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1. Introduction
Silicate ceramic materials are likely the oldest manufactured materials in human

history. For centuries, they have played a crucial role in domestic life, construction, and
artisanal crafts. In the modern era, their relevance remains strong, largely due to their
outstanding refractory and electrical insulating properties [1–3]. Consequently, silicate
ceramics continue to represent the most widely produced class of ceramics by volume today.

Since the mid-twentieth century, however, the rise of technical ceramics has intro-
duced growing competition for silicate ceramics in advanced technological applications.
Nonetheless, silicate ceramics retain significant advantages in numerous domains, operat-
ing at ambient to moderate temperatures (up to 1200 ◦C). These materials are sourced from
abundant natural resources, require relatively low to moderate sintering temperatures, and
offer greater potential for recyclability.

Recent advancements in fabrication techniques, coupled with the emergence of inno-
vative materials such as geopolymers [4], have sparked renewed interest in silicate ceramics.
They are increasingly being explored in strategic sectors such as energy [5], biomedicine [6],
and electronics [7]. This resurgence is particularly relevant in the context of current global
priorities centered on sustainability and circular economy principles [8].

Unlocking the full potential of silicate ceramics across diverse industries requires
a deep understanding and precise control of their properties and microstructures—an
objective that hinges on the development and application of innovative manufacturing
processes. In this light, the Special Issue of the journal Ceramics, entitled “Innovative Manu-
facturing Processes of Silicate Materials”, aims to highlight recent progress in this evolving
field. This issue comprises ten contributions that offer new insights into key research areas,
including additive manufacturing, geopolymer processing, refractory technologies, and
functional applications.

2. Overview of the Contributions
Since the 1990s, additive manufacturing has emerged as a revolutionary approach to

producing objects. Initially confined to research laboratories, it has gradually transitioned
to industrial-scale production and is now being applied across all classes of materials.

The additive manufacturing of silicate ceramics can be implemented through various
techniques, depending on the desired characteristics of the final part and the type of
feedstock used [9–11]. Among these, robocasting stands out as one of the most mature
and widely studied approaches [12]. However, several challenges remain, notably the
formation of defects caused by non-uniform shrinkage during the drying stage [13–15]. In
their contribution, N. Lauro et al. [16] present innovative methods for measuring shrinkage

Ceramics 2025, 8, 69 https://doi.org/10.3390/ceramics8020069
1



Ceramics 2025, 8, 69

using non-destructive optical vision techniques combined with computer-controlled data
acquisition. Applied to the robocasting of a porcelain-based paste, these methods revealed
anisotropic shrinkage, which was attributed to the preferred grain orientation induced
by the extrusion process. This work is particularly valuable as it offers promising tools
for the real-time monitoring and control of the drying process, potentially improving the
dimensional accuracy and reliability of robocasted components.

Robocasting also shows great promise as a shaping technique for geopolymers. The
geopolymerization process enables the formation of inorganic silicate materials that exhibit
excellent mechanical strength, chemical resistance, and long-term durability [4,17,18]. As
a result, there is a growing body of research dedicated to developing geopolymers for
applications traditionally dominated by conventional ceramics [19,20]. Particularly, porous
geopolymer materials are gaining attention for their suitability in diverse applications,
including radioactive waste encapsulation, the adsorption of hazardous molecules and
synthetic dyes, and heterogeneous catalysis [21–26]. In this context, C. Zoude et al. [27]
explored the influence of curing parameters, specifically humidity and temperature, on the
mechanical properties of metakaolin-based geopolymer filaments fabricated via 3D printing.
Their study also compared the performance of samples produced through robocasting with
those obtained via conventional molding. The results provide valuable insights into the
optimization of the processing conditions for geopolymer-based additive manufacturing.

Beyond the curing conditions, the print quality of robocasted parts—regardless of the
material used—depends critically on the rheological behavior of the extruded paste. In
this regard, A. Gasmi et al. [28] conducted a comprehensive study on the fabrication of
geopolymer composites, with particular emphasis on rheological characterization. Their
research focused on how the amount and morphology of mineral fillers affect the paste’s
flow properties, aiming to ensure structural integrity, dimensional precision, and minimal
sagging during printing.

Geopolymer composites represent a promising pathway for producing ceramic-like
materials without the need for high-temperature sintering. In these systems, the geopoly-
mer matrix provides a “cold” consolidation mechanism, binding the filler particles through
chemical reactions that can also enhance the thermal and mechanical stability of the final
material [29,30]. Expanding on this approach, F. Casarrubios et al. [31] investigated the
development of cordierite–geopolymer composites for potential applications in filtration
and catalysis at temperatures of up to 1000 ◦C. Their study placed particular emphasis
on the recycling of cordierite powders from industrial waste and examined the effects
of both the K/Al ratio and cordierite content on key performance parameters, including
dimensional and porosity stability during heating, Young’s modulus, and the coefficient of
thermal expansion. These insights highlight the potential of geopolymer-based systems for
sustainable, high-performance applications in harsh environments.

In addition to extrusion-based techniques such as robocasting, vat photopolymer-
ization methods like stereolithography (SLA) and digital light processing (DLP) have
gained increasing attention for the additive manufacturing of ceramics, particularly when
complex geometries and high resolution are required. In this context, Yurii Milovanov
et al. [32] employed DLP to fabricate mullite-based porous substrates intended for use
in humidity sensors. Their work demonstrates that mullite is a promising functional
material for the development of resistive sensors capable of operating under extreme
environmental conditions.

More broadly, porous ceramics are of considerable interest across a wide array of fields,
including filtration, catalysis, biomedical applications, and environmental technologies,
due to their thermal stability, mechanical robustness, ease of cleaning, and extended service
life [33]. As a result, the processing of porous ceramics has been extensively explored

2
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over the past few decades. Numerous fabrication strategies have been developed, such
as partial sintering, freeze-casting, sacrificial template replication, and direct foaming.
Notably, producing porous ceramics from natural silicate materials presents several advan-
tages, particularly for water filtration applications, where cost, sustainability, and material
availability are critical factors. In their review article, I-Q Maury Njoya et al. [34] provide a
comprehensive overview of the techniques and raw material systems used for fabricating
porous clay-based ceramics, focusing on key performance parameters such as porosity,
mechanical strength, permeability, and filtration efficiency.

