001[b] <0.001[b] 

6 1.4 0.10(2) <0.001[b] <0.001[b] 

7 0.75 0.03(8) <0.001[b] <0.001[b] 

8 0.015 <0.001[b] <0.001[b] <0.001[b] 

9 0.001 <0.001[b] <0.001[b] <0.001[b] 

10 0 <0.001[b] <0.001[b] <0.001[b] 

[a] Measured with ICP-OES [b] limit of quantification at 0.001 wt% 

 

Earlier works studying the interaction of bacteria with Ag NP have not shown a clear trend 

on this matter. On the one hand, Lara et al.171 have reported less sensitivity of Gram-

negative bacteria caused by their negatively charged outer lipopolysaccharide 

membrane, which prohibits the Ag+ ions form entering the germs. On the other hand, 

Huang et al.172 have reported the exact opposite and described the thinner cell wall of 

Gram-negative bacteria as the reason for the elevated sensitivity. Moreover, beside the 

high activity against bacteria, an antifungal behavior of the material against Candida 

albicans was also found. 
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Finally, the stability of Ag on the support surface was evaluated. This is an important 

parameter, since it is known that Ag can also have toxic effects on cells of higher animals. 

This has not only been proven in lab experiments, e.g., for zebra fish173 and rats,174 but 

also in a field study about infertility of Macoma balthica clams in the San Fransico Bay 

due to a massive Ag+ discharge in the 1980s.175 However, from the catalytic experiments 

it was already known that the NPs fraction of 6 to 10 nm is not leached from the surface 

under distinctly harsher conditions (B and C in figure 14). Thus, it can be assumed that 

the Ag NP were not removed from the surface in lager quantities. XRD measurements of 

the fresh and used Ag@RH material as well as determination of the Ag content in the 

agar with ICP-OES proved this assumption. It was shown that the Ag phase was neither 

significantly decreased nor changed during the antimicrobial experiments (A in figure 14). 

The ICP-OES measurements showed that even for the highest Ag loading, no leaching of 

Ag from Ag@RH into the agar ground could be detected (table 2). 

 

 
Figure 14 A) XRD of AG@RH before and after being used as antimicrobial agent. B) and C) ABF-

STEM images of Ag@RH used for antimicrobial agent. 

 
There are two general advantages of the developed system compared to literature-

known antimicrobial agents mentioned in the introduction.64-68 First, the required Ag 

concentration to enable antimicrobial activity is at least ten times lower than the known 

systems, lowering the production costs significantly. Secondly, the synthesis approach 

directly uses RH and not a preliminary processed derivative. Thus, a complete step of the 

upstream processing can be eliminated. 
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2.3 Cobalt-Containing Materials 

2.3.1 Preparation and Characterization  

The general concept of generating metal NP on graphene via impregnation of the RH 

epidermis with metal ions followed by carbothermal reduction was shown successfully in 

the application of the Ag@RH system. Thus, the next step was to extend the scope of 

metals fixed on RH and optimize the preparation process by utilizing the unique 

composition of RH (scheme 7). Hence, two central points of the preparation approach 

were modified compared to the Ag@RH system. First, Co (instead of Ag) was impregnated 

on the RH epidermis. It was not applied as the inorganic salt but as a metal organic 

complex. Specifically, nitrogen-rich Co-complexes were used. Second, the material was 

further modified after the pyrolysis by etching of the silica from the material surface. This 

approach is based on the work of Zhang et al.126 and Gascon et al.176, performed in 2017 

and 2018, respectively. Both groups have showed drastically increased catalytic activity 

through etching of a Co-based hydrogenation catalyst with HF or NaOH. In both cases, 

the catalyst uses an artificial carbon-silica composite as support.  

 

Scheme 7 Preparation approach for RH-based catalyst using N-rich Co-complexes tuned by base 

etching. 

