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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, AgNOs 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.



\

Zusammenfassung

Diese Arbeit beschéftigt sich mit der Nutzung von Reisspelze fir die Synthese von
katalytisch- und anti-mikrobiell aktivem Material. Die Reisspelzen wurden mit
Metallsalzen bzw. metallorganischen Komplexverbindungen impradgniert und
anschlieRend durch Pyrolyseprozesse chemisch umgewandelt. Die hergestellten
Materialien setzen sich aus einem Kohlenstoff/Silica Komposit-Tragermaterial 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 Aktivitdt in
der selektiven Umwandlung von Nitro-Verbindungen zu Aminen. Wahrend der Ag-
basierte Katalysator AgNOs als Metallquelle nutzt, wurde flir den Co-basierten
Katalysator auf N-reiche, metallorganische Komplexverbindungen zurtckgegriffen. Dies
fihrte zu einer deutlich verbesserten katalytischen Performance. Dartber hinaus wurde
demonstriert, dass weitere Hydrierreaktionen zuganglich sind, indem der Ni-basierte
Katalysator (basierend auf NiNOs) 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 ausfihrlichem Substrate Screening auch

kinetische und mechanistische Untersuchungen.

AuRRerdem 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”.! The term has been
excessively used by various organizations since the beginning of the 21 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”.? 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.* 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.



1 Introduction

1.1 Catalysis

1.1.1 General Definition

The term “catalyst” (from greek “kataAvewv” — “to untie”) was defined by Ostwald in
1894° 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.® 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.

A B 2

Catalyst
Reagent +
Product desorption adsorption i
E, without catalyst

Asdsr Bads [AB] E with catalyst

Activation
Rearrangement and process AH<O
recombination C exothermu:

[A,B]

Energy

Intermediate Reaction progress

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).°

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.’
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,® which is



important to ensure the quality of products derived from crude oil. Other examples for
large scale applications are the hydrogenation of fats® or the reduction of adiponitrile to
hexamethylenediamine.'® 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.!!
Additionally, the utilization of hydrogen in the synthesis of energy carriers has become
more and more important since the beginning of the 215 century, as it is a key step in the
development of the so-called hydrogen economy.? 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.**> 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 reactants* while, in contrast, a homogeneous catalyst is present
in the same phase as the reactants.'® 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).

Advantages

homogeneous catalyst heterogeneous catalyst

easy separation
mostly reusable
* high stability
* low price
better suited for
continuous applications

high selectivity

well defined structure
no diffusion limitation
low concentration

PhsRy  ,Cl
RKC
PhyP?  PPhg

Wilkinson catalyst
(actual structure)

« o e e

I
Disadvantages
expensive preparation : + often poor selectivity
= complicated separation * hard to characterize

from reaction diffusion limitation
* mostly batch applications

Haber-Basch catalyst
(strongly simplified structure)

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



substrate. Furthermore, there are different possible deactivation mechanisms for
heterogeneous catalysts associated with high temperatures, e.g. cocking and particle
migration.'® 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 law® 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., m-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.® The activation takes place because their surface electrons can
rapidly populate antibonding H, orbitals, facilitating H-H bond dissociation.!” Hence,
reduction catalysts like Pd on activated carbon have become standard systems in organic
synthesis, especially for the hydrogenation of unsaturated C-C bonds.'® These catalysts

are reliable, easy to handle, and can usually be used at ambient conditions.'® However,



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.?® 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 CO, emissions,?! use of potentially toxic compounds, metal
discharge into the environment?? and, last but not least, a negative social impact on
people living in the mining area.?® Nevertheless, a strong impact in terms of CO2 emissions
and environmental pollution is especially associated with rare elements like Pt, Pd, Ru or
Au.?122:23,24 Thys, 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.?> 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).2” It is cultivated on an

area of 1.6 million km?, 27 which is more than four times the area of Germany.
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Figure 3 Production of crops worldwide?” (left) and crop production in Vietnam? (right) in 2019.

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

it is considered the main source of calories for the two most populated countries in the



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).2 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.? The overall amount of
agricultural residues due to rice production is approximated with 800 million tons
annually®® 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.3!

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%).22 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%,3* about 10 wt% higher than rice husk.
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Figure 4 Rice husk (left) and rice husk ash (right) composition.*

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 SiO; (figure 4). The remains are other nonflammable residues,
especially oxides of alkaline- and alkaline earth metals, but also metal oxides like Al;03

and Fe;03 as well as phosphorus in oxidized form.



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 19t century.3* 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 diatoms3> and terrestrial plants3® from sediment
always starts with the chemical dissolution of SiO; into orthosilicic acid (figure 5). The
concentration of orthosilicic acid in marine and terrestrial water is in a range of 10* to
1073 mol I'1.37 This H4SiO4 can move across plasma membranes of plant roots at biological
pH.3® Following the uptake in the roots, 3° the HaSiOs 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 mol I are exceeded.*® 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 um thickness
beneath the cuticle layer®! and the water leaves the plant by humidification. The
amorphous silica particles lose more and more water over time, which increases

mechanical stability.

SiOzSOIid +2 Hzo — H4Sio4dissolved = 05 H6Si207 +05 Hzo

H,Si0, H,Si,0, H,Si,0,, H,,Si,0 * = hydrogen atom
Mono- Di- Tetracyclo- Polysilicic acid O = oxXygen atom
LS
0, 0%0
©. 020
020002
0.9 %0
) ®® ) 8
o~ ©
colloidal silica fresh silica gel aged silica gel © = polysilicic acid

Figure 5 Conversion of SiO; 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.*? Especially in the marine
environment, several organisms rely on the utilization of Si in the form of SiO,. For

example, diatoms sequester 240 Tmol of Si yr1.*3 However, recent studies pointed out



that plants in the major terrestrial biomes also fix a total amount of 84 Tmol Siyr! and
that most terrestrial Si is indeed fixed on cultivated land (29 Tmol Si yr'). 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.* 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.*

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, India and Vietnam.*® The pollution is a health risk for humans and
has a negative environmental impact due to massive CO; 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.*” 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.



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 8200* to 13500%° 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.>® 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).3

Fuel Heating value

[MJ kg™]
Biodiesel oil NG 44.5
Diesel ail 43.0
Bio-oil from RH 38.5
Coal 20.7

RH in briquettes - 18.7
RH alm oo

Figure 7 Heating value of RH compared to other fuels.3% 5% €0

The earliest well-documented example of research on RH utilization is a German patent
from 1924,°* describing the use of RH as an additive for concrete.> This application has
caught more and more attention in recent years due to its potential to replace the
widespread Portland concrete.”® °* 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.> Rice bran oil*® (produced from RH through different extraction
methodologies)®’ is produced since the 1950s on a large industrial scale, but was popular
long before that.*®

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 kgt. °® 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.
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The separation of RH into its main constituents carbon and silica is possible by various
methods.®* 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 SiO; 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).! 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 SiO;
into HaSiO4 is very slow and, therefore, not suitable for technical application.® 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.®? 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.5468

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.

[N2]
CuHeO39 + 7 Si0; ———— 24 C + 18CO, + 3H,0 + 7Si0, 1

T<450°C

[O2]
CyoHeO39 + 7 Si0; ————= 42 CO, + 3 H,0 + 7 SiO, 2
T< 450°C

[N2]
C4oHgO39 + 7 SiOy + 14 NaOH ———— 3 C4,HgO39 + 7 Na,SiO3 + 7 H,O 3
T< 80°C

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

The application of RH-derived materials as antimicrobial agents is mainly motivated by
the fact that approximately 780 Million people (current state in 2014)%° 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.®® 79 Analogous to the RH-derived carbon materials, there are also examples
of silica materials from RH, e.g. pseudowollastonite,®* SiC,®° pure silica® ®’ or MCM-41%8,

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 Herodot’* mentioned

the use of Ag vessels for water storage by Romans and Persians to ensure the quality of
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drinking water.”> 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.”® 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.”* It is estimated that, in 2050, this
number will increase up to 10 000 000.”> 7> Hence, there is a vital need for alternative

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

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.””

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.”® Prominent examples are the use of chromium on silica for
styrene oxidation,”® the ozonation of oxalic acid using RH after decarbonization,®
oxidative degradation of CO and p-xylene from waste gas streams using Mn as active
centers® or the partial methanol oxidation with copper on silica.®? 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 CO,% or reduction of nitro compounds by Au NP.%
Furthermore, there is a number of rather academic applications like TiO, on silica for
photocatalytic applications,® iron for alkylation reactions®” 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,?° Fe/Cu@C for NO reduction with
CO,°° magnetic Ni/ferrite@C for nitrophenol reduction using NaBH4 as reduction agent,®?
Bacillus sp. fixed on carbon as an oxidation catalyst®?or activated carbon for NO, CO and
toluene degradation.”®> 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. 7% 8-86.89.31 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.®* 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 aldehydes®® and esterification of glycerol,”® waste cooking oil, ° palm oil®® or
oleic acid with methanol.®® The esterification of bio oils is a frequently described pathway
towards bio fuels.!% 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.®™
% 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 gas® 192 or hydrogen'®® by using in situ generated
Nil%T and Ni-Fel02 103 NP, |n the described reactions, RH or rice straw also serves as the
biomass, which is converted into synthesis gas. 1°% 192 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. 191193 Consecutively, catalytically
active metal centers are generated via in situ carbothermal reduction in a reactor.
Temperatures above 450 °C are required for the gasification. 192193 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.®® This is also true for synthesis gas production from RH because it cannot

compete economically with established approaches.1
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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 synthesis?® and it is a popular test reaction in catalyst development.?>
105 The transformation was first reported by Béchamp more than 150 years ago.% 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 Au'®” are popular as active sites, since they
enable high turnover frequencies. Nevertheless, noble-metal-based catalysts often suffer
from low selectivity.1%® 19 This is the case if the substrate molecule offers more than one
potentially reducible group, e.g. alkyne, nitrile or carbonyl functions. 197 110,111 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. 107198 109 Additionally, the use of
noble metals comes with a significant financial burden.'? Hence, it is reasonable to
develop efficient replacements. This thesis presents alternative systems that use Ag and

Co as active sites.

Ph 'Ph ,Ph
! O=N+ H_N‘
0* ‘0 o- H
/ 5+
@ H5+

O . ;
~ ﬂ\ Cd \5+ _> O &O\ 6+ _> ON - ~ IO\ 5+ _> ~ l\ L4 ~ 5+
M M M M -H,O M M M © M M © M

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

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 H; dissociation at
low temperatures.’3 However, the use of Ag NP on metal oxide support for selective
hydrogenation of nitro groups has been reported.'** 1> The mechanism is generally well

understood and works via hydrogen dissociation on the highly polarized metal oxide
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surface (figure 8).1*°> 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.10% 116,117,118

Besides Ag, the use of Co as active center was also previously explored for the reduction
of nitro compounds.? First reports in 1921,%1° 1937%% and 1975%%° 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.*?!
presented metallic Co NP combined with a Co-Pd alloy as catalyst. The system achieved
a turnover frequency of 23000 h*at 80°C and 25 bar H,, 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.1??> reported
the development of Co NP with a Cos04 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

interaction of nitro group with

int ti f catalyst with H izati -
no interaction of catalyst wi 2 polarization of H-H bond polarized hydrogen

Scheme 2 Hydrogen activation via nitrogen Co NP interaction.?

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. 123128
129,130-132 Sty djes 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.1?1%6 Additionally, Beller et al.1?’ 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.'33 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.!3* Despite this, a requirement for alternative synthetic

pathways remains.
Hydroformylation (industrial scale

[COM,] o]

Hydrohoration (lab scale)

[R2BH] H,QO, NaOH
R X 2 > RN BR; 2V2, R/\/OH
Olefin Epoxide conversion (This work)
[02] O  Acid, A H
— R/<| T . RMO [Hal R/\/OH
R = aryl and alkyl backbone one step synthesis with Ni@RH

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 215 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,** their reduction to
anti-MAs attracted more attention.*® Additionally, olefins like styrene, which are key
starting materials in these processes (scheme 3) are not only available via reforming from

petroleum*3’ but can also be produced from biomass on a large scale.'3®

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.'3? reported the synthesis using Raney-
Ni with good selectivity but very harsh reaction conditions of 150 °C and 62 bar of Ha.
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 chlorotrimethylsilane!3® or Mgl,/AIBN.*0 Active
catalytic systems like Pd/C'19 achieved only very poor selectivity towards the anti-MAs

and the work of Renoll et al.»33 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.141143 Especially the work of Bartdk and Notheisz'*! 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.'* 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.

Pt- -0

o Rt—0O Pt-H OH

\.A’ — 5 \_| —_— Y

Ph Ph Ph
Markovnikov alcohol
O INi™ O-Ni  NiH oH
Lyg, —— 1| —> ph N~
Ph Ph

anti-Markovnikov alcohol

Scheme 4 Markovnikov selectivity using Pt or Ni catalysts. 141143

Since the initial work by Renoll et al.,'3® epoxide conversion to anti-MAs was
demonstrated with bulk Ni on different inorganic supporting materials!44 14> like MgO-
Al,03,*® MgO'* or saponites.'*® However, the scope of the so far published systems is
limited to 2-Phenylethan-1-ol and high Ni loadings are necessary. 144146 147, 148
Additionally, catalysts like Raney-nickel have proven to be difficult to handle when
wanting to avoid deactivation.?®® 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

150 151

intermediates in complex chemical transformations®" as well as in polymer chemistry.
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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% HCI, 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 AgNOs 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).%>2 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
guartz 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 CO,. Furthermore, by using a N»
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.'® Nevertheless, this statement should not be

generalized because contradicting examples are known.*>*

Ag*
Hb/V _H
HO—~_> [N2]
oL o 70 ——> [C1,| +aAgO,+ 10y HO 1
Ao OH 600°C n
OH n

e, ] + 2 ago, 2 + aAg®+~ co 2
2] + 5 AZOy ——— [Cra:] ¢° += CO,
600°C n

o [O2] a Y s
[012_%ln+ @ AP ———= = AgOy [12 > co, ln

Scheme 5: Reaction equations for the conversion of coordinated Ag* ions (1) to Ag° (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 sp? 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 area'> but the surface area of Ag@RH and
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RH pyrolyzed without preliminary impregnation was determined to be 260 m?g?! and
270 m?g?, respectively, which is significantly higher (B in figure 10). A type H3 hysteresis
loop was identified, which is well known for silica-carbon-based materials'*® like clay'>”
158 and silica-based catalysts prepared by sol-gel methods.’®® The hysteresis loop
indicates the existence of slit pores and capillary condensation of adsorption gas in

interstices between silica and carbon.>8
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Figure 9 A) Ag3ds;; XPS signal, B) Brunauer-Emmett-Teller (BET) quantitative sorption of N, 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 Ag® in the
sample was confirmed by X-ray diffraction (XRD) and XPS (A in figure 9) and the measured
Ag3ds;, 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.
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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

Pore Area [m’/g]
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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.'** 11> 160 Nevertheless,
Co,1?7: 129 Cut®! and Nit®2-based reduction catalysts are also known in the literature.?
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. Fe;0s3,
which are known to catalyze hydrogenation reactions.®® 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).

@\ 25 mg Catalyst @\
>
NO, 60°C, H; (10 bar), NH,

16 h, 1 ml H,0
i CatalystP Pyrolysis temperature [°C]  VYield [%]®!  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@RHId! 600 47.3 99
7 Ag@Si0; 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.
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The pyrolysis temperature during preparation is a critical factor for the performance of
heterogeneous catalysts.?> 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 ripening!®* leading to larger, less active particles at higher temperatures.®®

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 vyield 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.

Ag@RH (1.4 mol% [Ag)) g

"NO > NH
2 100°C, H, (10 bar), 12 h 2

CH3CN or CH3OH/H20

Cl
of cl |\©\ NC s
, C NH, NH, : “NH, ©/ \©\NH
Cl

R

L
NH

87 (99) 98 (96) 96 (97) 98 (99) 91 (99)
\©\/NH2 O\\N,OH NNH, \M;\NHz
96 (99) 59 (89)2 97 (99) 97 (99) isolated yield (selectivity)

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.'*® Even though the reaction was not optimized for this specific conversion,
4-aminophenol was produced in good vyields 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 H, 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.

7 vied
[ selectivity

2380

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.’0® 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).2> 1% 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.?> 1% 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.
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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 (ZOl). Measuring the ZOl is since
1944%7 the most wide-spread method to examine anti-microbial properties offered by
various materials.'®® In order to determine the ZOl Ag@RH was suspended in methanol
(20 mg/ml) and 10 pl 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 ZOIl 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,° 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 AgNOs3 cost ~0.9 USD."°
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
AgNOs 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% AgNOs 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 AgNOs content in raw material and Ag content in pyrolyzed material, on cotton disc and

In agar.
AgNOs in raw Ag in pyrolyzed Ag at cotton disc Ag in agar
material [wt%]®  material [wt%][! [wt%] (@] [wt%] e

1 28 4.880(4) 0.069(3) <0.001!
2 20 3.472(8) 0.047(5) <0.001®!
3 17 2.945(0) 0.033(4) <0.001!
4 13 2.241(3) 0.031(5) <0.001!
5 2.9 0.478(5) <0.001Mb! <0.001Mb!
6 1.4 0.10(2) <0.001! <0.001!
7 0.75 0.03(8) <0.001®! <0.001®!
8 0.015 <0.001b! <0.001b! <0.001®!
9 0.001 <0.001Mb! <0.001Mb! <0.001Mb!
10 0 <0.001Mb! <0.001Mb! <0.001Mb!

[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.!’! 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.1”? 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 fish'’? and rats,'’4 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.17> 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).

—— Ag@RH-used
—— Ag@RH-fresh

* hexagonal SiO,

p cubic Na,O
¢ cubic Ag

relative intensity [a.u.]

T T T T T T T &nm - : i

10 20 30 40 50 60 70 80
20[°]
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.®*®® 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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2.3Cobalt-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.'?® and Gascon et al.'’®, 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.

[LCo?*]

: Pyrolysis c L Etching Q — T L
o — ° ° —_— o 9 )

U 600°C,2h N s e . 1 M NaOH , © .
N, atmosphere \' 20°C, H,0 \'

styring for 24 h
RH impregnated with CoX@RH
cobalt-N-complex with N-moities

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

with N-moities and
increased perfomace

[ etched CoX@RH-E]

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 Col 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 1)
used for the etching is displayed as the last digit in the material name (e.g., 1 mol I'X NaOH
was used for the preparation of Col1@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 Cls carbon binding of Col@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 Col@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 Col@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.3% 177
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Figure 15 A) XPS measured nitrogen binding based on N1s peak and B) XRD pattern of Col@RH
(black), Col@RH-E1.fresh (yellow) Col@RH-E1l.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 It 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 m? g for Col@RH-E1 compared to
323.63 m? g for Col@RH.The micropore volume was nearly constant at 0.12 cm? g%
When increasing the base concentration to 4 mol I, the silicon content was lowered to
1 wt% and the surface area was increased to 427 m? g'. 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).>® 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 (Cand 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).

C

Figure 16 SEM pictures of untreated RH (A), RH+Co1l (B). Col (C and D), Col@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(NOs); 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.*3!
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 Col-catalysts inii 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 I
1) was used for the etching (ii 3 and 4 in table 4). This result is surprising, since the catalyst
Col@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 Col and etched with 1 mol I'* 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.

@\ 20 mg Catalyst @\
NO, 100°C, H, (10 bar), NH,

16 h, 1 ml CH3CN

i catalyst c(NaOH) [mol 1] conversion [%][!
1 Co@RH - 5
2 Col@RH - 39
3 Col@RH-E1 1 83
4 Col@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.?> 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.

Co1@RH-E1 (1.8 mol% [Co]) R

*NO > “NH
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CH3 H
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Figure 17 Selected products of the catalytic conversion of nitro compounds to amines using
Col@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,*”® Pt-Pd alloys'®, Au'®! and Ag.'8?

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.!83 184
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Figure 18 A) Concentration-time profile in kinetic experiments using Col @RH-E1 (circles) and
Col@RH (triangles) and B) Concentration-time profile of reaction intermediates in kinetic ex-

periments using Col@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 Col@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 Col@RH-E1, r = 1938 [mol@"ne / mol®®- h] and for
Col@RH r =290 [mol"li"e / mol| - h] was determined. When these results are compared
to the r-value of 473 [mol2""e / mol® h] of a Pd-Al,0s-based system reported by Shi et
al.1®, it is evident that the etched Co-catalyst is superior to the noble-metal-based
catalyst. The activation energy of Col@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])*?> or
an Au/ZrO, catalyst by Gomez et al.’® (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 Col@RH and stabilized at this level for the next seven catalytic runs.
The etched catalyst Col@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).
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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 Col@RH
disintegrated into small particles, Col@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 Col@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(NOs)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-
H, and STEM. The XRD showed reflexes of cubic Ni° 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).
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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.



35

The Ni 2p signals at 852.9 and 870.0 eV matched Ni®* 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);'®’
indicating a core-shell-like structure of the Ni NP similar to the structure reported for the
Co@RH catalyst, with a Ni° core surrounded by a Ni** 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@RH'®? and Co-based systems.!3! 132 However, the reducibility of the Ni
NP was proven in TPD-H, 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.88

Finally, the acidity of the material was investigated. Firstly, a preliminary test with pH-
indicators suggested a Brgnsted acidic behavior of the catalyst. Hence, the material was
further analyzed with NH3-TPD and Corma’s experiment. NHs-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 Brgnsted
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 Brgnsted 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.

N
0

/am
0]
B

o O OH
Ni@RH catalyst ©)‘\( ©)\'(O\)
+ +
’ e
' 1,2-dichlorobenzene, Br ©

1 M Corma's acetal

Corma's acetal 180°C, 16 h 1 2 3
Conversion Product distribution [%] !
Catalyst (9%]6! :
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 It acetal, 180°C, 16 h, 1 bar N3, 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.'®® 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 study'®® 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.

OH
9] 4 h, Hy
> )\/QH + .0 4 OH
Ph/<I 1.5 mol% Nil@l  Ph ph” \F Ph” N\~
1 2 3
—1ib]

i T1°C] p[bar]  Solvent Yield
1 2 3
1 50 10 H,0:THF 93 4 -
2 50 25 H>0:THF 82 ; 15
3 70 10 H>0:THF ; 86 12
4 70 25 H,O:THF - - 99
5 701 2514 H,0:THFLc! - 95l 4l

[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(NOs),

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 system:s,
a screening was done for the optimal pyrolysis temperature during catalyst preparation
and the required catalyst amount to obtain maximum vyield. 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.'® 1° A number of halogenated epoxides were
converted without any dehalogenation and, furthermore, nitril groups remained
unchanged during the reduction with the Ni@RH catalyst.

R R Ni@RA (1.8 mol%)
or 70°C, H, (25 bar),
H,0 : THF (4: 1)
O

epoxide substrate scope:

) O/\/OH ©)V m OOH o

98 (99) 89 (99)?

carbonyl substrate scope:

OH OH OH OH
o (0]
HO HO NC NC
98 (99) 98 (99) 98 (99) 98 (99)
R=H and CH isolated yield (selectivity)
= 3
R' = aromatic or aliphatic carbon chain a) reaction at 120°C

Figure 21 Products of substrate screening using leached Ni catalyst. Conditions: 120 °C, 10 bar
H>, 1 mmol substrate, 12 h, in 1 ml of Isopropanol/H20, 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.

0 .
Ni/RH (1.5 mol%)
O/Q o > O/\/OH
70°C, H, (25 bar),
J H,O
OH

4 h, H,O : THF (4:1)

Hy | NiNP

O)\,OH . OH 20
> O/\/ O/\/
- H,0

O = aliphatic or aromatic carbon chain

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 Brgnsted-acid-catalyzed formation of diols similar
to the epoxide opening promoted by water acting as weak acid at high temperatures.*°?
The diols are further converted to the corresponding aldehyde or ketone via Lewis-acid-
catalyzed rearrangement.’® 2Finally, 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 mechanism?!4°

analogous to the already described Ag and Co systems.?> 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.?® 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.



40

Appendix

References

Stevenson, A. Oxford dictionary of English; Oxford University Press, USA, 2010.
GeneralAssembly, U. N. Resolution adopted by the General Assembly on 6 July
2017; A/RES/71/313, 2017.

Weissermel, K.; Arpe, H.-J. Industrial organic chemistry; John Wiley & Sons, 2008.
Schobert, H. Chemistry of fossil fuels and biofuels; Cambridge University Press,
2013.

Hoel, M.; Kverndokk, S. Depletion of fossil fuels and the impacts of global
warming. Resource and energy economics 1996, 18 (2), 115-136. Martins, F.;
Felgueiras, C.; Smitkova, M.; Caetano, N. Analysis of fossil fuel energy
consumption and environmental impacts in European countries. Energies 2019,
12 (6), 964.

Hassler, F. Die Katalyse und ihre Anwendung in der Technik. Angewandte Chemie
1904, 17 (41), 1540-1544.

Van Santen, R. A. Modern heterogeneous catalysis: an introduction; John Wiley &
Sons, 2017.

Chiusoli, G. P.; Maitlis, P. M. Metal-catalysis in industrial organic processes; Royal
Society of Chemistry, 2019.

Rana, M. S.; Sdmano, V.; Ancheyta, J.; Diaz, J. A review of recent advances on
process technologies for upgrading of heavy oils and residua. Fuel 2007, 86 (9),
1216-1231. Mederos, F. S.; Elizalde, |.; Ancheyta, J. Steady-State and Dynamic
Reactor Models for Hydrotreatment of Oil Fractions: A Review. Catalysis Reviews
2009, 51 (4), 485-607.

List, G. R.; King, J. W. Hydrogenation of fats and oils: theory and practice;
Elsevier, 2016.