In the field of refractories, the increasing deployment of biomass combustion boilers
has created a demand for materials with enhanced resistance to alkali corrosion. In par-
ticular, the aggressive conditions encountered during the combustion of certain biomass
species—where temperatures can reach up to 1200 ◦C—render traditional castables contain-
ing aluminosilicate aggregates unsuitable in the long term. In their study, J. Malaiškienė
et al. [35] demonstrate that the key properties of conventional and medium-cement fire-
clay refractory castables can be significantly improved through impregnation with liquid
sodium silicate glass. This treatment results in microstructural densification and reduced
porosity, while also promoting crack healing and facilitating the formation of anorthite.
However, it is noted that the thermal shock resistance of the treated materials decreases due
to an increase in Young’s modulus, highlighting a trade-off between chemical durability
and mechanical resilience.

Finally, silicate-based materials exhibit strong potential for functional applications. For
example, in the biomedical field, Y. Sugiura et al. [36] investigated the synthesis and char-
acterization of silica-substituted octacalcium phosphate (OCP, Ca8(PO4)4(HPO4)2·5H2O)
blocks incorporating dicarboxylic acids, specifically thiomalic acid (SH-malate). Their
study demonstrates the successful fabrication of monophasic OCP blocks simultaneously
substituted with silica and dicarboxylic acid molecules. Notably, the resulting composites
exhibit enhanced mechanical strength compared to their non-substituted counterparts.
These findings suggest promising avenues for the development of advanced bone replace-
ment materials, offering improved mechanical performance and potential for more efficient
bone regeneration and healing.

Beyond biomedical applications, silicate-based materials also hold significant promise
in catalysis due to their tunable surface chemistry and porosity. In this context, A. Guerrero-
Torres et al. [37] present a novel approach for dispersing metal particles on sepiolite
supports via a microwave-assisted acid treatment. This process partially leaches the oc-
tahedral layer of the sepiolite structure, leading to an increased specific surface area and
pore volume, while simultaneously altering the surface chemistry through the removal
of Mg2+ species. The resulting modified sepiolite exhibits characteristics favorable for
catalytic applications, particularly as a support for the dispersion of active phases. The use
of microwave irradiation not only accelerates the treatment process, but also enables the
use of significantly more diluted acid solutions, enhancing both efficiency and sustainabil-
ity. The study further evaluates the impact of these structural modifications on catalytic
performance, specifically in the gas-phase hydrogenation of furfural.

Within the diverse landscape of silicate materials, glasses and glass–ceramics rep-
resent a particularly attractive class for optical and electro-optical applications, due to
their unique ability to incorporate and control functional nanostructures. In this context,
G. Shakhgildyan et al. [38] investigate the precipitation of gold nanoparticles (NPs) in a
ZnO–Al2O3–SiO2 glass matrix as a means of generating tunable localized surface plasmon
resonance (LSPR). Their work reveals that the spectral position and bandwidth of the
LSPR can be precisely modulated through thermal treatment parameters. This controlled
nanoparticle formation, leading to ultra-broad LSPR bands, opens up new avenues for en-
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hancing the luminescence of rare-earth-doped systems and contributes to the development
of advanced photonic components and devices.

3. Conclusions
The contributions compiled in this Special Issue illustrate the remarkable versatility

and continued evolution of silicate-based materials across a broad spectrum of applications.
From structural ceramics and refractories engineered for extreme environments, to additive
manufacturing innovations, environmental remediation strategies, and advanced photonic
systems, the articles reflect the dynamic interplay between composition, processing, and
functionality. These works underscore the relevance of both traditional and emerging
approaches—ranging from geopolymer technology to nanoengineering, expanding the
performance boundaries of silicate materials. Collectively, they offer new insights and
technological perspectives that will undoubtedly guide future research and industrial
development in the field of ceramic science.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The formation of defects, due to drying, in robocasted ceramic objects is an important
issue arising from non-uniform shrinkage of the material during this step in the process. Common
methods for shrinkage measurement are not well suited to the small size of robocasted cords or the
complexity of robocasted objects. Innovative methods for shrinkage measurement were developed
using non-destructive optical vision techniques with computer-controlled data acquisition, allowing
measurement on millimetric cords and on specific zones of a product. The study of a single porcelain
cord revealed an anisometric shrinkage related to the orientation of grains during extrusion. A
differential shrinkage at the macroscopic scale was also measured on a robocasted object, indicating
a moisture content gradient in the material. The methods presented in this paper are of particular
relevance to real-time control of the drying process for robocasted objects.

Keywords: drying; shrinkage; robocasting; image analysis

1. Introduction

Additive manufacturing of ceramics covers a large number of techniques which have
been well described in the literature [1–3]. The choice of a processing technique depends
on parameters such as the size of the object, the dimensional resolution and the cost as well
as the ability to produce ceramic parts with the required microstructure and properties in
relation to the intended application. The variety of additive manufacturing techniques also
corresponds to very different feedstock forms such as powders, slurries, pastes or filaments
of ceramic polymer composites. The preparation of raw materials to meet the process
requirements is another factor to be considered in the choice of a 3D fabrication technique.

Among these techniques, robocasting, which is a Direct Ink Writing (DIW) technique,
was developed in the period 1995–2000 to print complex ceramic parts [4]. The raw material
is a paste which is extruded through a small diameter nozzle of typically a few hundred
micrometres. The position of the nozzle is controlled by a computer based on a GCODE
file generated from a CAD file to produce the ceramic object layer by layer. Robocasting
has several advantages, mainly its versatility, ease of use, speed of manufacturing and low
equipment and operating costs. Today, a wide variety of ceramic materials can be printed
by robocasting for different applications in electronics, energy and medicine [2,5]. In re-
cent years, there has been strong interest in the fabrication of complex ceramic parts with
high-performance materials for specialised applications: HAP for bio-medical applications
(bone scaffolds) [6,7], SiC for highly thermal-resistant parts [8], Al2O3 for its mechanical
strength [9,10] and AlN for heat dissipation in electronic devices [11]. Although a lot of
studies focus on technical ceramics due to their remarkable properties, robocasting is also
of interest for silicate ceramic materials. Recent work has investigated the formulation
of porcelain pastes for 3D printing applications in the tableware industry [12,13]. Robo-
casting has now become one of the major ceramic printing technologies on the market.
Formerly used for rapid prototyping, recent technical breakthroughs, both in terms of paste
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formulation and process optimisation, have allowed the development of robocasting for
the industrial-scale fabrication of finished products.