Five different N-rich Co-complexes were used for the impregnation of RH in order to 

generate catalytically active centers on the surface (scheme 8). The material impregnated 

with complex Co1 gave the best results in terms of yield and selectivity in the consecutive 

catalytic studies, followed by complex Co2. Thus, this chapter on material preparation 

and characterization focuses on the materials derived from impregnation with these two 

ligands.  
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Scheme 8 N-rich Co complexes screened for catalyst preparation. 

The technical procedure for catalyst preparation was barely changed compared to the 

Ag-based systems and was only extended by one step. The RH was impregnated in 

ethanol with the complex after the preliminary treatment (described in chapter 2.1). 

Consecutively, the obtained material was pyrolyzed under inert atmosphere and finally 

stirred in a Teflon® vessel containing NaOH for 24 h. The base concentration (in mol l-1) 

used for the etching is displayed as the last digit in the material name (e.g., 1 mol l-1 NaOH 

was used for the preparation of Co1@RH-E1). 

The drastic change of the RH surface morphology as well as its chemical composition 

during the preparation process was very much analogous to the changes described for 

Ag@RH (described in chapter 2.2.1). However, some dissimilarities, which can be 

explained by the different metal source and the base treatment, are noteworthy. Unlike 

for Ag@RH, the XPS measured C1s carbon binding of Co1@RH showed a drastically 

increased share of C-N bonding due to the used Co source, which contained such C-N 

bonds. Interestingly, neither the carbon nor the nitrogen binding situation was 

significantly changed by the etching process (A in figure 15). The main oxidation state of 

Co in Co1@RH was identified with XRD as being cubic Co with traces of cubic CoO (B in 

figure 15). However, the CoO phase disappeared in exchange for rhombohedral CoO(OH) 

in the freshly etched Co1@RH-E1 material and reappeared after the material had been 

washed. This leads to the assumption that the Co NP featured a so-called core shell 

structure, which has been previously described for Co-based catalytic systems.132, 177 

 

Figure 15 A) XPS measured nitrogen binding based on N1s peak and B) XRD pattern of Co1@RH 

(black), Co1@RH-E1.fresh (yellow) Co1@RH-E1.washed (blue) with different crystalline phases. 
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As expected, the amount of silicon in the material drastically decreased from 12 wt% to 

3 wt% through the etching when using 1 mol l-1 NaOH. Surprisingly, this had very little 

consequences for the microscopic surface structure of the material. BET measurements 

showed a slightly increased surface area of 347.13 m2 g-1 for Co1@RH-E1 compared to 

323.63 m2 g-1 for Co1@RH.The micropore volume was nearly constant at 0.12 cm3 g-1. 

When increasing the base concentration to 4 mol l-1, the silicon content was lowered to 

1 wt% and the surface area was increased to 427 m2 g-1. In addition, analogous to Ag@RH, 

an A type sorption loop was found. However, the loop showed stronger hysteresis. 

Nevertheless, unlike the microscopic surface structure, the morphology of the material 

was drastically changed during the etching. The change was revealed by scanning 

electron microscopy (SEM) pictures (referred to in the following section as bold letters in 

brackets according to figure 16). The morphology of the untreated RH matched earlier 

studies (A), displaying silica dots that were strung together (black arrows).53, 63, 178 After 

the pretreatment and the impregnation, the well-ordered surface morphology was 

disarrayed (B) but certain elements like fiber strands (black box) were still intact. The 

structure was not sustained during the pyrolysis (C and D) and the material then appeared 

to be mainly composed of nugget-like structures. From XPS measurements, it is known 

that these nuggets were composed of carbon and silica on the surface. Furthermore, 

small slits were visible on the material (red arrows). These slits did not disappear after 

the base etching (E and F) but instead were accompanied by certain areas with an almost 

sponge-like appearance (yellow arrows). 

