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Abstract

Transition metals' exceptional ability and properties at the nanoscale level transcend their
corresponding bulk metals in chemical transformation both in the laboratories and the
industries. However, the nanoparticles are prone to particle growth and agglomeration at this
nanoscale state, inhibiting their excellent performance and compromising their uniqueness.
Hence, the stability of the particles presents a significant factor in governing their innovative
attributes. Therefore, organic polymers, such as polyvinylpyrrolidone (PVP) and dendrimer,
were considerably employed as soft templates to ensure stability and prevent the agglomeration
of these nanoparticles in a homogeneous phase. These synthesized nanoparticles include
AUPVP, PdPVP, AuPdPVP nanoparticles, and CuDENSs.

Although conventional homogeneous catalysts possess a vast tendency to enhance high
conversion and product selectivity in chemical reactions, nevertheless, they present limiting
phenomenon of recoverability, recyclability, and deactivation at high temperatures. Therefore,
to circumvent these limitations, we fabricated metal nanoparticles through the dispersion of
metals onto an insoluble and solid mesoporous silica and metal oxide support by adapting a
dual templating approach, followed by a galvanic replacement protocol. In addition, inverse
micelle, sol-gel, and wet impregnation methods were also employed to design ideal
heterogeneous catalysts such as Cun@SiO2, Au@SiO2, Pd@SiO2, CoOMMO, and MnMMO,
which are capable of high operating procedures, easy recoverability, and reusability for

oxidation and reduction reactions.

Different analytical techniques were used to characterize and obtain the properties of these
catalysts. These techniques include nitrogen sorption with Brunauer-Emmett-Teller (BET) and
Barret-Joyner-Halenda (BJH) to examine the surface area, pore size, and pore volume
distribution, high-resolution transmission electron microscopy (H-TEM) for internal
morphologies, powder X-ray diffraction (p-XRD), for the diffraction patterns of the materials.
While thermogravimetric analysis (TG) was performed to determine the sample’s thermal
stability, Fourier transform infrared spectroscopy (FT-IR) identified the specific functional
groups present. Scanning electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) obtained the surface morphologies and identification of metal
composition. In addition, hydrogen-temperature programmed reduction (H2-TPR) was used to

examine the reducibility of the catalyst. Another characterization technique used was

v|iPage



ultraviolet-visible (UV-vis) spectroscopy to know the absorbance of the heterogeneous

catalyst.

The technique showed that the catalysts possess the characteristic properties exhibited by a
mesoporous material with good surface area, reducibility profile, and corresponding
crystallinity according to the JSCD number. The spherical structure of the mesoporous silica
support was preserved even after a galvanic displacement reaction on Cun@SiO- to fabricate
Au,@SiO2, and the internal morphology revealed that the materials were supporting the

nanoparticles with good stability after chemical evaluation.

The activity and effectiveness of the catalysts were initially demonstrated in traditional batch
operating procedures and then in continuous flow protocol. Compared with the conventional
batch reaction, continuous flow reaction is considered a better option in the catalytic
investigation. This is because it exhibits superb catalytic performance, which is cost-effective
with minimal chemical consumption and shorter reaction time. It has been confirmed over time
as sustainable and suitable for chemical processes. The catalytic evaluation began with model
reactions such as reducing orange Il acid (OIl), 4-nitrophenol, and oxidation of rhodamine B.
Also, oxidation of styrene and hydrogenation of acetophenone were investigated, while the

efficiency of the continuous flow set-up was observed in the reduction of hexacyanoferrate.

The model reaction of OIl computed after the Langmuir-Hinshelwood (Langmuir-
Hinshelwood) approach revealed that the reaction follows the Langmuir-Hinshelwood model.
Other model reactions also follow a pseudo-first-order reaction. The catalytic results in the
batch procedure presented excellent activities with both high selectivity and quantitative
product yield. While a shorter reaction time was noticed for the continuous flow reaction, we
obtained a higher rate constant, lower activation energy, and higher turnover frequency (TOF)

value than the traditional batch method, both in this work and in other published reports.

Keywords
Silica sphere; Cun@SiO2NPs; In-situ replacement; galvanic exchange; oxidation-reduction;
poly(vinylpyrrolidone) nanoparticles; orange 1l acid; reaction Kkinetics; Langmuir-
Hinshelwood; 3D-Printing; continuous flow reaction; microfluidic reactor; mesoporous metal
oxide; hexacyanoferrate; Pd@SiO- particles; Hydroxypropyl methylcellulose (HPMC); water;
acetophenone reduction; 1-phenyl ethanol.
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Chapter 1: Introduction

Chapter 1:
Encapsulation Approaches: Synopsizing viable Strategies for Nanocomposite Stability

in Catalysis

1.1 Introduction

Encapsulation is an area of research that has over the years gained tremendous recognition,
getting scientists not only in academia but also in the industrial research arena to be interested.
This approach is with the view of stabilizing and controlling nano-sized particles [1]. A giant
leap has also been made in catalysis to determine the structural detail of catalysts, including
magnitude, form, and surface properties. This effort has led to recognizing designed
nanostructures of transition metal origin as promising catalysts with improved selectivity [2].
Nevertheless, metal nanoparticles’ high energy makes them agglomerate and sinter into larger
particles which change their shapes, sizes, and surface properties before and during catalytic
reactions. Agglomeration and sintering result in a significant decrease in their activity,
selectivity, and practical applications. Hence, it becomes pertinent to use approaches aimed at

preventing such agglomeration or sintering.

This is obtainable though encapsulating the dispersed nanoparticles within permeable materials
or stabilizing agents [2-4]. Stabilizing or capping agents are added to metal nanoparticles
(MNPs) to disallow their interactiveness through adsorption of organic compounds or covalent
attachment [5]. The addition of these stabilizing agents to MNPs bring about controlling of
their growths and circumventing agglomeration [6]. The stabilization of MNPs can either be
sterically, electrostatically or electrosterically (the combination of the two) [5,6]. The last
decades have witnessed considerable attention placed on catalysts encapsulation into molecular
sieves. This process is motivated to prepare intercrossed materials that project the advantages
of catalysts with mixed supports.

The advantages include recoverability and better handling [2]. Significant work and progress
have been made to develop various shell materials for the encapsulation process. Some
examples of these shell materials used for encapsulation process are polymers [7], carbons
[8,9], mesoporous silica (mSiO2) [10,11], and metal oxides. Others include core-shell, yolk-

shell, core-tube, or ship-in-a-bottle techniques [12]. In encapsulation framing, the

1|Page



Chapter 1: Introduction

homogeneous catalyst is enclosed within the support channels to prevent percolation. This
method is particularly applicable in a liquid-phase catalytic reaction [12]. Encapsulation
stabilizes NPs within templating agents for them not to agglomerate, as unprotected
nanoparticles are unstable and coagulate during catalytic transformation. This is as templating
agents' function is in controlling the particles’ activity and selectivity [13].

This review gives an insight into both the meaning and some concepts of encapsulation with
nanoparticles as nano-catalysts. Their advantages over homogeneous and heterogeneous
catalysts, alongside their applications in different fields, are also discussed. We reviewed
essentially some of the different strategies employed for encapsulation of nanoparticles to
achieve stabilization and prevent agglomeration. Also, some of the various methods of

nanoparticles characterization will be mentioned as well.

1.1.2 Catalysts and catalysis

Catalysts are materials that speed up chemical reactions rate and enhance selectivity without
getting consumed themselves [14]. Significant conversion and quantitative yield of many
chemical processes are by a catalyst and though catalysis. This is supported by the involvement
of nothing less than at least 85% of catalyst in industrial chemical processes, leading to the
formation of synthetic materials and commodity production. A variety of products in medical
sciences (medicines), fine chemicals (chemistry), polymers, fibers, fuels, paints, lubricants,
among others, that the whole of humanity benefits from today would not have been possible

without the existence of catalysts [15].

There are two types of catalysts, and they include:

Homogeneous catalysts are catalysts in the same phase or medium with the reactants and
products. Homogeneous catalysts dissolve in solution in the course of the catalytic reaction.
This homogeneous form of catalysts has been applied to catalytic reactions, such as catalytic
hydrogenation reactions [16,17] and oxidation reactions [18]. Homogeneous catalyst
industrialization is frequently restrained on the economic front due to their limitation of
recovery and reusability. They are different from heterogeneous catalysts, which are linked to

framework support during their synthetic procedure.
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A heterogeneous catalyst means that catalysts are in a different phase from the reactants. The
heterogeneous catalysts may exist as a solid or are immobilized on a solid inert matrix. The use
of solid precursors as the support in the bid to provide complimentary options and benefits in
catalyst separation and recovery [19-22]. Heterogeneous catalysts overcome the problems
associated with homogeneous catalysts and improve the stability of the catalyst. Research
geared towards heterogeneous catalyst development in catalysis has been receiving continuous
attention by replacing homogeneous catalysts with heterogeneous catalysts. This development
will enhance the catalytic system's sustainability, yielding a highly recyclable, scalable, and
competent system [23]. Both homogeneous and heterogeneous catalysts have merits and
demerits, while nanocatalysts combined the advantages of both catalytic systems as described
in Figure 1.1. [24].

T "‘-:..._\
< Catal}rsy
h e
T T,
T “HH
Homogenous Catalysts X I
Advantages: ’ L Heterogenous Catalysts
»  High activity Advantages:
*» High chemo-and regio / Nano-Catalysts: ' " Excellentstability
selectivity /= High activity \" Easz.vaccesslblllty
| = High selectivity ® Easilyseparable _
II Disadvantages: | *  Excellentstability | _ '.
‘= Cumbersome product = Easilyseparable Disadvantages:
purification and | = Energyefficient [ 1nferior cfltalﬁ'c a.ctmt} f
difficulty in catalyst | = Atom economy relative to their
1'e;:overv ’ counterpart

homogeneous and
requires more reaction/
time

Figure 1.1: Combined advantages of homogeneous and heterogeneous catalyst possessed by
nanocatalyst [24].
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These advantages are made possible by allowing rapid, chemical transformations’ selectivity
with excellent product yield in addition to the ease at which the catalyst can be separated and
recovered after use [25-27]. At a molecular level, homogeneous catalysts have the advantage
of being soluble in the reaction medium and are well defined. However, the need to have the
catalyst removed from the reaction mixture constitutes a significant challenge.

The chemical industries’ most important goal has been the development of a stabilized and
more expeditious catalysts. This development is because they make up a significant portion of
catalysts used for many commercial catalytic processes. Catalysts are so crucial in many
synthetic procedures [28] that their absence can stall multiple end-products or productions [24].
Catalysts helps enhance the reaction selectivity toward target products that are potentially
devoid of any undesirable products and side effects, thus leading to green technology.
However, as excellent in properties as these catalysts are, they are not without limitations of
particle agglomeration and sintering either under high or low-temperature reactions, leading to
loss of catalytic activities. This situation leads scientists to find processes that prevent such
sintering and agglomeration during synthesis [29,30]. Hence encapsulation of noble metal
particles becomes imperative [31].

1.2 Literature review

1.2.1 Nanoparticle and nanocomposites

There has been appreciation in using the prefix word "nano™ in recent years, and this is because
the development of nanoscience and nanotechnologies has created a whole new “nanoworld.”
This prefix term "nano™ has its origin from both the greek word "Nanos" and the Latin word
“Nanus,” which means "dwarf," and it refers to things that are one-billionth in size [32]. These
"nano” words have been severally used interchangeably. They include nanomaterials,
nanoclusters, nanocrystals, nanostructures, nanocomposites, nanoscience, nanorods,
nanotubes, nanowires, and nanotechnology. Scientific and technological research spotlighting
nanoparticles have escalated over the last decades. These have been seen in all development
stages, from synthesis to characterization, while performance and applications are not left out
[33-35].
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Nanoparticles (NP) are simply 1-100 nm sized particles with unique properties and
applications. They possess a wide surface area per unit volume which are not found in their
bulk form. Theoretically, it has been used interchangeably with other nano words like
nanomaterials (less than micrometer-scale dimensional particles) and nanoclusters. Frequently,
nanoparticles are regarded as nanoclusters or, in simple terms, “clusters,” meaning an
aggregation of several multi-layered atoms [32]. Nanomaterials have varying forms, such as

nanorods, nanofibers, and nanolayers [6].

On the other hand, a nanocomposite is a mixture of more than one material to produce a nano
range dimensional new material with an average property of the constituting materials. This
mixture thereby exhibits enhanced catalytic, thermal, adsorption properties, and stability.
Nanotechnology is an interdisciplinary and cutting-edge science that applies knowledge and
matter control of particles with dimensions of 1-100 nm [32,36]. Nanomaterials, when
compared with their bulk counterpart possess unique physicochemical properties due to a
quantum effect, thereby bringing an entirely new feature for better application of them [37,38].
These properties is an attribute that the size and shape of nanoparticle plays a significant role

in all nanotechnology applications [39].

Nanoparticles can be classified into either magnetic or non-magnetic. This classification
include metallic or transition metal NPs, depending on the constituted metal atom, which
invariably determines their properties. Metallic NPs are either monometallic, bimetallic,
trimetallic NPs, and so on. This is dependent on the number of metals fused into making the
metallic NPs [32]. Magnetic NPs are magnetic elements which are influenceable under
magnetic fields. Examples of magnetic NPs include the following magnetic elements; cobalt
(Co), iron (Fe), nickel (Ni), and their respective oxides [40,41]. In addition, there are also metal
oxide nanoparticles. They have high chemical activity and are interaction-specific while also
possessing a large surface-to-volume ratio as other nanoparticles. These metal oxide NPs, in
particular, the transition metal oxide NPs, possess magnetic, optical, electrical, and catalytic
properties. Hence, making them potentially useful in many fields, and these properties are

worthy of note scientifically and technologically [42,43].
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Though there are monometallic and bimetallic metal NPs, bimetallic nanoparticles are of
greater interest from both scientific and technological points of view. This is because interest
drawn towards them is across a variety of fields like plasmonics [44,45], sensing [46,47],
electrocatalysis [48,49], and notably in heterogeneous catalysis [50,51]. The preparation of
bimetallic nanoparticles is generally though simultaneous reduction involving two metallic
ions. This approach uses appropriate and efficient stabilization strategies like steric hindrance
alongside static-electronic repulsive force [32]. Various bimetallic nanoparticles synthesized
by researchers have been to get specific properties. The following includes a few of the
bimetallic nanoparticles that have been synthesized;

() Platinum (Pt) based bimetallic nanoparticles e.g: Pt-Cu, Pt-Au, Pt-Ag [52,53].

(ii) Nickel (Ni) based bimetallic nanoparticles, e.g: Cu-Ni, Ni-Sn [54,55].

(iii) Iron (Fe) based bimetallic nanoparticles, e.g: Fe-Cu, Pd-Fe [56].

(iv) Palladium (Pd) based bimetallic nanoparticles e.g: Pd-Au, Pd-Ag [53,57].

(v) Gold (Au) based bimetallic nanoparticles e.g: Au-Pd, Au-Ag [17,58].

1.2.2 Nanoparticles as nanocatalysts:

The use of metal nanoparticles as catalysts for diverse organic and inorganic reactions stems
from the limitation transition-metal-based homogeneous catalysts are known to have. Although
a homogeneous transition-metal-based catalyst is a well-defined, highly active, and selective
catalyst [61], they are however limited in their usefulness. The limitation is in the difficulty
and cost implication of separating these homogeneous catalysts from the reaction medium,
thereby hindering their commercial application [59]. One advantage of catalytic processes
involving MNPs over stoichiometric reagents that uses transition-metal-based homogeneous
catalysts is that very little waste is generated [60]. This advantage of MNPs among others are
highlighted in Figure 1.2. Furthermore, in addition to metal-based nanocatalysts, there also
exist other forms of nanocatalyst which are core-shell, silica, mesoporous silica, and
nanocarbon-based, and nano quantum or quantum dots [62]. They are however beyond the

scope of this literature review.

The greatest theat or drawback to the nanoparticles’ catalytic development is preparing
nanomaterials known to be highly active, selective, stable, solid, and cheap [63]. The

stabilization of metal nanoparticles can be pretty challenging. This challenge is due to their
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high active surface atom/energy, making them thermodynamically unstable and deactivated.
These factors cause irreversible aggregation while also reducing the surface energy of the entire
system. These factors pose a severe challenge to the practical application and activity of metal
nanoparticles [64,65]. Nanocatalyst has significantly influenced reaction rate though contact
made in the homogeneous and heterogeneous system with reduced sintering, better reaction

yield, and labourless catalyst separation [62].

| Energy Efficient \ | Minimum Chemical Waste \
| Reduce Global Warming \
[\Vaste Remediation \

Nano

Super Catalysts Catalysis  /
4 /'
/A

and Reagents

i

Improved Economy

Figure 1.2: Advantages of nanocatalysis [24].

1.2.3 Nanoparticle’s synthesis and limitation

Generally, encapsulation strategy is used in NPs synthesis to improve efficiency, enhance
stability and compatibility of active ingredients, increase safety, ensure target delivery, and of
course, to bring about a novel and enhanced performance [1]. Metallic and metal oxide
nanoparticles synthesis can be carried out using different physicochemical means [62].
However, it is essential to note that these syntheses processes impact the morphological
structure and size, stability, physical and chemical properties. Hence, it is imperative to put
into consideration the choice of the synthetic method [66,67]. Synthesis of a nanoparticle can
generally be through methods such as the following (i). Thermal and Photochemical
decomposition, (ii). Electrochemical reduction, (iii). Chemical reduction, (iv). Sputtering
method, (v). Sol-gel method, (vi), Chemical precipitation method, (vii). Micro-emulsion, (viii).
Hydrothermal method, (ix) Templating method [68,69].
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The fact that metal NPs have an immense surface area to volume ratio brings about a
corresponding high surface energy with higher aggregation propensity. Hence, this leads to an
accelerated diminishment of their catalytic action or properties in the course of catalytic
reactions [70]. It, therefore, becomes imperative to use any possible approach to prevent such
agglomeration [71]. Besides, nanoparticles’ high surface energies and large surface areas have
made them to be considered unstable thermodynamically. Therefore, the use of protecting
capping agents for stabilizing them in a nano region during synthesis is imperative [72]. Metal
nanoparticle stabilization can be though alloying, metal-support interface, or nanostructure
support modification [73]. The stabilization of metal nanoparticles is challenging due to their
highly active surface atoms, which causes their aggregation and deactivation [64].

13 Nanoparticle’s encapsulation approach as an overcoming measure

Nanoparticles, which are essentially the building blocks for different nanotechnology
applications, are the pillar of nearly all nanoscience and engineering aspects [74]. The most
important industrial catalysts are nanoparticles, which are also known to have more
comprehensive applications in manufacturing chemicals, energy conversion, and storage [24].
Properties such as the high surface area to volume ratio, in addition to the reduced melting
point of metallic nanoparticles, size, and shape, are what essentially justify their use in catalytic
applications [75]. NP’s intrinsic attribute of agglomeration or sintering inevitably brings about
their minimized surface energies, especially for high-temperature reactions. These lead to their
well-reported missing stability, which is highly needed for their practical and industrial use as

nanocatalysts [73].

In an encapsulation approach, catalysts are anchored and stabilized though different means, as
shown in Figure 1.3. Dendrimers (polymers), graphene, carbon, polyvinylpyrrolidone (PVP),
mesoporous zeolites, and silica nanospheres are a few examples of templating agents in use.
These approaches aim to achieve the singular purpose of preventing agglomeration and
bringing about the nanoparticle’s stability. It is known that the most direct method of stabilizing
MNPs is though encapsulation [73]. The different approaches of encapsulation are hence

discussed:;
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Aluminosilicate

Figure 1.3: Schematic illustration of some encapsulation approaches.

1.3.1 Encapsulation using dendrimers

Dendrimers, otherwise known as discrete, well-defined polymers, are an essential templating
agent for controlling nanoparticles’ size, stability, and solubility. Encapsulation of
nanoparticles using dendrimers, otherwise called Dendrimer Encapsulated Nanoparticles
(DENS), became significantly crucial because of its ability to control nanoparticles of uniquely
small sizes. This process projects the physicochemical attributes of the encapsulated
nanoparticles whose solubility is tunable at the dendrimer’s reactive template surface. The fact
that dendrimers have a globular uniform composition and asymmetric structure as templating
agents, makes the yield of well-defined NPs replica possible. Furthermore, this makes the
prevention of agglomeration of encapsulated NPs using dendrimer to be conveniently achieved
[76,77].
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Dendrimers: uses and application in encapsulation:

Descriptively, dendrimers can be a repetitive spherical shape with a sterical microenvironment
into which metal nanoparticles can be encapsulated. Dendrimers terminal group enables it to
be used in various solvents while also controlling the substrate diffusion [78]. Dendrimers can
also be described as a particular class of hyper-branched polymers emanating from a central
core with repetitive branching units having a particular molecular structure and controllable
size. Dendrimers have a distinct 3-dimensional composition with variable surface functionality
making it suitable to synthesize well-defined nanoparticles. The synthesized DENs possess
high stability and a narrow size distribution with active sites which are highly reactive [59].
Dendrimers have practical application in catalysis and this is because they possess distinct
characteristics. These characteristics include persistent and controllable nanoscale dimension,
a chemically reactive surface, and an exemplary configuration with all active sites exposed
towards the reaction mixture. It is this characteristic nanoscale dimension that makes them

accessible to reactants and most importantly recoverable by filtration after reaction [79,80].

Doubtless, to say, heterometallic nanocomposites rely on nanoparticle morphology, size, and
distribution which can be altered in the event of supported nanoparticles. To get past this
drawback, dendrimers (while with the advantage of combining homogeneous or heterogeneous
catalysis) give room to synthesize well-defined metallic NPs [77]. Researchers' increased
attention and interest in dendrimer use result from their physicochemical properties, structure,
and accessibility [61,75,81]. Dendrimer’s involvement in encapsulation is known to control the
nanoparticle size and to prevent agglomeration. The merits of the use of dendrimer
encapsulated metal nanoparticles (DENs) are related to several factors. Its use as micro
dispersed templates allows for kinetic control of the particle size and prevents aggregation of

the NPs without passivating active sites on the surface [75,82].

The use of dendrimers as templates for the synthesis of both monometallic and bimetallic
nanoparticles is what has given birth to the following terms, namely:

(a) Monometallic dendrimer encapsulated nanoparticles (MDENS)

(b) Bimetallic dendrimer encapsulated nanoparticles (BDENS)

Monometallic DENs are nanoparticles formed only by adding a specific metal salt to the

dendrimer and reducing with sodium borohydride to form NPs. Many studies have been carried
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out using this method and are catalytically active for many hydrogenation reactions [83]. While
MDENSs are composed of one type of metal element, bimetallic DENs are important NPs
composed of two different metal salts. They have been known to demonstrate significant
performance in many systems when used as catalysts compared to the monometallic DENSs.
The unique characteristics that make bimetallic DENs different from monometallic DENs
include the additional degrees of frequency, composition, and flexible structure leading to their

enhanced catalytic behavior [84].

