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Engineering Catalysts at the Multiscale: Past, Present, and
Future of Catalyst Manufacturing and Shaping Processes

Ali M. Alkadhem,® Eduardo Perez-Botella,’®! Swantje Pietsch-Braune,
Hend Omar Mohamed,'! Carlos A. Grande,!® I Stefan Heinrich,!<) and Pedro Castafo*[ d]

Catalyst shaping is pivotal in optimizing catalytic performance
across industrial chemical processes. The engineering of cat-
alysts at multiple scales, ranging from nano to macro, has
considerably evolved over the years, driven by advancements
in shaping technology. We explore the progression of catalyst
shaping, beginning with traditional methods, such as pelletizing
and granulation, and advancing to modern techniques, includ-
ing extrusion, spray-drying, fluidized-bed processes, and additive
manufacturing (AM). This work emphasizes shaping technol-
ogy tailored to specific reactor types, such as fixed-bed (up to
structured catalyst) and fluidized-bed reactors. We highlight crit-

1. Introduction

Catalysts are essential for producing many of society’s daily
needs. An estimated 90% of the chemicals currently produced
involve catalysts, most using heterogeneous catalysts.'"?! In 2021,
the market for industrial catalysts was valued at 21.6 billion USD,
and it is anticipated to reach 27.9 billion USD by 2027.55! Catalysts
are fundamental to modern chemical processes, playing a crucial
role in enhancing reaction efficiency, reducing energy consump-
tion, and improving selectivity. A catalyst accelerates a chemical
reaction without being consumed. By lowering the activation
energy, catalysts enable reactions to proceed at lower temper-
atures and pressures, improving economic and environmental
sustainability.!*!
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ical parameters to optimize and control catalyst properties and
their direct influence on enhancing catalyst durability, activity,
and selectivity. Advances in computational modeling, includ-
ing multiscale simulations and machine learning-driven design,
have further revolutionized catalyst shaping by enabling pre-
cise control and accelerating innovation. This review offers a
comprehensive perspective on the future of multiscale cata-
lyst shaping and underscores its potential to drive enhanced
catalytic performance and sustainable chemical processes by
analyzing historical developments, current trends, and emerging
technology.

Moreover, catalysts must meet stringent criteria, including
chemical and mechanical stability, for industrial and commer-
cial applications while maintaining consistent performance.!
Catalysts are manufactured in various shapes, such as extru-
dates, tablets, spheres, and granules, optimized for compatibility
with various catalytic processes to achieve these requirements.[®!
These shapes can be achieved using state-of-the-art technology,
including extrusion,””! palletization,!®! spray-drying,!®! fluidized-
bed spray-drying,l"® and 3D printing.™

Extrusion is the most common technique for catalyst shap-
ing, owing to its operational efficiency and the ease of producing
extrudates compared to alternative forms.'"” However, extrusion
can be energy-intensive and limited to specific shapes and sizes.
One of the challenges associated with extrusion is achieving
uniformity in the catalyst composition and pore structure.>™!

Pelletizing is commonly employed as a preliminary form-
ing method to prepare samples for catalyst testing in fixed-bed
microreactors, starting from powders. After pelletizing, the pel-
lets are typically crushed and sieved according to the reactor
diameter requirements. Dry shaping through pelletization is gen-
erally easier to perform than wet shaping (extrusion), but it
presents challenges. For instance, when applied to mesoporous
materials, dry extrusion can cause a loss of surface area and
porosity. These drawbacks should be considered when selecting
the appropriate shaping method for catalyst preparation.™"!

The spray-drying process has emerged as a common tech-
nique for producing well-structured porous particles with
a controlled particle size and morphology, ranging from
the nano- to submicrometer scale.'®"”! Spray-drying has
applications in diverse fields, such as food production,™®
cosmetics,™®!  fertilization,”®) and pharmaceutical applica-
tions (e.g, drug coating).???! Spray-drying is prominent
owing to its low waste generation, significantly enhancing
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its appeal for industrial applications.!”?! Consequently, over
15,000 spray-drying processes have recently been implemented
worldwide, underscoring its widespread adoption and industrial
relevance.l?”

Despite the significant contributions of spray-drying to het-
erogeneous catalysis, the method is constrained by its ability
to shape active catalyst components into spherical particles,
specifically in the 40 to 100 pm size range.l”! This limitation
highlights the need for further optimization or incorporating
complementary shaping techniques to meet specific application
requirements. Spray-fluidized beds have emerged as a promis-
ing technology for shaping technical catalysts as an alternative
approach for catalyst shaping into a spherical shape, with a wide
range of particle sizes from a few micrometers to millimeters.
The spray-fluidized bed technique is a pivotal method for par-
ticle granulation and coating, enabling the production of large
quantities of particles with precise and controlled sizes.!*! The
spray-fluidized bed technique is widely used in the pharmaceu-
tical industry for drug coating because it effectively controls
drug release and enhances stability and mechanical resistance.
This versatile process is extensively employed to produce food
products, detergents, and agricultural chemicals, highlighting its
broad applicability across sectors.[26%"]

Three-dimensional (3D) printing technology, also known as
additive manufacturing (AM), has gained considerable attention
due to its ability to produce complex 3D structures quickly.
This technology builds complex structures layer-by-layer, guided
by digital model files.™ Some examples of commercial cat-
alysts prepared by 3D printing are BASF's 0O4-115x3D® and
03-85x3D" catalysts for sulfuric acid production and N,O abate-
ment, respectively.?®! Shell’s catalysts for gas-to-liquids (GTL)
technology and environmental applications are not openly com-
mercial, but their interest and activity in the field indicate they
might be pilot-scale.”?! These and other companies, such as Vito,
offer their technology and expertise for custom 3D-printed cat-
alysts development.3”! The primary categories of 3D printing
include techniques based on material extrusion, vat photopoly-
merization, and powder bed fusion, each encompassing several
methods."32!

Preparing appropriate feedstock involves using suitable sol-
vents and additives to make catalysts suitable for 3D printing. In
some cases, post-processing treatments are necessary to achieve
the final product. A critical challenge in 3D-printing catalysts is
the need to preserve the structure of the catalyst particles during
the ink formulation process. The active species can decompose
or react with other ink components, such as binders, plasticizers,
or solvents, affecting the catalyst activity.®3 Therefore, atten-
tion and specialized techniques are necessary to maintain the
structural and functional integrity of the catalyst throughout the
3D-printing process.

This review explores the evolution of catalyst-shaping meth-
ods from traditional techniques (e.g., pelletizing and granulation)
to advanced approaches (e.g., extrusion, spray-drying, fluidized-
bed processes, and AM). First, it presents a general overview
of catalysts, multiscale considerations, and performance metrics
for optimal catalyst design. Second, this work focuses on past
developments, current trends, and future directions of catalyst-
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shaping technology and its optimization in shaping catalysts at
various scales. The focus is on how these shaping techniques
are tailored for multiple reactor configurations, including fixed-
bed and fluidized-bed reactors, and their influence on catalyst
properties, such as durability, activity, and selectivity.

Third, the role of computational modeling spanning multi-
scale simulations and machine learning (ML)-driven design in
optimizing catalyst shaping is discussed. By examining histor-
ical advancements, current trends, and emerging innovations,
this review aims to reach a comprehensive understanding of
catalyst-shaping technology and its potential to enhance cat-
alytic performance and promote sustainable chemical processes.

2. Background
2.1. Overview of Catalyst Manufacturing

Catalysts are generally classified into four categories: homo-
geneous, heterogeneous, biocatalysts, and electrocatalysts.*
Homogeneous catalysts exist in the same form as reactants, typ-
ically liquid or gaseous, enabling uniform interaction and reac-
tion kinetics. A prominent example is sulfuric acid (H,SO4), which
is widely employed in esterification reactions.*>! In contrast,
heterogeneous catalysts operate in a different phase than the
reactants, commonly as solids in liquid- or gas-phase reactions.
For instance, zeolite-based catalysts play a critical role in fluid
catalytic cracking (FCC) in petroleum refining, facilitating the
conversion of heavy hydrocarbons into valuable products.[738!

Biocatalysts, primarily enzymes, are naturally occurring cat-
alysts that exhibit high specificity under mild conditions. For
example, amylase is extensively used in the food industry
for starch hydrolysis.!3%) Electrocatalysts are integral to elec-
trochemical processes, such as fuel cells and water splitting
for hydrogen (H,) production. A notable example is platinum
(Pt)-based catalysts, which are commonly employed in proton-
exchange-membrane fuel cells due to their superior efficiency in
electrochemical energy conversion.*!!

Catalysts are essential across diverse industries and are
pivotal in enhancing efficiency, sustainability, and economic
viability.*?! In refining processes, catalysts facilitate chemical
reactions by improving the reaction rates and selectivity, mini-
mizing the need for extreme operating conditions, such as high
temperatures, elevated pressures, or prolonged reaction times.
In the petrochemical sector, catalysts are widely employed in
critical processes, such as cracking and reforming.[*! Notably,
zeolite-based catalysts in FCC enable the conversion of heavy
hydrocarbons into high-value products, including gasoline and
olefins, optimizing product yield and process efficiency.***! In
the hydrotreating process, nickel-molybdenum (Ni-Mo) cata-
lysts often remove sulfur from fuels and reduce environmental
pollution.!*641 Catalysts essential for fertilizer production, such
as ammonia (NHs) synthesis in the Haber process, rely on iron-
based catalysts to convert nitrogen (N,) and hydrogen (H,) into
NH;.1*8! In methanol (CH;OH) production (a critical component
in chemical feedstock and fuel applications), copper-zinc (Cu-
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Zn) catalysts are vital in enabling the efficient hydrogenation of
carbon dioxide (CO,) into CH;OH.[4950]

Catalysts are widely employed in environmental applica-
tions, notably in catalytic converters, where Pt-group metals
—ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), irid-
ium (Ir), and Pt- are used in vehicle exhaust systems to minimize
emissions of nitrogen oxides (NO,), carbon monoxide (CO), and
hydrocarbons."'*?! Photocatalysis for water purification employs
titanium dioxide (TiO,) photocatalysts to decompose organic
pollutants in wastewater treatment.*3! In sustainable energy and
green chemistry, catalysts play a vital role in H, production,
where Ni-based catalysts in steam methane (CH,) reforming rep-
resent a critical technology.®*>>! Carbon capture and utilization
are enhanced by metal-organic frameworks (MOFs) that help
convert CO, into valuable chemicals, reducing greenhouse gas
emissions.®*8! Fuel cells use Pt-based electrocatalysts to pro-
vide clean energy solutions.”®! Catalysts are indispensable in
modern chemical industries, enabling efficient, cost-effective,
and environmentally sustainable processes. Advances in cata-
lyst design, including catalyst shaping, particularly for hetero-
geneous catalysts, continue to drive innovation in industrial
applications.

2.2. Multiscale Catalyst Engineering

In the multiscale catalyst design framework, distinguishing
between catalysts used in a research laboratory and tech-
nical (industrial) catalysts is crucial because their structural
characteristics, performance expectations, and operational envi-
ronments significantly differ across scales. Catalysts used in a
research laboratory are typically synthesized as fine powders,
often comprising a single active phase in bulk or supported on
a high-surface-area substrate. These formulations are primarily
optimized to evaluate intrinsic activity and selectivity under ide-
alized laboratory conditions and serve to uncover fundamental
structure-activity relationships.!”%!

However, transitioning from the laboratory to real-world
industrial applications demands a more comprehensive
approach spanning multiple hierarchical scales, encompass-
ing nano-, micro-, meso-, and macrostructural features.®! In the
conventional catalyst development pipeline in Figure 1, most
candidate materials are systematically screened and rejected
during the primary and secondary evaluation stages due to vari-
ous problems, such as poor thermal stability, low reproducibility,
or suboptimal performance, under process-relevant conditions.
Only a few successful catalyst developments progress to the
scaling-up stage, where they are transformed into techni-
cal catalyst-engineered forms, such as pellets, extrudates, or
monoliths, designed to withstand industrial demands, such as
mechanical stress, thermal gradients, and mass/heat transfer
limitations.[6%63]

A multiscale design strategy integrates insight from atomistic
modeling and surface chemistry at the nanoscale via porosity
and diffusional optimization at the mesoscale and reactor-level
considerations at the macroscale. Engineering catalysts across
these hierarchical levels permits the optimization of reactivity,
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selectivity, stability, and process efficiency.'**! The implications at

different scales are the following:

e At the nanoscale, catalysts have unique electronic and sur-
face properties critical for catalytic functions. For instance,
nanoparticles offer a high surface-area-to-volume ratio,
increasing the number of available active sites.!%! The size,
shape, and facet exposure of nanoparticles can profoundly
influence catalytic behavior, as observed in Pt-based fuel cell
catalysts, where morphology control enhances the activity
and durability.!#¢6]

e At the microscale, structuring plays a vital role in mass
transport and thermal management. Microstructure catalysts,
such as hierarchical zeolites, are engineered to enhance
diffusion and reduce deactivation due to pore blockage,
extending catalytic lifetimes in high-throughput petrochemi-
cal processes.!58]

® Mesoscale engineering involves tailoring pore architec-
tures and support materials to ensure efficient reactant
access and long-term catalyst stability. Supports (e.g., meso-
porous silica) offer tunable porosity and facilitate molecular
transport in complex reactions, including CH;OH-to-olefin
conversions.[6270]

e At the macroscale, catalyst placement in reactors and the
overall reactor design significantly influence conversion rates
and process efficiency. Structured catalysts, such as monolithic
supports in automotive catalytic converters, improve mass
and heat transfer, reduce pressure decrements, and enhance
flow dynamics.”" In large-scale industrial operations, such as
NH; synthesis in the Haber process, catalyst pellet design is
optimized to balance activity with fluid dynamics and heat
distribution.[”273!

By integrating the catalyst design across all scales, from the
atomic to the reactor level, multiscale engineering enables a
more rational and effective translation of research breakthroughs
into industrial practice. This holistic approach allows precise con-
trol over the reaction environment, driving improvements in
selectivity, conversion efficiency, catalyst lifetime, and overall
process sustainability.”"!

Moreover, catalyst evolution across scales shows clear perfor-
mance trade-offs (Table 1). At the nano-scale, shaping induces
slight metal growth (Ni from ~5 to ~7 nm) and BET loss, lower-
ing intrinsic activity.!®! At the micro-scale, binder-induced com-
paction increases tortuosity (~3.75) and decreases effectiveness
factors (n ~ 0.2-0.35), highlighting diffusion limitations.”! The
meso-scale introduces pellet geometry effects, where ~3 mm
extrudates with engineered pores balance porosity retention but
still raise internal resistance.”® Finally, at the macro-scale, reactor
packing governs hydrodynamics (Pe ~ 1-10), where axial disper-
sion and pressure drop constrain scale-up.””7® Together, these
insights demonstrate how properties evolve from powder to
reactor, quantitatively linking structure to performance.

2.3. Evolution of Catalyst Shaping

Developing macroscopic catalysts from powder catalysts with
shapes ranging from a few micrometers to several centime-
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Table 1. Multiscale relationships between catalyst properties and reactor performance.
Scale Property General trend across shaping Case study: Ni/Al,O3 Performance link Ref.
extrudates!’®!
Nano Active sites, particle size, Metal sintering or growth Metal particle size increases Fewer active sites per gram [69]
surface area during shaping reduces from ~5 nm (powder) to lowers intrinsic activity.
dispersion; BET area decreases ~7 nm (extrudates); BET
slightly. decreases from
~200—150 m?/g.
Micro Pore size distribution, Binder addition decreases Tortuosity measured ~3.75 in Internal diffusion limits [75]
tortuosity, n porosity; tortuosity increases; extrudates vs ~3.56 predicted; cause sharp drop in
n decreases due to diffusion n decreases to ~0.19-0.35. catalyst effectiveness.
resistance.
Meso Pellet size, porosity, Larger pellets (2-5 mm) Extrudates ~3 mm diameter, Larger pellet geometry [76]
Thiele modulus increase ¢ >1, lowering n; with hierarchical pores increases internal diffusion
trilobes/engineered pores engineered to improve resistance.
mitigate AP. effectiveness.
Macro Reactor geometry, Reactor hydrodynamics Fixed-bed packed with Axial dispersion reduces [77, 78]
packing, axial dispersion governed by Pe (1-10); smaller Ni/Al,O3 extrudates — plug-flow behavior; AP
(Pe) pellets reduce AP but risk Pe ~ 1-10; AP on order of limits scale-up.
attrition. several kPa/m.
¢: Thiele modulus, n: effectiveness factor, BET: Brunauer-Emmett-Teller surface area, Pe: peclet number.

ters requires certain implementation steps, such as modifying
laboratory procedures to produce multiple tons and choos-
ing proper catalyst compositions (i.e.,, the type and ratio of
component phases).'*8% The technical catalysts comprise mul-
ticomponent elements, including the active material responsible
for the reaction acceleration and additives to provide mechan-
ical strength, facilitate mass and heat transfer, and enhance
chemical stability.”%! The additives commonly applied to the
technical catalyst are binders, peptizing agents, plasticizers, and

ChemCatChem 2025, 0, e01109 (5 of 44)

lubricants.!®® Figure 2 illustrates an example of the ratio of
components and additives integrated into shaped catalyst bod-
ies, each chosen for its specific role, with the primary goal of
enhancing mechanical strength, thermal conductivity, and cat-
alytic activity. The binders improve the mechanical strength of
the shaped catalysts.””! Incorporating inorganic binders into the
shaping process can significantly alter the properties of the
resulting technical catalyst. For instance, using alumina as a
binder can impart the Lewis acidity of the catalyst.
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Figure 2. Example of the ratio of components and additives incorporated
into shaped catalyst bodies.