Werner, J. Amination by reduction. Unit processes review. Industrial &
Engineering Chemistry 1961, 53 (1), 77-78.

Bonrath, W.; Medlock, J.; Schitz, J.; Wistenberg, B.; Netscher, T.; Wiistenberg,
B.; Netscher, T. Hydrogenation in the vitamins and fine chemicals industry—an
overview; InTech Rijeka, 2012.

McDowall, W.; Eames, M. Forecasts, scenarios, visions, backcasts and roadmaps
to the hydrogen economy: A review of the hydrogen futures literature. Energy
policy 2006, 34 (11), 1236-1250.

Chaloner, P. A.; Esteruelas, M. A.; Joo, F.; Oro, L. A. Homogeneous
hydrogenation; Springer Science & Business Media, 2013.

Thomas, J. M.; Thomas, W. J. Principles and practice of heterogeneous catalysis;
John Wiley & Sons, 2014.

Behr, A.; Neubert, P. Applied homogeneous catalysis; John Wiley & Sons, 2012.
Argyle, M. D.; Bartholomew, C. H. Heterogeneous catalyst deactivation and
regeneration: a review. Catalysts 2015, 5 (1), 145-269.

Baetzold, R. Calculated model for metal cluster catalysis: H2 dissociation. Surface
Science 1975, 51 (1), 1-13.



41

(18)

Delbecq, F.; Sautet, P. Competitive Cll C and CR O Adsorption of a-B-Unsaturated
Aldehydes on Pt and Pd Surfaces in Relation with the Selectivity of
Hydrogenation Reactions: A Theoretical Approach. Journal of Catalysis 1995, 152
(2), 217-236. Boitiaux, J.; Cosyns, J.; Vasudevan, S. Hydrogenation of highly
unsaturated hydrocarbons over highly dispersed palladium catalyst: part I:
behaviour of small metal particles. Applied Catalysis 1983, 6 (1), 41-51.

Takale, B. S.; Thakore, R. R.; Gao, E. S.; Gallou, F.; Lipshutz, B. H. Environmentally
responsible, safe, and chemoselective catalytic hydrogenation of olefins: ppm
level Pd catalysis in recyclable water at room temperature. Green Chemistry
2020, 22 (18), 6055-6061. Kuai, L.; Chen, Z.; Liu, S.; Kan, E.; Yu, N.; Ren, Y.; Fang,
C.; Li, X,; Li, Y.; Geng, B. Titania supported synergistic palladium single atoms and
nanoparticles for room temperature ketone and aldehydes hydrogenation.
Nature communications 2020, 11 (1), 1-9.

Bao, M.; Nakamura, H.; Yamamoto, Y. Facile allylative dearomatization catalyzed
by palladium. Journal of the American Chemical Society 2001, 123 (4), 759-760.
Farjana, S. H.; Huda, N.; Mahmud, M. P. Life cycle assessment of cobalt
extraction process. Journal of Sustainable Mining 2019, 18 (3), 150-161.
Eckelman, M. J.; Graedel, T. Silver emissions and their environmental impacts: a
multilevel assessment. Environmental science & technology 2007, 41 (17), 6283-
6289. Kalavrouziotis, |.; Koukoulakis, P. The environmental impact of the
platinum group elements (Pt, Pd, Rh) emitted by the automobile catalyst
converters. Water, air, and soil pollution 2009, 196 (1), 393-402.

Tsurukawa, N.; Prakash, S.; Manhart, A. Social impacts of artisanal cobalt mining
in Katanga, Democratic Republic of Congo. Oko-Institut eV, Freiburg 2011.
Monai, M.; Melchionna, M.; Fornasiero, P. From metal to metal-free catalysts:
Routes to sustainable chemistry. Advances in catalysis 2018, 63, 1-73.

Formenti, D.; Ferretti, F.; Scharnagl, F. K.; Beller, M. Reduction of nitro
compounds using 3d-non-noble metal catalysts. Chemical reviews 2018, 119 (4),
2611-2680.

Liu, J. Catalysis by supported single metal atoms. Acs Catalysis 2017, 7 (1), 34-59.
Tetrault, R. World Agricultural Production - World Production, Markets, and
Trade Report; U.S. Department of Agriculture, online, 2021.

Vietnam, G. Statistical Yearbook of Vietnam 2019. Statistics Publishing House,
Hanoi: 2020.

Chand, N.; Fahim, M. Tribology of natural fiber polymer composites; Woodhead
publishing, 2020.

Dominguez-Escriba, L.; Porcar, M. Rice straw management: the big waste.
Biofuels, Bioproducts and Biorefining 2010, 4 (2), 154-159.

Quispe, I.; Navia, R.; Kahhat, R. Energy potential from rice husk through direct
combustion and fast pyrolysis: a review. Waste management 2017, 59, 200-210.
Soltani, N.; Bahrami, A.; Pech-Canul, M.; Gonzalez, L. Review on the
physicochemical treatments of rice husk for production of advanced materials.
Chemical engineering journal 2015, 264, 899-935.

Rencoret, J.; Ralph, J.; Marques, G.; Gutiérrez, A.; Martinez, A. n. T.; del Rio, J. C.
Structural characterization of lignin isolated from coconut (Cocos nucifera) coir
fibers. Journal of agricultural and food chemistry 2013, 61 (10), 2434-2445.

de Saussure, N. T. Recherches chimiques sur la vegetation; Nyon, 1804.



42

(35)

(48)

(49)

Hildebrand, M.; Higgins, D. R.; Busser, K.; Volcani, B. E. Silicon-responsive cDNA
clones isolated from the marine diatom Cylindrotheca fusiformis. Gene 1993,
132 (2), 213-218. Hildebrand, M.; Volcani, B. E.; Gassmann, W.; Schroeder, J. |. A
gene family of silicon transporters. Nature 1997, 385 (6618), 688-689.

Kaur, H.; Greger, M. A review on si uptake and transport system. Plants 2019, 8
(4), 81.

Wiberg, E. Lehrbuch der anorganischen Chemie; Walter de Gruyter GmbH & Co

KG, 2019.

Raven, J. Silicon transport at the cell and tissue level. In Studies in plant science,
Vol. 8; Elsevier, 2001; pp 41-55.

Ma, J. F.; Yamaji, N.; Mitani, N.; Tamai, K.; Konishi, S.; Fujiwara, T.; Katsuhara, M.;
Yano, M. An efflux transporter of silicon in rice. Nature 2007, 448 (7150), 209-
212.

Schué, F. Water soluble polymers: solution properties and applications. ; Wiley
Online Library, 1998.

Ma, J. F.; Yamaji, N. Silicon uptake and accumulation in higher plants. Trends in
plant science 2006, 11 (8), 392-397.

Epstein, E. The anomaly of silicon in plant biology. Proceedings of the National
Academy of Sciences 1994, 91 (1), 11-17. Ma, J. F. Role of silicon in enhancing
the resistance of plants to biotic and abiotic stresses. Soil science and plant
nutrition 2004, 50 (1), 11-18. Richmond, K. E.; Sussman, M. Got silicon? The non-
essential beneficial plant nutrient. Current opinion in plant biology 2003, 6 (3),
268-272.

Treguer, P.; Nelson, D. M.; Van Bennekom, A. J.; DeMaster, D. J.; Leynaert, A,;
Queguiner, B. The silica balance in the world ocean: a reestimate. Science 1995,
268 (5209), 375-379.

Lim,S. L; Wu, T.Y.; Sim, E. Y. S.; Lim, P. N.; Clarke, C. Biotransformation of rice
husk into organic fertilizer through vermicomposting. Ecological Engineering
2012, 41, 60-64.

Pictures taken and processed by Felix Unglaube all rights reserved.

Lasko, K.; Vadrevu, K. Improved rice residue burning emissions estimates:
Accounting for practice-specific emission factors in air pollution assessments of
Vietnam. Environmental Pollution 2018, 236, 795-806.

Wahid, A.; Maggs, R.; Shamsi, S.; Bell, J.; Ashmore, M. Effects of air pollution on

rice yield in the Pakistan Punjab. Environmental Pollution 1995, 90 (3), 323-329.
Ishii, S.; Marshall, F. M.; Bell, J.; Abdullah, A. M. Impact of ambient air pollution
on locally grown rice cultivars (Oryza sativa L.) in Malaysia. Water, Air, and Soil
Pollution 2004, 154 (1-4), 187-201.

Molina, J.; Sikora, M.; Garud, N.; Flowers, J. M.; Rubinstein, S.; Reynolds, A.;
Huang, P.; Jackson, S.; Schaal, B. A.; Bustamante, C. D. Molecular evidence for a
single evolutionary origin of domesticated rice. Proceedings of the National
Academy of Sciences 2011, 108 (20), 8351-8356.

Higham, C.; Lu, T. L.-D. The origins and dispersal of rice cultivation. Antiquity
1998, 72 (278), 867-877. Liu, L.; Lee, G.-A.; Jiang, L.; Zhang, J. Evidence for the
early beginning (c. 9000 cal. BP) of rice domestication in China: a response. The
Holocene 2007, 17 (8), 1059-1068.

Lai, O.-M.; Jacoby, J. J.; Leong, W.-F.; Lai, W.-T. Nutritional studies of rice bran
oil. Rice Bran and Rice Bran Oil 2019, 19-54.



43

Beagle, E. C. Rice-husk conversion to energy; FAO, Roma (Italia), 1978.

Ghosal, S.; Moulik, S. Use of rice husk ash as partial replacement with cement in
concrete-A review. International Journal of Engineering Research 2015, 4 (9),
506-509.

Malhotra, V. Fly ash, slag, silica fume, and rice husk ash in concrete: A review.
Concrete International 1993, 15 (4), 23-28.

Raman, S. N.; Ngo, T.; Mendis, P.; Mahmud, H. High-strength rice husk ash
concrete incorporating quarry dust as a partial substitute for sand. Construction
and Building Materials 2011, 25 (7), 3123-3130. Singh, B. Rice husk ash. In Waste
and Supplementary Cementitious Materials in Concrete, Elsevier, 2018; pp 417-
460. He, J.; Kawasaki, S.; Achal, V. The utilization of agricultural waste as agro-
cement in concrete: a review. Sustainability 2020, 12 (17), 6971.

Tichane, R. Ash glazes; Krause Pubns Inc, 1998.

Shahidi, F. Bailey's Industrial Oil and Fat Products, Edible Oil and Fat Products:
Processing Technologies; John Wiley & Sons, 2005.

Sohail, M.; Rakha, A.; Butt, M. S.; Igbal, M. J.; Rashid, S. Rice bran nutraceutics: A
comprehensive review. Critical Reviews in Food Science and Nutrition 2017, 57
(17), 3771-3780.

Deshannavar, U. B.; Hegde, P. G.; Dhalayat, Z.; Patil, V.; Gavas, S. Production and
characterization of agro-based briquettes and estimation of calorific value by
regression analysis: An energy application. Materials Science for Energy
Technologies 2018, 1 (2), 175-181.

Bakar, M. S. A.; Titiloye, J. O. Catalytic pyrolysis of rice husk for bio-oil
production. Journal of analytical and applied pyrolysis 2013, 103, 362-368. Dey,
P.; Ray, S.; Newar, A. Defining a waste vegetable oil-biodiesel based diesel
substitute blend fuel by response surface optimization of density and calorific
value. Fuel 2021, 283, 118978. Thao, P. T. M.; Kurisu, K. H.; Hanaki, K.
Greenhouse gas emission mitigation potential of rice husks for An Giang
province, Vietnam. biomass and bioenergy 2011, 35 (8), 3656-3666.

Huang, H.-j.; Yuan, X.-z.; Zeng, G.-m.; Liu, Y.; Li, H.; Yin, J.; Wang, X.-|.
Thermochemical liquefaction of rice husk for bio-oil production with sub-and
supercritical ethanol as solvent. Journal of analytical and applied pyrolysis 2013,
102, 60-67. Liu, Y.; Yuan, X.-z.; Huang, H.-j.; Wang, X.-l.; Wang, H.; Zeng, G.-m.
Thermochemical liquefaction of rice husk for bio-oil production in mixed solvent
(ethanol—water). Fuel processing technology 2013, 112, 93-99.

Hu, S.; Hsieh, Y.-L. Preparation of activated carbon and silica particles from rice
straw. ACS Sustainable Chemistry & Engineering 2014, 2 (4), 726-734.

Okamoto, G.; Okura, T.; Goto, K. Properties of silica in water. Geochimica et
Cosmochimica Acta 1957, 12 (1-2), 123-132.

Liou, T.-H. Preparation and characterization of nano-structured silica from rice
husk. Materials Science and Engineering: A 2004, 364 (1-2), 313-323.
Shamsudin, R.; Ng, M. H.; Ahmad, A.; Akbar, M. A. M.; Rashidbenam, Z. Silver-
doped pseudowollastonite synthesized from rice husk ash: Antimicrobial
evaluation, bioactivity and cytotoxic effects on human mesenchymal stem cells.
Ceramics International 2018, 44 (10), 11381-11389.

Biswas, M. C.; Tiimob, B. J.; Abdela, W.; Jeelani, S.; Rangari, V. K. Nano silica-
carbon-silver ternary hybrid induced antimicrobial composite films for food
packaging application. Food Packaging and Shelf Life 2019, 19, 104-113.



44

Cui, J.; Yang, Y.; Hu, Y.; Li, F. Rice husk based porous carbon loaded with silver
nanoparticles by a simple and cost-effective approach and their antibacterial
activity. Journal of colloid and interface science 2015, 455, 117-124.

Cui, J.; Liang, Y.; Yang, D.; Liu, Y. Facile fabrication of rice husk based silicon
dioxide nanospheres loaded with silver nanoparticles as a rice antibacterial
agent. Scientific reports 2016, 6 (1), 1-10.

Jafari, L.; Pourahmad, A.; Asadpour, L. Rice husk based MCM-41 nanoparticles
loaded with Ag2S nanostructures by a green and room temperature method and
its antimicrobial property. Inorganic and Nano-Metal Chemistry 2017, 47 (11),
1552-1559.

Supply, W. U. J. W.; Programme, S. M. Progress on drinking water and sanitation:
2014 update; World Health Organization, 2014.

Naqvi, S. A. Z.; Irfan, A.; Zaheer, S.; Sultan, A.; Shajahan, S.; Rubab, S. L.; Ain, Q.;
Acevedo, R. Proximate composition of orange peel, pea peel and rice husk
wastes and their potential use as antimicrobial agents and antioxidants. Vegetos
2021, 34 (2), 470-476.

Medici, S.; Peana, M.; Nurchi, V. M.; Zoroddu, M. A. Medical uses of silver:
history, myths, and scientific evidence. Journal of medicinal chemistry 2019, 62
(13), 5923-5943.

Alexander, J. W. History of the medical use of silver. Surgical infections 2009, 10
(3), 289-292.

Banin, E.; Hughes, D.; Kuipers, O. P. Bacterial pathogens, antibiotics and
antibiotic resistance. FEMS microbiology reviews 2017, 41 (3), 450-452.
European Centre for Disease Prevention and Control. Surveillance of
antimicrobial resistance in Europe 2018. Stockholm: ECDC; 2019.

O'Neill, J. Tackling drug-resistant infections globally: final report and
recommendations. 2016.

Robinson, T. P.; Bu, D.; Carrique-Mas, J.; Fevre, E. M.; Gilbert, M.; Grace, D.; Hay,
S. I.; Jiwakanon, J.; Kakkar, M.; Kariuki, S. Antibiotic resistance is the
quintessential One Health issue. Transactions of the Royal Society of Tropical
Medicine and Hygiene 2016, 110 (7), 377-380. Schulman, L. S. Bacterial
resistance to antibodies: a model evolutionary study. Journal of theoretical
biology 2017, 417, 61-67.

source "web of science", https://www.webofscience.com/wos/woscc/basic-
search, search keyword: "rice husk, utilization or use" and "rice husk, utilization
or use, catalysis or catalyst" used date 07.02.2022.

Jehng, J.-M.; Hu, H.; Gao, X.; Wachs, I. E. The dynamic states of silica-supported
metal oxide catalysts during methanol oxidation. Catalysis Today 1996, 28 (4),
335-350.

Adam, F.; Fook, C. L. Chromium modified silica from rice husk as an oxidative
catalyst. Journal of Porous Materials 2009, 16 (3), 291-298. Adam, F.; Igbal, A.
The oxidation of styrene by chromium—silica heterogeneous catalyst prepared
from rice husk. Chemical Engineering Journal 2010, 160 (2), 742-750.

Wu, J.; Chen, S.; Muruganandham, M. Catalytic ozonation of oxalic acid using
carbon-free rice husk ash catalysts. Industrial & engineering chemistry research
2008, 47 (9), 2919-2925.

Van Nguyen, T. T.; Nguyen, T.; Nguyen, P. A.; Pham, T. T. P.; Mai, T. P.; Truong, Q.
D.; Ha, H. K. P. Mn-Doped material synthesized from red mud and rice husk ash



45

(87)

as a highly active catalyst for the oxidation of carbon monoxide and p-xylene.
New Journal of Chemistry 2020, 44 (46), 20241-20252.

Chen, W.-S,; Chang, F.-W.; Roselin, L. S.; Ou, T.-C.; Lai, S.-C. Partial oxidation of
methanol over copper catalysts supported on rice husk ash. Journal of Molecular
Catalysis A: Chemical 2010, 318 (1-2), 36-43.

Khoshbin, R.; Oruiji, S.; Karimzadeh, R. Catalytic cracking of light naphtha over
hierarchical ZSM-5 using rice husk ash as silica source in presence of ultrasound
energy: Effect of carbon nanotube content. Advanced Powder Technology 2018,
29 (9), 2176-2187.

Siriworarat, K.; Deerattrakul, V.; Dittanet, P.; Kongkachuichay, P. Production of
methanol from carbon dioxide using palladium-copper-zinc loaded on MCM-41:
Comparison of catalysts synthesized from flame spray pyrolysis and sol-gel
method using silica source from rice husk ash. Journal of Cleaner Production
2017, 142, 1234-1243.

Li, Y.; Lan, J. Y; Liu, J.; Yu, J.; Luo, Z.; Wang, W.; Sun, L. Synthesis of gold
nanoparticles on rice husk silica for catalysis applications. Industrial &
engineering chemistry research 2015, 54 (21), 5656-5663.

Artkla, S.; Kim, W.; Choi, W.; Wittayakun, J. Highly enhanced photocatalytic
degradation of tetramethylammonium on the hybrid catalyst of titania and
MCM-41 obtained from rice husk silica. Applied Catalysis B: Environmental 2009,
91 (1-2), 157-164.

Franco, A.; De, S.; Balu, A. M.; Romero, A. A.; Luque, R. Integrated
Mechanochemical/Microwave-Assisted Approach for the Synthesis of Biogenic
Silica-Based Catalysts from Rice Husk Waste. ACS Sustainable Chemistry &
Engineering 2018, 6 (9), 11555-11562.

Roschat, W.; Siritanon, T.; Yoosuk, B.; Promarak, V. Rice husk-derived sodium
silicate as a highly efficient and low-cost basic heterogeneous catalyst for
biodiesel production. Energy Conversion and Management 2016, 119, 453-462.
Zhang, X.; Li, Y.; Li, G.; Hu, C. Preparation of Fe/activated carbon directly from
rice husk pyrolytic carbon and its application in catalytic hydroxylation of phenol.
RSC advances 2015, 5 (7), 4984-4992.

Teng, Z.; Huang, S.; Fu, L.; Xu, H.; Li, N.; Zhou, Q. Study of a catalyst supported on
rice husk ash for NO reduction with carbon monoxide. Catalysis Science &
Technology 2020, 10 (5), 1431-1443,

Han, F.; Xu, X.; Fu, Y.; Wang, X. Synthesis of rice-husk-carbon-supported nickel
ferrite catalyst for reduction of nitrophenols. Journal of nanoscience and
nanotechnology 2019, 19 (9), 5838-5846.

Kennedy, L. J.; Sekaran, G. Integrated biological and catalytic oxidation of
organics/inorganics in tannery wastewater by rice husk based mesoporous
activated carbon—-Bacillus sp. Carbon 2004, 42 (12-13), 2399-2407.

Lu, C.-Y.; Wey, M.-Y.; Chuang, K.-H. Catalytic treating of gas pollutants over
cobalt catalyst supported on porous carbons derived from rice husk and carbon
nanotube. Applied Catalysis B: Environmental 2009, 90 (3-4), 652-661.

Liu, Y.; Guo, Y.; Gao, W.; Wang, Z.; Ma, Y.; Wang, Z. Simultaneous preparation of
silica and activated carbon from rice husk ash. Journal of Cleaner Production
2012, 32, 204-209.

Shirini, F.; Mamaghani, M.; Seddighi, M. Sulfonated rice husk ash (RHA-SO3H): A
highly powerful and efficient solid acid catalyst for the chemoselective



46

(96)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

preparation and deprotection of 1, 1-diacetates. Catalysis Communications
2013, 36, 31-37.

Galhardo, T. S.; Simone, N. |.; Gongalves, M.; Figueiredo, F. v. C.; Mandelli, D.;
Carvalho, W. A. Preparation of sulfonated carbons from rice husk and their
application in catalytic conversion of glycerol. ACS Sustainable Chemistry &
Engineering 2013, 1 (11), 1381-1389.

Li, M.; Zheng, Y.; Chen, Y.; Zhu, X. Biodiesel production from waste cooking oil
using a heterogeneous catalyst from pyrolyzed rice husk. Bioresource technology
2014, 154, 345-348.

Balan, W.S.; Janaun, J.; Chung, C. H.; Semilin, V.; Zhu, Z.; Haywood, S. K.;
Touhami, D.; Chong, K. P.; Yaser, A. Z.; Lee, P. C. Esterification of residual palm oil
using solid acid catalyst derived from rice husk. Journal of hazardous materials
2021, 404, 124092.

Li, M.; Chen, D.; Zhu, X. Preparation of solid acid catalyst from rice husk char and
its catalytic performance in esterification. Chinese Journal of Catalysis 2013, 34
(9), 1674-1682.

Magar, S.; Mohanraj, G. T.; Jana, S. K.; Rode, C. V. Synthesis and characterization
of supported heteropoly acid: Efficient solid acid catalyst for glycerol
esterification to produce biofuel additives. Inorganic and Nano-Metal Chemistry
2020, 50 (11), 1157-1165. Mallesham, B.; Sudarsanam, P.; Reddy, B. M.
Production of biofuel additives from esterification and acetalization of
bioglycerol over SnO2-based solid acids. Industrial & Engineering Chemistry
Research 2014, 53 (49), 18775-18785.

Shen, Y.; Yoshikawa, K. Tar conversion and vapor upgrading via in situ catalysis
using silica-based nickel nanoparticles embedded in rice husk char for biomass
pyrolysis/gasification. Industrial & Engineering Chemistry Research 2014, 53 (27),
10929-10942.

Shen, Y.; Zhao, P.; Shao, Q.; Ma, D.; Takahashi, F.; Yoshikawa, K. In-situ catalytic
conversion of tar using rice husk char-supported nickel-iron catalysts for biomass
pyrolysis/gasification. Applied Catalysis B: Environmental 2014, 152, 140-151.
Xu, X.; Li, Z.; Tu, R.; Sun, Y.; Jiang, E. Hydrogen from Rice Husk Pyrolysis Volatiles
via Non-Noble Ni—Fe Catalysts Supported on Five Differently Treated Rice Husk
Pyrolysis Carbon Supports. ACS Sustainable Chemistry & Engineering 2018, 6 (7),
8325-8339.

Spath, P. L.; Dayton, D. C. Preliminary screening--technical and economic
assessment of synthesis gas to fuels and chemicals with emphasis on the
potential for biomass-derived syngas; National Renewable Energy Lab., Golden,
CO.(US), 2003.

Orlandi, M.; Brenna, D.; Harms, R.; Jost, S.; Benaglia, M. Recent developments in
the reduction of aromatic and aliphatic nitro compounds to amines. Organic
Process Research & Development 2016, 22 (4), 430-445.

Béchamp, A. De l'action des protosels de fer sur la nitronaphtaline et la
nitrobenzine;: nouvelle méthode de formation des bases orgnaiques artificielles
de zinin. Annales de chimie et de physique 1854, 42, 186-196.

Blaser, H.-U.; Steiner, H.; Studer, M. Selective Catalytic Hydrogenation of
Functionalized Nitroarenes: An Update. ChemCatChem 2009, 1 (2), 210-221.
DOI: 10.1002/cctc.200900129.



47

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

Boronat, M.; Concepcion, P.; Corma, A.; Gonzdlez, S.; lllas, F.; Serna, P. A
Molecular Mechanism for the Chemoselective Hydrogenation of Substituted
Nitroaromatics with Nanoparticles of Gold on TiO2 Catalysts: A Cooperative
Effect between Gold and the Support. Journal of the American Chemical Society
2007, 129 (51), 16230-16237. DOI: 10.1021/ja076721g. Corma, A.; Concepcion,
P.; Serna, P. A Different Reaction Pathway for the Reduction of Aromatic Nitro
Compounds on Gold Catalysts. Angewandte Chemie International Edition 2007,
46 (38), 7266-7269. DOI: 10.1002/anie.200700823.

Shimizu, K.-i.; Miyamoto, Y.; Kawasaki, T.; Tanji, T.; Tai, Y.; Satsuma, A.
Chemoselective Hydrogenation of Nitroaromatics by Supported Gold Catalysts:
Mechanistic Reasons of Size- and Support-Dependent Activity and Selectivity.
The Journal of Physical Chemistry C 2009, 113 (41), 17803-17810. DOI:
10.1021/jp906044t.