More attention has been drawn to bimetallic nanoparticles in recent times owing to the
advantages of combining more than one metal in the same heterocomposite (nanocomposite)
structure. This feature has gained widespread application in different fields, including
biomedical, electronic, and, significantly, catalysis. Bimetallic nanoparticles are of greater
importance and relevance than monometallic NPs in catalysis. This is because bimetallization
will improve catalytic activity while creating a new property, which monometallic catalysts
may not achieve. Bimetallic particles of tiny particle sizes are the primary option in
heterogeneous catalysis due to their geometrically and electronically synergistic effects. This
effect is not without considerable physical and chemical behavior, making the bimetallic
nanoparticles different from the mere two metal constituents [79,80,85].

Synthesis of monometallic and bimetallic DENs

Catalytic metal NPs are usually synthesized using two approaches: (a) The Top-Down

Approach (b) The Bottom-Up approach, as shown in Figure 1.4.
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Figure 1.4: NP’s synthesis approaches [86].

bottom-up approach involves synthesizing metal NPs starting with the metal complex precursor
reduced using a reducing agent and subsequently stabilized by various chemical stabilizers.
The standard approach for the synthesis of NPs is the bottom-up approach, as it gives better

control of particle size compared to the top-down approach [32,72].

Bimetallic dendrimers encapsulated NPs (BDENS) are synthesized in either of the following as

presented in Figure 1.5a — 1.5¢ [87].
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Figure 1.5: Synthesis of bimetallic DENs catalysts via (a) Co-complexation, (b) Sequential

loading (or reduction), and (c) Partial displacement (or galvanic displacement) [87].

1.3.2 Encapsulation using graphene

The use of graphene nanoshell is an emerging encapsulation (of Au in particular) method. It
has shown significant possibility as providing carbon chemistry and potential surface
functionalities for its use in many catalysis systems, chemical sensors, and bio-compatible
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devices. Graphene’s extraordinary electronic, thermal, and mechanical properties made it of
significant interest in material science and hence in the encapsulation of NPs [88]. Graphene,
which is composed of thick sheets, comprises sp? bonded carbon atoms organized in a distinctly
two-dimensional (2D) honeycomb structure. This structure thereby makes them possess
distinct structural, optical, and electronic characteristics [89]. In graphene encapsulated
nanoparticles, the nanoparticles’ surface is draped or glassed with graphene, preventing

sintering or agglomeration during chemical reactions.

1.3.3 Encapsulation using carbon

It has been established that undraped metal NPs are quickly oxidized and agglomerate, a
condition that readily restricts their potential usefulness. Another form of encapsulation is
composite carbon material, which has a core-and-shell composition of a nanoscale dimension.
Carbon is an ideal inert material that can encapsulate MNPs, thereby preventing oxidation in
the air [90], dissolution in acid, and effortless agglomeration [91]. The outer carbon shell
protects the metallic core (nanoparticle) from oxidization and agglomeration in the real sense.
This feature thereby makes Carbon Encapsulated Metal Nanoparticles (CEMNS) have present
and prospective usefulness not only in catalysis but in magnetic data storage and resonance
imaging. The application of CEMNs extends to the biomedical arena and in optical limiting
devices [92,93].

1.3.4 Encapsulation using polyvinylpyrrolidone (PVP)

Polyvinylpyrrolidone is a non-toxic, non-ionic polymer widely used in the synthesis of NPs.
PVP has been found to function as a surface stabilizer, growth moderator, preventer of
nanoparticle clumping, and reducing agent. These characteristics, however, depend mainly on
the particular synthetic conditions and material systems. It is used to fabricate well-dispersed
metal NPs of relatively small nano range and size controlling agent [94]. In addition, PVVP
prevents metallic nanoparticles agglomeration using the repulsive forces arising from its
hydrophobic carbon chains [95,96]. PVP has been well used as NPs anti-agglomerate and as

an agent to obtain narrowly distributed NPs [96-101].
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1.3.5 Encapsulation using mesoporous zeolites

Zeolites are example of an encapsulating agent which possesses a well-structured 3D
framework which are made of synthesizable crystalline inorganic material. These make them
possess even cavities with broad architectures and composition [102-104]. Several reasons
may be attributed as to why encapsulating metal nanoparticles using zeolites is feasible. They
include the zeolite framework's ability to control the nanoparticle size, resulting in a high metal
dispersion. This ability invariably protects them against agglomeration caused by migration
and coalescence [16,30,105]. The zeolite encapsulated metal nanoparticles have advantages
conferred on them due to the distinctive metal support interface close to the framework’s active
sites [106]. Encapsulating NPs using zeolites provide an additional advantage to the NPs aside
from circumventing sintering under harsh condition. They also protect NPs from the unfriendly
environment in catalytic reactions [103]. However, it is worthy of note that encapsulation of
metal nanoparticles in zeolites is still not fully established despite the tremendous

technological, environmental, and economic interest involved [16].

1.3.6 Encapsulation in silica nanosphere/aluminosilicates

One approach of nanoparticle preparation and encapsulation that is also feasible involves using
mesoporous silica nanospheres (MSNs). This method is made possible because of their
distinctive properties like controllable particle and pore sizes, robust morphology, large surface
area, ease of surface modification, and low toxicity [107-109]. This encapsulation method also
protect NPs from making contact with impurities and simultaneously making the silica
nonosphere inert [110]. Zeolites are crystalline microporous aluminosilicate networks
primarily made up of TOj4 tetrahedra as fundamental building blocks with the T in TO4 either
made up of aluminium or silica [104,111]. Zeolite materials have also been considered an
emerging encapsulation strategy to protect nanoparticle agglomeration and poisoning by
confining active metal particles in protective shell space or matrix [112]. Zeolite materials
possess properties like multi-porosities, manageable synthesis processes, and large surface

areas, making them ideal for nanoparticle encapsulation [104].

There are other means of encapsulation that are not explained above, but they include
encapsulation of metal nanoparticles within porous liquids [113], encapsulation of

nanoparticles by colloidal dimers [114], and microencapsulation using microfluidics [115].

15|Page



Chapter 1: Introduction

1.4 Characterization approach

Characterization of nanoscale materials like metallic nanoparticles becomes an extensively
studied aspect of nanocatalysis. The reason for this is due to nanoparticles’ mechanical, optical,
electronic, and chemical properties which make them different from their bulk counterparts
due to their increased activity occasioned by high surface-to-volume ratio [116]. Various
instrumental techniques have been used in the characterization of NPs. This characterization is
with different approaches to accomplish the following: finding out their actual magnitude,
configuration, surface structurality, valency, chemical constituent, electron bandgap, binding
arena, emission of light, and adsorption, scattering, and diffraction properties. To fully
characterize NPs, the following technique, among others, have been used, and they include;
Ultra-violet and Visible Spectroscopy (UV-Vis)

Transmission Electron Microscopy (TEM)

Scanning Tunneling Microscopy (STM)

Scanning Electron Microscopy (SEM)

Temperature programmed reduction (TPR)

Infrared spectroscopy (IR)

Energy Dispersive X-ray Spectrometer (EDS)

X-ray Diffraction (XRD)

X-ray Photoelectron Spectroscopy (XPS)

Brunauer-Emmett-Teller (BET)

Nanoparticles’ characterization related to their size and shape is usually obtained though the
means of Transmission Electron Microscopy (TEM) and High-Resolution Transmission
Electron Microscopy (HTEM). In addition to characterizing the size and shape of NPs, HTEM
is also found to provide veritable information related to the crystal structure and chemical
composition of single NPs when in association with Electron Diffraction Analysis and Energy
Dispersive X-ray Spectroscopy (EDS), respectively. In another perspective, Scanning Electron
Microscopy (SEM) is employed to examine large micrometer-scale assemblies of
nanoparticles, but TEM (with superior resolution) is used to analyze individual nanoparticles
and smaller assemblies. Moreover, HTEM, X-Ray Diffraction (XRD) can also be used to
determine the crystal structure of nanomaterials and NP size. Other methods employed for

surface characterization of bulk materials include X-Ray Photoelectron Spectroscopy (XPS)
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and Rutherford Back-scattering Spectroscopy (RBS) as they provide helpful information about
the whole NP in terms of its elemental composition but with a limitation of not being able to

distinguish between surface and interior atoms [117-120].

1.5  Encapsulated nanoparticle: advantages, uses, and application

Nanoparticles research has made a significant leap into materials manufacturing,
nanoelectronics, healthcare, medicine, energy, biotechnology, and safety [133] and
pharmaceuticals, electronics, magnetics, optoelectronics, energy, catalytic and environmental
detection and monitoring [121]. These applications of NPs are unarguably on the increase in
many fields like molecular biology, organic and inorganic chemistry, physics, material science,
and medicine. These applications are as contemporary researchers have been paying close
attention to metal nanoparticle synthesis owing to the unique properties that made them very
useful in catalysis, preparation of composite-like polymer, diagnosis and treatment of diseases,
sensor technology, and optoelectronic recorded media [122-124]. Nanoparticles are also
anticipated to have broad application in biomedical, radiotherapy, controlled drug delivery
systems, HIV vaccine, photo-and-radio-therapy sensitizers [121,125]. Nanoparticles have a
unique and distinct surface area to volume ratio which are 35-40% times high when put in
comparison with large particle atom which in turn give them size-dependent surface reactivity
and thus making them have multifunctional attributes with increased use and applications in

diverse fields like energy, medicine, and nutrition [3].

1.6 Encapsulation in reduction reactions

Reduction reactions are usually carried out either as a model reaction or as a transformational
process whereby environmentally or toxic industrial materials are transformed into more minor
toxic derivatives. Encapsulated metal nanoparticles have been reportedly used for various
reduction reactions to form derivatives or intermediates with practical applications in diverse
fields. Hence, it can suffice to say that the encapsulation process is essential in chemical
reduction reactions. Several toxic organic or inorganic compounds have been catalytically
reduced using the encapsulation process to prevent the sintering of the metal nanoparticles used

as a catalyst.
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1.6.1 Reduction of nitroaromatics

Nitroaromatic organic compounds are aromatics and aliphatic nitro compounds such as 4-
nitrophenol (4-nitrophenol), 4-chloronitrobenzene (4-CNB), and 4-nitroamiline (4-NA). They
are toxic materials of industrial origin [126,127]. However, nitroaromatic compounds are
comparatively infrequent but usually find their way into the environment though diverse human
activities, thereby becoming environmentally unfriendly [128]. Nitroaromatics are very
dangerous to human health, with their being carcinogenic and mutagenic having been reported.
Hence, the United States Environmental Protection Agency has designated nitroaromatics
(especially 4-nitrophenols) as a primary contaminant [129,130]. The chemical transformation
involving encapsulated metal nanoparticles for catalytic reduction of these nitro compounds
has quality significance in organic synthesis, producing intetrmediates that are of industrial
relevance. The intermediate formed from the catalytic reduction of these nitro compounds are
employed to prepare dyes, antioxidants, pharmaceuticals, and agrochemicals
[126,128,131,132]. Owing to the importance of these intermediate products from reducing
nitroaromatics, it is not surprising that a variety of encapsulated metal nanoparticle enhanced
catalytic reduction reactions has been carried out in nitroaromatics. These reactions are to
ensure a more efficient, cheaper, and faster production of these intermediates. Some of the
examples of reported metal nanoparticle enhanced catalytic reduction reactions are; 4-

nitrobenzene [127], 4-nitrophenol, methyl orange [133], and methylene blue reduction [134].

1.6.2 Reduction of azo dyes

Azo dyes constitute a significant and most recognized dye in wastewater pollution with a
complex structure, toxic, various metabolic intermediates, and non-degradable [135,136].
Examples of azo dyes include orange 11 acid dye, methyl orange, alizarin yellow, among others.
These azo dyes also find their way into the environment as effluent in fabrics, paper, latex,
medicines, plastics, leather, cosmetics, and the food manufacturing sector [137]. Azo dyes’
effect as environmental pollutant has mutagenic effect in humans. This mutagenic effect of azo
dyes is as a result of their bioaccumulation and resistance to sunlight and oxygen due to their
complex nitrogen-nitrogen double bond (N=N) [138]. Azo dyes possess a high chemical,
microbial, and photolytic stability due to their sulphonate group and azo bonds, thus making
them recalcitrant to biological and photolytic degradation [139,140]. Catalytic reduction of azo

dyes though metal nanoparticles that have been effectively encapsulated is considered the best
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approach to degrade them as they overcome the drawbacks and challenges associated with the
biological and photocatalysis method [133,134,137,138].

1.7 Mesoporous metal oxides in catalysis

Mesoporous metal oxides are materials having ordered and tunable pore sizes with easy
functionalization. They are of great interest due to their unique redox, electronic and magnetic
properties [141]. Mesoporous metal oxides possess high surface area and excellent
thermal/chemical stability, making them have multiple potential applications in industrial use
and catalysis [142]. The synthetic methods for the fabrication of mesoporous metal oxides
include; hard templating, soft templating, colloidal templating, and superlattice approaches

[141-143]. However, the templating approach will be our focus.

The hard templating method, otherwise called nanocasting, is one of the accessible methods
for synthesizing mesoporous materials, which employs rigid molds having a well-defined
porous structure that can readily accommodate the precursor. The initial molds can therefore
be removed following the fabrication of the material. The synthetic strategy involves thee steps
which include; (i) the fabrication of the mold (e.g., aluminates, carbons, and silica), (ii) filling
of the mold with the precursors and thermal decomposition for good crystallinity of the

material, and finally, (iii) is the hard template removal though calcination for pores formation.

On the other hand, the soft templating approach is a valuable method of synthesizing a well-
ordered material though the self-assemblage of surfactant molecules [144]. It makes use of
unrigid nanostructures formed as a templating agent though intermolecular interaction.
Mesostructures have well-ordered and defined pore structures and sizes formed though
interaction after adding the inorganic species into the inner or surface part of the soft templating

agent.

Significant activity has been demonstrated by mesoporous metal oxides in catalysis [142,145].
This excellent performance can be ascribed to metal oxide’s tendency to harbor and generate
oxygen for related oxidation and reduction reactions. Some examples include mesoporous
cerium oxide/cobalt oxide for complete oxidation of methane [146], mesoporous Mn metal

oxide, and cobalt oxide for effective reduction of hexacyanoferrate [147].
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1.8  Catalytic transformation: from batch to continuous flow state

The catalytic transformation from batch to continuous flow state evades the necessity of
catalyst separation from the reaction [23]. Continuous flow reactions provide considerably
more advantages of reaction mixing, thermal control, scalability, efficient energy, waste
generation, safety, and platform to all-encompassing reaction conditions and unique
possibilities in heterogeneous catalysis, multi-dimensional synthesis, among others
[23,148,149]. Batch (multi-step) reactions such as distillation, crystallization, filtration, pH
control, evaporation, among others, are usually laborious and time-consuming. This reaction
type inadvertently leads to the challenge of waste, excessive solvent usage, and inadequate
energy management [149]. On the other hand, flow chemistry comes in handy in heterogeneous
catalysis and mainly in bulk and chemical synthesis. In addition to the benefits mentioned
above, the continuous flow reaction system provides a veritable tool for determining kinetic
parameters like the catalytic reactions' activation energy [23].

1.9  Aims and objectives of the thesis

This research aims to fabricate a range of metal NPs in homogeneous form and then in
heterogeneous form using a more noble and active metal though a single route via galvanic
replacement beginning from the homogeneous phase. This is owing to the combined
advantages of homogeneous catalysts that are possessed by heterogeneous catalysts. Also,
another range of mesoporous and non-mesoporous materials, including manganese, cobalt, and
palladium, will be fabricated using the developed synthetic protocol of inverse micelles, sol-

gel, and wet impregnation methods.

The ranges of catalysts will be evaluated regarding the chemical transformation of toxic
compounds to less toxic derivatives or chemical intermediates for industrial use, thus
promoting the greener aspect of chemistry. The catalytic investigation will be obtained
regarding the reaction rate though temperature variation, catalysts dosage amount, substrate

variation, and oxidant/reductant variation.

The following are the objectives considered,;

1. Synthesis and characterization of monometallic and bimetallic PVP NPs;
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2. Synthesis and characterization of dendrimer encapsulated CuNPs;

3. Synthesis and characterization of Silica supported porous Cu@SiO;

4. Synthesis and characterization of Au@SiO; from Cu@SiO2 though a galvanic replacement
route and its characterization;

5. Synthesis and characterization of MNMMO, COMMO, and silica-supported Pd@SiO;

6. Catalytic evaluation of these synthesized catalysts in various oxidation, reduction, and

hydrogenation reactions.

1.10 Outline of the thesis

Chapter 1 entails introduction to the basic concept and background to the research carried out
in this thesis, the synthetic and characterization approach employed, some catalytic reactions
to further explains the overall thesis scope, the descriptions about the research terminologies,

in a review format, and the chapter concludes with the study’s aims and objectives.

Chapter 2 contains the synthesis of homogeneous monometallic Au, Pd, and bimetallic AuPd-
PVP NPs and their characterization. The catalysts’ activity was evaluated in redox degradation
of orange II acid by monitoring the decrease in absorbance at A 480 nm. Comparison of their
activities was modeled after the Langmuir-Hinshelwood mechanism and was found conformed

to the model.

Chapter 3 addressed the synthesis of a homogeneous catalyst, its transition from this phase to
the heterogeneous phase though a dual templating approach, and subsequent fabrication of
more noble metal heterogeneous NPs though a galvanic displacement method. The benefit of
this single-route synthetic procedure was reported. The catalytic activity of the heterogeneous
catalysts was initially demonstrated in model reactions before the oxidative investigation of
styrene. The activity of the galvanic synthesized catalyst was still maintained after thee cycles
of reaction. The chapter has been published as; Oluwatayo Racheal Onisuru, Charles O.
Oseghale, and Reinout Meijboom, New J. Chem., 2020, 44, 20322.

Chapter 4, in this chapter, the descriptive fabrication of Pd@SiO; catalyst, the characterization

techniques performed, and its activity in chemoselective hydrogenation of ketone were
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documented. The hydrogenation carried out in HPMC demonstrated the activeness of the silica-

supported Pd catalyst as a highly effective and efficient catalyst.

Chapter 5, this chapter presents the synthesis and characterization of Mn and Co mesoporous
metal oxides. Their catalytic evaluation was investigated in the degradation of
hexacyanoferrate lon though electron transfer induction under a continuous flow procedure. It
focuses on the benefits connected to catalysis carried out using this recent flow procedure. The
chapter has been published as Oluwatayo Racheal Onisuru, Oyekunle Azeez Alimi, Kariska
Potgieter, and Reinout Meijboom, Journal of Materials Engineering and Performance, 2021,
30, 4891-4901.

Chapter 6 summarizes the results contained in chapter Il to chapter V and the

recommendations.
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CHAPTER 2
Kinetic Modeling of Orange 11 Acid Dye Degradation: A Decolorization Abatement within
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Abstract

A kinetic study of how orange Il acid (OIl) dye is catalytically degraded using an individually
stabilized Pd, Au nanoparticles (NPs), and bimetallic AuPd NPs synthesized by
polyvinylpyrrolidone (PVP) stabilizing method is investigated in the presence of sodium
borohydride (BH4"). The stabilized and dispersed mono and bimetallic PVP NPs were qualitatively
characterized by UV-visible (UV-vis) spectrophotometry and High-Resolution Transmission
Electron Microscopy (H-TEM). The TEM images revealed the various distributions of the
nanoparticles, while the UV-vis revealed the absorbance of each nanoparticle. The kinetic data
was acquired by monitoring the absorbance at the wavelength of 487 nm using a microplate reader.
The degradation process followed a pseudo-first-order condition, and it was also found conformed
with the Langmuir-Hinshelwood model. The adsorption of Oll (Kon) and BHs™ (Kgna') onto the
catalyst surfaces were demonstrated. AuPd NPs demonstrated the highest activity. The reaction

was endothermic and spontaneously driven.

Keywords: Poly(vinylpyrrolidone) nanoparticles; Orange Il acid; Reaction kinetics; Langmuir-

Hinshelwood.
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2.1 Introduction

Orange Il acid (Oll) is an example of azo dyes widely used in diverse products like textiles, leather,
plastics, hair dye, paper, food products, and the wood industry. It has posed a dangerous risk to the
environment and ecosystem [1]. This risk is mainly seen in the effluents generated by the textile
industry. It has resistance to degradation by light, oxygen, acid, or base attacks, hence making the
process of removing it from effluents tedious and challenging [2,3]. This degradation resistance is
because textile wastewaters are rich in bio-persistent, non-biodegradable, toxic, and carcinogenic

dyes, making them environmentally and humanly hazardous [4].

Dyes are typical examples of pollutants rich in color intensity, toxicity, and synthetic in origin
while also possessing complex molecular structures. These structures make them challenging to
be degraded biologically [5]. Precisely, it has been estimated that the dyeing process in the textile
industry constitutes up to 65% effluents of textile wastewaters out of the total colored contaminants
in wastewaters [1]. Dye’s presence in water, even at a trace amount, has unhealthy and undesirable
consequences. They possess characteristics that make them toxic, mutagenic, and carcinogenic,
making them harmful to the environment, aquatic life, and, most importantly, humans [6,7]. The
over 60-70% of all organic dyes produced worldwide are azo dyes [1]. About 280,000 tons of these
dyes are released as effluents from the textile industry [8], and nothing less than 15% of these dyes
find their way into the environment as effluents and wastewaters [9,10]. They consequently cause
non-friendly environmental problems and issues of public health [11]. These ecological problems
being posed by azo dyes are further compounded as they are generally resistant to biodegradation
owing to their complex structures [12].

Globally, azo dyes such as orange 11 acid dyes are emptied into water bodies in large quantities as
colored effluents without efficient treatment methods. These methods include biodegradation and
physicochemical treatments like coagulation, flocculation, adsorption, and membrane separation
[13]. The reducibility of Oll to the formation of small organic molecules and non-toxic compounds
is possible with reductants such as NaBH4. Although the rate of reduction of the dye is extremely
slow, the acceleration in reaction rate is achievable. This acceleration can be achieved using a
metal nanoparticle of high reactivity and specific surface area, which sufficiently speeds up the
reducing effect of NaBH, upon the dye [14].
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The progressive reduction occurs though hydrogenation, propelled by the catalysts to indicate an
interaction between the catalyst surface and the substrates at the reaction interface [15]. This

resulted in —N=N- bond-breaking (Scheme 2.1) as previously reported [14].

9 o
NaBH, F N
N=N NaSO; " pvpnps NH, 2

OH
Scheme 2.1: Schematic illustration of Oll reduction by borohydride interaction driven by a

catalyst.

An aspect of research that has gained intense attention is transition metal nanoparticles application
in catalysis [16]. This is because noble metal NPs have displayed distinct characteristics not seen
with their bulk counterparts [17]. Metal nanoparticles made by alloying two metals into a catalyst,
known as bimetallic NPs, bring about new catalytic and chemical properties [18,19]. Thereby
showing an improved and remarkable property when compared to the individually unalloyed
metals [18]. Gold (Au) has been studied for its properties regarding size-dependent catalytic
reactions [20-23], while palladium (Pd) is also known to possess excellent catalytic activity [24].