Additionally, the mechanical forces exerted during catalyst
shaping, as in extrusion, can modify the acidity of the cat-
alytically active phase, potentially affecting the distribution and
strength of the acid sites. These changes can have crucial impli-
cations for the overall catalyst performance.'®?! Peptizing agents,
such as acetic, nitric, and citric acid, improve homogeneity and
disperse particles.!®¥ Plasticizing agents and lubricants (e.g., gly-
col and methyl cellulose) have the same roles and are employed
in catalyst formulations to facilitate catalyst shaping due to vis-
cosity reduction, specifically in the extrusion process.®* At the
same time, plasticizing agents can affect mechanical strength
due to the creation of dispersed porosity. The shaping process
and matrix design choice can significantly affect the final catalyst
performance for the better or worse. The effect of the inter-
play between the active phase and additive material should be
considered in academic research and must be well understood.
The effects of binder and additive material interactions with the
active phase catalyst have recently been reviewed.[5"!

The development of an extrudate ZSM-5-based catalyst using
a novel aluminophosphate binder for the CH;OH-to-propylene
(CsHs) reaction was achieved.®® The new amorphous binder
enhances the mechanical strength and maintains the total acid-
ity of the zeolite with a definite decrease in the strong acidity
due to the interaction of the phosphate with zeolite, minimizing
the side reaction and enhancing the catalyst selectivity toward
G3Hg at an optimized amount.

The Pérez-Ramirez group studied the effect of scaling up
zeolite from powder to a technical catalyst for the methanol
to hydrocarbons reaction.!®! They considered various binders,
including silica, boehmite, kaolin, and attapulgite. They con-
cluded that the zeolite interaction with attapulgite and kaolin
increases the microporosity and enhances mass transfer due
to the larger particle size. The acidity varies due to the zeo-
lite partial dealumination or ion exchange, reducing the intrinsic
catalyst activity. They observed no direct correlation with the
selectivity or catalyst lifetime (see comprehensive reviews for fur-
ther studies on the influence of binders and catalyst formulation
on technical catalyst performance!®®°°), Similar outcomes were
observed in our recent work,®"! where NH;-TPD was employed to
evaluate the total acidity, while pyridine-FTIR was used to differ-
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entiate and quantify Lewis and Brgnsted acid sites. Moreover, the
accessibility of these sites was found to vary among the different
catalysts.

2.4. Shaping Technology Based on Reactor Type

Catalyst shaping is critical in optimizing performance and
addressing specific challenges associated with packed and
fluidized-bed reactors. Several factors influence particle shape
selection for particular applications: active surface area per unit
volume, structural integrity, ease of fabrication, manufactur-
ing costs, bed void, pressure loss across the bed, and thermal
and mass transport properties.®” Many potential shapes can
be excluded from consideration due to their impracticality or
economic inefficiency in fabrication and insufficient structural
strength to withstand crushing and attrition. Particles lacking
adequate strength are prone to disintegration under intense
loading, leading to dust and fragments that can clog the spaces
between pellets, particularly for fixed-bed reactors.!”*! Therefore,
appropriately shaping catalysts to align with the specific reactor
type and application is crucial. The following section emphasizes
the critical challenges encountered in fixed-bed and fluidized-
bed reactors that can be effectively addressed via strategic
catalyst engineering.

2.4.1. Catalyst Shaping for Fixed-Bed Reactors

Fixed-bed reactors are predominantly operated under stationary
conditions, maintaining consistent operating parameters over
long production cycles. Therefore, design efforts are primarily
directed toward optimizing these reactors for steady-state opera-
tion, ensuring sustained efficiency and effectiveness throughout
extended production runs. The pressure loss, heat transfer, and
mass transfer must be managed to reach extended reaction runs
from the viewpoint of catalyst engineering, minimizing chan-
neling. The shape and size of catalyst particles can significantly
affect the pressure loss across a packed-bed reactor.**?>! Opti-
mizing these parameters can improve the flow of reactants,
reducing the pressure loss and enhancing the reactor efficiency.

The most common particle shapes encountered in packed-
bed reactors are spheres, rings, (hollow or cylinders), and extru-
dates with other shapes. Different particle shapes affect the bed
structure, resulting in varying pressure loss in packed beds. Due
to their symmetrical form, spheres do not affect bed structure
through orientation. However, the orientation of nonspherical
particles significantly influences permeability and the overall bed
structure.l®! Moreover, beds comprising solid cylinders typically
exhibit voidage values of around 0.30, compared to approx-
imately 0.40 for beds of spheres.””*8] Thus, more cylindrical
pellets can be accommodated in a given bed volume.

However, to mitigate the increased pressure loss associ-
ated with such configurations, the basic shape of solid cylin-
ders is often altered. Modifications may include using hol-
low cylinders with one or more axially drilled holes, which
help to enhance flow characteristics.?! The following hierar-
chy is generally observed in evaluating catalyst shapes based
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on their influence on the pressure loss in reactors: mono-
liths < rings < extrudates < powders. Monoliths offer the
lowest pressure loss among these shapes due to their struc-
tured channels.!”! In the study of packed-bed reactor dynamics,
pressure loss behavior was nearly linear, with significant depen-
dency on catalyst packing density, gas flow velocity, and reactor
length. Notably, reactors using a structured packing with lower
catalyst density demonstrated lower pressure loss than reactors
featuring random packing configurations. This finding under-
scores the importance of the packing structure in optimizing
reactor performance.!?>'0!

In many industrial catalytic processes, heat transport and
thermal catalyst properties often constrain reaction rates. Mit-
igating internal temperature gradients, commonly called “hot
spots,” is crucial for optimal reactor performance.”"! Catalysts
with high thermal and hydrothermal stability, superior thermal
conductivity, minimal thermal expansion, robust thermal shock
resistance, and low thermal mass are particularly advantageous.
The significance of each thermal property varies depending
on the catalyst type and its specific application.>%4! Prop-
erly shaped catalysts, such as those with a high surface area
or specific geometrical configurations, can improve heat and
mass transfer rates, achieving a more uniform temperature
distribution.

The thermal properties of catalysts can be enhanced
via surface modification, bulk modification, and material
substitution. For instance, coating catalyst particles with a
chemical vapor deposition diamond layer of up to 50 pm
thick can reduce axial and radial temperature gradients,
enhancing reactor efficiency.l'™ Additionally, incorporating
silicon carbide particles can markedly boost the thermal
conductivity and thermal shock resistance of alumina-based
catalysts.l'®! An analysis of cross-sectional temperature distri-
butions revealed that the structured packed-bed reactor has
lower temperature gradients than the randomly packed-bed
reactor despite its larger diameter. This observation implies
that the effective heat transfer coefficient of the structured
packed-bed reactor surpasses that of the randomly packed
counterpart, highlighting its superior thermal management
capabilities.!®®! Catalyst shaping can also reduce the risk of
channeling, where reactants preferentially flow through specific
paths, leading to uneven distribution and reduced conversion
I'ateS.[mmOS]

2.4.2. Catalyst Shaping for Fluidized-Bed Reactors

Fluidized-bed reactors are extensively employed in industry
for granulation, drying, combustion, and FCC. Their popular-
ity stems from their excellent mixing capabilities, outstanding
heat transfer efficiency, and effective gas-solid interaction, col-
lectively improving process performance.'! Despite their
advantages, fluidized beds have a significant drawback: the
particles in the bed experience substantial mechanical stress
due to frequent interparticle collisions against the reactor
walls, leading to particle attrition.™"? Thus, selecting mate-
rials with high mechanical strength and optimizing particle
size distribution by shaping catalysts to be more robust and
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Figure 3. Catalyst design mapping carefully balancing interdependent
mechanical, chemical-physical, and catalytic properties.

durable can reduce attrition.*! Moreover, the fluidization behav-
ior is influenced by the particle characteristics, including their
size, sphericity, density, and the properties of the fluidizing
medium. Proper shaping ensures that particles remain sus-
pended in the gas or liquid medium, promoting better mix-
ing and contact with reactants.™ Furthermore, tailoring the
catalyst shape makes it possible to control reaction path-
ways, improving selectivity and conversion rates in fluidized
reactions.!"!

2.5. Performance Metrics in Catalyst Manufacturing

In 1989, Richardson introduced the concept of the catalyst design
triangle, illustrating that designing an effective catalyst involves
optimizing its physical, mechanical, chemical, and dynamic prop-
erties. Figure 3 presents the concept of catalyst design via a care-
ful balance of interdependent mechanical, chemical-physical,
and catalytic properties. This optimization requires selecting
component materials, including the active phase, promoter, and
support. The active phase and promoter combination are typ-
ically selected based on scientific research data. The catalyst
design must consider the catalyst geometry (e.g., pellets, extru-
dates, or spheres) and the distribution of the active phase and
promoter in these forms. Engineering considerations (e.g., min-
imizing the pressure loss via the catalyst bed and maximizing
the reactant fluid access to the active catalytic phase) are crucial
in determining the catalyst form, shape, and size."”! The follow-
ing subsection explores the three interdependent metrics for
optimizing the catalyst design.
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2.5.1. Mechanical Strength

The testing method for the mechanical strength of solid cata-
lysts has been a subject of interest. Therefore, efforts have been
made to establish a standardized approach for measuring this
mechanical strength. The crushing strength test emerged as the
recognized standard in many countries because it accurately
replicates the mechanical stresses that catalysts experience,
especially in fixed-bed industrial reactors.”! The mechanical per-
formance of the catalyst bed is primarily influenced by the
pellets or extrudates with the lowest strength rather than by
the overall strength of all particles in the bed."! Thus, catalyst
strength distribution is crucial to mechanical reliability and can
be defined statistically by the Weibull modulus. A higher Weibull
modulus signifies less variation in crushing strength, indicating
that the material is more consistent with uniformly distributed
defects throughout the extrudate.!

Hardness reflects the resistance of a material to localized
plastic deformation, typically assessed through indentation dis-
placement. This process involves pressing a hard, rigid indenter,
often made of diamond and with a specific shape, into the mate-
rial surface. Hardness is calculated by dividing the applied load
by the projected area of the displacement indentation, measured
after the load is removed./®!

Fracture toughness indicates the capacity of the material
to resist crack growth. This property is usually assessed using
large specimens, such as plates or slabs with a predefined crack
length. During testing, a tensile load is gradually applied until
the specimen fractures. The fracture toughness is calculated by
analyzing the crack length and stress that led to the fracture.l"!
Apart from the fixed-bed catalyst testing, in fluidized-bed units,
the loss of the catalyst due to the generation of fines from attri-
tion is a significant problem. Therefore, resistance to attrition is
critical when selecting catalysts for fluidized-bed units. The attri-
tion test is the most commonly applied method for evaluating
and ranking fluidized-bed catalysts.!'*"]

2.5.2. Chemical and Physical Properties

The physical properties of catalysts encompass particle size, den-
sity, pore volume, porosity, pore size and distribution, surface
area, dispersion, and thermal conductivity. Pore volume and
diameter significantly influence the rates at which molecules
diffuse into and out of pores, determining the accessibility of
reactants to the catalyst surface. Bed porosity and pellet size
are crucial for flow dynamics and mass transport properties (e.g.,
pressure loss). The surface area measures the total support area
for dispersing the catalytic phase and contacting the gas phase.
In a shaped catalyst, evaluating the textural properties should
prominently account for the dilution effect of the binder. This
consideration is crucial because binders can significantly alter
the porosity and surface area of a catalyst, affecting its overall
activity and performance.!®! Catalyst dispersion ensures that the
catalytic material is employed efficiently, maximizing the surface
area for chemical reactions.["*?!]

Moreover, the catalysts are usually made with conductive
metals. The heat transfer performance is primarily linked to the
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thermal conduction in the solid matrix.'”?! Thermal expansion
refers to the tendency of a material to change its dimensions,
typically expanding when subjected to a temperature change.
The extent of thermal expansion in a catalyst body depends on
its material composition. Materials have different thermal expan-
sion coefficients, measuring how much the material expands per
degree of temperature increase.l'>™4

The chemical properties of catalysts encompass the acidity,
composition, oxidation state of the catalytic phase, and struc-
ture. Acidity includes Brgnsted acidity, referring to the ability of
the material to donate protons, and Lewis acidity, the capacity
to capture electrons. Catalyst shaping and binders substantially
modify the original acidity of the active catalyst, with the effect
largely depending on the binder type. For example, alumina
alters acidity, which is distinct from silica or clays.”>"? The
oxidation state denotes the chemical state or valence of the
catalytic phase. The chemical structure involves the geometric
arrangement of atoms, the properties of electron configurations,
and the bonding characteristics between atoms.[?®!

2.5.3. Catalytic Performance

The catalytic performance of catalysts encompasses three essen-
tial aspects: activity, selectivity, and stability. Activity refers to
the ability of the catalyst to accelerate a chemical reaction. Rec-
ognizing activity definitions is essential, such as the conversion
of a particular reactant, the reaction rate in moles per mass
of catalyst per unit time, and the specific rate per catalytic
site, also known as turnover frequency. The reaction rate can
also be based on various factors, including the catalyst mass,
volume, or surface area, active surface area, and number of
available catalytic sites. Selectivity denotes the capacity of the
catalyst to direct the reaction toward a desired product while
minimizing by-products. Stability indicates how well the catalyst
performs under operational conditions.'”! The measurement of
the amount of coke formed over the catalyst is an indication of
the resistance and stability of the catalyst.

As discussed, technical catalysts are complex composites
rather than single-component materials.!™®! These composites
incorporate elements designed to enhance texture, porosity,
robustness, and physical strength, allowing them to withstand
high temperatures and abrasion. Their additional components
notably influence the behavior of these composite catalysts.
For example, binders can either improve or impair catalyst
properties, and the performance of a catalyst-binder compos-
ite is not simply a linear combination of the individual phase
properties.*3! This complexity makes scaling catalysts to tech-
nical bodies or shapes challenging.

3. Past Developments

Catalyst-shaping technology has evolved significantly over the
decades, with the earliest approaches focusing on relatively
simple mechanical methods. These early shaping techniques,
including pelletizing, granulation, and extrusion, collectively laid
the groundwork for more sophisticated catalyst designs and
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Figure 4. Mesopore distribution from the physical desorption of nitrogen
over catalysts pelletized at 0 (¢), 4 ({J), 6 (H), 8 (A), and 10 MPa (°).
Reproduced with permission from Ref. [139] Copyright Degruyter, 2009.

engineering. Although their physical principles and implemen-
tation differ, each method aims to enhance catalyst usability,
strength, and handling during reactor operation.>3#]

Pelletizing is one of the oldest and most straightforward
methods used in catalyst shaping, involving compressing dry
catalytic powders into cylindrical or spherical pellets, typically
ranging from 1 to 10 mm in diameter. This compression is usu-
ally achieved using mechanical or hydraulic presses that apply
sufficient force to shape the material. In a typical setup, the
catalytic phase or carrier powders are placed into a die and
compressed between two opposing punchers, one of which
also ejects the formed pellet after compaction.'”>"'?"! The appeal
of pelletizing lies in its simplicity and adaptability to a wide
range of catalytic compositions. The resulting pellets have good
mechanical strength and handling properties, which are particu-
larly suitable for fixed-bed reactors.®>"¢! Achieving pellets with
optimal characteristics depends on operational parameters, such
as the applied pressure, vibration frequency to facilitate pow-
der flow into the die, and the physicochemical properties of
the feed powder, including granulometry, chemical composition,
hydrophobicity, and particle morphology./™*

The production of mechanically robust pellets requires that
the powder bed be subjected to a nearly uniform triaxial
pressure during compaction.™! However, the high compaction
forces often required can cause internal pore collapse, signif-
icantly reducing the available surface area and limiting the
accessibility of active catalytic sites.® This reduction in porosity
adversely affects catalytic activity, particularly in reactions where
high surface interaction is crucial.