Even though robocasting offers many advantages, some challenges remain when
printing ceramic parts. The major one is the formulation of a ceramic paste to ensure
that the rheological properties required for printing remain constant during the entire
fabrication process. Another important challenge pointed out by some authors including
Cesarano is the drying step [14–16]. Robocasting requires ceramic pastes with sufficient
plasticity to be extruded through the printer nozzle. The initial amount of water in the
pastes must then be sufficiently high to separate grains by a thin film of water so that
they can slide in relation to each other. Once the shaping is achieved, complete drying is
necessary to ensure that water is removed before firing. During drying, grains approach
each other until they are in contact, yielding a shrinkage at the macroscopic scale. This is
known to be the most delicate stage of drying because if the shrinkage is not uniform, it
can be responsible for drying defects such as warping or cracks. After the shrinkage stage
is completed or when it becomes negligible, drying still operates to remove water in the
porous network [17–19]. Furthermore, an important difference between robocasting and
conventional shaping methods is that drying starts during the casting process, meaning
that the bottom part of the object starts to dry before the top of the object is extruded.
For this reason, Cesarano et al. recommend optimising the drying rate, which needs to
be sufficiently high to favour consolidation of the extruded cord and avoid the collapse
of the object during printing, but sufficiently low to avoid macroscopic defects due to
non-uniform shrinkage [14]. Different strategies have been proposed for a better control
of the drying operation in robocasting. With this objective, the simplest way is to adjust
and ensure reproducible drying conditions by controlling the air characteristics, i.e., the
temperature and the amount of water vapour. Another strategy which has been proposed
consists of printing in a liquid oil to prevent evaporation during the layer deposition and
to use infrared radiation to dry the deposited layer before extruding a new one. This is
called the Ceramic On-Demand Extrusion process [20]. Baltazar et al. compared these
two different strategies to control the drying rate. They printed alumina parts in a liquid
paraffin bath (followed by infrared drying of each layer) and in air with a relative humidity
of 85%. Both methods gave alumina parts with high relative density and good mechanical
properties [21].

In addition to the drying conditions, the behaviour of the ceramic paste is of strong
importance and should be well characterised to achieve robust and reproducible processing.
This requires methods for measuring drying shrinkage. A common practice for measuring
shrinkage is to use a position sensor to track the evolution of the height and/or length
of the product in 1D. However, recent work by Oummadi et al. presented a method
based on tracking marks with an optical camera that allowed shrinkage to be measured
precisely in different directions at the same time [22]. The shrinkage evaluated using this
image analysis method was compared with values measured using a Linear Variable
Differential Transformer (LVDT) sensor for alumina and kaolin pastes. Closely similar
curves were obtained when plotting the shrinkage as a function of the water content with
the two methods. Nevertheless, existing methods using sensors are not well suited for
measurements on cords printed by robocasting due to their small size, low mechanical
strength and convex surface. The tracking of marks method would also be difficult to
reproduce as it requires placing sub-millimetric marks without altering the surface of the
cord. Using marks for measuring shrinkage on robocasted products could cause irreversible
damage and yields spatially limited shrinkage measurements.

In view of the challenge of a controlled drying operation in the robocasting process
and the importance of the shrinkage that occurs during water removal, in this work we
have developed methods for monitoring dimensional variations at different scales, based
on image analysis without using marks. At the scale of an extruded cord, the approach
provides basic information on the behaviour of the paste during drying which is useful for
process parameter adjustment and for the formulation of ceramic pastes. At the scale of an
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extruded object, differential shrinkage rates are demonstrated. Such information could be
used to optimise drying conditions. The article presents the methods and illustrates them
with some results of particular interest.

2. Materials and Methods
2.1. Materials and Devices

Two cameras were used for image acquisition during drying. The first one is an IDS
UI-1490SE (Obersulm, Germany) with a resolution of 3840 × 2748 pixels mounted with
a Kowa LM50JC10M lens (Nagoya, Japan) and the second is an IDS UI-1480SE with a
resolution of 2560 × 1920 pixels mounted with an OPTEM Fusion 12.5:1 lens. The scripts
used for controlling the cameras and analysing the images were developed using Python
and the OpenCV library [23].

The experiments presented in the following sections were made using a commercial
porcelain paste formulated for robocasting (Imerys EZPrint3D-E, Paris, France). Thermo-
gravimetric analysis, conducted on dried powder from the paste using a TG-DSC Labsys
Evo Setaram system, reveals a 7% mass loss between 450 °C and 700 °C. This can be at-
tributed to the dehydroxylation of kaolinite. Compared with pure kaolinite, where the
mass loss due to dehydroxylation is 14%, the weight loss indicates that the powder is made
of 50 wt% of kaolinite. Samples (powder and extruded cords) were observed in a Scanning
Electron Microscope (SEM) FEI Quanta 450 FEG (Hillsboro, OR, USA). The micrograph of
the powder in Figure 1 shows the strongly anisometric kaolinite platelets.

Figure 1. SEM micrograph of the powder taken from dried porcelain paste EZPrint3D-E.

The products studied in this paper were printed using a ceramic 3D printer WASP
2040 Clay (Massa Lombarda, Italy), mounted with a LDM Wasp Extruder 3.0 and a nozzle
with an internal diameter of 1 mm.

2.2. Measuring the Drying Shrinkage of an Individual Robocasted Ceramic Cord

A method was first developed for measuring the drying shrinkage of single ceramic
cords obtained through robocasting. Due to their small radius, ranging from 0.4 mm to
2 mm, conventional shrinkage measuring methods were not optimal for obtaining satisfying
results on these cords. The new method is non-destructive and relies on taking digital
images and analysing them using automated image analysis scripts to obtain shrinkage-
over-time plots for both the longitudinal and radial directions.
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The experimental apparatus used for measuring the drying shrinkage of the cord is
illustrated in Figure 2. The two cameras take pictures of the cord at regular time intervals for
the duration of the experiment. Examples of the images taken by camera 1 (IDS UI-1490SE)
and camera 2 (IDS UI-1480SE) are shown, respectively, in Figures 3a and 3b. The cord was
deposited on a PVC plate coated with a thin layer of graphite by spraying. The graphite
coating has two main advantages in this experiment: its mat black finish yields strong
contrast between the cord and the plate, which helps when performing image analysis;
graphite is also a solid lubricant which reduces the interaction between the cord and the
plate [24], thus allowing the cord to shrink without sticking to the plate. A light source is
used to illuminate the cord and obtain a better contrast with the plate.