Generally, transition metal NPs are only stable kinetically upon being stabilized with support as
they naturally will disperse freely in solution. Hence, the need to be stabilized with the aid of
stabilizers, such as PVP NPs in preventing agglomeration is crucial [25]. Stabilizers such as
poly(vinylpyrrolidone) (PVP) are known to play a significant supportive role in metal
nanoparticles preparation as it relates to controlling their formation and stability in reactions [17].
An intermediate organic compound of aromatic amine origin is formed upon complete reduction.
The intermediate produced is significantly used in dye manufacturing, chemical fiber, medicine,
pesticide, and rubber additives [26]. In this work, synthesized PVP stabilized monometallic Pd,
Au, and bimetallic AuPd NPs were used to degrade OIl acid catalytically, and the kinetics of

degradation were discussed.
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Langmuir-Hinshelwood has been widely used to mechanically describe the reactants' adsorption
onto the catalyst's surface before the reaction [21-23,27,28]. The approach was used to ascertain
that initial adsorption of both the OIl and sodium borohydride is taking place on the catalyst's
surface before the transfer of electrons from BH4 leading to the reduction of Oll. This model is
completed by fitting the experimental data with the theoretical equations to confirm if the reaction

mechanism aligns with the proposed mechanism.

2.2  Experimental section

2.2.1 Materials and reagents

Poly (vinylpyrrolidone) (PVP = 10,000 g/mol), ethylene glycol (99.8%), potassium
tetrachloropalladate (11), (K2PdCls 99.99%)), hydrogen tetrachloroaurate (111) hydrate (HAuUCI.
99.99%), sodium borohydride (NaBHa), orange II sodium salt > 85%, sodium hydroxide pellets
(NaOH > 99.86 %) were all obtained from Sigma-Aldrich. Sodium hydrogen carbonate (NaHCOs3,
> 99.86%) and sodium (Na,COsz, > 99.5%) were purchased from Merck Laboratories.
Micropipettes acquired from Accumax PRO and DLAB Scientific were used to take all aliquots
into the polystyrene multi-well plate obtained from Becton Dickinson Labware. A microplate
reader (BioTek Power wave XS2) was used to monitor the reduction progression. All the materials
were used as purchased, and analyses conducted were performed with Milli-Q water (18.2

MQ-cm).

2.2.2 Synthesis of PVP stabilized nanoparticles NPs

Synthesis Pd-PVP NPs

Ethylene glycol was used to prepare PVP NPs by the polyol method. The method proceeded by
weighing out the appropriate amount of K.PdCl4 (0.9790 g) to make a total concentration of 0.05
M solution. This solution was added to 10 mL ethylene glycol, followed by the addition of PVP
(0.2775 g, average MW= 10 000). The mixing was done at 120 °C using 45 rpm on a carousel TM
multi-reactor connected to a reflux condenser (Radley Discovery Technologies). Finally, as the
mixing continues, the ethylene glycol reduces from Pd?* to Pd® and no further purification was

done before using the particles for the reaction.
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Synthesis of Au-PVP NPs

A polyol method using ethylene glycol was also used for the synthesis of Au-PVP NPs. Simply,
PVP (0.5095 g, average MW= 10 000) was dissolved in 5 mL ethylene glycol to form a solution.
After stirring for 2 h in a multi-reactor carousel fitted with a reflux condenser (Radley Discovery
Technologies), at 180 °C, to dissolve all the PVP, aqueous solution of AuCls was added from a
stock solution of AuCls (0.1558 g) prepared in (2.5 mL) Milli-Q water. The mixture was stirred
for approximately 15 min, the solution's pH was adjusted to 9 with 1 M NaOH, and the mixture
was heated at 100 °C.

Synthesis of AuPd-PVP Bimetallic NPs

Equally, the polyol method was adapted for the synthesis of bimetallic AuPd-PVP NPs
composition. Typically, in a 50 mL ethylene glycol under vigorous stirring with a reflux condenser,
a PVP sample (0.4 g) was dissolved. After the entire dissolution of the PVP in ethylene glycol at
a working temperature between 100 to 190 °C, 2 mL of 0.05 M aqueous solution of PdCI> was
added, followed by the subsequent addition of 1 mL aqueous solution of HAuCls (0.1 M). The

mixture was left to stir for 3 h at a constant temperature.

2.3  Characterization

Characterization of the catalysts was performed before the kinetic evaluation of these catalysts.
UV-vis (Shidmazu UV-1800 Spectrophotometer) was used to observe the Pd, Au, and AuPd-PVP
NPs spectra. The catalysts' high-resolution image (H-TEM) was captured with the JOEL JEM-
2100F electron microscope of 200 kV accelerating voltage. This image was obtained using copper
grids by placing a few drops of the catalyst solution on the carbon-coated grids after dispersing the
catalyst ultrasonically. The catalyst solution was allowed to dry in the air on the carbon-coated
grids, inserted into the machine, and images were captured. FTIR analysis of the P\VP NPs was

carried out on a Shimadzu IRAffinity-1 spectroscopy.

2.4  Catalytic evaluation

2.4.1 Reaction conditions used for kinetic studies

Typically, the catalytic experiments were performed within the catalyst dynamic range by using
the following conditions; Pd-PVP NPs (50 pL, 2x10“ M), NaBH4 (200 pL, 1.6x10° M), and
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OlIA (200 pL, 8x10° M). The ratio of catalyst to the substrate was 1:4, and all reagents were
measured inside a 24-well polystyrene plate and made to reach the appropriate concentration with
milli-Q water. The plate reader monitored the change that accompanied the absorbance of Oll with
time at L = 480 nm. This wavelength was used to obtain all kinetic studies regarding dye, NaBH4
(reducing agent), and catalyst variations at different temperatures of 25, 35, and 45 °C. The same
method and condition were used for Au-PVP NPs, and AuPd alloyed NPs.

2.5  Result and discussion

2.5.1 Synthesis of Pd, Au, and bimetallic AuPd-PVP NPs

The synthetic procedure of Pd, Au, and bimetallic AuPd-PVP NPs was accompanied by a color
change to confirm the successful reduction of each NPs. A proof of Pd reduction is the emergence
of a brown solution from dark orange, while the subsequent transition in color from dark brown to
a wine-red color was evidence of the Au-PVP NPs formation. The synthesis of AuPd-PVP NPs
was indicated by a color change from yellow to a dark brown solution.

2.5.2 Characterization of Pd, Au, and bimetallic AuPd-PVP NPs

The UV-vis spectra obtained for Pd, Au, and bimetallic AuPd-PVP NPs are shown in the appendix
(Appx. 2. 1). The different absorbance obtained for both Au-PVP NPs, and bimetallic AuPd-PVP
NPs showed a peak at exactly A =519 nm, while the absorbance obtained for Pd-PVP NPs showed
no peak. Notably, a reduction in absorbance is seen in AuPd-PVP NPs due to the interaction
between Pd and Au-PVP NPs. Analysis of the particles' internal structures obtained from H-TEM
revealed the shape, size, and morphology of the synthesized Pd, Au, and bimetallic AuPd-PVP
NPs. The particles are well dispersed, and their shapes, both rhombus and spherical, are similar to
the previous report [29]. The different shapes they exhibited are due to the amount of PVP used in
the synthesis. PVP has been used as a stabilizing precursor to circumvent agglomeration and
control the nanomaterials’ shapes [30]. The TEM images obtained are displayed in Figure 2.1a,
2.1b, and 2.1c Au, and bimetallic AuPd-PVP NPs, respectively. Their corresponding size
distribution is represented in Figure 2.1d, 2.1e, and 2.1f for Pd, Au, and bimetallic AuPd- PVP

NPs, respectively.
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Figure 2.1: H-TEM images of (a) Au-PVP NPs, (b) Pd-PVP NPs, and (c) AuPd-PVP bimetallic
NPs.

In light of the infrared spectra shown in Figure 2.2, it is noteworthy that the metal nanoparticles
were stabilized by the coordination of the PVP with the metal nanoparticles though electrostatic
attraction. This stability results from the lone pair of electrons' contribution from the nitrogen or
carbonyl oxygen of the PVP repeating unit onto the hybrid orbitals of Au and Pd ions [29]. The
absorption peak at v 1642 cm™ is deduced to be a C=0 double bond of the carbonyl group present
in pyrrolidone groups [31]. The peaks at v 1453 cm™ can be ascribed to C-N stretching vibration
due to the presence of the CHz group of the pyrrole ring present in PVP [32]. The comparison of
the thee spectra also showed similar peaks at v 1025 and v 1086 cm™, while the broad bands

between v 3600-2400 cm™ correspond to the hydroxyl group [33], also seen in all the spectra.
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Figure 2.2: The FT-IR absorption Spectra of Au-PVP, Pd-PVP NPs, and AuPd-PVP bimetallic
NPs.

2.5.3 Orange Il acid catalytic activity and kinetic evaluation

The degradation of OII monitored by microplate reader following the maximum peak at A = 480
nm was obtained in batch experiments. First, the catalyst concentration was varied from 4 - 32 uM
while keeping borohydride (BH4") and Oll concentrations constant. Another data set collected by
varying the [Ol11] was between 40 and 180 uM while the catalysts amount and BH4™ concentration
remained unchanged. We obtained the third set of data by varying the BH4 concentration was from
800 - 3600 uM, and other reactants stayed unaltered. Finally, these sets of experiments were

performed at different temperatures ranging from 25 - 45 °C.

The catalytic reduction displayed a decrease in absorbance with time, as shown in Figure 2.3a.
Generally, through the coherent electron oscillations, metallic nanoparticles are known to possess
localized surface plasmon resonance (LSPR) which is induced by the photon incidence [34]. This
property lead to the strong light absorption in AuNPs and the combination of Au and Pd bimetallic
further enhanced the LSPR property due to their dual-functionality. High availability of binding
sites on the catalysts surface results in increased surface resonance response, therefore, as the

adsorption and desorption takes place, the number of available sites decreases which leads to
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decrease in binding rate. At a certain point, when the number of binding and unbinding molecules
becomes equal this reduces the surface resonance response. The absorbance peaks observed at A
=250 nm and the minor peak at A = 312 nm can be ascribed to 7 - ©* transition state concerning
the aromatic rings [35]. The absorption seen at 489 nm can be attributed to the n - n* transformation
in azo bond (-N=N-) [35,36], and the absorbance continue to gradually decline until complete
disappearance. It was accompanied by new peaks at A = 246 nm, which correspond to the amino
groups (-NHz2) [37]. This new absorbance is a confirmation of efficiency in dye reduction due to
the isosbestic point it possesses. Figure 2.3b revealed a time-dependent exponential increase in
the catalytic degradation of Oll in the presence of Au-PVP NPs in different amounts. The reduction
process was found in conformity to the pseudo-first-order condition (Eqgn. 2.1a) [38,39] since the
concentration of BH4™ was considerably high compared to the concentration of Oll. The resulting
catalytic parameters were fitted into Eqn. 2.1b to compute the observed rate constant (Kobs) [40].

Appx. 11.2a shows the non-linear regression graph obtained.

d[Fe(CN)?]
dt
X(absorbance) = A-eHobst 4 C (2.1b)

= Kops * [Fe(CN)Z]" (2.1a)

However, the catalytic role was accounted for though the uncatalyzed reduction process in Figure
2.3b, and the absorbance displayed a non-progressive degradation with time at A = 480 nm
thoughout. This points out that the catalysts were responsible for the efficient and fast reduction
of Oll because the reaction did not proceed in the absence of catalysts. This reduction typically
depicts that the reaction was catalytically driven. Moreover, while every other reactant remains
unchanged, the catalysts' reduction abilities were investigated using a more considerable amount
of BH4 compared to the substrate. Figure 2.4a-11.4c shows a linear increase in the Kons Versus
catalysts surface area plot. This pattern can be ascribed to the fact that the reaction proceeds on the
catalysts' surface and is catalytically dependent. However, Pd-PVP NPs in 4b revealed some points
where the kobs did not increase linearly compared to the catalyst's surface area. This indication
could be that adsorption of the OIl is rapidly occurring on the surface of the catalysts before their

interaction.
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Figure 2.3: OIll (a) reduction spectra of the absorbance versus time (b) non-linear regression
profile.

A comparison of the catalytic activity was performed by obtaining a histogram plot of all the
catalysts' observed rate constant, Appx. 2. 2b. It was revealed that the AuPd catalyst has the
highest performing activity of all thee catalysts. Both Au and Pd possess high electron affinity and
hence, the higher performance of bimetallic AuPd catalysts compare to monometallic AuNPs and

PdNPs may be as a result their synergistic effect.
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Figure 2.4: (a-c) plot of the surface area of the different catalysts versus the observed rate constant.
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The degradation efficiency is characterized by the reactant adsorption on the catalyst's surface, in
which kops directly relate to both the catalyst concentration and the total surface area of the metal
nanoparticle. Therefore, the exponential increase in the rate constant as the catalyst increases
shows the linear relationship between the observed rate constant and the catalyst's concentration

using Eqgn. (2.2).

d[((i)tn] = Kops -+ [OI]" = ks - S-[OII]" (2.2)

Where [OI1] is the concentration of Oll at time t, S represents the surface area, while ks refers to

the apparent rate constant with respect to the metal nanoparticle's surface area per unit volume.

In the analysis of Langmuir-Hinshelwood, the mechanism assumes that the reaction between the
species reacting takes place on the catalyst surface. In our case, both Oll and BH4™ diffuse to the
nanoparticles’ surface. Electrons generated from borohydride are released to the catalyst's
available active site. These subsequently migrate to the OIl molecules, which are adsorbed onto
the metal nanoparticle’s surface. Such interaction resulted in a product's formation as the
decolorized OII dissociates from the catalyst’s active site [40]. Fresh Ol afterward occupied the
nanoparticle’s active sites. The diffusion of BH4™ to the catalyst surface and the simultaneous
adsorption of Oll on the surface took place very fast, serving as the rate-determining step [41].
Therefore, due to the reaction on the catalyst surface and the reaction rate's dependence on the
surface coverage of both reacting species, the reaction kinetics can be described with Eqgn. ( 2.3)
- (2.5). These resulted in the Langmuir-Hinshelwood Eqgn (2.6) [42].

d[o11] (2.3)
dt = k'S'eon'eBH;

Where k is the rate constant kinetics of the surface reaction, while 6on and 6sna” indicate surface
coverage of Oll and BH4 respectively upon the nanoparticle’s surface, the surface coverage values

are expressed as:
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Bni = (Ko - [OTID" (2:4)
on = T (Koy - [OIID™ + (KBH;, -[BHRD™

6. = (g, - [BH; )™ 29)
P T+ (Ko - [OD® + (Kpy, - [BHLD™

In Egn. (2.4) and (2.5), Kon and Kgna™ are the adsorption constants of Oll and BH4", [Oll], and
[BH4] refers to the concentration of Oll and BH4™ respectively. At the same time, n and m, which
represent Freundlich exponents, describe the heterogeneity of the nanoparticle’s surface and not

of the reaction orders.

Substitution of Eqn. Eqn. (2.3) — (2.5) into the expressed rate in Eqn. (2.2) will generate the kinetic

data for Oll reduction modeled on the Langmuir-Hinshelwood mechanism, as shown in Egn. (2.6).

(KoD" - (K - [BHZD™ (2.6)

kobs = k.S (O™ R L [OID™ + (Knr, - [BHT™T2

Where the surface rate constant is represented by k, S indicates the total catalyst surface area in

the reactor.

The Langmuir-Hinshelwood model in Eqn. (2.6) is demonstrated though the fittings of the
different catalysts. These are shown in Figure 2.5, 2.6, and 2.7. Figure 2.5a and 2.b, Figure 2.6a
and 2.b, including Figure 2.7a and 2.b. They all displayed a corresponding decrease in the
observed rate constant as the [Ol] increased at constant [BH4]. In contrast, while maintaining a
constant [OI11], in Figure 2.5c and 2.5d, Figure 2.6¢ and 2.6d. Also, in Figure 2.7c and 2.7d, an

increase in the [BH4] increased the Kobs.

The decrease in the observed rate constant is due to the increased concentration of Oll, which
occurred from substrate saturation upon the surfaces of the catalyst. Therefore, BH4™ reaction with

the catalyst surface significantly decreased by limiting the interaction of the nucleophile that is
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being generated from BH4. On the other hand, the non-linear reaction pattern obtained at high
[BH4] leading to an increase in Kops IS a clear indication of the adsorption competition between the
substrate molecule and the redox agent upon the catalyst. This is demonstrated though the

adsorption constants (Ko and Kgy; ). Initially, the addition of BH4™ at constant [Oll] means higher

adsorption or interaction of BH4™ onto the catalyst’s active sites. However, a maximum saturation
is reached at some point whereby the additional supply of electrons from BH4 produces a leveling
off. This pattern of increase in kobs as [Ol1] increases and non-linear increase in BH4 while keeping
one constant is also observed in the other kinetic data fits presented in Appx. 2.3, Appx. 2.4, and
Appx.2.5.

The parameters obtained from the experimental fits are all listed in Table 2.1. The table depicted
a quantitative analysis of the reaction pattern of the observed rate constant with the competitive
changes that accompanied [BH4] and [Oll]. The trends obtained in these experiments showed

consistency with the previously reported result [43].
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Figure 2.5: The plot of observed rate constant dependence on the OIl concentration while
maintaining a constant [NaBHs] (in a, and b respectively), and on NaBH4 concentration, while
keeping [OI1] (in c, and d respectively) constant using Langmuir-Hinshelwood approach for Au-
PVP catalyzed reaction.
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Figure 2.6: The plot of observed rate constant dependence on the OIl concentration while
maintaining a constant [NaBHa] (in a, and b respectively), and on NaBHa4 concentration, while
keeping [OII] (in c, and d, respectively) constant using Langmuir-Hinshelwood approach for

AuPd-PVP catalyzed reaction.
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Figure 2.7: The plot of observed rate constant dependence on the OIl concentration while
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Table 2.1:
Summary of the kinetic rate constant and the adsorption constant parameters obtained for Au-PVP,
Pd-PVP, and AuPd-PVP catalysts from the experimental data following the Langmuir-

Hinshelwood approach.

k-S (mol-m2.L L. Kop (L Kgy, (L
Catalyst T (°C) n m
s7) -mol ™) -mol ™)
0.90 £ 0.87 £
25 68.79 £ 7.08 7.22+1.39 753.62 + 86.23
0.17 0.18
0.90 £ 0.84 +
Au-PVP 35 65.03£7.12 6.07 £1.04 430.67 £ 60.48
0.16 0.22
0.90 £ 0.83
45 63.51 £7.29 5.35+0.91 472.63 £62.10
0.16 0.22
1.00 £ 093+
25 59.58 £6.81 10.89 + 2.58 237.02 £ 35.97
0.01 0.08
AuPd- 478.79 £ 1.00 £ 0.97 £
35 54,94 £5.81 16.58 + 4.99
PVP 105.60 0.00 0.04
479.37 £ 1.00 £ 0.93 £
45 49.59 + 4.99 21.04 £4.99
120.86 0.00 0.09
1.00 £ 0.94 +
25 90.14 +£10.69 2.01+0.27 138.79 + 14.62
0.00 0.09
1.00 £ 0.90 £
Pd-PVP 35 111.72+12.88 3.27+0.51 163.24 + 17.35
0.00 0.13
1.00 £ 0.95+
45 151.24 +18.62 4.39+0.70 235.84 + 28.69
0.00 0.09

2.5.4 Orange Il acid catalytic activity dependence on temperature

Catalyst’s activity over the reduction of OII was investigated using thee different temperatures at
25, 35, and 45 °C to get the activation energy. This parameter dependence on temperature was

calculated though the observed rate constant obtained using the Arrhenius Eqn. (2.7) [44].
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E 2.7
Ink,p,s = InA- R—; (2.7)

A defines the pre-exponential factor, R represents the universal gas constant, and T indicates the

absolute temperature in Kelvin.

Also, the Eyring Eqgn. (2.8) [45,46] was used to determine the thermodynamic parameters, which
expressed the process of adsorption upon the catalyst’s surface and the reduction process of the

catalyst.

Kobs)  AH® kB) AS* (2.8)
ln(T)_RTJ’n(TJr R

Where h expressed the Planck’s constant, kg is the Boltzmann constant, AH” indicates enthalpy of
activation, and entropy of activation is represented by AS?. The Gibbs free energy (AG?) is
obtained from the values of AH” and AS™.

The plot of Ln(kebs) against temperature reciprocal though which the activation energy was
obtained is displayed in Figure 2.8a, while the Eyring graph constructed to evaluate both the
enthalpy and entropy of activation is shown in Figure 2.8b. Table 2.2 presents the summary of
the values obtained for the activation and the thermodynamic parameters. The activation energy
calculated for AuPd-PVP NPs was the lowest parameter compared to the Pd-PVP and Au-PVP
NPs. This also accounts for the highest performing activity of AuPd-PVP, as earlier mentioned.
The synergy effect contributed by both Pd and Au made up the catalyst. The reduction process of
Oll is seen to follow an endothermic process which validated the reaction is favoured with an
increase in temperature [43]. Also, the computation of entropy of activation having positive
parameters is an indication of a highly disordered system that produces a spontaneity effect. The
110 reduction upon the PVP-NPs interface was determined to be a spontaneous process from the
negative values obtained for AG” at 298.15 K also in Table 2.2.
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Figure 2.8: The plot of (a) Arrhenius and (b) Eyring obtained for the thee different catalysts.