 

Figure 16 SEM pictures of untreated RH (A), RH+Co1 (B). Co1 (C and D), Co1@RH-E1 (E and F). 
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2.3.2 Application as Hydrogenation Catalyst 

The prepared materials were tested in the hydrogenation of nitrobenzene to aniline. It 

turned out that all catalysts were catalytically active (table 3). However, drastic 

differences in activity were found. The use of Co(NO3)2 as Co-source led to 5 % 

conversion, while catalysts prepared from metal organic Co-complexes (see ii 3-7 in 

table 3) showed higher activities. The only exception was the catalyst that was prepared 

using ligand Co5, which gave a conversion of only 1.3 %. Since Co5 was the only oxygen-

bearing ligand, an inactivation of the Co by oxygen moieties during the pyrolysis seems a 

likely explanation for this result. The findings contradict a recent study by Beller et al.131 

In the study, Co salen complexes were pyrolyzed for the preparation of a highly active 

catalyst for reductive amination. 

Base treatment of the catalyst increased the conversion in the tested nitrobenzene 

reduction. The achieved conversion was almost doubled in all cases (exemplarily shown 

for the Co1-catalysts in ii 2 and 3 in table 3). Again, the catalyst based on ligand Co5 was 

an exception and showed no increase in conversion if higher concentrated base (4 mol l-

1) was used for the etching (ii 3 and 4 in table 4). This result is surprising, since the catalyst 

Co1@RH-E4 offered a significantly higher surface area, which is usually associated with a 

higher number of active centers and, thus, with higher conversion. Nevertheless, the fact 

that the use of a more corrosive reaction solution was unnecessary is beneficial in terms 

of waste management and on-the-job safety. In conclusion, the catalyst used for all 

following experiments was based on Co1 and etched with 1 mol l-1 NaOH.  

Table 3 Co source screening for the hydrogenation of nitrobenzene using pyrolyzed catalysts 

prepared by using N-rich Co complexes tuned by base etching. 

 
ii catalyst[a] c(NaOH) [mol l-1] conversion [%][b] 

1 Co@RH - 5 

2 Co1@RH - 39 

3 Co1@RH-E1 1 83 

4 Co1@RH-E4 4 85 

5 Co2@RH-E1 1 38 

5 Co3@RH-E1 1 29 

6 Co4@RH-E1 1 16 

7 Co5@RH-E1 1 1.3 

[a] Metal content in the catalysts was 13 wt-% of metal nitrate relative to dry mass of RH                          
[b] Conversion determined by GC using n-heptane as internal standard. 
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Furthermore, 600 °C was found to be the pyrolysis temperature that gave the highest 

conversion of 83 % compared to approximately 50 % at 700 and 800 °C and 20 % at 

500 °C. Thus, the pyrolysis temperature proved to be a critical preparation parameter, 

which is in line with the presented Ag-based catalyst and earlier studies.25, 123, 127, 130 

Additionally, it was demonstrated again that the use of a preliminary acid treatment of 

RH did not increase the catalytic activity of the prepared material and, thus, can be 

omitted. 

In the next step, the reaction conditions were optimized for the reduction of 

nitrobenzene with aniline as reaction product. A temperature of 120 °C, 10  bar hydrogen 

pressure, 12 h reaction time and an equivoluminary isopropanol/water mixture were 

found as optimal conditions. Similar to the Ag-based system, polar and protic solvents 

showed the best performance for the hydrogenation and the addition of base lowered 

the yields significantly. Consecutively, the substrate scope was screened and 36 examples 

of successfully converted aliphatic and aromatic substrates demonstrated the versatility 

of the prepared catalyst (selection shown in figure 17). It is noteworthy that a selection 

of substrates was also screened with the non-etched catalyst and lower yields were 

obtained without exceptions. 

 

Figure 17 Selected products of the catalytic conversion of nitro compounds to amines using 

Co1@RH-E1 catalyst. 

