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RESUMO

A catalisa heterogénea baseada em metais de transicdo oferece notaveis
oportunidades na quimica. Além da facilidade de recuperacdo, reciclabilidade e
redugcdo de residuos metalicos, os suportes soélidos proporcionam a vantagem
adicional de acomodar multiplos metais. O avanco de sistemas cataliticos com
propriedades ativas, seletivas e mecanicamente estaveis, incorporando metais de
baixa toxicidade e custo acessivel, como cobre e niquel, em substratos sdlidos,
apresenta promissoras aplicagdes em catalise. Os geopolimeros, compostos por silica
e alumina, sdo suportes de catalisadores ecologicamente corretos. Eles curam a
temperatura ambiente, possuem uma area superficial elevada, porosidade inerente e
estabilidade robusta. O uso da tecnologia de impresséo tridimensional (3D) possibilita
a deposicao precisa de materiais cataliticos, abrindo novas oportunidades para o
design e otimizacdo de desempenho de catalisadores. Neste contexto, o estudo
apresentou catalisadores suportados em material geopolimérico fabricado por
impressao 3D. Nitrato de niquel (Ni(NO3)2) e nitrato de cobre (Cu(NO3)2) foram
empregados como precursores metalicos para a sintese dos catalisadores. Essa
abordagem facilitou a distribuicdo uniforme das espécies metalicas dentro da matriz
geopolimérica. A caracterizagao abrangente dos catalisadores foi realizada por meio
de diversas técnicas analiticas. Difragéo de raios X (XRD), fluorescéncia de raios X
(XRF), espectroscopia de raios X por dispersdo de energia (EDX), redugao
termoprogramada (TPR), Brunauer-Emmett-Teller (BET), microscopia eletrénica de
varredura (SEM) foram conduzidas para visualizar a morfologia e microestrutura dos
catalisadores impressos. Os catalisadores serdao testados em diferentes reacgdes
organicas, como condensagédo de Knoevenagel, sintese de diazdis, cicloadi¢do e
reagoes click, e analisados por Ressonancia Magnética Nuclear (RMN). Os resultados
indicam que os catalisadores sintetizados apresentam area superficial elevada,
porosidade substancial e atributos térmicos e morfolégicos propicios para aplicagbes
versateis em diversos processos cataliticos, especialmente na quimica organica.

Palavra Chave: impressdo 3D, catalisadores metalicos e bimetalicos,

geopolimero.



ABSTRACT

Transition metal-based heterogeneous catalysis offers notable opportunities in
chemistry. Besides ease of workup, recyclability, and reduced metallic waste, solid
supports offer the added advantage of accommodating multiple metals. Advancing
catalytic systems with active, selective, and mechanically stable properties,
incorporating low-toxicity, cost-effective metals, like copper and nickel onto solid
substrates, holds promise in catalysis. Geopolymers, comprising silica and alumina,
are eco-friendly catalyst supports. They cure at room temperature, possess a high
surface area, inherent porosity, and robust stability. The use of three dimensional (3D)
printing technology enables the precise deposition of catalyst materials and offers new
opportunities for catalyst design and performance optimization. In this context, the
study presented catalysts supported on geopolymer material made from 3D printing.
Nickel nitrate (Ni(NO3)2) and copper nitrate (Cu(NOs)2) were employed as metal
precursors for the synthesis of the catalysts. This approach facilitated the uniform
distribution of the metal species within the geopolymer matrix. Comprehensive
characterization of the catalysts was performed using various analytical techniques. X-
ray diffraction (XRD), X-ray fluorescent (XRF), energy-dispersive X-ray spectroscopy
(EDX), thermoprogrammed reduction (TPR), Brunauer-Emmett-Teller (BET), scanning
electron microscopy (SEM), examination was conducted to visualize the morphology
and microstructure of the printed catalysts. The catalysts will be tested for different
organic reactions, such as Knoevenagel condensation, diazole synthesis cycloaddition
and click reactions and analyzed by Nuclear Magnetic Resonance (NMR). The findings
indicate that the synthesized catalysts exhibit elevated surface area, substantial
porosity, and possess thermal and morphological attributes conducive to versatile
applications in various catalytic processes, particularly within the organic chemistry.

Keywords: 3D printing, metallic and bimetallic catalysts, geopolymer.



RESUMO EXPANDIDO

A catalise heterogénea baseada em metais de transicdo apresenta
oportunidades convincentes na quimica. Além das vantagens comumente
enfatizadas, como facilidade de trabalho, reciclabilidade e reducdo de residuos
metalicos, os suportes sélidos trazem outra vantagem significativa - eles tém o
potencial de acomodar mais de um metal. Consequentemente, esses sistemas
cataliticos podem facilitar multiplos tipos de constru¢des de ligagdes, expandindo
ainda mais sua versatilidade e utilidade em processos quimicos sustentaveis [1].

Essa capacidade de hospedar metais em suportes solidos, muitas vezes
referida como catalise monometalica e bimetalica, permite que quimicos e
pesquisadores projetem catalisadores com reatividade sob medida para uma ampla
gama de transformagdes quimicas [2]. Ao selecionar e combinar cuidadosamente
diferentes metais de transicao, € possivel promover varias reagcées de formacao de
ligagbes, tornando esses catalisadores ferramentas excepcionalmente versateis na
busca por processos quimicos mais verdes e eficientes.

O avancgo de sistemas cataliticos que nao apenas sao ativos e seletivos, mas
também possuem estabilidade mecanica e quimica, enquanto incorporam multiplos
metais conhecidos por sua baixa toxicidade em comparagao com outros catalisadores
metalicos, acessibilidade e facilidade de manuseio em substratos sélidos, tem grande
promessa em catalise. Portanto, cobre e niquel, metais que atendem a esses critérios,
foram escolhidos [3]. Além disso, considerando a importancia da sustentabilidade
ambiental, um material foi diligentemente procurado para atender a todos esses pré-
requisitos, garantindo assim que potenciais preocupag¢des ambientais sejam
minimizadas.

Nesse sentido, geopolimeros sao uma classe de materiais ativados por alcalis
que demonstram uma escolha economicamente viavel para reduzir o impacto
ambiental dos catalisadores [4]. Seu material bruto consiste principalmente de silica e
alumina e ja foi utilizado como suportes de catalisadores para diferentes fins. Entre
suas principais caracteristicas estdo o endurecimento a temperatura ambiente, alta
superficie de contato, porosidade intrinseca, estabilidade térmica e quimica [5].

Considerando uma maneira sustentavel, segura e barata de obter
catalisadores, além de escolher um material apropriado, o processo deve ser 0 mais

verde possivel. A fabricagao aditiva ou impressao 3D tem sido usada para substituir



outros métodos de producéo, principalmente devido a possibilidade de gerar pecas
com geometrias complexas a partir de um modelo computacional [6].

Considerando esses aspectos, torna-se possivel vislumbrar um catalisador
capaz de facilitar uma ampla gama de reagdes quimicas, que vao desde a produgao
farmacéutica, alimenticia e cosmética até a geracdo de energia baseada em
hidrogénio. Os suportes de catalisadores foram fabricados usando materiais
geopoliméricos por meio de fabricagdo aditiva, com niquel e cobre servindo como
componentes ativos, seja em configuragbes monometalicas ou bimetalicas. Esses
metais foram incorporados as formulagdes geopoliméricas por meio de dois métodos
distintos: impregnagao umida ou integragao durante o processo de impressao. Essa
técnica inovadora, relativamente pouco explorada na literatura existente, busca
aumentar significativamente a atividade catalitica.

Em resumo, o desenvolvimento de catalisadores metalicos e bimetalicos
impressos em 3D suportados em geopolimeros demonstra uma abordagem
sustentavel e eficiente em catalise, destacando o potencial para avangos na sintese

de compostos organicos valiosos com aplicagdes em diversas industrias.
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1 INTRODUCTION

Transition metal-based heterogeneous catalysis indeed presents compelling
opportunities in chemistry. In addition to the commonly emphasized advantages such
as ease of workup, recyclability, and reduced metallic waste, solid supports bring forth
another significant advantage—they have the potential to accommodate more than
one metal. Consequently, these catalytic systems can facilitate multiple types of bond
constructions, further expanding their versatility and usefulness in sustainable
chemical processes.

This capability to host metals on solid supports, often referred to as
monometallic and bimetallic catalysis, enables chemists and researchers to design
catalysts with tailored reactivity for a wide range of chemical transformations. By
carefully selecting and combining different transition metals, it is possible to promote
various bond-forming reactions, making these catalysts exceptionally versatile tools in
the pursuit of greener and more efficient chemical processes.

The advancement of catalytic systems that are not only active, selective, but
also possess mechanical and chemical stability, while incorporating multiple metals
known for their low toxicity when compared to other metal catalysts, affordability, and
ease of handling onto solid substrates, holds great promise in catalysis. Therefore,
copper and nickel, metals that align with these criteria, were chosen. Moreover,
considering the importance of environmental sustainability, a material was diligently
sought after to fulfill all these prerequisites, thus ensuring that potential environmental
concerns are minimized.

In this regard, geopolymers are a class of alkali-activated materials that
demonstrate an economically viable choice to reduce the environmental impact of
catalysts. Their raw material consists mainly of silica and alumina and has already
been used as catalyst supports for different purposes. Among their main features are
hardening at room temperature, high contact surface, intrinsic porosity, thermal and
chemical stability.

Considering a sustainable, safe, and cheap way to obtain catalysts, in addition
to choosing an appropriate material, the process must be as green as possible.
Additive manufacturing or 3D printing has been used to replace other production
methods, mainly due to the possibility of generating parts with complex geometries

from a computational model.



14

Considering these aspects, it becomes possible to envision a catalyst capable
of facilitating a wide range of chemical reactions, spanning from pharmaceutical, food,
and cosmetic production to hydrogen-based energy generation. The catalyst supports
were fabricated using geopolymeric materials through additive manufacturing, with
nickel and copper serving as the active components, either in monometallic or
bimetallic configurations. These metals were incorporated into the geopolymeric
formulations through two distinct methods: wet impregnation or integration during the
printing process. This novel technique, relatively unexplored in existing literature,

seeks to enhance catalytic activity significantly.



15

2 OBJECTIVE OF THE RESEARCH

2.1 GENERAL OBJECTIVES

The aim objective of this work is to develop metal-supported geopolymeric

materials through additive manufacturing catalysts for organic reaction. The catalysts

will incorporate nickel and/or copper as the active phase. The study aims to investigate

and compare various methods for introducing the metal components into the

geopolymeric support.

2.2 SPECIFIC OBJECTIVES

The primary goals of this work are as follows:

1.

Modify geopolymeric formulations to achieve optimal properties for

additive manufacturing by considering their rheological properties;

. Explore and employ techniques for incorporating nickel and copper on

the geopolymeric support. This may involve methods such as

impregnation or direct synthesis;

. Develop bimetallic catalysts, with the combination of nickel and copper

as active phases;

. Evaluate the performance between catalysts prepared via impregnation

and those produced through addition techniques. This analysis aims to
assess the impact of the different preparation methods on the resulting

catalyst's performance;

Utilize catalysts across diverse organic reactions while examining their

reusability and structural integrity;

Characterize the synthesized catalysts using various analytical

techniques, including X-ray diffraction (XRD), X-ray fluorescent (XRF),
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energy-dispersive X-ray spectroscopy (EDX), thermoprogrammed
reduction (TPR), Brunauer-Emmett-Teller (BET), scanning electron
microscopy (SEM). These techniques provide valuable insights into the

catalyst's crystal structure, morphology, and catalyst behavior.
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3 LITERATURE REVIEW

Catalysis, whether in its homogeneous or heterogeneous forms, has played a
pivotal role in advancing the principles of green chemistry and sustainable synthesis.
Catalytic processes render traditional, nonrenewable, low atom economy, and wasteful
protocols obsolete, offering eco-friendly alternatives to well-established but often
century-old practices.

The utilization of catalysis aligns with the fundamental tenets of Green
Chemistry in several ways, contributing to various key principles, succinctly
summarized here: 1 (waste prevention), 2 (maximization of atom economy), 5
(restriction of auxiliary substances), 6 (enhanced energy efficiency), 8 (reduction of
derivatives), 9 (promotion of catalytic reactions), and 12 (promotion of safer chemistry)
from the comprehensive twelve-point framework of Green Chemistry [7], [8].

Heterogeneous catalysis, as per its definition, involves a catalytic process
where the catalyst and the reaction mixture exist in distinct phases. A prevalent
instance of this occurs in laboratory settings, where the catalyst is typically in a solid
state, while the reaction mixture is immersed in a solvent, leading to what is known as
solid/liquid (S/L) reactions [1].

This characteristic enables straightforward separation of the catalyst from the
reaction medium, whether it exists in a liquid or gas phase. Such separability greatly
simplifies the task of removing the catalyst from the final product, easing its recovery
and potential reactivation when necessary. This, in turn, promotes catalyst recycling,
potentially reducing the environmental footprint and enhancing the sustainability of the
overall process.

Solid catalysts, particularly those derived from metals, are commonly referred
to as "metal catalysts." However, it is crucial to emphasize that this category
encompasses not only the elemental forms of metals but also includes the ionic forms
of transition metals. This broader classification encompasses salts, oxides, or
hydroxides [3]. Toxicity remains a concern regardless of whether the catalyst exists as
a soluble complex or a solid material. However, the generally limited solubility of solid
forms helps minimize leaching into the solution, mitigating potential environmental
impacts.

The chosen metal (active sites) needs to be supported on some material for

catalysis in a more efficient way. When in structured objects, it can be carried out by
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impregnation in the case of microporous structures [9]. Another method that can be
used is to introduce the metal into the support structure during its processing, thus
generating a material that would not require so many production steps. The preparation
method influences textural properties such as specific area, structural characteristics,
and the activity, stability, and lifetime of catalysts [10].

The support must keep the active sites in direct contact with the compound to
be catalyzed. For this, it needs to be stable, resistant and have a high contact surface.
Materials that have these characteristics are found in the class of geopolymers. They
are inorganic polymers obtained by mixing a dry aluminosilicate with an alkaline
solution and other constituents, if necessary. The main constituent is the source
material, which must be rich in silicon (Si) and aluminum (Al). The alkaline solution is
usually based on sodium (hydroxide or silicate) or potassium (hydroxide or silicate) [4].
The result of the process is a nanocomposite that looks like an artificial rock.

Thus, a method where it is possible to generate a complex design to produce
catalysts is necessary. Among the currently known manufacturing modes, additive
manufacturing, known as 3D printing, can be used. The choice of a 3D graphic model
and a material system are enough to build a part. Consequently, it is possible to
generate parts with arbitrary geometries without the need for adaptations and with a
reduction in manufacturing steps.

Due to reasonable production time, less skilled labor, the ability to build
complicated structural designs and the reduction of work steps, 3D printing has been
considered a sustainable technology in recent years [11].

The following sections will explore the broad aspects of heterogeneous
catalysis, encompassing the production of catalysts, the selection of metals, the choice
of support materials, the manufacturing techniques involved, and the diverse

applications of the resulting samples.

3.1 ADDITIVE MANUFACTURING

Additive manufacturing (AM) or 3D printing is one of the fastest growing
automated manufacturing technologies, with the ability to go directly from CAD models
to finished components. In this manufacturing model, three-dimensional parts of

arbitrary complex geometries are built layer by layer [12].
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Presently, three-dimensional (3D) printing represents a robust technology that
is continuously progressing, with an increasing number of emerging application
domains and promising prospects across various markets, including electrochemical
devices[13], [14], automotive industry [15], [16] biomaterials [17], [18], chemical
synthesis [19], [20], microfluidic devices [21], [22], medical applications [23],
pharmaceutical field [24]materials science [25], [26], and catalysis [27], [28], [29], [30],
[31], [32], [33]

In the 3D printing process, parts are made by accumulating layers shaped in
a precisely two-dimensional (x-y) plane. The third (z) dimension occurs because of
single layers being built on top of each other, show in Figure 1, but not as a continuous

z coordinate [34].