Accrombessi, G.; Geneste, P.; Olivé, J.-L.; Pavia, A. Hydrogénolyse en phase
liquide sur Pd/C des époxydes du carvomenthéne et du limonene. Tetrahedron
1981, 37 (18), 3135-3140.

Corma, A.; Serna, P. Chemoselective Hydrogenation of Nitro Compounds with
Supported Gold Catalysts. Science 2006, 313 (5785), 332-334. DOI:
10.1126/science.1128383.

Gebbink, R. J. K.; Moret, M.-E. Non-Noble Metal Catalysis: Molecular Approaches
and Reactions; John Wiley & Sons, 2019.

Montoya, A.; Schlunke, A.; Haynes, B. S. Reaction of Hydrogen with Ag(111):
Binding States, Minimum Energy Paths, and Kinetics. The Journal of Physical
Chemistry B 2006, 110 (34), 17145-17154. DOI: 10.1021/jp062725g.
Mohammad, A. B.; Yudanov, |. V.; Lim, K. H.; Neyman, K. M.; Résch, N. Hydrogen
Activation on Silver: A Computational Study on Surface and Subsurface Oxygen
Species. The Journal of Physical Chemistry C 2008, 112 (5), 1628-1635. DOI:
10.1021/jp0765190.

Jiang, J.-X.; Li, Y.; Wu, X.; Xiao, J.; Adams, D. J.; Cooper, A. |. Conjugated
microporous polymers with rose bengal dye for highly efficient heterogeneous
organo-photocatalysis. Macromolecules 2013, 46 (22), 8779-8783. Mei, D.;
Neurock, M.; Smith, C. M. Hydrogenation of acetylene—ethylene mixtures over
Pd and Pd—Ag alloys: First-principles-based kinetic Monte Carlo simulations.
Journal of Catalysis 2009, 268 (2), 181-195. Wang, S.; Huang, H.; Tsareva, S.;
Bruneau, C.; Fischmeister, C. Silver-Catalyzed Hydrogenation of Ketones under
Mild Conditions. Advanced Synthesis & Catalysis 2019, 361 (4), 786-790. Xie, Y.;
Hu, P.; Bendikov, T.; Milstein, D. Heterogeneously catalyzed selective
hydrogenation of amides to alcohols and amines. Catalysis Science & Technology
2018, 8 (11), 2784-2788. Steffan, M.; Jakob, A.; Claus, P.; Lang, H. Silica
supported silver nanoparticles from a silver (I) carboxylate: Highly active catalyst
for regioselective hydrogenation. Catalysis Communications 2009, 10 (5), 437-
441. Bron, M.; Teschner, D.; Knop-Gericke, A.; Jentoft, F. C.; Kréhnert, J,;
Hohmever, J.; Volckmar, C.; Steinhauer, B.; Schlogl, R.; Claus, P. Silver as acrolein
hydrogenation catalyst: intricate effects of catalyst nature and reactant partial
pressures. Physical Chemistry Chemical Physics 2007, 9 (27), 3559-3569.

Wen, C.; Yin, A.; Dai, W.-L. Recent advances in silver-based heterogeneous
catalysts for green chemistry processes. Applied Catalysis B: Environmental
2014, 160-161, 730-741. DOI: https://doi.org/10.1016/j.apcath.2014.06.016.


https://doi.org/10.1016/j.apcatb.2014.06.016

48

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

Shimizu, K.-i.; Miyamoto, Y.; Satsuma, A. Size-and support-dependent silver
cluster catalysis for chemoselective hydrogenation of nitroaromatics. Journal of
Catalysis 2010, 270 (1), 86-94.

Shimizu, K.-i.; Satsuma, A. Silver cluster catalysts for green organic synthesis.
Journal of the Japan Petroleum Institute 2011, 54 (6), 347-360. Paun, C.; Stowik,
G.; Lewin, E.; S3, J. Flow hydrogenation of p-nitrophenol with nano-Ag/AI203.
RSC Advances 2016, 6 (90), 87564-87568, 10.1039/C6RA17512K. DOI:
10.1039/C6RA17512K. Khan, S. R.; Farooqi, Z. H.; Waheed uz, Z.; Ali, A.; Begum,
R.; Kanwal, F.; Siddig, M. Kinetics and mechanism of reduction of nitrobenzene
catalyzed by silver-poly(N-isopropylacryl amide-co-allylacetic acid) hybrid
microgels. Materials Chemistry and Physics 2016, 171, 318-327. DOI:
https://doi.org/10.1016/j.matchemphys.2016.01.023. Zhao, B.; Dong, Z.; Wang,
Q.; Xu, Y.; Zhang, N.; Liu, W.; Lou, F.; Wang, Y. Highly Efficient Mesoporous Core-
Shell Structured Ag@SiO2 Nanosphere as an Environmentally Friendly Catalyst
for Hydrogenation of Nitrobenzene. Nanomaterials 2020, 10, 833. Naik, B.;
Hazra, S.; Prasad, V. S.; Ghosh, N. N. Synthesis of Ag nanoparticles within the
pores of SBA-15: An efficient catalyst for reduction of 4-nitrophenol. Catalysis
Communications 2011, 12 (12), 1104-1108. DOI:
https://doi.org/10.1016/j.catcom.2011.03.028. Cardenas-Lizana, F.; de Pedro, Z.
M.; Gomez-Quero, S.; Keane, M. A. Gas phase hydrogenation of nitroarenes: A
comparison of the catalytic action of titania supported gold and silver. Journal of
Molecular Catalysis A: Chemical 2010, 326 (1), 48-54. DOI:
https://doi.org/10.1016/j.molcata.2010.04.006. Mohamed, M. M.; Al-Sharif, M.
S. One pot synthesis of silver nanoparticles supported on TiO2 using hybrid
polymers as template and its efficient catalysis for the reduction of 4-
nitrophenol. Materials Chemistry and Physics 2012, 136 (2), 528-537. DOI:
https://doi.org/10.1016/j.matchemphys.2012.07.021. Chen, Y.; Wang, C.; Liu, H.;
Qiu, J.; Bao, X. Ag/SiO2: a novel catalyst with high activity and selectivity for
hydrogenation of chloronitrobenzenes. Chemical Communications 2005, (42),
5298-5300, 10.1039/B509595F. DOI: 10.1039/B509595F.

Attia, Y. A.; Mohamed, Y. M. Silicon-grafted Ag/AgX/rGO nanomaterials (X= Cl or
Br) as dip-photocatalysts for highly efficient p-nitrophenol reduction and
paracetamol production. Applied Organometallic Chemistry 2019, 33 (3), e4757.
Griffitts, F.; Brown, O. The Catalytic Activity of Cobalt Sulfide for the Gas-phase
Reduction of Nitro benzene to Aniline. Journal of Physical Chemistry 1937, 41
(3), 477-484.

R. Braden, H. K., H. Ziemann. . Process for preparing unsataturated amino
compounds. DE2362780A1. German Patent. Germany 1975.

Raja, R.; Golovko, V. B.; Thomas, J. M.; Berenguer-Murcia, A.; Zhou, W.; Xie, S.;
Johnson, B. F. Highly efficient catalysts for the hydrogenation of nitro-
substituted aromatics. Chemical communications 2005, (15), 2026-2028.
Westerhaus, F. A.; Jagadeesh, R. V.; Wienhdfer, G.; Pohl, M.-M.; Radnik, J.;
Surkus, A.-E.; Rabeah, J.; Junge, K.; Junge, H.; Nielsen, M.; et al. Heterogenized
cobalt oxide catalysts for nitroarene reduction by pyrolysis of molecularly
defined complexes. Nature chemistry 2013, 5 (6), 537-543.

Formenti, D.; Ferretti, F.; Topf, C.; Surkus, A.-E.; Pohl, M.-M.; Radnik, J.;
Schneider, M.; Junge, K.; Beller, M.; Ragaini, F. Co-based heterogeneous


https://doi.org/10.1016/j.matchemphys.2016.01.023
https://doi.org/10.1016/j.catcom.2011.03.028
https://doi.org/10.1016/j.molcata.2010.04.006
https://doi.org/10.1016/j.matchemphys.2012.07.021

49

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

catalysts from well-defined a-diimine complexes: Discussing the role of nitrogen.
Journal of Catalysis 2017, 351, 79-89.

Formenti, D.; Topf, C.; Junge, K.; Ragaini, F.; Beller, M. Fe 2 O 3/NGr@ C-and Co—
Co 3 0 4/NGr@ C-catalysed hydrogenation of nitroarenes under mild conditions.
Catalysis Science & Technology 2016, 6 (12), 4473-4477.

Zhou, P.; Jiang, L.; Wang, F.; Deng, K.; Lv, K.; Zhang, Z. High performance of a
cobalt—nitrogen complex for the reduction and reductive coupling of nitro
compounds into amines and their derivatives. Science advances 2017, 3 (2),
e1601945.

Zhang, F.; Zhao, C.; Chen, S.; Li, H.; Yang, H.; Zhang, X.-M. In situ mosaic strategy
generated Co-based N-doped mesoporous carbon for highly selective
hydrogenation of nitroaromatics. Journal of Catalysis 2017, 348, 212-222.
Sahoo, B.; Formenti, D.; Topf, C.; Bachmann, S.; Scalone, M.; Junge, K.; Beller, M.
Biomass-Derived Catalysts for Selective Hydrogenation of Nitroarenes.
ChemSusChem 2017, 10 (15), 3035-30309.

Jagadeesh, R. V.; Banerjee, D.; Arockiam, P. B.; Junge, H.; Junge, K.; Pohl, M.-M;
Radnik, J.; Brickner, A.; Beller, M. Highly selective transfer hydrogenation of
functionalised nitroarenes using cobalt-based nanocatalysts. Green Chemistry
2015, 17(2), 898-902. Li, W.; Artz, J.; Broicher, C.; Junge, K.; Hartmann, H.;
Besmehn, A.; Palkovits, R.; Beller, M. Superior activity and selectivity of
heterogenized cobalt catalysts for hydrogenation of nitroarenes. Catalysis
Science & Technology 2019, 9 (1), 157-162.

Sahoo, B.; Surkus, A. E.; Pohl, M. M.; Radnik, J.; Schneider, M.; Bachmann, S.;
Scalone, M.; Junge, K.; Beller, M. A biomass-derived non-noble cobalt catalyst for
selective hydrodehalogenation of alkyl and (hetero) aryl halides. Angewandte
Chemie 2017, 129 (37), 11394-11399. Scharnagl, F. K.; Hertrich, M. F.; Ferretti,
F.; Kreyenschulte, C.; Lund, H.; Jackstell, R.; Beller, M. Hydrogenation of terminal
and internal olefins using a biowaste-derived heterogeneous cobalt catalyst.
Science advances 2018, 4 (9), eaaul248.

Formenti, D.; Mocci, R.; Atia, H.; Dastgir, S.; Anwar, M.; Bachmann, S.; Scalone,
M.; Junge, K.; Beller, M. A State-of-the-Art Heterogeneous Catalyst for Efficient
and General Nitrile Hydrogenation. Chemistry—A European Journal 2020, 26 (67),
15589-15595.

Senthamarai, T.; Chandrashekhar, V. G.; Gawande, M. B.; Kalevaru, N. V.; Zbofil,
R.; Kamer, P. C.; Jagadeesh, R. V.; Beller, M. Ultra-small cobalt nanoparticles
from molecularly-defined Co—salen complexes for catalytic synthesis of amines.
Chemical Science 2020, 11 (11), 2973-2981.

Murugesan, K.; Chandrashekhar, V. G.; Kreyenschulte, C.; Beller, M.; Jagadeesh,
R. V. A General Catalyst Based on Cobalt Core=Shell Nanoparticles for the
Hydrogenation of N-Heteroarenes Including Pyridines. Angewandte Chemie
2020, 132 (40), 17561-17565.

Newman, M. S.; Underwood, G.; Renoll, M. The reduction of terminal epoxides.
Journal of the American Chemical Society 1949, 71 (10), 3362-3363.

Takahashi, K.; Yamashita, M.; Ichihara, T.; Nakano, K.; Nozaki, K. High-Yielding
Tandem Hydroformylation/Hydrogenation of a Terminal Olefin to Produce a
Linear Alcohol Using a Rh/Ru Dual Catalyst System. Angewandte Chemie 2010,
122 (26), 4590-4592.



50

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

Panke, S.; Held, M.; Wubbolts, M. G.; Witholt, B.; Schmid, A. Pilot-scale
production of (S)-styrene oxide from styrene by recombinant Escherichia coli
synthesizing styrene monooxygenase. Biotechnology and bioengineering 2002,
80 (1), 33-41.

Yang, Z.; Zhang, S.; Zhao, H.; Li, A.; Luo, L.; Guo, L. Subnano-FeO x Clusters
Anchored in an Ultrathin Amorphous Al203 Nanosheet for Styrene Epoxidation.
ACS Catalysis 2021, 11 (18), 11542-11550.

Heusch, R.; Leverkusen, B. Ullmann’s Encyclopedia of Industrial Chemistry; 2000.
James, D. H.; Castor, W. M. Ullmann’s encyclopedia of industrial chemistry; 2011.
McKenna, R.; Nielsen, D. R. Styrene biosynthesis from glucose by engineered E.
coli. Metabolic engineering 2011, 13 (5), 544-554. Lian, J.; McKenna, R.; Rover,
M. R.; Nielsen, D. R.; Wen, Z.; Jarboe, L. R. Production of biorenewable styrene:
utilization of biomass-derived sugars and insights into toxicity. Journal of
Industrial Microbiology and Biotechnology 2016, 43 (5), 595-604. Fujiwara, R.;
Noda, S.; Tanaka, T.; Kondo, A. Styrene production from a biomass-derived
carbon source using a coculture system of phenylalanine ammonia lyase and
phenylacrylic acid decarboxylase-expressing Streptomyces lividans
transformants. Journal of bioscience and bioengineering 2016, 122 (6), 730-735.
Ortufio, M. A.; Dereli, B. s. r.; Cramer, C. J. Mechanism of Pd-catalyzed
decarbonylation of biomass-derived hydrocinnamic acid to styrene following
activation as an anhydride. Inorganic chemistry 2016, 55 (9), 4124-4131.
Vankar, Y. D.; Arya, P. S.; Rao, C. T. 2Inc/Chlorotrimethns llane: A Mild Reducing
System for the Conversion of Epoxides into Alcohols. Synthetic Communications
1983, 13 (10), 869-872.

Bonini, C.; Di Fabio, R.; Sotgiu, G.; Cavagnero, S. Oxirane rings: studies and
applications of a new chemo and regio selective reductive opening of epoxides.
Tetrahedron 1989, 45 (10), 2895-2904.

Bartdk, M.; Notheisz, F.; Zsigmond, A.; Smith, G. The mechanism of
hydrogenolysis and isomerization of oxacycloalkanes on metals: Ill. Effect of
partial pressure of hydrogen on the selectivity of hydrogenolysis of
oxacycloalkanes on Pt. Journal of Catalysis 1986, 100 (1), 39-44.

Makriyannis, A.; Knittel, J. Conformational analysis of amphetamine in solution
based on unambiguous assignment of the diastereotopic benzylic protons in the
1H NMR spectra. Tetrahedron Letters 1981, 22 (46), 4631-4634.

Barték, M.; Notheisz, F. Stereochemistry of the hydrogenolysis of
oxacycloalkanes on metal catalysts. Journal of the Chemical Society, Chemical
Communications 1980, (14), 667-668.

Vicente, |.; Salagre, P.; Cesteros, Y. Ni nanoparticles supported on microwave-
synthesised saponite for the hydrogenation of styrene oxide. Applied clay
science 2011, 53 (2), 212-219.

Kanojiya, S. K.; Shukla, G.; Sharma, S.; Dwivedi, R.; Sharma, P.; Prasad, R.;
Satalkar, M.; Kane, S. Hydrogenation of Styrene Oxide to 2-Phenylethanol over
Nanocrystalline Ni Prepared by Ethylene Glycol Reduction Method. International
Journal of Chemical Engineering 2014, 2014.

Bergada, O.; Salagre, P.; Cesteros, Y.; Medina, F.; Sueiras, J. E. High-selective Ni-
MgO catalysts for a clean obtention of 2-phenylethanol. Applied Catalysis A:
General 2004, 272 (1-2), 125-132.



51

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

Sasu, A.; Dragoi, B.; Ungureanu, A.; Royer, S.; Dumitriu, E.; Hulea, V. Selective
conversion of styrene oxide to 2-phenylethanol in cascade reactions over non-
noble metal catalysts. Catalysis Science & Technology 2016, 6 (2), 468-478.
Vicente, |.; Salagre, P.; Cesteros, Y. Ni nanoparticles supported on microwave-
synthesised hectorite for the hydrogenation of styrene oxide. Applied Catalysis
A: General 2011, 408 (1-2), 31-37.

Liu, W.; Li, W.; Spannenberg, A.; Junge, K.; Beller, M. Iron-catalysed
regioselective hydrogenation of terminal epoxides to alcohols under mild
conditions. Nature Catalysis 2019, 2 (6), 523-528.

Heravi, M. M.; Lashaki, T. B.; Poorahmad, N. Applications of Sharpless
asymmetric epoxidation in total synthesis. Tetrahedron: Asymmetry 2015, 26 (8
9), 405-495. Ahmad, A.; Burtoloso, A. C. Total Synthesis of (+)-Brussonol and (#)-
Komaroviquinone via a Regioselective Cross-Electrophile Coupling of Aryl
Bromides and Epoxides. Organic letters 2019, 21 (15), 6079-6083.

Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey,
H. Polymerization of ethylene oxide, propylene oxide, and other alkylene oxides:
synthesis, novel polymer architectures, and bioconjugation. Chemical reviews
2016, 116 (4), 2170-2243.

Burger, J.; Kettenbach, G.; Klufers, P. Coordination equilibria in transition metal
based cellulose solvents. In Macromolecular Symposia, 1995; Wiley Online
Library: Vol. 99, pp 113-126.

Scholten, J.; Pijpers, A.; Hustings, A. Surface characterization of supported and
nonsupported hydrogenation catalysts. Catalysis Reviews 1985, 27 (1), 151-206.
Dasireddy, V. D.; Likozar, B. The role of copper oxidation state in Cu/ZnO/AI203
catalysts in CO2 hydrogenation and methanol productivity. Renewable Energy
2019, 140, 452-460. Bodnar, Z.; Mallat, T.; Bakos, I.; Szabo, S.; Zsoldos, Z.; Schay,
Z. Oxidation state of germanium promoter on a palladium/carbon catalyst and
its role in hydrogenation reactions. Applied Catalysis A: General 1993, 102 (2),
105-123.

Alvarez, J.; Lopez, G.; Amutio, M.; Bilbao, J.; Olazar, M. Physical activation of rice
husk pyrolysis char for the production of high surface area activated carbons.
Industrial & Engineering Chemistry Research 2015, 54 (29), 7241-7250.

Sing, K.; Everett, D.; Haul, R.; Moscou, L.; Pierotti, R.; Rouquerol, J.;
Siemieniewska, T. Physical and biophysical chemistry division commission on
colloid and surface chemistry including catalysis. Pure Appl. Chem 1985, 57 (4),
603-619.

Carrado, K. A.; Csencsits, R.; Thiyagarajan, P.; Seifert, S.; Macha, S. M.; Harwood,
J. S. Crystallization and textural porosity of synthetic clay minerals. Journal of
Materials Chemistry 2002, 12 (11), 3228-3237.

Qian, Z.; Hu, G.; Zhang, S.; Yang, M. Preparation and characterization of
montmorillonite—silica nanocomposites: A sol—gel approach to modifying clay
surfaces. Physica B: Condensed Matter 2008, 403 (18), 3231-3238.

Adam, F.; Muniandy, L.; Thankappan, R. Ceria and titania incorporated silica
based catalyst prepared from rice husk: adsorption and photocatalytic studies of
methylene blue. Journal of colloid and interface science 2013, 406, 209-216.
Wei, H.; Gomegz, C.; Liu, J.; Guo, N.; Wu, T.; Lobo-Lapidus, R.; Marshall, C. L,;
Miller, J. T.; Meyer, R. J. Selective hydrogenation of acrolein on supported silver



52

(161)

(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

catalysts: A kinetics study of particle size effects. Journal of catalysis 2013, 298,
18-26.

Ipatieff, V. N.; Corson, B. B.; Kurbatov, |. D. Copper as Catalyst for the
Hydrogenation of Benzene. The Journal of Physical Chemistry 1939, 43 (5), 589-
604. DOI: 10.1021/j150392a004. Watari, R.; Kayaki, Y. Copper Catalysts
Unleashing the Potential for Hydrogenation of Carbon-Oxygen Bonds. Asian
Journal of Organic Chemistry 2018, 7 (10), 2005-2014. DOI:
10.1002/ajoc.201800436.

Adkins, H.; Cramer, H. |. The use of nickel as a catalyst for hydrogenation. Journal
of the American Chemical Society 1930, 52 (11), 4349-4358. DOI:
10.1021/ja01374a023. Ryabchuk, P.; Agostini, G.; Pohl, M.-M.; Lund, H.;
Agapova, A.; Junge, H.; Junge, K.; Beller, M. Intermetallic nickel silicide
nanocatalyst—A non-noble metal-based general hydrogenation catalyst. Science
advances 2018, 4 (6), eaat0761.

Stein, M.; Wieland, J.; Steurer, P.; Tolle, F.; Milhaupt, R.; Breit, B. Iron
Nanoparticles Supported on Chemically-Derived Graphene: Catalytic
Hydrogenation with Magnetic Catalyst Separation. Advanced Synthesis &
Catalysis 2011, 353 (4), 523-527. Hudson, R.; Riviere, A.; Cirtiu, C. M.; Luska, K.
L.; Moores, A. Iron-iron oxide core—shell nanoparticles are active and
magnetically recyclable olefin and alkyne hydrogenation catalysts in protic and
aqueous media. Chemical Communications 2012, 48 (27), 3360-3362.

Hansen, T. W.; DelaRiva, A. T.; Challa, S. R.; Datye, A. K. Sintering of catalytic
nanoparticles: particle migration or Ostwald ripening? Accounts of chemical
research 2013, 46 (8), 1720-1730.

Lu, Y.; Chen, W. Size effect of silver nanoclusters on their catalytic activity for
oxygen electro-reduction. Journal of Power Sources 2012, 197, 107-110.
Torbina, V. V.; Vodyankin, A. A.; Ten, S.; Mamontov, G. V.; Salaev, M. A.; Sobolev,
V. l.; Vodyankina, O. V. Ag-based catalysts in heterogeneous selective oxidation
of alcohols: a review. Catalysts 2018, 8 (10), 447.

Heatley, N. A method for the assay of penicillin. Biochemical Journal 1944, 38
(1), 61-65.

Barnard, R. T. The zone of inhibition. Clinical chemistry 2019, 65 (6), 819-819.
Bauer, A. W.; PERRY, D. M.; KIRBY, W. M. Single-disk antibiotic-sensitivity testing
of staphylococci: An analysis of technique and results. AMA archives of internal
medicine 1959, 104 (2), 208-216.

Patel, D.; Thiyagu, R.; Surulivelrajan, M.; Patel, H.; Pandey, S. Price variability
among the oral antibiotics available in a south Indian tertiary care hospital. J Clin
Diagn Res 2009, 3 (6), 1871-1875.

Web page of Merck KGaA, accesed at 20.10.2021, "Silber nanopowder, <100 nm
particle size, contains PVP as dispersant, 99.5% trace metals basis" URL:
https.//www.sigmaaldrich.com/DE/de/product/aldrich/576832. 2021. (accessed.
Lara, H. H.; Ayala-Nufez, N. V.; Turrent, L. d. C. |.; Padilla, C. R. Bactericidal effect
of silver nanoparticles against multidrug-resistant bacteria. World Journal of
Microbiology and Biotechnology 2010, 26 (4), 615-621.

Huang, L.; Dai, T.; Xuan, Y.; Tegos, G. P.; Hamblin, M. R. Synergistic combination
of chitosan acetate with nanoparticle silver as a topical antimicrobial: efficacy
against bacterial burn infections. Antimicrobial agents and chemotherapy 2011,
55(7), 3432-3438.


https://www.sigmaaldrich.com/DE/de/product/aldrich/576832

53

(173)

(174)

(175)

(176)

(177)

(178)

(179)

(180)

(181)

(182)

(183)

(184)

Asharani, P.; Lian, W. Y.; Gong, Z.; Valiyaveettil, S. Toxicity of silver nanoparticles
in zebrafish models Nanotechnology 2008, 19 (25), 255102.

Sung, J. H.; Ji, J. H.; Yoon, J. U.; Kim, D. S.; Song, M. Y.; Jeong, J.; Han, B. S.; Han, J.
H.; Chung, Y. H.; Kim, J. Lung function changes in Sprague-Dawley rats after
prolonged inhalation exposure to silver nanoparticles. Inhalation toxicology
2008, 20 (6), 567-574. Kim, Y. S.; Kim, J. S.; Cho, H. S.; Rha, D. S.; Kim, J. M.; Park,
J. D.; Choi, B. S.; Lim, R.; Chang, H. K.; Chung, Y. H. Twenty-eight-day oral toxicity,
genotoxicity, and gender-related tissue distribution of silver nanoparticles in
Sprague-Dawley rats. Inhalation toxicology 2008, 20 (6), 575-583.

Brown, C. L.; Parchaso, F.; Thompson, J. K.; Luoma, S. N. Assessing toxicant
effects in a complex estuary: A case study of effects of silver on reproduction in
the bivalve, Potamocorbula amurensis, in San Francisco Bay. Human and
Ecological Risk Assessment 2003, 9 (1), 95-119.