The high selectivity towards the nitro group was shwon in the presence of various 

functional groups, e.g., aromatic carbon-halide bonds, nitriles, boron esters, acetylenes, 
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ketones, esters and imines. Furthermore, the catalyst was able to convert a number of 

aliphatic substrates into the corresponding amine at the given reaction conditions in good 

to excellent yields with perfect selectivity. Thus, the etched Co@RH catalyst was able to 

overcome the limitations of the Ag@RH catalyst, which required elevated reaction 

temperatures for the conversion of aliphatic substrates. Additionally, reaction selectivity 

was found in the conversion of beta-nitropropionic acid to the corresponding amine, 

since the catalyst did not cause any decarboxylation. The most remarkable feature of the 

prepared catalyst is its selectivity towards one nitro group, even if two are offered. All 

isomers of dinitrobenzene were converted into the corresponding nitroaniline with 

perfect selectivity. It was shown in the conversion of 2-nitro-2-(4-nitrobenzyl)propane 

that the catalyst seems to favour electron rich nitro groups. The use of harsher reaction 

conditions did not lead to the hydrogenation of both nitro groups, as demonstrated by 

an increase to 24 h reaction time, 50 bar hydrogen pressure and 150 °C temperature. 

The number of materials able to catalyze the selective hydrogenation of one nitro group 

with hydrogen when two groups are offered by the same molecule is limited to five 

examples. However, four examples rely on kinetic product control, which is not the case 

for the catalyst presented in this work. Additionally, the known examples employ noble 

metals like Ru,179 Pt-Pd alloys180, Au181 and Ag.182 

The prepared etched and non-etched catalysts were compared to established systems 

for the reduction of nitrobenzene by studying the reaction kinetics. The reaction followed 

a zero-order kinetic regardless if the etched or non-etched catalyst was used (figure 18), 

which was in line with previous studies.183, 184 

 

Figure 18 A) Concentration-time profile in kinetic experiments using Co1@RH-E1 (circles) and 

Co1@RH (triangles) and B) Concentration-time profile of reaction intermediates in kinetic ex-

periments using Co1@RH. 
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However, it is visible in the concentration time profile (A in figure 18) that the reaction 

catalyzed by the etched material Co1@RH-E1 was complete after only 3 h, whereas the 

non-etched catalyst required a significantly longer reaction time of 10 h until full 

conversion was achieved.  

The initial reaction rate (r) (formula in B in figure 18) was used for a better comparison to 

literature-known systems. For Co1@RH-E1, r = 1938 [molaniline / molCo · h] and for 

Co1@RH r = 290 [molaniline / molCo · h] was determined. When these results are compared 

to the r-value of 473 [molaniline / molCo  h] of a Pd-Al2O3-based system reported by Shi et 

al.183, it is evident that the etched Co-catalyst is superior to the noble-metal-based 

catalyst. The activation energy of Co1@RH-E1 was calculated based on Arrhenius´ 

equation as being 28.0 ± 1.1 [kJ / mol]. Hence, the activation energy is lower compared 

to benchmark systems, e.g., a HF-etched Co-catalyst by Zhou et al. (44.8 [kJ / mol])125 or 

an Au/ZrO2 catalyst by Gomez et al.185 (67.2 [kJ / mol]). 

Finally, the recycling stability was evaluated and, once more, the etched and the non-

etched catalyst were compared (figure 19). The yield decreased to ~ 70 % after 3 reaction 

cycles when using Co1@RH and stabilized at this level for the next seven catalytic runs. 

The etched catalyst Co1@RH-E1 displayed superior behavior again, since no decrease in 

yield was observed after ten catalytic cycles. The reason for this difference in behavior 

was investigated by SEM studies (figure 19). 

 

Figure 19 SEM picture of non etched catalyst and results of recycling experiments (top) as well 

as SEM pictures of etched catalyst and results of recycling experiments (bottom). 
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The etched catalyst appeared to be more mechanically stable. While Co1@RH 

disintegrated into small particles, Co1@RH-E1 remained structurally intact. Additionally, 

the increased stability coincides with a 4-fold lower oxygen/carbon ratio (measured with 

XPS) on the surface of Co1@RH-E1 after ten catalytic cycles. This suggests that the surface 

of the non-etched material is less stable towards oxidation and, thus, the active centers 

are more prone to deactivation by chemical transformation. 