Figure 1 Demonstration of the printing syringe and its coordinates: x; y and z.

Source: author (2023).

This process consists of four steps: model design, slicing, printing and post-
treatment. The desired design is transformed into data that is divided into several thin
layers through a slicing process. The transformed data is transmitted to a 3D printer,

and a three-dimensional body is created through the process of stacking materials
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layer by layer [35]. The post-treatment of the molded part can be done by cleaning,
polishing, heat treatment and/or functionalization.

Based on the printing principle, there are various basic of forming methods in
3D printing, including extrusion, powder-based, lamination, and other forms. Each of
these basic forms encompasses different specific printing methods, each with its own
distinctive features, operational characteristics, and scope of application[27].

Extrusion-based printing offers several advantages, including its simplicity of
operation and low cost. This technique allows for the direct incorporation of different
active or chemical components into the printing slurry/ink or wire. Consequently,
materials with specific structures can be achieved through the extrusion process,
offering a broad range of applications. Additionally, this method provides flexibility in
designing slurry components and structures [36]. The processes involved: include
inkjet printing (IJP) [37], direct ink writing (DIW) [38], [39], stereolithography (SLA) [40]
, selective laser sintering (SLS) [41], [42], fused deposition ceramics (FDC) [43],
laminated object manufacturing (LOM) [44] fused deposition modeling (FDM) [45],
digital light processing (DLP) [46], selective laser melting (SLM) [47], electron beam
melting (EBM) [48].

Direct ink writing (DIW) technology was initially developed for printing ceramic
materials but has since been extended to a wide range of materials including ceramics,
plastics, gels, carbon materials, and more. The DIW process involves using a shear
dilute fluid slurry as the printing material, allowing for direct extrusion of the
masterbatch without the need for melting or curing processes [25].

In the manufacturing process itself, it is then used to construct the designed
object and is simultaneously transferred to a state that has its final physical properties,
or at least sufficient mechanical strength to transfer the constructed object to further
processing steps [35], [49].

The AM process time varies greatly depending on the configuration, such as:
the layer thickness, material output speed and pressure, final part height, nozzle
thickness and complexity of the chosen design [50]. Even though the process is
relatively fast when compared to other manufacturing modes.

Additive manufacturing techniques impose constraints on the dimensions of
fine aggregates. Specifically, these methods utilize fine sand particles with a median
particle size (d50) ranging between 170-250 um. The significance of adhering to these

particle size specifications lies in two critical aspects. Firstly, it facilitates enhanced
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homogeneity of the powder bed, which is crucial for powder-based 3D printing
processes. Secondly, it aligns with the requirement for a diminutive nozzle diameter in
extrusion-based 3D printing setups. Ensuring these particle size parameters enables
more efficient and consistent additive manufacturing outcomes [51].

For an ideal 3D printable material, it is desirable to have a low initial static yield
stress to facilitate the initiation of flow and a low dynamic viscosity to enable smooth
transportation during the printing process. However, once the material is extruded, it
should rapidly increase its yield stress. This ensures that it can withstand the load from
subsequent layers without excessive deformation, maintaining the structural integrity
of the printed object [52].

Additive manufacturing (AM) can be employed in the production of monoliths,
which are systems consisting of functional microchannels with a regular three-
dimensional structure. These monoliths have the potential to replace conventional
catalysts and chemical reactors, addressing several challenges posed by traditional
systems. Products created through AM techniques, like Figure 2, can be precisely
designed, allowing for meticulous attention to detail and customization tailored to

specific processes [30].

Figure 2 Design and structure of 3D Geopolymer.

Source: author (2023).

The utilization of 3D printing in catalyst fabrication is considered a
groundbreaking process with a wide range of distinctive possibilities. This approach

enables the construction of customized architectures with advantageous catalytic
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surface characteristics, promoting enhanced interaction with the reactant media. The
design of these architectures can be based on theoretical models, considering specific
requirements such as size, geometry, and cross-sectional types when applied to
reactor design. Regarding catalyst fabrication, 3D printing provides control over wall
thicknesses, pore sizes, and shapes. The primary objective typically revolves around
increasing surface areas to maximize the accessibility of active sites involved in the
reaction to the reactant molecules [53].

When it comes to active phases and supports in catalysis, it is crucial to
consider the integrity, availability, and regeneration capability of the active centers
throughout the catalytic bed. Furthermore, AM enables precise tuning of other
significant properties, including the porous, mechanical properties, thermal
conductivity, dielectric constant, specific surface area, chemical resistance, hardness,
and channel tortuosity.

Ceramics have proven to be highly suitable materials for catalyst
manufacturing, offering a wide range of desirable properties. These properties
encompass mechanical strength, specific surface area, thermal shock resistance,
corrosion resistance, pore size, pore distribution, shape (open or closed; spherical,
elongated, or random), and interconnectivity. These characteristics make ceramics
well-suited for applications in catalysis [29]. To achieve the desired material properties,
the successful fabrication of functional components using ceramics may necessitate
efficient coating techniques, ensure that the final ceramic catalyst exhibits the desired
performance characteristics required for its intended application.

The earliest examples of porous material catalysts structures, produced using
3D printing technology were ceramic support structures made of aluminum oxide,
created through a direct fabrication method [54]. After that, is an increasing demand
for raw materials used in the production of catalysts. As the field of catalysis continues
to expand and new applications emerge, the need for diverse and specialized catalyst
materials grows.

In a study conducted by Tubio et al. [32], a Cu/Al20O3 catalyst was prepared
using an ink was formulated by dispersing Al203 powder into a Cu(NO3)2 solution. To
adjust the rheology of the ink, hydroxypropyl methyl cellulose was incorporated as a
viscosity modifier. After extrusion, a sintering process was employed at a temperature

of 1400 °C to eliminate the organic components and decompose the copper species.



23

Lucentini et al. [55] employed 3D printing technology to fabricate Ce/Ni
catalysts in their study. Specifically, binderless CeO2 monoliths were printed,
incorporating NiO for catalytic ammonia decomposition. The result of the reaction runs
indicated that structuring the powdered nanoparticles through 3D printing resulted in
improved catalytic stability compared to the catalyst in powder form.

Zeolites have shown great potential as materials for 3D printing of catalysts. A
notable method was reported by Thakkar et al.[56], where zeolite powders were mixed
with bentonite clay as a binder, methyl cellulose, and poly(vinyl) alcohol (PVA). The
resulting mixture was extruded, subsequently, the printed structures were dried and
calcined to remove the binders. The printed zeolite structures were found to be
effective for CO2 removal, showcasing the potential of 3D-printed zeolite catalysts in
addressing environmental challenges.

The research conducted by Innocentini et al. [57] a metakaolin-based
geopolymer with a lattice component was prepared using a 3D printer. The catalytic
activity of geopolymers was evaluated through the transesterification reaction of
refined soybean oil into biodiesel. This research aimed to investigate the potential of
MG as a catalyst for biodiesel production, focusing on its catalytic performance and
efficiency in the transesterification process.

Indeed, in many studies focusing on ceramic material catalysts using an AM
technique, a post-processing step is commonly employed. This step typically involves
the impregnation of the active phase onto the printed porous material and/or
subsequent thermal treatment [58], [59], [60], [61].

Scaling the additive manufacturing (AM) process remains a significant
advantage as it simplifies the process and reduces costs while adhering to the same
fundamental design principles. This scalability, combined with the potential to minimize
waste generation, lower energy consumption, and decrease production time by
eliminating the need for component assembly, positions AM as a critical player in
constructing a sustainable future. By leveraging these advantages, AM can contribute
to sustainable manufacturing practices and enable the development of environmentally

friendly and efficient production processes.
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3.2 HETEROGENOUS CATALYSIS

Catalysis, as a phenomenon, has been present for thousands of years in the
form of fermentation, also known as bio-catalysis. The earliest documented record of
a catalytic reaction can be traced back to 1552 when Cordus conducted the
dehydration of alcohol to ether. The foundations of modern catalysis can be traced
back over two centuries ago to Elizabeth Fulhame's 1794 essay, where she introduced
the concept of catalysis through her experiments on oxidation-reduction, she
suggested that a small amount of water was necessary for the reaction to take place,
laying the groundwork for understanding catalytic processes [62].

The practical advancements in catalysis have spurred extensive research into
understanding the underlying mechanisms that govern catalytic reactions. This led to
the emergence of heterogeneous catalysis as a multidisciplinary field encompassing
chemistry, chemical engineering, surface science, and more recently, materials
science. The incorporation of materials science has opened up new avenues for
catalyst development, with the synthesis of novel materials such as carbon
nanostructures (nanotubes, graphene, graphene oxide), metal-organic frameworks,
covalent organic frameworks, synthetic zeolites, and clays [1], [3], [63], [64], [65].

A including applications in the automotive industry [66]. One of the key
advantages of catalytic processes is their ability to replace the use of nonrenewable
reagents with high atom economy, resulting in a significant reduction in the
environmental impact associated with the production of pharmaceuticals and fine
chemicals.

Catalysis finds classification into two main types: homogeneous catalysis,
involving a single phase, and heterogeneous catalysis, occurring at or near an
interface between phases. Autocatalysis refers to catalysis induced by one of the
reaction products, while intramolecular catalysis pertains to catalysis initiated by a
group within the reactant molecule itself. It's noteworthy that the term "catalysis" is
sometimes employed even when the catalytic substance is consumed in the reaction,
in such cases, the catalytic substance should be referred to as an activator [67].

In homogeneous catalysis, the catalyst is soluble in the reaction medium. This
means that the catalyst exists in the same phase as the reactants and products,

allowing for intimate interaction and efficient catalytic activity within the solution.
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Heterogeneous catalysis, on the other hand, involves catalysts that are
insoluble or immiscible with the reaction medium. In this case, the catalyst typically
exists as a solid or supported species, while the reactants and products remain in a
different phase (usually gas or liquid). The catalytic reaction occurs at the interface
between the catalyst and the reaction medium [1].

Each type of catalysis possesses distinct characteristics and applications. The
choice of the appropriate catalytic system depends on factors such as reaction
conditions, reactant solubility, desired selectivity, and the overall objectives of the
process.

In the context of this work, the catalyst produced from the solid material will be
employed in a heterogeneous catalytic system. The solid catalyst will provide active
sites on its surface where the desired reactions can take place. The reactants, which
may be in a liquid or gas phase, will encounter the solid catalyst, and the catalytic
process will occur at the interface between the catalyst and the reactants.

The ability of solid surfaces to make and break bonds with molecules is the
basis for the phenomenon of heterogeneous catalysis, where the catalyst is in a

different physical state from its reactants and products, as show in Figure 3 [68].
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Figure 3 Heterogeneous catalysis: A - External diffusion of reagents; B- Adsorption,
C- Surface reaction; D- desorption and diffusion of the product.
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Source: author (2023).

A solid surface has three closely coupled functions when acting as a catalyst
for a chemical reaction. First, it adsorbs the reagents (Fig. 3-A) and cleaves the
necessary bonds. It then holds the reactants in proximity so they can react (Fig. 3-B),
and finally the surface allows the products (Fig. 3-C) and them desorb back into the
surrounding phase (Fig. 3-D) [65].

In the chemical adsorption step, there is an exchange of chemical bonds with
the active site, causing specific bonds to be activated, and these species can form an
activated complex that serves as a precursor of the reaction products [69]. When all
the reaction electrons are rearranged, the products that are on the solid surface move,
releasing the catalyst sites again for the adsorption of the reagents. This is the last
step of the catalytic process.

During a chemical reaction, the breaking and formation of chemical bonds

occur. All chemical bonds possess energy to keep the atoms together, and this energy
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must be supplied to break a bond and initiate a reaction. The energy required to initiate
a reaction is known as the activation energy. In noncatalytic reactions, the activation
energy is typically higher compared to catalytic reactions [1].

A catalyst plays a significant role in a chemical process by altering the reaction
mechanism, which involves breaking down the overall reaction into elementary steps
that have significantly lower activation energies. It is important to note that the
presence of a catalyst does not modify the basic thermodynamic features of the
process. The overall energy of the reactants and the final products remains the same
in the presence of a catalyst. Therefore, catalysis is primarily a kinetic phenomenon
[1].

In summary, a catalyst facilitates a chemical reaction by reducing the activation
energy required to initiate the reaction. It does not alter the overall energy of the
reactants and products and acts as a kinetic facilitator rather than a thermodynamic
modifier [70].

One significant benefit of heterogeneous catalysis is the ease of separating
the solid catalyst from the reaction medium. This is particularly advantageous in
laboratory applications and industrial processes. After the reaction is completed, the
solid catalyst can be conveniently separated from the liquid or gas phase. This
facilitates the removal of the catalyst from the product and allows for its recovery and
potential reactivation if necessary. The ability to recycle and reuse the catalyst
promotes sustainability, reduces the need for additional catalyst synthesis, and
minimizes waste generation, ultimately decreasing the environmental impact of the
process [70].

The solid nature of the catalyst also enables its utilization in various reactor
configurations. It can be employed as a fixed-bed catalyst, a fluidized bed catalyst, or
in other forms, depending on the specific process requirements. This flexibility in
catalyst design and implementation further contributes to the efficiency and
sustainability of the overall process.

Heterogeneous catalysts do indeed come with their own set of limitations and
challenges. Unlike in homogeneous catalysis where every dissolved catalytic species
is considered an active center, in heterogeneous catalysis a significant portion of the
catalyst material is buried beneath the surface where the reactions take place. This

reduces the number of available active centers, resulting in lower activity per unit
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weight of catalyst. This limitation can impact the overall efficiency of the catalytic
process [1].

Another common issue encountered in heterogeneous catalysis is mass-
transport limitation. This refers to the need for substrates and reacting partners to be
effectively transported to the surface of the catalyst for the reaction to occur. This
becomes particularly challenging in three-phase systems, such as hydrogenations,
where liquid, gas, and solid phases are involved. Diffusion limitations and restricted
accessibility of reactants to the active sites can hinder the overall reaction rate and
efficiency [1].

Furthermore, the preparation of industrial heterogeneous catalysts often
involves specialized techniques. Each step of the catalyst's synthesis and preparation
process is crucial, and even minor alterations can lead to notable changes in the
catalyst's performance. The preparation conditions strongly influence the
characteristics of the catalyst, including its surface area, pore structure, active site
distribution, and stability. Achieving the desired catalyst properties requires careful
optimization and understanding of the synthesis process, often considered as both
science and art.

In heterogeneous catalysis, the surfaces of the catalyst materials play a crucial
role as the primary sites where reactions take place. These surfaces can include the
outer surface of the catalyst particles as well as the internal surfaces within porous
materials. The chemical and physical properties of these surfaces have a significant
impact on the mechanism of surface interactions, which in turn influences the formation

of products in catalytic reactions [71].

3.2.1 Active phase

The concept of the active phase of catalysts was introduced by Taylor in the
1920s, highlighting the existence of specific sites on the surface that catalyze chemical
reactions. These active sites consist of a group of atoms or functional groups that
possess the ability to facilitate the desired reaction. Taylor proposed that these active
sites are present in relatively small numbers compared to the total number of atoms in
the bulk of the catalyst material [72].

Taylor's hypothesis regarding the limited presence of active sites on the

catalyst surface has been supported and confirmed by modern surface science
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measurements. These measurements have provided evidence that a catalyst is
predominantly composed of an inactive surface with only a small fraction of active sites
responsible for catalytic activity. The active sites are strategically positioned on the
surface and possess unique chemical and structural properties that enable them to
interact with the reactants and lower the activation energy of the desired chemical
transformations [73].