Sun, X.; Olivos-Suarez, A. |.; Osadchii, D.; Romero, M. J. V.; Kapteijn, F.; Gascon, J.
Single cobalt sites in mesoporous N-doped carbon matrix for selective catalytic
hydrogenation of nitroarenes. Journal of catalysis 2018, 357, 20-28.

Zhang, C.; Guo, X.; Yuan, Q.; Zhang, R.; Chang, Q.; Li, K.; Xiao, B.; Liu, S.; Ma, C.;
Liu, X. Ethyne-reducing metal—organic frameworks to control fabrications of
core/shell nanoparticles as catalysts. ACS Catalysis 2018, 8 (8), 7120-7130.

Zou, Y.; Yang, T. Rice husk, Rice husk ash and their applications. In Rice Bran and
Rice Bran Oil, Elsevier, 2019; pp 207-246.

Hou, J.; Ma, Y.; Li, Y.; Guo, F.; Lu, L. Selective partial hydrogenation of
dinitrobenzenes to nitroanilines catalyzed by Ru/C. Chemistry letters 2008, 37
(9), 974-975.

Vile, G.; Almora-Barrios, N.; Lopez, N. r.; Perez-Ramirez, J. Structure and
reactivity of supported hybrid platinum nanoparticles for the flow hydrogenation
of functionalized nitroaromatics. ACS Catalysis 2015, 5 (6), 3767-3778.

Liu, S.-S.; Liu, X.; Yu, L.; Liu, Y.-M.; He, H.-Y.; Cao, Y. Gold supported on titania for
specific monohydrogenation of dinitroaromatics in the liquid phase. Green
Chemistry 2014, 16 (9), 4162-4169. Torres, C. C.; Jiménez, V. A.; Campos, C. H.;
Alderete, J. B.; Dinamarca, R.; Bustamente, T. M.; Pawelec, B. Gold catalysts
supported on TiO2-nanotubes for the selective hydrogenation of p-substituted
nitrobenzenes. Molecular Catalysis 2018, 447, 21-27.

Unglaube, F.; Kreyenschulte, C. R.; Mejia, E. Development and Application of
Efficient Ag-based Hydrogenation Catalysts Prepared from Rice Husk Waste.
ChemCatChem 2021, 13 (11), 2583-2591.

Wu, H.; Zhuo, L.; He, Q.; Liao, X.; Shi, B. Heterogeneous hydrogenation of
nitrobenzenes over recyclable Pd (0) nanoparticle catalysts stabilized by
polyphenol-grafted collagen fibers. Applied Catalysis A: General 2009, 366 (1),
44-56.

Relvas, J.; Andrade, R.; Freire, F. G.; Lemos, F.; Aradjo, P.; Pinho, M. J.; Nunes, C.
P.; Ribeiro, F. R. Liquid phase hydrogenation of nitrobenzene over an industrial
Ni/SiO2 supported catalyst. Catalysis today 2008, 133, 828-835. Rode, C.;
Vaidya, M.; Jaganathan, R.; Chaudhari, R. Hydrogenation of nitrobenzene to p-
aminophenol in a four-phase reactor: reaction kinetics and mass transfer effects.
Chemical engineering science 2001, 56 (4), 1299-1304.



54

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

Gomez, S.; Torres, C.; Garcia Fierro, J. L.; Apesteguia, C. R.; Reyes, P.
Hydrogenation of nitrobenzene on Au/ZrO2 catalysts. Journal of the Chilean
Chemical Society 2012, 57 (2), 1194-1198.

Bihani, M.; Bora, P. P.; Nachtegaal, M.; Jasinski, J. B.; Plummer, S.; Gallou, F.;
Handa, S. Microballs containing Ni (0) Pd (0) nanoparticles for highly selective
micellar catalysis in water. ACS Catalysis 2019, 9 (8), 7520-7526.

Danilovic, N.; Subbaraman, R.; Strmcnik, D.; Chang, K. C.; Paulikas, A.;
Stamenkovic, V.; Markovic, N. M. Enhancing the alkaline hydrogen evolution
reaction activity through the bifunctionality of Ni (OH) 2/metal catalysts.
Angewandte Chemie 2012, 124 (50), 12663-12666.

Zielinski, M.; Wojcieszak, R.; Monteverdi, S.; Mercy, M.; Bettahar, M. Hydrogen
storage in nickel catalysts supported on activated carbon. International journal
of hydrogen energy 2007, 32 (8), 1024-1032.

Madduluri, V. R.; Mandari, K. K.; Velpula, V.; Varkolu, M.; Kamaraju, S. R. R.;
Kang, M. Rice husk-derived carbon-silica supported Ni catalysts for selective
hydrogenation of biomass-derived furfural and levulinic acid. Fuel 2020, 261,
116339.

Gansauer, A.; Fan, C. A,; Keller, F.; Karbaum, P. Regiodivergent epoxide opening:
a concept in stereoselective catalysis beyond classical kinetic resolutions and
desymmetrizations. Chemistry—A European Journal 2007, 13 (29), 8084-8090.
Gansauer, A.; Fan, C.-A,; Piestert, F. Sustainable radical reduction through
catalytic hydrogen atom transfer. Journal of the American Chemical Society
2008, 130 (22), 6916-6917. Gansauer, A.; Klatte, M.; Brandle, G. M.; Friedrich, J.
Nachhaltige stereoselektive Radikalreduktion durch katalytischen H-Atom-
Transfer (HAT). Angewandte Chemie 2012, 124 (35), 9021-9024. Zaccheria, F.;
Psaro, R.; Ravasio, N.; Sordelli, L.; Santoro, F. Mono and bifunctional catalysts for
styrene oxide isomerization or hydrogenation. Catalysis letters 2011, 141 (4),
587-591.

Wang, Z.; Cui, Y.-T.; Xu, Z.-B.; Qu, J. Hot water-promoted ring-opening of
epoxides and aziridines by water and other nucleopliles. The Journal of organic
chemistry 2008, 73 (6), 2270-2274.

Wang, J.-L.; Li, H.-J.; Wang, H.-S.; Wu, Y.-C. Regioselective 1, 2-Diol
Rearrangement by Controlling the Loading of BF3- Et20 and Its Application to
the Synthesis of Related Nor-Sesquiterene-and Sesquiterene-Type Marine
Natural Products. Organic letters 2017, 19 (14), 3811-3814. Pandey, A. K.;
Ghosh, A.; Banerjee, P. Lewis-acid-catalysed tandem meinwald
rearrangement/intermolecular [3+ 2]-cycloaddition of epoxides with donor—
acceptor cyclopropanes: synthesis of functionalized tetrahydrofurans. Eur. J.
Org. Chem 2015, 2517, 2523. Bah, J.; Naidu, V. R.; Teske, J.; Franzén, J.
Carbocations as Lewis acid catalysts: Reactivity and scope. Advanced Synthesis &
Catalysis 2015, 357 (1), 148-158. Davies, T. E.; Kondrat, S. A.; Nowicka, E.; Kean,
J. L.; Harris, C. M.; Socci, J. M.; Apperley, D. C.; Taylor, S. H.; Graham, A. E.
Nanoporous alumino-and borosilicate-mediated Meinwald rearrangement of
epoxides. Applied Catalysis A: General 2015, 493, 17-24.

Zhang, Y.; Yang, H.; Chi, Q.; Zhang, Z. Nitrogen-Doped Carbon-Supported Nickel
Nanoparticles: A Robust Catalyst to Bridge the Hydrogenation of Nitriles and the
Reductive Amination of Carbonyl Compounds for the Synthesis of Primary
Amines. ChemSusChem 2019, 12 (6), 1246-1255. Heitbaum, M.; Glorius, F.;



55

Escher, I. Asymmetric heterogeneous catalysis. Angewandte Chemie
International Edition 2006, 45 (29), 4732-4762.



56

Original Publications

The author contributions are stated for each paper.

Publication 1: F. Unglaube, C. R. Kreyenschulte and E. Mejia. ChemCatChem (2021), 13,
11, 2583-2591.

"Development and Application of Efficient Ag-based Hydrogenation Catalysts Prepared

from Rice Husk Waste."

| conceptualized this work, planned and conducted all experiments, except for the STEM
measurements. The manuscript was prepared by me and Esteban Mejia. My overall
contribution to this work is approximately 90 %.

Publication 2: F. Unglaube, A. Lammers, C. R. Kreyenschulte, M. Lalk and E. Mejia.
ChemistryOpen (2021), 10, 1244-1250.

"Preparation, Characterization and Antimicrobial Properties of Nanosized Silver-

Containing Carbon/Silica Composites from Rice Husk Waste."

| conceptualized this work, planned all experiments, and prepared the investigated
materials. The manuscript was prepared by me, Alexander Lammers and Esteban Mejia.
My overall contribution to this work is approximately 50 %.

Publication 3: F. Unglaube, J. Schlapp, A. Quade, J. Schafer and E. Mejia. Catal. Sci.
Technol. (2022), 12, 3123-3136.

" Highly active heterogeneous hydrogenation catalysts prepared from cobalt complexes

and rice husk waste "

| conceptualized this work, planned and conducted the majority of the experiments,
except for the SEM and XPS measurements. The manuscript was prepared by me and
Esteban Mejia. My overall contribution to this work is approximately 85 %.



57

Publication 4: F.Unglaube, H. Atia, S. Bartling, C. Kreyenschulte and E. Mejia. Helv. Chim.
Acta (2023), 106. Jg., Nr. 2, S. €202200167.

"Hydrogenation of Epoxides to Anti-Markovnikov Alcohols over a Nickel Heterogenous

Catalyst Prepared from Biomass (Rice) Waste"

| conceptualized this work, planned and conducted the majority of the experiments,
except for the SEM and XPS measurements. The manuscript was prepared by me and
Esteban Mejia. My overall contribution to this work is approximately 90 %.



58

Development and Application of Efficient Ag-based Hydrogenation Catalysts
Prepared from Rice Husk Waste

F. Unglaube, C. R. Kreyenschulte and E. Mejia. ChemCatChem (2021), 13, 11, 2583-2591.

DOI: 10.1002/cctc.202100045

Rice Husk
(bio-waste) H, (10 bar)
Supported Ag
nanoparticles

Hydrogenation of
> aromatic and aliphatic
nitro compounds

u,"‘l'-' r
E o

Pyrolysis

[ AgNO; | 2O " N
100°C, 12 h

CH,CN or H,0/CH,OH (1:1)

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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B Development and Application of Efficient Ag-based

Hydrogenation Catalysts Prepared from Rice Husk Waste

Felix Unglaube,” Carsten Robert Kreyenschulte,” and Esteban Mejia*"

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,

1. Introduction

Rice or padi is by far the most important food crop for human
consumption and the primary food source for more than a third
of the world’s population."! Padi fields account for more than
10% of the world's cultivated land, resulting in an estimated
worldwide production of more than 500 million metric tons in
2020”7 Thus, the management and disposal of the non-edible
rice by-products, mainly rice husk (RH) and straw, presents
environmental challenges, as traditionally vast amounts of these
products are burned in the open after harvesting. This practice,
even though convenient for the farmers, releases in the
atmosphere large amounts of greenhouse gases and particulate
matter.” Hence, the development of strategies for the sustain-
able management and valorization of rice agricultural waste is
of high relevance.

Due to the high amount of silica present in RH (up to 25 wt-
%), many research efforts have been devoted to the extraction
and use of this bio-genic silica as supporting material of
heterogenous catalyst. A number of publications have demon-
strated the utility of such systems in esterification,”
hydrogenation,” C-C coupling, and oxidation reactions,” as
well as in bio-mass gasification.® Different approaches for the
isolation of bio-genic silica and carbon from RH are known,
including microwave, or Soxhlet-assisted extractions, commonly
combined with several washing steps with NaClO, and KOH
solutions. The direct extraction using concentrated alkali
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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.

hydroxides requires large excesses of base” while carbother-
mal reductive approaches (as developed by Laine etal)
demand stochiometric amounts of carbon or Na,C0O,"" In all
these separation methods the natural structure of the RH
epidermis is completely destroyed,”"” especially if basic or acidic
treatments are necessary.'” Therefore, the organic functional
groups at the husk surface (in hemicellulose, cellulose, and
lignin) are not involved in the subsequent building of the
catalyst active centers.

The coordination capabilities of carbohydrates and other
donor groups at the surface of bio-derived lignocellulosic or
chitosan waste materials (Figure 1) have been exploited before
for the synthesis of nanostructured heterogeneous catalysis."”
For instance, Beller and co-workers used this approach for the

OH
§ B o
fo NH; o

Chitosan

Figure 1. Exemplary coordination of metal ions with relevant bio polymers
found in bio-waste materials.

2583 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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preparation of N-doped Co/Co;0,-containing carbocatalysts for
hydrodehalogenation reactions. These materials were easily
obtained by pyrolysis of chitosan pre-treated by impregnation
of a Co(ll) solution."¥ Pioneering works of Shen and Yoshikawa
report the use of pyrolyzed RH as support for nickel particles
and their use as catalysts in gasification reactions. They
impregnated RH directly with a NiNO; solution and used
carbothermal reduction under N, atmosphere to generate
supported metal nano particles/® Interestingly, this direct
impregnation approach of RH has not been further extended,
neither to other metals, nor to other reactions, despite the
excellent activities displayed by other bio-derived heteroge-
neous catalysis, especially in hydrogenation reactions."*'"!

The selective hydrogenation of nitro groups is an important
reaction, as it has found many applications in industry and
academia since the first industrial application was reported by
Béchamp more than 150 years ago."® Starting from this non-
catalytic approach, the use of hydrogen as reducing agent
rapidly became the method of choice. Numerous homogenous
as well as heterogenous metal catalyst have been successfully
employed in the hydrogeneration of nitro groups. These
systems are commonly based on expensive noble metals
including Pd, Pt, Ir and Au,"” and more rarely, on base metals
like Fe, Ni and Co.™'™ Most of these catalysts display high
turn-over frequencies (TOF) but generally suffer from limited
selectivity towards easily reducible groups, although important
advances towards selectivity have been made, especially with
gold-based systems."?

Silver, the cheapest noble metal, has been relatively less
exploited than its congeners for hydrogenation reactions,
perhaps due to the virtual inertness of silver surfaces towards
H, dissociation at low temperatures.”” However, silver-based
hydrogenation catalysts have proven to be very active and
selective in both heterogenous and homogenous systems.?"
Remarkably, there are only few accounts on the activity of silver
catalysts for the hydrogenation of nitro compounds and the
available reports have a very narrow substrate scope. Most of
them describe only the conversion of nitrobenzene, chloroni-
trobenzenes, nitrophenol and other para-substituted nitro
aromatics,*** while benzylic and aliphatic nitro compounds
have been so far neglected (Scheme 1).

Interestingly, there is a broad variety of “green” method-
ologies to prepare silver nano particles (AgNP) by using so-
called biogenic reduction solutions, typical consistent of plant
extracts.” The resulting AgNP are exclusively used as bacter-
icides, while catalytic applications of these materials remain
unexplored.

Therefore, we decided to investigate the preparation and
application of a heterogeneous bio-derived silver-based catalyst
by simple impregnation of waste rice husk with silver ions,
subsequently converted into supported nanoparticles by carbo-
thermal reduction (Ag@RA, Scheme 1). This approach differs
significantly form established methods for the reductive
generation of AgNPs by adding stoichiometric reductants like
NaBH,” or organoalkoxysilanes,”” photochemical deposition*
or the so called auto-reduction.”” The carbothermal reduction
is made possible by the metal coordination with the donor

ChemCatChem 2021, 13, 2583- 2591 www.chemcatchem.org
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R = aromatic, benzylic or aliphatic (18 examples)
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Scheme 1. Hydrogenation of nitro compounds using silver-based heteroge-
neous catalysts.

groups of the plant’s biopolymers (Figure 1), an approach which
is similar to the fixation of silver ions using dopamine.””

Moreover, in this way we also exploit the naturally occurring
nanostructured silica particles at the RH epidermis to obtain
hybrid silica-carbon supports, otherwise difficult to prepare. The
obtained catalysts have been successfully employed in the
hydrogenation of both aromatic and aliphatic nitro groups with
excellent activity and selectivity (Scheme 1). This contribution
represents, to the best of our knowledge, not only the silver-
based catalysts for nitro reduction with the broadest substrate
scope, but also the first silver-based hydrogenation catalysts
from bio-waste.

2. Results and Discussion
2.1. Catalyst Preparation and Characterization

In order to avoid interferences and background reactions in the
hydrogenation experiments, the metal ions naturally present in
the RH have to be removed, for which an acidic leaching
method was applied as reported.” After leaching, the amount
of Mg, Ca, Mn, Co, Cu and Zn dropped below detection limits of
the used analytic methods (atomic absorption spectrometry,
AAS and inductively coupled plasma mass spectrometry, ICP-
MS). Moreover, the amount of Fe, Na and K was reduced by
more than 95 wt% (Table $1).

The attenuated total reflection infrared (ATR-IR) spectra of
raw RH (Figure 520) show strong peaks at cm '=3330, 2916,
1627, 1319, 1036, and 460. These values changed significantly
after pyrolysis at 600°C (Figure $21). The peaks related to C—C,
C—H, C-0 and C-O bond stretching (i.e., all peaks at wave
numbers higher than 1550 cm™') disappeared completely (Fig-
ure 521). The peaks at 455 and 1066 cm ™' can be attributed to
the symmetric and asymmetric Si—O-Si stretching vibrations.
Another peak attributable to SiO, can be found at 797 cm ',
corresponding to a Si-O deformation vibration.”” The broad
peak around 1552 cm™' cannot be unambiguously assigned,

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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but could be the result of overlapping C=0 and C=C stretching
vibrations.”™ This indicates that the majority of biopolymers’
structures from the RH were destroyed during the thermal
treatment and the remaining material is a composite of
amorphous Si0, and graphene-like carbon,

X-ray photoelectron spectroscopy (XPS) analysis of the
catalyst prepared by pyrolysis at 600°C (Ag@RA600) suggests
that silicon occurs at the surface only as SiO,, with a Si2p signal
at 103.43 eV (Figure S7) which can be correlated to the main
O1s signal at 532.9 eV (Figure S9). The most common carbon
bonds at the surface are C—C, with a signal at 284.8 eV. Smaller
carbon moieties are visible at 286. 19 eV and 287.93 eV and can
be attributed to C—O or O—C-O bonds, respectively (Figure S8).
The C-O bond is visible as small shoulder in the O1s signal at
530.79 eV (Figure 59), the appearance of these signals suggests
that acetal and hemiacetal functions from the lignocellulose are
not completely destroyed through the pyrolysis. The surface
area and pore structure of the catalyst was investigated by
Brunauer-Emmett-Teller (BET) surface area analysis. It was
observed that the surface area decreased slightly from
273.9 m’g~" to 260.7 m’g~" when the RH was doped with silver
(Ag@RA600) compared to the RH pyrolyzed at the same
temperature without metal doping (RA600). A majority of
nanopores was found on Ag@RA600 with a maximum of pore
volume and area at a pore size of 0.6 nm (Figure 2).

The X-ray diffraction pattern of RA shows a broad reflection
from 15 to 40° which can be attributed amorphous silica, the
main silicon species in the sample.*® Additionally, reflections,
of hexagonal SiO, (quartz) at 20.8, 26.6, 36.4 and 39.4° were also
observed. There were three Bragg peaks that could not be
clearly assigned to any structure, although those at 31.6° and
35.7° could be attributed to a Magnetite structure. Alas, the
reflexes are too weak to provide an unambiguous statement.?"
Conversely, the reflection at 33.2° remains puzzling. It can be
assumed that the observed diffraction peaks result from the
naturally inhomogeneous composition of the RH, containing
(along with silica) traces of several inorganic materials.
Importantly, all the described reflections observed in RA can be
found as well in the silver-containing Ag@RA600 catalyst.
Additionally, reflections of cubic silver could be observed at
38.1°, 443", 64.4° and 77.4" for the same sample, although
unusually shaped. The Bragg peaks are neither Lorenzian, nor
Pseudo-Voigt-shaped, but very sharp around the center and
broad at the base (Figure 3). This shape can be explained by the
peak overlapping resulting from the presence of two or more
fractions of different-sized crystallites coexisting in the sample
(schematically displayed in Figure 3).

While such bimodal crystallite size distributions are a
common phenomenon in the field of materials science, they
remain rarely reported in catalysis using silver. To prove that
the peaks are not caused by the overlapping of silver signals
with signals of a different non-silver crystallite, an extensive XPS
survey was performed. No other element (apart from silver) was
found in relevant amounts. The measured Ag3d;,, and Ag3d,;
binding energies were at 368.56 eV and 374.56 eV, respectively
(Figure 4).
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Figure 2. Surface characterization of Ag@RAG00 (obtained by pyrolysis at
600°C). a) BET quantitative adsorption and desorption of nitrogen. b) Pore
volume and Area distribution plotted against the pore width.
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Figure 3. XRD pattern for Ag@RA600. In the insert there is the schematic
presentation of overlapping signals from different silver particle size
fractions, giving the diffraction peaks its unusual shape.

It is well known that binding energies are influenced by the
particle size. Kim et al. showed a correlation of core bindings
energies with the partial size of silver nano particles on pyrolytic
graphite” According to their observations, the measured
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Figure 4. a) Ag3d;,, XPS signal and b) AgMN, XPS signal of Ag@RAG00

binding energies of Ag3ds,, at 368.56 eV are caused by particles
of 6 nm in diameter. Such a straightforward correlation via XPS
cannot be done in the present case where a triple size
distribution of the silver particles was observed (see micro-
scopic characterization below). Especially the characterization of
the smallest particles can be problematic since it cannot be
asserted whether they are metallic, and their lack of crystallinity
strongly influences their electronic properties. Thus, microscopic
analysis (STEM) was performed to assess the size of the silver
particles. The images show three particle size fractions. Particles
of 6-10 nm in diameter occurred as the main fraction (Figure 5
and Figure S1), while smaller particles of 1 to 2 nm in diameter
have been found all over the material (Figure 5, right side). The
bigger fraction appeared to be fully monocrystalline (Figure S1).
Along with these two fractions, bigger particles (70-200 nm)

Figure 5. HAADF-STEM of Ag@RA600. In the picture, two of the three size
fractions (around 1 nm, 6-10 nm) of silver nano particles can be observed at
the catalyst surface.
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resulting from the agglomeration of smaller crystallites could
also be observed (Figure S2).

2.2, Catalytic Experiments

In a preliminary screening, heterogeneous catalyst containing
different metals have been prepared by wet impregnation of
the support with a solution of the corresponding nitrate
followed by pyrolysis at 600°C (see Experimental section). The
choice of metals to be tested was based mainly on their
availability (low price) and known hydrogenation activity in
other systems.”” These metals included silver,?" cobalt,/"*'>*¥
nickel,” and copper.*® The obtained materials have been
tested in the hydrogenation of nitro compounds, for which
nitrobenzene was selected as model substrate. The outcome of
these hydrogenation reactions (under non-optimized condi-
tions) is summarized in Table 1. From the tested catalysts, the
one containing silver NP supported on RH (Ag@RA, Table 1,
Entry 1), showed by far the best activity. Other metal-containing
catalyst with the same support (Entries 3-7) only showed poor
conversions. Interestingly, a silver-based catalyst prepared with
commercial silica as support (Ag@5i0,, Entry 2) did not showed
any hydrogenation activity, attesting the important role played
by the hybrid silica/carbon nature of RA. To assess this effect,
the XRD pattern of Ag@RA and Ag@SiO, were analyzed using
Scherrer's method by whole powder pattern fitting. It was
shown that the average particle size in Ag@SiO, is with 54 nm,
significantly higher than the particle size in Ag@RA which
displayed two fractions with an average size of 3 nm and
16 nm, respectively (Table S1). This suggests a strong correla-
tion of Ag particle size and catalytic activity, being the smaller
particles more active, which is in a line with previous
reports.***” Also noteworthy is the small hydrogenation
activity displayed by the undoped rice husk ash (RA, Entry 8).
This could be attributed to the eventual traces of Fe,0; present
in the RA, (even after the acidic leaching treatment made to the
starting RH), as this compound is well known for its ability to
act as hydrogenation catalyst.*

Table 1. Preliminary screening for the hydrogenation of nitrobenzene
using pyrolyzed catalysts.

Entry Catalyst®™ Yield [%0]™ Selectivity [%]
1 Ag@RA 473 99

2 Ag@sio, - -

3 Co@RA 73 99

4 Cu@RA 48 78

5 Ni@RA 2.2 69

6 Co/Cu@RA? 6.5 93

7 Co/Ni@RA’ 5.9 81

8 RAB00 25 99

Reaction Conditions: 60°C, 10 bar H,, 1 mmol nitrobenzene, 1 ml H,0, 16 h,
25 mg catalyst [a] Metal content in 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] Metal salts in a stochiometric ratio

of 1:1
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The silver-containing catalyst Ag@RA was chosen for further
optimization. Pyrolysis temperatures from 400 to 800°C have
been tested in the catalyst preparation, as it has been shown to
be a critical factor in the subsequent performance of hetero-
genous catalysts.™ With these materials in hand, we tested
their catalytic activity in the hydrogenation of nitrobenzene
(Table 2). It turned out that the catalysts synthesized at 600°C
displayed the highest activity (Entries 3 and 4). Higher pyrolysis
temperatures (Entries 5 and 6) resulted in lower activities,
probably due to thermal Ostwald ripening and/or particle
migration of the silver particles at the catalyst surface," leading
to bigger, less active particles.””