As illustrated in Figure 4, the pore size distribution of a
Co—Mn—AI mixed oxide catalyst shifts significantly with increas-
ing pelletization pressure. Specifically, higher compaction pres-
sures lead to a pronounced reduction in the fraction of meso-
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This reduction underscores the trade-off between mechanical
strength and textural properties that must be carefully balanced
in pelletizing.

A critical factor influencing the feasibility of pelletization
is the intrinsic properties of the raw material. Due to their
physical characteristics, certain powders derived from diamonds,
hard metals, and refractory oxides are often regarded as
nonpelletizable.® Moreover, the chemical state of the mate-
rial significantly affects its suitability for pellet formation. For
instance, catalyst powders in their oxidized form typically have
tensile strengths ranging from 2 to 5 N/mm?, enabling them
to endure the mechanical stresses encountered during pelleti-
zation. In contrast, when these powders undergo reduction,
their tensile strength can decline dramatically to between 0.5
and 2 N/mm?, increasing the likelihood of pellet fracture during
ejection from the die. Substantial volumes of binders are often
introduced to enhance the mechanical integrity of the pellets
and mitigate this problem.™ However, incorporating such addi-
tives must be carefully controlled, as excessive quantities can
negatively affect the mechanical stability, porosity, and catalytic
activity of the final product. Various studies have highlighted the
delicate balance required in formulating catalyst pellets, empha-
sizing the potential detrimental effects of overusing binders on
the performance of industrial catalysts.[1*0-42]

Granulation was developed to address some of the chal-
lenges posed by pelletizing, particularly in applications involving
fluidized or moving bed reactors. In this method, fine pow-
ders are agglomerated into larger, free-flowing granules using
mechanical agitation, typically in a granulator or mixer, with the
aid of binders and sometimes liquid sprays. These granules are
dried and calcined to achieve structural stability.#3144]

Granulated catalysts offer flowability, dust suppression, and
ease of handling. Their spherical or quasi-spherical shapes help
maintain uniform fluid dynamics in reactors, minimizing channel-
ing and ensuring better contact between reactants and active
sites. The granule size can be tailored based on the reactor
design, typically ranging from 0.5 to 3 mm.['!

However, granulation presents challenges. One primary chal-
lenge is the mechanical fragility of the resulting granules, which
often suffer from attrition and breakage during handling or
under reactor conditions, particularly in fluidized or packed-bed
operations.*'1 An inhomogeneous pore structure and binder
distribution in granules can negatively affect the mass trans-
fer and catalytic activity, leading to inconsistent performance.!®"!
The chemical incompatibility of binders with active phases may
also lead to surface coverage or modification of active sites,
reducing the overall catalytic efficiency." Another significant
problem is the poor flowability of granulated powders, which
can result in blockages or feeding inconsistencies in reactors.
Furthermore, component segregation during mixing or drying
can introduce variability in product quality."*®! The thermal treat-
ment in granule drying or calcination may induce sintering or
phase transitions, adversely affecting the surface area and pore
accessibility of the granules.*! Scaling-up limitations are com-
monly encountered due to differences in equipment geometry,
mixing dynamics, and moisture control, often requiring exten-
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sive re-optimization during the transition from the laboratory to
industrial scales.™! Addressing these limitations is essential for
applying granulation in large-scale catalyst manufacturing and
powder processing.

Introduced alongside the traditional methods, extrusion sig-
nificantly improved the production of continuous catalyst struc-
tures. Extrusion involves forcing a moistened paste comprising
catalytic powders, binders, and other additives through a die
of a specified geometry, producing extrudates that are cut
to the desired length, dried, and calcined.”>*" Early extrusion
was appreciated for producing uniform, elongated shapes, such
as cylinders or rods, with better dimensional consistency than
pelletizing or tableting.®?"%3! This method enabled higher pro-
duction throughput, particularly for applications requiring large
volumes of shaped catalysts. Additionally, extrusion was adapt-
able to creating hollow or multiholed geometries, improving
mass transfer and reducing internal diffusion limitations.!®

However, extrusion faces limitations in its initial form. The
process requires careful control over the paste rheology to
ensure a smooth flow through the die and to prevent cracking
or deformation during drying. Paste formulations are sensitive
to moisture content, binder type, and particle-size distribu-
tion, influencing the mechanical integrity and catalytic activity
of the final extrudate.™2?! Nonuniform drying and calcina-
tion could cause warping, cracking, or shrinkage gradients in
the extrudates.™ Moreover, early extrusion systems lack the
automation and feedback mechanisms to adjust process vari-
ables in real time, leading to inconsistent quality. Surface skin
formation and internal voids due to trapped air further reduce
structural homogeneity.™ Despite these challenges, extrusion
became a widely adopted shaping method due to its scala-
bility and ability to produce innovative geometries that were
impossible with other techniques at the time.[®

However, it is important to recognize that catalyst shap-
ing approaches in general exhibit distinct trade-offs in strength,
porosity, scalability, and reactor suitability, as summarized in
Table 2. Pelletizing produces moderately strong pellets (~1-
2 MPa) with acceptable porosity retention (~70%), offering a
low-cost and scalable option for industrial applications such as
fertilizers and catalysts, particularly in fixed-bed reactors where
uniform packing and reduced pressure drop are desirable.[68015]
Granulation, including spray or pan methods, yields somewhat
weaker particles (~0.5-1.5 MPa) but preserves porosity more
effectively (~85%), with medium costs due to binder and equip-
ment requirements. It is scalable to industrial throughput and
is widely used for fluidized- and moving-bed systems where
uniform spherical granules (0.5-2 mm) enhance fluidization
performance.l%8%%¢! Extrusion remains the dominant method for
technical catalysts, delivering the highest mechanical strength
(~2-6 MPa, with trilobes >6 MPa) and engineered hierarchical
porosity (~90%) while balancing moderate costs. Its scalabil-
ity and versatility make it the standard for industrial Ni/Al,O;,
zeolite, and hydroprocessing catalysts, particularly in fixed-bed
reactors where trilobe and cylindrical shapes help minimize
pressure drop.*>8%%71 |n contrast, spray-drying offers excellent
porosity retention (~95%) and full industrial scalability (e.g., FCC
catalysts) but produces fragile particles (~0.2-0.5 MPa) prone
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to attrition. Although costly due to atomization and drying
equipment, it remains indispensable for slurry and fluidized-bed
processes that benefit from the excellent flowability of spherical
microspheres 380!

Furthermore, attrition resistance varies substantially across
catalyst shaping methods and is strongly dependent on both
material composition and process conditions. As shown in
Table 3, pelletized catalysts typically display attrition losses
of <5%-7% when tested by the ASTM D4058 rotating drum
method, with strength improved through higher binder frac-
tions and calcination."®"'%3 Extrudates, also evaluated by ASTM
D4058, are engineered to achieve <5% attrition loss, where
binder optimization, rheology control, and post-calcination rehy-
dration treatments are effective mitigation strategies.!'6"'6416%]
In granulated forms, friability drum tests report acceptable
mass losses of <1%-2%, with mechanical robustness enhanced
through binder addition, density control, and optimized granula-
tor operating conditions.['%6-1%8! Spray-dried catalysts, particularly
those used in FCC units, are evaluated by ASTM D5757, where
fresh samples often exhibit attrition indices of 3%-10 wt%, and
improved formulations with silica—sol binders and hierarchical
porosity can significantly reduce fines formation. Collectively,
these results highlight how shaping routes not only dictate
catalyst attrition resistance but also require tailored mitigation
strategies to balance strength with porosity and reactivity.!'20'6%!

4. Current State-of-the-Art
4.1. Extrusion

The extrusion process is an economical technology for manufac-
turing catalysts, widely applied in shaping fixed-bed catalysts.["”!
The primary benefit of extrusion is the flexibility of the end-
product porosity. Altering the porosity of solid catalysts to a
range between 30% and 60% is feasible by adjusting the liquid-
to-solid ratio in the extrusion paste.”"72] The extrusion process
can be divided into four steps. The first step is mixing and knead-
ing the catalyst powder with binders, water, and other additives,
such as plasticizers and peptizing agents, to facilitate the extru-
sion process. The second step is extrusion to extrudates that can
be cut into suitable lengths using a cutting device. The third and
fourth steps are drying the extrudate bodies and calcination for
the shaped catalysts, respectively.[873!

The catalyst extrusion process can be conducted using two
extrusion configurations: ram or auger extrusion. The ram extru-
sion method, called piston extrusion, is a batchwise process.
The extrusion paste is loaded into a cylindrical barrel with a
pusher piston and die plate on the other end. Shaped bodies
exit through the die when the paste is under sufficient pressure.
The ram extrusion has the advantages of low shear stress and
allowing for paste extrusion with a low solid-to-liquid ratio.

Auger extrusion, commonly called screw extrusion, is a con-
tinuous process resulting in a high production rate compared
with ram extrusion.B%°! |n screw extrusion, the paste is first
poured into a feeding hopper, from which it is directed to a
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Table 2. Comparative assessment of catalyst shaping techniques: strength, porosity, scalability, and reactor suitability.

Reactor Compatibility Ref.

Pelletizing

Granulation

Extrusion

Spray-drying

~ 1-2 MPa (typical
pressed pellets,
depending on binder
content and pellet size)

~ 0.5-1.5 MPa
(spray-granulated
alumina-based catalysts)

preserves

~ 2-6 MPa (extruded
alumina with binders;
trilobes can reach >6
MPa)

~ 0.2-0.5 MPa (spherical
microspheres; fragile,
prone to attrition)

micro/mesopores)

~90% (hierarchical
pores can be
engineered)

~95% (excellent
retention of
micro/mesopores)

~70% (binder reduces Low-simple pressing
BET area, maintains
mesoporosity)

& binders

~85% (gentle shaping Medium-binder &

spray granulation
equipment
Medium-requires
binder optimization

High-atomization &
drying equipment

Industrial scale
(fertilizer & catalyst
industries)

Pilot/Industrial

Industrial (standard
for Ni/Al,Os, zeolites,
reforming catalysts) AP)

Fully industrial (FCC)

(good packing,
reduce AP)

Fluidized-bed

(uniform granules

0.5-2 mm)

Fixed-bed reactors

Fixed-bed (extrudate
geometries reduce

Slurry & fluidized-bed [13, 80]

[6, 80, 156]

(80,
158-160]

[55, 80, 157]

Table 3. Attrition resistance of catalyst shaping methods.

(Al)~3%-10%wt (fresh)

Shaping Method Attrition Metric (Test) Typical Attrition Index Mitigation Strategies Ref.
Pelletizing ASTM D4058 (rotating drum, Robust pellets show Higher binder fraction (e.g., colloidal [161-163]
% loss) <5%-7% loss on attrition silica, aluminosilicates); calcination.
Extrusion ASTM D4058 (rotating drum, Industrial extrudates Binder optimization (boehmite, silica [161, 164, 165]
% loss) engineered for <5% attrition sol), post-calcination rehydration,
loss slurry rheology tuning
Granulation Friability drum, % mass loss Acceptable friability <1%-2% Binder addition increases strength; [166-168]
for coated pellets granule density/shape control;
optimized drum speed
Spray-drying ASTM D5757, % mass loss FCC catalysts: Attrition index Silica—sol binder; hierarchical [120, 169]

porosity; calcination.

single-flighted rotating screw. The screw is rotated using a link-
age between the gearbox arrangement and motor. As a result
of friction between the paste and the barrel, the paste is forced
toward the die assembly, where enough pressure is built to push
the paste through the die and produce an extruded catalyst.!”*

Figure 5 summarizes some advantages and challenges of
using ram and screw extrusion technology. Screw extrusion
presents several significant advantages in catalyst shaping, par-
ticularly due to its continuous operation, enhancing process
efficiency and consistency.l"””! This method is known for produc-
ing highly homogeneous products and minimizing dead-zone
formation areas in the extruder where material might stagnate,
potentially leading to inconsistency in the final product.”8! How-
ever, screw extrusion also comes with challenges. Thus, manag-
ing the rheological properties of the material is very challenging,
potentially affecting the extrusion product quality."#"77]

In contrast, ram extrusion addresses some of the rheologi-
cal challenges in screw extrusion, making it more suitable for
materials with difficult flow properties.'”8! However, this method
has limitations. Ram extrusion is more susceptible to dead-zone
formation, which can produce less homogeneous products.["!
Additionally, ram extrusion is typically less efficient for contin-
uous production because it often operates in batch mode.[”?!
Moreover, the post-extrusion drying step is crucial because it sig-
nificantly contributes to the overall process time and complexity,
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affecting the final product quality, as illustrated in Figure 5. In
addition, the process may suffer from the “dog teeth defect,” an
irregularity affecting the uniformity of the extruded catalyst.™
Despite these drawbacks, screw and ram extrusion techniques
are versatile and capable of producing a wide variety of catalyst
shapes, making them valuable tools in catalyst manufacturing.

A well-designed die and optimized paste rheology proper-
ties are needed for extrusion to obtain high-quality extruded
catalysts.'® If the die head quality is high, then finding the
right extrusion operation conditions, such as mixing, extrusion
temperature, extrusion speed, amount of liquid content, pH
(additives), and binder type, is essential to minimize the defect
output.®#81182] Several variables might directly or indirectly
affect the final quality of the shaped catalyst.'®'®* Because of
the high potential number of combinations that must be consid-
ered during extrusion, this work only highlights the formulation
preparation step (i.e., liquid-to-solid ratio and additive effects)
and extrusion stage (i.e., extrusion temperature and rate).

4.1.1. Extrusion Optimization

The first step toward catalyst formulation optimization is consid-
ering the particle size distribution. A broad distribution with a
majority of small-sized particles is essential because the small
sizes ensure strong packing between particles. In contrast, larger
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Figure 5. Challenges, advantages, and disadvantages of ram and screw extrusion technology.

sizes facilitate linkage with the applied binder.!™ Combining
large particles of 600 pum with particles of 125 um results in bet-
ter cohesion than using equal quantities of both sizes.'™ The
liquid-to-solid ratio is essential in determining the rheological
properties, significantly affecting the extrusion product quality
and flow inside the extruder."®'®1 Adding a high quantity of
water during mixing and kneading could cause seepage.l™

In contrast, adding a small volume of water to pow-
der creates high shear stress and sometimes prevents paste
extrusion."®] |n addition, applying a high liquid-to-solid ratio
could result in lamination defects and a decline in the mechan-
ical strength of the shaped catalysts.'®>'®] Thus, an optimal
value should be applied to ensure a smooth flow and minimum
defects. Additives (e.g., plasticizers and lubricants) are commonly
used in the extrusion process to ease the paste flow rate and
reduce the risk of structural defects during extrusion due to the
alteration of the rheological properties.'®! Peptizing agents (e.g.,
acetic acid) directly influence the paste pH and are essential for
achieving homogeneity in the catalyst matrix. Adding acetic acid
to the paste formulation is essential for achieving high zeolite
dispersion and preventing the formation of large binder clusters.
This approach results in better zeolite-binder connectivity and
enhances the mechanical strength of the shaped catalyst.”’

Controlling the extrusion process is essential to maintain-
ing the rheological properties of the slurry during the extrusion.
Thus, optimizing the extrusion temperature and production rate
is critical to attaining a high-quality extrudate.l'®! The increased
temperature due to the shear stress between the paste and
barrel during extrusion might cause water evaporation, leading
to paste drying and die blockage, whereas lowering the tem-
perature facilitates smooth extrusion by maintaining the wet
strength and favoring the plastic behavior of the paste. Exper-
iments at different temperatures (19 to 45 °C) demonstrate the
optimal extrusion temperature: 19 to 20 °C.""* Determining the
optimal extrusion speed is essential to avoiding many surface
defects at high extrusion speeds.'®! However, working at a high
speed enhances the mass distribution and produces a uniform
paste.

In contrast, working with a low extrusion speed could create
voids in the green extrudate body, compromising the structural
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integrity of the final product. Balancing extrusion speed is criti-
cal for maintaining the quality and consistency of the extruded
catalyst, as excessively high speeds can lead to surface crack-
ing, whereas those that are too low can cause internal voids
and weak points in the material.'"¥ Therefore, several experi-
ments should be run to control the extrusion speeds better,
one of which is recording the extrusion speed vs. the extrusion
pressure. The pressure and extrusion speed must have a linear
relationship.l™!