The active sites must possess suitable adsorption capabilities, adhering to the
principles of the Sabatier principle. This principle dictates that substrate molecules
should be able to effectively bind and subsequently release from the active site. The
adsorption process should strike a balance, neither being too weak nor too strong.
Optimal adsorption ensures the formation of reactive intermediates and facilitates the
progression of the catalytic reaction. Equally important is the desorption of product
molecules from the active site, allowing for the regeneration of the site and the
continuation of the catalytic cycle. The compatibility between substrate adsorption and
desorption is pivotal in achieving high catalytic activity and selectivity [65].

In many cases, these active sites are composed of metals or metal
nanoparticles, which possess unique catalytic properties. When these metal species
are supported on a solid material, such as an oxide or carbon-based support, they form
what is referred to as the active phase. These active phases include single or multiatom
sites, surface clusters, kinks, terraces, steps, and defects, which can arise from the

presence of vacant or missing atoms within the catalyst material [1].

3.2.1.1 Monometallic

Metals, in their various forms, hold a crucial position in diverse catalytic
processes. When referring to metal catalysts, it commonly encompasses elemental
metals, but ionic forms of transition metals also hold significance. Salts, oxides, and
hydroxides of transition metals are frequently employed and can undergo in situ
reduction to the zero-valence form. Therefore, the scope of metal catalysts
encompasses a wide range of forms, including elemental metals, ionic species, and
organometallic complexes, all contributing significantly to catalytic processes.

Transition metals, often referred to as heavy metal catalysts, exhibit excellent

catalytic properties. However, they are associated with a significant drawback—
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pronounced toxicity. This toxicity applies irrespective of whether the catalyst is in the
form of a soluble complex or a solid material. Nonetheless, the low solubility of solid
metal catalysts limits their leaching into the reaction solution, thereby minimizing
potential toxicity risks. Among the elements in the periodic table, only a relatively small
group of transition metals are considered catalytically active in heterogeneous
catalysis, whereas a broader range of metals demonstrate catalytic activity in their
metal complex forms, primarily in homogeneous catalysis. The periodic table in Figure
5 provides a visual representation, highlighting the transition metals that are commonly

employed in heterogeneous catalytic processes [1].

Figure 4 A periodic table of elements that focuses on the metals most employed in
heterogeneous catalysis.
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Source: adapted of TOROK; SCHAFER; KOKEL, 2021 [1].

Figure 2 illustrates that nickel (Ni), palladium (Pd), platinum (Pt), and rhodium
(Rh) are the transition metals frequently employed in synthetic processes. Among
these metals, nickel stands out as the most cost-effective option, making it a popular
choice in both laboratory and industrial applications [74].

The second major group of metals comprises non-noble metal catalysts that
were not extensively utilized in the past. However, several factors, including cost,
availability, abundance, and favorable toxicology profiles (moderate to low toxicity),
have prompted increased exploration of the catalytic properties of these metals. Metals
such as iron (Fe) [75], cobalt (Co) [76], and copper (Cu) [77] have gained significant

attention due to their desirable characteristics and potential applications in catalysis.
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In the context of this investigative inquiry, our primary emphasis will be directed
towards an examination of the intrinsic attributes and catalytic behaviors of nickel (Ni)
and copper (Cu) metals. This exclusive focus is predicated upon the salient and
pertinent aspects alluded to earlier, which render these specific metal species highly
compelling subjects of the scope of this study.

The metals, together with their respective catalysts and prevalent applications,
have been succinctly encapsulated in Table 1. It is pertinent to underscore that the
prime focus of this work lies inherently within the domain of our laboratory's available
precursors, specifically the nitrates of both metals. This emphasis aligns seamlessly
with the overarching theme of synthesis and the preparatory techniques heretofore
employed in our antecedent research endeavors, all while maintaining due

consideration for the ceramic support materials.

Table 1 Metallic precursors, with their applications, preparation methods and material
used for support.

Metal Precursor form Support Preparation Applications Reference
method
Nickel NiClz2-6H20 Geopolymer  Impregnation CO2 methanation [78]
Ni(NOs)2:6H20 Al203 Impregnation Alcohol amination [76]
Ni(NOs)2:6H20 SiO2 Deposition— CO:2 hydrogenation  [79]
precipitation
Ni(NOs)2:6H20 Impregnation Hydrocarboxylation  [80]
NizSisO12H2 SiO2 Suspensions Hydrogenolysis [81]
Ni SiO2 Deposition Hydrogenolysis of [82]
Phenol
Ni(NOs)2:6H20 SiO2 Impregnation Hydrogenation of [83]
Furfural
Ni(NO3)2:6H20 Silica gel Impregnation Dry reforming of [84]
methane
Ni(NOs)2:6H20 SiO2 Impregnation COzreforming and  [85]
partial oxidation of
methane
Ni(NOs)2:6H20 TiO2 Solvothermal Photocatalytic [86]
treatment hydrogen
Ni(NOs)2:6H20 Al203 Impregnation/3d  CO2 methanation [58]
printed
Ni(NOs)2:6H20 MgAl204 Sol-gel Steam reforming of  [87]
acetone
Ni(NOs)2:6H20 CexTi1xO2 Impregnation Steam reforming of  [88]
ethanol
Ni(NOs)2:6H20 Al2O3 Impregnation Ethanol steam [89], [90],
reforming [91], [92],
[93], [94],
[95], [96]
Ni(NOs)2:6H20 TiO2 Wet synthesis Steam reforming of  [97]
methanol
Ni(NOs)2:6H20 Al203 Impregnation Steam reforming of  [98], [99],
methanol [100], [101]
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Ni(NOs)2:6H20 CeO:2 Impregnation Steam reforming of  [102]
methanol
Ni(NOs)2:6H20 Al203 Impregnation Steam reforming of  [103], [104],
glycerol [105], [106]
Ni(NO3)2:6H20 Ce02-SiO2 Impregnation Steam reforming of  [107]
LPG
Ni(H2BDP-SO3)2 Impregnation Suzuki—Miyaura [108]
reaction
Ni(NO3)2:6H20 Activated Impregnation Carbonylation of [109]
carbon methanol
Ni(AOC)2-4H20 Ce02 Aqueous Carbonylation of [110]
solution ethanol
Various Various Various Sonogashira [111]
coupling
Ni(NOs)2:6H20 SBA-15 Impregnation Carbonylative [112]
Coupling
Ni(OAc)0.4H20 Al2O3 Impregnation Carbonylative [113]
Homocoupling
Ni metallic Fe304 Heat Phenoxy [114]
carbonylation
Copper Cu(NOs)2:2.5H20  AlOs 3D print Ullmann reaction [32]
Cu-exchanged Geopolymer 3D print NOx removal [115]
zeolite
Cu(NO3)2.2.5H20  Al203 Various Steam reforming of  [116], [117],
methanol [118], [119],
[120], [121]
Cu(NOs3)2-:3H20 Silica Impregnation Steam reforming of  [122]
methanol
Cu(NO3)2.2.5H20 CeO2-Al203 Impregnation Steam reforming of  [123]
methanol
Cu(NO3)2.2.5H.0 MCM-41 Impregnation Steam reforming of  [124]
methanol
Cu(NOs3)3.3H20) Co/MgO Co-precipitation ~ Steam reforming of  [125]
glycerol
CuSOq4 Chitosan Aqueous Cycloaddition [126]
solution
CuCl2-2H20 Silica Solution Click Synthesis [127]
reaction
Cu(CHsCOO): Silica Impregnation Cycloaddition [128], [129]
reactions
Cu(CHsCOO)2 Silica Sol—gel process  Huisgen and [130]
Ullmann reaction
CuS04.5H20 Cellulose Solution Coupling reactions  [131]
reaction
Cu(NOs3)2:3H20 MOFs Green Synthesis COz Fixation [132]
Reaction
Cu(NO3)2.2.5H20 Mordenite lon-exchange Methanol [133]
carbonylation
CuCl2.2H20 Ce- MOF Solvothermal Oxidation to Acetic  [134]
reaction Acid
Cu nanoparticles COF Condensation Gaser—Hay [135]
heterocoupling
Cu(NOs3)2:4H20 Al2O3 Chemisorption-  Epoxidation [136]
hydrolysis
Cu(NO3)2¢3H20 Activated Solution Sonogashira [137]
Carbon reaction Reaction
Cu(AOC)2-:3H20 Graphite Refluxing Suzuki cross [138]
reaction coupling reaction
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Cu(OAc)2 Fes04.Si02 Solution Suzuki—Miyaura [139]
reaction reaction

Cu(OTf)2 Silica Refluxing Multicomponent [140]
reaction Click Reaction

Cu(OH), Cellulose Schweizer’s Click reaction [141]
reagent

Source: author (2023).

As evident from the tabulated data, it becomes apparent that both nickel (Ni)
and copper (Cu) exhibit the capacity to serve as catalysts for a diverse array of
chemical reactions. These catalytic processes manifest with distinctive preparation
methodologies, encompassing various precursor materials, and engage in a wide
spectrum of chemical transformations. In essence, the catalytic potential of these
metals transcends numerous reaction types, underscoring the versatility and

applicability of nickel and copper-based catalysts in heterogeneous catalysis.

3.2.1.2 Bimetallic

Bimetallic catalysts have indeed proven to be a valuable tool in our quest to
understand the intricate relationship between a metal's catalytic activity and its
underlying electronic structure. Initially, the investigations were rooted in the electronic
structure of an entire metal crystal, treating it as a unified entity, rather than delving
into the localized electronic attributes of individual surface atoms. However, as a
wealth of experimental data on chemisorption and catalytic processes on alloy
surfaces has accumulated, it has become increasingly apparent that the localized
properties of surface atoms play a pivotal role in catalytic phenomena [142].

The fundamental inquiry into the synthesis, catalytic behavior, surface
chemistry, and structural attributes of bimetallic catalysts has evolved into a rapidly
advancing and exhilarating domain within the heterogeneous catalysis landscape. This
area of research not only holds profound implications for energy conversion but also
serves as an enabler for transformative chemical processes [143].

In catalysis, the introduction of a second metal, referred to as the "guest metal,"
to an initial metal, known as the "host metal," presents a means to finely adjust catalytic
performance parameters such as activity, selectivity, and durability. This tuning is
achieved by modifying electronic and/or structural factors within the catalyst system. A
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catalyst composed of two distinct metal components is broadly termed a "bimetallic
catalyst” [144].

A bimetallic catalyst is conventionally defined as a catalytic crystallite
comprising two distinct metal constituents. These constituent metals may take on
various structural arrangements, including alloy formation, intermetallic phases, or
nanocomposite structures. Alloy catalysts may manifest as bulk alloys, surface alloys,
or near-surface alloys. In parallel, nanocomposite structures encompass core—shell
configurations of bimetallic nanoparticles, intricate nanodendritic morphologies, and
other structurally intricate arrangements. This diverse landscape of bimetallic catalyst
architectures provides a versatile toolkit for fine-tuning catalytic responses to meet
specific application requirements [143].

In the case of a Ni-Cu alloy, even within this combined state, the atoms of the
two distinct metals retain their inherent chemical differences. While the bonding
properties of these atoms may undergo some modifications, their individual
characteristics remain discernible [144].

Substantiating the existence of divergent surface and bulk compositions within
Ni-Cu alloys, compelling evidence is derived from the observation that robust hydrogen
(Hz2) chemisorption does not manifest on copper (Cu) surfaces. Remarkably, the mere
inclusion of a small proportion of Cu into a Ni-based alloy leads to a dramatic reduction
in the quantity of strongly chemisorbed hydrogen, an indication that the surface of the
catalyst harbors a significantly higher concentration of Cu atoms compared to the bulk
[145], [146].

Heterogeneous catalysis finds one of its most prominent and advantageous
applications in facilitating hydrogen production. Among the various reactions employed
for this purpose, methanol reforming stands out as a noteworthy example, serving as
a means to generate hydrogen fuel. Nickel and Copper-based catalysts are widely
studied, the synergistic interplay between these two metals within a bimetallic system
yields significant enhancements in catalytic efficiency and physicochemical attributes.
Importantly, this enhancement surpasses the performance of their monometallic
catalyst counterparts. This cooperative interaction between the metal constituents not
only amplifies catalytic reactivity but also contributes to the overall effectiveness of
hydrogen production processes. [98], [146], [147].

Indeed, aside from methanol reforming, several other mechanisms for

hydrogen production have been extensively studied, particularly involving the steam
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reforming of various compounds like ethanol [148], [149], [150], glycerol [151], and
methane [145].

Nickel and copper bimetallic catalysts have indeed showcased their
remarkable versatility and efficacy in a broad spectrum of chemical reactions,
particularly within the domain of organic chemistry. These catalysts have become
popular choices for various organic transformations due to their efficiency and
recyclability.

This type of bimetallic catalyst are widely employed in hydrogenation
processes, where they facilitate the addition of hydrogen to unsaturated organic
compounds. This includes the hydrogenation of alkenes[152], [153], alkynes [154],
these two groups of organic molecules have been extensively studied with copper and
nickel bimetallic catalysts since the 1950s [155], [156].

Examples of other organic compounds amenable to hydrogenation with copper
and nickel bimetallic catalysts include oleic acid[157], furfural [158], [159], and carbon
dioxide[160], [161], particularly when supported on ceramic materials.

Indeed, advancements in equipment for observing and characterizing chemical
reactions, coupled with a growing awareness of environmental concerns and the
principles of green chemistry, have led to increased research and innovation in the use
of bimetallic catalysts. These catalysts have garnered significant attention for their
potential to facilitate sustainable and efficient chemical processes.

Some organic reactions such as Sonogashira coupling reaction has been
carried out using homogeneous palladium (Pd) catalysts. While Pd catalysts are known
for their high performance and stereoselectivity, they come with certain limitations,
including the use of toxic ligands, the high cost of palladium, and challenges associated
with separating Pd residues from the reaction products. Consequently, there has been
a preference among researchers for Pd-free systems [162].

This reaction is essential for generating valuable intermediates employed in the
synthesis of biologically active compounds, agrochemicals, pharmaceuticals,
polymers, and engineered materials, numerous studies have been conducted with a
focus on developing catalysts that do not contain heavy metals and are reusable,
mainly with nickel and copper [163], [164].

The efficiency and reusability of these catalysts make them particularly
appealing for organic chemists. Their ability to promote a variety of organic reactions

with high selectivity and under mild conditions contributes to the development of
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greener and more sustainable synthetic methodologies in organic chemistry.
Additionally, their recyclability aligns with the principles of green chemistry, reducing

waste and environmental impact in chemical processes.

3.2.2 Support

The concept of supported metal catalysts is relatively straightforward. Small
particles of the active metal component are dispersed onto the surface of a support
material. Additionally, self-supported catalysts can be used, where the metal
component itself serves as the support material [165], [166].

The physical characteristics of the catalyst surface, such as surface area,
morphology, and porosity, also play a critical role. A higher surface area provides more
active sites for the reactants to interact, increasing the likelihood of successful catalytic
reactions. The surface morphology, including the presence of steps, edges, and
defects, can influence the binding energies and diffusion of reactants and
intermediates, influencing the reaction kinetics and selectivity [1].

The preparation of supported metal catalysts offers two significant advantages:
efficacy and cost-effectiveness. By dispersing the metal as small particles on the
support material, a larger portion of the metal becomes accessible for catalytic
reactions. This means that less metal is required for achieving the desired catalytic
activity. Supported metal catalysts are commonly prepared by reducing commercially
available metal salts in the presence of the support material [167].