The screening also revealed that the acid leaching pre-
treatment had no influence on the catalytic performance,
neither in terms of activity nor in selectivity (Entry 4). Hence,
since the acidic pre-treatment of the RH is not necessary in this
case, a significant amount of waste can be avoided since the
acidic washing water is the main waste product of the catalyst
synthesis. Moreover, the silver loading used in the catalyst
preparation was also investigated (Figure $32). It was found
that a catalyst loading corresponding to 1.4 mol% of silver was
the minimum amount necessary to achieve full yield. A small
solvent survey for the same reaction showed that acetonitrile
and a mixture of methanol/water (ratio 1:1), resulted in
quantitative yields and selectivity (Table S4). The effect of the
reaction temperature was also assessed, resulting that the best
results were obtained at 100°C (Figure 533). Further screening
reveled a pressure of at least 10 bar of hydrogen is necessary to
achieve full yield. Decreasing the reaction pressure to 5 bar
significantly lowered the yield to 11%. Extending the reaction
time to 48 h with at this pressure led only to a yield of 459%.
Nevertheless, the selectivity towards aniline remained at 99%
(Table 53). Importantly, our hydrogenation catalyst shows
excellent activity without the necessity of a base, a common
additive in hydrogenation systems. On the contrary, addition of
inorganic or organic bases has a detrimental effect on the
catalyst performance (Figure 534).

Once the optimal reaction conditions for the hydrogenation
of nitro groups using Ag@RA600 were defined, the substrate
scope was investigated (Scheme2). To our delight, almost
quantitative yields and selectivity were obtained in all the
tested substrates, both aromatic and aliphatic. Nitrobenzene

Table 2. Preliminary screening for the hydrogenation of nitrobenzene
using the silver-containing catalyst Ag@RA.

Entry Pyrolysis temperature Yield [%6]" Selectivity [%]"
1 400 21 99
2 500 22 99
3 600 47 99
4 600 47 99
5 700 29 99
6 800 6 99

Reaction Conditions: 60°C, 10 bar H;, 1 mmeol substrate, 12 h, 1 ml H,0,
20 mg catalyst (corresponding to 1.4 mol% Ag). [a] Yields determined by
GC using n-heptane as internal standard [b] Selectivity towards aniline was
calculated using GC with n-heptane as internal standard. [c] Catalyst
prepared without acid leaching.

ChemCatChem 2021, 13, 2583- 2591 www.chemcatchem.org

derivatives bearing either electron donor (i.e., methoxy, alkyl)
or electron-withdrawing groups (i.e., halide, cyano, carbonyl)
were equally converted to their corresponding anilines in
excellent yields. Only a small steric influence was observed in
the hydrogenation of methyl 2-nitrobenzoate, which gave
slightly lower yields (86%) than the less sterically hindered
methyl 4-nitrobenzoate (93 %). Interestingly, the hydrogenation
of 1,4-dinitrobenzene resulted in the quantitative formation of
the singly reduced 1-amino-4-nitrobenzene, attesting the mild
nature of the newly developed hydrogenation catalyst. Further-
more, the reaction remained selective towards single reduction
even if harsher reactions conditions were applied (140°C, 40 bar
H, and 24 h).

This feature was further exploited for the reduction of
nitroaromatics bearing groups that might undergo reduction or
are labile under hydrogenations conditions. For instance,
aromatic halogen-carbon bonds readily undergo reductive
dehalogenation with different metal catalysts,"*"" but remained
untouched by our system. Even with the fully halogenated
pentachloronitrobenzene and the highly sensitive 1-lodo-4-
nitrobenzene the reaction selectivity did not dropped below
96%. Importantly, the catalyst showed to be robust against
acidic phenolic groups, as it was shown with the successful
reduction of 4-nitrophenol, a precursor for the drug
Paracetamol.”" Thioethers are not cleaved under our reaction
conditions and do not poison the catalyst. Likewise, C—B and
B—O bonds of borate esters remain untouched trough the
hydrogenation, which is an important requirement in the
design of late-stage derivatization methodologies in the syn-
thesis of bio-active molecules and pharmaceuticals.*” Impor-
tantly, benzylic, and aliphatic nitro compounds were also
successfully hydrogenated. Interestingly, the reduction of
secondary aliphatic substrates under the standard reaction
conditions proved to be challenging, yielding the correspond-
ing nitroso intermediate as the main products. Applying harsher
reaction conditions was thus necessary to fully reduce nitro-
cyclopentane, nitrocyclohexane as well as 2-nitropropane to the
desired amines.

Finally, the recyclability of the catalyst was assessed for the
reduction of nitrobenzene to aniline. After each reaction, the
solid catalyst was simply recovered by centrifugation and re-
used (Figure 6). After 4 runs the yield decreased only marginally
and stabilizes around 91% through four further runs. Impor-
tantly, the selectivity remained stable (99%) through the eight
recycling experiments, surpassing the performance of other
reported hydrogenation silver catalyst which have to be
reactivated to avoid drastic loss of activity.”'®

To verify the stability of the catalyst and to confirm that its
activity is only due to silver sites at the catalyst surface (and not
due to leached metal species in solution) a “hot filtration”
experiment was conducted (for details, see Experimental
Section). In this experiment the heterogeneous catalyst is
removed from the reaction mixture during a catalytic run and
the substrate conversion is constantly followed. After filtration
of the hot reaction mixture, the conversion virtually stopped, as
only an additional 3% of product was detected in the following
11 h. Hence, since silver NP are known to be highly active

2587 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 2. Reaction products for the hydrogenation of nitro groups using Ag@RA600 as catalyst. Reaction Conditions if not stated differently: 100°C, 10 bar
H,, 1 mmol substrate, 12 h, 1 ml solvent (see supporting information), 20 mg catalyst (1.4 mol% of Ag). [a] In acetonitrile. Isomeric mixture of
nitrosocyclopentane and cyclopentanone oxime (shown). Yield determined by GC (see supporting information) [b] Reaction conditions: 140°C, 40 bar H,, 24 h

in CH;0H/ H,0 (1:1).

hydrogenation catalysts,”'"?**%/ the loss of reactivity of the

filtered solution suggests that no silver NP are leached from the
catalyst surface. However, the small yield drop in the recycling
experiments and the background reactivity observed in the
filtered reaction mixture suggest that a minute fraction of
unsupported silver species (ions, atoms, clusters or particles) is
washed off from the catalyst during the first runs.*'?

STEM imaging revealed that after the first recycling run the
fraction of NP with the smaller size (1 to 2nm) were
significantly depleted from the catalyst surface, and by the last
recycling run were completely vanished. This goes in hand with
the initial small activity loss and subsequent stabilization of the
catalyst’s performance throughout the successive recycling
experiments. This observation also places the mid-sized fraction
of NP (6 to 10 nm particles) as the main contributors to the
catalytic activity.

ChemCatChem 2021, 13, 2583-2591 www.chemcatchem.org

In addition, a Scherrer analysis of the XRD pattern indicates
a growth of the NP after the catalysis, where the small particles
increased their average crystallite size from 3 nm (in the fresh
catalyst) to 4 nm (after the last run), which is not significant due
to the accuracy of the measurement. The bigger particles
increased their average size from 16 to 25 nm, respectively
(Table $1). Interestingly, STEM images also showed that the
silver particles developed a carbon coating after the first
catalytic cycle, not thicker than one or two layers (Figure S3d).
The layer seems to preserve its thickness and appearance
during the recycling experiments and does not affect the
catalyst activity (Figure S4d).

Based on these observations and in literature reports,
we proposed the reaction mechanism presented in Scheme 3.
At the reaction onset, hydrides are generated at the surface of
the silver particles”"™ while protons attack the partially
positively charged oxygen of the nitro group.”* A subsequent

133,43)

2588 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH



Chemistry
Europe

Eurapean Chemical
Sociaties Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202100045

2 Yield
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Figure 6. Catalyst recycling experiments for the hydrogenation of nitro-
benzene using Ag@RA600. Details can be found in the Experimental Section.

hydride transfer and water elimination leads to the formation of
nitroso species, which can be reduced further to the corre-
sponding hydroxylamine and ultimately to the amine product.
The hydroxylamine and the nitroso species can condensate in
an alternative pathway to form an azoxy intermediate, which is
consecutively reduced to the azo and the hydro-azo products.
This intermediates are usually detected if bases are used in the
reaction.”” Interestingly, the azo compounds were the only
detected side-products in our reaction (by GC-MS, see Fig. S80).

3. Conclusion

leaching of the rice husk ashes. The prepared catalysts were
fully characterized by IR, AAS, ICP-MS, XPS, XRD and STEM
techniques. These materials showed to be highly active in the
hydrogenation nitro groups in both aliphatic and aromatic
substrates, They also showed to be highly selectivity towards
the nitro group, even in the presence of easily reducible or
labile groups, giving almost quantitate yields and selectivity in
most cases. This is, to the best of our knowledge, the first Ag-
based hydrogenation catalysts prepared from agricultural bio-
waste, as well as the silver catalysts for nitro reduction with the
broadest substrate scope.

Importantly, with the present results, we establish an
alternative route for the valorization of agricultural rice bio-
waste, resulting in high added-value products (the catalysts)
with potential immediate impact in the chemical industry.

Experimental Section

Catalyst Preparation

The RH was sun-dried at the harvesting sites by Vietnamese
farmers. The samples were then shredded with a cutting mill SM
200 (rotation and speed 1000 rpm, 2 mm sieve sizes) and milled to
a fine powder in a ball mill PM 200 (in steel cups with steel balls at
400 rpm for 3 h). Subsequently, the milled RH samples were
subjected to steps “a” (acidic leaching pre-treatment) and “b”
(metal impregnation), or only "b", before the pyrolysis step “c”.

a) samples of 10 g of RH were washed under reflux conditions
with 50 ml of a 10 mol% HCl solution for 24 h to remove all
traces of metals and mud. Afterwards, the samples were
filtrated through a G4 glass filter and washed with distilled
water until neutral pH value was reached. The wet samples
were dried under vacuum (10 mbar) at 70°C for 24 h.

b) the dry samples were mixed with 13 wt% of metal nitrates
(relative to dry mass of rice husk) in 50 ml if ethanol and stirred
Herein we report the synthesis and application of a heteroge- for 24 h at 21°C. The solvent was removed in vacuo with a
neous catalyst consisting of silver nanoparticles supported on a rotary evaporator, , : ) o
hybrid silica/carbon support derived from agricultural bio- ¢) the samples were placed in an aluminum oxide crucible inside a
3 quartz tube furnace and heated at 400, 500, 600, 700 or 800°C
waste.l The ca.taiyst. jidi prépared by 5|m!3|e ca.rbothe.:rmal at a rate of 10°C/min, and the temperature was maintained for
reduction of milled rice husk impregnated with a silver nitrate 1 h. The furnace was continuously flushed with nitrogen (50 ml/
solution, without the need of additional pre-treatment like acid
Nitro Hydride Nitroso Hydroxylamine Amine
transfer +2e; 2H" +2e; 2H"
— T _— —_—
Quio Q.0 Q
N -H0 N n-oH H,0 NH,
N H
H 50
Condensation
+2e; 2H"
Ag@RA l -H.0
+2e ; 2H* +2e ; 2H*
Dovnits  Wlap o P L, EEL O
or aliphaitc N O -H20 N \o H o
group o
Azoxy Azo Hydrazo

Scheme 3. Proposed reaction mechanism for the reduction of nitro groups catalysed by Ag@RAG00.
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min). After cooling to 25°C the catalysts were stored under
ambient conditions.

Catalytic experiments

For the catalytic experiments 1 mmol of the substrate, 25mg
catalyst and acetonitrile (32 mmol, 1 ml) were added together in a
12 ml vial, equipped with a Teflon-coated magnetic stirrer and a
steel cannula (0.45x12 mm) pierced through the cap to equalize
pressure, The closed vial was placed in an autoclave and flushed
tree times with hydrogen at a pressure of 10 bar and subsequently
the reaction pressure was adjusted. The stirred reaction vessel was
heated for a given reaction time in an aluminum block. The
autoclave was then cooled down in an ice bath and 2 ml ethyl
acetate were added to the reaction mixture. The crude mixture was
filtered through a syringe filter, and the vial was washed two more
times with ethyl acetate and filtered. After performing TLC, the
product was fixed on silica and purified by column chromatog-
raphy.

Recycling and hot filtration experiment

For the recycling experiment 200 mg of catalyst, nitrobenzene
816 ul, 8 mmol) and acetonitrile (8 ml, 256 mmol) were added
together as described in the general procedure. The catalyst was
recovered using a centrifuge. For the hot filtration experiment
50 mg of catalyst, nitrobenzene (204 ul, 2 mmol) and acetonitrile
(2 ml, 64 mmol) were added together like described in the general
procedure. The reaction was stopped after 5 h, the autoclave was
cooled down to 55°C and degassed. The reaction mixture was
filtrated through a preheated syringe filter and a Celite plug and a
sample for GC analysis was taken. The filtrated reaction mixture was
placed back into an autoclave and the reaction time was completed
under the conditions described above.
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Easy preparation from bio-waste

AgNP@Si0,/C

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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Preparation, Characterization and Antimicrobial Properties
of Nanosized Silver-Containing Carbon/Silica Composites

from Rice Husk Waste

Felix Unglaube,® Alexander Lammers,”™ Carsten Robert Kreyenschulte,” Michael Lalk,*® and

Esteban Mejia*®

Rice husk, one of the main side products in the rice production,
and its sustainable management represent a challenge in many
countries. Herein, we describe the use of this abundant
agricultural bio-waste as feedstock for the preparation of silver-
containing 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/SiO, composite materials doped with
varying amounts of silver from 28 to 0.001 wt%. The materials
were fully characterized and their antimicrobial activity against

Introduction

Rice is among the most widely spread food crops on earth, as
the current world production is estimated at around 500 mil-
liontons annually."’ Importantly, along with the produced food,
approximately 800 milliontons of production residues annually
arise, which are mainly rice straw and rice husk (RH).”' The
common practice to “manage” the post-harvest waste is the
open burning after the plant material has been left and dried
on the fields, as it is cheap and straightforward, and the
resulting ashes serve as fertilizer. However, studies demon-
strated that the use or rice husk ashes for plant nutrition is not
especially beneficial since other fertilizing technics, for example
incorporation of rice straw in soil, have similar or better
effects.”’ Additionally, this practice causes massive air pollution
in all rice-growing regions including China, India, Philippines
and Vietnam."! This pollution poses not only a health risk for
humans,” but also has a negative environmental impact due to
the massive emissions of CO, and particulate matter. Yet, to

[a]l F. Unglaube, Dr. C. R. Kreyenschulte, Dr. E. Mejia

Leibniz-institut fiir Katalyse e.V. (LIKAT)

18059 Rostock (Germany)

E-mail: Esteban.Mejia@catalysis.de

A. Lammers, Prof. Dr. M. Lalk

Institut fiir Biochemie

Universitat Greifswald

17489 Greifswald (Germany)

E-mail: lalk@uni-greifswald.de

g Supporting information for this article is available on the WWW under
https://doi.org/10.1002/0pen.202100239

™ © 2021 The Authors. Published by Wiley-VCH GmbH. This is an open access

article under the terms of the Creative Commons Attribution Non-Com-
mercial NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-commercial
and ne modifications or adaptations are made.

[b

ChemistryOpen 2021, 70, 1244-1250 Wiley Online Library

ESKAPE pathogens, namely E. faecium, S. aureus, K. pneumoniae,
A. baumannii, P. ageruginosa, 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, we report a
straightforward method for the synthesis of antimicrobial
agents from abundant sources which addresses urgent ques-
tions like bio-waste valorization and affordable alternatives to
increasingly fewer effective antibiotics.

worsen things, studies also indicated a correlation between
high air pollution levels and low rice yields.” Hence, it is
necessary to find alternative methodologies of waste treatment
in order to decrease the significant health and environmental
burden caused by rice production. Beside solving major
challenges in logistics and political implementation, a valid and
useful alternative must be presented in order to obtain accept-
ance from the most affected persons, the rice farmers, and
convince them to abandon traditional methods.

For almost one century, there have been efforts to develop
and demonstrate applicable methods of utilization of waste
from the rice production chain!” A vast majority of these
approaches are dealing with the use of rice husk ash (RHA),
which is the product of the often incomplete burning of RH.
The calorific value of RH is approx. 18.7 MJkg ' which is less
than half of biodiesel.” The burning is, therefore, unsatisfactory
in terms of energy efficiency and produces significant amounts
of CO, fine particles and silicon-containing waste."” Never-
theless, it has to be noted that RHA can be used as an additive
in concrete due to its high silica content. Even though it
increases the water demand of the resulting raw material, this
approach has already been demonstrated to be applicable."" In
recent years, many rather complicated methods have been
developed to separate the two main compounds of RH, carbon
and silica, in order to use them as bio-derived feedstock for
silicon-based technologies. The obtainable products are solar-
grade silicon,"”" alkoxysilanes or orthosilicates (important build-
ing blocks in the semiconductors and silicone industry),"”
electrode materials™¥ or light-emitting amorphous SiO,
nanophosphors." Carbon from rice husk can further be used as
catalyst for production of biofuel additives,"” but the main
potential lies in the use as absorbent for waste water
treatment,"” due to its high surface area and good adsorption

1244 @ 2021 The Authors, Published by Wiley-VCH GmbH
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properties. An advantage of this approach is that the carbon
must not necessarily be isolated from RHA, as it can be
modified or used directly. The removable compounds span
from organic pollutants to inorganic molecules like
phosphate,"™ nitrate" or various relevant heavy metal ions like
Cu?’, Ni*', Cd’", Mn?", Co?", Hg* ", Pb? " or Cr* "2

Next to the removal of organic and inorganic compounds
from wastewater, the removal of microbial pathogens to
weaken the antimicrobial resistance crisis might be a promising
usage of rice husks in future. Even though highly active
antibiotics have been a tool to efficiently control bacterial
infection since the commercial introduction of Penicillin in the
1940s, we are currently facing a global antimicrobial resistance
crisis, caused by the intense and wrong usage of antibiotics in
combination with the lack of novel compounds.”” Every year,
approximately 700,000 people die of infections caused by
resistant pathogens in contrast to 8,200,000 by cancer and
1,200,000 by traffic accidents. It has been estimated that there
will be around 10,000,000 deaths caused by resistant pathogens
in 2050.7'*%? Whether novel classes of antibiotics should be in
investigation or rather alternative methods, is debatable,”

An alternative approach to commonly used antibiotics is
the usage of silver nanoparticles (AgNP), since they are known
to have antimicrobial properties.?” Every infection which can
be avoided makes the use of “old-school” antibiotics obsolete
and therefore lowers the risk of pathogens evolving
resistances.”” In aqueous solutions, AgNP release silver ions
(Ag') which have numerous antimicrobial activities.”” Even
though AgNPs themselves have antimicrobial properties, it is
preferable to use silver ions instead as they are active in trace
amounts, which is beneficial since silver can indeed be toxic in
higher concentrations to cells of higher animals as well.”” They
interact with the membrane and cell wall proteins of the
microorganisms, resulting in damage to those structures along
with a disturbed proton gradient, leading to cell death.*® If the
silver ions reach the cytoplasm, they can inhibit the electron
transport chain, damage DNA and RNA, inhibit DNA replication,
denaturate the 30S ribosomal subunit resulting in inhibited
protein synthesis and induce the formation of reactive oxygen
species (ROS).”** The numerous mechanisms of action result in
a wide spectrum of target organisms, including (drug-resistant)
bacteria, fungi and viruses. In addition, silver nanoparticle
resistance of microorganisms is rarely reported.”® Moreover, it
has been shown that the combination of silver nanoparticles
and antibiotics significantly improves the antimicrobial effect of
the antibiotics.”*” The wide spectrum of target organisms and
the low risk of resistance development have made silver
nanoparticles promising targets in current research.”**"***" The
combination of an antimicrobial material like AgNPs and a
material with excellent ability to adsorb pollutants, like RHA,
leads to a composite which offers multifunctionality as a filter
material. The need of cheap and easily manufacturable
materials for both water and air sanitation is undeniably a key
aspect to secure the health of millions of humans, since on the
one hand, approx. 780 million people do not have access to
clean water on a daily basis (status 2014),"” while, on the other
hand, air pollution and airborne pathogens are extremely

ChemistryOpen 2021, 10, 1244-1250 www.chemistryopen.org

problematic, like recently demonstrated by the devastating
COVID-19 pandemic,”™ in both private households and indoor
working places,® as well as in professional healthcare
environments,*” Fortunately, AgNPs can be and are applied
against pathogens in water or on surfaces as well as against
airborne pathogens.*® Moreover, since ancient times, the use of
silver has not been associated with health risks (when not used
in disproportionate amounts).””

State of the art in AgNP preparation is the reduction of an
oxidized silver source by chemical, physical, biological or
photochemical techniques,* requiring an external reduction
agent which reacts with Ag' species. This approach leads to the
production of stochiometric amounts of waste which need to
be removed after the synthesis. The AgNPs prepared in such a
way can be used as colloids, in solution or can be fixed on a
solid supporting material which enables easier separation from
the treated subject and recycling.

The preparation of supported AgNPs (fixed on a solid
supporting material) commonly involves generation of the
particles followed by deposition on a previously prepared
suitable support, resulting in a multistep process that produces
significant amounts of waste,

In this work, we present a straightforward method which
combines preparation of support and AgNPs in one step,
resulting in an excellent atom economy. The direct application
of Ag™ ions on the lignocellulosic framework offered by RH is
followed by carbothermal reduction yielding carbon/silica
composites doped with AgNPs (Ag@RHA). This is, to the best of
our knowledge, the simplest yet reported method for the
preparation of antimicrobial systems with AgNPs as active agent
and rice husk as support precursor. This presents a more
sustainable alternative to previous reports on the preparation
of “bio-derived” antimicrobial agents. Usually, RH is only used
as the feedstock for the preparation of supporting material like
active  carbon"”  pseudowollastonite* silica-carbon
nanoparticles " pure silica or MCM-41 nanoparticles. In all the
previously reported methodologies, silver is impregnated on
the prepared support in a subsequent step, therefore producing
significant amounts of waste during the preparation.

Results and Discussion

All tested Ag@RHA were prepared by wet impregnation of
previously shredded RH with different amounts of AgNO,
followed by pyrolysis at 600 °C. The resulting pyrolyzed material
is made mainly of carbon, silicon, oxygen and contains low
amounts of nitrogen and phosphorus as well as sulfur and iron
(Table $1 and Figure S1, Supporting Information). X-ray diffrac-
tion (XRD) analysis (Figure S1) revealed a broad peak from 15 to
30° suggesting the existence of an amorphous silica phase and/
or carbon phase. Additionally, reflexes at 26.6°and 50.1° fitting
to a crystallin hexagonal «-SiO, phase are also present. The
peak shapes for cubic silver reflexes at 38.1°, 44.3°, 64.5° and
77.5° match those of similar materials previously reported by
our group,”” which indicates the existence of a bimodal Ag
crystallite phase. Beside these three phases, two weak peaks at

1245 @ 2021 The Authors, Published by Wiley-VCH GmbH
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35.6° and 62.7° indicate the existence of cubic Fe,0, which can
commonly be observed in RHA due to the high iron content in
the plant.* The average silver crystallite size was calculated
using whole powder pattern fitting-Scherrer methodology for
the raw material, containing 20 m% of silver and was found to
be 14 nm. The surface area was investigated using Brunauer-
Emmett-Teller (BET) isotherm analysis; a BET surface area of
260.7 m*g " was found (Figure 1A) with a small hysteresis for
the desorption. The cumulative volume of pores between 2 nm
and 100 nm width is with 0.05 cm*g™", only half of the t-Plot
micropore volume of 0.104 cm’g™' from 0.25 to 2 nm pore
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Figure 1. A) BET-isotherm quantity ad and desorption plot and B) plot of
pore volume and area vs. pore width.

Figure 2. Microscopy images of Ag@RHA with highest silver concentration:
A) Annular bright field STEM image of spherical shaped AgNPs and B) high-
angle annular dark field STEM image displaying the crystalline character of
AgNPs.

ChemistryOpen 2021, 70,1244-1250  www.chemistryopen.org

width. The clearly visible pore volume and area maximum
around 0.6 nm underlines the microporous character of the
prepared material.

IR measurements (Figure 52) revealed vibrations at 454, 571,
798 and 1067 cm ™" which can be correlated with Si—O bonds,
confirming the presence of high amounts of silica in the
material.*” A broad signal around 1543 cm ' correspending to
carbon-carbon double bond vibrations was observed, which is a
common feature in RHA*”

Moreover, the morphology of the AgNPs was investigated
with scanning transmission electron microscopy (STEM), since
previous studies suggested a correlation of the particle shape
and antimicrobial activity, even though the reported particle
size was up to 20-fold higher.® The STEM images of Ag@RHA
with the highest silver concentration revealed a spherical shape
(Figure 2A, Figures S3A and 3B) with a diameter of about 10 nm
with a few outliers reaching 50 nm and a full crystalline
structure of the the AgNPs (Figure 2B and Figure S3C).

A series of composites (Ag@RHA) containing different
amounts of silver was prepared to evaluate the minimal amount
of metal needed to get a significant antimicrobial activity
(Table 1). Nine samples have been prepared, starting from
28 wt% of AgNO; in the RH (which correspond to 4.880(4) wt %
of Ag in the pyrolyzed material), to 0.001 wt% of AgNO; which
corresponds to an Ag amount lower than the limit of detection
(and quantification) of the applied inductively coupled plasma-
optical emission spectrometry (ICP-OES) method.

For the antimicrobial activity assessment, the pyrolyzed
material (Ag@RHA) was suspended in methanol (20 mgml")
and 10 pl of the suspension were transferred on a cotton disc
(6 mm diameter) which was placed on the agar containing the
microbes (Figure 54). Interestingly, no detectable amounts of
Ag were found in agar after the antimicrobial tests, suggesting
that leaching and diffusion of silver did take place only in
minute quantities (Table 1).