4.1.2. Mathematical Modeling

Mathematical models of extrusion processes anticipate the pro-
cess parameters (e.g., temperature and pressure along the screw
length, flow rate, and power on the shaft) to gain a deep under-
standing of the physical process with accurate simulations for
the application.l'®01 |n extrusion and many similar processes,
the general balance equations, including the momentum, mass,
and energy balance equations, are applied with the constitutive
equation to address four unknown variables: velocity, pressure,
stress, and temperature.! Mathematical models can be divided
into three subgroups based on mathematical complexity: the
1D flow of Newtonian and non-Newtonian fluids under shear
conditions, 2D flow of non-Newtonian fluids, and 3D flow of non-
Newtonian fluids."? Due to the complexity of mathematical
models, most current industrial designs of extruders are based
on empirical studies.

The following empirical formula analyzes the generated pres-
sure as a result of the catalyst paste entering a narrow extrusion
channel:["”!

D, L
P =2 (0p 4+ aeVv) In (B()) +4 (5) (t0 + BV) m

where P denotes the generated pressure, o, represents the ini-
tial bulk yield stress of the paste, «. indicates the velocity of the
bulk yield stress, v denotes the mean extrudate velocity, D, is the
barrel diameter, D represents the diameter of the extrusion chan-
nel, 7o indicates the initial wall shear stress of the paste, and 8
denotes the velocity factor of the wall shear stress.
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4.2. Spray-Drying

Spray-drying has emerged as a critical multiscale tool in cata-
lyst manufacturing, connecting nanostructural control with bulk
particle shaping for industrial reactor applications. The method
enables the design of spherical catalyst particles with a tailored
morphology, porosity, and size, which are critical for ensuring
fluidizability and activity in fixed and fluidized-bed reactors."6"!
During spray-drying, a liquid or slurry is converted into a dry
powder by atomizing it into a heated drying medium. The
process is well-known as a low-waste generator, making it
very attractive for industrial implementation./”! Therefore, more
than 15,000 spray-drying processes have been implemented
worldwide.[#!

The spray-drying process has several components influenc-
ing performance (Figure 6)."! Typically, the process starts with
a feed solution pumped into the drying chamber via an atom-
izing nozzle. At the atomizer level, the feed solution encounters
pressurized hot gas, usually air, for droplet atomization. Alterna-
tively, rotating disks can break the liquid into fine droplets. Then,
the atomized droplets are converted to particles inside the dry-
ing chamber due to rapid moisture evaporation, with a residence
time typically of a few milliseconds based on the process condi-
tions. Finally, the dried particles are collected using cyclones or
filters.[193-195]

In engineering catalysts at the multiscale, spray-drying
embodies a bridging technology, enabling the transfer of a
nanoscale compositional and textural design (e.g., template-
derived porosity) into microscale particle architectures with
optimized aerodynamic and mechanical behavior. Such hierar-
chical structuring is vital to meet the dual demands of activity
and stability in actual reactor environments."®"”! The impor-
tance of spray-drying in catalyst production lies in integrating
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representing the industrial standard in refinery and emission
control technology (e.g., SCR, TWC, hydrodesulfurization).

In current industrial practices, spray-drying is often applied
for manufacturing catalysts in FCC, hydroprocessing, and envi-
ronmental catalysis, highlighting its versatility and maturity.
Spray-drying has gained traction in producing next-generation
catalyst systems, such as MOFs, perovskite-based oxygen carri-
ers, and hierarchical porous materials, where morphology and
accessibility of active sites must be preserved.'"®! Thus, the
spray-drying process is an excellent example of how histori-
cal developments (initially geared toward pharmaceuticals and
food) have been co-opted and evolved for advanced catalyst
design.

Particle formation in spray-drying includes three primary
stages to develop a well-structured and controlled particle
shape. The first stage focuses on the effect of the precursor
solution on the final particle morphology and porosity. The sec-
ond development stage concerns the atomization of particle
droplets. The third stage involves the drying process, addressing
the droplet conversion to particles.”! The first and third stages
have received great attention in particle formation research to
produce a controllable structure of porous particles. Moreover,
intensive theoretical and empirical descriptive models have been
encountered, as discussed in the following sections.[°61%°]

4.2.1. Influence of Precursor Properties

Using well-defined porous templates could be considered the
most controllable and straightforward approach for catalyst par-
ticle production.!’®! Therefore, the particle components are
adapted to the porous structure of the template. A detailed
description of the effect of the droplet precursor preparation is
beyond the scope of this literature review (refer to the compre-
hensive review of the template-assisted spray-drying method by
Nandiyanto et al.!”!). However, this paragraph summarizes the
primary effective parameters and mentions relevant literature.
The mass ratio of particle components to assisted templates is
crucial in determining the final porous structure. Thus, the prob-
ability of producing dense spherical particles is enhanced when
the particle components primarily exist in the precursor solution.
In contrast, if the template ratio is significantly higher than that
of the particle components, the formation of hole structures is
more likely. Therefore, the optimum ratio must be determined
to create the desired porosity.2""

Moreover, the particle, template, and solution charges are
vital in designing the particle shape and porosity. A similar
charge of particle components and template would result in
a repulsive force, creating a porous structure,'* whereas with
an opposite charge, the attraction would result in moth-eye
structures.?! However, several interactions can change the
resulting particle structures using a charged solution. For exam-
ple, for similar charges of component particles and templates
and the opposite droplet solution charge, a shell-like film would
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develop during the drying process, resulting in a hollow particle
structure due to the faster movements of particle components
and the trapped template in the center.?®’! In contrast, using
similarly charged droplets and components would result in irreg-
ular shapes due to the tendency of all components to escape./?%*
A similar charge of template and droplets and an opposite
charge of particle components would result in a more porous
particle structure.?®! Figure 7 illustrates this complex behavior
of the charge role in the final particle shape.

4.2.2. Influence of Atomization

Atomization is a crucial parameter for controlling the particle
size distribution. Nozzle-based (pressure or two-fluid), rotary, or
ultrasonic atomizers are typically applied in chemical, food, and
pharmaceutical industries.”””! The resulting droplet size depends
on the ratio of applied pressure to the feed rate of the solution.
Generally, a pressure nozzle generates droplets ranging in size
from 10 to 800 um, whereas smaller droplets ranging from 5 to
300 um are produced with two-fluid nozzles, making the latter
the first choice for laboratory-scale dryers. The rotary or cen-
trifugal atomizers typically generate droplets in the 1to 600 pm
range, and droplets range from 5 to 1000 pm with ultrasonic
atomizers.[2982°] These atomizers differ in relevant driving force
(pneumatic, electrostatic, etc.). In principle, droplet formation in
atomizers is influenced by mechanical, inertial, gravity, or surface
tension forces. However, one of the simplest cases is dripping-
droplet formation, where the gravity and surface tension forces
are in equilibrium, expressed as follows:

1
6d, 3
P~ o = ( °”> @)
6 P9

This approach is only applicable to large droplets and very
slow velocity conditions. When the nozzle atomizes the liquid
solution, the balance between gravity and surface tension can-
not be maintained; thus, the dripping state becomes a jetting
state.2%?! The critical Weber number can describe this transition.
Accordingly, Clanet and Lasheras?®! obtained a critical value for
the Weber number by extending Taylor's model:

B
We, = 4 -0 (1 + KBoBoo — ((1 + KBoBoo)? — 1)%) )
Bo

where Bo and Bo, are bond numbers based on the inside and
outside diameters of the nozzle at the orifice, respectively, and K
is a constant.

A more general empirical formula for the droplet size deter-
mination was developed based on the atomizer type, liquid
viscosity, surface tension, and other physical properties, as
expressed below:?"

Dy = Kr Q@ (p"0°) )

where K, Q, and n represent equipment properties, and g, b, and
c are related to the droplet solution.

Moreover, the gas type, pressurized gas-flow rate, and lig-
uid feed-flow rate influence the droplet formation and size
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distribution.*?"! Various gases (e.g., air, CO,, and N,) can be
applied for droplet atomization. Often, low-density gases are
employed to obtain smaller droplet sizes. Considering the flow
rate of the pressurized gas and the flow rate of the feed lig-
uid, high flow rates of pressurized gas generally result in smaller
droplet sizes, whereas high flow rates of liquid feed yield larger
droplet sizes.[?"?!

4.2.3. Influence of Other Process Conditions

Besides the composition of the precursor solution and the
atomization step, the process parameters during droplet-to-
particle conversion affect the final morphology and particle
size during spray-drying. The standard approach for under-
standing the drying mechanism and evaluating the influence
of process parameters on product properties is based on con-
ducting several experiments with a laboratory-scale dryer.?"!
Specific process parameters (e.g., drying gas temperature, gas
flow rate, feed flow rate, and relative humidity [RH]) are var-
ied, and the final particle structure is characterized using Raman
spectroscopy, scanning electron microscopy, or X-ray diffraction.
However, this approach lacks in situ tracking of the drying pro-
cess, which requires sophisticated instruments to capture the
dynamic behavior of a thousand droplets during drying. Hence,
Pearce et al.” proposed novel techniques to track the droplet
dynamics at various positions in the drying chamber using liquid
N. Another approach for understanding the drying mechanism
is conducting in situ single droplet experiments.® Although
the single droplet does not experience the same environment
and conditions as in the spray-drying process due to missing
droplet-droplet and droplet-wall interactions, the approach is
still advantageous in predicting the particle morphology during
certain drying conditions.2>2'6]

When focusing on the actual process parameters during
spray-drying, the temperature is considered a primary parame-
ter that affects droplet-to-particle formation because it is directly
connected to the heat and mass transfer phenomena.™ Thus,
the gas inlet temperature strongly affects the final particle
size and morphology.?”! Generally, the gas inlet temperature
is directly proportional to the droplet evaporation rate. Accord-
ingly, increasing the inlet temperature increases the evaporation
rate, resulting in a faster crust formation at the outer surface of
the droplets. The slow diffusion of the solutes to the center com-
pared to the fast evaporation rate causes a hollow or irregular
shape due to the trapped liquid solvent.!”8! Moreover, when the
inlet temperature is higher than the boiling point of the solvent,
a volume expansion phenomenon for the droplet is significantly
expected due to the fast crust formation and trapped liquid,
increasing the particle diameter.?™! In contrast, lowering the gas
inlet temperature reduces the evaporation rate, delaying crust
formation and causing a dense core and spherical small particles.
In addition, Lin et al.?! concluded that low drying tempera-
tures result in dense, small, and regular-shaped particles in the
investigated material system.

In addition to the inlet gas temperature, RH plays a critical
role in drying. The gas temperature is directly proportional to the
evaporation rate; however, the RH is inversely proportional to the
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evaporation rate and is a critical point for an effective drying pro-
cess at a given gas temperature. At 100% RH, drying would not
occur; however, increasing the RH to an extent results in a lower
evaporation rate, resulting in homogenous and dense solid parti-
cles, given enough time for solute diffusion.!??’! Griesing et al.[?"
studied the influence of varying RH on the final particle diameter
and porosity for mannitol-water droplets and found that increas-
ing the RH decreases the evaporation rate, producing smaller
particle diameters and lower porosity. Another important param-
eter to consider during the drying process is the feed-flow rate
to the drying chamber. Smaller droplets are formed when the
atomizer rotation speed or spray air pressure is higher, producing
smaller particle sizes.[??!

4.2.4. Mathematical Modeling

Kemp and Oakley classified the modeling of the spray-drying
process into four levels, which were later extended to five
levels.”?Z! On the first level, only the heat and mass transfer
are considered. This approach is unsuitable for representing the
spray-drying performance and tracking particle behavior. The
second level is the “scoping level,” which includes a rough esti-
mation of the drying equipment size using a simple theoretical
model for drying kinetics. The third level is the “integral” or
“scaling-up” model that uses pilot plant experiments of the dry-
ing curve for upscaling. The fourth level is called the “incremen-
tal” or “one-dimensional” model, which has a set of simultaneous

equations to be solved in incremental steps along the drying
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axis. The fifth level is called the “detailed model,” which is solved
using computational fluid dynamics (CFD).

The 3D flow patterns of gas and particles can be tracked
using CFD, and the heat and mass transfer of evaporation
and solidification is considered in individual droplets.??*! The
Eulerian-Lagrangian approach is typically applied for spray-
drying studies, where the gas phase and droplets or particles
are treated as interpenetrating continua. The gas phase is
described by Navier-Stokes equations, accounting for the drag
force exerted by the particles, and solved using the Eulerian
grid. The particles or droplets are considered a discrete phase
described by Newton’s Second law of Motion, solved using the
Lagrangian approach.!22>220]

These models can also be extended to account for droplet—
droplet and droplet-wall interactions by implementing a prob-
abilistic approach.”! The evolution of modeling approaches
for spray-drying, from empirical correlations to high-fidelity CFD
with discrete element method (DEM) simulations, reflects the
broader trajectory in multiscale catalyst engineering. By captur-
ing droplet behavior, mass transfer, and aggregation at multiple
scales, these models contribute to predictive design, accelerat-
ing scaling-up and enhancing the reproducibility of the catalytic
function. Integrating particle-level drying models with macro-
scopic dryer simulations exemplifies how multiscale modeling
can derisk development and support continuous processing
strategies in catalyst shaping (see reviews by Dosta et al.l??”! and
Mezhericher et al.!*®) for more on multiscale modeling).

Moreover, two approaches for modeling drying kinet-
ics exist: the distributed-parameter and lumped-parameter
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approaches.?>20] |n the distributed-parameter approach, the
drying droplet is identified at various drying periods with varied
evaporation rates in response to the crust-formation level of the
particle”% Ranz and Marshall published the first theoretical
modeling of the drying droplet®" Later, several studies on
distributed-parameter modeling were published. Mezhericher
et al"22] published a comprehensive review and developed a
model.

In contrast, the lumped-parameter approach considers the
physical properties and components of the drying materials,
which are uniform throughout the particle, using the concept
of the characteristic drying rate curve (CDRC) and the reaction
engineering approach (REA).1223] The CDRC is a dimensionless
representation of the drying behavior of a material, plotting the
normalized drying rate against the normalized moisture con-
tent to predict the drying kinetics under varying conditions.[#4
The drying rate of a moist solid or droplet can be expressed as
follows:[235236]

dm
I = —hpA (,Ov.s - pv.b) (5)

where m is the mass of the droplet-particle, t denotes the time,
hprepresents the convective mass transfer coefficient, A indicates
the surface area of the droplet particle, p,; denotes the vapor
concentration at the particle-gas interface, and p,, represents
the bulk vapor concentration.

Chen and Xie®"! initially developed the REA, which Chen
and Lin later amended.”! The REA is based on the reaction
engineering concept that considers the drying process to be a
competitive, reversible process between evaporation and con-
densation reactions, where evaporation is an activation process
that must overcome the barrier energy of water evaporation
while assuming condensation is a nonactivation process. The
REA relates the apparent activation energy to the moisture con-
tent, a measurable characteristic property of the drying droplets.
Therefore, the vapor concentration at the gas-liquid interface
can be evaluated as a function of the moisture content.[>”!

Chen and Lin!»3! validated REA and the CDRC with experi-
mental data for milk droplet drying. They found that the REA
produces the experimental data more precisely than the CDRC
model. In later work, Lin and Chen!®®! predicted milk droplet
drying under high humidity by applying the REA. Moreover,
the REA was successfully used to predict the drying patterns of
cream, lactose, and whey proteins, with high agreement with the
experimental results.[23623]

Patel and Chenl?2*2%02411 gpplied the REA to detail the spray-
drying process for industrially applied material systems (e.g.,
whey protein concentrate, skim milk, and lactose). They found
that the REA is very accurate and sensitive to changes in operat-
ing parameters and is very useful in predicting product property
variations due to operating condition alterations.

In summary, spray-drying exemplifies a multiscale engineer-
ing tool, enabling the bottom-up translation of a material
design into structured catalyst forms. This role is expected to
expand as digitalization and process simulation converge toward
closed-loop control, enabling the dynamic tailoring of product
properties to meet application-specific catalytic demands.
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4.3. Fluidized-Bed Spray Granulation

Fluidized beds are widely applied in the chemical, pharmaceuti-
cal, and food industries due to their enhanced heat, mass, and
momentum transfer and scalability. The fluidizing gas is intro-
duced at the bottom of the apparatus via a gas distributor plate,
fluidizing the particles. At low gas velocities, the bed remains in
a fixed-bed mode. The transition from a fixed to a fluidized-bed
state increases as the air velocity increases. This velocity is called
the minimum fluidization velocity of the investigated material.
At this point, particles are suspended and mixed well by the
upward gas flow, allowing effective processing.>*?! Typically, the
cross-sectional area of the fluidized bed increases with increas-
ing height, decreasing the gas velocity in the expansion zone,
causing particles to move back into the process chamber.