The support plays a vital role in determining the catalytic performance, as it
enables the supported catalyst to function as an active center for the desired reaction.
The support material's properties can range from inert to possessing acidic, basic, or
unique electronic characteristics (such as being an insulator or conductor) [168], [169].
Anchoring the catalyst to the support can be achieved through diverse interactions,
including acid-base interactions, hydrogen bonding, or simple van der Waals forces.

Common materials used as catalyst supports include alumina, titania, graphite,
activated carbon, and silica [71], [170], [171], [172]. These materials possess desirable
characteristics such as a high surface area, chemical and mechanical stability, and the
ability to effectively disperse catalyst particles across their surfaces.

Porous ceramics have attractive potential as a catalytic support due to their

high chemical, thermal and mechanical stability, low density, excellent reliability and
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easy customization of microchannels of different formats. One of the most studied
ceramic materials as a support for catalysts is alumina, due to the geometric effect and
its high surface area, allowing greater dispersion of the active phase, in addition to
being stable at high temperatures and relatively inexpensive [170], [173], [174].

Among the different ceramic supports used, in addition to alumina, zirconium
oxides stand out, because they have a mesoporous structure and even a high surface
area [175], [176], [177]. The following can also be mentioned, among other studied
ceramic materials: silicon carbide [178], [179], cerium oxide[10], [180], MCM-41 (Mobil
Composition of Matter No. 41) [124], [181] which have catalytic activity. A common
point among the ceramic materials studied is that they normally undergo a sintering
heat treatment at high temperatures to acquire mechanical resistance.

In a study conducted by Zhang et al. in 2012, a Ni.Ca-cementitious material
was successfully synthesized at a low temperature of 60 °C, with a alkali-activated
steel slag polymerization followed by ion exchange as the method of catalyst
preparation. This innovative technique facilitated the efficient incorporation of nickel
(Ni) and calcium (Ca) into the cementitious matrix, resulting in a material with improved
properties, particularly in the field of photocatalysis [182].

The reduced number of stages and energy in its production, especially the
firing stage, a thermal stability, a large contact surface and mechanical resistance,
would be an ideal support, in addition to guaranteeing the sustainability of the entire
process to be followed [183]. In this regard, geopolymers become interesting materials

for use as alternative catalysts and are discussed in the subsequent topic.

3.3 GEOPOLYMERIC MATERIALS

A geopolymer (GPs) is defined as a stable, solid aluminum silicate formed by
alkaline activation at room temperature [184]. Materials referred to as 'geopolymers'
have also been described in the literature as 'mineral polymers', 'inorganic polymers',
'inorganic polymer glasses', 'alkali-bonded ceramics', 'alkali ash', 'soil cements', 'hydro
pottery' and a variety of other names [185], [186], [187].

Geopolymers are a subset of the broader class of alkali-activated binders or
alkali-activated materials [188], which also includes materials formed by carbonates or
activation of calcium-rich metallurgical slags, giving rise to other products such as

hydrated calcium silicate.
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The general representation of a typical geopolymer composition is expressed
as nM20-Al203-xSiO2-yH20, where M represents the alkali metal [189]. The activity of
geopolymer is generally influenced by various characteristics of the source materials.
These include the chemical components, soluble silicon-aluminum content, particle
size, and the presence of inert particles. These factors play a significant role in
determining the activity and performance of the geopolymer material [190].

Indeed, the glass phase in geopolymer materials is typically inert in water and
does not exhibit cementitious properties on its own. It is only through alkaline activation
that the glass phase becomes reactive and develops cementitious properties. When
an alkaline solution is introduced to the geopolymer system, it triggers a chemical
reaction that leads to the dissolution and recombination of the glass phase, resulting
in the formation of a cementitious matrix [191]. The alkaline solution commonly used
in geopolymer synthesis consists of NaOH (sodium hydroxide), Na2SiOs (sodium
silicate), KOH (potassium hydroxide), and K2SiOs (potassium silicate).

The geopolymerization process (Figure 6) involves a rapid mixture reaction
where Silica-Aluminum source materials are dissolved using an alkaline solution. This
reaction generates heat and forms a gel, which binds aggregates and unreacted
source materials, resulting in the formation of geopolymer bonds. The dissolution of Si
and Al atoms occurs through the action of OH ions, causing the precursor ions to
condense and form monomers known as Silate. This, representing silicon-oxo-
aluminate, contributes to the construction of chains and rings within a three-
dimensional polymeric network, often in the form of (Na,K)-(Si-O-Al-O-Si-O) [192],
[193].
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Figure 5 Geopolymerization process.
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Source: author (2023).

The intrinsic characteristic of a geopolymer is that the binding phase comprises
an alkaline aluminum silicate gel, with aluminum and silicon bonded in a tetrahedral
gel structure, being relatively resistant to dissolution in water [194]. This set of Si—-O—
Al and alkaline activator is normally bound alternately by oxygens in the presence of
positive ions (Na*, K*, Li*, Ca*?, Ba*?, NH*", H30O"). These positive ions have the
purpose of balancing the negative charge of Al*3 in the fourth coordination [184], [195].

In geopolymers, the SiO2/Al20s3 ratio plays a crucial role as the most important
parameter in controlling both the microstructure and mechanical properties. A low
SiO2/Al203 molar ratio leads to a larger specific surface area [196] while an increase
in the SiO2/AI203 molar ratio fosters the development of mechanical properties [197].
This highlights the significance of carefully adjusting this ratio to achieve desired
material characteristics during the geopolymerization process. The water/solid ratio

also plays a significant role in determining the properties of geopolymers. This ratio
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influences not only the mechanical properties but also the density, porosity, and
microstructure of the resulting geopolymers [196].

Efflorescence in geopolymers results from a chemical reaction between the
alkalis present in the material and atmospheric carbon dioxide. This reaction is a
dominant cause of deterioration in geopolymer materials [198]. The occurrence of
efflorescence is influenced by the conditions during the activation process, such as
temperature and humidity. The main contributing factors for efflorescence formation
are the availability of Na® and OH- ions, which are closely related to the porous
structure of the geopolymer.

By carefully addressing these parameters, it is possible to optimize the
material, especially when considering the application of geopolymers in catalysts,
factors such as efflorescence control, chemical composition, and microstructure
become crucial in ensuring the catalyst's effectiveness and stability.

A novel class of heterogeneous catalysts has been developed based on
geopolymer materials, showcasing their catalytic prowess in industrially significant
reactions, they exhibit several characteristics that make them attractive catalysts. A
high surface area, allows for more active sites available for catalytic reactions,
promoting efficient contact between the catalyst and reactants [5]. Geopolymers have
flexible chemical compositions that can be adjusted by incorporating different elements
or modifying the ratio of silicon (Si) to aluminum (Al) atoms and capabilities to
incorporate various metal ions as active centers [199]. Besides often possessing a
mesoporous structure, characterized by the presence of interconnected pores in the
nanometer range, enhances mass transfer. The combination of these properties and
the low-cost preparation promising choice for catalysts in various catalytic processes,
ranging from environmental remediation to industrial synthesis.

The primary objective of employing geopolymers as catalysts is to eliminate
contaminants and impurities. In certain scenarios, geopolymer modification can create
active sites within its structure, thus enabling it to function as a catalyst [200],
[201]However, in most cases, the addition of an active phase as metal oxides, metals,
alloys, nitrates, and sulphides to the geopolymer structure, typically in the form of
coatings, yields the catalyst, these additional components augment the catalytic
properties of the geopolymer [202].

Photocatalysts based on geopolymers have emerged as a promising solution

for addressing environmental challenges [182], [203], [204]. Geopolymers, with their
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unique structure and composition, exhibit excellent photocatalytic properties that
enable them to efficiently absorb and degrade harmful gases. By simply incorporating
oxides into the slurry, it is possible to achieve oxides/composites with a porosity
ranging from 34% to 40% by volume. These resulting composites, characterized by
their substantial porosity, can be utilized as cost-effective catalysts for syngas
purification [205].

Geopolymeric catalysts find additional applications in the production of
biodiesel. One key benefit is their thermal stability, enabling them to withstand the high
temperatures required for transesterification reactions. They can also be tailored to
have specific acidic or basic properties, allowing them to function as solid acid or base
catalysts, respectively, in the transesterification process [57], [206], [207], [208].

Other studies have demonstrated that geopolymer exhibits catalytic properties
for the liquid-phase Beckmann rearrangement of cyclohexanone oxime to e-
caprolactam [209]. A fly-ash based geopolymers have been synthesized as highly
reactive porous aluminosilicate heterogeneous catalysts, with a focus on their potential
applications in Friedel-Crafts benzylation reactions involving benzene and various
substituted aromatics [210].

In addition to the high specific surface area and the presence of strong alkaline
sites for the catalytic action, geopolymers also show good workability as aqueous
pastes and have cementitious properties, that is, they can consolidate at room
temperature, allowing their conformation by methods based on additive manufacturing
[57].

3D printing using geopolymers represents a burgeoning frontier within of
additive manufacturing (AM) technologies. One notable advantage of this technology
is the potential utilization of municipal and industrial solid waste as viable precursors
for GPs. These waste materials encompass a diverse range of sources, including slag,
fly ash, silica fume, red mud, waste glass, and mine tailings, among others [193], [211],
[212], [213]. By harnessing these waste materials as feedstocks for GPs, it offers a
promising avenue for sustainable and eco-friendly construction practices, while
simultaneously addressing waste management challenges.

Pumpability assumes critical significance as it defines the fresh geopolymer
mixture's ability to transform under pressure within the printing system. This property
is closely interlinked with the rheological characteristics, especially the yield stress and

plastic viscosity of the material. Generally, higher values of these properties tend to
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hinder pumpability, making it more challenging to extrude the mixture effectively.
However, it is important to note that these high values also contribute to enhancing
buildability, which refers to the capacity of the printed material to retain its shape and
form during the construction process [214] .

Hence, achieving the desired rheological properties in geopolymer mixtures
necessitates striking a delicate balance between pumpability and buildability. This
equilibrium is essential to ensure the production of high-quality geopolymer 3D printing
material.

Another important rheological property is the extrudability, it plays a crucial role
in determining the geopolymer mixture's ability to flow smoothly through the printing
head nozzle, forming a continuous filament during 3D printing. To ensure seamless
extrusion, the mixture should possess an optimal yield stress and a low plastic
viscosity. Incorrectly proportioned mixtures or inadequate mixing can result in particle
segregation, nozzle clogging, or filament tearing [51].

The latest trends in sustainable materials and sustainable technologies make
geopolymer 3D printing a promising technology in the industrial and research sector,
although there are still some challenges to be overcome in the manufacture of this type
of material, mainly regarding workability. Workability is the ease of transporting the
material from the syringe to the printer's nozzle, since the behavior of the material is
time-dependent, the variation in its properties can lead to segregation or clogging in
the processing nozzle, caused by hardening of the material in the printing syringe, as
the geopolymer cures at room temperature [215].

To mitigate clogging issues and enhance workability in geopolymer mixtures
for 3D printing, selecting appropriate aluminosilicate source materials and alkali
silicate/hydroxide activating agents is crucial. Incorporating supplementary
components, such as plasticizers, accelerators or retarders, thixotropic thickeners,
proves beneficial in enhancing workability [216].

Of particular significance are plasticizing additives, which play a pivotal role in
this process. The introduction of finely dispersed fillers possessing a high specific
surface area and surface-active functional groups exerts a discernible impact on the
viscosity of the geopolymer mortar. These modifications enable precise manipulation
of the mixture's flow behavior, facilitating improved printability and workability during

the 3D printing process [51].
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Indeed, buildability is another crucial parameter in the context of a fresh
geopolymer mixture during the extrusion-based 3D printing process. It primarily
pertains to the ability of the laminated extruded filament to maintain its intended form
without experiencing significant deformations or collapsing. Several factors contribute
to the buildability of a geopolymer mixture [214], [216], [217]:

A) Setting Rate: The rate at which the geopolymer mixture sets and solidifies
plays a crucial role in determining how well the printed object retains its
shape and form during the printing process.

B) Time Gap Between Extrusions: The time interval between successive
extrusions also impacts buildability. Sufficient curing time between layers
is essential to ensure proper bonding and structural integrity of the printed
object.

C) Rigidity of Fresh Material: The inherent rigidity of the fresh geopolymer
material influences its ability to hold its shape and resist deformation during
the printing process.

D) Binding Capacity between Filament Layers: The capability of the
geopolymer material to effectively bind between the layers of the extruded
filament significantly influences buildability. A strong and cohesive bond
ensures the stability and structural integrity of the printed object.

Furthermore, monitoring and adjusting the extrusion parameters in real-time
are essential for maintaining the desired rheological behavior throughout the printing
process and minimize the possible defects. These heterogeneities that arise during the
extrusion-based 3D printing process can result in the formation of voids, they act as
weak points, reducing the overall structural integrity and more susceptible to fractures
and failure under mechanical [216].

In addition to its significant impact in the construction industry, additive
manufacturing technologies present promising opportunities for various advanced
energy and environmental applications of 3D printed geopolymers. These applications
include their use as catalysts, water purification filters, adsorvents, construction,

conductive materials, as shows in Figure 7.
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Figure 6 3D-printed geopolymers. A-[218], B- [219], C- [220], D- [221], E- [222], F-
[223], G- [224], H- [57] and I- [225].

3D GPs for removal of 3D GPs of martian 3D GPs for water
ammonium regolith treatment

3D GPs based on ion-
exchanged

3D GPs for anionic dye 3D GPs for biodiesel 3D GPs for removal of
removal synthesis methylene blue

Source: author (2023).

Looking forward, the potential for practical applications of AM technologies
using geopolymers is expected to expand into new and diverse areas. Researchers
are likely to explore and discover novel uses for 3D printed geopolymers in various
fields, thanks to their versatile properties and customizable characteristics. As the
technology and understanding of geopolymers continue to advance, we can anticipate

exciting developments and innovative applications, making significant contributions to
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the advancement of energy-efficient and sustainable solutions in different industries

and environmental applications.
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4 MATERIALS AND METHODS

4.1 OVERVIEW

In the studied catalysts, there are two main components: the support and the
active phase. The support was crafted using geopolymer, comprising metakaolin,
sodium silicate, sodium hydroxide, and PEG. For effective catalysis to occur, the
support must possess a high surface area to allow interaction with the substrate. One
approach to functionalize the catalyst is through the impregnation of the active phase
into the support material.

The impregnation method involves three stages, shows in the Figure 8. First,
the support is contacted with a solution of nickel nitrate or copper nitrate to
monometallic catalysts, and for both metals for de bimetallic catalysts, and water,
ensuring thorough mixing. In the second stage, the system is dried to remove solvents.

Alternatively, another method to make the support suitable for catalytic
reforming of ethanol is to include the active phase during the preparation and
manufacturing of the support. This approach offers practical advantages by reducing
subsequent steps and risks of compromising the support's structure, shows in Figure
6 in addition method.

Figure 7 Steps of the two methods of preparation of catalysts in this study.

IMPREGNATION METHOD .- o

NaOH+Na,SiO;+PEG Metakaolin
Magnetic stirring

3D printing Impregnation

ADDITION METHOD

B AN '
NaOH+Na,SiO;+PEG Metakaolin Mixing process 3D printing

+nitrate
Magnetic stirring

Source: author (2023).
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The developed samples were categorized into three groups: without metal,

metal incorporated into the support, and the metal via wet impregnation. These

samples are solely comprised of the geopolymer support described in Section 4.2 and

are identified according to the nomenclature outlined in Table 2.

Table 2 Description of the samples.