The antimicrobial test results revealed a high sensitivity of
all Gram-positive bacteria (Enterococcus faecium, Staphylococcus
aureus), Gram-negative bacteria (Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, Escherichia coli),
and the yeast (Candida albicans) whose growth were inhibited
(Figure 3). The activity is clearly related to the silver content on

Table 1. AgNO3 content in the reaction mixture, Ag content in the
pyrolyzed material (Ag@RHA), Ag content in the cotton disc and in the
agar used in antimicrobial activity tests.

i AgNO, added  Ag after pyrolysis
to RH [wi%]™  [wi%]"

Ag at cotton  Ag in agar
disc [wt%]®  [wt%]"

1 28 4.880(4) 0.069(3) <0.001"™
2 20 3.472(8) 0.047(5) <0.001"™
3 17 2.945(0) 0,033(4) <0,001"™
4 13 2241(3) 0.031(5) <0.001"
5 29 0.478(5) <0.001" <0.001"
6 14 0.10(2) <0.001" <0.001"
7 0.75 0.03(8) <0.001" <0.001"
8 0015 <0001 <0.001" <0.001"
9 0.001 <0.001™ <0001 <0.001™
10 0 <0001 <0001 <0001

[a] Measured with ICP-QES [b] limit of quanitification at 0.001 m%.

1246 © 2021 The Authors, Published by Wiley-VCH GmbH
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Figure 3. Antimicrobial effect of Ag@RHA to bacterial and yeast test strains. The bar charts show the zones of inhibition (ZOI) induced by different silver
concentrations against (A) Enterococcus faecium, (B} Staphylococcus aureus, (C) Klebsiella pneumaniae, (D) Acinetabacter baumannii, (E) Pseudomonas aeruginosa,
(F) Escherichia coli, and (G) Candida albicans. MeOH was used as negative control. Gentamicin was used as positive control for bacterial cells and Amphotericin
B for the yeast. The cotton discs had a diameter of 6 mm. The error bars show the standard deviation n=3.

the material and not the pure support, since no inhibition was
detected when biochar without silver was used (prepared from
RH under the same conditions). Most microorganisms were
sensitive against the AgNPs made with an initial AgNO; content
of 0.015wt% (Table 1, entry 8). E. faecium was sensitive to a
lesser extent, but clearly inhibited in growth at an initial Ag
content of 1.4 wt% (Figure 3A). Two different strains of E. coli
(DSM 498 and 787) have been tested, but only the 498-strain
showed clear sensitivity against the AgNPs (Figure 3G). The 787-
strain showed a slight decrease in cell density but no clear zone
of inhibition (not shown). The analyzed Ag contents in the
cotton discs and agar were in every case <0.001 wt% as
measured by ICP-OES (Table 1), showcasing the low amounts of
silver necessary to achieve antimicrobial activity of the prepared
material.

ChemistryOpen 2021, 70,1244-1250  www.chemistryopen.org
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The antimicrobial activity of AgNPs against the ESKAPE
pathogens (E. faecium, S. aureus, K. pneumoniuae, A. baumannii,
P. aeruginosa, and E. coli) as well as C. albicans has been shown
by several studies.*™” Salouti and colleagues showed a
decreased number of colony forming units of a wound infected
with 5. aureus after treatment with AgNPs on a mouse model.”
The combination of rifampicin with AgNPs was shown to
increase the antimicrobial activity against methicillin-resistant
S. aureus and K. pneumoniae as compared to rifampicin alone."
Furthermore, the antibacterial effect of AgNPs was shown
against methicillin-resistant S, aureus.™ Transmission electron
microscopy imaging revealed a thinning and permeabilization
of the cell wall causing cell lysis.

Importantly, our Ag@RHA materials display antimicrobial
activities at much lower silver concentrations compared to

@ 2021 The Authors. Published by Wiley-VCH GmbH



Chemistry
Europe

Eurapean Chemical
Sociaties Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202100239

other studies. For instance, Azam and colleagues produced
silver-doped CaSiO; (synthesized from rice husk ash as a
limestone precursor) and showed good antimicrobial activity
against E, coli and S aureus with Ag contents between 1-
5 wt%.* In contrast, we showed clear zones of inhibition with
Ag contents below 0.001 wt% in the agar indicating a much
higher bioactivity of the RHA-supported AgNPs.

The antimicrobial test results revealed a similar sensitivity of
Gram-positive and -negative bacteria against Ag@RHA. Due to a
thinner cell wall, it can be argued that Gram-negative bacteria
might be more sensitive against AgNPs.”" Other studies argue
that Gram-negative bacteria are less sensitive against AgNPs
because of the negatively charged lipopolysaccharides of their
outer membrane which very likely interact with the positively
charged silver ions and prevent the ions from entering the
cells.”"!

Next to bacterial pathogens, the Ag@RHA showed clear
antifungal effects against C. albicans (Figure 3F). This result is
supported by other studies showing similar results. Kim and
colleagues showed, by transmission electron microscopy imag-
ing, that AgNPs result in a damage of the cell membrane of
C. albicans.*™ Using flow cytometry, they demonstrated that
the cells got stuck in the G2/M phase of the cell cycle. Next to
yeasts, the antifungal effect of Ag@RHA was also shown against
several fungi, for example Aspergillus niger, Aspergillus fumigatus
and Fumigatus soleni, indicating a wide antifungal spectrum.””?

Additionally, the conditions during the antimicrobial test
have been reproduced with 50 mg of Ag@RHA to assess the
stability of the prepared material and to investigate its
applicability. The recovered Ag@RHA sample was analyzed by
XRD. The average crystallite size was calculated at 12 nm using
Scherrer's method (Table 52), showing no change compared to
the freshly prepared material. Notable is the appearance of
reflexes at 27.8°, 32.2%, 46.2°, 54.7° and 62.9°, relating to a cubic
Na,O phase (Figure S1), which is most likely the result of the
contact with the aqueous agar at 37°C for 24 h rather than the
result of using methanol in the preparation of the suspension.

Conclusion

In summary, we have successfully developed a simple method
for obtaining highly antimicrobial silver nanoparticles sup-
ported on carbon/silica composites derived from agricultural
(rice) bio-waste, The high antimicrobial activity was demon-
strated by the good results obtained even when extremely low
amounts of silver were loaded on the support. The materials
were characterized before and after the antimicrobial tests,
where no significant change was detected by X-ray diffraction
analyses. This suggests a possible long-term stability and
recycling potential. In conclusion, the herein described silver-
containing rice husk-based antimicrobial materials are suitable
for tackling some of the challenges discussed above, as they
can be used as multifunctional filters or coating materials in
water sanitation and medicinal applications, thanks to its
stability and good antimicrobial activity, even with minimal
amounts of silver deposited on the surface.

ChemistryOpen 2021, 10, 1244-1250 www.chemistryopen.org

Experimental Section

General Preparation Procedure

The RH samples were received from Vietnamese farmers at the Red
River Delta (Nam Binh Povince, 20°23'27.7“N 106°15'34.7"E) and
Mekong Delta (An Giang Provice, 10°24'55.0"N 105°11'52.3"E).The
RH was received pre-dried, and was shredded with a cutting mill
SM 200 (rotation and speed 1000 rpm, 2 mm sieve sizes) and milled
to a fine powder in a ball mill PM 200 (in steel cups with steel balls
at 400 rpm for 3 h). The samples were mixed with different
amounts of AgNO;, 50 ml ethanol and stirred for 24 h at 21°C. The
solvent was removed with a rotary evaporator and the sample was
placed in an aluminium oxide crucible which was placed inside a
quartz tube furnace. The samples were heated to 600°C with
10°C min~', respectively, and the temperature was maintained for
1h. The furnace was continuously flushed with nitrogen
(50 mlmin~"); after cooling to 25°C, the material was stored under
ambient conditions.

General Agar Diffusion Test Procedure

The material was not soluble in any common solvent. Therefore,
suspensions with MeOH were prepared (20 mgml™') and homogen-
ized using FastPrep™ (Lysing Matrix D, 20s, 6 ms '; MP Biomed-
icals, Santa Ana, California, USA). The antimicrobial activity of the
suspensions was tested using the antimicrobial disc diffusion test.
We used the ESKAPE pathogens Enterococcus faecium (DSM 20477),
Staphylococcus aureus (DSM  799), Klebsiella pneumonia (DSM
30104), Acinetobacter baumannii (DSM 30008), Pseudomonas aerugi-
nosa (DSM 1117), Escherichia coli (DSM 498 and 787) and the yeast
Candida albicans (DSM 10697) as test organisms. All strains were
purchased at the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany).

The strains were pre-cultured before use overnight at 37°C on
Mueller Hinton Agar Il (2.0 gL™" beef heart infusion, 17.5 gL™" acid
casein hydrolysate, 1.5gL™" starch, 17.0gL™" agar; Becton Dick-
inson, Franklin Lakes, New Jersey, USA). For each organism, a
solution with an absorbance of QD600 0.125 was prepared. The
whole surface of a Mueller Hinton agar Il plate was covered with
the cell solution using a soaked cotton swab. 10 pl of the test
suspension was transferred to the cotton discs (6 mm diameter)
and the discs were transferred to the agar plate after the MeOH
was evaporated. The negative controls were cotton discs with
MeOH only, the positive controls were Gentamicin (10 pg, Sensi-
DiscTM GM-10, Becton Dickinson, Franklin Lakes, New Jersey, USA)
for bacterial strains and Amphotericin B (ROTIAntibiotika Disks
Amphotericin B (AP) 100 Units, Carl Roth, Karlsruhe, Germany) for
the yeast. Organisms were incubated for 24 h as described above
and the zones of inhibition were measured.
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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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Introduction

The sustainable development goals (SDGs), set by the UN
general assembly in 2015, are referred to as “blueprints to
achieve a [...] more sustainable future™' Overall the SDGs
comprise 17 objectives which are supposed to be achieved by
2030 to improve the quality of human cohabitation and
sustain the Earth as habitat for humans. The utilization of
agricultural waste can meet many of the SDGs by promoting
sustainable agriculture (SDG 2), economic growth (SDG 8),
and industrialization (SDG 9), as well as by improving
production patterns (SDG 12) and reducing the emission of
atmospheric pollutants (SDG 13).> In this context, utilization
can mean recirculation of inedible by-produets of agricultural
processes, including the use of bio-waste as fodder for
livestock,” or for the production of fertilizers.™® Utilization
can also mean the use of waste in non-related economic
sectors, which had caught much attention due to the broad
palette of agricultural wastes and their growing amount
worldwide.” For instance, “energy-dense” wastes like manure

“ Leibniz-Institut fiir Katalyse e. V. an der Universitdt Rostock, Albert-Einstein-
Strafie 29a, 18059 Rostock, Germany. E-mail: Esteban. Mejia@catalysis.de
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17489 Greifswald, Germany
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d2ey00005a
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recovery and multiple reuse without requiring re-activation.

are suitable for the production of bio fuels,® (importantly bio
gas), contributing to the energy and transport sector.”™'®
Fibrous plant bio-waste like straw or bagasse can be used in
the production of much needed materials like concrete,"" or
filters for water purification.'” The synthesis of more
advanced materials like supercapacitors,”™'* fluorescent
carbon nanotubes,'® or catalysts has been part of research
efforts as well, alas, to a lesser extent.

The preparation of catalysts from bio-waste has proven to be
a promising approach thanks to the diversity offered by bio-
waste in terms of structure and composition.'® Recent examples
include the use of catalysts made from banana peels,'” or oyster
shells,'"® for transesterification reactions, or the use of
heterogeneous catalysts from rice husk (RH) for the epoxidation
of limonene," and the reduction of nitro groups.*

Hydrogenation reactions are among the most important
catalytic transformations in the chemical industry, as
illustrated by the widely applied reduction of nitro
compounds to amines. This reaction is a key transformation
in the industrial-scale production of amines,*'** as well as in
the synthesis of active pharmaceutical ingredients like the
widely used paracetamol.”® The most popular systems used
to catalyze this transformation are metal-based, including Ni-
RANEY®,”* Ni$,*® Pd and Pt (Adams' catalyst),”® Cu-Mn-Fe
or Cu@si0,.”” These catalysts, as applied on an industrial
scale, normally require harsh reaction conditions (e.g
temperatures above 200 °C), except for Pd-Pt alloys. However,
high temperatures are not tolerated by most functionalized

Catal Sci Technol. 2022,12, 3123-3136 | 3123
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organic substrates and highly active systems suffer from
insufficient selectivity towards amines. Among the few
exceptions are the cobalt®® and nickel® based systems
reported independently by the groups of Zou and Beller,
which display excellent activities even at room temperature.

It is possible to modify catalysts with either Fe or
VO(acac), to improve the tolerance towards sensitive moieties
like alkenes, alkynes, nitriles or carbonyl functions.*
However, most systems are able to catalyze to some extent
undesired side reactions like dearomatization or reductive
dehalogenation. The latter is especially problematic since
relevant substrates are often bearing halogens. The use of 3d
non-noble metals as catalysts has become more prevalent in
the last decade since they are able to overcome selectivity
issues, and being fairly abundant in the Earth crust, their
mining has less environmental impact.™

During the last decade, cobalt has played an important
role in the development of heterogeneous catalysts for amine
synthesis vie hydrogenation with ~ 3d-metal catalysts
(Scheme 1), even though the first catalytic system was
published already in 1937 by Griffitts and Brown using
CoS.”> Almost 80 years later, Beller et al. reported a
significant improvement in the catalytic performance by
supporting cobalt on a SiO, carrier with the aid of nitrogen-
donor ligands. They described the formation of coordinative
interactions between cobalt species and nitrogen at the
support's surface, allowing an easier activation of hydrogen.™

Grifftitts and Brown (1922):
[o]

N, CoS NH;
0 —
© 262°C, H, ©I

98.8 % Yield

Beller et al. (2013):

X © "
- Co;0,@C NH
I\ oMo C0:04@ @/ 2
110°C, 4 h = - "
Z R = alkyl, alkenyl, halides,
50 bar H, nitril, ketyl
99 % Yield
Gascon et al. (2018):
e R
Rex Ny _Co@NC @,NH:
_—
I > 100°C, 2h Z R = alkyl, alkenyl, alkynyl,
3 barH; . halides, nitril, carboxy!
99 % Yield
This work:
o R = alkyl, alkenyl, halides,
ll*i Co@RH NH nitril, carboxyl, thiyl, boryl,
R 3y ™ R 2 nitro
' O jo0ec.zh "
10 bar Hp
Upto
99 % Yield
. = aromatic and aliphatic 99 % selectivity

Scheme 1 Historical development of cobalt-catalyzed synthesis of
amines by hydrogenation of nitro compounds.
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Based on this approach, Gascon et al reported in 2018 a
system containing Co;0, improved by etching with HF,
leaching the silica domains, which leads to higher surface
area and more active sites.”

Further improvements have been made to these Co-based
catalytic systems, especially regarding the reaction conditions
for the hydrogenation of nitro aromatics, as recently reported
by the group of Palkovits, among others.***” Furthermore, a
number of studies have shown the feasibility of other
reduction reactions using heterogeneous cobalt catalysts,
including reductive amination of carbonyl compounds,* and
the reduction of O, to H,0,.*

The vast majority of these processes are carried out with
catalysts containing highly sophisticated supporting materials
which require laborious and energy-intensive synthetic
procedures. Thus, the use of inexpensive bio-waste as a
feedstock for the catalyst preparation (as showcased above)
offers an appealing alternative, not only in economic terms, but
also due to its intrinsic sustainability. However, the direct
impregnation of a bio-derived feedstock with cobalt precursors
for the synthesis of catalytically active materials has been rarely
reported. In 2017, Beller et al. reported the preparation of a Co-
based catalyst using chitosan, and its use in hydro-
dehalogenation reactions,” and hydrogenation of nitroarenes
(40 bar H, and 110 °C).*' Additionally, in 2018 Yang et al
prepared a catalyst by impregnation of bamboo with CoCl, for
hydrogenation reactions (at 110 °C and 50 bar H,)."

Rice husk (RH) is, besides rice straw, the main by-product of
rice production, and is considered to be one of the most
abundant agricultural waste on earth, with over 40 million tons
produced in 2015 in China alone.*” Its unique structure is made
up of a lignocellulose matrix decorated with silica nanoparticles
(up to 20 wt% silica) and, unlike other bio-derived feedstocks
like chitosan, RH does not need to be isolated or purified in a
complicated manner for its utilization.

Herein, we report the use of RH as a feedstock for the
preparation of cobalt-containing materials with remarkable
activities as a catalyst in hydrogenation reactions. Our
synthetic approach consists of a) impregnating the milled
plant material (RH) with cobalt complexes bearing N-donor
ligands, b) thermal treatment to generate catalytic active
cobalt centers on the surface of the biogenic waste, and ¢)
leaching of the silica domains by base etching, increasing the
material's porosity and surface area, boosting the catalytic
performance (Fig. 1). We demonstrate that our catalyst
outperforms other “classic™ and bio-derived catalysts, not
only in terms of general activity under milder conditions, but
also in other relevant aspects like reaction rate, recycling
stability, and substrate scope including the commonly
neglected aliphatic substrates.

Results and discussion
Catalyst preparation and characterization

The crude, sun-dried rice husk (RH) is first chopped into
small particles and ground in a ball mill to increase the

This journal is © The Royal Scciety of Chemistry 2022
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RH impregnated with cobalt Co-containing N-doped
complex with N-donor ligands carbonaceous material

Fig. 1 Schematic representation of the surface structure and
coordinative interactions in rice husk (RH) and its conversion into a
hydrogenation catalyst containing cobalt species on a porous, N-doped,
carbonaceous support. For a detailed description see the text below.

accessible surface area. Subsequently, the material was
washed with water and added to an ethanolic solution of an
in situ prepared cobalt complex bearing nitrogen-donor
ligands (Scheme 2).***7 After removing the solvent in vacuo,
the dried material was pyrolyzed at 600 °C under an inert
atmosphere. Finally, the resulting ashes were etched with a
base. To understand the changes underwent by the RH
during this process, the surface after each step was analyzed
using X-ray and microscopy techniques (see below and in the
ESIT). XPS revealed that the surface of crude RH offers mainly
sp’ hybridized carbon in C-C bonds with a high content of
C-0 bonds (Fig. 2), in accordance with the expected
composition of RH being cellulose and lignocellulose.

1) shredding, milling

View Article Online

Paper

Carbon binding of C 1s [%]

30 4
20 4
10 4
LHIL =
RH RHE™

Col@RH RHA

Fig. 2 Carbon bends in the different stages of catalyst
measured by XPS.

processing,

After shredding, milling and washing (RH™™ in Fig. 2)
the amount of C-C bonds on the surface is decreased from
82% to 34% and the amount of oxidized carbon (C-O and
C=0 in Fig. 2) increased significantly. This is most likely
caused aerobic oxidation promoted by the kinetic energy
supplied by the ball mill. Next, the ground RH was
impregnated with cobalt complexes of five different
N-containing ligands (Co1-5, Scheme 2). All the employed
cobalt complexes are chelates containing multi-dentate
N-donor ligands. However, they differ in the Co:N ratio
(from 1:4 to 1:10) and can be distinguished by the
“chemical nature” of the N atoms: Col-2 are aromatic and
Co3-4 are non-aromatic, while Co5 is the only complex
containing oxygen. After the impregnation with Col-5 in
alcoholic  solution the amount of oxygenated carbon
increased and new C-N bonds appear, as expected. Not
surprisingly, the major change on the surface was observed
after the pyrolysis process. Nearly all of the oxygenated
carbons, as well as the sp® hybridized carbons were converted

—_— —_—
2) impregnation with 600°C, 2h 1M NaOH
cobalt complexes N, atmosphere 20°C, H,0
(CoX) stirring for 24 h
CoX@RH catalyst base-stched CoX@RH-E1-
RH+CoX - active in hydrogenation + higher poresity and surface area
- contains bio-genic silica particles + increased activity
- poor reusability + increased reusability
In situ prepared cobalt complexes (CoX):
H H
SN il HN.__N.__N
Nl n= 5 O
P, HN, NH
N, etk N Zz coch,
Z
N N™ "N” "NH,
HOH %
Col Co2 Co3

Scheme 2 General synthetic approach for the preparation of cobalt-containing, rice-husk based catalysts for hydrogenation reactions. The
annotated complexes Col-5 were prepared in situ from cobalt(i) chloride and the corresponding ligand and neither isolated nor characterized.

The depicted structure is based on previously published materials.***

This journal is @ The Royal Society of Chemistry 2022
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into sp* hybridized carbons. This suggests a transformation
of the hydrocarbon network (mainly composed of cellulose)
to a surface mainly composed of graphene, barely decorated
with oxygenated groups.

This thermal transformation of homopolysaccharides has
been qualitatively deseribed before for RH (Tulliani et al),™
and for chitosan (Beller et al.).*"

Optical and electronic microscopy studies (SEM, Fig, S17)
of crude RH have been thoroughly reported.*****" The
fibrous RH epidermis is characterized by the presence of
small particles of silica (red arrow Fig. 3A). These features are
not observable after mechanical treatment (chopping and
milling) and impregnation, after which the material only
shows vestiges of fibrous domains (yellow box Fig. 3B) along
with smooth and crystalline bodies (red arrow in Fig. 3B),
most likely corresponding to Col1-5 complexes deposited on
the ground RH epidermis.

View Article Online

Catalysis Science & Technology

The use of HF as an etching agent for the removal of SiO,
from cobalt catalysts supported on silica/carbon composites
has shown to boost its catalytic performance.”"** However,
the toxicity and safety concerns inherent in the use of HF
discouraged us to use it for the treatment of our catalysts.

Instead, we decided to subject our materials to simple
etching with NaOH 1 M. As expected, the silicon content in
all prepared catalysts, regardless of the ligand used, is
markedly reduced if the material is etched with an aqueous
hydroxide base. The use of higher concentrations of NaOH
further reduces the silica content but only to a limited extent;
the use of 1 M NaOH decreases the Si in Col@RH from
11.77 wt% to 3.02 wt% while the use of 2 or 4 M NaOH
solution yields lower Si contents of 2.07 wt% and 1.46 wt%,
respectively (Table S1t). The same trend is observed for the
specific surface area of the samples: base etching of Col@RH
with 1 M NaOH increases its surface area from 323.63 m” g™

Fig. 3 SEM pictures of the different stages of catalyst preparation. (A) Milled and ground RH. The red arrow indicates silica nanoparticles on the
plant epidermis. (B) Material after impregnation with an ethanolic solution of complex Col. The yellow box highlights the presence of residual
fibrous domains. The red arrow shows the deposited metal complex. (C) Material after pyrolysis at 600 °C under nitrogen. The red arrow shows
small crevices at the surface. (D) Final product after etching with a base. The red arrow shows small crevices at the surface. The yellow arrows and
the zoomed circled area highlight the new, highly porous pumice-like structure.

3126 | Catal Sci Technol, 2022,12, 3123-3136

This journal is © The Royal Society of Chemistry 2022
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to 347.13 m* ¢ ' (Col@RH-E1), while the material treated
with 4 M NaOH (Col@RH-E4) displays a much higher surface
area of 427.87 m” g (Co1@RH-E4, Table S21).

Pyrolysis leads to a further significant change in
morphology, resulting in irregular aggregates of smaller
particles without any defined shape and brittle appearance
(Fig. 3C). Interestingly, after removing the silica domains by
base etching the morphology does not change greatly; the
particles show a similar shape, but the etched material is
clearly more porous (Fig. 3D). While a number of crevices are
visible at both non-etched and the etched materials (red
arrows Fig. 3C and D), a pumice-like structure is clearly
present in the etched sample (yellow arrows and zoomed
circled area in Fig. 3D). This change in porosity is clearly
reflected in the surface measurements (Table $2%). Upon
etching, the cumulative pore volume (of pores between 2 and
100 nm width) is doubled, increasing from 0.11 ecm® g™ (for
Col@RH) to 0.27 em” g' (Col@RH-E1). The main increase
in pore volume is associated with a pore width of 1.1 to 1.4
nm and 2.7 to 3.4 nm for etching with 1 M NaOH (Fig. S44
and $46%). Interestingly, for etching with 4 M NaOH a drastic
increase in pore volume is also visible from 4 to 15 nm pore
width (Fig. $487).

Importantly, the cobalt content at the catalysts’ surface did
not change significantly after the etching processes, as
determined by ICP-OES (Table $1t). The nature of the crystalline
phases in different samples was investigated by XRD (Fig, 4); in
Col@RH, a freshly etched sample without washing the sample
to remove the excess base (Col@RH-El.fresh) and a washed
sample like the one used in catalytic experiments (Col@RH-E1.
washed). The diffraction patterns showed broad reflections from
16 to 30° correlating with amorphous silica and a small peak at
26.6° from hexagonal $i0,.*" The main cobalt phases in both
Col@RH and Col@RH-El.washed are cubic Co and cubic CoO
(o and *, respectively). The CoO phase disappears after the
etching while the main phase of cubic Co remains and three
additional reflections appear: rhombohedral NaOH, which is the

L s L s L L

P
Co1@RH-E1.washed

o ——— Co1@RH-E1 fresh
Col@RH

v thombohedral CoO(OH)
+ thombohedral NaOH

« hexagonal Teflon

3 hexagonal Si0g |

+ cubic CoO

o cubic Co

relative intensity [A. U]

10 20 30 40 50 60 70 80
0[]
Fig. 4 XRD patterns and different crystalline phases from cobalt
catalysts at different preparation stages. Col@RH (black), Col@RH-E1.
fresh (yellow) and Col@RH-El.washed (blue).

This journal is @ The Royal Society of Chemistry 2022
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remaining base from the etching, hexagonal Teflon (impurity
from the preparation) and rhombohedral CoO(OH) (\V).