Table 2.2:
Activation and thermodynamic parameters for the reduction of Oll
Catalyst Ea (kJ.mol?) AH7 (kJ.mol)  AS7 (3.mol?) AG” (kJ.mol1)?
Au-PVP 8.19 26.66 136.62 -14.07
AuPd-PVP 5.38 20.22 134.77 -19.51
Pd-PVP 7.23 22.76 135.20 -17.55

248 x 10 of M Oll, and 16 x 10* M of NaBH4 at 293.15 K

2.5.,5 Catalytic comparison of Oll acid degradation with other catalytic systems

Comparative analysis is a means of evaluating the effectiveness of a system. In order to establish
the effectiveness of the PVP NPs activeness in degradation of Oll within the microplate reader, a
comparative thermodynamic analysis of the system was made with other catalytic processes in Ol
and MO (methyl orange). The comparison is summarized in Table 2.3. From the ranges of data
obtained, it is evident that Oll degradation has thermodynamic parameters relevant within the
anticipated values when compared with other systems. The + AS” peculiar to all the dye indicates
the catalysts have affinity for dyes, while the + AH” obtained in all shows that all dyes adsorption

followed an endothermic process, and hence reactions are favored at high temperatures.
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Table 2.3:

Data showing thermodynamic parameters comparison with other systems.
Catalysts Dye  Ea (kJ.mol?) AH? (kJ.molt)  AS? (J.mol?) AG” (kJ.mol't)?  Ref
MnO2/MCM-41 oll - 26.34 114.29 -8.94 [42]
Zero-valent iron ol 27.90 - - - [47]
Pd110/Dens-OH MO 31.76 31.49 94.52 93.11 [15]
PVP-Pd MO 89.27 95.06 101.12 64.93 [39]
PVP-Pt MO 65.70 68.16 16.37 63.28 [39]
Au-PVP oll 8.19 26.66 136.62 -14.07 T™W
AuPd-PVP oll 5.38 20.22 134.77 -19.51 TW
Pd-PVP oll 7.23 22.76 135.20 -17.55 TW

Ref = Reference, MO = Methyl Orange, TW = This work.
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2.6 Conclusion

Polyvinylpyrrolidone was used as stabilizing precursor for the synthesis of Au, Pd, and AuPd
NPs to prevent agglomeration. The thee different PVP NPs formed were applied for the
catalytic reduction of Oll to access their activity and examine the reaction mechanism if the
Langmuir-Hinshelwood approach can be followed. The reaction depicted a pseudo-first-order
reaction, and it conformed well with the Langmuir-Hinshelwood model, which provided clarity
of the OIl and BH4™ adsorption process on the surface of PVP-NPs. The energy of activation
determined revealed AuPd-PVP NPs as the most active NPs. Also, the reaction was found to

be endothermically driven, and it was spontaneous for the thee different catalysts.
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Chapter 3
In-situ Replacement of Cu-DEN: An Approach for Preparing a More Noble Metal Nanocatalyst
for Catalytic Use.
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The advantage of dendritic monodisperse macromolecules’ dual templating ability was useful in the
formation of silica-supported copper nanoparticles Cu,@SiO-NPs. This was acquired by the initial
synthesis of a silica framework (G4-PAMAM-NH,-SIO;) as a mesoporous support using amine-
terminated generation 4 PAMAM dendrimers (G4-PAMAM-NH,). The encapsulated Cu,@SiO, NPs,
calcined at 500 °C, were made to undergo a displacement reaction with Au®* generated from the

Received 1st September 2020, equivalent molar addition of HAuCly. This resulted in the formation of Au,@SiO;NPs upon in situ
Accepted 27th October 2020 replacement at a regulated pH. The synthesized nanoparticles were characterized and examined. The
DOI: 10.1039/d0nj04381h catalysts were shown to be catalytically active in the hydrogenation of 4-nitrophenol, and oxidation of

rhodamine B as model reactions, before oxidation of styrene using TBHP. Also, the stability of the
rsc.li/njc catalyst was evaluated, and the catalytic activity was retained after three consecutive cycles.
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Abstract

The dual templating ability of monodisperse dendritic macromolecules was used to produce silica-
supported copper nanoparticles Cun@SiO2NPs. This was accomplished by synthesizing a silica
framework (G4-PAMAM-NH»-SiO2) as mesoporous support utilizing amine-terminated generation 4
PAMAM dendrimers (G4-PAMAM-NH>). After calcining the encapsulated Cun@SiO2 NPs at 500 °C,
the Au* produced by the equivalent molar addition of HAUCI. was used to initiate a displacement process.
When Cun@SiO2NPs were replaced in-situ at a controlled pH of 3.2, this resulted in the production of
Au,@SiO2NPs. The nanoparticles produced were described and analyzed. Catalytic activity was shown
for the catalysts in the hydrogenation of 4-nitrophenol and the oxidation of rhodamine B as a model
reaction prior to the oxidation of styrene with TBHP. Additionally, the catalysts' stability was determined,

and catalytic activity was maintained after thee consecutive cycles.

Keywords: Silica sphere; Cun@SiO2NPs; In-situ replacement; Galvanic exchange; Oxidation-reduction.
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3.1 Introduction

The many uses of nanoparticles will continue to draw researchers' attention. This is owing to their
unmatched ability to improve selectivity and productivity. Metal nanoparticles are paving the way for
unprecedented advancements in the area of catalysis [1]. The critical property of metal nanoparticles,
which is a high surface area to volume ratio, profoundly affects their performance. Generally, they are
fabricated in the presence of stabilizers under normal circumstances to avoid agglomeration. This allows
for precise control over the particle size that is produced [2]. The emphasis has long been on the use of
dendrimers as stabilizers for metal nanoparticles, which has resulted in a considerable study on the
production of dendrimer encapsulated nanoparticles thoughout the years [1-11]. Dendrimers are thee-
dimensional macromolecules with a globular form that readily accept metal nanoparticles for application
in catalysis [1]. However, the procedures for synthesizing some metal nanoparticles are not always as
straightforward and rapid as expected. This is shown by dendrimer-encapsulated platinum nanoparticles
(Pt-DENS), which need at least 72 h to accomplish full complexation of the metal ions with the dendrimer
[12]. As a result, a more rapid alternate path is needed.

The purpose of this study was to synthesize dendrimer-encapsulated copper nanoparticles (CuDENS)
stabilized using generation 4 amine-terminated PAMAM (G4 PAMAM-NH:) dendrimers. Additionally,
an attempt was made to immobilize colloidal CUDENSs onto mesoporous silica support in order to create
heterogeneous catalysts. Compared to homogeneous catalysts, heterogeneous catalysts possess the benefit
of recoverability and separation from the reaction media [4]. Researchers have used silica as mesoporous
support for metal nanoparticles [13-16]. Not only have mesoporous silica materials been shown to be
great for chomatographic, cosmetic, and photographic applications, but they have also shown to be good
for catalytic applications [17]. As a result, considerable attention has been directed towards its use. Yangiu
and colleagues [18] described the synthesis of hollow MCM-41 (Mobil Composition of Matter No. 41)
microspheres using tetraethyl orthosilicate (TEOS) and a dual template. The dual template was produced
by dissolving cetyltrimethylammonium bromide (CTAB) in soap-free latex poly(styrene-methyl

methacrylate) microspheres and sequentially removing the polymer core with tetrahydrofuran [18].

In this work, we used TEOS and hydrochloric acid at room temperature to synthesize mesoporous silica
spheres with a distinct phase for the immobilization of CuDENSs. This is a convenient method for

synthesizing silica-supported gold nanoparticles (Aun@SiO2) NPs though in-situ galvanic exchange with
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gold after the initial synthesis of Cun@SiO2 NPs. This was followed by adding the Au®>" metal atom (Au)
to the previously synthesized NPs, as shown in Scheme 3.1. Au is more noble, having a greater
electrochemical potential and the ability to undergo simultaneous reduction and replacement [19]. This

kind of catalyst is expected to have a significant effect on catalysis.

Phosphate buffer Cu? .
pH 7.5 " Excess NaBH,
CuDENs
w
3+ )
Aw =
=
2
="

fs ’ @
ol
" ) Do purged slurry
S °'> ’ Reduction, pH 3.2

U

Galvanic exchange Cu,@SiO,NPs

Calcination
s00°C

Scheme 3.1: Schematic illustration of CuDENs immobilization on silica and subsequent in-situ

replacement.

However, one disadvantage of Cu-based catalyst synthesis is that they are oxygen intolerant [20]. They
oxidize rapidly when exposed to air. As a result, the synthesis was carried out in an inert environment
prior to utilizing Cun@SiO2NPs though a replacement reaction with Au to produce Aun@SiO2NPs.
Meanwhile, this replacement was facilitated by lower standard electrode potential (+0.340 E°) volts

possessed by Cu?*, enabling easy substitution with Au3* possessing 1.50 E° volts.

When a metal ion with a greater oxidative potential gets exchanged with another metal atom having a
lower standard electrode potential, a replacement reaction occurs. This causes the surface metal atom to
disintegrate though oxidation, resulting in the reduction of the metal ion with a greater oxidative potential

[19]. Thus, galvanic replacement is the displacement that occurs when a zero-valent metal is replaced with
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a more noble metal to form stable, well-distributed, and compositionally pure metal atom nanoparticles
from a reduced precursor [21]. Galvanic exchange has been used successfully to manufacture metal
nanoparticles in a homogeneous phase [12,21-23]. Hence we developed a heterogeneous catalyst in this
study though a replacement reaction since in-situ replacement is a well-known technique for synthesizing
NPs. Researchers may use it to generate completely reduced metal NPs with a particular atom at distinct
periods while retaining the same amount of metal precursors [12,24].

One of the constraints on AuNPs is their mobility and sintering at elevated temperatures owing to thermal
instability. Catalyst thermal stability is critical for many industrially produced high-temperature processes,
including hydrocracking, partial oxidation, and total combustion [25]. As a result, a dual templating
approach for metal nanoparticles was used first. To test this catalyst's activity in oxidation-reduction
reaction, 4-nitrophenol reduction, rhodamine B (RhB) oxidation, and styrene oxidation were employed as
model reactions. 4-nitrophenol and RhB are two of the most frequent pollutants produced by industrial
processes such as textiles, medicines, cosmetics, dyeing, food additives, plastics, leather, and printing,
among others [26,27]. The degradation of 4-nitrophenol and RhB was detected using time-resolved UV-
vis spectroscopy at 400 and 554 nm, respectively [28].

Numerous investigations on the selective oxidation of styrene to styrene oxide, benzaldehyde,
phenylacetaldehyde, acetophenone, and benzoic acid have been conducted though the years [29-31]. Due
to their fragrance, phenylacetaldehyde and benzaldehyde are used as chemical intermediates in the
synthesis of bulk chemicals, agriculture, fine chemical goods, and the production of fragrances, medicines,
and dyes [30,32]. According to several reports, the reaction circumstances and catalyst type are significant
determinants of product production [33]. As a result, early studies used standard reaction parameters such
as reaction temperature [31], solvent type [30], oxidant [34], and catalyst concentration [30]. As a
consequence of the results obtained, the selectivity of our catalysts was limited to benzaldehyde and
phenylacetaldehyde, as shown in Scheme 3.2. without producing any undesirable product.
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Au,@Si0,

T +
TBHP, 80°C 0
P Vs X0
Styrene Benzaldehyde Phenylaceialdehyde

Scheme 3.2: Representative illustration of styrene oxidation showing the products formed.

3.2  Experimental Section

3.2.1 Chemicals and materials

Amine-terminated generation 4 PAMAM dendrimers (10 wt 5% in methanol), 2-phenylacetaldehyde
(>98% ), [HAUCI4]-3H20 (99.9% ), rhodamine B (> 99.90%), styrene (> 99%) TBHP (70% in water),
styrene oxide ( >97%), benzaldehyde (>99%), acetonitrile (> 99.9%), 4-nitrophenol (>99.5% ),
dichloromethane (DCM) (> 99.8%), tetracthyl orthosilicate (TEOS) (99 %), phosphate buffer (pH ~ 7.87)
with KoHPO4 (98%), HCI (32%), sodium carbonate (Na2COs) (90%) hydrogen peroxide (H202) 30%, and
CuSO04-5H20 were all acquired from Sigma-Aldrich. Promack Chemicals provided KMnOs (99.4%),
NaOH (99.9%), and sodium bicarbonate (NaHCO3) (99.60%). Fluka provided perchloric acid (HCIO4)
(70.0%) and sodium borohydride (> NaBHs4 98.0%). All materials were utilized as received. All

experimental investigations were conducted using Milli-Q water 18.2 MQ-cm.

3.2.2 Synthesis of SiO2 spheres

The silica spheres were synthesized similarly to that described in a previous study with some modifications
[4]. The synthesis started with the transfer of generation 4-NH> dendrimer (10 wt% in MeOH, 0.18 g, 1.28
10% M) into a round-bottomed, two-necked flask for methanol removal in vacuo. To dissolve the
dendrimer, 60 mM phosphate buffer was added and diluted with degassed Milli-Q water to produce a total
volume of 8 mL and 0.16 mM. This was concluded by adding silicic acid (5 mL), which was generated
by hydrolyzing TEOS in 1 mM HCI in a dropwise method and centrifuged the precipitate for 20 min at

3,500 rpm. Finally, it was washed with degassed Milli-Q water and dried in vacuo overnight at 70 °C.

3.2.3 Synthesis of Cun@SiO2NPs with G4-PAMAM-NH: dendrimer as a stabilizer
A literature method was also used for the synthesis [4]. To summarize, an aqueous CuSOs solution
prepared in a 16:1 ratio of G4-PAMAM-NH2 dendrimer (40 pL, 0.1 M, 4.0 umol) was pipetted into a
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premade dendrimer in 60 mM phosphate buffer solution. This was followed by the addition of degassed
Milli-Q deionized H2O to a total volume of 8 mL. For 1 h in an inert environment, G4-PAMAM-NH,/Cu?*
was agitated to achieve complete complexation at a fixed pH of 7.5. After this, a complete reduction of
the Cu?* ions in solution was achieved by adding tenfold excess of NaBH4 (400 pL, 0.1 M, 0.5 pmol) to
produce CuDENSs. Subsequently, preformed silicic acid was progressively added to the CuDENSs while
constantly stirring under an inert environment for 15 min. This results in silica precipitation, which was
collected after centrifuging and drying overnight at 70 °C. Finally, the template was removed by

calcination for 3 h at 500 °C at a rate of 1°C/min.

3.2.4 Preparation of Aun@SiO2NPs by in-situ replacement

This was carried out using Zhao and Crooks' stepwise description [22]. First, a fine powder of Cun@SiO>
produced via air calcination was suspended in Milli Q water and mixed to create a slurry. It was adequately
reduced to avoid oxidation since calcination was carried out in air. Before adding HAuCl4 (40 pL, 0.1 M,
4.0 umol), the pH of the resulting slurry was controlled to 3.2 from 7.5 using 0.1 M HCIOs. The addition
of HAuCI4 changed the color from brownish to bright purple. However, it was allowed to stir for about
30 min at a temperature of 25 °C to allow for replacement. After centrifuging the slurry for 20 min at

3,500 rpm, the supernatant was collected and dried in vacuo at 70 °C to produce powdered Aun@SiO2NPs.

3.2.5 Characterization of the catalyst

All spectrophotometric studies used to measure the absorbance were performed in a 3 mL quartz cuvette
using a Shimadzu UV-1800. The internal structure of the images acquired by high-resolution transmission
electron microscopy (H-TEM) was performed using a JEOL JEM-2100F electron microscope equipped
with a 200 kV voltage accelerator. This was accomplished by ultrasonically suspending the fine powders
of Cun@SiO2NPs and Aun@SiO2NPs in water. A few drops of Cun@SiO2NPs and Aun@SiO2NPs were
put on Ni and Cu grids, respectively, and the imaging system was set up. Micromeritics ASAP 2460 device
was used for nitrogen sorption analyses of the materials. Before the analyses, the samples were degassed
overnight at 90 °C under nitrogen gas, and the samples were allowed to cool under vacuum. The surface
area of the samples was determined using the Brunauer-Emmett-Teller (BET) technique, and the pore size
distributions were determined using the Barrett-Joyner-Halenda (BJH) method. The thermal stability of
the samples was determined using the SDT Q600 thermogravimetric analyzer (TA Instrument) between 0

and 1000 °C at a heating rate of 10 °C/min. The FTIR analysis was performed using a Shimadzu
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IRAffinity-1. Powder X-ray diffraction investigation was performed on a Rigaku SmartLab at two
different angles ranging from 5° to 80° wusing Cu K radiation (A= 1.54056 A).
Using an ORION model 520A pH meter equipped with a Schott 25 blueline pH electrode, all pH changes

were made.

3.2.6 Catalytic reactions

The absorbance was monitored with a quartz cuvette (3 mL) in a Shimadzu UV-1800 spectrophotometer.
At room temperature, the reduction of Cun@SiO2NPs and Aun@SiO2NPs was monitored from A = 600 to
A =200 nm at 3 min and 1 min intervals, respectively. A stock solution of nitrophenol (4-nitrophenol; 0.2
pmol) in 0.1 M sodium hydroxide was prepared. A newly prepared NaBH4 solution (0.1 M, 0.32 mM)
was joined to the concentration of 4-nitrophenol in addition to aliquots of Cu,@SiO2NPs and
Au,@SiO2NPs. The UV-vis spectroscopy was continuously used to record the time-resolved absorbance

at each degradation stage.

A UV-vis spectrophotometer was also used to examine the oxidation of RhB. We prepared an aqueous
solution of RhB (0.1 M) and measured the oxidant's concentration by titrating against potassium
permanganate. The reaction proceeded by varying Aun@SiO2NPs catalyst from 0.3 mg and 0.7 mg while
maintaining constant amounts of substrate and oxidant in the presence of a freshly prepared carbonate
buffer. The process was repeated by changing the substrate and oxidant concentrations at various periods
while keeping the other parameters constant. The substrate adsorption onto the catalyst's surface was
examined at concentrations ranging from 0.012 mM to 0.020 mM, while the adsorption of oxidant at
concentrations ranging from 24 mM to 32 mM. A constant buffer media (sodium carbonate and sodium
hydrogen carbonate) with a pH of 7.5 was maintained thoughout the investigation. [27] All validations

were performed using a 3 mL quartz cuvette.

Styrene was catalytically oxidized using a carousel TM multi-reactor (Radley Discovery Technologies)
connected to a reflux condenser. Aun@SiO2NPs (0.1 g), 4.7 mmol (300 pL) decane was used as an internal
standard, 2 mmol (214 pL) styrene, and 3 mmol (415.2 pL) TBHP were pipetted into a 50 mL vial
containing 10 mL acetonitrile (solvent). At 450 rpm/80 °C, this was allowed to stir. For 6 h, samples were
collected at 1h intervals. Shimadzu GC-2010 Plus equipped with a flame ionization detector (FID) and a

Restek-800-356-1688 capillary column (30 mx 0.25 mm x 0.25 pumol of film thickness) were used to
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analyze the goods. The injection port temperature was adjusted to 250 °C, while the FID stayed at 300 °C.
The temperature of the column was maintained at 300 °C, and the carrier gas was nitrogen gas.

3.3 Result and discussion.

3.3.1 TEM Characterization of silica spheres, Cun@SiO2NPs and Aun@SiO2NPs

Figure 3.1a illustrates the morphological appearance of silica spheres produced in a 60 mM phosphate
buffer solution. It has been observed that pH, temperature, and alkalinity significantly impact the materials'
structure, such as silica [35]. Thus, the synthesis of silica spheres at room temperature and a pH of 7.87
results in the silica having a spherical shape. This facilitates the encapsulation of NPs. The particle size
(283.3 nm) found is equivalent to that previously reported under comparable circumstances [4].
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Figure 3.1: The TEM images of (a) G4-PAMAM-NH: templated silica sphere (G4-PAMAM-NH2-SiO>)
(b) Cun@SiO2NPs and (c) Aun@SiO2NPs.

The TEM images as shown in Figure 3.1b and 3.1c illustrate the interior morphology of Cun@SiO2NPs
and Aun@SiO2NPs produced using the templating and displacement methods, respectively. The
histographical chart plotted for Cun@SiO2NPs showed that the particle size was 3.7 + 0.7 nm, indicating
that the NPs were sparsely distributed. The picture acquired for Aun@SiO2NPs demonstrated that the
silica framework with spherical shape was retained after replacement. This also demonstrates the effective
encapsulation of the particles' increase in size distribution to 10.2 £ 3.7 nm. The significant increase may
be the consequence of 3 h of calcination at 500 °C, and the breakdown of the organic dendrimer stabilizers

present before calcination. Change in particle size has been documented as the implication of calcination
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[25] due to the steady increase in the number of atoms [36]. However, it is worth noting that this increase
in the particle size of Aun@SiO2NPs had no impact on the catalyst's efficiency. The EDX result presented
in (Supplementary Information) Appx. 3.1. demonstrates that Cu,@SiO2NPs were successfully replaced
with Aun@SiO2NPs.

3.3.2 FTIR measurement of silica sphere before and after calcination

To determine the connection between the organic dendrimer and the silica sphere, FTIR measurement was
performed at a vibration frequency of 500-4000 cm™. On the uncalcined silica sphere, we detected a mild
C-N stretching/N-H bending vibration (Figure 3.2). This is attributable to the amide and amine groups
located at v 1641 and 1551 cm, respectively. Additionally, the interaction of the dendrimer with the silica
sphere was verified [37]. This interaction was detected exclusively in the silica sphere prior to calcination
because organic dendrimer breakdown has occurred after calcination at 500 °C. Bands at 1068, 790, and
452 cm™ v, on the other hand, may be attributed to the Si-O-Si stretching band [35]. The high absorption
at 969 cm shows the presence of Si-OH, indicating that the silica spheres have absorbed moisture [38].

3.3.3 p-XRD Characterization

Figure 3.3 illustrates the p-XRD patterns for the catalysts. Cun@SiO2NPs and Au,@SiO2NPs peaks were
indexed using the JCPDS numbers (89-2838) [39,40] and (04-0784), respectively, as shown in Figure
3.3a and 111.3b [41]. Cu's diffractogram at 20 = 34.3° has 110 phase. The additional peaks at 39.4° and
57.8° were caused by the oxidation of CuNPs [42-44] due to the sample exposure to air before analysis.
These corresponded to JCPDS number 05-661. Additionally, four prominent distinctive peaks associated
with Au at 20 = 38.1°, 44.4°, 64.5°, and 77.6° have been assigned to the (111), (200), (220), and (311)
diffraction planes of face-centered cubic (fcc). These distinctive peaks associated with metallic Au have
been previously described [41]. The diffraction peak at 260 = 23°, present in all of the data in Figure 3.3a,
3.3b, and 3.3, is attributed to amorphous silica [45].
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Figure 3.2: FTIR analysis of dendrimer and silica sphere interaction.
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Figure 3.3: p-XRD pattern of (a) Cun@SiO2 and Aun@SiO2 (b) calcined and uncalcined silica sphere.
3.3.4 Brunauer-Emmett-Teller nitrogen sorption analysis
The nitrogen adsorption-desorption isotherm capacity measurements of the samples' surface area and pore

structure are shown in Figure 3.4a-3.4d. Except for Cu,@SiO: prior to calcination, all hysteresis loops
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had a surface area in the pressure range of 0.55-0.82 P/Po. The isotherm curves for this kind of hysteresis
loop correspond to the type IV adsorption isotherm, which is a characteristic of uniform mesopore
distribution [18,46]. Cun@SiO: prior to calcination, on the other hand, exhibits a type 1V H3 hysteresis
loop with no adsorption limit even at high P/Po values between 0.8 and 1.0, including the desorption
closure [47]. Additionally, the existence of a tiny hysteresis loop indicates that the material has a high
degree of porosity, with a surface area of 221.16 m?/g. This surface area rose dramatically to 744.04 m?/g
after calcination due to dendrimer elimination at 500 °C [45]. Additionally, the trend in pore volume
increased from 0.02731 cm®/g to 0.07150 cm®/g. While the surface area of the calcined Cu,@SiO; is
greater than that of the calcined silica sphere, we believe that this increased surface area is due to the
increased number of adsorption sites on the surface of the calcined Cu,@SiO> following the removal of
the organic dendrimer during the calcination process. Table 3.1 summarizes the surface area, pore-

volume, and pore size distribution obtained.

Tableb 3.1:
Surface area data and pore structure parameters of silica sphere, Cun@SiO before calcination, after

calcination, and Aun@SiO..

All samples BET surface BJH pore BJH pore
area (m2/g) volume (cm®/g) diameter(nm)
Silica sphere 136.69 0.40829 11.945
Calcined Silica sphere  632.55 0.07110 6.3257
Cun@SiO2 221.16 0.02731 3.6261
Calcined Cun@SiO> 744.04 0.07150 3.8441
Aun@SiO2 563.36 0.83954 5.9610
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Figure 3.4: N adsorption-desorption isotherm of (a) silica sphere before and after calcination, (b)
Cun@SiO> before and after calcination, and Aun@SiOz. Pore distribution patterns of (c) silica sphere
before and after calcination, (d) Cun@SiO- before and after calcination, and Au,@SiO:..