(a)
(b)

Figure 2. Experimental apparatus used for measuring the drying shrinkage of an individual robo-
casted ceramic cord: (a) schematic representation and (b) photograph of the experimental setup.

(a) (b)

Figure 3. Examples of images obtained using (a) camera 1 and (b) camera 2.

For this experiment, the cord is extruded freely and separated from the nozzle using a
spatula. It is then deposited on a graphite coated plate with particular attention not to add
any strain. This method ensures that little to no extra deformation is incurred by the cord
that could potentially reduce the quality of the results. The cord is extruded at a rate of
1 cm/s for the preliminary results, and at 1.5 cm/s and 2 cm/s to investigate the effect of
the extrusion rate on drying shrinkage.

After drying is complete, two sets of images are obtained: one for each camera.
A Python script is then used to measure the dimensions of the cord on each image. The al-
gorithms used to analyse each set of images are different, but they both start by processing
the images in the same manner. Each image is first truncated, converted to grayscale and
then blurred. A threshold is then applied before performing a contour analysis using the
algorithm proposed by Suzuki et al. [25]. These steps are illustrated in Figure 4. The length
of the cord is obtained by placing the minimum bounding rectangle on the contour (red),
as shown in Figure 5, and then measuring its length.
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(a) (b)

Figure 4. Examples of images obtained after (a) thresholding and (b) after contour analysis (the
contour of the cord is highlighted in red).

Figure 5. Example of a minimum bounding rectangle (in red) placed over the image of a robocasted
cord, used to evaluate the length.

To obtain an accurate value for the diameter of the cord, five measurements are made,
distributed over the visible part of the cord. To achieve this, the script places five equally
spaced virtual markers on the top part of the contour, searches for the closest point on the
bottom part of the contour for each of them, and computes the distance between the top
and bottom points as is illustrated in Figure 6. The value for the diameter is obtained using
the mean of the five measurements. This spatially averaged value significantly reduces the
measurement noise.

Once the values for both length and diameter are obtained for the whole duration of
drying, the longitudinal and radial shrinkages are calculated using the following relation:

Slin =
Li − L

Li
(1)

where L is the dimension at time t and Li is the initial dimension.

Figure 6. Example of virtual markers placed over the image of a robocasted cord to evaluate
the diameter.
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2.3. Measuring the Drying Shrinkage of a Robocasted Ceramic Product

The method presented in this section was developed to measure the drying shrink-
age of complete robocasted ceramic products throughout the drying process in a non-
destructive manner. Similarly to the previously described method, this one also relies on
image analysis using a camera and Python scripts. The measurement of shrinkage relies
on an automatic detection of cords by taking advantage of the unique surface topology of
robocasted products, allowing the size of the cords to be tracked over time.

The experimental apparatus used to measure the shrinkage of the products is illus-
trated in Figure 7. The camera (IDS UI-1490SE) captures images of the product at regular
time intervals throughout its drying period and a light source is used to illuminate the
product and highlight the interfaces between the individual cords. An example of an image
taken during drying is shown in Figure 8. Each image is analysed using an algorithm
written in Python to compute the size of each cord.

Figure 7. Experimental apparatus used to capture images of the drying product.

Figure 8. Example of an image of the drying product captured using the apparatus described in
Figure 7.

Before analysis, each image is processed to highlight the interfaces between cords.
The image is first rotated so that the cords are horizontal. The zone of interest for the study
is then selected by the user and will be applied to all subsequent images. The image is then
converted to grayscale and blurred in order to reduce the noise and facilitate detection of
the interfaces. The interfaces are identified using the canny edge detection technique [26].
This algorithm detects brutal variations in the pixel intensity gradient to extract the edges
in an image. The canny edge detection technique is used in a wide variety of computer
vision systems and provides a reliable tool for investigating, e.g., micro-cracks or particle
size distribution [27,28]. An example of an image after processing is shown in Figure 9.
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Figure 9. Example of an image of the drying product after processing.

The interfaces are then detected using an algorithm that computes a histogram of the
white pixel density over the height of the image. Each peak in the histogram corresponds to
an interface in the image and the height of each cord corresponds to the distance between
the successive interfaces. The analysis of each image taken during the drying of a product
is used for tracking the drying shrinkage of either the product as a whole or only for a zone
of interest on its surface.

For this experiment, the products are printed with a 1 mm nozzle and a layer height
of 0.8 mm. The extrusion rate is set at 1 cm/s.

3. Results and Discussion

The methods presented in the previous section were used to study the drying shrink-
age of several robocasted green-body porcelain parts.

3.1. Drying Shrinkage of a Robocasted Ceramic Cord

The cord was dried at room temperature and ambient relative humidity. Its dimensions
were measured throughout drying using the previously described method. The drying
shrinkages in both the longitudinal and radial directions are shown in Figure 10. A dif-
ference in final shrinkage can be observed in both directions with 3.8% in longitudinal
shrinkage and 5.7% in radial shrinkage. These results are consistent with analysis by hand
of the starting and finishing images of the drying surface using an image editor to evaluate
the total amount of shrinkage. A hypothesis to explain this difference in behaviour depend-
ing on the measuring direction could be the orientation of the kaolinite platelets during
extrusion due to the shear stress created by the nozzle. The platelets are preferentially
oriented to lie parallel to the longitudinal direction [29]. Consequently, the number of
liquid/solid interfaces per unit length is higher in the radial direction. Thus, as water
evaporates from the material and the platelets approach each other, the shrinkage is higher
in the radial direction. Additional experiments were conducted to test the effect of adhesion
with the support. A very similar behaviour was observed for a cord deposited on a support
coated with oil instead of graphite. However, when the cord is extruded directly on the
support without coating, the longitudinal shrinkage is strongly inhibited (less than 1%)
while the radial shrinkage remains identical to approx. 6%. This leads to the conclusion
that the adhesion interaction between the cord and the support has a strong influence on
the longitudinal shrinkage but a negligible effect in the radial direction.
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Figure 10. Drying shrinkage of a porcelain cord in both the longitudinal and radial direction as a
function of time.