2.4 Nickel-Containing Materials 

2.4.1 Preparation and Characterization 

In the last step, a hydrogenation reaction with a different scope was conducted using a 

RH-derived catalyst. The conversion of epoxides to the corresponding anti-Markovnikov 

alcohols was chosen as test reaction. For this purpose, a Ni-containing material was 

prepared by a methodology similar to the Ag@RH synthesis (chapter 2.1). Ni(NO3)2 was 

used for impregnation of RH and consecutively pyrolyzed at 700°C. The received 

supporting material had similar properties to the Ag@RH catalyst. Thus, XPS, XRD, IR and 

BET results will not be explained in detail. However, to understand how the material 

enabled the chosen test reaction, two features must be addressed: 1) the generated Ni 

particles and 2) the surface acidity.  

The particles were examined with XRD, XPS, (temperature programmed desorption) TPD-

H2 and STEM. The XRD showed reflexes of cubic Ni0 at 44, 51 and 76° suggesting that 

most of the crystallites were coinage Ni. However, the XPS revealed that the composition 

of the particles was more complex (A in figure 21).  

 

Figure 20 A) XPS measurement of Ni NP as well as B) HAADF STEM images of core shell structure 

and C) HAADF STEM with energy-dispersive X-ray spectroscopy mapping of Ni@RH. 
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The Ni 2p signals at 852.9 and 870.0 eV matched Ni0 186 and, alongside a second Ni species 

could be identified by analyzing the Ni 2p3/2 signal at 856.4 eV with corresponding 

satellite peaks at 861.4 eV and 864.3 eV. The second species appeared to be Ni(OH)2
187 

indicating a core-shell-like structure of the Ni NP similar to the structure reported for the 

Co@RH catalyst, with a Ni0 core surrounded by a Ni2+ layer. The hypothesis of a core-

shell-structure was proven by STEM, where a metal core with an oxide shell was visible 

(blue arrow in B in figure 20). The Ni-particle size varied strongly from 5 to 100 nm (C in 

figure 20). Interestingly, no carbon layer was observed on the particles, which was the 

case for the Ag@RH182 and Co-based systems.131, 132 However, the reducibility of the Ni 

NP was proven in TPD-H2 measurements. The desorption curve showed two peaks with 

an offset at 188°C and 342°C. This indicates the presence of different actives sites, which 

is a well-known phenomenon in hydrogenation catalysis using Ni NP.188  

Finally, the acidity of the material was investigated. Firstly, a preliminary test with pH-

indicators suggested a Brønsted acidic behavior of the catalyst. Hence, the material was 

further analyzed with NH3-TPD and Corma’s experiment. NH3-TPD showed the presence 

of mainly strong acidic centers with a signal from 400 to 600 °C of Ni@RH, which was not 

present on the bare supporting material. However, the pyrolyzed RH only offered weak 

acidic sides with a peak around 160 °C. Additionally, the so-called Corma’s experiment 

was done in order to test whether the catalyst offers Lewis acidity in addition to Brønsted 

acidity (table 4).  

Thus, Corma’s acetal was converted with both Ni@RH and the pyrolyzed RH and, based 

on the appearance of the products (1,2 and 3 in table 4), the test revealed that the 

material was able to act as Lewis as well as Brønsted acid. However, the acidic activity in 

this experiment was mainly associated with the pyrolyzed RH since Ni@RH and the bare 

support gave very similar results. 

Table 4 Results of Corma’s acetal experiment for acidity assessment. 

 

Catalyst 
Conversion 

[%][a] 
Product distribution [%][a] 

conversion [%][b] Ketone 1 Ester 2 Dioxane 3 

RH 65 40 - 60 

Ni@RH 65 30 - 70 

[a] Conversion was determined by GC using n-octane as internal standard [b] RH was prepared analogous 
to Ni@RH without the use of Ni(NO3)2 salt Reaction conditions: 20 mg catalyst, 2 ml 1,2-dicholorobenzene, 

1 mol l-1 acetal, 180°C, 16 h, 1 bar N2, reaction was conducted in steel autoclave 
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2.4.2 Application as Hydrogenation Catalyst 

The prepared material was tested in the conversion of epoxides to anti-Markovnikov 

alcohols. For this, the synthesis of 2-phenylethan-1-ol from styrene oxide under hydrogen 

atmosphere was chosen as test reaction.  