Fluidized-bed spray granulation describes the injection of
a liquid onto the bed of fluidized particles, resulting in a size
enlargement when the liquid solvent evaporates, forming a solid
film or bridge. The process generally starts by feeding the par-
ticles into the bed. Then, the particles are fluidized using a
flow of hot gas from the bottom, and the liquid binder is
atomized into droplets and sprayed onto the bed of particles,
forming larger particles due to the resulting particle-droplet and
particle-particle interactions.!?**!

“Granulation” is often an umbrella term for agglomeration,
granulation, or coating. The primary goal of these processes
is to alter the physical properties of powders to meet specific
product criteria, including size, shape, flowability, density, sol-
ubility, and porosity.2*4?%] These are cornerstone processes in
the physical engineering of catalysts, where multiscale control
from droplet wetting to granule formation to reactor integra-
tion is vital. This process is relevant for manufacturing catalysts
with controlled particle-size distributions and structural homo-
geneity because these properties directly influence transport
phenomena, mechanical stability, and catalytic performance. If
agglomeration, granulation, or coating occurs, it depends on the
particular process conditions and materials.[**?*] The injected
droplets connect individual particles via liquid bridges during
spray agglomeration. Due to the (typically heated) gas stream,
the liquid bridges solidify, resulting in blackberry-shaped parti-
cles. The agglomeration process is commonly used for food and
catalyst production because the resulting product typically has a
high porosity and specific surface area.[?’!

In contrast, the liquid forms a layer around single particles
during granulation. As the solvent evaporates, the layer solidifies,
resulting in an onion-like growth of particles. Spray granulation
is widely employed in the food and pharmaceutical industries
and in detergent and fertilizer production.”””! Coating is similar
to granulation, where the layer heights are typically smaller. The
process is commonly applied in the pharmaceutical industry to
control drug release and increase tablet stability and mechanical
resistance.?*%?%! Figure 8 presents a schematic of the poten-
tial growth pathway of catalyst particles in a fluidized bed with
a bottom-spray configuration.?! Initially, a primary dust forms
due to the overspray from spray-dried droplets.!* These fine
particles agglomerate with spray droplets to form seed particles.
In the initial stages, growth is primarily driven by agglomeration.
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Figure 8. a) Stages of particle formation and growth. b) Particle classification and approximated size ranges. Reproduced with permission from Ref. [250]
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However, as the particles enlarge, their increased surface area
facilitates the capture and deposition of dust, fostering surface
layering rather than further agglomeration.!*2?>3! Understand-
ing the interplay between dust integration via surface layering
and seed formation via agglomeration is critical because both
processes compete for the same dust supply.

The fluidized-bed spray granulation application spans diverse
industries and catalyst types, including automotive emission
control catalysts, enzyme carriers, and supported metal oxides.
The process facilitates shaping and integrating catalytic or
functional layers onto inert cores, forming composite particles
employed in structured reactors or monoliths. This process can
be operated in two modes: batch or continuous. The batch
mode has attained much research attention during the last few
decades and is frequently applied in industry, especially in the
pharmaceutical industry. However, for many economic reasons,
the continuous operation mode is more attractive for industrial
applications due to its higher throughput, lower downtime, and
lower labor cost than batch processes.!”! However, the parti-
cle residence time distribution is a well-known challenge of the
continuous mode. For most applications (e.g., drying and gran-
ulation), the residence time distribution should be as narrow
as possible to achieve a constant and homogeneous product
quality, which is often difficult.[42>]

The particle growth in a fluidized bed depends on param-
eters that determine the final particle-size distribution and
morphology. Several recent studies have explored the param-
eters and their effect on particle growth.2°2# These studies
have classified these parameters into three categories: the reac-
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tor geometry, such as the shape of the granulator and nozzle
position; the process parameters, including the airflow rate, tem-
perature, and atomization; and the material parameters, such as
the type and concentration of the binder. The categories are
detailed in the following sections.

4.3.1. Reactor Geometry

The geometry of a fluidized-bed reactor is crucial because it
directly affects fluidization dynamics, particle coating or granu-
lation efficiency, and overall reactor performance./*®! The critical
geometric elements include the fluidization chamber shape (e.g.,
cylindrical and conical), the design of the distributor plate, and
the design and position of the nozzles or internals.?°! The
design of the distributor plate affects the gas flow pattern and
fluidization quality.?°%2¢'! Baffles or other internal structures can
enhance mixing, control flow patterns, or prevent dead-zone
formation.[**! Studies have observed that the nozzle position
significantly affects the final particle size.>*?°?! Depending on
the nozzle position, three configurations of the spray process can
be differentiated: top-spray, bottom-spray, and tangential-spray
fluidized beds. Each configuration has advantages, disadvan-
tages, and challenges.

Top-spray configuration: The top-spray position of a nozzle in
a fluidized bed is well-known for its simplicity and efficiency,
derived from commercial fluidized-bed dryers. This configuration
offers high capacity and low capital costs.?%3! The spray nozzle is
positioned at the top of the chamber, allowing a liquid injection
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countercurrent to the fluidization gas. Typically, the spray nozzle
is either binary (two-fluid) or pneumatic. The operation mode is
applied on a broad scale range, from 2 L laboratory-scale setups
to industrial units exceeding 2,000 L.[264-266]

Figure 9a presents a schematic view of the top-spray configu-
ration in the batch mode. Particles are randomly exposed to the
sprayed liquid and pass through the wetting zone. The random
circulation of particles means that the droplet travel distance
is uncontrolled, risking early drying, similar to spray-drying. In
contrast, a long mean free path allows droplets to spread and
wet multiple particles before coalescence, promoting agglomer-
ation, making the top-spray configuration less suitable for film
and controlled-release coatings.263267]

The spraying area depends on the nozzle position above
the bed and its spray angle. Studies on top-spray granulation
reported that the nozzle at a low position results in larger parti-
cle sizes than those at a higher position at the same binder flow
rate. This result is attributed to the increased ability of the binder
to wet and diffuse into the particle due to the shorter distance.
Nozzle positions that are too high must be avoided because
this increases the risk of clogging and wetting the granulator
walls.28] Therefore, crucial challenges include optimizing the
spray parameters to control agglomeration and temperatures,
as well as overcoming unknown travel distances of droplets
to particles, which could affect product quality. However, the
top-spray configuration is suitable for taste masking and bar-
rier, cosmetic, and functional coatings, where precision is less
critical.l263]

Bottom-spray configuration: In the bottom-spray-fluidized bed
configuration, the spray nozzle is at the bottom, directing the
spray upward through the bed of fluidized particles. The mean
free path length of the droplets is shorter than in the top-spray
configuration, as the droplets quickly interact with high-velocity
particles in a confined spray zone. This interaction permits a
more precise coating, rather than an uncontrolled agglomera-
tion, making it ideal for encapsulation and layering. The bottom-
spray-fluidized bed can also be performed with an additional
tube in the center, the Wurster tube, separating the wetting and
drying zones.

Wurster first invented this system in the middle of the twen-
tieth century.’?®! The Wurster system has been widely employed
in many industrial applications™”®! (Figure 9b). Due to the sepa-
ration effect, the system is highly effective for coating particles
as small as 100 um, allowing better spray penetration and a
more uniform coating. Unlike the conventional top-spray tech-
nique, which recycles particles through the coating zone in
seconds, the Wurster system offers a more controlled fluidiza-
tion pattern. The concurrent path of the droplet toward the
particles is short, eliminating early droplet evaporation and
allowing the film-forming droplets to spread, creating a dense
film with exceptional physical quality,’”°?”*! making it the pre-
ferred system for coating.””’ The challenges include nozzle clog
prevention (especially with high-viscosity binder solutions) and
precise control of spray parameters and fluidization conditions
to ensure optimal performance.
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Tangential-spray configuration: The tangential-spray fluidized-
bed configuration involves spraying the binder solution tan-
gentially into the fluidized or rotary fluidized-bed. In a rotary
fluidized bed, the particles are suspended and mixed by the
upward gas flow and rotational motion of the bottom plate
(rotating disk), enhancing the heat and mass transfer efficiency.
The improved mixing results in a more uniform coating and
granulation.2%627! Three distinct forces drive particle circulation
in the tangential system. First, the rotating disk or tangential
spray of the solution generates a centrifugal force, pushing the
particles toward the wall. Second, the air passing through the
disk creates a lifting force, accelerating the particles upward in
the chamber. Third, gravity pulls the particles downward toward
the disk. The interplay of these forces results in a homogeneous
spiral motion of the particles.”*?! Figure 9c demonstrates the
tangential spray in a fluidized bed in the batch mode. The
challenges of tangential-spray fluidized beds include uniform
spray coverage to avoid dead zones and complex operation
optimization to achieve quality products.

4.3.2. Influence of Process Parameters

Several parameters influence particle-size enlargement during
agglomeration or coating in the fluidized-bed spray-drying pro-
cess. These parameters are often interrelated, but each has a cer-
tain extent of influence on particles when other parameters are
fixed. The following paragraphs address the four primary process
parameters: the spray rate, fluidizing air-flow rate, temperature,
and particle feed rate.

Spray-rate effect: In general, two approaches exist to investi-
gate the effect of the spray rate. The first method is to vary the
spray rate by altering the atomizing air at a constant binder-
solution content. The second method alters the spray rate by
changing the binder solution flow rate while maintaining a con-
stant atomizing airflow.>#?>! The first approach identifies a
linear relationship between the particle diameter and increased
spray rate, corresponding to the layering growth mechanism.2>]
Similarly, increasing the atomizing airflow results in consistent
homogeneous layering growth. Increasing the binder solution
flow rate while maintaining a constant atomizing airflow pro-
duces particle agglomeration and larger particle sizes, which
could cause earlier defluidization.[** Increasing the binder solu-
tion flow rate in the spray-fluidized bed of primary glass particles
results in larger agglomerates and increased porosity.[?’¢!

Particle Feed-rate effect: Increasing the particle feed rate gen-
erally increases bed mass. Accordingly, this increase reduces the
particle wetting rate for a constant spray rate and reduces the
probability of wet particles colliding. An increased particle feed
rate leads to a decreased porosity and agglomerate size.!”°! Fur-
thermore, a further decrease in particle feed rate can result in
earlier defluidization.[2*!

Air inlet temperature effect: The particle-size enlargement
behavior depends on the equilibrium between the drying and
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Figure 9. Schematic of fluidized-bed spray granulation in the batch mode: a) top-spray configuration, b) bottom-spray configuration, and c)

tangential-spray configuration. Adapted from the Glatt website.[?’4]

wetting rates. If the drying rate is faster than the wetting rate
due to a high air inlet temperature, the particle layering is
expected to increase. Conversely, if the air inlet temperature
is low, a sizable agglomerate formation is likely, which might
cause earlier defluidization.””! Studies on the effect of varying
the inlet air temperature on cornstarch coated with nano-silica
found that the temperature has little influence on the granule
size enlargement compared to changing the spray flow rate.[>]
Additionally, increasing the air inlet temperature decreases the
agglomeration size and slightly reduces porosity./?°!

Airflow rate effect: The airflow rate has an inverse relationship
with the agglomerate size and fluidization time. A higher air-
flow rate induces a high relative collision velocity, increasing the
probability of particle breakup rather than coalescence. A high
airflow rate also causes more attrition, resulting in smaller par-
ticle sizes.[?”7278] Studies on the effect of varying the fluidized
airflow on the granule growth of rice powder found that higher
airflow rates result in smaller granules.”*! Similarly, increased air
velocity reduces agglomerate size due to significant breakage
forces. 276!

4.3.3. Influence of Material Parameters

Effect of the binder solution nature: The nature of the binder
solution significantly influences droplet deposition over the par-
ticle surface. Droplets with high viscosity splash less upon
colliding with the particle surface.®”) Therefore, the probability
of a successful coalescence for the collided particles is higher.
Although other physicochemical properties might affect the
growth mechanism, viscosity is the most effective.[>>”]

Effect of the binder solution concentration: The binder concen-
tration has less influence on the granule size growth than the
nature of the binder solution.”®" Increasing the binder con-
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centration could lead to smaller agglomeration sizes, which
is attributed to the lower water content in the concen-
trated solution.”! Conversely, other observations have indi-
cated that an increased binder concentration could result in
larger agglomerates.!* These differing results can be attributed
to the viscosity of the binder solution, which varies with changes
in the concentration. 28"

4.3.4. Controlling Active Phase Dispersion

Incorporating active metal components onto catalyst supports
has conventionally been achieved via impregnation techniques,
typically employing aqueous solutions of metal precursors.[28?!
The porous support is brought into contact with the precursor
solution during the impregnation process. The method can be
broadly categorized as i) capillary impregnation, where the sup-
port is initially dry, and ii) diffusional impregnation, where the
support is presaturated with the solvent phase.[283284]

In both cases, air trapped in the pore network of the support
may impede efficient solution penetration. The entrapped gas
is compressed as the liquid penetrates the porous matrix under
capillary forces. Liquid flow halts when the internal gas pres-
sure balances the capillary pressure. The pore volume is often
pre-evacuated to eliminate trapped air and facilitate complete
impregnation.28”!

Following impregnation, a drying step is typically under-
taken at temperatures ranging from 50 to 250 °C to remove the
solvent.1®! During drying, solvent transport occurs through the
capillary-driven flow and diffusion mechanisms. Concurrently,
the metal precursor distribution may be altered via adsorp-
tion and desorption phenomena, influencing the final spatial
distribution of the active phase in the support.[28>2%6]

Many studies have focused on controlling the metal distribu-
tion profile in catalyst particles. Four principal distribution types
are commonly reported: uniform, egg-yolk, egg-white, and egg-
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shell configurations (Figure 10a).1285287.288] The optimal distribu-
tion is linked to the targeted catalytic performance parameters:
activity, selectivity, stability, and intrinsic reaction characteris-
tics, including kinetics and mass transfer limitations. For instance,
in a theoretical study, Becker and Weil?®*! demonstrated that
an egg-yolk-type distribution is favorable under kinetic con-
trol (i.e., a low Thiele modulus). In contrast, the egg-white and
egg-shell profiles are advantageous under diffusion-limited con-
ditions (i.e., a high Thiele modulus). Zimmermann et al.2?0?1
demonstrated that core—shell (egg-white type) catalyst pellets
can significantly enhance reaction heat management. Catalyst
pellets coated with the thickest inert shell exhibited up to
30% higher methane selectivity compared to uncoated pellets
under conditions with external mass transport limitations. This
improvement is attributed to the differential diffusion rates of
reactants and products through the inert shell, which alters the
internal equilibrium composition within the catalyst. Notably,
the inert shell promotes selectivity toward the desired product,
particularly when the preferred product has a higher diffusion
coefficient in the shell, making its formation more favorable.

A dry impregnation technique has also been explored in a
fluidized bed, depositing precursor solutions onto porous parti-
cles without excess liquid. Although relatively less studied, this
approach has promising results. For example, metal precursors
have been successfully deposited onto porous supports via spray
impregnation in a hot fluidized bed, with nearly complete depo-
sition efficiency.®22%! The extent of metal loading is primarily
governed by process parameters, such as the spraying time,
solution concentration, and flow rate.

A critical determinant of the final metal distribution is the
dynamic interplay between the drying rate (influenced by oper-
ating conditions) and the capillary penetration rate (depend-
ing on the physicochemical properties of the system). Under
slow drying conditions, the active phase is uniformly deposited
throughout the particle. Conversely, rapid drying produces pre-
cursor accumulation near the external surface, yielding an
egg-shell-type structure.?°¢!

The microscopic analysis corroborates these findings. For
instance, in the impregnation of fine porous silica particles (aver-
age diameter of 120 ym) with an iron nitrate solution, slow
drying generates a homogeneous internal distribution of the
metal species (Figure 10b.1). In contrast, fast drying causes the
precursor to concentrate at the particle surface (Figure 10b.2).2%”!

A recent work!®"! systematically investigated catalyst shap-
ing using a top-spray fluidized-bed granulation process and
examined its influence on the catalyst properties at multiple
scales. This work analyzed particle growth mechanisms, the spa-
tial dispersion of zeolite in the formed catalyst bodies, and the
effect on active site accessibility and catalytic performance in
the methanol to hydrocarbons reaction. Fine-tuning the shaping
parameters achieved optimized zeolite dispersion in the catalyst
matrix, significantly improving zeolite utilization from about 70%
under nonoptimized conditions to nearly 100% under optimized
shaping protocols.