Name Description Method
1 GEO Geopolymer
2 Ni10_IMP Sample with 10 w.t% of >
Ni(NO3)2.6H20 ®)
|_
3 Ni10Cu2_IMP  Sample with 10 w.t% of <ZE
Ni(NO3)2.6H20 and 2 w.t% of o
Cu(NOs3)2.3H20 'é':J
4 Cu10_IMP Sample with 10 w.t% %
Cu(NO3)2.3H20 -
5 Ni10_ADD Sample with 10 w.t% of
Ni(NO3)2.6H20 =
6 Ni10Cu2_ADD Sample with 10 w.t% of o
Ni(NOs3)2.6H20 and 2 w.t% of g
Cu(NOs3)2.3H20 @)
7 Cu10_ADD Sample with 10 w.t% <
Cu(NOs3)2.3H20

Source: author (2023).

The experimental procedure of this work was performed at the Laboratério de

Processamento Ceramico (ProCer — EQA — UFSC) and the Nucleo de Pesquisa em
Materiais Ceramicos e Compositos (CERMAT - EMC — UFSC).

4.2 MATERIALS

In this study, metakaolin from two different suppliers was utilized as a source

of silica and alumina. The metakaolin from HP Ultra, supplied by Metacaulim do

Brasil®, was referred to as MK-B. The metakaolin from Imerys SA® was referred to as

MK-I. Commercial materials were also employed in the research. Sodium hydroxide

(NaOH) from Commercial Neon® with a purity of 99% was used as an alkaline
activation source. Sodium silicate (10.8 wt. % Na20, 34.20 wt. % SiO2 and 55.0 wt. %

H20) from Quimidrol® was also utilized as an alkaline activation source. Polyethylene
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glycol (PEG-400) from Neon Comercial® with a purity of 98% was incorporated as an
additive in the additive manufacturing process. It served to reduce the formation of
bubbles and increase the working time during the printing of supports. For the active
phase, a nickel nitrate (Ni(NO3)2.6H20) and copper nitrate (Cu(NO3)2.3H20) from

Commercial Neon® with a purity of 99% was employed as the metals precursor.

4.3 OBTAINING GEOPOLYMER SUPPORTS

To produce the supports, a geopolymeric paste was utilized. The formulations
of the paste, as outlined in Table 3, were adjusted to achieve geopolymers with suitable
rheological properties for printing and sufficient mechanical strength for catalytic
applications. In terms of mass quantities, the maximum amount that can be
accommodated in a 55 cm? printing syringe includes the following proportions: 60 g of
metakaolin, 50 g of alkaline activators (NaOH/Sodium silicate ratio = 1), and 3.3 g of
PEG-400 (equivalent to 3% of the total mass of 110 g).

Table 3 Mass of reagents to produce geopolymer paste.

Reagents Mass (w.t%)
Metakaolin Brasil (MK-B) 26.5
Metakaolin Imerys (MK-I) 26.5
Sodium silicate 25.5
Sodium hydroxide solution 10M 18.5
Polyethylene glycol 3

Source: author (2023).

The chemical composition analysis of the metakaolins was conducted using
X-ray fluorescence (XRF; Shimadzu EDX-7000 HS). XRF in is a quantitative analytical
technique commonly employed particularly useful in identifying the levels of various
oxides and rarer elements that constitute the metakaolin samples, the chemical
composition of MK-B and MK-I are displayed in Table 3. XRF analysis is widely used
in various industries and scientific research fields to characterize the chemical
composition of materials, including rocks, minerals, ceramics, and other solid samples.
Its quantitative nature and ability to detect a broad range of elements make it a valuable

tool in chemical analysis and material characterization.
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Table 4 Chemical composition (XRF, w.t%)

Oxides MK-B MK-I
SiO2 56.12 52.84
Al203 36.00 43.31
Fe203 2.27 0.85
TiO2 1.64 1.13
K20 1.62 0.04
ZrO2 0.07 0.02
Other oxides 2.28 1.81

Source: author (2023).

The preparation of the mixture involves several steps as follows:

1. The liquid reagents, including a 10M NaOH solution, sodium silicate
(Naz2SiOs), and polyethylene glycol (PEG), are added in a beaker.
These reagents are carefully measured and combined for 10 min under
magnetic stirring.

2. The metakaolin is dried in an oven at a temperature of 100 °C for 12
hours to remove any moisture. Once dried, the metakaolin is transferred
to a separate beaker.

3. The mixture containing the alkaline activator (from Step 1) is poured
over the metakaolin in the beaker. The metakaolin is then subjected to
mechanical mixing using a mechanical mixer, specifically an IKA RW20
model with a propeller equipped with four blades. The mixing process

is carried out for 6 min at a speed of around 500 RPM.

These steps ensure the proper combination and homogenization of the
metakaolin, alkaline activators, and PEG to form the geopolymeric paste. The
mechanical mixing step is crucial in achieving a uniform and well-mixed paste with
suitable rheological properties for subsequent 3D printing applications.

Once the geopolymeric paste is thoroughly mixed, it is transferred to the
printing syringe for further processing using additive manufacturing techniques. In this
case, a Dura Printer® E-03 model with pneumatic injection is utilized for 3D printing of
the geopolymers.

The design of the printed structures is created initially in Solidworks2017®
software, allowing the customization of different designs to achieve desired porosity

and specific surface area. The design file is then converted into a compatible format
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(STL) for the printer. Slic3r® software is employed to slice the design into parallel lines,
generating the contours of each layer and determining the printing path coordinates.

During the 3D printing process, specific parameters are set to ensure optimal
printing results. These parameters include:

i) Maximum height: Up to 110 mm, indicating the maximum height of the
printed structure.

ii) Layer thickness: Up to 3 mm, determining the thickness of each printed
layer.

iii) Printer nozzles: 0.8 mm in size, indicating the diameter of the printer nozzles
used for extrusion.

iv) Printing speed: Up to 120 mm/s, controlling the speed at which the material
is deposited during printing.

v) Temperature of the printing table: Maintained at 25 °C to provide a stable
printing environment.

By adjusting these printing parameters, the desired characteristics such as
porosity and specific surface area can be achieved in the printed geopolymeric
structures.

Figure 8 Geopolymeric support obtained by 3D printing.

Source: author (2023).

After the 3D printing process, the curing of the geopolymeric pieces is

conducted at room temperature for a duration of 7 days.
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4.4 IMPREGNATION METHOD

To impregnate the geopolymeric support (Fig. 6-A) with nickel or copper, after
28 days, the dry supports were weighed, and different mass percentages were used
for the monometallic catalysts. For the monometallic nickel catalysts, the supports
were impregnated with a solution containing 10% by weight of Ni(NO3)2.6H20.
Similarly, for the monometallic copper catalysts, a solution containing 10% by weight
of Cu(NOs3)2.3H20 was used. For the bimetallic catalysts, a combination of nickel and
copper was used. The supports were immersed in a solution containing 10% by weight
of Ni(NO3)2.6H20 and 2% by weight of Cu(NO3)2.3H20.

The nitrates were dissolved in a total volume of 50 ml of distilled water. The
support was then immersed in the solution and subjected to agitation for approximately
8 h at a temperature of 60 °C. This step allowed the impregnation of the metals into
the geopolymeric support.

After the impregnation process, the catalyst was removed from the solution,
and any remaining water was evaporated. A portion of the catalyst was further dried in
an oven at a temperature of 80 °C for 1 h. This drying process ensured the removal of
any residual moisture from the catalyst before further characterization and testing.

By following this impregnation method, the desired metal precursors (nickel or
copper) were incorporated into the geopolymeric support, forming the monometallic

and bimetallic catalysts for subsequent analysis and evaluation.

4.5 ADDITION METHOD

In the process of introducing the active phase into the geopolymer paste, a
physical mixture is created by adding the solid nitrate during the mixing step of the
liquid reagents (Fig. 6-B). The liquid reagents, including NaOH (10 M), sodium silicate
(Na2SiOs), and polyethylene glycol (PEG), are added to a beaker and stirred
magnetically for 10 min until homogenization, the materials employed maintain
equivalent mass percentages to those found in the pure geopolymer showed in Table
2. Then, the solid nitrate is added to the same beaker and stirred for another 20 min.

The process continues similarly to the obtention of the geopolymer support.

The liquid reagent mixture is poured over the metakaolin, and the geopolymeric paste
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is formed using a mechanical mixer at approximately 500 RPM for 6 min. The resulting
geopolymer paste contains the metallic precursor incorporated into it.

The geopolymer paste, now containing the metallic precursor, is transferred to
the syringe for 3D printing of the catalysts. In this method, the nitrates are added to the
geopolymer mass during the mixing process, eliminating the need for a separate wet
impregnation step after printing.

After 3D printing, the printed catalyst pieces undergo a curing process at room

temperature for 7 days.

4.6 CHARACTERIZATION

The characterization of catalysts is imperative for evaluating the feasibility and
efficacy of materials within the reaction medium. Accordingly, the justification for
employing a diverse set of characterization techniques is rooted in the necessity to
comprehensively analyze the prepared catalysts. Through the application of these
techniques contribute to a deeper understanding of the catalyst's performance and

unlock its inherent potential in the given application.

4.6.1 X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) analysis is a widely used technique in materials
science that enables the determination of a material's composition and crystallographic
structure. It involves irradiating a material with X-rays and measuring the intensities
and scattering angles of the X-rays that emerge from the material.

The primary purpose of XRD analysis is to identify materials based on their
unique diffraction patterns. Additionally, it can provide insights into deviations from the
ideal crystal structure, such as internal stresses and defects within the material.

In crystalline materials, atoms are arranged in a regular and repetitive pattern
throughout the crystal, extending in all three dimensions of space. As atoms contain
electrons capable of absorbing and re-emitting electromagnetic radiation, they act as
scatterers of light. The interference of scattered light results in diffraction phenomena
[226] .
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To determine the crystalline structures of the metal oxides, powder X-ray
diffraction was performed using the Rigaku® MiniFlex600 DRX equipment at the
Linden Laboratory of UFSC (Universidade Federal de Santa Catarina).

For analysis, the catalysts were finely ground using an agate mortar, sieved
through a Retsch® granulometric sieve with a 125 um mesh, and then transferred to 2
ml Eppendorf tubes. The samples in powder form were placed in an aluminum sample
holder and compacted.

During the XRD analysis, a Cu-Ka copper tube was utilized, with a wavelength
(A) of 1.5420 A. The measurement was conducted in the 26 range between 10 and

100°, with a sweep speed of 0.01°-s".

4.6.2 X-ray fluorescent (XRF)

X-ray Fluorescence (XRF) spectrometers represent potent analytical tools
crafted for the elucidation of the elemental composition inherent in diverse materials.
Through the assessment of the energies and intensities associated with emitted X-
rays, these instruments discern the presence and concentrations of individual
elements.

For X-ray Fluorescence (XRF) analysis, the catalysts were prepared in two
different ways: powder and small pieces. For powder analysis the catalysts were
randomly fractured using an agate mortar and subsequently transformed into a
powder. This powder underwent sieving through a 125 uym particle size sieve and was
then transferred to 2 mL Eppendorf tubes. Samples prepared using the impregnation
method were randomly fractured into small pieces, approximately measuring 3 mm.
These fragments were affixed to the sample holder to facilitate the analysis of the
thickness of the impregnated layer.

The analysis was conducted using the Shimadzu EDX-7200 equipment at the
Shimadzu Analytical Division (Sdo Paulo — SP). The procedure was executed in an air
atmosphere, employing a 5mm collimator for powder samples, and 1- and 3-mm
collimators for broken samples. The sample cup, constructed from polypropylene, was
subjected to an X-ray beam for a duration of 30 seconds at a maximum energy of 40
keV.
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4.6.3 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique used to produce high-
resolution images of a sample's surface by scanning it with a focused electron beam.
It is commonly employed for the analysis of material morphology. Additionally, SEM
can provide information about the chemical composition of the samples using Energy-
Dispersive X-ray Spectroscopy (EDS).

For SEM analysis, the catalyst samples were randomly broken using an agate
mortar, and small pieces measuring approximately 3 mm were affixed to the sample
holder using double-sided tape. Gold coating was not necessary for these samples.

The SEM images were acquired using the Hitachi® TM3030 (CERMAT — EMC
— UFSC) and JEOL® JSM-6390LV Scanning Electron Microscope (LCME — UFSC)
instruments. The SEM was operated at low vacuum, and the voltage was set at 5KeV
with a tungsten filament. The magnification levels used for imaging were 30x, 150x,
200x, and 400x. Additionally, complementary analyses were conducted using EDS,
which is integrated into the SEM vacuum chamber. EDS detects the energy associated
with each electron and provides information about the chemical composition of the

samples. The selected magnitude for the EDS analysis was 100 ym.

4.6.4 Thermoprogrammed Reduction (TPR)

Thermoprogrammed Reduction (TPR) is a thermoanalytical technique used to
characterize the internal and surface structure of a material, particularly for assessing
the reducing power of a catalyst. It provides valuable information regarding the ease
of reducing metal oxides, which is crucial for catalyst design and application.

In TPR analysis, a mixture of a reducing gas, typically 5% Hz in N2, is passed
over the catalyst oxide while the temperature is gradually increased using a linear
heating ramp. As the temperature rises, reduction of the oxide occurs, and the
consumption of hydrogen is measured. The resulting signal represents the reaction
rate and exhibits a peak at a characteristic temperature, which is influenced by both
the oxide material and the heating rate [227].

The TPR analyses were conducted at the Laboratorio de Combustao e catélise

Aplicada - UFSC Joinville, using the ChemBET® equipment with BET, pulse titration,
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TPD, TPR, TPO. The experimental conditions included a ramp temperature up to 800
°C and a gas flow rate of 75 ml/min (composed of 95% nitrogen and 5% hydrogen).
To ensure accurate measurements and eliminate interference from moisture,
the samples underwent a gas purge process in a nitrogen atmosphere. The purge
involved passing a nitrogen flow of 75 ml/min over the samples at a temperature of 300
°C for a duration of 3 h. This step helps remove any residual moisture before initiating
the TPR analysis, allowing for a clean signal that primarily reflects the change in

hydrogen concentration during the reduction process.

4.6.5 Brunauer-Emmett-Teller (BET)

The Brunauer-Emmett-Teller (BET) theory is formulated to elucidate the
physical adsorption of gas molecules onto a solid surface. This theory serves as the
foundation for a crucial analytical technique employed in determining the specific
surface area of materials. The BET theory is particularly applicable to systems
involving multilayer adsorption. In practice, this theory commonly employs probing
gases that do not undergo chemical reactions with the material surfaces, serving as
adsorbates for the quantification of specific surface area [228]

The catalysts were prepared through two distinct methodologies: powder and
small pieces. In the case of powder analysis, the catalysts were randomly fractured
using an agate mortar, leading to their transformation into a fine powder. Subsequently,
this powder underwent sieving through a 125 pm particle size sieve and was
subsequently transferred to 2 mL Eppendorf tubes for further processing.

On the other hand, for small pieces analysis, the catalysts were randomly
fractured into small pieces, each measuring approximately 3 mm in dimensions. The
samples were prepared using varied methods to investigate the pores formed within
the solid because of the additive manufacturing process.

The analysis was conducted in two distinct manners using different equipment.
Samples in powder form were acquired employing the single-point ChemBET Pulsar
TPR/TPD Automated Chemisorption Flow Analyzer, (LAC - UFSC - Joinville).
Meanwhile, samples in pieces were analyzed in the Nanotec laboratory (UFSC -
Florianopolis) equipament model Nova 2200e, both of Quantachrome Instruments,
utilizing same techniques. The analysis was carried out under a nitrogen atmosphere

with a flow rate of 75 mL/min, utilizing a mass of 100 mg for each sample. Prior to
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analysis, a degassing step at 300°C for 3 hours in N2 5.0 was performed to ensure the

removal of any residual gases or contaminants.