At this point it is noteworthy that a composite system is known using Ni NP on RH ash for 

furfural and leculinic acid hydrogenation.189 This work by Kang et al. from 2020 is 

somewhat comparable to the results presented in this thesis as likewise, the potential of 

Ni NP for hydrogenation reactions was explored. Additionally, a number of parameters of 

evaluated catalytic performance were presented in the study189 and the catalyst 

preparation was relatively similar. However, the Ni was not directly impregnated on RH 

but on already pyrolyzed RH ash and, therefore, an additional high temperature 

treatment is necessary to obtain the catalyst. Nevertheless, this example as well as well-

established catalysts can be used as reference system for the herein presented catalysts. 

Preliminary tests were successful since only the primary alcohol and never the secondary 

one was produced without exception. Thus, the reaction conditions were optimized 

(table 5). Interestingly, it was possible to fully control the reaction selectivity by choosing 

certain reaction conditions. A solvent screening revealed that the best alcohol yields 

could be achieved using an at least partially aquatic solvent mixture.  

Table 5 Condition optimization of styrene oxide conversion to 2-phenylethan-1-ol. 

 
ii T [°C] P [bar] Solvent Yield[b] 

1 2 3 

1 50 10 H2O:THF 93 4 - 

2 50 25 H2O:THF 82 - 15 

3 70 10 H2O:THF - 86 12 

4 70 25 H2O:THF - - 99 

5 70[c] 25[c] H2O:THF[c] - 95[c] 4[c] 

[a] Reaction conditions: 2 mmol of substrate, 2 ml solvent, 4 h reaction time, 20 mg catalyst 
(corresponding to 1.5 mol % Ni) [b] Yield was determined by GC using n‐octane as internal 

standard [c] use of pyrolyzed RH not impregnated with Ni(NO3)2 

 

The reaction temperatures and pressure could be used to control the reaction product 

as follows: 1) temperatures lower than 70 °C led to diol formation (1 in table 5), 2) 
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pressure lower than 25 bar at elevated temperatures led to aldehyde formation (2 in 

table 5) and 3) the corresponding alcohol was synthesized in excellent selectivity and 

yields at 70 °C and 25 bar hydrogen pressure using a water: tetrahydrofuran (THF) 

solution (1:1 voluminal ratio) as solvent. Analogous to the Ag@RH and Co@RH systems, 

a screening was done for the optimal pyrolysis temperature during catalyst preparation 

and the required catalyst amount to obtain maximum yield. An optimal pyrolysis 

temperature of 700°C was found to give best catalytic performance, which is 100 °C 

higher than the preparation temperature for the Ag@RH and Co@RH catalysts.  

The substrate scope was investigated after optimizing the reaction conditions (figure 21). 

Thus, a number of epoxides was successfully converted to the corresponding anti-MAs, 

including terminal and non-terminal epoxides. This is an advantage over comparable 

heterogenous or homogeneous systems since the substrate scopes of those systems are 

often limited to terminal epoxides.149, 190 A number of halogenated epoxides were 

converted without any dehalogenation and, furthermore, nitril groups remained 

unchanged during the reduction with the Ni@RH catalyst. 

 

Figure 21 Products of substrate screening using leached Ni catalyst. Conditions: 120 °C, 10 bar 
H2, 1 mmol substrate, 12 h, in 1 ml of Isopropanol/H2O, 20 mg catalyst (1.8 mol% of Ni). 

Furthermore, beside aromatic epoxides, aliphatic epoxides were also converted. 

However, the reaction temperature needed to be elevated to 120 °C in order to achieve 
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reasonable yields as they, dropped drastically when converting aliphatic epoxies at 70 °C. 