SEM images of a slice across the cord and of the external surface of the cord are
shown in Figure 11. The slice corresponds to a fracture of a cord, made by hand, where
the observation surface is perpendicular to the direction of extrusion while the external
surface of the cord is parallel to the extrusion direction. The slice, displayed in Figure 11a,
reveals a general orientation of the platelets in the extrusion direction as mostly edges
are visible. This orientation is confirmed by the micrograph of the surface of the cord in
Figure 11b, where only the basal surfaces of the platelets can be observed. Similar results
on platelet orientation have been reported by Feilden et al. for cords with 70 wt% of
alumina platelets, with the advantage of improving the mechanical behaviour of ceramic
products [30]. The effect of kaolinite grain orientation on drying shrinkage anisotropy
was also reported by Oummadi et al. when comparing the shrinkage in three orthogonal
directions measured on pressed kaolin paste samples prepared from a powder containing
78 wt% of kaolinite [22]. The total amount of shrinkage in the pressing direction (11%
related to the dry length) is reported to be 1.8 times greater than in directions perpendicular
to the pressing axis (6%). Compared to this ratio of 1.8, the value presented in Figure 10
leads to an anisotropy ratio of 1.5. This lower value could be explained by the lower
amount of kaolinite (50 wt% in the present study) and differences in the aspect ratio of the
individual kaolinite platelets.

(a) (b)

Figure 11. SEM micrographs of a dried porcelain cord. (a) A cut perpendicular to the extrusion axis
and (b) along its surface.

13



Ceramics 2024, 7

It can also be noted in Figure 10 that a swelling occurs at the end of the drying
shrinkage, after 0.3 h, in the radial direction. One hypothesis is that this behaviour is
due to the orientation of the platelets in the direction of extrusion. As water evaporates,
liquid bridges appear in between the platelets, as illustrated in Figure 12. The pressure
difference at the meniscus interfaces and the forces due to the water surface tension (at
the solid/liquid/air line) produce the capillary forces that pull the grains together [31].
During the shrinkage stage, these forces are continuously balanced by repulsive forces
that originate from surface charges on the solid grains [32]. After the major shrinkage
is achieved, water in the bridges evaporates and the capillary forces decrease, causing a
local reorganisation of the grains, due to repulsive contribution, leading to the swelling
observed in the experiment [33]. Figure 12 illustrates this hypothesis. This phenomenon
was also observed by other authors and reported by Onoda et al. when analysing the
volume–weight relations in ceramic particulate systems encountered in processing [34,35].

Further experiments were conducted by varying the extrusion rate. Due to the ex-
trusion technology used by the machine (a screw extruder fed by an external tank under
6 bar of pressure) a stable extrusion rate is difficult to obtain outside of a working range
of 1.0 to 2.0 cm/s. Three extrusion rates were investigated and each measurement was
repeated three times to account for the difficulty in obtaining stable extrusion rates. The ra-
dial shrinkage as a function of the extrusion rate is reported in Figure 13. Longitudinal
shrinkage is not shown here as there was too much variation due to interactions with
the support.

Radial shrinkage seems to be constant up to an extrusion rate of 1.5 cm/s and then
diminishes at 2.0 cm/s. Taking into account that all the cords were dried on the same
support at similar ambient drying conditions, variations in drying shrinkage can be at-
tributed to the effect of the extrusion rate. Assuming that volumic shrinkage is identical
for all samples, these results indicate a decrease in drying shrinkage anisotropy in the
cords extruded at a rate greater than 1.5 cm/s. In their work, Feilden et al. explain that
the orientation of anisometric grains during extrusion is dependent on the duration of
exposure to the velocity gradient in the extrusion die [30]. As extrusion rate increases, the
duration for which any given grain is inside of the extrusion die decreases, thus reducing
the probability of it being oriented in the extrusion direction. The decrease in shrinkage
anisotropy may also be caused by a disappearance of the velocity gradient. When the
extrusion rate exceeds a threshold value, the laminar flow with a velocity gradient can
transform into a plug flow where the velocity is almost uniform.

Figure 12. Schematic representation of a liquid bridge and the resulting forces.
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Figure 13. Radial shrinkage of an extruded cord as a function of the extrusion rate.

3.2. Drying of a Complete Robocasted Product

A tower-shaped product of 40 × 20 × 40 mm3 with 5 mm thick walls was printed and
then dried in the experimental apparatus shown in Figure 7. The product was subjected
to ambient drying conditions with an air temperature of 18 °C and a relative humidity of
55%. Its mass was tracked using a precision balance and images were taken every minute
until the mass was stabilised. The images were then analysed using the methodology
described in Section 2.3. Drying shrinkage was measured in two zones of interest: the
first one close to the bottom of the product and the second one close to the top, displayed
in Figure 14a. One hypothesis is that the shape of the product, displaying a cavity, would
yield a difference in drying rate along its height.

(a)
(b)

Figure 14. (a) Image of the studied ceramic product with highlighted zones of interest (in red for
the bottom and in black for the top of the object) and (b) drying shrinkage over time for both zones
of interest.

Drying shrinkage over time is shown in Figure 14b for both zones of interest. The total
drying shrinkage of the product is around 5%, and was achieved after 6 h 30 min of drying
time. However, a clear difference in drying rate can be observed between the top and
bottom zones. As drying shrinkage is intimately linked to the moisture content of the
material, this disparity could reflect the existence of a moisture content gradient in the
vertical direction. It can be noted that for the first 15 min both zones of interest display
similar drying rates before diverging. This differential shrinkage between the bottom and
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the top of the object might be explained by the difference in the drying conditions over the
height of the internal surface. It can be assumed that the relative humidity inside the cavity
increases from the top to the bottom due to evaporation and poor air circulation.