The appearance of Co(u) is in line with the known facile
oxidation of Co(n) at high pH values,” resulting in the
oxidation of CoO to CoO(OH) during base etching. The fact
that Co(0) remains unchanged during the etching procedure
suggest that a Co core covered by a CoO layer is formed. This
core-layer structure has been observed in other catalytically
active cobalt particles.”

To better understand the nature of nitrogen atoms at the
material surface and their role in the catalytic activity, their
surface was investigated using XPS (for details, see section 1 in
the ESIT). The validity and usefulness of this approach has been
demonstrated in previous studies."'”""" Col@RH shows a
significantly higher share of cobalt-nitrogen (CoN) bonding
(67%) compared to Co2@RH (52%) while the share of N-pyrrol
and N-amm bonding (see Fig. 1 and 4) is significantly lower
(Fig. 5). The etched material shows a very similar bonding
distribution compared to the untreated material for both
Co2@RH-E1 with CoN (51%), N-pyrrol (38%) and N-amm (11%)
and for Col@RH-E1 with CoN (66%), N-pyrrol (24%) and
N-amm [9%). The use of a base of higher concentration (4 M)
does not change the bonding situation. Interestingly, the
nitrogen to cobalt ratio (N/Co) differs significantly from the
trends found in the nitrogen bonding distribution. The ratio
increases from 1.5 for Co2@RH to 3.8 for Co2@RH-E1, while
drops drastically in the series Col@RH (5.1), Col@RH-E1 (2.7)
and Col@RH-E4 (1.3) (Fig. $13f). An inverted but analogous
trend is visible in the oxygen to carbon ratio (O/C) which is
higher for Co2@RH (2.6) than for Co2@RH-E1 (7.1) and
increasing in the series Col@RH (6.5), Col@RH-E1 (9.5), and
Col@RH-E4 (15.3) (Fig. 5147).

Catalytic hydrogenation of nitro compounds

The hydrogenation of nitrobenzene to aniline was chosen as
a model reaction to test and optimize the catalytic activity of

T T T T T T T CoN
m N-amm

60+ - 1 NOx

Binding in N1s [%]

Fig. 5 Nitrogen bonding measured by XPS in different catalysts at
different stages; “re” stands for “recycled™.

Catal Sci Technol, 2022,12, 3123-3136 | 3127
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Table 1 Catalytic activity for the hydrogenation of nitrobenzene for the different cobalt-based catalysts prepared from RH using different ligands before

and after etching with NaOH

@ 20 mg Co catalyst
—_—
NO, 10barHy, 100°C

: “NH;

16 h, acetonitrile

Catalyst c(NaOH)* [mol 1] Yield of aniline® [%)]
Co@RH — 5
Col@RH — 39
Col@RH-E1 1 83
Col@RH-E2 2 83
Col@RH-E4 4 85
Co2@RH — 22
Co2@RH-E1 1 38
Co3@RH — 16
Co3@RH-E1 1 29
Cod4@RH — 12
Co4(@RH-E1 1 16
Co5@RH — 1.3
Co3@RH-E1 1 1.3

Reaction conditions: 10 bar H,, 100 °C, 16 h, in acetonitrile (1 ml) and 20 mg catalyst. “ Base concentration used for etching. ? Yield was

determined by GC using n-octane as an internal standard.

all prepared materials (Table 1). The use of catalysts prepared
in the absence of N-donor ligands (Co@RH) leads to lower
catalytic activity compared to those catalysts made using
cobalt complexes of N-donor ligands Col-5 (Table 2).
Col@RH showed the best performance with 39% yield of
aniline, followed by Co2@RH (22%), Co3@RH (16%),
Co4@RH (12%) and Co5@RH (1.2%). It is noteworthy that
the best results were obtained with catalysts prepared from
complexes containing aromatic N-heterocycles without
oxygen (Co1-3). The significant reduction of yield using Co5,
the only oxygen-bearing ligand, is in marked contrast with
recent data reported by Beller et al. who used cobalt-salen

complexes to generate catalytically active Co nanoparticles.™
Moreover, cobalt phthalocyanines (like in Co1) are known to
form active reduction catalysts after pyrolysis.”” ®" Thus, the
high activity of Col@RH is in line with this precedent.

The surface area is another parameter which must be
considered when comparing the catalytic activity of the
prepared materials (Table $27). While the micropore and BET
surface area are within a similar range for all catalysts, there
are differences in the cumulative pore volume. Therefore,
Col@RH-E1, the most active catalyst, shows the highest
macropore volume (0.27 em® g'), while all other catalysts
have similar macropore volumes. Additionally, Col@RH-E4,

Table 2 Screening of reaction conditions for the hydrogenation of nitrobenzene using Col@RH (with and without base pre-treatment) as a catalyst

Catalyst T[°C] pH, [bar] Solvent® Base additive Yield of aniline” [%]
Col@RH-E1 120 10 Heptane — 56
Col@RH-E1 120 10 Ethanol — 65
Col@RH-E1 120 10 H,0 - 86
Col@RH-E1 120 10 Ethanol/H,0 _ a7
Col@RH-E1 120 10 i-PrOH/H,0 — 99
Col@mRH 120 10 i-PrOH/H,0 - 89
Col@RH-E1 120 5 i-PrOH/H,O — 43
Col@RH 120 5 TOH/H,O — 19
Col@RH-E1 90 10 rOH/H,0 - 85
Col@RH-E1 100 10 i-PrOH/H,0 — 92
Col@RH 100 10 i-PrOH/H,0 _ 27
Col@RH-E1 110 10 i-PrOH/H,0 — 95
Col@RH 110 10 i-PrOH/H,0 — 43
Col@RH-E1 130 10 i-PrOH/H,O — 96
Col@RH-E1 120 10 i-PrOH/H,0 Pyridine 87
Col@RH 120 10 i-PrOH/H,0 Pyridine 84
Col@RH-E1 120 10 i-PrOH/H,0 NaOH 89
Col@RH-E1 120 10 i-PrOH/H,0 NEt; 83
Col@RH-E1 120 10 i-PrOH/H,O NaCoO, 71
Col@RH 120 10 i-PrOH/H,0 NaCO, 50

“ i-PrOH/H,0 have been used in an equal volume ratio. * Yield of aniline was determined by GC using n-octane as an internal standard.
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which has the highest surface area (428 m* g™*) but a similar
macropore volume (0.25 cm® g), shows no significant
increase in catalytic activity.

A screening of the pyrolysis temperature for the
preparation of Col@RH revealed that the material prepared
at 600 °C was the most active in nitrobenzene conversion.
Significantly lower yields were achieved using the catalyst
prepared at 500, 700, 800 or 900 °C, respectively (Fig. S587).

When RH is used as a feedstock for the synthesis of silica,
silicon, carbon or their composites, it is common practice to
wash the raw plant material with an aqueous acid to remove
eventual traces of heavy metals.’ In our case, we observed
that an acidic washing of the RH prior to impregnation does
not improve the catalytic activity. Thus, skipping the acidic
pre-treatment altogether, we could avoid the generation of
approximately 30 liters of acidic wastewater per kg of catalyst
produced.

The reaction conditions have been optimized for the
nitrobenzene conversion to aniline using Col@RH and
Col@RH-E1 to determine the differences of both catalysts
resulting from base etching. The screening revealed that the
etched catalyst outperformed the untreated material in every
case. For instance, assessment of the optimal catalyst loading
showed that Col@RH-E1 achieved quantitative yields of
aniline with only 20 mg of catalyst (corresponding to 1.8

View Article Online

Paper

mol% cobalt) while 41 mg of Col@RH (corresponding to 4
mol% cobalt) was required (Fig. S60). A similar trend was
observed in the pressure screening, with full yield at 10 bar
H, using Col@RH-E1 and 20 bar H, pressure using
Col@RH. The temperature screening showed a maximum
performance at 120 °C, while at 130 °C the yield decreased,
most likely caused by the lower hydrogen solubility at higher
temperatures (Fig. S63t). The use of polar protic solvents has
shown to give the highest yields, a water and isopropanol 1:
1 mixture being the one with the best results (Fig. $591).°%%

Since previous studies have shown that the addition of
bases has a positive effect on the hydrogenation of nitro
groups (by promoting the deprotonation of azoxy
intermediates),*" we performed a small base screening in our
model reaction (Fig. $62%). Surprisingly, the addition of bases
to our system (whether organic or inorganic) appears to be
detrimental (Table 2), a phenomenon which we observed in
other RH-based systems before.”

When comparing the catalytic performance of the
prepared materials with literature reports, they have shown
to be better than, or at least comparable with most reported
catalysts.”"®* Some superior systems include those developed
by the teams of Palkovits and Beller, operating at 40 °C,*
and those by Zou and co-workers, which are very active even
at room temperature,*®

O\Noz

R

Col@RH-E1 (1.8 mol% [Co])
_— -

120°C, Hy (10 bar), 12 h
Isopropanol/H,0 (1:1)

2L
R N,

m\@\ F\©\
NH; NH;

97 (99) 98 (99) 98 (99)
o 0 o
HsyC., 4
£l DJ\@\ @\)‘0 CH3 HJCJK©\
NH; NH; NH;
98 (99) 94 (99) 98 (99)
CH;
= =
Q.. ©
»
N” NH, NZ NH, NH;
95 (99) 98 (99) 99 (99)
Q.. O
NH;  O:N NH; NH; o
NO,
96 (99)le 98 (99) 93 (99)

[s] selectivity did not changed at
harsher conditions: 150°C, 50 bar H, 24 h

ADN . O
NH, NH; NH;
96 (97) 85 (92) 98 (99)
L L St
NH, NH, NH;
98 (99) 98 (99) 96 (99)
? A G2 6
o]
NH,
96 (99) 96 (99) 95 (99)
N
|
ON
N NH; K\Q
CHs O;N NH; NH
95 (99) 96 (99) 99 (99)

isclated Yield (Selectivity)

Fig. 6 Products of the hydrogenation of aromatic nitro compounds using Col@RH-EL. Reaction conditions: 120 °C, 10 bar Hz, 1 mmol substrate,

12 h, in 1 ml of isopropanol/H;O, 20 mg catalyst (1.8 mol% of Co).

This journal is @ The Royal Society of Chemistry 2022
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A broad substrate screening was done to determine the
extent and limits of the prepared hydrogenation catalyst. A
series of aromatic nitro compounds were tested, obtaining in
almost all cases quantitative yields and 99% selectivity
towards the reduction of the nitro group (Fig. 6). The
catalysis has shown to be highly chemoselective, reducing
only the nitro groups even in the presence of other
potentially reactive groups, including nitriles, ketones,
aldehydes and alkynes. The inertness of our system towards
nitrile groups came as a surprise, since very similar cobalt
based systems are known to be excellent catalyst for the
hydrogenation of Importantly,
halogen-containing substrates are also well tolerated; i.e. the
high yield of 4-iodoaniline (96%) suggests that
dehalogenation of the nitro-precursor hardly takes place,
which is a well-known side reaction in the hydrogenation of
iodine-containing ~ compounds  with  highly  active
catalysts.**® Moreover, sterically demanding groups in the
ortho position to the nitro group lead to slightly decreased
yields, as observed for methyl-4-aminobenzoate (96% yield)
versus methyl-2-aminobenzoate (94% yield). Additionally, the
lower yield of 85% of 2-iodoaniline is an indicator for the

these functionalities.”

negative impact of good leaving groups in the ortho position
on the reaction while aliphatic groups like isopropyl do not
show a negative influence. Furthermore, the catalyst showed
good tolerance to a variety of functional groups at the meta
position to the nitro group, especially prone towards side
reactions.”” These include boron groups, which are highly
relevant for coupling reactions.”®”° Additionally, the catalyst
is not poisoned by sulfur atoms in the substrate, which is a
common problem in  heterogeneous hydrogenation
catalysis.”""*

A very interesting selectivity feature was observed during
the substrate screening: if the molecule offered more than
one nitro group, only one nitro moiety was reduced in all
cases, To the best of our knowledge, the system presented
here is the first cobalt-based catalytic system to display this
type of selectivity. There are only a few examples of
heterogeneous catalysts for selective hydrogenation of only
one nitro group when two are present in the same molecule,
and a number of them use NaBH, as a reducing agent.”7°
There are only a few examples where hydrogen is used
instead, and all of them rely on rare and expensive metals
like ruthenium,”” platinum-palladium alloy,”® or gold.”*"
Recently, our group developed a silver-based system also
using rice husk ashes as a support, with the same
selectivity.”” Interestingly, all these systems, except the silver-
based, exhibit apparent activity for kinetic product control.
This does not seem to be the case for the RH based systems
as no diamino species could be detected even with prolonged
reaction time, higher pressure, and increased reaction
temperature. However, to provide an explanation for this
behavior, a comprehensive mechanistic investigation must be
undertaken.

The above-mentioned trend of giving slightly lower yields
when another substituent is present in the ortho position to
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the nitro groups also holds for dinitro compounds, giving the
lowest 1,2-dinitrobenzene yield among all three isomers
(93%). Interestingly, aromatic nitro groups were preferably
hydrogenated over aliphatic nitro groups, as demonstrated by
the synthesis of 4-(2-methyl-2-nitropropyljaniline.

To prove the versatility of Col@RH-E1 as a hydrogenation
catalyst, a range of aliphatic substrates was investigated
(Fig. 7). It was shown that both small and polar as well as
long-chain lipophilic substrates could be hydrogenated in
almost complete yields. However, with increasing chain
length, the yield decreased proportionally. The catalyst also
showed good performance in the conversion of cyclic
aliphatic nitro compounds into the corresponding amines,
indicating that it is not a problem to hydrogenate the oxime-
nitroso intermediate (stabilized by mesomerism), as
previously observed.*"

Furthermore, the applicability of the synthesized catalyst
in late-stage drug modification was demonstrated (Fig. 7).
Nimesulide,®" which is used as a non-steroidal anti-
inflammatory drug and selective cyclooxygenase-2 inhibitor,*

was converted into the corresponding amine without

Aliphatic substrate screening:

T O Q.
NH; NH, NH;

96 (99) 95 (99) 95 (99)
SN, ‘ea:\NHQ %NHZ
97 (99) 92 (99) 91 (99)
A i
“;NHQ NH, HoJk/‘MH2
81(99) 97 (99) 91 (99)
Late stage drug modification:
eF O\\s,p
E — HaC™""NH
S o
8}
NH,
2 q o]
CH, NH;
95 (99) 99 (99)
NH
MeO(0)C C(0)OMe

HaC™ N CH,

93 (96) isolated Yield (Selectivity)

Fig. 7 Products of aliphatic substrate screening and late-stage drug
modification using Col@RH-El. Reaction conditions: 120 °C, 10 bar
Hz, 1 mmol substrate, 12 h, in 1 ml of isopropanol/H,0, 20 mg catalyst
(1.8 mol% of Co).
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reducing the sensitive sulfone molety in excellent yield.
Moreover, the selective synthesis of 4-(2-methyl-2-nitropropyl)
aniline was achieved in good yield (93%) and with excellent
selectivity (96%), regardless of the redox sensitive
dihydropyridine core. This has so far only been described
using stoichiometric amounts of Na,$ in moderate yields of
70%.%

Recycling experiments

A major advantage of heterogeneous catalytic systems over
their homogeneous counterparts is the possibility of easy
recycling. After reaction, the catalyst can be removed by
simple filtration or centrifugation, or by action of a magnetic
field if the material has a magnetic moment,*" which is the
case with the material presented here. Thus, the catalyst
could be easily recovered from the reaction solution with a
magnet.

Recycling experiments with the untreated (before etching)
catalyst Col@RH showed that a yield drops from nearly
100% down to 70% after five runs and stabilized at that level,
However, the recycling stability of the base-etched catalyst
Col@RH-E1 turned out to be superior to Col@RH, as no
decrease in activity was observed over 10 runs (Fig. 8). The
better recycling stability of Co1@RH-E1 was also indicated by
the fact that the reaction solution after the separation of the
catalyst was clear after every cycle, whereas the reaction
solution obtained when Col@RH was used was cloudy after
a couple of cycles, suggesting a mechanical deterioration of
the material. This is indeed visible in SEM measurements.
The particle morphology changes drastically during the
recycling process for both un-etched and etched materials
(Fig. S91). However, the type of change is very different; while
particles of Co1@RH are fractured into smaller ones, around
1 to 10 um, the particle size of Col@RH-E1 after recycling is

[_ICol@RH
[ Co1@RH-E1

1004 —p— =

Yield [%]

Catalytic Cycle

Fig. 8 Catalyst recycling test over 10 runs using un-etched (Col@RH)
and etched (Col@RH-E1) catalysts. Reaction conditions: 120 °C, 10 bar
Hz, 200 mg of catalyst, nitrobenzene (8 mmol), isopropanol (0.5 ml)
and water (0.5 ml).
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considerably bigger, between 10 and 20 pm. This suggests
that the etched material has an enhanced mechanical
stability, which contributes significantly to the higher
recycling stability.

Perhaps correlated to the lower mechanical stability is the
drastic increase of the oxygen-carbon ratio during the
recycling of Col@RH, which is higher than that of Col@RH-
E1, (Fig. $14%). Additionally, XPS revealed that the amount of
CoN bonding is just slightly decreased from 67% to 58% in
the un-etched material, compared to a stronger decrease of
66% to 47% in the etched catalyst. This suggests that the
oxidation stability of the support is critical to the recycling
stability of the material, while the amount of cobalt nitrogen
bonding plays a lesser role. The general oxidation stability of
the nitrogen species at the surface seems to be also of
relevance since the amount of NOx bonding is slightly higher
in the un-etched material with 11% compared to 7% in the
etched material,

Kinetic studies and reaction mechanism

Kinetic investigations on the hydrogenation of nitrobenzene
revealed a zeroth order dependence with respect to the
substrate at high concentrations for both Col@RH and
Col@RH-E1. Previous kinetic studies interpreted similar
results by applying the Langmuir-Hinshelwood model,**
identifying the reaction of hydrogen and nitrobenzene at the
catalyst surface as the rate determining step, and therefore
the adsorption of all reaction partners on the catalyst surface
as well.*® For Col@RH-E1 and Col@RH, initial reaction rates
(r) of 1938 and 290 [mol™""™ per mol®®™" h], respectively,
were calculated. This demonstrates the superiority of the
base-etched catalyst over the untreated material. The initial
rate calculated for Col@RH is lower than for a Pd-Al,O,
based system (473 [mol*™!™¢ per molP*#4iu™ 1) reported by
Shi et al.,"® which is in turn outperformed by Col@RH-E1.
An activation energy of 28.0 + 1.1 [kJ] mol™] for the reaction
using the etched material was calculated based on the
Arrhenius equation (Fig. $741). This energy is lower than the
44.8 [K] mol'] determined for the highly active etched
cobalt-based system by Zhou et al®® and the 67.2 [k] mol ']
observed by Gomez et al. for an Au/ZrO, catalyst.™

Comparing the concentration-time profile of Col@RH
and Col@RH-E1, it is clearly visible that the reaction is
significantly faster with the etched catalyst: the reaction is
completed after 10 h using Co1@RH and after 3 h using
Col@RH-E1 (Fig. 9). It is noted that all reactions show an
induction time within the first ten minutes. This
phenomenon is most likely caused by insufficient or
inhomogeneous heating of the reaction mixture while placing
the autoclave in the preheated aluminum block.

A major challenge in understanding heterogeneous
catalysts is to achieve an accurate description of the catalytic
active center. XPS has proven to be a well-suited tool for this
purpose in previous studies. The apparent correlation
between higher CoN bonding fractions and higher catalytic
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Fig. 9 Concentration-time profile in kinetic experiments using
Col@RH-E1 (filled circles) and Col@RH (hollow triangles). Reaction
conditions: 120 °C, 10 bar Hp 8 mmel nitrcbenzene, in 8 ml of
isopropancl/H,0, 100 mg catalyst (1.8 mol% of Co).

activities (with Col@RH-E1 compared to the less active
Co2@RH-E1) as shown in Fig. 5 is consistent with previous
studies. They propose a coordination interaction between

+2e ;2H"

O\N_/D

H*ﬁ(li ~H

Co1@RH-E1

nitro-reduction by
cobalt hydrides

O = aromatic or aliphatic
carbon group

hydroxylamine

N
nitroso

Q
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pyridinic nitrogen atoms at the surface with adsorbed
hydrogen, leading to easier activation/cleavage by the cobalt
centers.”> However, as mentioned before, the nature of CoN
bonding is not the only measure to describe the activity of
the present system, since the CoN bonding fraction in the
more active material is approx. 10% lower after several
recycling runs. Nevertheless, it is generally accepted that the
Co-N-C interaction is key to achieve highly active and
chemoselective heterogencous Co-catalysts on a carbon
#%9% The data obtained in this study do not suggest
otherwise. However, we see an increased fraction of N-pyrrol
bonding at the expense of CoN binding, indicating a change
in the cobalt-nitrogen interplay without negative effects on
the catalytic activity. Additionally, the amount of cobalt in the
bulk material compared to the amount of cobalt on the
surface must be considered. It is noted that the most active
catalyst, Col@RH-E1, has the lowest cobalt content (5.5 m%)
but with 2,6 mol% on the surface, almost twice as much
compared with Co2@RH-E1. This indicates that the
distribution of cobalt on the carbon matrix is highly relevant
for the catalytic activity as well.

The mechanism of hydrogenation of nitro compounds
over heterogeneous cobalt catalysts is well known,”" as has
been shown to occur through at least two competitive
pathways: the “direct” double hydrogenation of the nitro
group via hydroxylamine (Fig. 10, path A) or through a
condensation  reaction  between the mitroso and
hydroxylamine intermediates, to yield a hydrazo compound
which is rapidly reduced to yield the final amine product
(Fig. 10, path B). In our system, whilst not much can be said

matrix.

+2e; 2H*
Q T 0 T
.OH :
. SN

NH,

amine product

+2e ; 2H"
B
Q. K
N
H,0 hydrazo

/: 2¢; 2H*
N

N
(PI; O\N'. N
azoxy azo
-H;0

Fig. 10 Proposed reaction mechanism of the hydrogenation of nitro compounds using cobalt-based heterogeneous catalysts supported on rice
husk ashes (Col@RH-E1). The two competitive pathways are shown: direct amine formation by reduction of a hydroxylamine intermediate (A) and
through condensation of hydroxylamine and nitroso intermediate to generate azo and hydrazo dimeric species (B).
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about the role of path A, we could prove the occurrence of
path B, as the intermediacy of azoxy and azo compounds was
observed, as they quickly accumulate and disappear in the
reaction mixture (Fig. §751). In any case, independent from
the preferred reaction pathway, the hydrogenation of
aromatic and aliphatic nitro compounds proceeded with
exquisite yields and selectivity in our hands, as no side
produets in relevant amounts were detected.

Experimental
Catalyst preparation

The rice husk was dried under the sun at the harvesting sites
in Vietnam by local farmers (see the ESIt for further details).
All samples were shredded with a SM 200 (1000 rpm, 2 mm
sieve sizes) cutting mill and milled for 3 h in a ball mill PM
200 in steel cups using steel balls at 400 rpm.

General procedure. Preparation of Col@RH-E1. For details
on the synthesis of the other complexes and catalysts please
see the ESLT 0.5 g (2.1 mmol) of Co(n)Cl,-6H,0 was dissolved
in 50 mL of ethanol and 0.5 g (1.0 mmol) of phthalocyanine
was added, followed by 2 g of ground RH. The suspension
was stirred for 24 h at 21 °C. After that, the solvent was
removed in vacuo with a rotary evaporator. The dried sample
was pyrolyzed under a N, atmosphere at 600 °C in an Al,O
pot inside a quartz tube furnace at a heating rate of 10 °C
min~'. After reaching the aspired temperature it was
maintained for 1 h. The quartz tube was flushed using
nitrogen at 50 ml min"' and after cooling down to room
temperature the prepared material was stored under ambient
conditions. For the base etching, a sample of the material
was suspended in an aqueous 1 M NaOH solution, stirred at
room temperature for 24 h, filtered, washed with water, and
dried in an oven.

Characterization methods

A detailed description of the used analytical methods for
catalyst characterization and characterization of the products
from the catalytic experiments as well as from the kinetic
experiments is given in the ESIt including NMR, GC, GC-MS,
IR, ICP-OES, EA (for C, H, N and S), BET, XRD, XPS and SEM
imaging.

Catalytic experiments

General procedure. For details on each specific substrate
please see the ESL} The organic substrate (1 mmol), 25 mg of
Col@RH-E1, isopropanol (0.5 ml) and water (0.5 ml) were
mixed in a 12 ml vial equipped with a magnetic stirrer. The
lid of the vial was pierced through with a steel cannula (0.45
x 12 mm) to equalize the pressure and ensure gas exchange.
The prepared vial was placed in a steal autoclave. The
autoclave was flushed three times with 10 bar of hydrogen
and the required reaction pressure was adjusted. The
pressurized autoclave was placed in an aluminium heating
block. After completing the desired reaction time, the system
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was cooled down using an ice bath. The crude mixture was
filtered through a syringe filter after adding 2 ml of ethyl
acetate. Finally, the crude product was purified by flash-
column chromatography.

Recycling and hot filtration experiment

200 mg of Col@RH-E1, nitrobenzene (816 pl, § mmol),
isopropanol (7 mmol, 0.5 ml) and water (28 mmol, 0.5 ml)
were used following a general procedure. For the hot
filtration experiment 50 mg of catalyst, nitrobenzene (204 pl,
2 mmol), isopropanol (14 mmol, 1 ml) and water (56 mmol, 1
ml) were added and used as described in the general
procedure for catalytic experiments. After 2 h, the autoclave
was abruptly cooled down to 70 °C and the pressure was
lowered. The reaction solution was filtered through a filter
and a Celite plug, and a sample was taken for GC analysis.
The filtered reaction mixture (without a catalyst) was
transferred in a fresh vial and the reaction continued under
the conditions described above.