4.6.6 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy stands as an advanced
characterization technique employed to discern the molecular structure at the atomic
level within a given sample. Beyond elucidating molecular structures, NMR
spectroscopy can identify phase changes, conformational and configurational
alterations [229].

This spectroscopy method serves as a valuable tool for elucidating the
structures of organic compounds. Within the 'H spectra, three key features—chemical
shift, signal intensity, and multiplicity—contribute distinct and informative details,
collectively enhancing our understanding of the molecular composition and
arrangement in the analyzed compounds.

The 1H NMR and 13C NMR spectra were acquired using Varian AS-400
spectrometers (400 and 100 MHz, respectively) and Bruker AC-200F (200 and 50
MHz, respectively) (QMC-UFSC-Floriandpolis). CDCI3 served as the solvent.
Chemical shifts were recorded in parts per million (ppm), referenced to TMS at 0.00
ppm or to solvents (CDCI3 at 7.26 ppm or DMSO-d6 at 2.48 ppm for 1H NMR and
CDCI3 at 77.16 ppm or DMSO-d6 at 39.52 ppm for 13C NMR) as standard internal
references.

The coupling constants (J) were measured in Hertz (Hz), and coupling patterns
were designated as follows: s (simple), d (doublet), dd (double doublet), t (triplet), q
(quartet), dg (double quartet), m (multiplet), and br s (broad singlet).



57
5 RESULTS AND DISCUSSION

5.1 STRUCTURAL AND MICROSTRUCTURAL CHARACTERIZATION

The aluminosilicate source materials, namely Metakaolin do Brasil (MK-B) and
Metacaulim Imerys (MK-I), underwent XRD analysis, as depicted in Figure 11, with the

results for all samples presented in Figure 12.

Figure 9 XRD of Metakaolin samples (MK-B and MK-I) highlighting the quartz and
kaolinite areas.
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Source: author (2023).

The match peaks of the XRD data was performed by using the program and
the graphical interface HighScore Plus®. All the samples exhibited peaks
corresponding to quartz, which is present in the utilized metakaolin. The shift of the
amorphous metakaolin peak (at 23° in 28) to 25 to 35° indicates the formation of
geopolymers [186]. The crystalline phases identified in the samples include kaolinite-
1 Md (Al2Si205(0OH)4), Ref. Pattern 01-088-0893), sodium aluminum silicate

(Na2Al2Siz010, Ref. Pattern 00-046-0740), and a presence of quartz (SiO2, Ref. Pattern
01-070-3755).
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Figure 10 Presents the X-ray diffraction (XRD) analysis of the samples generated in
this study. It illustrates the graphical representation of the obtained data (Q = quartz;
M = mullite; C = copper; N = nickel; K = kaolinite; S = sodium carbonates, Z =
zeolite).
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Source: author (2023).

The X-ray diffraction (XRD) patterns of geopolymers typically display humps
around 29° 26, indicating the formation of an N-A-S-H type gel [230], [231] The peaks
observed at approximately 32.1°, 37.9°and 40.2° in the patterns can be attributed to
sodium carbonates (Na2COs, Ref. Pattern 01-075-6816) [232]. These peaks may arise
from carbonation that occurred during the sample preparation process.

The peak at 59.9° 20 is present in all samples, this suggests the formation of
new crystalline phases during the curing process. These crystals are likely to be
associated with zeolites, which has been observed by other researchers in
geopolymers as well[233], [234].

The methods used for sample preparation did not lead to any substantial
alteration in the nature of the geopolymer present in the support material, as indicated
by the position of the diffraction peaks.

The samples containing 10% copper nitrate, produced using both methods,

and the bimetallic sample generated through the addition method exhibited discernible
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CuO peaks (CuO Ref. Pattern 00-002-1067). Conversely, the sample crafted through
both addition and impregnation methods, which incorporates nickel, showcased the
formation of aluminum and nickel phases (Alo42Nioss Ref. Pattern 00-044-1267)
alongside pure nickel (Ni Ref. Pattern 00-003-1043).

Furthermore, the presence of diffraction peaks at 26 = 37.4° and 43.5° in the
metallic samples by both methods and in the bimetallic sample preparate by the
addition, indicates the existence of a crystalline phase of pure nickel (Ni Ref. Pattern
00-003-1043). The weak peaks observed at 20 = 36.5° and 38.9°, can be attributed to
the monoclinic phase of CuO (CuO Ref. Pattern 00-002-1067).

In the XRD patterns of the bimetallic sample prepared using the impregnation
method, no peaks were observed that could be attributed to the presence of metal or
metal oxides. There are possible reasons for this observation, including the non-
crystalline nature of the particles, uniform dispersion of the particles, preferential
orientation of particles, and very small particle sizes, or non-impregnation of the
material.

Peaks originating from mixed phases such as aluminates, from nickel, were
detected in the samples. This finding is significant as it suggests that there were
reactions between the geopolymer and the oxides during the synthesis, indicating that
the presence of the nitrate could compromise the support.

The lack of observable peaks and the small intensity related to metal or metal
oxides in the XRD patterns could be attributed to the sensitivity limitations of the
equipment used. The methods employed for catalyst development introduce only a
minute quantity of nickel and copper into the samples, theoretically amounting to 2.14
w.t% in samples containing 10 w.t% of nickel nitrate, 2.65 w.t% in the samples with
10w.t1% of copper nitrate and 0.55 w.t% of copper in the bimetallic samples. This low
concentration of the metals may fall below the detection threshold of the XRD

equipment, thereby explaining the absence of corresponding peaks.
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Table 5 Theoretical and Experimental weight of the metals in the catalysts.

Theoretical Experimental weight Experimental weight
Sample weight (w.t%) XRD (w.t%) XRF (w.t%)

Ni Cu Ni Cu NiO CuO
Ni10_IMP 214 - 1.09 - 3.27 0.04
Ni10Cu2_IMP 2.14 0.55 - - 3.02 1.60
Cu10_IMP - 2.76 - 0.79 0.02 5.58
Ni10_ADD 214 - 1.46 - 2.97 0.02
Ni10Cu2_ADD 2.14 0.55 1.62 0.49 3.12 0.93
Cu10_ADD - 2.76 - 1.56 0.01 3.64

Source: author (2023).

The samples prepared using the impregnation method exhibited the most
noticeable discrepancies in XRD analysis, indicating clear differences among the
samples. One potential error lies in the control of impregnation parameters, including
the concentration and volume of the impregnation solution, as well as the impregnation
time and temperature. Inaccurate measurements or deviations from the intended
parameters can result in uneven distribution of the impregnated species or inadequate
coverage on the substrate, leading to inconsistent or suboptimal performance.

Another significant source of error is related to the interaction between the
substrate and the impregnation solution. Surface properties, such as roughness,
porosity, and chemical composition, can influence the adsorption and diffusion
behavior of the impregnating species. Inadequate surface preparation or incomplete
wetting of the substrate can cause incomplete impregnation, resulting in reduced
effectiveness or loss of desired functionalities.

Quantifying the active phase in geopolymers via X-ray diffraction (XRD)
analysis may have been challenging, leading to some disagreements between theory
and experimental results, as indicated in Table 5, although the results are plausible
given the method used to produce the samples.

The quantification of geopolymer presents complexities compared to the
quantification of other materials due to the unique characteristics mainly from the
geopolymer ceramic matrix. These challenges arise from the following factors [235],
[236], [237]:

i) Amorphous content: Geopolymers often contain amorphous phases,

which do not produce distinct diffraction peaks in XRD patterns. As a
result, the quantification of crystalline phases may be affected, leading

to underestimation or overestimation of their relative abundance.
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ii) Preferred orientation: Geopolymeric samples can exhibit preferred
orientation, where the crystal planes of certain phases align
preferentially in a particular direction. This can lead to an overestimation
of the abundance of these phases in the XRD analysis.

iii) Peak overlapping: In complex geopolymeric systems, different phases
may have similar diffraction patterns, resulting in overlapping peaks.
This can make it challenging to accurately separate and quantify
individual phases.

iv) Calibration standards: The use of appropriate calibration standards is
crucial for accurate quantification. However, finding suitable standards
that closely match the composition and crystal structure of the
geopolymeric samples can be challenging, leading to potential errors in
the quantification process.

To minimize these errors, it is important to carefully consider the limitations
and assumptions associated with XRD analysis of geopolymeric samples. For this
purpose, a supplementary X-ray Fluorescence (XRF) analysis was conducted to
showcase and quantify the concentration of each metal present in the produced
samples.

Moreover, in comparison to commonly employed methods like Energy
Dispersive X-ray Spectroscopy (EDX) and X-ray Photoelectron Spectroscopy (XPS),
X-ray Fluorescence (XRF), as show in Table 5, offers the advantage of providing
information about the elemental content of a sample from a larger volume. The
fundamental principle of the XRF analytical method is rooted in the interaction of a
material with high-energy X-ray radiation, resulting in X-ray absorption. This
absorption/excitation phenomenon and subsequent relaxation processes induce the
emission of fluorescence photons by atoms, each possessing specific energy
characteristics [238].

Thought it's crucial to note that the intensity of the analytical lines in X-ray
Fluorescence (XRF) is influenced not solely by the elemental content but also by
factors such as particle size, chemical composition, and various experimental
parameters specific to the sample.

The observation of metal concentrations in the samples exceeding the
expected percentages may be attributed to various factors, several studies have

demonstrated that the intensity from a sample exhibited an increase as the particle



62

size decreased [239], [240], [241], [242]. This phenomenon arises due to the
diminution in size and the decrease in the extent of voids within the sample. Following
the same rationale, reducing the particle size of one of two sample components results
in a higher intensity relative to the component with a fixed particle size. Additionally, if
the particle size of both components is reduced, their respective intensities may either
increase or decrease based on their relative absorption coefficients. Notably, it was
observed that the intensities stabilize when the particle size becomes sufficiently small
[241].

The most direct approach to mitigate the impact of particle size effects on the
emitted spectrum intensity and enhance the accuracy of concentration measurements
is to construct calibration curves using standard specimens of known composition
[241].

The variance in attenuation lengths of nickel (Ni) and copper (Cu) fluorescence
photons, coupled with the outlined morphology, could influence the volume ratio of
Ni/Cu and result in a shift in the measured concentrations. Since the analysis was done
using a powder and pieces of the catalysts, the surface and volumetric irregularities
may elucidate the observed behavior in the analysis.

Indeed, the complexity of the sample, inherent to its natural composition,
introduces an additional source of potential error in the analysis. The presence of
diverse chemical elements, especially those with similar and low-energy photon
emissions, such as in the case of copper and nickel, can contribute to these errors.
The intricate nature of the material underscores the importance of considering and
addressing the diverse elemental composition for accurate and reliable analytical
results.

An additional potential source of error arises from the incomplete homogeneity
of the samples, resulting in localized regions with a higher concentration of metal. This
is particularly evident when examining the samples prepared using the impregnation
method, as indicated in Table 5. The uneven distribution of metal within the samples
can introduce variability in the analysis and should be considered when interpreting
the results.

However, it is noteworthy that the analysis yielded satisfactory results,
qualitatively affirming the presence of metals in the catalysts and providing a

reasonable approximation to the theoretically expected outcomes. Therefore, a
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calibration curve would be necessary to obtain a better response from the equipment
and a more reliable analysis of the samples.

Complementary techniques such as scanning electron microscopy (SEM) can
provide additional information to support the accurate chemical composition in
geopolymeric systems.

One of the key advantages of chemical analysis using Scanning Electron
Microscopy (SEM) is its ability to provide high-resolution imaging combined with
elemental analysis. SEM allows for the visualization of sample surfaces at
magnifications ranging, providing detailed morphological information. Simultaneously,
the incorporation of energy-dispersive X-ray spectroscopy (EDS) within the SEM setup
enables the identification of composition, elemental distribution and identify specific
phases.

Microscopy images were acquired at different magnifications to examine the
catalyst morphology and the interaction between active phase and the support. The
primary objective was to identify the location of metals within the geopolymer mass

after its incorporation, providing insights into its distribution and behavior.

Figure 11 Scanning Electron Microscope (SEM) Images of geopolymeric support
mples (GEQ) at various magnifications (x30, x300, and x1000).
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Source: author (2023).

From the SEM images, the metakaolin particles appeared as plates forming a
layer-like structure as seen in Figure 13, considering the solid-liquid reaction system
as a gel system with relatively low water content, it is reasonable to hypothesize that
the solid raw material maintains its primary shape with minimal changes throughout

the geopolymerization process.
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The geopolymer exhibits a compact microstructure, which becomes evident
when examining an image taken from a section of the sample that underwent pressure
during the extrusion process. The application of pressure during extrusion can result
in a rearrangement of particles and a reduction in pore size, leading to a denser
microstructure.

Figure 13 illustrates that the geopolymer samples predominantly exhibit glassy
microstructures, which align with their X-ray amorphous XRD patterns. The amorphous
nature of the material is evident in the absence of distinct diffraction peaks in the XRD
patterns, indicating a disordered atomic arrangement. This observation is in line with
the glassy appearance observed in the microstructures of the geopolymer samples.

SEM images of geopolymer samples contain zeolites revealing the presence
of distinct crystalline structures with spherical particles and size around 5 ym. The
zeolites often appear as individual particles or aggregates dispersed within the
geopolymer matrix, which can be attributed to the presence of various impurities in the
raw material. These impurities promote rapid nucleation, resulting in limited crystal
growth during geopolymerization [243].

For a more comprehensive chemical analysis and to compare the results
obtained from the peaks observed in X-ray diffraction (XRD) analysis, an Energy
Dispersive X-ray Spectroscopy (EDS) analysis was conducted. EDS is a technique
that is coupled with a Scanning Electron Microscope (SEM), allowing for both
quantitative and qualitative chemical characterization of the samples. By utilizing EDS,
it becomes possible to obtain elemental composition information and further

complement the findings from the XRD analysis.

Figure 12 Energy dispersion spectrum of the geopolymeric support without the
presence of active phase.
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Source: author (2023).

The EDS analyses of the supports, as depicted in Figure 14 and Table 6,
reveal a chemical composition that closely aligns with the findings reported in the X-
ray fluorescence analysis (Table 3) of metakaolin and the other reagents added to the

mixture for the preparation of the geopolymer.

Table 6 Theoretical and Experimental weight of the chemical elements present in the

geopolymer sample.
Geopolymer sample  Theoretical weight Experimental
(GEO) (W.t%) weight (w.t%)
Oxygen (O) 58% 64.9%
Silicon (Si) 16% 16.8%
Aluminium (Al) 12% 12.0%
Sodium (Na) 7% 5.8%
Iron (Fe) 0.3% 0.3%
Potassium (K) 0.2% 0.2%
Others elementes 6.5% -

Source: author (2023).

Some differences can be observed, particularly in the oxygen content of the
sample, as geopolymer matrices typically contain various chemical elements
predominantly in oxide forms. Due to the complex nature of the geopolymer
composition, the EDS analysis may not have been able to identify all the chemical
elements present. It's important to consider the inherent variability in geopolymeric
materials, which can arise from variations in the raw materials used, the synthesis
process, and the curing conditions. This variability can lead to differences in the
chemical composition of different regions within the sample.

Additionally, the presence of impurities or contaminants in the geopolymer
matrix can contribute to variations in the oxygen content. These impurities can arise
from the raw materials or may be introduced during the synthesis or handling
processes. Contaminants can impact the overall chemical composition, potentially
resulting in differences in the oxygen levels between different regions of the sample.

Moreover, variations in sample preparation techniques can also influence the
observed differences. Factors such as the homogeneity of mixing, curing conditions,
and sample size can affect the distribution and density of the geopolymer matrix.