In a previous work, a computer model of the drying behaviour of ceramic green
bodies combining heat and mass transfers, boundary conditions for water evaporation
and moisture-dependent properties was developed [36]. This model was expanded to
include drying shrinkage using the Lagrangian method, which allows the geometry of the
drying body to change according to its water content [37]. The experiment presented in
this section was reproduced using this computer model. For these calculations, the external
surfaces were subjected to convective drying conditions with the experimental ambient air
characteristics while the internal surfaces were subjected to increasing relative humidity
starting from 55% at the top to 90% at the bottom of the cavity in an effort to simulate
the stagnant air inside the cavity. The drying shrinkage was tracked over time in the
same two zones as in the experiment and the results of the simulation are displayed in
Figure 14b. The predicted shrinkage curves are in good agreement with the experimental
data, which is consistent with the assumption that differences in drying conditions can lead
to a differential shrinkage along the height of the object.

The measurement noise observed in Figure 14b is explained by the small size of the
cords in relation to the resolution of the camera. For a given image, each cord has a height
of around 100 pixels meaning that small variations in size on a single cord may not be
picked up by the algorithm. However, the general drying shrinkage behaviour as well as
the key values are clearly visible in the graph.

It would now be interesting to place the methods developed in a more general context
of existing tools for monitoring drying shrinkage. Several methods and devices have been
described in the literature to evaluate drying shrinkage. The simplest method consists of
measuring the distance between marks before and after drying using a caliper. The marks
can be made with a gauge or a knife on a sufficiently long sample (~100 mm) to achieve
a good accuracy, as described in the standard test method recommended for measuring
drying shrinkage of ceramic whiteware clays [38]. The barelatograph is another device
that can be used to follow dimensional variations in one dimension, by means of a small
metal bar in contact with the sample. It is used for plotting Bigot curves representing
the water content as a function of shrinkage. This method has been used to investigate
drying behaviour in traditional but also technical ceramics [34,39]. Other devices which
can be implemented for computer monitoring have also been used to track the evolution of
the dimension of ceramic green bodies in 1D, for example LVDT or laser sensors [22,40].
In recent years, image analysis techniques have been used to investigate shrinkage during
drying. Tracking marks and Digital Image Correlation (DIC) have successfully been
implemented to measure drying shrinkage in concrete materials [22,41,42]. The DIC
technique yields evaluation of shrinkage fields with a high accuracy, but it requires a
speckled pattern to be coated on the sample surface. For green bodies made of several
materials with different colours, the natural contrast of the surface can provide the required
speckle; otherwise, a powder or a paint has to be sprinkled over the surface of the sample,
which makes this technique more complicated because the added material can also interact
with the drying process. Therefore, the proposed method seems to be a good compromise
to follow shrinkage in different zones of a printed object without any interaction with the
product and with a sufficient accuracy to highlight differences in shrinkage rate.

4. Perspectives on Real-Time Measurements of Drying Shrinkage for
Robocasted Products

The previous methods were developed to measure drying shrinkage once the drying
process is over and all the images have been taken. However, one of the main advantages of
this kind of method is its ability to be deployed to measure shrinkage in real time. A precise
control of the drying shrinkage could then be achieved by taking preventive actions during
drying in order to avoid the occurrence of defects such as cracking or warping. A Python
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script was developed to measure the shrinkage of a product during drying and provide a
real-time feedback to the user in the form of an updating shrinkage-over-time plot. This
method is largely based on the experimental apparatus presented in the previous section
for image acquisition and analysis with a modified workflow. The operating principle of
this method is summarized in Figure 15.

Figure 15. Operating principle of the method used to measure the drying shrinkage in real-time.

The real-time measurement method was used to track the drying shrinkage of a
complete product during drying in a climatic chamber. A tower-shaped product of
40 × 20 × 40 mm3 with 5 mm thick walls was placed in the chamber and the camera
was placed in front of the window. The climatic chamber was modified so that mass
measurements of the sample, placed inside, could be made.

The product was dried at a temperature of 30 °C and a relative humidity of 40%.
The shrinkage-versus-time plot, displayed in Figure 16, was updated in real time. This
graph gives valuable information to a user about the drying state of the product as well
as the exact time at which drying shrinkage is complete. Once shrinkage is completed,
the risk of defects in the product, such as cracking or warping due to uncontrolled drying,
is severely reduced.

Figure 16. Drying shrinkage versus time of a tower-shaped product, measured and displayed in
real time.

Another method for detecting the end of drying shrinkage in real time was proposed
in a recent paper by Nait-Ali et al., making use of a convolutional neural network. The al-
gorithm was trained using images taken from experiments on drying robocasted objects to
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identify the presence of water on the drying surface. This absence of water on the surface
corresponds to the end of the drying shrinkage stage. Such precise information can then be
used to modify the drying process [43].

5. Conclusions

New methods relying on digital images for measuring drying shrinkage in robocasted
ceramic parts have been developed. Each of the two methods presented allow information
to be gathered at different scales, from a single cord to a complete part, in a non-destructive
manner. A single robocasted porcelain cord of 1mm radius was studied, revealing a clear
anisotropy in drying shrinkage between the radial and longitudinal directions at 5.7% and
3.8%, respectively. This was explained by an orientation of the kaolinite platelets in the
paste during its extrusion. A difference in drying shrinkage was also observed for different
zones of a complete product exhibiting an open cavity. This was explained by the geometry
of the part inhibiting airflow and causing unequal drying conditions along the height of
the product. Having observed this phenomenon in a simple product, we conclude that
drying shrinkage must be taken into account in the design phase of robocasted parts.

The digital methods for measuring shrinkage have the important advantage that
they do not harm the products or disturb the drying process. In situ measurement of
shrinkage could offer robust information for real-time fine control of the drying process for
robocasted products, reducing the appearance of defects and the cost of fabrication. Specific
adjustments to drying conditions, in terms of temperature, relative humidity or air flow,
could be made by leveraging the methods presented in this paper to identify differences in
shrinkage and correct them in real time.
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Abstract: This study investigates the impact of curing conditions, porosity and shaping techniques
on the mechanical properties of metakaolin-based geopolymers. Geopolymers offer versatility in
shaping, including 3D printing, yet the influence of curing conditions after printing on mechanical
properties remains unclear. This is assessed by measuring the bending properties of 3D-printed
metakaolin-based geopolymer filaments cured under varied humidity and temperature conditions.
The influences of porosity and of shaping technique are observed by comparing the compression
properties of molded and 3D-printed samples of various porosity. Samples cured at low humidity
exhibit unusually high mechanical properties, which decrease when moved from a dry to a humid
environment. This behavior may be due to the presence of PEG within the composition and/or to
residual stresses due to the too rapid evacuation of water. High humidity is therefore necessary
to ensure optimal curing and stable properties. Increasing the curing temperature helps accelerate
geopolymerization without significantly compromising mechanical properties. Direct ink writing
offers design flexibility and suitable porosity, but the samples appear to exhibit different failure mech-
anisms than the molded samples. Additional studies are necessary to understand the interactions
between PEG and the geopolymer as well as to better identify the fracture mechanisms within the
different samples.