A novel dual-staining protocol was employed in conjunc-
tion with confocal laser scanning microscopy to gain insight
into the internal architecture of the shaped catalyst particles. As
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illustrated in Figures 10c, and 3d reconstructions of two repre-
sentative catalyst samples (1, and A;) indicate the distribution
of the Brgnsted acid sites associated with the zeolite domains
(in blue) in the macroporous matrix (in pink). The w, sample,
which underwent seed formation during growth, displayed a
poor zeolite dispersion with large aggregates (Figure 10c.1). In
contrast, the A, sample, characterized by dust-mediated growth
(Figure 10c.2), demonstrated a high degree of zeolite dispersion
with considerably smaller aggregates. These findings under-
score the critical relationship between catalyst particle formation
mechanisms and internal structure, highlighting the importance
of growth control strategies in tailoring the catalyst architecture
for improved performance.

4.3.5. Mathematical Modeling

The complexity of the fluidized-bed spray granulation process is
evident from the multiple physical processes that co-occur and
interact with each other, such as droplet deposition, evapora-
tion, particle interaction, agglomeration, and breakage, resulting
in various scenarios occurring during particulate processing in
the fluidized-bed spray-drying process.>* When droplet size is
small relative to the particle size, two mechanisms may occur:
layering growth due to the rapid drying of droplets or agglomer-
ation growth from wet particles colliding. However, breakup and
layering growth can also occur if cohesive forces are weak. In the
second scenario, agglomeration is more likely when the droplet
size is larger unless the breakup force exceeds the cohesive force,
leading to small agglomerates and layering growth. Three mech-
anisms for agglomerate fracture have been proposed: attrition,
binary breakage, and fragmentation.[?’8!

A fluidized-bed spray granulation model must account
for all submicro processes. Various models for these com-
plex phenomena have been proposed in recent years.[246298-301]
Thus, multiscale simulation frameworks are needed, which inte-
grate micro-level phenomena (e.g., droplet impact and dry-
ing, binder spreading) with macro-level reactor hydrodynamics.
Previous research has primarily focused on two approaches.
The first approach employs the population balance equation
(PBE) to track the particle size distribution change during the
process.?*93%" The second approach involves the combined CFD
discrete element method (DEM) model, which considers the
interactions between the three phases: gas, solid, and liquid.>%!
The CFD-DEM model also uses the PBE to track changes in
particle size [2982%%]

The effective use of the PBE relies on the ability to solve the
equation numerically because analytical solutions are rare.>%!
Therefore, the PBE is commonly solved numerically using the
Monte Carlo (MC) approach.2%+3%] The MC method is effective
because it can consider all submicroprocesses, such as droplet
deposition, wet-wet particle collision, and droplet drying, which
are crucial in the size enlargement process. A volume constant
MC algorithm was introduced to overcome the complications of
solving multivariate PBEs and predict the general shape of the
agglomerate size distribution.?®"! This model was later modified
to account for porosity changes with changes in agglomerate
size and process conditions.[246:300!
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Figure 10. Metal distribution profile of catalyst particles: (A) uniform, egg-yolk, egg-white, and egg-shell configurations. Reproduced with permission from
Ref. [285] Copyright ACS, 2001. Impregnation of fine porous silica particles with an iron nitrate solution, slow drying (B.1) and fast drying (B.2), adopted from
Barthe et al.?%”) 3D reconstructions of two representative catalyst samples (1, and Ay), c.1 and c.2, respectively, via confocal laser scanning microscopy.
Reproduced with permission from Ref. [91] Copyright Elsevier, 2025.

(C.1)

Figure 11. Macroscale vs. microscale images of structures obtained via 3D-printing: A) Fractal relief on a photocatalyst printed using vat
photopolymerization with liquid crystal display, with features as small as tenths of microns. Reproduced with permission from Ref. [332] Copyright ACS,
2023. Adapted from Kang et al. B) Stainless-steel hollow cones printed using powder-bed-fusion with selective laser melting (B.3) with NiCo,S4 nanoneedles
grown in a posterior hydrothermal synthesis step. Reproduced with permission from Ref. [339] Copyright RSC, 2019. C) Cylindrical woodpile CuZnAl,0;
catalyst printed using material extrusion. Reproduced with permission from Ref. [340] Copyright Elsevier, 2024.
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Recently, a coupled CFD-DEM and MC approach was
introduced, where CFD-DEM tracks particle dynamics in
fluidized beds, and the MC method predicts the coating
layer.”®®! Coupling CFD-DEM models with PBEs or MC sim-
ulations enables the quantitative tracking of particle-size
distributions and structural heterogeneity. This approach
can serve as a starting point for digital twin concepts
in catalyst production. In future catalyst manufacturing,
such frameworks will likely play a critical role in adap-
tive process control, enabling the real-time adjustment
of process parameters in response to evolving material
characteristics.

In summary, fluidized-bed spray granulation is a critical
upscaling step in transforming engineered precursor systems
into application-ready catalysts. This approach bridges the gap
between nanoscale design, macroscale functionality, and reactor
integration.

4.4. 3D Printing and Additive Manufacturing

Recently popularized as 3D printing and historically known as
solid freeform fabrication, AM is a relatively novel manufac-
turing approach, encompassing technology based on diverse
scientific principles. The characteristic feature of AM is that it
constructs the parts layer-by-layer, providing considerable flex-
ibility in building complex shapes.>”! This method has attracted
attention from researchers, companies, and the public due to its
flexibility and broad applicability prospects in numerous fields,
such as biomaterials,*%! construction,?®! food processing,"!
and catalysis.?”!

4.4.1. Technology and Materials

The AM technique comprises a technology bundle developed
for the bottom-up production of structured materials. Common
AM technology can be classified into bulk methods and selective
deposition methods. Below is a brief classification of the existing
AM technology and suitable materials:13"

e In bulk methods, including vat and powder bed methods,
the piece is printed from the bulk of the starting material
found in a container -generally- below the printing head and
is gradually built.

o Vat photopolymerization (VPP): Vat methods use vari-
ous types of photocurable resins (with acrylate or epoxide
groups) contained in a vat in liquid form. The resin can be
combined with finely dispersed ceramic powders to pro-
duce ceramic pieces.*?3" Typical printing resolutions via
these methods are around 25 to 50 um.’"! Depending on
how resins are cured, several methods can be applied:

B Stereolithography (SLA): Light is projected following a
path on the resin surface to produce layers of partially
cured material. The piece can “grow” vertically by increas-
ing the depth of the vat during the printing process or by
growing the piece “upside-down” while hanging from the
printer head.
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W Digital light processing (DLP): This method is similar to
SLA, but the light is projected in full layers onto the
surface using micromirrors.

B Liquid-crystal display (LCD): This approach is similar to
DLP, but the light is projected using a laser light source
masked using an LCD screen, also known as masked SLA.

o Powder bed methods, in which the piece is constructed lay-
erwise inside a bed of powdered solids, have a disposition
similar to vat techniques. After a layer is printed, a new layer
of fresh starting material is deposited on top of the previ-
ous layer. The resolution is of the same order as the VPP
methods.

B Binder jetting (BJT): The powder can be selectively
bound by adding binder solution at specified positions
on the bed. Materials, including common catalyst sup-
ports and other ceramics, can be processed to produce
a 3D object.3163"]

B Powder bed fusion (PBF): The powder is bound by
location-specific sintering or melting induced by a con-
centrated energy source, such as a laser (e.g., selec-
tive laser sintering or melting) or electron beam (e.g.,
selective electron beam melting). These methods suit
thermoplastic materials, such as nylon, polystyrene, or
metal 31831]

e Selective deposition methods: In contrast to vat or bed meth-
ods, the starting material in these methods is deposited
layerwise to form the printed piece.

o Material extrusion (MEX): This method is also known as
robocasting or direct ink writing (DIW)132032] and involves a
digitally controlled deposition of a viscoelastic solid-liquid
suspension that operates by extrusion. A precursor suspen-
sion consisting of a mixture of powders (including binders)
and liquids confers adequate rheological properties. Similar
to ceramic processing, the printed body is carefully dried
and calcined or pyrolyzed to produce the final piece. Vir-
tually any material that can be processed via conventional
extrusion can be processed via robocasting after tuning the
rheological properties of the paste to match the pressure
limitations of the extrusion 3D printer. The highest printing
accuracy found in the literature was 0.2 mm, but in most
cases, the accuracy is between 0.4 and 1 mm.

o In fused deposition modeling (FDM), also known as fused
filament fabrication, a filament of a thermoplastic mate-
rial, such as polylactic acid, is melted at the nozzle and
selectively deposited to form the piece. The typical printing
resolution is 0.1 mm.

o In direct energy deposition, a metal filament or powder is
selectively deposited and melted on the printed piece using
an energy source (e.g., a laser, electron beam, or plasma
arc).3221 This technique is relatively infrequent for the AM of
catalysts.

o In material-jetting methods, droplets of precursor suspen-
sion (i.e., ink) are selectively deposited in a continuous
or drop-on-demand manner. Piezoelectric or electrothermal
actuators execute drop-on-demand jetting. The preparation
of thin-layered catalysts based on metal oxides (e.g., tita-
nia) and catalyst supports (e.g., alumina) has been reported

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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“woodpiled” monolith with no line-of-sight paths for CH, cat-
alytic combustion. The catalyst was made of alumina coated with
barium manganese hexaaluminate or hexaaluminate alone as
the robocasted material.

Despite other AM methods being developed in the late
1980s, their use in catalyst shaping was not reported until later.
In the case of VPP methods, their first implementation for cat-
alyst shaping was in 2010, when Zahraa et al.**®! produced a
photocatalytic reactor for air treatment, where elongated mix-
ers with various designs were coated with TiO, nanoparticles
and tested for CH;OH removal as the model pollutant. The
FDM method was first employed in catalyst shaping in 2014
when Liu et al?*! used an acrylonitrile butadiene 3D-printed
piece to support an in situ grown Cu-BTC MOF. The compos-
ite material was tested in the removal of methylene blue. In
2015, Ambrosi et al.>*! demonstrated the entry of PBF meth-
ods into the catalyst-shaping option, reporting on producing
helical stainless-steel electrodes coated with IrO, for the oxygen
evolution reaction.

Since then, researchers have increasingly become involved in
developing catalysts using existing and novel AM approaches.
Recently, several authors reviewed AM for catalyst and reac-
tor production.®3>2! Therefore, this work restricts the scope of
this section to research published from 2023 to 2025, covering
catalyst shaping via 3D printing.

Table 4 summarizes the work included in this study. In the
last few years, VPP has been the most frequently employed
method (25/67) for producing 3D-printed catalysts (Figure 12a).
Most catalysts produced via VPP were tested for the production
of fuel or chemicals (11/25), followed by wastewater treatment
(8/25). The MEX method is the next-most popular technique
(24/67) to produce 3D-printed catalysts, which were tested in
fuels and chemicals production (9/24) or in carbon capture uti-
lization and storage (CCUS) applications (8/24). The PBF methods
are also relatively popular (14/67), with a notable amount of
work addressing green hydrogen production or transport (6/14).
Finally, FDM (4/67) and BJT (1/67) have been the least frequently
reported catalyst production methods since 2023. Overall, the
3D-printed catalysts have been developed and tested in the con-
text of relevant industrial applications (Figure 12b), such as fuel
and chemical production (23/67), CCUS (15/67), wastewater treat-
ment (13/67), and green H, production (13/67), with scarce testing
in aerospatial applications (2/67) and air cleaning (2/67).

4.4.3. Case Studies

The potential of AM techniques to enable the rational design of
catalysts at various scales is enormous. The number of acces-
sible geometries is virtually unlimited, especially for VPP and
PBF methods, with unprecedented control over surface features
down to a few micrometers. Developing ceramic- and metal-
loaded resins for VPP or filaments for FDM offers the possibility
to shape materials that are sensitive to water or pressure or are
highly hydrophobic and cannot be easily shaped via conven-
tional approaches, such as granulation, pelletization, extrusion,
casting, or foaming.[®*%3! Moreover, the accessibility of computer-
aided design software or online 3D-model repositories allows

ChemCatChem 2025, 0, 01109 (29 of 44)

researchers new to the field to develop shaping procedures
rapidly for their materials.

This work discusses several highly illustrative examples of this
revolution in catalyst design. The rise of 3D printing for catalyst
and reactor manufacturing is heavily supported by CFD simula-
tions, allowing the optimization of object geometry to control
the mass and heat flow and improve catalytic performance.’*"
The summary below discusses some fascinating research topics
and concepts that illustrate the power of 3D printing to design
catalysts and catalytic processes rationally.

A crucial strength of 3D printing is the possibility of fine-
tuning the structure based on the CFD simulation results.
Inspired by helical structures in some arthropod exoskeletons,
Xu et al.P*! proposed a series of Pt/Al,O; woodpile catalysts
prepared using robocasting and impregnation for toluene cat-
alytic oxidation. They studied various offset angles («) of the
stacked linear patterned layers (Figure 12a) and found that the
catalyst with a helicoidal arrangement of layers Ao = 30 pro-
duced the best catalytic activity (90% conversion at 190 °C and
a WHSV = 30 L/g/h), closely followed by others with o = (30°,
45°, 60°). The typical « = 90° woodpile performed the worst.
As determined using CFD simulation, the reason for this perfor-
mance was that the helicoidal and nonright-angle arrangements
create more intense turbulence, favoring mass transfer despite a
slightly higher pressure drop.

Tsubaki et al.!3°! tested a similar idea by studying robocasted
woodpile configurations of Na-Fe/C MOF-derived catalysts for
hydrogenating CO,. Of the three studied stacking configura-
tions, the typical woodpile, an alternated alignment woodpile,
and helicoidal stacking, the latter performed best in terms of
the olefin-to-paraffin ratio, olefin selectivity, temperature distri-
bution, and time-on-stream stability, and the lowest selectivity
toward CO. The helicoidal woodpile presented the highest local
velocity, indicating high turbulence, moderate pressure loss, and
the best temperature homogeneity, diminishing the risk of hot
spots and thermal runaway. The mechanical strength was very
poor (<0.5 MPa) using the bentonite binder, whereas pyrolyzed
polyacrylonitrile-bound catalysts had a crush strength of 1.7 MPa,
which is acceptable for a structured catalyst. Overall, the heli-
coidal catalyst performed comparably to other Fe-Na-based
catalysts but had one of the best space-time yields.

Wu et al.l*®! studied the effect of the surface microstruc-
ture on the flow pattern, pressure loss, and catalytic performance
of molybdenum tungstate (MoWO) catalysts for oxidative desul-
furization of fuels. They prepared a porous open-cell structure
catalyst based on tetrahedral-octahedral units via LCD 3D print-
ing, pyrolysis, alkaline etching, and growth of the active MoWO
phase. The catalyst prepared this way displayed well-dispersed
needle-like MoWO features (0.1 x 0.01 um) on the surface, which
were absent if the microcrystalline cellulose was absent in the
ink formulation or formed dense aggregates if the etching step
was skipped (Figure 12b). The catalyst with recognizable needle-
like microstructures presented the highest sulfur removal at
70 °C, about 100% after 100 min with a turnover frequency of
1.34/h, which only decreased by 3% after 25 cycles. The CFD sim-
ulations revealed enhanced mixing and mass transfer due to
the higher turbulence in catalysts displaying needle-like features.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 12. Three-dimensional printing method frequency trends: a) catalyst production methods and b) application fields.

Despite poor reported mechanical strength (0.27 MPa), the cata-
lyst was successfully shaped as an impeller, as demonstrated at
the laboratory scale.

Busse et al.l*%! studied various catalyst support structures
to assess their prospects in heat management. Based on their
previous results on support geometry optimization, they pre-
pared several catalysts comprising metallic support printed as
a porous open-cell structure using PBF methods, which were
later dip-coated in Fe,(MoO,); and tested in the partial oxi-
dation of CH3;0H to formaldehyde (CH,0). These supported
Fe,(Mo0,); catalysts provided close to 100% CH;OH conversion,
>92% CH,O0 selectivity, and low CO selectivity, but the sup-
port primarily determined the heat transfer. The support phase
with the highest conductivity (i.e., AlSi;yMg) demonstrated five
times lower temperature gradients than a SiC powder or alumina
bead-supported catalyst and gradients four times lower than a
3D-printed TigAl,V alloy. Manufacturing a catalyst with a positive
porosity gradient along the flow axis (Figure 13c) decreased the
temperature gradients by 70%.5"!