To analyze the interaction between the active phase and the support, higher

magnification microscopies were employed to examine both the internal and external
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parts of each sample. This approach aimed to identify the specific locations where the
metals with catalytic capacity are situated. By utilizing higher magnifications, detailed
observations of the sample structure and the distribution of catalytically active metals
could be made, providing insights into the spatial relationship between the active phase
and the support material.

Figure 15 illustrates the samples produced using the impregnation method,
containing 10% nickel nitrate (Ni10_IMP), magnified up to 10,000x. The internal
section of the sample, composed solely of geopolymers, exhibits a structure like that
mentioned earlier in Figure 14. This higher magnification provides a clearer view of the
pore sizes and shapes, which were not as evident before, revealing diameters of up to
10 um. Notably, the geopolymeric matrix in the analyzed sample remains unaffected.
Another significant observation is the lack of apparent pores on the external surface,
suggesting that the impregnation method effectively infiltrated the sample, resulting in

a more compact catalyst structure.

Figure 13 Images of the internal and external part of the catalyst produced by
impregnation containing 10% nickel nitrate (Ni10_IMP) performed via SEM with 30x,
1,000x and 10,000x magnification.
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Upon examining the external part of the sample at a magnification of 10,000x,
it becomes apparent that the pores were not entirely obstructed by the impregnation
process. However, there was a noticeable decrease in pore size, reducing to
approximately 1 um. Interestingly, the impregnated samples exhibit an increased
quantity of pores compared to the non-impregnated ones. This observation suggests
that the impregnation method has resulted in a greater surface area available for
heterogeneous catalysis to take place. The smaller pore size and higher pore density
in the impregnated samples contribute to enhanced catalytic activity, as they provide
more sites for chemical reactions to occur.

The highly alkaline nature of the geopolymer matrix has a significant impact on
the impregnation process. The water and nitrate solution used in the impregnation
method typically have a high pH, as a result, a portion of the nitrate compounds
undergoes chemical transformations, leading to the formation of smaller particles,
primarily nickel oxide. This phenomenon has been demonstrated in the X-ray
diffraction (XRD) analysis of the sample, confirming the conversion of nitrate
compounds to nickel oxide within the geopolymer matrix.

The surface of the geopolymer particles exhibited the growth of rod-like
composed of nickel oxide. These newly formed NiO displayed varying aggregation
properties, ranging from individual, separated grains to notable radiated formations
composed of several grains. The distinct morphologies observed highlight the potential
for diverse surface structures and catalytic behavior in the supported geopolymer
system.

In Figure 16, the sample containing 10% copper nitrate (Cu10_IMP), prepared
using the impregnation method, is displayed. Like the previous sample prepared using
the same method, there is no apparent impairment of the geopolymer matrix. However,
upon closer examination at a magnification of 1,000x from the external surface, a
reduction in pore size can be observed compared to Figure 10, which depicted the
pure support material. The pores in Figure 14 exhibit a range of diameters, indicating
the presence of varied pore sizes within the impregnated sample. This observation
suggests that the impregnation process has influenced the pore structure of the
geopolymer matrix, leading to a decrease in pore size.

A noteworthy observation in Figure 16 is the presence of spicule-like structures

alongside the pores. These structures are also abundant in the images obtained from
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the external part of the sample. It is important to note that these spicules are, in fact,
copper [244]. Their formation can be attributed to the chemical reaction between the
impregnated copper nitrate and the geopolymer matrix, as a result, lead to the
formation of copper nanowires. They exhibit elongated crystalline structures and are
dispersed throughout the sample[245], [246], [247].

Figure 14 Images of the internal and external part of the catalyst produced by
impregnation containing 10% copper nitrate (Cu10_IMP) performed via SEM with
30x, 1,000x and 10,000x magnification.
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Source: author (2023).

In environments with high pH, such as in the synthesis of geopolymer
materials, the formation of copper (Cu) nanowires can occur. This phenomenon is
attributed to the unique chemical interactions and conditions present in alkaline
solutions[246], [247] . The introduction of sodium hydroxide to a copper nitrate solution
resulted in the formation of a precipitate with a light blue or blue color, identified as

copper hydroxide, which follows the reaction below, Equation 1 and 2:

Cu(No3), + 2NaOH — Cu(OH), + 2 NaN O, (1)
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Cu(OH), —» Cu0 + H,0 (2)

In high pH environments, copper ions (Cu?*) tend to undergo reduction
reactions due to the high concentration of hydroxide ions (OH") present. The reduction
of Cu?* ions lead to the deposition and growth of metallic copper, which can take on
various forms depending on the specific conditions [246]. The growth of Cu nanowires
occurs along specific crystallographic directions, resulting in elongated structures with
nanoscale dimensions.

These formations exhibit high aspect ratios, large surface areas, and unique
electronic and optical properties, making them attractive for various technological
applications, including nanoelectronics, sensors, and catalysis. The coexistence of
these spicule-like structures and the pores adds complexity to the microstructure of the
impregnated geopolymer, potentially influencing its catalytic properties and surface

characteristics.

Figure 15 Images of the internal and external part of the bimetallic catalyst produced
by impregnation (Ni10Cu2_IMP) performed via SEM with 30x, 1,000x and 10,000x
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In the bimetallic samples, as show in Figure 17, the formation of Cu nanowires
is prominently observed near the pores. This can be attributed to the larger contact
surface area available in those regions, leading to a higher local pH. The increased pH
promotes the reduction of copper ions and facilitates the growth of Cu nanowires. As
a result, the formation of Cu nanowires is enhanced in these specific areas where the
contact between the impregnated copper species and the geopolymer matrix is more

pronounced.

Figure 16 EDS analysis of the samples made by impregnation method.
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Source: author (2023).

To obtain a chemical analysis of the impregnated samples prepared using the
method mentioned, Energy Dispersive X-ray Spectroscopy (EDS) was performed. The
results of this analysis can be observed in Figure 16, confirming the presence of the
active phase in each respective sample, supports the successful impregnation of the
desired catalytic species in the samples and corroborates the results presented via
XRD and XRF.

Figure 17 EDS analysis of the samples made by addition method.
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Source: author (2023).
EDS analyses were also conducted on the samples prepared using the

addition method, as show in Figure 19. Consistent with the results obtained from X-ray
diffraction (XRD) and X-ray fluorescent (XRF) analysis (as shown in Table 4), the
presence of the active phase within the geopolymer matrix was confirmed. This
alignment between the three analytical techniques further supports the identification
and verification of the active phase in the samples.

In contrast to the sample consisting solely of geopolymer, it was not feasible
to perform a quantitative analysis of the active phase using Energy Dispersive
Spectroscopy (EDS). This analysis provides qualitative information about the
elemental composition of a sample, but the quantification of specific phases can be
challenging. The difficulty in conducting a quantitative analysis can be attributed to
several factors [248], [249], [250]:

i) Elemental Overlap: In the presence of multiple elements, such as in the
case of geopolymer and the active phase, there can be spectral overlap
between the peaks of different elements.

ii) Matrix Effects: The composition of the geopolymer matrix can influence
the X-ray emission and absorption processes during EDS analysis. The
presence of other elements in the matrix can lead to spectral
interference and affect the accuracy of quantitative analysis for the
active phase.

iii) Elemental Concentration: If the concentration of the active phase is
relatively low compared to the geopolymer matrix, it may be difficult to
detect and accurately quantify the active phase using EDS.

iv) Sample Heterogeneity: If the active phase is not uniformly dispersed or
if there are variations in its concentration throughout the sample, it can
affect the reliability of the quantitative measurements.

The limitations in conducting quantitative analysis of the active phase via
Energy Dispersive X-ray Spectroscopy (EDS), in this context, Scanning Electron
Microscopy (SEM) analysis provides valuable insights into the microstructure,
morphology, and elemental distribution also in the samples made by the addition

method.
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Figure 18 Images of the internal and external part of the catalyst produced by
addition method, containing 10% nickel nitrate (Ni10_ADD) performed via SEM with
30x, 1,000x and 10,000x magnification.

Source: author (2023).

Upon observing Figure 20, which displays SEM images of the sample
containing 10% nickel nitrate prepared using the addition method, noticeable
differences become apparent when compared to the corresponding sample prepared
via the impregnation method. The first notable difference, even at lower magnification,
is a sense of fragility and a less robust appearance in the sample made by the addition
method. This fragility could be attributed to variations in the distribution and bonding of
the active phase within the geopolymer matrix. The different preparation methods can
lead to variations in the microstructure and morphology of the samples, ultimately
affecting their mechanical properties and overall stability.

When examining the external part of the sample, it becomes evident that the
structure is not as compact as the one depicted in Figure 15, which also contains 10%
nickel nitrate but was produced using the impregnation method. The observed



74

difference in compactness suggests that the addition method may result in a less
dense arrangement of the geopolymeric catalysts. This could be attributed to the
incorporation of the nitrate in the geopolymer matrix. Nitrate, in its hexahydrated form,
can interfere with the geopolymerization process. The presence of excess water
molecules associated with the nitrate ions can disrupt the formation of strong chemical
bonds within the geopolymer matrix.

To delve deeper into the properties of the samples, BET tests were conducted.
The findings from these tests will be expounded upon in the following section,
furnishing crucial insights into the specific surface area and porosity of the catalysts.
This analysis will contribute to a comprehensive understanding of the structural
characteristics and potential applications of the materials under investigation.

Similar to the sample produced by the impregnation method, the catalyst
prepared using the addition method also exhibits small portions of nickel oxide in the
form of rod-like structures. The formation of such structures in the interior of the
catalysts can enhance the reactivity and provide active sites for chemical reactions,
since these are present both in the internal and external part of the sample.

In the sample containing 10% copper nitrate prepared using the addition
method (Figure 21), the nanowires that were observed in the samples made by the
impregnation method are not visible. This indicates that the formation of nanowires did
not occur or that the concentration of copper nitrate used was not sufficient to produce
them with this methodology. It is possible that the copper ions from the copper nitrate
were incorporated into the catalyst matrix in a different form or morphology, such as

nanoparticles or dispersed species.
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Figure 19 Images of the internal and external part of the catalyst produced by
addition method, containing 10% copper nitrate (Cu10_ADD) performed via SEM
with 30x, 1,000x and 10,000x mgniﬁcati
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Source: author (2023).

The catalyst exhibits a certain degree of fragility along with the presence of
grooves and micro cracks in its structure. These features indicate that the catalyst may
possess a porous and interconnected network. Additionally, in the images, the
characteristic presence of geopolymerization can be observed.

In the bimetallic sample, shows as Figure 21, prepared using the addition
method, a higher level of compaction is evident when compared to other samples
produced using the same method. Moreover, the overall structure of the bimetallic
sample appears like the sample without the active phase, suggesting that satisfactory

geopolymerization has occurred.
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Figure 20 Images of the internal and external part of the bimetallic catalyst produced
by addition method, containing 10% nickel nitrate and 2% of copper nitrate
(Ni10Cu2_ADD) performed via SEM with 30x, 1,000x and 10,000x magnification.
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Source: author (2023).

Structures similar to those depicted in Figure 16 can also be observed in the
bimetallic sample, particularly the presence of copper spicules. These copper spicules
are especially noticeable in proximity to the pores where there is a localized increase
in pH. However, it should be noted that these spicules are not as prominent as in the
impregnated sample, but they can still be observed in smaller quantities. Additionally,
in the sample, nickel rods are predominantly seen on the surface of the material,
particularly in the vicinity of the pores and copper spicules.

The presence of copper spicules and nickel rods suggests the successful
incorporation of these metallic species into the geopolymer matrix. The observed
location of these structures in relation to the pores indicates a potential correlation
between the catalyst morphology, pore structure, and the spatial distribution of active
species.

The intrinsic porosity is visibly apparent in SEM images of all the samples. As
a means of assessing the surface characteristics of the catalysts, BET analyses were

conducted on both the powder and portions of the samples, as show in Table 7.
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Table 7 Specific surface area and total porosity of the samples.

Sample Specific surface area Total porosity (%)
(m?/g)

GEO 29.38 67.21+0.02
Ni10_IMP 36.99 75.48+0.04
Ni10Cu2_IMP 37.70 77.00+£0.03
Cu10_IMP 45.98 77.45+0.02
Ni10_ADD 22.39 51.32+0.03
Ni10Cu2_ADD 15.62 35.76+0.02
Cu10 ADD 62.44 78+0.9

Source: author (2023).

The BET theory stands as a pivotal analytical instrument for elucidating the
adsorption of gas molecules onto a solid surface, playing a crucial role in measuring
the specific surface area of materials. Commonly termed physisorption or adsorption,
BET employs an adsorbate, typically Nitrogen, for its assessments. This method finds
application in determining the surface area of geopolymers, a factor closely tied to the
formation N-A-S-H type gel. An elevated BET surface area signifies an increased this
formation within the matrix, establishing a correlation with porosity and exerting an
impact on the material's properties.

The rise in specific surface area observed in samples produced through the
impregnation method may be attributed to the formation of metal ions (Ni?* and Cu?*).
Interestingly, these ions not only failed to seal the active surface of the initial adsorption
material but also facilitated the creation of additional adsorption active centers,
resulting in the development of new open pores.

Table 7 reveals that samples with enhanced specific surface areas are notably
those incorporating copper. In the samples featuring copper through the impregnation
method, nanometer-sized spicules form, as evidenced in Figure 15. Another factor
contributing to this significant augmentation, in contrast to the pure geopolymer
sample, suggests the existence of numerous active adsorption sites of copper.
Consequently, it is plausible to speculate that the geopolymer in this study, containing
Cu, has the potential to increase the BET surface area.

Even though the samples produced through the addition method, which
include nickel, exhibit a more fragile structure, as evidenced in figures 19 and 20, a
notable observation emerges when the magnification is increased by a factor of x30.
Under these conditions, the samples display a reduction in specific surface area. This
observation serves to demonstrate that, the presence of nickel, especially at higher



78

concentrations, could lead to the blocking or coverage of active adsorption sites on the
material's surface and a decrease the porosity. This impediment may restrict the
accessibility of gas molecules, used in BET analysis, to the surface, consequently
resulting in a decrease in the measured specific surface area. Furthermore, the
introduction of nickel particles may facilitate agglomeration, leading to the formation of
clusters or larger structures on the material surface. This clustering phenomenon could
diminish the effective surface area available for gas adsorption, contributing to the

observed decline.

5.2 KINETIC STUDIES

Temperature-Programmed Reduction (TPR) analysis is a powerful technique
used to investigate the reducibility and catalytic properties of metallic and bimetallic
catalysts. By subjecting the catalysts to a controlled heating and reactive gas
environment, TPR analysis allows for the identification of temperature regions
associated with the reduction of metallic species and provides quantitative data on their
reducibility. This analysis plays a crucial role in understanding the activation and
performance of geopolymeric metallic and bimetallic catalysts, contributing to the
development of efficient and sustainable catalytic systems.

The TPR profiles, as illustrated in Figure 21, demonstrate distinct reduction
peaks for the samples prepared using the impregnation method. Specifically, in the
sample impregnated with 10% copper nitrate (Cu10_IMP), two peaks are observed
prior to reaching 300°C. The first peak occurs around 210°C, followed by a second
peak at approximately 270°C. These findings indicate the presence of different forms
of copper oxide on the catalyst surface. It is noteworthy that the reduction maximum of
the Cu/GEO system is shifted to lower temperatures compared to pure CuO,
suggesting a strong interaction between the copper oxide species and the
geopolymeric support [97], [251].