Kinetic experiments

All kinetic experiments were conducted in a 200 ml autoclave
using nitrobenzene (12.3 ml, 120 mmol), isopropanol (10.5
mol, 75 ml) and water (42 mol, 75 ml), equipped with a
Teflon-coated magnetic stirrer and a riser pipe of 0.2 mm
diameter for taking samples. The sealed autoclave was
flushed three times with hydrogen at 10 bar and placed in
the preheated aluminium block. The riser pipe was flushed
each time before taking samples and the pressure was
adjusted if necessary. All experiments have been measured in
triplicate.

Conclusions

Herein we present a novel heterogeneous cobalt-based
catalyst for the highly chemoselective hydrogenation of nitro
compounds, prepared from agricultural
catalyst was synthesized by impregnating waste rice husk
with cobalt complexes containing nitrogen ligands. The
obtained material is mainly composed of carbon, silica and
cobalt-nitrogen centers, which were identified by XPS. The
catalytic performance of the material is enhanced by base
etching, which removed a significant amount of the silica
domains, resulting in a larger surface area, increased activity,
and excellent recycling stability. Furthermore, the catalyst
shows a broad substrate scope, being active towards both
aliphatic and aromatic substrates, yielding the corresponding
amines even in the presence of easily reducible groups,
including additional nitro groups in the same molecule (thus
reducing only one), which is an outstanding feature
compared to other highly active hydrogenation catalysts.

We foresee that the implementation of this methodology
within a bio-refinery concept in rice-farming communities is
feasible within a reachable timescale (which is the overall
goal of the consortium this project belongs to). The success

biowaste. The
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of the said bio-refinery can be used to effectively meet some
of the most relevant sustainable development goals (SDGs) of
agricultural  societies, addressing economic  growth,
innovation,  industrialization, and improvement of
production and recyeling patterns, while reducing the
nefarious footprint of human activities on the planet.
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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 forthe
preparation of a catalyst forthe 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 activiy
and selectivity towards anti-Markovnikow alcohols, acting
simultaneously as Brensted 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

Introduction

Rice is one of the most important food crops for human
consumption, leaving after harvesting ap proximately 800 million
tons of biomass waste each year, mainly strawand husk ! AThe
management of this amount of waste represents a challenge for
most communities, being the current “solution” the open-field
burning of the biomass, resultingin huge amounts of green-house
gas and particulate emissions to the atmosphere, which is
associated with major health issues.*® With the aimof findinga
more sustainable use of these residues, our group recently
developed waysto valorize rice huskwaste (RH)to prepare new
materials with bio-medical,”® and catalytical applications.”? Qur
general strategy is to exploit the ability of pyrolyzed RH to act
simultaneously as Brensted- and Lewis-acid, and supporting
metal nanoparticles onto its surface, thus conferring these
composites antimicrobial and catalytic properties. The work
presented herein discloses the synthesis of nickel-containing
materials from rice husk, and their use as catalyst forthe reductive
ring-opening of epoxides to yield alcohols with anti-Markovnikov
selectivity; a straig htforward way to obtain primary alcohols from
terminal olefin oxides.

Primary alcohols are widely used building blocks, both in chemical
and pharmaceutical industries. They play a key role in various
synthetic transformations like alkylation,® oxidation,™

amination,"" " etc., and in energy technologies like hydrogen
utilization,"¥ and storage."? Currently, the two leading
approaches to prepare primary alcohols are through

derivatization of olefins, namely via hydroformylation and

consecutive reduction,® '® and hydroboration followed by
oxidation (Scheme 1).1"! On the one hand, the hydroformylation
pathway is used by industry in large scale thanks to the high

turnover numbers of the used catalysts.“ﬁl However, these
reactions often suffer from selectivity issues regarding the
Marko vnikov/anti-Markovnikov product distribution and in evitably
requires noble metals like. Rh and Ru.l"® ¥ On the other hand,
hydroboration reactions are applied only in lab scale since the
required borane reagents are required in stoichiometric amounts
and are difficult to recover. Thus, there is a need for more
selective and sustainable catalytic approaches for the synthesis
of primary alcohds fromolefines.

Aviable alternative that has caught much attention in recent years,
due to good atom economy and advantageous reacfion
conditions is through the olefin oxide (epoxide). It can easily
prepared by oxidation of the comrespanding olefin, ** 2" which can
be ring-opened in a reductive fashion to yield anti-Markovnikov
alcohols. The second, more difficult step can be done by
hydrosilylation,**** hydrolysis® and transfer hydrogenations.”™
2 The conversion via direct hydrogenation, is more attractive, as
it has a higher atom utilization, as d emonstrated by some groups
in recent years.?® % ?*l Homogenous catalytic systems have
shown good regioselectivity in the ring opening reaction, which is
the bottleneck towards anti-Markovnikov alcohols. Nevertheless,
most homogenous catalysts are based on noble metals like Ru,™
#orRh,™ and still suffer from poor selectivity (not only regarding
the regioselectivity) as they produce as well deoxygenated side
products. Similar problems are observed when heterogenous
catalysts are employed. The majority of state-of-the-art
heterogenous systems for the direct hydrogenation for epoxides
is based onPd,P*%% and Nij %

Nickel-based catalysts offer a cheaper altemative to noble metal-
based systems for the direct hydrogenation of epoxides, although
the “classical’ Raney-Ni has proven to be difficult to handle.™
Thus, Ni-catalysts have been prepared using various supports,™
*1 including Mg O-Al20s, Mg0,"% *! and saponites.*?! A major
drawback of these heterogenous systems is that high catalyst

1
This article is protected by copyright. All rights reserved.
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loadings are required, and their tolerance to functional groups is
limited, reducing their substrate scope mostly to styrene oxide, '

[CO/H,) [H2]
— RNy — = R™N""0H
Hydroformylation/reduction (industrial scale)
RzBH H;0, NaOH
% [R:BH] r~BRe M0 p~~-OH
Hydroboration/oxidation (lab scale)
R=aryl
or alkyl
[O2] O  Hg NilRH
R/<I R’\/OH
H;O/THF

L

Epoxide reduction (This work)

Scheme 1. Synthetic approaches towards primary alcohols from termina
olefins. In this work, we describe the use of a nickel catalysts (Ni/RH) prepared
from rice husk (RH) waste

In this contribution, nickel-containing hydrogenation catalysts
have been prepared successfully from waste RH. Nickel
nanoparticles are generated on the catalysts surface by
coordinating Ni(ll) ions on the RH followed by pyrolysis, where
carbothermal reduction leads to catalytically active nickel
species.”? We have applied this catalyst for the reductive ring-
opening of epoxides to the corresponding anti-Markovnikow
alcohols with excellent yield and selectivity. The generality of the
developed method was demonstrated by using it for the reduction
of carbonylcompounds, also with excellent results.

Results and Discussion

Catalysts Synthesis and Characterization

The sun-dried RH was collected at rice harvesting sites at the Red
River and Mekong Delta in Vietnam, and then shredded, and
grounded in a ball mill (see ESI for details). In preliminary
experiments, the plant material was firstwashed with 1 MHCl in
order to eliminate eventual metal imp urities, especially iron oxide
which is naturally present in RH in amounts of up to 0.2 wt%. "
However, catalytic experiments revealed that there is no
significant advantage (in terms of catalytic performance) if the
acidic treatment was made. Thus, this step was later omitted,
significantly lowering the amount of acidic wastewater generated
inthe process.

The supported nickel catalyst (Ni/RH) was prepared by wet
impregnation of RH with Ni(NOg); followed by pyrolysis at 700°C
under inert atmosphere. In preliminary experiments, different
catalysts were synthesized at different pyrolysis temperatures
from 400to 1000°C (Figure S17), butlater catalytic performance
assessments showed that the material pyrolyzed at 700°C gave
the best results. Thus, all analysis and catalytic experiments
presented herewere obtained with this material.

The prepared material is a composite of carbon and silica with
nickel nanoparticles at the surface, as attested by EDX
measurements (Figures 1E-F and S1-S4). XRD measurements

10.1002/hica.202200167

WILEY-VCH

(Figure 1A) showed a broad peak from 16 to 30° comesponding
to amorphous silica and graphite, respectively. Rice husk is well
known for containing up to 20 wi% of silica® *" although,
elemental analysis (EA) revealed a contentof only 11.4 wt% Siin
the prepared material (for details see Table S2). Furtherreflexes
at 44, 51 and 76° which can be correlated with cubic Ni°. An
average crystallite size of 27 nm was calculated using the
Scherrer equationafter whole powderfitting (Table S3).

XPS was applied for further material characterization (Figures 1B,
and 85-899), showing that the majority of the surface appears to
be composed ofcarbon (77.1 at.% (see XPS quantification Table
$1 for details). The XPS survey (Figure S5) shows astrong C 1s
peak at 284.6 eV as well as satellite features at 290.3 eV and
293.9 eV, suggesting sp? hybridized carbon but also the
coexistence of sp® hybridized carbonto a minor extentis possible.
Additionally, oxygenated carbon moieties are visible in the C 1s
signal at285.7 eV, 286.8 eV, and 287.8 eV as well as in theO 1s
signal at 530.6 eV. The Si 2p signal at 103.8 eV anda O 1s signal
at 533.3 eV are associated with amorphous SiOz. This suggests
that the ligno-cellulosic silica matrix of the RH epidemmis is
completely converted into graphene and other carbonaceous
materials with low amounts of oxygenated carbon species like
carbonyl or acetal functionalities along with silica particles.

EDX mapping showsthatthe nickel particles are located only on
the carbon domains, while the SiO; support is embedded in the
carbon matrix (Figure 1E). The XPS N 1s signal shows pyridinic
and pyrrolic nitrogen at 398.1 eV and 401 eV, respectively as well
as oxidized pyridinic nitrogen at 402.7 eV (Figure S9).18
Interestingly, the determined nickel oxidation states by XPS
differs from thoseobserved in XRD analysis. XPS measurements
revealed that, together with Ni 2p signals at 852.9 and 870.0 eV*
matching Ni°, a second nickel species is present at the surface.
Strong Ni 2ps2 signal at 856.4 eV with corresponding satellite
peaks at 861.4eV and 864.3 eV can be correlated with
Ni(OH).,* due to the shiftto higher binding energies as well the
characteristic peak shape rather than with NiQ."®" This findings
suggestaNi® core surrounded with a Ni*? layer. This hypothesis
was confirmed by TEM measurements. The Ni pariicles indeed
consist of a metal core surrounded by an oxide shell, clealy
visibleinthe HAADF-STEM (Figures 1H and G). Interestingly, the
Ni particles are not covered by a layer of graphitic carbon, which
was previously observed in similar cobalt,***¥ and silver-based
systems.”!

Temperature programmed reduction experiments (Hz-TPR)
showed that the nickel species on the catalyst surface can be
reduced by hydrogen (Figure 1C). The TPR profile of NiRH
showsthree peakswith an offset at 188, 342 and 562 °C, duefo
the presenceofnickelin different binding states.®

The surface structure was further investigated using BET-
isotherm measurements (Figures S11 and S12). A surface area
of 301 m*-g™' was found. The sorption isotherms showing a type
IV shape suggesting a porous structure. The biggest share of pore
areais with 242 m*-g”" accounted to micro pores with a pore width
of 0.5to 2 nm and only 58 m*-g™" are accounted to the extemal
surface area. A sorption with a type H3 (IUPAC classification)
hysteresis loop was found, which is known form silica containing
materials®™ like clay®” ® and silica-based catalysts prepared by
sol-gel methods,™ indication the existence of slit pores and
capillary condensation of adsorption gas in interstices between
silicaand the carbonmatrix.*%

This article is protected by copyright. All rights reserved.
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Figure 1. Solid state characterization of NifRH: XRD (A), Ni2p peak from XPS (B), HzTPR (C), NH5-TPD (D), EDX mapping (E) and its corresponding HAADF
image (F), and ABF (G), as well as HAADF STEM image (H) of Ni° particles with oxide shell (blue arrow and bar)

Furthermore, TGA-MS analysis were used to determine the
thermal stability of the prepared material (Figure S13). The
catalyst Ni/RH shows surprisingly good thermal stability under
non oxidizing atmosphere up to 500°C. The minimal mass loss of
3 wt% can be explained by desomption of water and atmosphere
gases (Oz and Nz) from the material surface. At 660 °C an
endothermic process occurs, resulting in a mass loss of approx.

2 wt%. The MS assignsthis massloss to a molecule of 44 g mol

', suggesting the emission of propane (CsHs) or COz. The

emission ofpropane form biomass is usually accompanied by the
emission of other members of the homologous series, of which
only methane was detectable in trace amounts. Thus, the
emission of CO2 seems to be more likely since it could resuit from
the decompasition of oxygenated carbon species on the surface,
The acidic nature of the catalyst was assessed by TPD-NH;
experiments, showing that the bare support (RH) has mainly
acidic centers in the week range, with a signal peak around
160 °C (Figure 1D), while the catalyst Ni/RH contains a
significantly higher share of acidic centersin the stronger range,
with a strong signal from 400 to 600 °C. Additionally, the nature
ofthese acidiccenters was investigated using the d ecomposition
of 2-(1-bromoethyl)-2-phenyl-1,3-dioxolane, as probe, as
described by Coma and co-workers.®®®) The obtained relative
amounts of products revealed that Ni’/RH offers both soft Lewis,
and Brensted acidic sites, and that the acidity of Ni/RH is mainly
associated with the support (RH), and not with the nickel particles
(for details see Table S5).

Hydrogenation Catalysis

The prepared material (Ni/RH) was tested as catalyst for the
hydrogenation of styrene oxide. Preliminary screeningof reacton
conditions (Table 1, Figures S15 and S16) showed that the
product distribution (1, 2 and 3) largely depends on the different
variables (temperature, pressure, and solvent). The conditions
were thus optimized towards the formation of the primary alcohol
2-Phenylethan-1-ol (2-PEA) (3), using 20 mg ofthe Ni/RH catalyst

(1.5 mol% of Ni) and 2 mmol of substrate. Interestingly, the
Marko vnikov/anti-Markovnikov selectivity of the reductive ring
opening reaction was not affected by the choice of the reaction
parameters, resulting always only in the formation of the ant-
Markovnikov product.

Table 1. Optimization of reaction conditions for the reduction of styrene oxide
using Ni/RH as hydrogenation catalyst ¥

0 4nH, oA
1 2 3
i
5"" TrC]  Plba]  Solvent e
1 2 3

1 120 10 H0 . 87 12
2 120 25 H.0 2 g 98
3 70 25 H.0 - . 99
4 50 10 H0 3 4
5 70 10 H.0 : 81 15
6 50 10 HZO/THF 90 5 -
7 50 25 H:O/THF 82 - 15
8™ 70 10 HLOITHF 2 86 12
gt 70 25 H0/THF - - a9
R 25 H,0ITHF 2 : 99
15 25 H0/THF . 95 4
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12 70 25 CH:0H 45 - 30

13 70 25 CHsCN 86 - 3

[a] Reaction conditions: 2 mmad of substrate, 2 ml of solvent, 4 h reaction time,
and 20 mg catalyst (Ni/RH, correspondng to 1.5 mol % Ni). Yield was
determined by GC using n-octane as internal standard. [b] HzO/THF mixture
4:1. [c] catalyst prepared with RH without acidic treatment. [d] using pyrolyzed

RH without nickel (no Ni(NOs), was added).

The reaction was initialy performed using pure water as solvent
(Table 1, entries 1to 5), resulting in the quantitative formation of
3 under 25 bar of Hz at 70°C (entry 3). Lower pressure and
temperature (10 bar, 50 °C) resulted in the almost exclusive
formation of diol 1 (entry 4). Increasing the temperature while
keeping thelower pressure (70°C, 10 bar)resulted on preferential
formation of the comresponding aldehyde 2 (entry 5). Since water
mightbe an unsuitable solvent for more hydrophobic substrates,
the addition of differentorganic solventslike THF and 1,4-dioxane
to the aqueous reaction mixture was assessed (Figure S15).
However, the best results were obtained with a water/THF (4:1)
mixture, which was then used for the subsequent subsftrate scope
experiments (see below). Further strategies to increase the
availability of non-polar substrates in the aqueous media, like the
addition of micelle-forming amphipiles, ™ were not investigated.

The recyclability of the catalyst was also investigated (Figure S17).

To our delight no significant reduction in yield was foundover ten
catalytic runs (Figure S18). Additionally, by means of a “hot
filtration” experiment the heterogenous character of the process
was attested, since no further product formation was found after
removing the Ni/RH catalyst from the reaction mixture under
catalysis conditions (see ESI for further details).

Finally, the substrate scope of the reductive ring opening of
epoxides was investigated (Figure 2). The developed catalyst
could successfully reduce several epoxides into the
corresponding anti-Markovnikov alcohols regardless of the nature
of the epoxide (terminal or internal). As expected, terminal
epoxides gave invariably the corresponding primary alcohds with
complete selectivity. Moreover, the system showed to be
selective even in presence of sensitive groups (which can react
under the reaction conditions), like aryl halides and nitriles,
remaining these groups untouched in every case, in strong
contract to other nickel catalysts known to be active in the
hydrogenation of nitriles to amines.®*71l

Aliphatic epoxides could also be converted to the comesponding
alcohols in good yields, although higher temperatures (120°C)
were necessary to achieve good conversions. In general, even
though the yields of aliphatic alcohols were lower than those for
aromatic substrates, the anti-Markovnikov selectivity was not
affected.

The generality of the developed methodology was tested by
performing the reduction of several ketones and aldehydes under
the same conditions. All the tested substrates were almost
quantitatively converted into the comesponding alcohols (Figure
3). As in the case of the epoxides, substrates containing reducible
groups (halide, nitrile) or unprotected hydroxyls, were tolerated by
the catalysts underthe selected conditions.

Importantly, it was observed during substrate screening that the
catalystloses its selectivity towards epoxides in the presences of
nitro as well as carbonyl functions like aldehydes and ketones.
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Figure 2: Products of epoxide hydrogenation using Ni/RH. Reaction conditions
(if not state differently): 70 °C, 25 bar Hz, 2 mmol substrate, 4 h, in 2 ml of
H2Q/THF (4:1), 20 mg catalyst (1.8 md% of Ni)

Considering these experimental observations as well as previous

literature reports, a feasible reaction mechanism has been

proposed (Scheme 2). The overall reductive ring-opening of
epoxides can be divided in three major steps: |. Brensted acid

catalyzed ring opening, Il. Lewis acid catalyzed diol dehydration,

and lll. Nickel catalyzed hydrogenation.

The Brensted acid catalyzed ring opening yields a vicinal diol as

reaction product. This is promoted by acidic sites at the catalyst

support (RH) and is effective for both, terminal as well as intemal

epoxides, as proved by the isolation of both intermediates when

the corresponding reactions were prematurely interrupted. The

conversion of epoxides to diols has been previously described

with other catalysts,"® showing similar reactivity trends and

solvent effects as those described here, soitcan be assumed that

our system follows the accepted reaction mechanism." The
second step is either a Lewis acid catalyzed semi-pinacol

rearrangement of diols, or, as previously reported by other groups,
a classical Meinwald rearrangement.”™ In this step, the
elimination of water is followed by keto-enol tautomerization
which leads to the ketone or aldehyde, respectively. The
rearrangement is usually catalyzed by the addition of a

homogenous Lewis acid like BF3 ™ InCli, or by
carbocations.” In 2015, Graham and co-workers reported the
use of heterogeneous nanoporous alumino-and borosilicates for
this reaction.””™ As described above, the prepared Ni/RH also

offers Lewis acidic sites, which enable the materialto catalyze this

rearrangement.
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Figure 3: Products of carbony| reduction using Ni/RH. Reaction conditions (f
not state differently): 70 "C, 25 bar Hz, 2 mmol of substrate, 4 h, in 2 ml of
H:O/THF (4:1), 20 mg catalyst (1.8 md% of Ni).

The strong selectivity towards the anti-Markovnikow alcohol can
be explained by the proposed reaction mechanism (Scheme 2).
In the Lewis acid catalyzed step, a carbocationic intermediate is
formed after one hydroxy moiety is eliminated."™ This cation is
better stabilized when localized closerto strong electron donating
groups, being thus no preferred localization in cyclohexane-1,2-
diol, while there is a marked regioselectivity in 1-phenylethane-
1,2-diol due to the strong inductiveeffect of the phenyl group.™
Additionally, various carbonyl intermediates were isolated,
strongly suggesting that the reaction follows this pathway. The
last reaction step is the hydrogenation of the carbonyl groups
catalyzed by the nickel nanoparticles fixed on the RH support The
ability of nickel catalysts to promote this kind of reaction is well
known, and amply described in several publications.®® |n
principle, a direct hydrogenation via hydride transfer from the
nickel catalyst (which would make the Lewis/Bransted sites
redundant),**! cannot be easily ruled out. However, it will be
equally hard to prove to which extend this direct hydrogenation
competes with the acid-mediated altemative, as the |atter species
are inherentto the nature of the used bio-derived support.
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Moreover, all previously reported systems catalyzing the
conversion of epoxides to anti-Markovnikow alcohols require of
the separate addition of a Brensted acid, a Lewis acid (or high
temperatures for thermal activation) and a hydrogenation
catalyst,?>?® ® 8 the presented Ni/RHcomposite offers all three
abilitiesin one material.

e Ni/RH (1.5 mold%), OH
Y e T
R 70°C, H, (25 bar), 4 h, R
H20 or H,0/THF (4:1)
H0 g
® o
- —
H,0 el ]
N o— q E:n
R’ﬂ H 8 o ik
: > ol
R o >
g =
l-H+ g
OH R o
R)\I,OH e
R
LA II. Lewis Acid L
H LA
‘o// OH
O-H| ——— _ A H
R.)\r - Hy0 R
R R

Scheme 2: Proposed reaction mechanism for the selective conversion of
epoxides to anti-Markovnikow alcohols using Ni/RH as catalyst. This catalyst
shows a triple reactivity, actingat the same timeas Bransted acid (1), solid Lewis
acid (LA, 1), and as hycrogenation catalyst (111)

Conclusions

Herein we report the synthesis and full characterization of an
inexpensive catalyst for the selective anti-Markovnikov ring-
opening hydrogenation of epoxides. The catalyst was prepared
by pyrolysis waste rice husk impregnated with nickel nitrate. The
catalyst is highly active, selective, and can be easily recycled
without any apparent performance decrease (after 10 runs).
Mechanistic investigations suggest an unprecedented friple
reactivity of the catalysts, acting at the same time as Brensted
acid, Lewis acid, and as hydrogenation catalyst These features
are attributed to the nickel nanoparticles deposited at the rice
husk ashes’surface, as well as to the acidic properties of the bio-
derived support.

The generality ofthis catalyst was showcased with the successful
reduction of various carbonyl compounds, also yielding the
corresponding anti-Markovnikov alcohols. Furthermore, the
intermediacy of an aldehyde in this transformation opens several
alternative applications, as this reactive intermediate might be
trapped by various nucleophiles, like primary amines, leading to
amides or to complex secondary amines. %5 %%
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Moreover, these results further demonstrate the immense
potential of rice biowaste as a source of higher added-value
materials, beyond their traditional use as fertilizerand cheap heat
source, and posing a utilization alternative to alleviate the toll of
its current waste management.

Experimental

Materials and methods

Completedetails on the materials employed (chemicals, solvents,
and rice waste samples), characterization methods (STEM, XPS,
XRD, IR, BET, TGA-MS, TPx and NMR spectra of all synthesized
substrates), as well as recycling-, hot filtration-, indicator- and
Corma's acetal-experiments can be found in the Electronic
Supplementary Information (ESI) file.

Synthetic procedures

Catalyst Synthesis: Sun-dried rice husk samples were collected
at farming sitesin Vietnam (see ESI for further details). The plant
material was then shredded with a cutting mill SM 200 (rotation
and speed 1000 rpm, 2 mm sieve sizes) and milled in a ball mill
PM 200 in steel cups with steel balls at400rpmfor 3h to give a
fine powder (RH). In atypical experiment 2 g RH were mixed with
368 mg nickel nitrate in 50 ml ethanol by stiring at 21°C for 24 h.
Subsequently, the solvent was removed in a rotary evaporator.
The Ni-impregnated RH was pyrolyzed ata rate of 10 K/min in a
quartz tube furnace under inert atmosphere (nitrogen at 50
ml/min). After reaching the pyrolysis temperature (400-1000°C),
this was maintained for 1h. The catalyst was then allowed to cool
under nitrogen atmosphere and was stored under ambient
conditions.

Catalytic experiments (General procedure): The genera
procedure for the product preparation is given exemplarily for 2-
phenylethan-1-ol (1a). The other products were synthesized
following the general procedure (see ESl file). 2-phenyloxirane (2
mmol, 240 pl), 20 mg of Ni/RH catalystand 2 ml of a H:O/THF
mixture (4:1) were added together in a 12 ml vial, equip ped with
a Teflon coated magnetic stirer and a steel cannula (0.45 x 12
mm) through the top. The vial was placed in an autoclave and
flushed tree times with hydrogen at a pressure of 25 bar. The
autoclave vessel was heated for 4 hours at 50°Cin an aluminum
block. The autoclave was cooled down to room temperature in an
ice bath and 2 ml ethyl acetate was added. The mixture was
filtered through a syringe filter, the sample was washed two more
times with ethyl acetate and filtered. After performing TLC, the
product was fixed on silica and purified by column
chromatography on silica gel (heptane/ethyl acetate 1:1). The
product was collected with a retention time of Rf = 0.4. The
desired product was a yellowish liquid (180 mg, vield 98 %).
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