In photocatalysis and photoelectrocatalysis, light exposure,
and light harvesting optimization parameters can be significantly
improved via a rational design and AM. Interesting examples
are observed in the manufacture of catalysts based on gold
(Au) nanoparticles supported on TiO, nanostructures, where
researchers have studied manufacturing parameters to address
light utilization and catalyst performance at various scales.

Casanova et al.[*”! robocasted a simple woodpile TiO, sup-
port without a binder, which they impregnated with Au nanopar-
ticles for the photocatalytic production of H, from water/ethanol
vapor mixtures. The authors studied the effect of pre- and post-
impregnation, finding that the post-impregnation route was
superior because it led to Au nanoparticles deposited exclusively
on the surface, achieving activities that were two to three orders
of magnitude higher at a lower total Au nanoparticle loading.
Materials robocasted with the thinnest possible material fila-
ments (0.2 mm) presented the highest activity due to a higher
exposed surface area despite very similar irradiance (Figure 14a).

Koziej et all¥>*%l proposed a substantially different
approach to improve catalyst efficiency in the photocatalytic
production of H, from H,O/CH;OH. They combined robocasting
with gelation similar to some 3D-printing techniques for biolog-
ical materials and produced translucent Au/TiO,-loaded gels as
simple and alternating woodpile structures (Figure 14b.1). The
alternating woodpile (called an FCC unit cell by the authors)
results are optimal because it uses light similarly to an unstruc-
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tured aerogel (Figure 13b.2) with a pressure decrease that is
five-orders of magnitude lower. The H, evolution rate was about
five times higher than when the nanoparticle powder was the
catalyst.

Guo et all*®! reported another interestingly structured
Au/TiO,/Al,0;3 catalyst for photocatalytic N, fixation to NH;
(Figure 14¢). The catalyst was printed as a forest-like arrangement
of vertically aligned needles with a diameter of 0.6 mm each,
regularly spread across a 1 cm? square alumina support. The
TiO, hydrothermal growth, as nanorod arrays and Au nanopar-
ticles self-assembled, produced the final catalyst with a 15-fold
higher photocatalytic N-fixation performance than planar TiO,
films decorated with Au nanoparticles.

Further, AM of electrically conductive materials enables
unique preparation routes and applications in catalysis by tak-
ing advantage of micro-, meso-, and macroscopic properties.
Ding et al.33®! developed highly efficient electrodes for the oxy-
gen evolution reaction via PBF and the hydrothermal growth of
NiCo,S,; nanoneedles (Figure 11b). They screened performance,
converting from a planar stainless-steel substrate to several
configurations consisting of column and cone arrays, includ-
ing modifications of wall porosity and additional hole creation
(macropores). The 3D printing approach allowed them a 7-fold
increase in the substrate surface area, as per the model, translat-
ing into a 9-fold increase in the electrochemically active surface
area in the printed material and a 21-fold increase when com-
pared after NiCo,S; nanoneedle growth. This method resulted
in excellent electrocatalytic activity with very low overpotential
(226 and 277 mV at current density values of 10 and 100 mA/cm?,
respectively) and fast bubble-escaping properties.

Reproduced with permission from Ref. [375] Copyright ACS,
2023. (C) Plasmonic forest-like TiO,-based microstructures pre-
pared via a combination of 3D printing and post-treatment.
Reproduced with permission from Ref. [409] Copyright Wiley,
2021.

Vidal et al.®® studied the manufacture of stainless-steel
honeycomb monoliths prepared using PBF to support CH, dry-
reforming catalysts. The most promising catalyst was obtained
using the sequential electrodeposition of cerium (Ce) and then
Ni, producing conversions of 94% to 97% for CH, and of 96%
to 98% for CO,, and H,/CO selectivity of 0.71 to 0.79, without
deactivation after 44 h (750 °C with a 1:1 CH4/CO, mol ratio).

Zhou et al!®*¥ developed a series of electrically conduc-
tive catalysts based on Cu-Zn-Al-Zr/Al,03/C for CH;0H steam
reforming capable of direct electric heating via the Joule

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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periodic open-cell structure comprising pyrolyzed resin. Reproduced with permission from Ref. [403] Copyright Elsevier, 2025. c) Highly conductive AlSi;zMg
alloy printed as a cubic lattice with constant and gradient porosity for improved thermal transfer. Reproduced with permission from Ref. [319] Copyright

Elsevier, 2024.
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effect. They printed an Al,Oz-loaded (65% weight) acrylate-
based pyrolyzed resin using DLP, which impregnated the cata-
lyst precursors. The catalysts were interconnected and included
diamond-, Schwarz-, and gyroid-type structures. The catalysts
displayed excellent electrothermal stability (>12 h) and fast
heating and cooling to 300 °C (100 s). A maximum CH3;OH con-
version of 98% and an H, production rate of 101 mmol/h were
achieved on the Schwarz-type structure, with a 76.3% lower
power consumption than in external heating.

There are multiple other examples where 3D printing has
contributed to innovative processing or design approaches to
control the properties and applicability of the manufactured
material at various scales. For instance, Wu et al.*”! developed
a DLP-printed device with ultra-fast oil/water separation, cat-
alytic activity for dye removal, and antibacterial properties. The
device was printed, forming complex structures based on a
body-centered cubic porous open-cell structure, where the unit
cell overlapped at certain degrees (0% to 40%) with the sur-
rounding unit cells. The printed pieces were impregnated with
silver (Ag) or a stepwise combination of Ag and dodecane thiol,
rendering hydrophilic and hydrophobic materials, respectively.
The Ag-impregnated material with an overlap of 35% displays
over twice as fast reaction kinetics and fluxes than conventional
lattices with equivalent density and high mechanical strength
values.

In a different use case, Yu et al.l**! developed a PBF-printed
metallic (Al-Cu-Zn alloy, 50:45:5 mass ratio) support as a cylinder
with a gyroid infill, the surface of which was subject to deal-
loying, oxidation, and selective reduction treatments to form a
catalytic surface of Cu/ZnO. They demonstrated that the catalytic
site activity can be tuned by varying the conditions in the activa-
tion step. The catalyst demonstrated good mechanical strength
(7.61 MPa) and enhanced catalytic activity in CH;OH steam
reforming compared to a commercial Cu/ZnO/Al,O; beaded cat-
alyst, with higher CH;OH conversion and H, yield at lower
temperature, lower CO selectivity, and similar time-on-stream
stability. The CFD simulations revealed that the structured cat-
alysts present much faster mass and heat transfer than a catalyst
bed containing commercial catalyst beads.

4.4.4. Technical Challenges

Today, AM has revolutionized the field of catalyst shaping by
introducing an unprecedentedly wide range of possibilities in
terms of shapes, materials, and applications. The applicability
prospects still have room to expand, especially as the techniques
continue to develop and their limitations are overcome. There-
fore, the current limitations of AM as a whole and in individual
3D-printing technology must be discussed.

Scaling up is the first and most critical limitation of AM
in catalysis. Catalysts produced using AM techniques typically
involve a much longer production time than similarly sized
pieces produced via extrusion. Complex or expensive post-
treatment steps (e.g., pyrolysis, surface conditioning, and multi-
ple thermal treatments) may be necessary.3%3833%! Few studies
have explicitly addressed production upscaling.**! The sizes in
which catalytic materials have been produced using 3D printing
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have typically been less than 10 cm (Table 4), although larger
pieces have been reported.518362394401 There is also interest in
out-scaling instead of upscaling (i.e, increasing the number
instead of the size) for 3D-printed reactors.**"!

Other critical limitations are specific to the technique. For
instance, VPP techniques can be employed to print photocur-
able mixtures containing ceramics, but the penetration depth
of the light limits the ceramic content of the mix.®*>4%" Thjs
problem can diminish the mechanical strength and catalyst load-
ing, increase shrinking, decrease the overall material yield, and
worsen the sustainability parameters.

However, some post-treatment strategies can improve the
mechanical strength and overall performance of some materials.
For instance, Lin et al.**'3®! demonstrated that crush strength
and cracking activity are enhanced via the hydrothermal treat-
ment of a 3D-printed metakaolin and diatomite precursor
(after debinding and sintering) to promote in situ transforma-
tion to a zeolite phase. For alumina, infiltration with colloidal
boehmite suspensions after debinding can improve the mechan-
ical resistance with a minor effect on catalyst porosity compared
with high-temperature sintering.!>®! Moreover, FDM technology
requires a windable filament to operate, which (similarly to
VPP) limits the ceramic content and decreases the final material
yield.?* If the resin or filament is meant to be pyrolyzed, this
requires specific heating equipment that operates in a vacuum
or controlled atmosphere, which can be very expensive from an
upscaling perspective.

The PBF methods yield materials with high mechanical
strength, especially when the starting material is a metal.3337°!
Metal-supported catalysts have various interesting use cases due
to their thermal and electrical conductivity but are still lim-
ited due to their high weight, opacity, and possible chemical
incompatibilities. In addition, MEX technology is very flexible
regarding which materials can be shaped, but the resolution is
typically low (>0.2 mm). Most shapes are based on piling printed
strings (woodpiles and variants), and the mechanical strengths
are frequently poor.

Generally, the mechanical properties and structural defects
of 3D-printed catalysts are not often discussed.?”! In most cases
reported in the literature, especially in MEX and VPP methods,
the mechanical strengths are well below those of extruded or
granulated catalyst particles, increasing packaging and trans-
portation prices and preventing the use of these catalysts in
applications that involve high pressure or mechanical wear of
other types. Furthermore, many MEX approaches result in pieces
with many surface defects and deformed features, leading to
bias if an idealized structure is modeled.

5. Emerging Technologies
5.1. Intricate Structures
As a shaping approach, AM offers more flexibility and con-

trol over the specific material properties and geometry a priori,
allowing for greater complexity and intricacy, which can be
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based on the composition distribution and geometry. Regard-
ing compositional intricacy, multimaterial 3D printing enables
composition gradients and transitions throughout the printed
object that can result in the spatial distribution of physico-
chemical properties. Multimaterial 3D printing was first pro-
posed as a viable approach for a direct energy deposition
method to produce a metallic object with distinct composi-
tional regions.1*??! Later, Cesarano et al.*™ proposed robocasting,
and Jafari et all“"?! extended this method to FDM, and Wicker
et al.*"! used multiple resin vats to extend it to SLA.

This approach has been expanded in several ways. Rocha
et all" studied multimaterial DIW using two different nozzles
loaded with graphene- and Cu-based inks to prepare high-
capacitance electrodes. In addition, Credi et al.l*"! printed a Ni
circuit on a resin support using a dual precursor SLA approach,
in which the support was first printed using photocurable
resin, and the circuit skeleton was printed on top of it using
Ni-particle-loaded resin and posterior etching and additional
electroless Ni deposition.

Schlégl et al*®! developed multimaterial objects present-
ing regions with substantially different mechanical properties
using a dual-wavelength vat approach combining two resin
monomers. The monomers were selectively cured under irradi-
ation at a specific wavelength. Helmer et al.l*"! developed a DLP
method, where the resin composition was gradually modified
by adding a porogen throughout the printing process, result-
ing in the final printed objects having porosity, translucency,
hydrophilicity, and mechanical strength gradients.

Ye et al.?%3! produced core-shell Cu-SSZ-13 on SiO, monoliths
using a DIW approach with a coaxial two-compartment nozzle
for NH;-selective catalytic reduction. The hierarchical porosity
generated by the outer silica shell significantly improved the
mass transfer and catalytic performance. They demonstrated
that their novel multimaterial DIW method could also be applied
to other material combinations, although the shape fidelity of
the printed pieces was relatively poor, probably due to low resis-
tance to the flow of ink. These examples inspire methods of
tuning catalyst properties using multimaterial AM approaches.
These approaches hold great promise for photocatalyst shaping.

The spatial resolutions of the available techniques must be
examined regarding geometric intricacy. The highest resolution
reported in a commercial 3D printer is 0.1 um, available for micro
3D printing and patterning via SLA, mostly using flat surfaces
as support.[*®! This technology could be implemented in pho-
tocatalyst 3D printing at a small scale or in electrocatalysis to
produce optimized electrode surfaces, assuming that resins can
be modified to contain the desired active phases in pre- or post-
printing. However, this patterning technology has not yet been
implemented in centimeter- or decimeter-sized 3D structured
substrates, preventing it from wider adoption in other cataly-
sis applications. From a more generic perspective, the greatest
detail and geometrical complexity in catalytic bodies can be
achieved through the VPP and PBF methods with typical layer
resolutions of tenths of a micrometer.

Additionally, these methods can produce mechanically stable
and strong structured catalysts if the process parameters (pri-
marily the composition and thermal treatment) are optimized.
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Furthermore, fueled by the interest in material development, the
pool of printable materials using these methods is continuously
expanding, and improvements to the techniques are on par with
the emerging material needs. The FDM methods can also be
developed as new filament materials are produced and print-
ing resolutions are enhanced.?*4° The MEX method is still one
of the simplest AM approaches, with great potential to produce
mechanically strong materials with substantial structural free-
dom compared with extruded monoliths despite their relatively
low printing resolution.

Nevertheless, paste rheology optimization for extrusion-
based 3D printing is a very complex process, where a compro-
mise must be found between i) extrudability, ii) printability (i.e.,
the geometrical fidelity of the green piece compared to the dig-
ital model), and iii) structural stability.3403653864091 A deviation
from the typical woodpile-based structures should be sought
for this technique to remain competitive with others from an
innovation viewpoint. Various approaches can favor this devel-
opment and enable further heat and mass transfer optimization
(e.g., changing the relative angle between the flow and 3D print-
ing directions or multipiece printing with posterior assembly).
Additionally, controlled in situ drying, gelation, or photocuring
could substantially contribute to the structural and geometric
possibilities accessible through MEX methods.

Beyond extrusion-based AM, alternative structuring
approaches have been widely explored to optimize catalyst per-
formance through advanced control of heat and mass transfer.
Microchannel reactors, also known as microreactors, have been
increasingly applied in catalysis because their microstructured
channels enable efficient heterogeneous catalysis by reducing
mass transfer limitations and ensuring uniform temperature
profiles, which is especially important in highly exothermic
reactions.?%42! Various manufacturing methods have been
developed to form microstructured reactors, including lithogra-
phy, selective chemical vapor deposition, laser machining, and
more recently, AM.[422423]

Monolithic foams and aerogels represent another important
class of catalytic supports. These highly porous, structured mate-
rials combine large surface areas with efficient flow and thermal
properties that boost both activity and selectivity.[**-*?] Mono-
lithic foams are typically produced from ceramics, metals, or
carbon via replica templating, freeze casting, direct foaming,
powder sintering or preforming with a temporary pore forming
agent, which yield mechanically robust structures with con-
trolled pore size and low pressure drop.[**°1 Aerogels, in con-
trast, are commonly synthesized via sol-gel chemistry followed
by supercritical or ambient-pressure drying, producing ultralight
materials with extremely high surface area but lower mechani-
cal strength.[%! Both classes of materials can be functionalized
with nanoparticles or active phases to further enhance catalytic
performance. These structural and chemical advantages enable
applications in selective oxidation, hydrogenation, biomass con-
version, and environmental catalysis, where improved reactant
accessibility, thermal management, and catalytic efficiency are
critical.

Finally, catalytic membranes have emerged as multifunc-
tional platforms that integrate catalytic activity with selective
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separation in a single unit operation. Constructed from polymers,
ceramics, or mixed-matrix composites, these membranes embed
catalysts via immobilization, coating, or in situ synthesis, allow-
ing precise tailoring of both active site distribution and transport
properties.® They can be fabricated from polymers, ceram-
ics, or mixed-matrix composites, with catalysts incorporated via
immobilization, coating, or in situ synthesis, allowing precise
control over active sites and transport properties.*?! Such sys-
tems are particularly suited for hydrogen production, selective
oxidations, biomass valorization, and other catalytic processes
where coupling reaction and separation reduces equilibrium lim-
itations, enhances energy efficiency, and facilitates continuous
operation.