3.3.5 Thermogravimetric Analysis (TGA)
Figure 3.5 illustrates the thermal stability of the samples tested over time in terms of temperature change.
The temperature profiles of the silica sphere and Cu,@SiO2 shown in Figure 3.5a and 3.5b, respectively,

demonstrate thee distinct degradation pathways. The initial deterioration occurs below 170 °C owing to
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Figure 3.5: Thermogravimetric analysis of () silica sphere, (b) Cun@SiO2, and (¢) Aun@SiO:s.

adsorbed moisture, while the second loss occurs above 495 °C due to the breakdown of organic dendrimer
residues [48,49]. The last step over 495 °C is attributed to breakdown caused by silanol condensation,
which resulted in the formation of oxides on the surfaces of the materials [50-52]. Hydrolysis of siloxane
linkages (= Si-O- Si =) in amorphous silica may result in the formation of soluble silanols (= Si-OH) [52].

This is shown in the FTIR spectrum given before. As demonstrated in Figure 3.5¢, the Aun@SiO> seemed
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to undergo two breakdown stages between 120 and 620 °C before stabilizing. According to the
thermogram, the first thermal event happened as a consequence of adsorbed moisture loss, and the second
breakdown event occurred as a result of the formation of volatile 2SiO though the SiO; + Si reaction on

the silica framework [53].

3.3.6 Catalytic evaluation of Cun@SiO2 and Aun@SiO2 on 4-nitrophenol reduction

Reducing 4-nitrophenol with NaBHs is a typical reaction for studying catalytically active metal
nanoparticles [54]. Cun@SiO2 and Aun@SiO2 showed excellent catalytic activity in the reduction of 4-
nitrophenol. 4-nitrophenol aqueous solution exhibited a maximum absorption peak at Amax 400 nm. The
addition of the catalyst and protonation of the reaction medium with NaBHj4 resulted in the transformation
of the reaction medium from yellow to colorless. The simultaneous decrease occurred when a new
absorbance intensity at A = 300 nm was discovered with an isosbestic point. This is a sign that 4-
nitrophenol has been reduced to 4-aminophenol [25]. The UV-vis absorption spectra for the catalytic
reductions of Cu,@SiO2 and Aun@SiO> are shown in Figure 3.6a and 3.6b, respectively. The reaction
with Au,@SiO; was finished in ten minutes, while the reduction with Cu,@SiO: lasted for thirty minutes.
Considering the time required for the two catalysts to complete the reaction, it is clear that Aun@SiO; is
more effective. Fundamentally, Au possesses higher reduction potential and electron affinity compare to
Cu. Hence, this property made it more reactive than Cu. The non-linear regression with respect to time
seen in Figure 3.6¢ and 3.6d corresponds to a pseudo-first order response. However, when the reduction
process was carried out in the absence of both Cun@SiO2 and Aun@SiO catalysts (results not shown),

the peak intensity remained unchanged. This demonstrated that the reduction was catalyzed.
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Figure 3.6: UV-vis spectra showing the degradation of 4-nitrophenol using (a) Cun@SiO. and (b)
Aun@SiO2, non-linear regression against time with (c) Cun@SiO- and (d) Au.@SiO2.

3.3.7 Catalytic investigation on oxidation of RhB

The oxidation of RhB in the presence of H.O> is also used as a model reaction to investigate the catalytic
effect of metal nanoparticles [55]. After establishing Aun@SiO: as an efficient catalyst for 4-nitrophenol
reduction, the UV-vis spectrum of RhB oxidation produced at a 3-min interval for its degradation utilizing

Aun@SiOz is shown in Figure 3.7a. Within 30 min, the catalytic breakdown was seen for each degrading
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step employing varying quantities of the catalyst, as illustrated in Figure 3.7b. This demonstrated that the
increase in catalytic performance is directly proportional to the quantity of catalyst used. Using the
mathematical formula for the kinetic pseudo-first-order in Eqgn. (3.1), [56]. Ao and A: denote the initial
RhB concentration and the concentration at time t, respectively. Aco is the final concentration of RhB,

while Kops is the measured rate constant.
A-A,
0-Ao
The catalytic reaction order was identical to that of a pseudo-first-order reaction. Appx. 3.2 depicts the
plot. Additionally, a carbonate buffer combination with a pH of 7.5 and Na,COz and NaHCO3 supplied

thoughout the process guaranteed H,O> stability and improved adsorption [33]. This occurred because the

In = Kype X t (3.1)

repulsive force between the catalyst and the dye was restricted [57]. In Figure 3.8a, the rate constant for
RhB adsorption onto the catalyst's surface decreased as the substrate quantity increased due to dye
saturation on the catalyst surface. This indicates that the reaction rate is dependent on the availability of
the catalyst. In Figure 3.8b, the study of H.O> adsorption reveals a concomitant rise in affinity for the

oxidant owing to the increased supply of oxygen from H.O>, hastening the substrate's breakdown.
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Figure 3.7: (a) UV-vis spectrum of RhB oxidation using Au,@SiO, (b) non-linear fits data.
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Figure 3.8: Concentration variation of (a) RhB (b) H20:..

3.3.8 Catalytic evaluation of Aun@SIiO2 in the oxidation of styrene to benzaldehyde and
phenylacetaldehyde

The as-synthesized Aun@SiO: catalyst was further evaluated catalytically for the oxidation of styrene in
the liquid phase using TBHP as an oxidant. In the same vein, acetonitrile was used as a solvent at 80 °C.
The heterogeneous catalytic oxidation of styrene produced primary products such as phenylacetaldehyde
(PA) and benzaldehyde (BzA). Figure 3.9a illustrates the results obtained. A gradual response is seen
with a proportionate rise in conversion as time passes, with a maximum styrene conversion of 54.3%.
Styrene conversion is expressed as the ratio of styrene converted into a product to the amount of styrene
present in the reaction mixture. The reaction, which was shown to be selective for both benzaldehyde and
phenylacetaldehyde, showed more excellent selectivity for phenylacetaldehyde, 64.4% and 35.6% for
benzaldehyde.

Additionally, the reaction mixture lacked the presence of additional products identified thoughout the
study, most notably acid production, due to the co-oxidation of benzaldehyde [58]. The surface electronic
distribution, surface shape, and particle size of Au are all surmised to contribute to the catalyst's selectivity
[36,59]. The electronic nature of the Au catalysts' site has been found to have a tuning impact on their

catalytic activity and selectivity [60]. Thus, the structure of Aun@SiO: enables the rearrangement of
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hydrogen though ring-opening, resulting in the production of phenylacetaldenyde [30], while
benzaldehyde is formed via oxidative cleavage [61].

Heterogeneity in catalysis’ critical characteristic is the ease with which they may be recovered and
recycled from the reaction media. Due to this economic advantage, they were preferred over homogeneous
catalysts. After recovering Aun@SiO2 from the reaction media, its recyclability was determined, as shown
in Figure 3.9b. The catalyst exhibited no significant degradation in activity over time, and it was shown
to be constantly selective toward benzaldehyde and phenylacetaldehyde, with a steady preference for
phenylacetaldehyde. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) tests showed
an Au loading of 0.59 wt% and the catalyst's potential leaching into the reaction solution. Additionally, it
demonstrated that a small quantity of Au (0.03 mg/L) remained in the solution after the reaction. Together
with the TOF of 306 h%, these findings indicate that the Au NPs are well immobilized and encapsulated
on the silica sphere.
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Figure 3.9: (a) Plot revealing conversion and selectivity of Aun@SiO> at 80 °C: 0.1 g catalyst, 0.59 wt%
metal loading, 214 pL (2 mmol) styrene, 415.2 uL (3 mmol) TBHP, 6 h and (b) Catalyst recyclability.

Since the reaction was conducted in the open air, the impact of air on the mechanistic transition of styrene

to phenylacetaldehyde and benzaldehyde was examined. Without the TBHP oxidant, less than 0.5%
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conversion was seen (graph not shown). This finding indicates that oxygen had a negligible and minor
impact on the reaction over the six-hour observation period. However, when the reaction was conducted
using just the aqueous TBHP oxidant, we observed a conversion of just 8.2% (Appx. 111.3). This
established TBHP as the primary oxidant [62], creating a favorable oxidative environment for the process
[63].

On styrene oxidation, the catalytic activity of Aun@SiO2> was compared to that of previously reported
gold-based catalysts. As shown in Table 3.2, this catalyst is comparable in terms of TOF and conversion
to other early reported gold-based catalysts due to the most outstanding TOF value and percentage (%)
conversion obtained. The reaction time was much shorter, and the quantity of Au loaded was much less
than any other catalyst. Although there was no selectivity for styrene oxide (SO) employing Aun@SiO2,
this catalyst had an excellent selectivity for phenylacetaldehyde and benzaldehyde. This may have
occurred as a result of Au being encapsulated in the silica sphere after direct replacement and a change in

particle size, pore size, and surface area.
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Table 3.2:

Oxidation comparison with other previous reports on Au-based catalysts
Catalysts Au Time Temp. Oxidant TOF Conv. Selectivity (%) Ref.

(wt%)  (h) °C (h'h (%) PA BzA SO  Others

Ti-Au-s 1.3 15 70 TBHP - 41.0 - 61.0 390 - [62]
Ti-Au-w 1.8 15 70 TBHP - 230 - 670 330 - [62]
AU/SrO 0.6 24 80 TBHP - 21.4 260 117 4438 17.4 [64]
Au/MgO (HDP) 4.1 24 80 TBHP - 44.6 16.8 108 543 181 [64]
1Auzs/AC 1.0 16 80 TBHP - 35.3 - - 4.3 - [63]
1Au2s/PGO 1.0 16 80 TBHP - 44.8 - - 5.6 - [63]
1Au25/Si02-300 1.0 16 80 TBHP - 46.9 - - 147 - [63]
Au/BaTNT 1.0 15 80 TBHP 182 46.8 4.8 189 709 54 [65]
Au/BaTNT 0.5 15 80 TBHP 273 31.0 3.4 140 758 6.8 [65]
Aups/SiO; 2.0 24 82 TBHP  103+10 151 - 66 934 - [25]
Aun@SiO> 0.59 6 80 TBHP 306 54.3 644 356 - - This work

Reaction condition: 0.1 g catalyst, 0.59 wt% metal loading, 214 pL (2 mmol) styrene, 415.2 uL (3 mmol) TBHP, Temperature 80 °C, 6

h, conversion = (converted styrene)/initial amount of styrene) x 100.
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3.4  Conclusion

The CuDENSs templating approach’s systematic procedure allowed the encapsulation of small-
sized CuNPs in a silica sphere as Cun@SiO.. The in-situ replacement via galvanic exchange
was effectively accomplished using the difference in the electrode potential. Both Cu,@SiO>
and Au,@SiO; preliminary catalytic activity on reducing 4-nitrophenol using NaBH4 exhibited
a unique pattern of a pseudo-first-order reaction. Au,@SiO, demonstrated enhanced catalytic
performance and also showed effective oxidation of RhB in the presence of H2O,. Additionally,
this corresponded to a pseudo-first-order reaction. Increases in the concentration of RhB
resulted in decreased kobs, followed by an increase in kobs as the concentration of peroxide

increased.
Additionally, in terms of reaction conditions, the catalyst promoted the oxidation of styrene

with a conversion rate of 54.3%. This resulted in the selectivity of 35.6% and 64.4% for

benzaldehyde and phenylacetaldehyde, respectively.
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Abstract

The use of water as a solvent in chemical reactions has recently been brought to lime-light
considering the exploration of eco-friendly procedures. It is readily available and abundantly
accessible, non-toxic, non-costly, and non-flammable. As opposed to the previous limitation of
reactant solubilities associated with aqueous media, a hydrogel such as a hydroxypropyl
methylcellulose (HPMC) solution can significantly improve the reactant solubility. This
investigation employed HPMC solution as the reaction solvent, and the reaction medium viscosity
was impressively enhanced. PA@SiO> particles were synthesized and effectively employed as a
catalyst for reducing acetophenone in the presence of NaBHs as the hydrogen source. The
conversion of acetophenone to 1-phenyl ethanol recorded remained at a very high value of > 99.34

% with 100 % selectivity towards 1-phenyl ethanol.

Keywords: Pd@SiO> catalyst; Hydroxypropylmethyl cellulose (HPMC); Water; Acetophenone
hydrogenation; 1-phenyl ethanol.
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4.1 Introduction

Water’s versatility as a chemical system solvent is in its relatively high polarity and high specific
heat. This versatility is in addition to water’s high dielectric constant, surface tension, and
significant energy density [1,2]. This is so as water molecule’s charge is unevenly distributed,
making different charged and polar molecules dissolvable in water [2]. Water’s general
availability, affordability, incombustibility, and inexplosive nature made it a perfect replacement
for organic solvents in the development of practical reactions [1,3-5]. The hydrogen bonding
permits the molecular groups to generate high heat of vaporization and polarizability of water.
These are the characteristic features that bring about electron transfer as an essential process in
water-mediated reactions. Also, these features are in addition to the viscousness, cohesive and
adhesive nature of water that enables the product’s facile extractive workup and purification [3,6].
These physical and chemical properties (ability to form hydrogen bonds and the amphoteric nature)
of water help to theoretically enhance chemical reactions’ reactivity and selectivity in water [1].
In recent years, water—tolerant catalysts and water-soluble ligands with excellent efficiency and

stereoselectivity have been developed for organic reactions in water [7].

Hydroxypropyl methylcellulose (HPMC) is a group of cellulose ester that has substituted one or
more of the hydroxyl groups occupying the cellulose ring with hydroxypropyl and methyl groups
[8,9]. It is a water-soluble (hydrophilic), environmentally friendly, and biodegradable polymer. It
has industrial applications ranging from pharmaceutical [10], agricultural to textiles (dye, paints),
cosmetics [8], and to coating or adhesive [11]. Because of its edibility, its usefulness in food
industries includes stabilization and emulsification. This is owing to its odorless, tasteless, non-

toxic, and biocompatibility features [12,13].

Although hydroxypropyl methylcellulose is a temperature-sensitive biopolymer that forms a gel
upon heating between 75 — 90 °C, it also has a dissolution tendency in cold organic solvents of
polar nature. Hence, these properties make it relevant for use in both aqueous and non-aqueous
solvents. Both hydroxypropyl (polar) and methyl (non-polar) groups enable interaction within the

intermolecular, intramolecular, and hydrophobic environments [12].
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Modern organic synthesis requires that attention be placed on selectivity related to the control of
complete stereochemistry, reactivity, and productivity because these are key in ensuring efficiently
catalyzed reactions [14]. Sustainability and green chemistry are two keywords or concepts which
have put chemical synthesis and process chemistry into perspective. This is because of chemists'
quest for environmental protection, safer design of molecules, materials, products, and processes
increases [15]. The unrenewable source, cost ineffectiveness in production and disposal,
environmental and human hazard of most organic solvents have put them on the spot, hence
making the need to find a replacement for organic solvents more pressing [15]. One fundamental
development in synthetic chemistry is the chemo-selective organic transformation though
hydrogenation [3]. This process brings down the amount of materials consumed, leading to
redundant trimming and reactions’ step re-functionalization [3,16]. Hydrogenation is one of the
most cardinal organic transformations, which entails the substitution of hydrogen with a molecule
of non-H possessing derivative [17]. There has not been a report on direct hydrogenation of
acetophenone investigated using HPMC modified water (solution) to the best of our knowledge.

In recent years, the industrial application of ketone hydrogenation has been brought to the limelight
as a diverse range of valuable alcohols, and chiral compounds are produced [18]. The great
significance of acetophenone hydrogenation is in the synthetic relevance of the chemical
intermediates it produces, including 1-phenyl ethanol, ethylbenzene, and cyclohexyl ethanol
[19,20]. The chemo-selective hydrogenation of acetophenone being a model reaction is owing to
acetophenone’s hydrogenative groups, namely the phenyl group and the carbonyl group, which
are reduced to their corresponding alcohol [21]. The carbonyl group's (C=0) double bond is
hydrogenated to produce 1-phenyl ethanol, an essential chemical intermediate used in the
fragrance, flavor, and pharmaceutical industry [22,23]. However, the phenyl group hydrogenation
yields a cyclohexyl methyl ketone [24]. In this work, direct hydrogenation of acetophenone
produced 1-phenyl ethanol as shown in the reaction pathway in Scheme 4.1 without side or

unwanted products.
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Scheme 4.1: Schematic representation of 1-phenyl ethanol formation.

There have been reports toward Pd-based materials' practical application as catalysts for ketone
hydrogenation [25-27]. Pd/SiO.-Al>O3 catalysts were successfully used to catalyze acetophenone,
but the primary product generated was ethylbenzene with this material. Therefore, an effective
catalyst that can potentially catalyze acetophenone to obtain the desired product is of crucial
importance. Silica-supported Pd particles (Pd@SiO2) been reported as a potentially efficient

catalyst for hydrogenation [25].

4.2 Experimental section

4.2.1 Chemicals and Materials

The chemicals used were obtained from commercial suppliers of different companies and were of
analytical grades. (Hydroxypropyl) methylcellulose (HPMC) average Mn ~10,000, ethanol
(99.9%) was obtained from Monitoring Control Laboratories LTD, palladium (1) acetate (98%)
(C4HeO4Pd), tetraethyl orthosilicate (TEOS) (99%), and acetophenone (99%) (CgHsO) were
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bought from Sigma-Aldrich. n-Decane, (CH3(CH2)sCHz3) (99%) was purchased from Alfa Aesar,
magnesium sulphate dried (MgSOa) (52-70%) was obtained from Rochelle chemicals, sodium
borohydride (NaBH4) (> 98.0%) was purchased from Sisco Research Laboratories (SRL) pvt.
While ethyl acetate, sodium bicarbonate NaHCO3 (99.50%), and NaOH (99.90%) were obtained

from Promack chemicals. Milli-Q water of 18.2 MQ-cm was used to prepare all the solutions.

4.2.2 Synthesis of silica support for the Pd particle and impregnation of Pd onto the silica
support

The silica support was synthesized following a literature procedure [28]. Typically, aqueous (11.20
mL) NH4OH (27 wt%) was added to a mixture of ethanol (200 mL) and deionized water (50 mL)
at room temperature and was allowed to stir for 30 min. After that, 8.93 mL of TEOS was added
drop by drop to the mixture. It was further stirred for 12 h, and silica precipitation was observed.
The formed silica precipitate was obtained though centrifugation, washed with deionized water,
and centrifuged into pellets. The pellet was left to dry overnight in the oven at 70 °C to obtain dry

silica, which was later calcined at 500 °C.

The silica support was dispersed in 8 mL of deionized water. A solution of Pd acetate containing
0.0212 g was added to the slurry, and it was left to stir for 4 h. Sodium borohydride (8 mL) was
used to reduce the metal ion, and it was allowed to stir for another 4 h, and it was collected by
centrifugation. The solid residue was dried overnight in the oven at 70 °C and was calcined for 4
h at 150 °C. After that, the dried product (Pd@SiO2) obtained was ground, characterized, and
catalytically tested. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was

used to determine the amount of Pd loaded on the silica (0.52 wt%).

4. 2.3 Catalyst characterization

The characterization techniques carried out include Brunauer-Emmett-Teller (BET) nitrogen
sorption measurement to get the surface area, while the Barret-Joyner-Halenda (BJH) desorption
isotherm was used to obtain the pore size and volume after degassing the sample at 100 °C to
constant weight. Powder X-ray diffraction (p-XRD) patterns were performed at room temperature
using a Rigaku SmartLab at 20 range from 5° to 80° angle with Cu Ka radiation (A= 1.54056 A).

High-resolution transmission electron microscopy (H-TEM) images were captured at 200 kV
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accelerating voltage using a JEOL JEM-2100F electron microscope. A certain amount of the
catalyst was suspended in methanol ultrasonically, and then a few drops were deposited on the
carbon-coated grid and were allowed to dry before the analysis. Tescan Vega 3 LMH Scanning
Electron Microscope (SEM) with a 20.0 kV electron scattering detector voltage was used to
acquire the catalyst’s morphology. Prior to the image capturing, the sample was carbon-coated
using an Agar Turbo Carbon Coater. For the execution of catalyst’s reducibility of the catalyst,
hydrogen temperature-programmed reduction was performed using a Micromeritics Autochem 11
2920, by probing with 10% H/Ar at a flow rate of 50 mL min* within the range of 25 - 800 °C
having 10 °C-min’t ramp rate. This was carried out after the catalyst’s surface was purged by an
argon flow at 200 °C for 1 h. Fourier transform infrared spectroscopy (FTIR) was conducted on
Shimadzu IRAffinity-1 to identify the specific functional groups of the sample's chemical
composition. Thermal analysis of the catalyst was done by subjecting a certain amount to a
temperature range from 25 - 1000 °C with a heating ramp rate of 10 °C-min™ under a nitrogen
flow of 100 mL-min flow rate, on a TGA Perkin-Elmer STA 6000.

4.2.4 Hydrogenation of ketone in HPMC solution

In a typical procedure, the reduction proceeded by pipetting 21.6 mmol acetophenone into a 50
mL carousel tube containing PdSiO> (0.22 g), 0.5 mmol of decane, a certain amount of NaBHz,
and 6 mL of water modified with Hydroxypropyl methylcellulose (HPMC) solution. The reaction
was allowed to stir continuously at 600 rpm and 80 °C for a duration of 30 min, 1 h, and 2 h
separately and repeatedly on a multi-reactor (Radley discovery Technologies) connected to a
reflux condenser. Product extraction was done using ethyl acetate to separate the organic layer at
the end of each catalytic run, and the extracts were passed though a column of MgSOa.
Spectrophotometric analysis of the substrate (acetophenone) and the product (1-phenyl ethanol)
were monitored and obtained on a Shimadzu UV-1800 in 3 mL quartz cuvette. The absorbance
was obtained from A 700 to A 250 nm. The product was analyzed using a Gas-chomatography GC-
2010 plus (Shimadzu) connected with a flame ionization detector (FID) and a Restek-800-356-
1688 capillary column of 30 m x 0.25 mm x 0.25 pmol film thickness. While the injection port
was fixed at 250 °C, the FID temperature was set at 300 °C. Besides, the carrier gas used was
nitrogen gas, and the temperature of the column remained at 300 °C. Identification of the product
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was acquired though a Shimadzu GC-MS QP2010, which uses a fused silica capillary column of
30 mm x 0.25 mm x 0.25 pmol film thickness.

4.3  Result and discussion

4.3.1 Characterization

The result N2 adsorption-desorption curve obtained is shown in Figure 4.1a. The result reveals
that an adsorption isotherm of a type | hysteresis loop is seen based on the IUPAC classification
[29]. This is an indication of typical non-porous material [30]. The surface area obtained (13.14
m?g™) between the pressure range 0.91 and 1.00 P/Po is similar to the previously reported result
[28]. Moreover, the surface area obtained for the silica support (44.91 m2g™) was obtained between
the pressure range of 0.89 and 0.99 P/Po. We observed that the surface area decreased after the
impregnation of the Pd metal. We deduced that the surface area change is due to the surface

coverage of the silica support after Pd impregnation.

The p-XRD pattern of the material is shown in Figure 4.1b. The diffraction peak centered at 20 =
23° can be ascribed to amorphous silica [31]. The peaks observed at 20 = 40.2° and 46.6° are
exhibited by the Pd diffraction peak, and they correspond to the face-centered plane of (111) and
(200), respectively [25,32]. In this case, the Pd peak obtained indicates well-dispersed

homogenized particles on the support material.