The first two centered peaks in the TPR profile correspond to the reduction of
bulk CuO species with varying degrees of interaction with the geopolymer support. The
third peak indicates the reduction of bulk crystalline copper oxide that exhibits
moderate interactions with the geopolymer support [252]. The high peak intensity

observed in the TPR profile can be attributed to significant interactions between CuO
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and the geopolymer matrix, which aligns with the SEM analysis in Figure 15, where

copper dispersion within the matrix is observed.

Figure 21 TPR of catalysts with impregnated method.
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Source: author (2023).

The TPR profile of the bimetallic sample (Ni10Cu2_IMP) exhibits behavior
similar to the sample containing only copper, particularly in terms of lower temperatures
and a distinct peak observed at approximately 380°C corresponding to the reduction
of copper oxide[97]. This sharp peak at 380°C is characteristic of the reduction profile
of pure CuO, the presence of this peak suggests the presence of bulk copper oxide
within the bimetallic catalyst.

The observed similarity in the reduction behavior between the bimetallic
sample and the sample with only copper implies that the copper component in the
bimetallic system retains its characteristic reduction properties. These findings indicate

that the bimetallic catalyst retains the distinct catalytic behavior associated with the



80

reduction of copper oxide, while also potentially exhibiting unique catalytic properties
arising from the presence of additional active phases.

The samples containing copper display higher peak intensities compared to
the pure nickel sample. This disparity in peak intensity suggests a higher concentration
or greater dispersion of copper species in the geopolymeric matrix. The enhanced
intensity of the peaks associated with copper can be attributed to several factors,
including the affinity of copper towards the geopolymeric support, its interaction with
the matrix, and the potential formation of active sites that contribute to catalytic activity.

In contrast, the pure nickel sample exhibits lower peak intensities, indicating
a lower concentration or less effective dispersion of nickel species within the
geopolymer. This discrepancy underscores the different behaviors and catalytic
properties exhibited by the copper and nickel components within the geopolymeric
catalyst.

According to reports, the reduction temperature of pure NiO typically falls
within the range of 360—400 °C [253]. This temperature range represents the thermal
decomposition and reduction of nickel oxide to metallic nickel. The specific reduction
temperature can vary depending on factors such as the particle size, morphology, and
crystalline structure of the NiO particles, as well as the experimental conditions of the
analysis. However, it is important to note that the reduction temperature of NiO can be
influenced by the presence of other components or interactions with the geopolymeric
matrix., such as the presence of metallic nickel and nickel aluminate, already
mentioned in XRD analyzes.

The presence of peaks at 596°C in the sample containing only nickel and at
620°C in the bimetallic sample can be indicative of the formation of undesired phases
resulting from the interaction of nickel with the support at high temperatures. These
peaks can be attributed to the transfer of electrons between the metal and the support,
leading to the formation of other compounds or complexes [254]. This electron transfer
process suggests the occurrence of reactions or transformations that lead to the
generation of new phases, which may not be desirable for the intended catalytic
application.

In the analysis of the pure geopolymer (GEQO), shows in Figure 22 and 23, no
signals or indications of catalytic activity were observed. This is consistent with the fact
that the geopolymer matrix, being a support material, does not possess intrinsic

catalytic properties.
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Figure 22 TPR of catalysts with addition method.
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The TPR profiles of the samples obtained by the addition method exhibit
significant differences, particularly in the peaks below 350°C, when compared to the
samples obtained by the impregnation method. These differences can be attributed to
variations in the preparation technique and the distribution of active metal species
within the geopolymeric matrix.

In the addition method, where the metal precursors are mixed with the
geopolymer precursor during synthesis, the intimate contact between the metal
species and the geopolymer matrix leads to a stronger interaction. This can result in
distinct reduction behavior, with higher temperature peaks indicating a strongest
interaction between the metal species and the support; and the formation of complexes
with the geopolymer matrix. The presence of less quantity peaks suggests the
formation of specific intermediates or interactions between the metal species and the

geopolymer matrix during the reduction process.
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The samples containing nickel in both the addition and impregnation methods
exhibited similar behavior, particularly above 650°C, in the TPR profiles. This similarity
suggests that the reduction of nickel species to the metallic form is predominantly
governed by the inherent properties of nickel and its interaction with the geopolymer
matrix, rather than being significantly influenced by the specific preparation method.

The impregnation method involves the post-synthesis impregnation of the
geopolymer matrix with metal precursors. This method may result in a less uniform
distribution of metal species within the geopolymeric matrix, leading to different
reduction behaviors. Comparing the TPR behavior of the nickel-based geopolymer
support with supports based on other porous materials, it is observed that the
geopolymer exhibits better reducibility of the nickel species [179], [181].

The interaction between the geopolymer and nickel can be attributed to several
factors. Firstly, the geopolymer matrix can act as a stabilizing agent, preventing the
agglomeration or sintering of nickel species, thereby promoting their uniform
distribution and accessibility during the reduction process. Secondly, the geopolymer
may offer active sites or functional groups that can interact with the nickel species,
leading to strong metal-support interactions and facilitating the reduction process.
Additionally, the porous nature of the geopolymer allows for efficient diffusion of
hydrogen gas, ensuring effective contact with the nickel species for reduction.

Overall, the distinct TPR profiles between the samples obtained by the addition
and impregnation methods reflect the influence of the preparation technique on the
reduction behavior and the resulting catalytic properties of the geopolymeric metallic

catalysts.

5.2.1 Organic Reactions

Modern organic synthesis is built upon the conceptualization of chemical
processes that prioritize efficiency, selectivity, and reliability, while concurrently
adhering to environmental sustainability. For synthetic methodologies to be deemed
acceptable from both environmental and economic standpoints, they should ideally
eliminate or significantly minimize the utilization and production of hazardous
substances. This paradigm shift enables the execution of setup and work-up steps

under operationally straightforward conditions [255], [256], [257].
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This section will present the outcomes of various tested organic reactions,
highlighting the utilization of non-aggressive reagents in comparison to those

conventionally employed, using the catalysts produced.

5.2.1.1 Geopolymers for the Knoevenagel condensation

Ethyl a-cyanocinnamates represent a significant class of organic compounds
with diverse applications. For example, ethyl a-cyano-m-nitrocinnamate finds utility in
photosensitive compositions and serves as an intermediate in the synthesis of plant
growth regulators. Ethyl a-cyanocinnamates featuring alkoxy or hydroxyl substituents
in the arenes are employed in ultraviolet filters for safeguarding light-sensitive foods,
wood products, paper, dyes, fibers, and plastics [258].

A simple solvent organic synthesis has garnered significant attention in
response to global concerns regarding chemical waste and the sustainable use of
resources, aligning with the principles of green chemistry. Considering these, a
condensation reaction between 3-Methylbenzaldehyde and Ethyl cyanoacetate was
undertaken for the synthesis of ethyl-a-cyanocinnamate. This process was facilitated
by a reusable geopolymer catalyst under ethanol as the solvent, emphasizing an

environmentally conscious and efficient approach to chemical synthesis.

Figure 23 Knoevenagel condensation of 3-Methylbenzaldehyde and Ethyl

cyanoacetate.
0] o
o GeoPol N
NC H—m—> OEt
%LOEt + EtOH CN +  HO
H H1a 2a 3a

Source: author (2023).

For the Knoevenagel reaction tests, experiments were conducted with varying
proportions of Ethyl cyanoacetate (1a) and 3-Methylbenzaldehyde (2a), adjusting
reaction times and solvents, as detailed in Table 8. Additionally, a blind test was
implemented without the catalyst, to discern whether the reaction would proceed in the

absence of the catalyst.
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Table 8 Parameters used for the Knoevenagel reaction.

Entrance  1a:2a (mgiaol) (an; (nfsxi;‘él) Time (h)  Yeld (%) Ref(‘;‘;e)red
1 T1 0 0 EtOH 3 mL 24 5 0
2 1.1.25 590 590 EtOH 3 mL 24 08 523
3 11 200 220 EtOH 3 mL 24 80 195
4 11 100 112 EtOH 3 mL 24 90 96
5 1:1 100 139 EtOH 3 mL 24 72 129
6 11 100 103 EtOH 3 mL 8 75 89
7 11 100 129 EtOH 3 mL 24 70 08
8 11 200 195 EtOH 3 mL 24 80 186
9 11 100 108 H20 3 mL 24 70 51
10 11 100 143 EIORH20 24 56 75

(1/1) 3 mL

Source: author (2023).

Input reaction 5 was conducted without magnetic stirring, resulting in a
reduced yield compared to input reaction 4, which utilized a similar mass of catalyst.
The catalyst employed in this reaction was subsequently reused in input reaction 7,
indicating that despite the reutilization, the reaction maintained a satisfactory yield. In
input reaction 8, the catalyst from reaction 3 was reused, and it is evident that the yield
was sustained with minimal loss in catalyst mass. This data holds paramount
significance for the research, underscoring the crucial aspects of catalyst integrity and
reusability.

Notably, input reaction 6 was carried out within a distinct time frame (only 8
hours) compared to the others, demonstrating that a shorter reaction time resulted in
a decrease in yield, although it remained at a high level. This information is pertinent,
emphasizing that while reaction duration can impact yield, satisfactory results can still
be achieved within a shorter timeframe.

As evident from the results presented in Table 8, reactions employing ethanol
as the solvent exhibited higher yields in comparison to those using other solvents
(Entries 9 and 10). Notably, the reaction conducted without the utilization of the catalyst
yielded less than 5%, signifying either an absence of the reaction or a prolonged

reaction time in the absence of geopolymer catalysts. When assessing the weight of
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GEO added to the reaction, yields were notably higher with quantities exceeding 200
mg/mmol, except in the case of Entry 4, which achieved a yield of 90%.

The optimization of parameters has not been completed, and once the
conditions are optimized, they will be tested on various substrates to assess the

methodology's scope.

5.2.1.2 Geopolymers for diazo transfer reaction

One extensively explored method for producing a-diazo carbonyl compounds
involves the base-catalyzed diazo transfer reaction to 1,3-dicarbonyl compounds,
utilizing sulfonyl azides as diazo transfer reagents [259], [260]. Despite its broad
applicability, the selection of an appropriate basic catalyst requires careful
consideration due to potential synthetic disadvantages. Drawbacks include the
utilization of significant quantities of base and the necessity for intricate aqueous work-
up procedures (aimed at removing water-soluble bases from the crude diazo product),
often coupled with chromatography stages, resulting in the generation of substantial
amounts of waste [261].

Given the contemporary environmental concerns, it becomes imperative to
access a-diazo carbonyl compounds through operationally straightforward synthetic
protocols. These methods should not only be efficient, selective, and reliable but also
environmentally, economically feasible.

In this reaction, pure geopolymers were employed, and 4-
Acetamidobenzenesulfonyl azide (ABSN3) was selected as the diazo transfer reagent.
ABSN3 was chosen for its moderate reactivity and enhanced safety profile compared
to other sulfonyl azides. The formation of the anticipated diazo product was monitored
using 1H NMR and thin-layer chromatography. Diazo compound 2b exhibits UV

activity, and its formation can be visually observed on the thin-layer.
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Figure 24 Reaction of Dibenzoylmethane (1a) and Diethyl malonate (1b) with ABSN3
using a geopolymer as a catalyst.

O O @] O
GEO
+ ABSN, T THF 250G
N2
1a 2a
O O
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+ ABSN; ——=— EtO)H(U\OEt
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EtO)J\)J\OEt N,
1b 2b

Source: author (2023).

The application of geopolymer-catalyzed diazo transfer reaction was
expanded to two substrates: Dibenzoylmethane (1a) and Diethyl malonate (1b). In the
first reaction with substrate 1a, 1,3-diketones (2a) were obtained 85% recovered
charge within a reaction time of 24 hours. In the second reaction, 1,3-diethyl 2-

diazopropanedioate (2b) was obtained in 55% in a 24 hours reaction.

5.2.1.3 Cu-Geopolymers in triazole synthesis

Triazole compounds that feature three nitrogen atoms in the five-membered
aromatic azole ring demonstrate a notable ability to bind with a variety of enzymes and
receptors in biological systems through diverse non-covalent interactions. As a result,
they exhibit versatile biological activities. Research on triazole-based derivatives as
medicinal drugs has been an exceedingly active and fruitful area, leading to numerous
noteworthy achievements [262], [263], [264].

The most reported methodology in the literature for synthesizing five-
membered ring heterocycles is the Huisgen 1,3-dipolar cycloaddition. Specifically,
when alkyl or aryl azides react with terminal acetylenes, [1,2,3]-triazoles are
formed[265]. In thermally conducted cycloadditions, a 1:1 mixture of the 1,4- and 1,5-
regioisomers of triazole is typically obtained. Despite various attempts to control the
regioselectivity, with limited success reported, a significant breakthrough occurred with
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the discovery of the copper(l)-catalyzed reaction in 2002 [266]. This catalyzed reaction
exclusively yields the 1,4-disubstituted-[1,2,3]-triazole.

Copper-containing catalysts (Cu10_IMP and Cu10_ADD) were evaluated in
the reaction involving benzyl azide (2a) and phenylacetylene (1a). The protocol
employed consisted of using ethanol, maintaining a 1:1 ratio of the reagents, and
utilizing the copper catalyst prepared through both impregnation and addition methods.
The primary objectives were to achieve the target compounds with high purity and
favorable chemical yields using commercially available materials. Remarkably, a mass
recovery of 98% was achieved for the impure product, and no post-reaction treatments
were conducted, except for filtration, was obtained after a 4-day reaction under
optimized ambient temperature conditions. Structural characterization was carried out

through NMR analysis.

Figure 25 Reaction involving benzyl azide (2a) and phenylacetylene (1a), with the

copper catalyst.

Cu10_IMP or
N Cu10 ADD
+ EtOH, 250(:
=
/ 1a 2a

Source: author (2023).
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6 CONCLUSION

The catalyst formulations were adjusted to facilitate printing, and the
optimization of the quantity of polyethylene glycol (PEG) and other materials ensured
the buildability of the material. The goal was to maintain the conformation of the
catalyst after drying, avoiding issues such as blockages in the geopolymeric mass and
minimizing the presence of bubbles during the printing process.

Two methods were employed for incorporating the active phase metals,
preserving the support material's characteristics, stability, and integrity throughout the
entire process. Analysis using techniques such as X-ray diffraction (DRX), X-ray
fluorescence (FRX), and energy-dispersive X-ray spectroscopy (EDX) confirmed the
presence of the active phase in all catalysts produced via impregnation and addition
methods. While an exact qualitative analysis of the metal content in each sample
proved challenging, the obtained results fell within the expected range, warranting
further tests and calibration curves for a more accurate determination.

The bimetallic catalysts successfully met the specified parameters of
buildability, conformation, stability, and available material quantity. Both production
methods resulted in catalysts with high contact surface and porosity compared to
alternative catalyst materials, facilitating greater interaction between the active phase
and the reactants.

Temperature-programmed reduction (TPR) tests verified the suitability of all
produced samples as catalysts, particularly those with copper in their formulation,
which exhibited a predominant presence of metallic species in the reducing form.
Nickel catalysts showcased species mainly governed by the inherent properties of
nickel and its interaction with the geopolymer matrix.

Successful organic reaction tests demonstrated higher yields than anticipated,
even without the optimization of all parameters. To further explore the catalysts'
potential, additional tests with diverse reagents and solvents are required. This will
expand the scope of substrates and compound formations while maintaining a
sustainable reaction environment with environmentally friendly solvents. The
experiments highlighted the catalysts' reusability, a pivotal objective in catalysis. The
material's capacity for reuse without extensive transformations is crucial for its practical

application.
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In summary, the development of 3D-printed metallic and bimetallic catalysts
supported on geopolymers showcases a sustainable and efficient approach in
catalysis, highlighting the potential for advancements in the synthesis of valuable

organic compounds with applications across diverse industries.
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