In addition to the epoxide based scope, a number of carbonyl compounds were 

converted to the corresponding alcohols to investigate the hydrogenation ability of the 

catalyst. Again, excellent selectivity towards the desired alcohol was observed, proving 

that the catalyst can also be used in “pure” hydrogenation reaction. 

 

Figure 22: Proposed reaction mechanism for the conversion of terminal epoxides to anti-Mas. 

Finally, a reaction mechanism was proposed based on literature as well as isolated and 

NMR-characterized reaction intermediates (figure 22). The reaction can be divided into 

three allocable steps: 1) the conversion of the epoxide to a diol, 2) diol conversion to the 

corresponding aldehyde or ketone and 3) the hydrogenation of the carbonyl to an 

alcohol. All intermediates can be isolated (table 5).  

The catalyst activates epoxides by solid Brønsted-acid-catalyzed formation of diols similar 

to the epoxide opening promoted by water acting as weak acid at high temperatures.191 

The diols are further converted to the corresponding aldehyde or ketone via Lewis-acid-

catalyzed rearrangement.191, 192Finally, the carbonyl group is reduced to an alcohol 

moiety by Ni NP. The hydrogenation of carbonyl groups by Ni NP is the last reaction step 

and works through a well described and understood hydride transfer mechanism145 

analogous to the already described Ag and Co systems.25, 193   
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3 Conclusion and Outlook 

In conclusion, this thesis described the utilization of RH for the development of 

hydrogenation catalysts. The preparation of the Ag@RH catalyst for nitro group reduction 

showed that it is generally possible to fix metal ions on RH and convert them into 

catalytically active particles via carbothermal reduction. It was further demonstrated that 

the methodology can be transferred to the use of other metals as active centers. The Co-

based catalyst Co@RH-E1 was prepared with the literature known approach of 

generating catalytically active Co centers by introducing Co in form of N-rich Co 

complexes. Furthermore, the catalytic properties as well as the recycling stability of the 

prepared catalysts were improved by base etching of the carbon silica composite 

structure of the RH support. The Co catalyst was likewise used for the reduction of nitro 

groups. Finally, Ni@RH derived from RH was used for the reductive conversion of 

epoxides to anti-MAs. The catalytic performance of the three model systems was 

evaluated by reaction optimization, an extensive substrate screening and kinetic studies. 

Furthermore, the structure-activity relationships of the prepared catalysts were 

investigated with several characterization methods e.g., XRD, XPS, TPD, BET surface area 

analysis, EA, IR and the microcopy techniques SEM and STEM. In doing so, the catalytically 

active centers were identified, and the mode of action could be disclosed.  

Additionally, the prepared Ag-containing material Ag@RH was successfully tested for the 

application as antimicrobial agent. It was shown that the Ag NP on pyrolyzed RH are 

antimicrobially active in extremely low amounts against the ESKAPE pathogens and 

pathogenic yeast. The presented method benefits from the well-known anti-microbial 

mode of action of Ag NP and combines it with an easy and straightforward synthesis 

approach. 

In summary, the alternative ways of RH utilization presented in this thesis can be applied 

to different hydrogenation reactions by using different metals and to the preparation of 

sanitary materials. However, such alternative ways of treatment must first and foremost 

gain the trust and acceptance from the people most affected: the rice farmers. Otherwise 

the traditional method of open burning will remain the solution of dealing with the waste, 

since it secures a smooth rice production and, consequently, the basis of existence for 

approximately 4 million people in Vietnam alone.28 Thus, is it of utter importance that 

research as presented here is not only discussed and presented within the scientific 

community but also introduced to authorities and workers in the affected communities. 
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Abstract: The development of strategies for the sustainable management and 

valorization of agricultural waste is of outmost importance. With this in mind, we report 

the use of rice husk (RH) as feedstock for the preparation of heterogeneous catalysts for 

hydrogenation reactions. The catalysts were prepared by impregnating the milled RH 

with a silver nitrate solution followed by carbothermal reduction. The composition and 

morphology of the prepared catalysts were fully assessed by IR, AAS, ICP-MS, XPS, XRD 