The thermogravimetric analysis of PA@SiO> and its differential profile (TG/DTG) measured as
the temperature changes over time are shown in Figure 4.2. The thermogram profile in Figure
4.2a. demonstrated two different weight loss processes. The first degree of degradation between 0
and 109 °C is an indication of surface absorbed hydroxyl loss, of which its appearance is connected
to moisture adsorption from exposure to the atmosphere before the analysis. Moreover, the second
weightloss recorded is attributed to the decomposition of condensed silanol, which had aggregated
into oxides on the silica surface [31]. Amorphous silica hydrolyzed by the disintegration of
siloxane bond (= Si-O- Si =). Also, the differential curve in Figure 4.2b. shows the maximum

weight loss, which was prominently displayed at the second degradation stage.
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Figure 4.2: Thermogravimetric analysis of PA@SiO> (a) Percentage weight loss, (b) Differential
weight.
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The TEM analysis that was performed to confirm the internal morphology of Pd@SiO: is
presented in Figure 4.3a. The image revealed a well synthesized, transparent, and spherical
structure of the silica framework with a surface that enhances the loading of the Pd particles. The
metal particles are also shown to be loaded on the silica material. Hence, this conforms with the
previously reported result [33]. The electron dispersion spectroscopy (EDS) analysis obtained
from SEM/EDS is shown in Figure 4.3b, while the SEM result showing the surface morphology
Pd@SiO> is presented in Appx. IV.1 (Supplementary Information). The EDS revealed the
different energy spectrums of the specific elements present in the material. Palladium element
displayed minimal energy spectra compared to other elements due to tiny Pd loading encapsulated
on the support, which is 0.52 wt% as obtained from the ICP-OES analysis, while the carbon (C)

shown is as a result of carbon coating that was performed before the analysis.

Figure 4.3: (a) TEM image obtained for Pd@SiO: and (b) is the EDS showing the composition of
the Pd@SiOs.

The H>-TPR analysis result shown in Figure 4.4a was carried out to verify the reduction profile
of Pd@SiO>. The profile revealed Pd@SiO2 exhibits only one reduction peak, which is mainly
around 45 °C. This peak can be ascribed to the reduction peak of oxidized palladium species (PdO)
present in PA@SIO- [32,34].
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The FTIR spectrum of PA@SIO> in Figure 4.4b displayed both broad and sharp bands. The bands
at 3342 and 1637 cm™ are associated with H-O-H asymmetric vibration due to the presence of
moisture in the material [35]. The sharp peak that appeared at 1096.77 cm™ is ascribed to the
asymmetric vibration of Si-O-Si [36].
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Figure 4.4: (a) Ho-Temperature program reduction analysis (b) FTIR profile of Pd@SiOa.

4.3.2 Hydrogenation of ketone in HPMC solution

The mesoporous-based metal oxide catalysts were screened for the hydrogenation of acetophenone
to select the best active catalyst for the reaction. The catalysts used are MNMMO, CoMMO,
NiMMO, ZnMMO, ZrMMO, and FeMMO, but no reaction occurred (result not shown). However,

the effect of BH4 on the substrate was observed, showing that the reaction is catalytically driven.

The catalytic reduction of acetophenone using Pd@SiO> formed 1-phenyl ethanol, a very useful
intermediate in the food (flavor) and cosmetics (fragrance) industry. The conversion of 1-phenyl
ethanol was processed by using Eqn. (4.1) supplementary, while the selectivity was computed
with Egn. (4.2). The results obtained demonstrated that support material is a crucial tool in

modifying the hydrophobicity of the surface character of the support [24].
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Previously, it was reported that the influence of conversion in the chemoselectivity and catalytic
activity depends not only on the solvent influence, metal particle, and the electronic properties but
also on the metal-support material and their interaction [39,40]. As seen in the TGA and FTIR
analysis, the presence of silanol with a peculiar feature of affinity for water enhanced a hydrophilic
effect upon the catalyst’s surface though adsorption of the hydroxyl group and other polar
molecules [24], which enhanced the selectivity and the product yield. In addition, the more
substantial contributing effect of HPMC at higher temperature though phase restructuring,

miscibility, and interconnected viscosity brought an incredible transformation.

The 'H NMR spectroscopy result shown in Appx. 4.2a-2d confirmed the molecular structure of
our aromatic product. The spectra revealed a doublet at 1.47 ppm integrated for thee protons,
corresponding to methyl protons as expected since the methyl protons coupled to a proton at
stereogenic carbon. In addition, the quartet multiplicity and integration of one proton on the
stereogenic carbon at 4.86 ppm depicted the formation of 1-phenyl ethanol [41]. Also, no carbonyl
carbon of the substrate was seen at 7.30 ppm of 1-phenyl ethanol. The UV-Vis spectra recorded
on a Shimadzu UV-1800 in a 3 mL quartz cuvette for both products formed, and the substrate were
performed within the range of 250 and 700 nm. As shown from the spectra (Figure 4.5), two
different characteristic absorption bands are displayed for the substrate and the product. The
spectrum of 1-phenyl ethanol revealed a strong absorption peak between 299 ~ 367 nm, which
may be ascribed to the formation of 1-phenyl ethanol in the electronic region of t—m* transition.
The chomatogram of the identified product performed by the GC-MS equipment is also presented
in Appx. 4.3.
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Figure 4.5: UV-Vis spectra of acetophenone substrate before catalysis, and after 1-phenyl ethanol

product is formed.

4.3.3 Comparison test of HPMC solution with water

Comparison test reaction was performed with time to investigate the efficiency of HPMC solution
and water while using the same parameters and reaction condition (0.22 g of Pd@SiO>, 80 °C,
21.60 mmol of the substrate, 1.00 g of redox agent, 6.00 mL of solvent). The HPMC solution was
prepared by dissolving 2% hyhroxypropylmethyl in 100 mL of water. The result of the comparison
is illustrated in Figure 4.6, and it shows that the conversion obtained in HPMC solution has a more
significant influence upon acetophenone conversion to 1-phenyl ethanol. This more excellent
performance is deduced to be due to increased intermolecular hydrogen bonding generated [42].
Although both mediums displayed a 100% total selectivity towards 1-phenyl ethanol, after 2 h, the
highest conversion recorded in water was 55.32%, while 99.34% was observed for reaction in
HPMC water. Therefore, HPMC solution was preferred above water to investigate other

parameters.

At lower temperatures, HPMC displays liquid-like attributes that congeal upon an increase in
temperature where it potentially controls the structural and rheological pattern of the mixture [43].

The hydroxypropy! group of the HPMC interacts with the molecule of water to form hydrogen
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bonds, while around the hydrophobic region (methyl groups), an enclosure of orderly arranged
water in the form of ‘‘cages’ is formed at a lower temperature. When the temperature increases,
the system gains energy, and the hydrogen bonds break free from their enclosure while the clusters
of hydrophobic groups are likewise released. This resulted in the building up of an interconnected
network of viscoelastic thermal gel, which enhances higher interaction and stability with the
reaction medium. Viscosity has been reported to enhance stability within the colloidal dispersion
by retarding the collapsibility of droplets and aggregation of particles [9]. Hence, this behavioral

pattern in water makes HPMC a biopolymer of special interest for drug formulation release.

Selectivity to 1-Phenyl ethanol

_ 1004 & I &
& _

2 901 e

= o

5 ~ HPMC solution

s 80 /

= #

‘E )

< 70{ "

L

=

s

7 604

E HED L ]
e 504 .

-

T ol T . T

20 40 60 80 100 120

Time (min)

Figure 4.6: Percentage conversion comparison of HPMC modified water and unmodified water.

4.3.4 Effect of catalyst amount

One of the crucial parameters in catalytic transformation is the catalyst amount because it enhances
substrate conversion, selectivity, and product yield or formation. The different catalyst variations
were investigated using thee variations from 0.12 to 0.33 g while other parameters remained
constant. The percentage mole of each catalysts amount is 0.000623, 0.001144, and 0.001712 mol
for 0.12, 0.22, and 0.33 g respectively. The result is shown in Figure 4.7a. All thee variations
depicted a progressive increase in the conversion as the time increases with a maximum conversion

of 99.34% after 120 min at 80 °C. This result is due to the increase in the number of active sites of
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the catalyst as the reaction is taking place on the catalyst's surface. From the turnover number
(TON) obtained, which is number of mole of substrate consumed/ mole of catalyst [44]. It is
noteworthy that 0.12 g of catalyst is the optimum catalyst loading as 75% conversion was obtained
within 1h of the reaction period. The TON values ranges from 3679 x10%, 2.009x103%, 1.335 x 10°
mol for 0.12, 0.22, and 0.33 g respectively.

Initially, both BH4 and the substrate are adsorbed on the catalyst surface, and as the reaction
proceeds, the carbonyl group of the acetophenone is activated by the catalyst to bond with the
nucleophile of the BH4". Then, the next step is the interaction of BH4 and the carbonyl carbon
atom on the catalyst’s surface, thereby enhancing its electrophilicity. Hence, the protons (H™) or
electrophile released from HPMC solution attacks the oxygen generated from the carbonyl group
leading to the formation of 1-phenyl ethanol [36]. The process is completed by the product's
desorption from the catalyst surface, where a weak covalent bond initially bonded it. Hence, the
process continues in a repetitive pattern of substrate adsorption and product desorption. The
hydrogenation process increases when the active sites are in abundance, while the reaction only
ceases when the hydride ions produced by BH4 are used up [45]. The same conversion trend is

seen in Appx. 4.4a and 4.5a at different temperatures.
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Figure 4.7: Different plots revealing the variations at 80 °C of (a) catalyst amount variation, (b)

However, an increase in the conversion as the catalyst increases was observed, and the result is
present in Table 4.1. Moreover, to know the effect of hydrogen supply and the contribution of
BH4 used in the reaction, the hydrogenation was carried out in the catalyst's absence. The result

showed up to 21.21 % conversion of acetophenone at 80 °C while the reaction did not proceed in
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the absence of both the catalyst and the supply of hydrogen. This indicates that the reaction is
mainly a function of the catalyst.

Table 4.1:
Data obtained for the conversion of acetophenone at different catalyst amount.
Catalyst (g) Conversion (%)
at 30 (min) at 60 (min) at 120 (min)
0.12 56.33 79.60 96.21
0.22 71.73 89.06 99.33
0.33 88.57 96.21 99.34

Condition: 80 °C, 21.60 mmol of the substrate, 1.00 g of redox agent, 6.00 mL of solvent.

4.3.5 Effect of substrate amount

The substrate variation was observed using three amount from 10.82, 16.23 mmol, to 21.60 mmol,
and it is represented in Figure 4.7b. The result showed an increase in conversion trend as the time
increases with the highest conversion of 99.80% recorded in 120 min at 80 °C. The conversion
trends as the substrate concentration increased is > 99.80 > 99.55, and > 99.32% for 10.82, 16.23,
and 21.60 mmol, respectively, after 120 min. It is worth noting that the increase in conversion with
a decrease in substrate amount may be due to the higher solubility of the substrate obtained in
HPMC solution at a minimum substrate amount. Organic substrate dissolution for reactivity to
form product is enhanced in HPMC solution. In addition, these patterns could also result from the
saturation of the substrate upon the catalyst surface. Other plots obtained from the data acquired
for the substrate variation at different temperatures are shown in Appx. 4.4b and 4.5b.
Supplementary table (ST.) 4.1 also presented the data obtained for the different temperatures at
the same catalyst and the substrate amount.

4.3.6 Effect of borohydride amount

The investigation carried out on the effect of BH4 was performed using thee different parameters
as well. As shown in Figure 4.7c, the result revealed an increase in the percentage conversion
trend as the BH4™ increases. This indicates an increase in the generation of the nucleophile, which
is attacked by the electrophile from the water leading to an increase in the desorption of the product
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formed from the surface of the catalysts. The pattern of increase in the conversion as the hydrogen
donation increases was also acquired at other temperatures. This is illustrated in Appx. 4.4c and
4.5¢.

4.3.7 Effect of temperature

The investigation of the effect of temperature on chemo-selective hydrogenation of acetophenone
was probed using thee different temperatures of 30, 60, and 80 °C. The amount of catalyst used
and other reactant parameters were kept constant while changing the temperature. The graphical
plot is illustrated in Figure 4.8a. At each temperature variation, selectivity of 100% toward 1-
phenyl ethanol was achieved with an overall highest percentage of 65.62, 96.22, and 99.80% at
30, 60, and 80 °C, respectively, using the minimum substrate amount (10.82 mmol). The increase
in the catalytic conversion as the temperature increase may be due to a modulated enlargement in
molecular diffusion at a higher temperature, leading to an improved conversion rate and enhanced
productivity [46]. Moreover, increasing temperature creates a higher interacting environment for
both the hydrophobic and hydroxyl (hydrophilic) counterparts in thermal gel such as HPMC.[43]
This is also demonstrated in the observed rate constant kobs computed: in the order of 0.16 min <
0.24 mint <0.29 min at 30, 60, and 80 °C respectively. The graph of kqps against the temperature
is revealed in Appx.4.6.

The observed activation energy for the Pd@SIiO> catalyst was computed from the graph of Inkops
against (1/T) as presented in Figure 4.8b. To the best of our knowledge, there are only a few
reports on the activation energy for acetophenone hydrogenation. The estimated value obtained
was discovered to be 19.05 kJ-mol™. This is an indication of a typical catalytically driven chemical

reaction.
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Figure 4.8: (a) Percentage conversion of acetophenone at different temperatures used, (b) The

Arrhenius plot of Inkons against 1/T at various temperatures.

4.3.8 Turnover frequency of Pd@SiO2 Catalyst

The catalyst's turnover frequency (TOF) is one of the crucial tools in estimating or probing the
activity of a catalyst [44]. It is a valuable assessment for catalytic comparison of catalysts of the
same characteristic domain [47]. The TOF can be expressed as the number of converted moles of
acetophenone (substrate) divided by the number of loaded catalysts amounts and reaction time.
Table 4.2 presented the TOF calculated for the conversion of acetophenone at different
temperatures. The result obtained showed a consistent increase in TOF as the temperature
increases. We can say that increase in temperature significantly contributes to and influences the
activity of the Pd@SiO, catalyst. In addition, product formation also improved at higher

temperatures.
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Table 4.2:
Data showing the increasing order of the TOF obtained at different temperatures.
Temperature (°C) TOF (min™?)
30 368.31
60 585.57
80 625.29

4.3.9 Stability and recyclability test

Ultimately, a critical aspect of heterogeneity in catalysis is the ability to recover and reuse catalysts

with an insignificant change in their activities. This attribute confirms their stability in the reaction

media. Pd@SIO> catalyst’s stability was investigated over a period of 3-cycles in the reaction

medium, as displayed in Figure 4.9. The result showed that the catalyst had no significant

deactivation or reduction in activity as the number of cycles increased. The selectivity toward 1-

Phenyl ethanol remained at 100% for the 3-cycles, while the conversion obtained at the third cycle

was 90%. This result represents a good characteristic of PdA@SiO> catalyst stability. Furthermore,

ICP-OES measurements also revealed some negligible Pd (0.05 mg/L) was available within the

reaction medium at the end.

I Conversion (%)
B Sclectivity (%)

Figure 4.9. Recyclability plot of acetophenone conversion to 1-Phenyl ethanol (at 80 °C, 0.22 g

catalyst, 21.60 mmol of acetophenone).
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4.3.10 Hydrogenation with other Ketones

In addition, the hydrogenation reaction was carried out with five other varieties of ketone
substrates which are propiophenone, 3-pentanone, 2-pentanone, cyclohexanone, and fenchone. An
excellent quantitative conversion was achieved for all the substrates, as shown in Table 4.3, from
entries 2 to 6. The NMR analysis obtained for the structural product identification is shown in
Appx. 4.7a, and b, Appx. 4.7a, and b, Appx. 4.11a, and b, Appx. 4.13a, and b, and Appx.
4.15a, and b. Further products confirmation was carried out though GC-MS analysis, and it
revealed the various products generated after the hydrogenation. The results obtained are shown
in Appx. 4.8, Appx. 4.10, Appx. 4.12, Appx. 4.14, and Appx. 4.16.

Table 4.3:
Reduction of other ketone substrates by Pd@SiO-
Entry Substrate Product Time (min) Conversion (%)
1 o OH 120 96.21
2 O 120 94.64
\)J\Q OH
’ /\)OJ\ )Oi/\ - .
4 \)OJ\/ \)Oi/ 120 98.49
6 120 95.97
i ;o i OH

Condition: 21.60 mmol of substrate in HPMC solution; 80 °C.
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4.3.11 Comparative study of Pd@SiO2 with other Pd based Catalyst

A comparison of Pd@SiO> activity for the hydrogenation of acetophenone was made with the
previous reports to quantify the effectiveness of the catalyst. This is summarized in Table 4.4.
From the summary, the conversion and selectivity obtained for using Pd@SiO catalysts are
impressively comparable to the reported values in the table. Also, the time taken for the production
of 1-phenyl ethanol depicted an impressive performance. The parameters obtained for TOF
calculation also expressed the efficiency and capability of Pd@SiO. in the hydrogenation reaction
with regards to other values in the literature. Moreover, the energy of activation obtained in this
report which is lower than those in previous reports presented the needed energy that can
substantially yield the production of 1-phenyl ethanol.
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Table 4.4:

Comparison of Pd@SiO catalysts activity with Pd-based catalysts previous reports towards hydrogenation of ketone.

Catalyst Hydrogen Conversion Selectivity Temp  Time Ea Product TOF Ref.
source (%) (%) (°C)  (min)  (kJ-mol™) (min™?)
PdNPs NaBH4 99.8 100 28.0 6 - Isopropanol - [25]
Pd/SA Pressurized H> 95 55 60.0 60 - Ethylbenzene - [26]
Pd/C Pressurized H> 96.0 96 39.9 180 - 1-Phenylethanol - [47]
Pd/N-VGCF° ATM H> 77 31 70.0 300 - (R)-1-Phenylethanol 116.7  [35]
Pd/N-VGCF® ATM H; 76 33 70.0 300 - (R)-1-Phenylethanol 83.3 [35]
Pd@Ph-POP  Pressurized H> 100 100 60.0 60 38.00 Ethylbenzene 5.42 [36]
Pd@AI203 Pressurized H> 75 3 60.0 60 124.00 Ethylbenzene 3.80 [36]
Pd-RuEnCat  Pressurized H: 97 71 80.0 240 61.90 1-Phenylethanol - [21]
Pd@SiO> NaBH. 99.8 100 80.0 30 19.05 1-Phenylethanol 625.29 TW

Temp = Temperature, Ref = Reference, TW = This work.
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4.4  Conclusion

The PAd@SIO> catalyst was successfully synthesized, and the solvent used was an advantage for the
effective reduction of acetophenone. This is due to silanol groups occupying the catalyst’s surface,
making the adsorption of acetophenone and hydrogen easy and quick. The catalytic reduction of
acetophenone conducted in HPMC solution using BH4™ as a hydrogen source demonstrated to be an
attractive, efficient, effective, and eco-friendly alternative. The investigation revealed HPMC solution
as a promising channel for the sustainable catalytic transformation of acetophenone. Moreover, an
enabling reaction medium was generated though intermolecular interaction from the HPMC at a higher
temperature. Also, the nucleophile generated through the BH4 effectively reacted with the oxygen
present in the carbonyl group before interaction with the protons (H*), which resulted in the formation

of 1-Phenyl ethanol.

The selectivity of 1-phenyl ethanol was maintained at 100%, while the highest conversion obtained was
99.80% at 80°C using 0.33g (0.001712 mol) of catalyst without any unwanted product or by-product.
The TOF values recorded for the PA@SiO; catalyst activity increased with increased temperature having
the highest value of 625.29 min™. Also, the energy of activation was calculated to be 19.05 kJ-mol™.
The activity of the catalyst was still mentained after 3-cycles and only 0.05 mg/L of Pd@SiO: catalyst

were present in the reaction medium, which is a negligible amount.
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The benefits of 3D-printing technology in the manufacturing of laboratory equipment, in particular cat-
alytic applications, have recently been brought to the limelight. In this paper, continuous-flow reaction
devices consisting of syringe pumps and flow reactors were fabricated using a 3D-printing technique which
aims at circumventing the high cost of procuring the convectional reactors for catalytic reactions. Meso-
porous manganese metal oxide (MnMMO) and mesoporous cobalt metal oxide (CoMMO) catalysts were
synthesized and fully characterized. The catalytic activity of the prepared nanocatalysts was evaluated in a
continuous-flow operation using an in-house 3D-printed flow device for the reduction of hexacyanoferrate
ion into a useful intermediate compound industrially. Different reaction parameters such as flow rates,
temperature, and catalyst amount were investigated for the system's optimization. The result showed an
impressive output with an outstanding conversion of 94.1% hexacyanoferrate ion in 6-minute reaction time.
Also, the excellent stability of five-run reusability on hexacyanoferrate ion was performed in a safe, faster,
and well-controlled microenvironment.
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Abstract

The benefits of 3D-printing technology has lately been recognized in the fabrication of laboratory
equipment, especially catalytic equipment. This work aims to design continuous flow reaction
devices composed of syringe pumps and flow reactors using a 3D printing approach to avoid the
high cost of buying convectional reactors for catalytic reactions. We synthesized mesoporous
manganese metal oxide (MnMMO) and mesoporous cobalt metal oxide (CoMMO) catalysts and
fully characterized them. The synthesized nanocatalysts were assessed for their catalytic activity
in a continuous flow operation utilizing an in-house 3D-printed flow apparatus to ultimately reduce
hexacyanoferrate ion to a valuable chemical intermediate (hexacyanoferrate (11) ion [Fe(CN)s]*)
which is useful industrially. Various reaction parameters such as flow rates, temperature, and
catalyst concentration were studied to optimize the reaction system. The result demonstrated an
outstanding output of 94.1% conversion of hexacyanoferrate ion in a six-minute reaction period.
Additionally, the catalyst showed remarkable stability of 5-run reusability on hexacyanoferrate ion

transformation was established in a well-controlled, safe, quick microenvironment.

Keywords: 3D-Printing; Continuous flow reaction; Microfluidic reactor; Mesoporous metal

oxide; Hexacyanoferrate.
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51 Introduction

Significant progress has been made in developing continuous flow catalytic systems for
application in chemical reactions and synthesis over the last two decades. This is because
continuous flow systems adhere to the twelve principles of green chemistry and function more
safely and efficiently than batch processing systems [1]. Compared to batch reactions, catalytic
reactions in continuous flow systems demonstrate an outstanding performance [2]. Additionally,
it is known to have advantages such as improved homogeneity and heat transmission, simplified

scale-up, and the ability to perform multi-step reactions using several reactors in a single flow [2].

Furthermore, flow chemistry's advantages include a high surface area to volume ratio, increase in
qualitative reaction parameters, compact equipment size, and adaptability of module layouts [3].
A microreactor is a functional unit of the continuous flow system typically used for small-scale
reactions involving two or more chemicals that require mixing [4]. Compared to the batch system,
the advantages of this method include a shorter reaction time, optimization, reduced cost,
portability, and minimal reagent usage [4,5]. Thus, continuous flow microfluidic reactors have
overcome the shortcomings of the batch system and enabled a rapid, safe, and convenient method
of carrying out synthesis and catalysis [6,7]. The disadvantages of batch reactions include the lack
of rapid and comprehensive high-thoughput reactions, the inability to repeat experimental
procedures reliably, and the inability to scale up good laboratory experiments, particularly those

involving exothermic reactions [8].