Keywords: direct ink writing; porosity; bending strength; compressive strength; molding

1. Introduction

Geopolymers are inorganic materials obtained generally by the alkaline activation of
an aluminosilicate source at temperatures below 100 ◦C.

The geopolymer formation reaction, called geopolymerization, begins with the dis-
solution of the aluminosilicate source in the alkaline solution to form monomers. These
monomers restructure to form oligomers which, beyond a critical concentration, polycon-
dense, leading to the formation of a gel and the development of an amorphous, three-
dimensional aluminosilicate network [1]. Metakaolin is a widely used aluminosilicate
source for geopolymer manufacturing because it is a common industrial mineral that can
be obtained in large quantities with consistent properties [2].

Generally, geopolymers are shaped by molding. During curing, molds are kept
hermetically sealed to avoid the rapid evaporation of water which could lead to incomplete
geopolymerization and poor mechanical characteristics. Perera et al. [3] observed that
metakaolin-based geopolymers cured between 30% and 70% relative humidity in unsealed
containers at 40 ◦C exhibited cracks, unlike those left sealed and cured between 22 and
60 ◦C. Samuel and Kriven [4] found in a recent study that curing the metakaolin-based
geopolymer in low relative humidity from the time of molding resulted in a gradient in
the extent of the reaction from the exposed surface to the bulk: the surface of geopolymers
presented a mixture of geopolymer, alkaline silicate gel and undissolved metakaolin.

Ceramics 2024, 7, 873–892. https://doi.org/10.3390/ceramics7030057 https://www.mdpi.com/journal/ceramics21
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Several authors have demonstrated the significant influence that curing temperature can
have on the mechanical properties of metakaolin-based geopolymers placed in sealed
molds. Curing at elevated temperatures (up to 80 ◦C) accelerates the development of
geopolymer strength [2,5,6].

Recently, 3D printing has emerged as a popular method for shaping geopolymers,
offering significant flexibility in design. This shaping technique is applied mostly in the
field of construction. Theoretically, it offers several advantages over traditional construction
methods, such as shortened construction timelines, architectural design freedom, better
safety at work and reduced labor, costs and waste [7]. However, this technique also enables
the production of geopolymers with controlled porosity, suitable for diverse applications
such as encapsulating radioactive waste, adsorbing hazardous molecules and synthetic dyes
or heterogeneous catalysis [8–13]. These 3D-printed geopolymers are often printed under
ambient temperature and humid conditions, and their size does not always allow for curing
under controlled conditions. Furthermore, the resulting shapes often diverge substantially
from traditional casts, particularly in the case of 3D printing through material extrusion,
where filaments are assembled layer by layer, resulting in distinct mechanical properties.
Nevertheless, there is no comprehensive study on the impact of environmental humidity
and temperature on the mechanical properties of additively manufactured geopolymers.

This work is divided into two complementary studies. The first study investigates
the effect of curing parameters (humidity and temperature) on the bending mechanical
properties of metakaolin-based geopolymer filaments extruded using a 3D printer. These
tests enable the rapid assessment of the mechanical properties of multiple filaments cured
under varied conditions, rather than printing more intricate components.

The second part of this work compares the compression mechanical properties of
geopolymer samples molded and 3D printed via extrusion and filament assembly (direct ink
writing of lattices). The curing conditions for these samples remained constant to isolate
the influence of the shaping technique and sample porosity on mechanical properties.
The compositions of these samples were predetermined in a prior study focusing on
characterizing the porosity of different metakaolin-based geopolymer compositions shaped
by molding or 3D printing [14].

2. Materials and Methods
2.1. Raw Materials

The primary mix for the geopolymer includes metakaolin ARGICAL-M 1000, provided
by Imerys, Paris, France (aluminosilicate source), a commercial sodium silicate solution
(molar ratio: Si/Na = 1.1, density: 1.5 g.cm−3, 60 wt.% water) and sodium hydroxide
pellets (97% purity), both obtained from Fisher Scientific, Loughborough, UK, and used
as alkaline activators. The geopolymers obtained are made of 43.7 wt% metakaolin, 51.8%
sodium silicate and 4.5% sodium hydroxide.

Additives were added to this mixture to achieve specific characteristics [14]:

• Polyethylene glycol (PEG) with an average molecular weight of 1500 g·mol−1 (PRO-
LABO, Paris, France) was used to induce a shear thinning behavior necessary for
printing.

• To study the impact of porosity on the mechanical properties of geopolymers, metallic
aluminum powder (Thermo Fisher, 99.5% purity, particle size less than 45 µm), referred
to as Al, was introduced to generated dihydrogen and therefore porosity inside the
paste, thanks to the following reaction:

2Al + 2NaOH + 2H2O→ 2NaAlO2 + 3H2 (1)

• Hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, St. Louis, MI, USA),
a surfactant, was added to stabilize the gas bubbles.
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2.2. Paste Preparation

The activation solution was first prepared by dissolving sodium hydroxide pellets and,
depending on the composition, polyethylene glycol flakes, into sodium silicate solution.
The mixture was stirred until all solids were fully dissolved and the solution returned to
room temperature. Subsequently, it underwent homogenization using a planetary mixer
(SpeedMixer, Synergy Devices Limited, High Wycombe, UK) for 30 s at 800 rpm.

Metakaolin, and CTAB when needed, was then gradually introduced and manually
mixed for 30 s. The mixture was then placed for 1 min in the planetary mixer at 800 rpm.

For mixtures containing aluminum powder, this duration of mixing was reduced to
30 s because the mixture was subjected to a final mixing step, during which the aluminum
powder was added. The paste containing the aluminum powder was mixed again in the
planetary mixer for 30 s.

All the geopolymers in this study present the following molar ratios: SiO2/Al2O3 =
3.73, Na2O/Al2O3 = 0.95 and H2O/Na2O = 10.5.