and STEM techniques. This novel bio-genic silver-based catalysts showed excellent 

activity and remarkable selectivity in the hydrogenation of nitro groups in both aromatic 

and aliphatic substrates, even in the presence of reactive functionalities like halogens, 

carbonyls, borate esters or nitriles. Recycling experiments showed that the catalysts can 

be easily recovered and reused multiple times without significant drop in performance 

and without requiring re-activation. 
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(2021)., 10(12), 1244. 
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Abstract: Rice Husk, one of the main side products in the rice production, and its 

sustainable management represents a challenge in many countries. Herein we describe 

the use if this abundant agricultural bio-waste as feedstock for the preparation of 

silvercontaining carbon/silica nano composites with antimicrobial properties. The 

synthesis was performed using a fast and cheap methodology consisting of wet 

impregnation followed by pyrolysis, yielding C/SiO2 composite materials doped with 

varying amounts of silver from 28 to 0.001 wt-% (Ag@RHA). The materials were fully 

characterized and their antimicrobial activity against ESKAPE pathogens, namely E. 

faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and E. coli, and the 

pathogenic yeast C. albicans was investigated. Sensitivities of these strains against the 

prepared materials were demonstrated, even with exceptional low amounts of 0.015 m% 

silver. Hence, this work introduces a straightforward method for the synthesis of 

antimicrobial agents from abundant sources and tackles urgent questions like bio-waste 

valorization and affordable alternatives to increasingly fewer effective antibiotics.  
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Highly Active Heterogenous Hydrogenation Catalysts Prepared from Cobalt 

Complexes and Rice Husk Waste 

F. Unglaube, J. Schlapp, A. Quade, J. Schafer and E. Mejia. Catalysis Science & Technology 

(2022) 12, 3123-3136 

DOI: 10.1039/D2CY00005A 

 

Abstract: The utilization and valorization of agricultural waste is a key strategy for the 

implementation of a sustainable economy to lessen the environmental footprint of 

human activities on Earth. This work describes the use of rice husk (RH) from agricultural 

waste to prepare a highly active catalyst for the reduction of nitro compounds. RH was 

impregnated with various cobalt complexes bearing N-donor ligands, then pyrolyzed and 

the resulting composite was etched with a base to remove the silica domains. The 

composition and morphology of the prepared materials were investigated by IR, AAS, ICP-

OES, XRD, BET, XPS and SEM technics. The material showed excellent activity and 

selectivity in the hydrogenation of nitro groups in aromatic and aliphatic substrates. A 

remarkable selectivity towards nitro groups was found in the presence of various reactive 

functionalities, including halogens, carbonyls, borates, and nitriles. Apart from their 

excellent activity and selectivity, these catalysts showed remarkable stability, allowing 

their easy recovery and multiple reuse without requiring re-activation.   
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Hydrogenation of Epoxides to Anti-Markovnikov Alcohols over a Nickel He-

terogenous Catalyst Prepared from Biomass (Rice) Waste  

F. Unglaube, H. Atia, S. Bartling, C. Kreyenschulte and E. Mejia. Helvetica Chimica Acta 

(2022), e202200167 

DOI: 10.1002/hlca.202200167 

 

Abstract: The synthesis of primary alcohols (from olefins) is an important and challenging 

transformation, as most of the current methods suffer from regioselectivity issues. This 

work describes the utilization of rice husk (RH) from agricultural waste as support for the 

preparation of a catalyst for the conversion of olefin oxides to primary alcohols. The 

catalyst was synthesized by pyrolysis of RH impregnated with nickel, and characterized 

by IR, AAS, XRD, BET, XPS, TEM, and TPD technics. The catalyst shows excellent activity 

and selectivity towards anti-Markovnikow alcohols, acting simultaneously as Brønsted 

acid, solid Lewis acid, and as hydrogenation catalyst. A substrate screening was done, the 

catalyst’s recycling stability was assessed, and a plausibly reaction mechanism was 

proposed. 
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