Continuous flow microreactors are used in various scientific fields, including catalysis,
nanoparticle production, polymerization, electrochemistry, and sensing [9]. While the benefits of
flow chemistry are evident across all fields, designing and fabricating flow apparatus remains a
significant issue. Interestingly, the coupling of flow chemistry and 3D printing has emerged as a
novel and rapidly increasing area of research in recent years [10-17]. Not only does this lower
production costs, but it also opens up new avenues for chemical synthesis [10,18]. The introduction
of additive manufacturing (AM), which allows for the unlimited possibility of producing and
assembling components in a single step, is a game-changing method with benefits across multiple
industries [19]. Complex digital computer-generated models designed under AM procedures have

mechanical properties similar to those of recognized manufacturing protocols [19]. Numerous
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publications have been published on the use of microfluidic flow systems in the fabrication of
nanoparticles (NPs) and chemical reactions [3,20-26]. To our full understanding and awareness,
however, such systems have not been employed to catalyze the reduction of potassium
hexacyanoferrate (111) [KzFe(CN)g].

The heterogeneous catalytic reduction of hexacyanoferrate (111) [Fe(CN)6]> by sodium
borohydride has been described as a model electron transfer of an inorganic reaction under batch
conditions [27-30]. However, there are few or no publications on hexacyanoferrate (I11) redox
transition in a microfluidic system. Mesoporous metal oxides (MMOs) are a promising class of
heterogeneous catalysts that have been exploited in biological processes and large-scale chemical
production [31]. This is because MMOs offer unique properties such as large interior surface areas,
a wide range of pore sizes, and designable pore networking that can facilitate incorporating various
active sites and supported catalyst species. Manganese and Co oxides have been shown to be
catalytically effective in redox processes involving metal oxides [32]. Manganese oxide's
exceptional structural variety accounts for its unique applications and functionalities as catalysts
for thermally catalyzed processes and the breakdown of organic contaminants into less harmful

compounds [33].

The production of the hexacyanoferrate (11) ion [Fe(CN)s]* from [Fe(CN)s]* is critical due to its
industrial and medical applications. Hexacyanoferrate (I1) ion has been reported as useful
requirement for human and animal metabolism [34]. (For additional information on the potassium
hexacyanoferrate (Il) ion, see the supplementary material.) We catalyzed the degradation of
[K3Fe(CN)e] to [KasFe(CN)e] using sodium borohydride in a 3D-printed syringe pump under a

continuous flow condition which is faster, safer, and cleaner than the standard batch approach.

5.2  Experimental section

5.2.1 Materials

Chemicals were obtained from a variety of commercial sources and were of analytical grade.
Sigma-Aldrich supplied cobalt(Il) nitrate hexahydrate [Co(NO3)2-6H20] (99%), 1-butanol
(99.8%), F127, manganese(ll) nitrate hexahydrate (99%), and potassium hexacyanoferrate

Ks[Fe(CN)s] (99.0 percent). Fluka supplied sodium borohydride (NaBH4) at a concentration of
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98.0 percent%. Nitric acid (HNO3) (69-70%) was obtained from Rochelle Chemicals (RSA), while
sodium carbonate (Na.CO3) (99. 50%), sodium bicarbonate (NaHCO3) (99. 50%), and sodium
hydroxide (NaOH) (99.9%) were procured from Promack chemicals. All solutions were made
using Milli-Q water at a concentration of 18.2 MQ-cm. A high-quality open-source fused
deposition modeling 3D printer, the Prusa i3 MK3S, was purchased from Josef Prusa's website
https://prusa3d.com. A 1.75 mm diameter 3D printing filament (Wanhao polylactic acid, PLA)

was purchased at www.3dprintingstore.co.za.

5.2.2 Design of the reactor and experimental setup

The CAD design is exported as an STL file, and the resulting 3D-printed flow reactor is fabricated
as depicted in Figure 5.1a. To achieve optical transparency, the reactor was constructed utilizing
translucent polylactic acid (PLA) thermoplastic filament. Figure 5.1a depicts the fixed position
of the catalyst within the flow reactor and the flow stream. The cylindrical U-shaped device
measures 80 mm in length and 37 mm in width. It has a 4 mm internal diameter and a 9 mm
exterior diameter. The reactor has a total volume of 1.7 mL. Additional parameters for 3D- printing
are presented in the supplementary table (S. Table 5.1). To improve compact layer building, the
edge effect was examined using an infill density of 80% and a flow rate of 95%, in addition to the
other details in S. Table 5.1. The reaction apparatus was altered to fit inside a 100 mL beaker, as
illustrated in Figure 5.1a. This enables the flow device to be handled and manipulated more
efficiently thoughout the catalytic process. The post-processing of 3D-printed items includes the

removal of supports and smoothing.
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Figure 5.1: (a) Three-dimensional printing of a transparent U-shaped reactor using a

thermoplastic polylactic acid filament.

5.2.3 Mesoporous manganese metal oxide fabrication (MNnMMO)

Mesoporous manganese metal oxide was synthesized using a modified approach from the literature
[31]. Typically, 15 mL of ethanol was used to dissolve the F127 (1.6 g) surfactant, and 2.5101 g
of manganese (I1) nitrate tetrahydrate (10 mmol) was added to the formulation. This was then
agitated to ensure complete dissolution of the solids. Ethylene glycol (15 mL) was then added, and
the mixture was stirred for another 2 h. Finally, after an overnight aging period at 80 °C, the
catalyst was dried for 6 h at 150 °C and calcined for 4 h at 400 °C using a 2 °Cmin’* ramping

temperature.

5.2.4 Mesoporous cobalt metal oxide fabrication (CoMMO)

Cobalt mesoporous metal oxide fabrication was synthesized following a recent publication [31].
To dissolve 1.6 g of F127 surfactant, 15 mL of ethanol was added. After this, cobalt (11) nitrate
hexahydrate was added to the mixture (2.9103 g, 10 mmol). The mixture was then stirred until the
solids were completely dissolved. While the mixture was still mixing, 15 mL of ethylene glycol
was added and stirred for an additional about 2 h to ensure thorough mixing. It was kept overnight
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at 80 °C before being dried for 6 h at 150 °C. Following that, it was calcined for 4 h at a 2 °Cmin
! ramp rate at a temperature of 400 °C.

5.2.5 Characterization of catalysts

Nitrogen sorption with Brunauer-Emmett-Teller (BET) was used to measure the surface area,
while the Barret-Joyner-Halenda (BJH) desorption isotherm was used to determine the distribution
of pore size and volume after degassing the sample to an unvarying weight. Powder X-ray
diffraction (p-XRD) patterns were obtained at room temperature using a Philips XPERT-PRO
diffractometer system. It uses operating radiation of Cu Kal, Ko2, and Ni KB (A —1. 4406, 1.
44443, and 1.39225, respectively) at a wide-angle of 26 range of 10°-90° angle of diffraction
patterns with 0.170° step. Before performing the High-Resolution Transmission Electron
Microscopy (H-TEM), images were captured using a JEOL JEM-2100F electron microscope
equipped with a 200 kV accelerating voltage. A small amount of the catalyst was dispersed in
methanol, and a few drops were deposited on the carbon-coated grid. Hydrogen temperature-
programmed reduction was performed using a Micromeritics Autochem 11 2920 to determine the
catalyst's reducibility by probing with 10% H./Ar at a flow rate of 50 mL min? thoughout a
temperature range of 25 - 800 °C with a 10 °Cmin ramp rate. This was done after the catalyst
surface was purified with argon flow for 1 h at a temperature of 200 °C. To determine the material's
thermal stability, it was heated to a temperature range of 25 - 1000 °C at a rate of 10 °Cmin using
a Perkin-Elmer STA 6000 TGA with a nitrogen flow rate of 100 mLmin™.

5.2.6 Fabrication of microfluidic systems

Microfluidic flow system design

A U-shaped reactor and syringe pump are what made the continuous flow system. Rossi et al. [35]
classified the design and production of flow devices into four stages, as illustrated in Scheme 5.1.
The computer-aided designs (CAD) from Scheme 5.1, stage |, were made using the Autodesk
Tinkercad software tool [36]. The slicing procedure manages the printer's movement, printing
process, and print quality by transforming the CAD file (stereolithographic file exported from
stage 1) to a computer numerical control program (g-code), a printer programming language. Stage
Il involves transferring the created g-code file to the printer though an SD (secure digital) card for

printing (stage Il1). The last stage involves fabricating the thee-dimensional object (the actual
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object) and preparing it for use (stage 1V). It is worth noting that the 3D-printed reactor is not only
smaller, cheaper, and more efficient than conventional batch reactors, but it is also more versatile
and can be built in the lab without the need for additional equipment. Additionally, the smaller

size of the printed reactor optimizes heat transfer, mixing efficiency, and reagent consumption.

3D-Printing
(Real object is created)

Scheme 5.1: The schematic depiction of the technique for 3D printing as described by Rossi et al.
[35].

Flow reactor design
As seen in Scheme 5.1 (1V), the reactor is a U-shaped cylindrical device with a single input/output
channel though which the catalyst can be immobilized along the flow route. The reactor's entry
and exit junctions are integrated with a screw to connect to conventional HPLC fittings. Compared
to the straight channel reactor design used in our earlier work [37], the U-shaped convoluted design
used in this study supports increased mixing and performs well compared to conventional batch
reactors. In terms of fabrication, the U-shaped reactor has a significant advantage, particularly in
the laboratory. Additionally, in terms of material quality, the polylactic acid thermoplastic material
utilized to fabricate the reactor is inexpensive, biodegradable, and stable for all thermal conditions
used for the reaction. It is worth noting that the 3D printing procedure imprinted the synthesized
CoMMO catalyst into the flow reactor. The detailed procedure's descriptionisin the

supplementary information 5.1 (Appx. 5.1).
Before the catalytic reaction, the fidelity of the catalyst imprinted flow reactor was determined
using a comprehensive characterization process termed fidelity testing. The fidelity tests aid in

determining the flow reactor's and other microfluidic connections' maximum working conditions
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before mechanical failure (leaking, clogging, or deformation) is noticed. The test was conducted
according to the procedure previously reported by Alimi et al [8]. To summarize, the syringe
pump was attached to the flow reactor, and distilled water was pumped at a variable flow rate.
Visual inspection was used to detect leakage and determine the position of the imprinted catalyst
within the reactor. The syringe pump system was used to capture flow data, and the fidelity test
was used to find the optimal flow rate.

Syringe pump design

The syringe pump employed in this reaction is constructed according to the description of Alimi
et al. [38], as seen in the figure supplementary (Appx. VV.2.). The syringe pump, which is 150 mm
wide, 47 mm deep, and 52 mm tall, is composed of two unique designs and files: (a) the stationary
body; and (b) the moveable syringe carrier, also known as the plunger. The plunger is adjustable
for usage with a wide variety of commercially available 1-20 mL syringes. The movable syringe
carrier can slide 50 mm in both directions along the half length of a typical syringe. The 1.8-degree
Nema 17 stepper motor was chosen for this syringe pump based on its withholding torque, as
specified in the catalog [39], with a withholding torque of 5.5 kgcm™ to minimize backpressure.
M3 screws and nuts were utilized to fasten the stepper motor to the 3D-printed component, and a
screw was also used to connect the theaded rod to the stepper motor.

5.2.7 Hexacyanoferrate ion catalytic redox transformation in a 3D-printed U-shaped flow
reactor

The reaction was conducted with the aid of a continuous flow device composed of a syringe pump
fitted with a 3 mL syringe. This was coupled with an electric controller box, a catalyst bed reactor,
and a Teflon tube for reactant and product inlet and outflow, respectively. Hexacyanoferrate
[Fe(CN)s]* has a maximum absorption wavelength of A 420 nm when a carbonate buffer solution
containing NaHCO3 and Na.COs is added (0.025 M). With the aid of a 3 mL syringe, the reaction
was performed using a 0.08 mM aqueous solution of Ks[Fe(CN)e] prepared from a 10 mM stock
solution. The 3 mL syringe was used to siphon a freshly prepared NaBH4 (1 mM) from the stock
solution (0.1 M) in 0.1 M NaOH and carbonate buffer. These were prepared to a maximum volume
of 3 mL using deionized water. After inserting the syringe into the pump's plunger, the reactant

was made to flow across the catalyst bed. This procedure was repeated for various flow rates (FR)
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ranging from 6.0 mLmin to 0.5 mLmin? with catalyst doses ranging from 1 mg to 3 mg. This
was done to determine the optimal catalyst dosage and residence time required to complete the
reaction. The changes in flow rates as a function of temperature change from 25 to 55 °C were
also determined. The colorless solution recovered from the Teflon tube outlet was examined by a
microplate reader functionalized with UV-vis spectroscopy at A 420 nm, indicating
hexacyanoferrate ion reduction from Ks[Fe(CN)e] to Ka[Fe(CN)e] [27]. This was likewise done
and documented for various flow rates and temperatures. Eqn. (1) was used to obtain the various

conversion profile.

A
Conversion (%) = (1-A—t) x 100 (5.1)
0

Ao and A: denote the initial and final absorbance values of hexacyanoferrate at 420 nm,

respectively.

5.3  Result and discussion

5.3.1 Characterization techniques

The nitrogen adsorption-desorption features of the synthesized mesoporous metal oxides were
explained using the IUPAC categorization system [40]. Figure 5.2a. illustrates the pore volume
and porosity of MNMMO and CoMMO having a type IV adsorption isotherm with a typical H3
hysteresis loop between 0.6 - 1 P/P0O. This is a peculiar trait of a mesoporous structure that is
organized [41]. MNnMMO has a surface area of 28.46 m?g™, while CoOMMO has a surface area of
28.25 m?gl, as determined by the Roquoerel plot. Manganese mesoporous metal oxides and
CoMMO pore volumes were determined as illustrated in Figure 5.2b were computed to be 0.120

cm?g* and 0.148 cm3gL, respectively, using the Barrett-Joyner-Halenda (BJH) formula.
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Figure 5.2: (a) Measurement of N. adsorption-desorption for MNMMO and CoMMO. (b) Pore
volume pattern for MNMMO and CoMMO.

The H2-TPR profiles of MNMMO and CoMMO are depicted in Figure 5.3a, and they revealed
the temperature-dependent reducibility peaks associated with the materials. Two peaks at 438 °C
and 240 °C were observed for the MnMMO catalyst, and these peaks are consistent with literature
reports [42,43]. The lower temperature peak is attributable to Mn?* reduction, whereas the second
temperature peak is related to complete MnO reduction. Likewise, COMMO demonstrated a single
broad peak of intensity at 375 °C. This peak is also observed in the previous results [42,44],

indicating that Co?* is reduced from Co®".

The p-XRD analysis revealed both the crystallinity and mesoporosity of MNMMO and CoMMO.
Figure 5.3b. illustrates the measurement of the materials' wide-angle patterns (26 = 10°-80°). A
complicated diffractogram was observed for manganese mesoporous metal oxide. The strong
peaks at 32° and 36° align to the crystal structure of Mn3QO4 as described in JCPDS 80-0382. The
presence of MnO, and Mn2Os were indicated by additional diffraction peaks [43]. The distinctive
peaks of COMMO have been proven to be similar to those of Co304 (JCPDS 74-1657) in a cubical
phase [43].
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Figure 5.3: (a) H2-TPR profiles of MNnMMO and CoMMO (b) p-XRD analysis graphs of

MnMMO and CoMMO.

The TEM micrographs displaying the crystallinity of structured nanoparticles are shown in Figure
5.4a and 5.4b. The images were obtained at two different magnifications, 100 nm and 50 nm.
The materials' varied crystallite forms were disclosed at a higher resolution, while the meso-order
frameworks were shown at a lesser magnification. These are comparable to those previously
reported [45,46]. The mesoporosity was supported by the earlier description of N2 adsorption-

desorption measurement.

The thermogravimetric analyses and CoMMO (TG/TGA) are shown in Figure 5. 4a and 5. 4b,
respectively. Weight loss was seen in the disintegration of MNMMO from ambient temperature to
729 °C, and the TGA also demonstrated a multi-step decomposition. This is due to the changes in
the oxidation state of Mn ions when the metal oxide decomposes. At 730 °C, the entire breakdown
stage was attained. The thermal investigation of COMMO confirmed that the formative phase of
CoO commenced around 820 °C, with the majority of the combustion occurring between 710 and

819 °C were as a result of oxygen loss from C030a.
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Figure 5.4: Transmission Electron Micrograph of (a) MNnMMO and (b) CoMMO.
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Figure 5.5: Thermal analysis of (a) MNMMO and (b) CoMMO.

5.3.2 Catalytic transformation in the microfluidic reactor

Over the years, the catalytic reduction of potassium hexacyanoferrate (I11) as a model reaction
under batch protocol has attracted considerable interest [28,47— 50]. To our knowledge, however,
the redox transformation of [Fe(CN)s]* in a microfluidic flow reactor has not been documented.
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These aqueous [Fe(CN)g]* transformations were carried out in a microfluidic reactor with a variety
of operating conditions to achieve the highest possible conversion from [Fe(CN)s]* to [Fe(CN)s]*.
This is because enhanced and faster catalytic reaction times are one of the microreactor advantages
[51].

The effect of flow rate

Flow rate is a critical and highly strategic component in continuous flow operating efficiency [52].
Reducing the flow rate increases the residence time (RT) and vice versa. The residence time is the
amount of time the reactant spends in contact and effectively interacts with the catalyst before
exiting the microreactor. It is proportionate to the amount of reactant converted and the amount of
product formed. Consideration of reaction time is frequently not a critical parameter in continuous
flow operating procedures, as it is with typical vessel-based operations. Therefore, RT is taken into

account [53]. This is represented in the Eqgn. (5.1) supplementary [38].

Interestingly, the conversion rate increases as the substrate flow rate into the flow reactor are
reduced. This is because decreasing the flow rate increases the residence period of the ferrocyanide
ion within the reactor, resulting in improved interaction between the ferrocyanide ion and the
catalyst. The reactant's transition was delayed, resulting in an extended contact period between the
reactants and the catalyst. Increased reactant conversion has been proposed due to the reduced FR,
which allows for a longer contact time between the catalyst and the reagents [54]. Figure 5.6a
substantiates this conclusion. The reduction spectrum revealed a considerable decrease in
ferrocyanide reduction at a very high flow rate of 6.0 mLmin* and a short residence time with an
isosbestic point, indicating the synthesis of hexacyanoferrate (I1). These actions resulted in the
conversion of [Fe(CN)s]* and a progressive decrease in the flow rate, as shown in Table 5.1.
Other flow rate absorption dependent spectra produced at 25, 35, 45, and 55 °C are shown in Appx.
5.3, Appx. 5.4, Appx. 5. 4, and Appx. 5.6, respectively, demonstrating the gradual decrease in
absorbance of [Fe(CN)s]*> ions at A 420 nm.
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Table 5.1:

Flow rate (mL-min™) Conversion (%)
6.0 57.4
3.0 60.0
15 62. 4
1.3 60.0
1.0 73.7
0.5 88.0

Effect of catalyst dose on hexacyanoferrate

The catalyst amount is critical in reaction optimization since reactant conversion and formation of
the product are dependent not only on RT, FR, and temperature but also on the catalyst amount.
The effect of catalyst dosage was investigated by increasing the catalyst concentration from 1, 2,
to 3 mg at room temperature while maintaining the FR at 6.0, 3.0, 1.5, 1.3, 1.0, and 0. 5 mLmin™.
At 45 °C, Figure 5.6¢ demonstrated that increasing the catalyst dosage significantly reduced
[Fe(CN)6]* with a rising conversion trend from 78.6, 81.8, to the highest conversion of 88.0%.
Additionally, the efficiency of the catalysts was demonstrated by performing the reaction in the
absence of catalysts and establishing that the reaction did not occur [34]. This indicates that the
reaction is catalytic-dependent. It is critical to highlight that, despite the low catalyst dosages
utilized in this reaction, the activity was outstanding, and the conversions obtained were
quantitative. This efficiency, however, can be increased by increasing either the catalyst

concentration or the residence time.

Additionally, we compared the catalytic activity of MNMMO and CoMMO printed inside the
reactors. As illustrated in Figure 5.6b, MNMMO has a superior and more reducibility effect on
the [Fe(CN)s]* compared to COMMO. The enhanced catalytic performance could be attributed to
a greater oxygen vacancy density in MnMMO [32]. It has been shown that the chemical
environment has a significant effect on the catalytic features and efficiency of metal oxide catalysts

[32,42]. As a result, the MNMMO was chosen for subsequent reactions.
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Figure 5.6: (a) Shows flow rate absorption spectrum as a function of ferrocyanide reduction. (b)

Comparison of MNMMO and CoMMO conversion (percentage) (c) percentage conversion of

ferrocyanide at various catalyst concentrations.

Temperature effects at different flow rates

To evaluate the effect of temperature on reaction performance, the reactants were thermostated for

4 min in a water bath to obtain the temperature required. The effect of FR at various temperatures,

including 35, 45, and 55 °C, was investigated in the microreactor. This was accomplished by
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maintaining a constant catalyst concentration (3 mg) and all other reactant parameters constant
while maintaining the same FR ranges at various temperatures. The data acquired results are given
in Table 5.2.

Table 5.2:

Temperature (°C) Conversion (%)
at 0.5(mL-min™) at 6.0 (mL-mint)
25 69.2 447
35 78.9 49.4
45 88.0 57.4
95 96.1 64.0

At the lowest FR of 0.5 mLmin, the percentage conversion increased noticeably from 69.2 to
96.1% as the temperature increased. Similarly, as the temperature increased from 25 to 55 °C, the
same pattern of increasing conversion was found at the optimum flow rate of 6 mLmin™. Figure
5.7a illustrates these. These increases can be attributable to the enhancement of [Fe(CN)e]*
molecular diffusion at elevated temperatures [54]. Increased reaction temperatures resulted in

increased activity, resulting in increased conversion and productivity [55].

The apparent rate constant was determined using a non-linear plot of the experimental data [56],
which was created wusing TgK Scientific Limited's Kkinetic studio 2010 software

(www.tgkscientific.com). This was accomplished by Eqn (5.2).

in(g) = m(G) = e (52)

Where C; and Co denote the concentrations of [Fe(CN)g]® at t (min) and 0 (min), respectively. A
and Ao denotes the absorbance of the product (A:) and the reactants (Atand Ao, respectively (Ao).

Ln is the natural logarithm expression, whereas k or kapp is the apparent rate constant.
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As shown in Figure 5.7b, the apparent rate constants derived from kinetic fitting were 0. 48 +
0.0094, 0.69 + 0.0104, 0.78 + 0.0082, and 0.84 + 0.0103 min? at 25, 35, 45, and 55 °C,
respectively. It was found that when the temperature rises, the rate constant increases. This
demonstrated that as the reaction temperature was increased, the rate of ferrocyanide reduction

increased as well. The obtained rate constants are equivalent to those reported previously [30].

Activation parameters determination
Using the Arrhenius equation, Eqn (5.3), the activation parameters for the flow reaction were

determined by varying temperatures [57].

E
_ a 5.3
Ink = lnA RT (5.3)

Where A denotes the Arrhenius constant and Ea represents the activation energy determined by
plotting Ink against 1/T. Moreover, R signifies the ideal gas constant, while T indicates the
temperature (Kelvin).