5.2. Machine Learning and Artificial Intelligence

The design and discovery of efficient catalytic materials are fun-
damental to advancing chemical transformations in industrial
processes, renewable energy applications, and environmental
remediation. Traditionally, catalyst development has followed
empirical and mechanistic pathways involving iterative synthe-
sis, testing, and optimization cycles. However, these approaches
are time-intensive and limited in scope. With the advent of
artificial intelligence (Al) and ML, the field has undergone
a transformative shift, enabling data-driven design and rapid
screening of catalysts. These methods facilitate the prediction of
optimal catalyst shapes, compositions, and reactivity by learn-
ing from high-dimensional experimental and computational
data.[433—435]

Moreover, the recent developments in openly accessible,
chemically rich material databases have significantly advanced
the implementation of data-driven strategies in computational
catalysis. Notably, bulk materials repositories, such as the Mate-
rials Project, have been instrumental in training advanced ML
potential models, including CHGNet and M3GNet.[*36-438] |n
parallel, initiatives (e.g., the Open Catalyst Project) have pro-
vided extensive ab initio datasets focused on catalytic sur-
face reactions, supporting the development of highly gener-
alizable models for surface energetics.**%44%1 The increasing
availability of high-quality computational data has permit-
ted integrating multisource datasets and data fusion frame-
works, enhancing the performance and cross-domain trans-
ferability of ML potential models. These surrogate models
are widely employed in descriptor-based catalyst screening
to accelerate the identification of promising candidates, often
combined with active learning algorithms.*1#421 This hybrid
approach reduces the computational cost of traditional den-
sity functional theory (DFT) simulations and efficiently opti-
mizes complex catalytic surface structures across broad chemical
spaces.

5.2.1. Data-Driven Design
The data-driven design applies extensive datasets derived

from experiments, simulations, and curated databases to train
ML models capable of predicting catalytic activity, selectivity,
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and stability based on structural and compositional descrip-
tors. This approach enables researchers to streamline the dis-
covery process by prioritizing the most promising catalyst
candidates, reducing the need for exhaustive experimental
screening.*®! The selection of suitable ML algorithms for cat-
alyst property prediction is governed primarily by the dis-
tribution and size of the training dataset. In many catalytic
studies, the limited availability of high-quality data (attributable
to the high computational or experimental cost of gener-
ating each data point) represents a significant constraint in
model development. Therefore, researchers often rely on nar-
rowly focused, application-specific datasets, where catalysts
display constrained compositional variability and structurally
analogous active sites.“*! In such datasets, physicochemi-
cal descriptors, including surface energy, atomic radius, and
electron affinity, are commonly employed as input features
for ML model training.[***%¢1 A variety of regression algo-
rithms, such as ridge regression,*¥’! decision tree regression, 4!
polynomial regression,**! artificial neural networks (ANNs),[4>]
and Gaussian process regression, have been explored for this
purpose." The performance of these models is typically
assessed using independent validation sets, with accuracy, gen-
eralizability, and computational efficiency as crucial evaluation
criteria.

In heterogeneous catalysis, data are often generated under
continuous operational conditions, allowing for the controlled
variation of a limited number of process parameters. This setup
facilitates the efficient generation of large, high-quality datasets.
Thus, the field of heterogeneous catalysis has amassed a sig-
nificantly more extensive body of data and literature than its
homogeneous counterpart.*>43] Xin et al.!*** demonstrated
a compelling application of this strategy, proposing an inte-
grated ML framework designed to screen bimetallic catalysts
rapidly for CH;OH electro-oxidation. The model uses adsorp-
tion energies of *CO and *OH species on {111}-terminated metal
surfaces, alongside fingerprint descriptors of active sites, as
input and output parameters. These values were obtained using
DFT calculations. By training ML models on approximately 1,000
idealized bimetallic surfaces, they achieved strong predictive
performance, navigating the vast compositional landscape of
bimetallic catalysts. Each stable low-index facet of a bimetallic
crystal can host hundreds of potential active sites.

Similarly, Ngrskov et al!**! introduced an innovative ML
strategy employing neural network potentials to model the sur-
face behavior of Ni-gallium (Ga) bimetallic catalysts for the
electrochemical reduction of CO,. This approach significantly
reduced the computational demand, achieving accurate activ-
ity predictions with fewer explicit DFT calculations by an order
of magnitude. The ML-driven analysis identified the most effec-
tive active site motifs as isolated Ni atoms embedded in a Ga
matrix, consistent with recent experimental findings highlighting
the catalytic efficiency of Ni-Ga systems.

In a notable advancement, Jinnouchi and Asahi!*®
employed an ML approach based on Bayesian linear regres-
sion to investigate the direct decomposition of nitric oxide
(NO) on Rh-Au alloy nanoparticles. The model incorporated
a local similarity kernel that enabled the analysis of catalytic
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behavior as a function of the local atomic environment. This
method demonstrated high efficiency in predicting the adsorp-
tion energy of atomic and molecular species on nanoparticle
surfaces and the formation energy of the nanoparticles. The
model was trained using DFT data derived from single-crystal
systems, allowing it to generalize effectively to more complex
nanoscale structures.

Furthermore, catalyst shaping through processes (e.g., extru-
sion and granulation) is a critical engineering step that bridges
laboratory-scale catalyst synthesis and industrial reactor perfor-
mance. This approach directly influences parameters, including
surface area, porosity, mechanical strength, and mass transfer
characteristics, collectively influencing catalytic efficiency and
durability under operational conditions.™ Extrusion and granu-
lation enable the formation of structured catalyst bodies, such
as pellets, monoliths, or extrudates, optimized for specific reac-
tor configurations. However, traditional trial-and-error shaping
approaches are time-consuming and often fail to capture the
complex relationships between formulation, processing condi-
tions, and resulting catalyst properties.

Recent advancements in Al and ML have transformed this
space by enabling predictive modeling and process optimiza-
tion. For instance, Al algorithms can analyze high-dimensional
datasets covering rheological behavior, formulation parameters,
and process settings to predict extrusion outcomes (e.g., shape
fidelity, mechanical strength, and pore architecture).*”! Fur-
thermore, ML models trained on historical process data can
guide the real-time control of extrusion variables to guaran-
tee consistent catalyst quality, minimizing waste and improv-
ing scalability.[*® These data-driven approaches have signifi-
cant promise for accelerating the development of mechanically
robust and highly active catalysts for specific industrial applica-
tions.

Building on this foundation, catalyst shaping represents
a critical engineering stage that bridges laboratory-scale
powders with industrial-scale reactor implementation. Tra-
ditional methods such as extrusion, pelletizing, granulation,
and spray-drying strongly affect catalyst performance by dic-
tating surface area, porosity, tortuosity, mechanical strength,
and reactor hydrodynamics. Recent advances in Al and ML
have begun to unravel these complex interdependencies,
offering predictive capabilities that replace the conventional
trial-and-error approach. For example, ANNs have been applied
to model extrusion pressures and mechanical strength as
a function of formulation variables,*! while digital twin
regression frameworks can forecast throughput and ensure
process consistency in real-time.l*®! Similarly, Gaussian pro-
cess regression (GPR) and Bayesian optimization have proven
effective in optimizing shaping conditions across multi-fidelity
simulations.[*"  Moreover, physics-informed neural networks
(PINNs) are now being deployed to predict microstructural
evolution, including porosity and defect formation, thereby
linking shaping conditions to transport phenomena.l“?! The
comparative applications of these ML approaches across
shaping methods are systematically summarized in Table 5,
which highlights their utility in extrusion, granulation, and
pelletizing.
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5.2.2. Accelerating Process Optimization

Traditional methods, such as extrusion and granulation, are
often highly complex due to multiscale variables, such as
binder content, paste rheology, mixture viscosity, and drying
conditions.!*”-47%1 Moreover, ML and Al are increasingly used to
model, simulate, and optimize catalyst-shaping processes across
all stages, from formulation to final morphology, to address
these challenges.[46>471-473]

In extrusion-based catalyst shaping, Al integration has
demonstrated significant potential in optimizing various aspects
of the extrusion process. Traditional optimization approaches
heavily rely on trial-and-error methods to identify suitable pro-
cess parameters, such as the screw configuration and die geom-
etry, that would yield desirable outcomes.”l However, these
methods are often time-consuming and inadequate for manag-
ing the complexity of modern, high-dimensional systems. Recent
advances have introduced data-driven frameworks with inverse
classification methods to overcome these limitations.

One such method involves inverting a neural network clas-
sifier and incorporating a stacked autoencoder and softmax
layer to predict optimal process parameters based on the tar-
get output properties. Unlike conventional grid search tech-
niques, which become computationally intractable with increas-
ing dimensionality, this Al-driven method permits the rapid and
efficient identification of process settings. Moreover, this method
requires only a single simulation set to construct the database
and can be applied to existing datasets, enhancing scalability
and adaptability in extrusion modeling.!**!

Granulation processes are complex and governed by
dynamic mechanisms, such as nucleation, growth, aggrega-
tion, and breakage.®%%! Traditionally, the population balance
model (PBM) has served as the principal mathematical frame-
work for describing the evolution of particle-size distributions
over time. However, solving PBMs typically requires simplifying
assumptions that can limit their accuracy and applicability,
particularly under variable process conditions.”7#°1 Recent
research has increasingly focused on integrating Al techniques
to enhance the predictive capability of traditional PBMs to
address the limitations of traditional PBMs.

One promising direction involves the development of
hybrid modeling frameworks combining PBMs with data-driven
approaches, such as ML, to refine model parameters dynamically
based on experimental or simulated data.[*®! A novel approach
known as PINNs has gained traction in the scientific ML com-
munity due to its ability to solve partial differential equations,
including those governing PBMs. PINNs embed physical laws
directly into the neural network architecture, allowing for the
approximation of PBM solutions while maintaining consistency
with the underlying physical principles.[*®l This method offers
a robust alternative to traditional numerical solvers by simul-
taneously learning the solution of the PBM and preserving its
physical constraints, enabling more accurate and computation-
ally efficient simulations of granulation processes under a broad
range of operating conditions.

In parallel, purely data-driven modeling approaches have
gained traction as viable alternatives to physics-based mod-
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Shaping Method Technique

Table 5. Machine learning and simulation techniques applied to catalyst shaping.

Target Application Ref.

Neural Network
Parameterization

Pellet Geometry Design

Shaping Process Optimization
with Bayesian Optimization

Additive Manufacturing (AM)

Extrusion Artificial Neural Networks
(ANN) (e.g. MLP, RBFNN, CNN,
RNN)

Extrusion Machine Learning Regression
(Digital Twin)

Granulation Artificial Neural Network (ANN)

Deep Gaussian Process (DGP)

Physics-Informed CNN (PI-CNN)

Predict extrusion pressure and
uniaxial compressive strength

[459,463,464]

Predict throughput and [460]
process behavior in extrusion
systems

Predict granule size [465]
distribution in twin-screw
granulation

Optimize extruder mixing [466]
element geometry using
generative parameterization

Multi-fidelity optimization of [461]
reactor or process simulations

In situ porosity prediction in [462]
metal AM

the recurrent neural network (RNN).

The multilayer perceptron (MLP); the radial basis function neural network (RBFNN), the convolutional neural network (CNN), the Kohonen network, and

els. These methods establish functional relationships between
input variables and process outputs without explicitly deriv-
ing governing equations.*®?! Linear regression techniques have
been employed to predict granule properties and optimize input
parameters;1*834841 however, their capacity to model nonlinear
interactions and complex dependencies among process vari-
ables remains limited. More advanced Al methods (e.g., ANNs
and fuzzy logic systems) have been investigated because they
can capture intricate input-output dynamics and facilitate accu-
rate process scale-up to overcome these constraints.[¢>48! When
employed independently or in conjunction with PBMs, these
Al-enhanced approaches can improve process control, opti-
mize granule quality, and accelerate robust granulation strategy
development.

6. Conclusions

The advancement of catalyst-shaping technology has been
pivotal in bridging the gap between laboratory-scale catalyst
discovery and industrial-scale application. This review thor-
oughly explores the historical development, current state, and
emerging future of catalyst-shaping methods, focusing on
how these techniques address the evolving demands of mod-
ern catalytic processes. Shaping is no longer considered a
peripheral step in catalyst preparation. Still, it is a core ele-
ment of catalyst engineering, directly influencing critical per-
formance metrics, such as activity, selectivity, and long-term
stability.

Traditional shaping techniques (e.g., pelletizing, granulation,
and extrusion) have laid the groundwork for industrial catalyst
manufacturing. Although these methods offer essential benefits
in handling, mechanical strength, and compatibility with specific
reactor configurations, they also have limitations, particularly
regarding textural uniformity, porosity, and active site accessi-
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bility. Modern extrusion technology, particularly screw and ram
extrusion, has evolved to address these challenges, offering
better control over shape, porosity, and mechanical proper-
ties. However, the performance of extruded catalysts remains
sensitive to paste rheology, extrusion speed, temperature, and
formulation variables, such as binder type and liquid-to-solid
ratios, highlighting the need for continuous optimization.

Spray-drying has emerged as a versatile multiscale shaping
method, producing spherical particles with tailored size, poros-
ity, and morphology. Spray-drying is especially well-suited for
shaping catalysts in fixed- and fluidized-bed reactors. Integrating
atomization control, drying kinetics, and precursor chemistry has
enabled spray-drying to transition from a batch-based process
to a continuous, scalable solution for advanced catalyst man-
ufacturing. Moreover, its compatibility with modern modeling
approaches, such as CFD and reaction engineering, has enabled
predictive design and optimization, reduced development time,
and enhanced reproducibility.

Similarly, fluidized-bed spray granulation has gained signifi-
cant traction as a shaping method that ensures robust particle
formation and allows for layering, coating, and controlled par-
ticle growth. The technique is valuable in applications requir-
ing enhanced thermal and mechanical stability, such as FCC
and environmental catalysis. The reactor configuration, nozzle
design, and operating conditions (e.g., the spray rate, airflow,
and temperature) contribute to the final granule properties,
and recent advances have facilitated its transition to continuous
operation for large-scale production.

Throughout the review, the importance of multiscale catalyst
design is emphasized. Each level is critical in determining the
final catalyst performance from nanoscale active site configura-
tion and mesoscale porosity to macroscale particle shaping and
reactor integration. The central challenge remains to translate
highly active powder catalysts into mechanically durable, ther-
mally stable, and mass-transfer-optimized shaped bodies. Prop-
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erly engineered catalyst shapes can mitigate pressure decreases,
improve heat and mass transfer, and reduce channeling or
attrition, depending on the reactor type.

Applying the catalyst design triangle and balancing mechan-
ical, chemical-physical, and catalytic properties remains crucial
in shaping development. The interplay of binders, plasticizers,
and active components must be carefully managed to preserve
catalytic functionality while enhancing mechanical robustness.
The review also highlights the influence of shaping techniques
on catalyst acidity, porosity, and thermal conductivity, which
are critical in industrial settings where long-term operation and
regeneration cycles are essential.

Integrating ML, process modeling, and AM represents a
transformative opportunity in catalyst shaping. Digitalization
enables the rapid optimization of shaping parameters, formu-
lation screening, and defect prediction, and AM offers new
directions for highly customized catalyst architectures. Together,
these innovations push the boundaries of catalyst design
toward greater precision, sustainability, and reactor-specific per-
formance.

In conclusion, catalyst shaping is no longer merely a scaling-
up step but is a central pillar of catalyst design and optimization.
By employing multiscale engineering principles, advanced man-
ufacturing methods, and digital tools, the next generation of
shaped catalysts can be better equipped to meet the demands
of sustainable, high-efficiency chemical processes across diverse
industrial sectors.

Nomenclature

A Surface area of the droplet or particle, m?
Bo Bond number based on the internal nozzle diameter
Bo, Bond number based on the external nozzle diameter
(orifice)
D Diameter of the extrusion channel, m
D, Diameter of the barrel, m
Dy Droplet diameter based on the nozzle type, m
dys Diameter of the droplet, m
d, Diameter of the orifice or capillary, m
g Acceleration of gravity, m/s?
h, Convective mass transfer coefficient, kg/m?-s
K Clanet and Lasheras model constant
K: Equipment constant (related to the atomizer type)
L Length of the extrusion channel, m
m  Mass of the droplet or particle, kg
n Exponent related to the effect of the liquid flow rate
P Generated pressure during extrusion, Pa
Q Liquid flow rate, m*/s
p Density of the liquid, kg/m?
pvp  Bulk vapor concentration, kg/m3
pys Vapor concentration at the particle-gas interface, kg/m?
t Time, s
v Mean extrudate velocity, m/s
We, Critical Weber number
a Empirical exponents for the droplet size
b Empirical exponents for the droplet size
¢ Empirical exponents for the droplet size
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a Velocity factor of the bulk yield stress, Pa-s/m
a. Velocity factor of the bulk yield stress, Pa-s/m
B Velocity factor of the wall shear stress, Pa-s/m
o Surface tension, N/m
oo Initial bulk yield stress of the paste, Pa
7o Initial wall shear stress of the paste, Pa
n Dynamic viscosity, Pa-s
¢ Thiele modulus
n effectiveness factor
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