The Arrhenius equation illustrates the relationship between activation energy and Kinetic rate
constant. Ea is a critical parameter in reaction kinetics because it relates the temperature
dependence of the apparent rate constant to the apparent rate constant [58], as illustrated in Figure
5.7c. The reported E, (5.17 kimol™) was calculated and found to be significantly less than the
values in earlier investigations [29,47]. The reaction's low activation energy indicates that only a
little amount of energy is required to activate the reduction process [59]. As a result, the
[Fe(CN)g]* transition state requires minimal energy.
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Figure 5.7: (a) Percentage conversion of ferrocyanide at various temperatures, (b) plot

demonstrating the rate constant's temperature dependence, and (c) thermodynamic plot of Lnk

versus 1/T at various temperatures.

5.3.3 Catalyst turnover frequency
The calculation of the turnover frequency (TOF) is a critical measurement in determining catalytic
performance [59]. TOF is defined as the molecular weight of the substrate [Fe(CN)s]* transformed

to product divided by the molecular weight of the metal oxide (MnMMO) per minute of reaction.
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The TOF computed for the conversion of [Fe(CN)g]> at various temperatures is presented in
Table.5 3.

Table 5.3:
Data showing the increasing order of the TOF obtained at different temperatures.
Temperature (°C) TOF (min™?)
25 4.56
35 5.20
45 5.80
55 6.33

The increase in the TOF number as the temperature is raised revealed thatthe catalytic
performance is being enhanced by heat. In addition, the finding indicates that MNMMO has a high

catalytic activity for the transformation of [Fe(CN)e]*".

5.3.4 Stability and recyclability of catalysts

The recoverability and recyclability of catalysts are critical economic factors that are unique to
heterogeneity in catalysis. Because heterogeneous catalysts may be recovered and reused, they
have an advantage over homogeneous catalysts. However, in flow reactors, catalyst recoverability
IS not an issue because the catalysts are already separated by being embedded inside the catalytic
beds. The effect of recycling MNnMMO on [Fe(CN)s]* reduction was studied five times in
succession, and the measured rate constant (kobs) for each catalytic run was determined. The result
acquired is depicted in Figure 5.8. As the number of cycles increased, the plot of relative
absorbance against residence time in Figure 5.8a revealed a gradual drop in catalytic activity.
This is also demonstrated in the histogram chart of the kobs Vs the catalytic run (Figure 5.8b),
which was generated from each linear fit for all five cycles. The significant drop seen is attributed
to catalytic system deactivation. The linear fits of each cycle are depicted in Appx. 5.7 using Egn
(5.4).

(AO - At)

—Ln[1— ] = kops X t (5.4)
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Where Ao denotes the initial absorbance and A: denotes the absorbance at the time of residence t

(min).

For the first, second, third, fourth, and fifth runs, the kons are 0.23 + 0.0326, 0.22 + 0.0339, 0.21 +
0.0293, 0.19 + 0.0293, and 0.17+ 0.0294 min™, respectively. The rate constant demonstrated that
the catalyst activity was maintained during the recycling period following the original run.

However, as the number of cycles increases, the catalyst activity decreases; a minimum
quantitative conversion of 64.5% was observed in the fifth run (Appx. 5.8). This is a typical
demonstration of the stability of a catalyst. Further, a maximum conversion rate of 72.1% was
attained in the initial run. This value was more significant than the value realized during the
original room temperature catalytic run. The increase in conversion may be attributed to the
elimination of moisture trapped within the pores of the catalyst after putting it in the vacuum oven
following the reactor's initial experimental run. Initially, the catalyst reactor was used as it was
obtained from the 3D-printing machine. We assumed that moisture had been trapped within the

catalyst pore due to the printer's fan when the reactor was being printed.
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Figure 5.8: (a) The plot of relative absorbance against residence time (b) Catalyst recycling bar
graph.
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5.3.4 Comparative analysis

A comparative analysis with earlier findings confirmed MnMMO's excellent catalytic
performance. This is indicated in Table 5.4 by the rate constant, E,, and the percentage conversion.
The rate constant, which is more significant than those reported in most previous studies, indicated
a well-favored catalytic reduction. The low activation energy obtained indicates that [Fe(CN)e]*
can be obtained at a lower energy level. Moreover, this small E. value accounted for the high rate
constant observed, indicating that MNMMO had a significant role in accelerating the degradation
of [Fe(CN)s]*. The percentage conversion reported after a few min of reaction time is impressively
comparable to other conversions. Moreover, the TOF values computed depicted the catalyst

system's activity as active material in comparison to other values.
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Table 5.4:

Catalyst Conversion Condition Time Ea(kJ-mol?) Rate constant (mint) TOF(min™) Ref.
(%) (min)

Ni(PsMOgOs1)2 29.11 Batch 180 84.11 6.35x10°7 4.15x10°° [61]
Cd(PsMOg031)2 41.93 Batch 150 25.35 13.16x107 5.87x10°° [61]
AUNPs - Batch 1 15.60 + 1.1 1.537x10°3 - [47]
PEGDMA@AUNPs - Batch 20 - 8.370%x107? 0.03x10? [30]
AuNPs - Batch 18 30.98+1.34 2.4%10" 7.2x10 [29]
NiWO4NPs - Batch 240 - 6.4x10° 9.4x10™ [62]
Pt NNs - Batch 60 26.0 9.1x10°%+0.7 1.0x1072 [63]
Pt NBs - Batch 60 6.40 1.690x101 + 0.6 1.0x1072 [63]
Mn-phosphomlybdate 60.70 Batch 150 - 1.5%103 7.5%103 [64]
Au@citrate - Batch 120 - 5.34%107? - [48]
MnMMO 94.1 Flow 6 5.17 5.800x10* 0.046x102 T™W

TW = This work.
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54  Conclusion
The 3D-printed microreactors used in this continuous flow catalytic reaction were designed to

accommodate a wide range of temperatures without compromising the reaction, enabling a
faster, more environmentally friendly, less expensive, and more energy-efficient reduction
hexacyanoferrate (I11) to hexacyanoferrate (11). The printed reactor can be compared well with
commercially available batch reactors. In terms of manufacture, the U-shaped reactor has a
significant advantage, particularly in the laboratory. Additionally, in terms of material quality,
the polylactic acid thermoplastic material used to fabricate the reactor is inexpensive,
biodegradable, and stable at most reaction temperatures. The percentage conversion of Fe''' to
Fe'' (94.1% ) was achieved in six minutes at 55 °C, and the activation energy was computed to
be 5.17 kdmol™. With over five reaction runs, the stability of Mn mesoporous metal oxide
demonstrated a remarkable and effective catalytic activity. Also, the catalyst showed great

turnover frequency, with a minimum of 55 min* value recorded.
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Chapter 6

Conclusions and recommendations
6.1 Conclusions

6.1.1 Catalytic activities

The synthesis of Au, Pd, and bimetallic AuPd-PVP NPs was performed by adapting a polyol
synthesis method, and the NPs formation was confirmed with a UV-vis spectroscopy
technique. Kinetic investigation of orange Il acid reduction in the presence of NaBH4 was then
carried out to access the catalytic activity of the catalysts. The reduction absorbance was
monitored in a microplate reader at A 480 (25, 35, and 45, °C), and the data acquired was

modeled after the Langmuir-Hinshelwood mechanism.

All the thee catalysts investigated followed the Langmuir-Hinshelwood model, and the reaction
occurred spontaneously upon the catalyst’s surfaces. The reduction processes possessed an
endothermic reaction type, and AuPd-PVP NPs exhibited the highest catalytic performance
compared to the other catalysts. Although, the catalysts were effective, but recyclabilty of the
catalysts from the reaction medium was a major limitation. Therefore, generation 4 amine-
terminated PAMAM dendrimers were used as templates in the initial synthesis of silica
framework mesoporous support for CUDENS to form Cun@SiO. NPs. After that, a galvanic
displacement methodology with Au®* was carried out on Cu,@SiO> to generate Aun@SiO2

NPs upon an in-situ exchange to form an heterogeneous catalyst.

The activities of the catalysts were tested by the initial reduction of 4-nitrophenol, where
Aun@SiO2 NPs appeared as the highest performing catalyst. Thereafter, with Au,@SiO2 NPs,
oxidation of Rh B and styrene was investigated in the presence of H>O, and TBHP,
respectively. The catalyst demonstrated to be effective, and its stability was confirmed by
quantitative product yield obtained after thee consecutive runs following the initial
investigation. As confirmed by the ICP-OES analysis, the leaching test revealed there was little

or no leaching of the metal into the reaction medium (0.03 mg/L).
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Moreover, a sol-gel method was adapted to synthesize silica support of Pd@SiO», while Pd
metal was immobilized onto the silica support by a wet impregnation method. The catalyst’s
activity was investigated in chemoselective hydrogenation of acetophenone using HPMC
solution, while NaBH4 was used as a hydrogen source. The catalyst displayed an effective and
efficient activity that generated a percentage conversion of 99.334% with an optimum 100%

selectivity towards 1-phenyl ethanol with no unwanted product.

Conclusively, because continuous flow procedure is an easier, safer, and faster method for
catalytic transformation, catalytic application of MNMMO and CoMMO was carried out using
a continuous flow protocol and the combined possibilities of 3D-printing techniques. A U-
shaped, easy-to-handle flow device was printed with the catalysts inside. With the aid of a 3D-
printed syringe pump, the degradation process of hexacyanoferrate was investigated with
respect to parameters such as effect of flow rate, catalyst dose, and effect of temperature. The
color change that accompanied the degradation process at each variation was consistently

monitored in a microplate reader at 420 nm.

Manganese mesoporous metal oxides showed the highest percentage conversion of 94.1% in
just 6 min, and the activation energy was computed to be 5.17 kJ-mol™. The recyclability study

of MNnMMO proved the stability of the catalyst after five catalytic cycles.

6.2 Recommendations

The kinetics of the catalytic degradation in chapter 2 could be investigated in respect of
diffusion rate to differentiate which catalyst is diffusion-limited. The synthetic procedure of
galvanic displacement in chapter 3 can also be exploited more by using less expensive metals
such as nickel or iron. Moreover, the eco-friendly hydrogenation of acetophenone over
Pd@SiO> catalyst in chapter 4 could also be employed in a continuous flow procedure for
optimization. Biodegradable and ecofriendly HPMC could be employed in the synthesis of

other biocompatible catalysts for industrial application.

Finally, CoOMMO in chapter 5 can be optimized by increasing the catalyst amount to enhance

the percentage conversion of hexacyanoferrate. Also, the 3D-printing application could be used
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as a tool for fabricating other reaction wares for chemical synthesis and reaction to save cost,

promote safety, and enhance productivity.
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Appx. 2.1: UV-vis Spectrum of (a) Pd-PVP NPs, (b) Au-PVP NPs, and (c) PdAu-PVP
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(in ¢, and d) constant using Langmuir-Hinshelwood approach for Au-PVP catalyzed reaction.
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Appx.3.1: EDX analysis acquired for Au,@SiOx.
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Appx. 3.2: A linear pseudo-first order data fit revealing obtained RhB oxidation of using
Aun@SiOs.
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Appx. 3.3: The graph obtained for the oxidant (TBHP) effect styrene.
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Appx. 4.1: Image of SEM obtained for Pd@SiO>

(Substrate, — Substrate;) X 100
Substrate,

Conversion (%) = (4.51)

moles of product

Selectivity (%) = ( ) X 100 (4.52)

moles of substrate,

Substrateo represents the initial mole of the substrate, and substratet is the present mole of the

substrate at the time t.
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Appx. 4.2b: NMR Spectra of the produced 1-Phenyl ethanol using Pd@SiOx.
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Appx. 4.2d: NMR Spectra of the produced 1-Phenyl ethanol using Pd@SiOx.

164|Page



Supplementary information Appendix

) bk

1 ) T

" i

%1 0% we Wl w W] YW
R R N L

Appx. 4.3: Product chomatogram of the GC-MS analysis obtained for the hydrogenation of

acetophenone at 80 °C after 30 min.
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Appx. 4.4: Different plots revealing the variations at 60 °C of (a) catalyst amount variation, (b)

substrate variation, (c) Borohydride variation obtained.
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Appx. 4. 4: Different plots revealing the variations at 30 °C of (a) catalyst amount variation,

(b) substrate variation, (c) Borohydride variation obtained.
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Supplementary Table (ST) 4.1:
Data obtained for the conversion of acetophenone at different temperatures using the same
amount of catalyst and the substrate.

Temperature (°C) Conversion (%)
at 30 (min) at 60 (min) at 120 (min)
30 33.99 34.21 38.93
60 51.15 60.63 92.67
80 99.09 99.25 99.33

Condition: 21.60 mmol of the substrate, 1.0 g of redox agent, 0.22 g of Pd@SiO2, 6 mL of

solvent.
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Appx. 4.6: Plot showing the dependence of the rate constant on the temperature.
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Appx. 7a. *H NMR Spectrum of the generated benzene methanol using Pd@SiO-.
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Appx. 7b.*C NMR Spectrum of the generated benzene methanol using Pd@SiO:x.
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Appx. 8. Product chomatogram of the GC-MS analysis obtained for the hydrogenation of
propiophenone at 80 °C.
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Appx. 9a. *H NMR Spectrum of the generated 2-Pentanol using Pd@SiOx.

f32 RE I3n TAERDUEZERR
RS R — Feaimo oo
EeE bia TIT ponin e ———
Y R e
12
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Appx. 9b. *C NMR Spectrum of the 2-Pentanol using Pd@SiOs-.
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Appx. 10. Product chomatogram of the GC-MS analysis obtained for the hydrogenation of 2-

Pentanone at 80 °C.
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I'H NMR (500 MHz, CDCls) 5 1.57 — 1.48 (m, 2H),
1.47 — 1.37 (m, 2H), 0.94 (t, J = 7.5 Hz, 6H).
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Appx. 11a. *H NMR Spectrum of the generated 3-Pentanol using Pd@SiOx.

172 |Page



Supplementary information Appendix
13C NMR (500 MHz, CDCl) & 74.59, 29.57, 9.79.
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Appx. 11b. ¥C NMR Spectrum of the 3-Pentanol using Pd@SiO-.
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Appx. 12. Product chomatogram of the GC-MS analysis obtained for the hydrogenation of 3-

Pentanone at 80 °C.
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IH NMR (500 MHz, CDCL) 5 1.83 (s, 4H), 1.68 (s,
4H), 1.49 (s, 2H).
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1 (ppm)

Appx. 13a. *H NMR Spectrum of the generated cyclohexanol using Pd@SiO..
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Bc NMR (400 M Hz, CDCl3) 6 70.20, 35.44, 25.42,
24.08.
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Appx. 13b.*C NMR Spectrum of the generated cyclohexanol using Pd@SiOx.
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Appx. 14. Product chomatogram of the GC-MS analysis obtained for the hydrogenation of 3-

cyclohexanone at 80 °C.
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'H NMR (500 MHz, CDCl:) 5 2.12 (s, 1H), 1.77 (d, J = 10.3
Hz, 2H), 1.74 — 1.59 (m, 2H), 1.55 — 1.49 (m, 2H), 1.12 (s, 3H),
1.01 (s, 6H), 0.97 (s, 1H).
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Appx. 15a. *H NMR Spectrum of the generated fenchol using Pd@SiO..
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_-2166
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13C NMR (500 MHz, CDCls) & 54.10, 47.35, 45.35,
41.65, 31.84, 24.93, 23.33, 21.66, 14.58.
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Appx. 15b. 3C NMR Spectrum of the generated fenchol using Pd@SiO..
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Appx. 16. Product chomatogram of the GC-MS analysis obtained for the hydrogenation of 3-
Fenchone at 80 °C.
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Chapter 5

5.S1 Potassium hexacyanoferrate (111)

Potassium hexacyanoferrate (I11) is one of the most pervasive toxic contaminants in the air,
water, and soil [1]. It has been established that it is mutagenic and carcinogenic and that it is
acutely harmful when accumulated in people, aquatic species, and other living organisms
across numerous food chains [2]. Even when found in trace concentrations, it influences the
ecosystem, resulting in environmental morbidity [1]. This is consistent with the fact that most
cyanide complexes are highly harmful to the environment and severely toxic to humans and
aquatic life [3].

Numerous catalytic methods have been developed to treat [KzFe(CN)e] pollution in the
environment. These include Carregal Romero's group's [4,5] use of gold nanoparticles (AuNPS)
for the reduction of [KsFe(CN)e] in an aqueous phase. Their findings were encouraging.
However, the catalyst exhibited low stability, and they encountered difficulties extracting it
from the reaction media. Additionally, Chen, Chen, Wang, Wang, Wu, Zhou, and Ge 2016
created sub-micron poly(ethyleneglycol dimethacrylate) microspheres supported by nano-Au
(PEGDMA@AUNPs) for catalyzing the reduction of [KsFe(CN)e] in an aqueous solution using
NaBHjs [6]. Although the catalysts demonstrated intense activity and a low-rate constant, their
stability was not noted. Similarly, in Gong, Liu, and Han 2015, the authors employed Mn-
Phosphomolybdate to reduce [KzFe(CN)e] in aqueous conditions, and while conversion greater
than 50% was obtained, the conversion time was quite long [7]. Additionally, Wang, Han,
Wang, Zhao, and Yu 2016 reduced aqueous [KsFe(CN)s] with Ni(P4MOsOs1)2, applying
sodium thiosulphate (Na2S202) as the reductant, and found low conversions over a longer
reaction duration [8]. Sahid, Lampre, Dragoe, Beaunier, Palpant, and Remita 2019 produced
spherical Au-NPs@citrate with a diameter of 15 nm and catalyzed the reduction of
[K3Fe(CN)e] in the presence of Na»>S20> [9]. Regardless of how active the catalyst was, the
reaction took well over 30 minutes. Therefore, it is critical to demonstrate an enhanced catalytic

reduction reaction employing a solid and effective catalytic system.
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Supplementary Table 5.1:

Print parameters PLA filament
Brim Yes
Print speed 100 %
Filament flow 95 %
Nozzle temp 198 °C
Bed temperature 55°C
Layer height 0.2 mm
Bed surface Covered with PEI
Support structures Yes
Infill 80 %

Appx. 5.1: The loading of the catalyst into the catalyst bed is demonstrated experimentally.

(a) The reactor was printed (b) Printing was suspended temporarily, the reactor was packed
with gauze wool, and the catalyst was introduced (c) Printing was resumed, and the catalyst

was inprinted.
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Appx. 5.2: 3D printed syringe pumps

RT (min) = Reaction Volume 1
") = Total Flow Rate (mL/min) @)
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1.8
| MnMMO= 1mg () MnMMO= 2 mg ()
15 [K;Fe(CN)s]=0.8 mM 1.64 [K;Fe(CN)s]=0.8 mM
“M\ [NaBH,]=1mM [NaBH,]= 1 mM
[Buffer]= 0.5 mM 14 [Buffer]= 0.5 mM
Temperature=25°C 1.2 {\\Temperature=25°C
v
g 1.0 2 1.0 1
=
£ ——6.0 mLmin 2 034 —— 6.0 mL/min
Z —3.0 mUmfn 2 0.6 =—3.0 mL/min
< 0.5- —15 ml./mfn - —— 1.5 mL/min
—1.3 mIJmfn 0.4 1.3 mL/min
= 1.0 mL/min = 1.0 mL/min
= ().5 mL/min 0.2 - ——().5 mL/min
0.0 4 | 0.0+
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
1.8
MnMMO= 3mg (©
1.6 [K;Fe(CN)s]=0.8 mM
14 [NaBH J= 1 mM
" [\[Buffer]= 0.5 mM
1.2 A\Temperature=25°C
g 1.0
-
1
< 0.3 —— 6.0 mL/min
2 0.6 - =3.0 mL/min
< | == 1.5 mL/min
0.4 ~1.3 mL/min
= 1.0 mL/min
0.2 ) ——(.5 mL/min
0.0
300 400 500 600
Wavelength (nm)

Appx. 5.3: The absorption spectra of flow rate dependence of ferrocyanide reduction at 25 °C
with (a) 1 mg, (b) 2 mg, and (c) 3 mg MnMMO using the plate reader.
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1.8 3
MnMMO= 1 mg (a) MnMMO= 2 mg o)
1.61] [K;Fe(CN)g]=0.8mM 151 [KFe(CN)J=08mM
144 [NaBH ]= 1 mM ' [NaBH ]= 1 mM
’ [Buffer]= 0.5 mM [Buffer]= 0.5 mM
1.24\ \Temperature=35°C Temperature=35°C
b ] v
E 1.0 -J E 1.04
‘E e —— 6.0 mL/min g — 6.0 mL/min
2 0.6- ——3.0 mL/min | 2 —3.0 mUm!n
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0.2 1.0 mL/min L0 mlJmEn
' e ().5 mL/min — 0.5 mL/min
0.0 0.0
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
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14 [NaBH ]= 1 mM
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1.2 4\\| Temperature=35°C
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§ 1-0 "

£ 08- i
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0.6 - z

< 1.5 mL/min
0.4 - e 1.3 mL/min
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Wavelength (nm)

Appx. 5.4: The absorption spectra of flow rate dependence ferrocyanide reduction at 35 °C
with (a) 1 mg, (b) 2 mg, and (c) 3 mg MnMMO using the plate reader.
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1.64 MnMMO= 1mg
[K3;Fe(CN)s]=0.8 mM
144 [NaBH,= 1 mM
[Buffer]= 0.5 mM
Temperature=45°C

Absorbance

@

= 6.0 mL/min
= 3.0 mL/min
— 1.5 mL/min
1.3 mL/min
= 1.0 mL/min
~==().5 mL/min

T

500

400

600

Wavelength (nm)

1.8
[K;Fe(CN)s]=0.8 mM
14 [NaBH,]= 1 mM
[Buffer]= 0.5 mM
1.2 Temperature=45°C
g 1.0
£
2 (8-
- —— 6.0 mL/min
2 0.6 —— 3.0 mL/min
< ~—— 1.5 mL/min
0.4 = 1.3 mL/min
= 1.0 mL/min
1 ——0.5 mL/min
0.0 4
300 400 500 600
Wavelength (nm)

Appx. 5. 4: The absorption spectra of flow rate dependence ferrocyanide reduction at 45 °C
with (a) 1 mg and (b) 2 mg MnMMO using the plate reader.
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1.8
161 MnMMO= 1mg @) MnMMO= 2 mg ®)
[K3;Fe(CN)s]=0.8 m M 15 [K3;Fe(CN)4]=0.8 m M
14 [NaBH,]= 1 mM [NaBH,]= 1 mM
o 12 [Buffer]= 0.5 mM [Buffer]= 0.5 mM
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fe‘ 1.0 4 E 1.0
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Appx. 5.6: The absorption spectra of flow rate dependence ferrocyanide reduction at 55 °C
with (a) 1 mg, (b) 2 mg, and (c) 3 mg MnMMO using the plate reader.
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0.8 MnMMO= 3 mg
[K;Fe(CN)s]=0.8 mM
0.74 [NaBH,J= 1 mM
0.6 | Buffer]=0.5 mM
—  |Temperature=25°C
=
< 0.5
< 044
s
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- 0.1- e 2ndrun
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Appx. 5.7: Linear fits plot of each catalytic run.
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Appx. 5.8: Graph revealing the catalyst’s stability by plotting conversion against the
residence time.
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