2.3. Sample Preparation

The final mixture was poured into different containers depending on the tests to
be performed:

• For compression tests, 16 × 16 × 20 mm3 rectangular molds;
• To print lattices and filaments containing PEG for compression and three point bending

tests, 5 mL syringes (Nordson EFD, USA);
• For three point bending tests of filaments without PEG (which cannot be printed),

Teflon mold pierced with 2.5 mm diameter holes.

If the mixture did not contain aluminum powder, the containers were directly sealed
to prevent any evaporation of water. If the mixture contained aluminum powder, the
samples were left in the open air for 20 min to allow the foam to form. Excess foam was
removed using a glass slide, and the containers were sealed.

All containers remained for one hour (from the addition of metakaolin) at room tempera-
ture.

After that time, the paste contained in the syringes was shaped by direct ink writing
using a Robocasting printer (3D-Inks, Tulsa, OK, USA) equipped with tips of 840 µm inner
diameter (Nordson EFD, USA). This step took place at room temperature (between 20 and
24 ◦C) and ambient humidity.

Two types of parts were printed: 17 mm long filaments (on a single layer) and porous
lattices of 13.7 × 13.7 × 11.8 mm3.

To print filaments, the needle was placed 1 mm above the printing substrate to avoid
any compression of the filament on the support. Extrusion was completed in less than 10 min.

In the case of lattices, filaments were assembled layer by layer, with an interpenetration
of 12% of the tip diameter between two layers to ensure the cohesion of the structure. A
disorientation of 90◦ between successive layers and an 840 µm hollow space (1.68 mm
center to center) between filaments of the same layer was imposed.

Lattices and filaments were deposited on a printing substrate made of a flat glass plate
covered with a sheet of smooth polymer (copier polyester transparent film).

Once printing was completed, the samples (molded and printed) were subjected to
the curing conditions described in the following part.

2.4. Curing of the Samples

In the case of lattices and molded geopolymer, the samples were subjected to the
curing protocol described in Figure 1. The last step allows for the elimination of water
potentially contained within the samples before the testing protocols.
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In the case of 3D-printed filaments containing PEG, several curing conditions were
tested. Filaments were subjected to six different curing conditions for periods up to 28 days.
Three different temperatures were tested: 22 ◦C (room temperature), 50 ◦C and 70 ◦C. They
were combined with two relative humidity (RH) conditions, 100% relative humidity and
relative humidity less than 30%. At room temperature, curing took place in sealed boxes,
one with the bottom covered with distilled water to reach 100% relative humidity and
the other with silica gel at the bottom to achieve relative humidity below 30%. Curing
at 50 ◦C and 70 ◦C took place in ovens. Samples were simply placed in the ovens in the
case of curing at relative humidity below 30% (ambient humidity). For curing at 100%
relative humidity, samples were placed in a carefully closed desiccator above a layer of
distilled water.

Filaments without PEG, molded in Teflon molds, were subjected to only two different
curing conditions: 70 ◦C at 100% relative humidity and 70 ◦C at less than 30% relative
humidity. The mold was kept closed for two hours of curing to maintain the shape of the
filaments. As a result, the low humidity curing condition was not completely observed
during this time.

2.5. Samples Designation

The present article uses the same nomenclature as [14]. Geopolymers (G) are desig-
nated as follows:

GPC xAl M/R/F

where

• P signals the presence of 4.5 wt.% polyethylene glycol (with respect to the mass of
metakaolin + sodium silicate + sodium hydroxide).

• C indicates the presence of 0.5 wt.% CTAB (with respect to the mass of metakaolin +
sodium silicate + sodium hydroxide).

• xAl is the quantity of aluminum powder (0, 0.1, 0.2, 0.5 or 1 wt.% of metakaolin mass).
• M/R/F is the geopolymer shaping technique: molded (M), robocast as lattice (R) or

robocast as filament (F).
• An absent letter (P or C) means that the composition does not contain the correspond-

ing additive.

As an example, GPC 0.5Al R designates a geopolymer containing 4.5 wt.% PEG,
0.5 wt.% CTAB and 0.5 wt.% aluminum powder and shaped by robocasting (a lattice).

2.6. Samples Characterization

Porosity characterization is described in detail in a previous article [14]. This charac-
terization was performed using three techniques: mercury intrusion porosimetry, helium
pycnometry and X-ray tomography.

The mechanical bending properties of the filaments were tested via a three-point
bending test on an Electroforce 3200 device (Bose, Eden Prairie, MN, USA) equipped with
a 22 N force sensor at 0.3 mm.min−1 crosshead speed. At least 10 filaments were tested for
each curing condition or composition.

Three-dimensional-printed filaments present a flat surface due to contact with the
printing support (see Figure 2a). To minimize the impact of this flat surface on the test
results, it was systematically placed on the compression side (in direct contact with the
crosshead). Additionally, as the cross-sectional dimensions can vary significantly from
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sample to sample, depending on the spread of the filament, the actual cross-sectional
dimensions of each sample were measured using an optical microscope (Hirox Europe,
Limonest, France) to calculate quadratic moment to each filament. The flexural strength to
each filament was then calculated thanks to the following equation:

σf =
F× L

4
× x

Iy
(2)

where

• F: load applied to the center of the filament (N);
• L: distance between the two lower supports (set at 0.015 m);
• x: distance to neutral fiber in meters;
• Iy: quadratic moment in m4.
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Thermo Fisher Scientific (Waltham, MA, USA) IS50 infrared spectrometer via the attenu-
ated total reflection (ATR) mode. The IR spectra were gathered between 500 and 4000 cm−1 
with a resolution of 0.482 cm−1 on 32 scans. The atmospheric CO2 contribution was re-
placed by a straight line between 2400 and 1900 cm−1, and the spectra were corrected using 
a baseline. They were normalized on the peak of the Si-O-Na bond.  

The filament fracture surfaces were observed using a SEM Vega 3 scanning electron 
microscope (Tescan, Brno, Czech Republic) equipped with a tungsten filament. Observa-
tions were carried out in secondary electron (SE) mode at 10 kV, with a working distance 
of 10 mm and a beam intensity of 8. 

X-ray microtomography was performed on extruded filaments with a diameter of 
840 µm using an RX Solutions (Chavanod, France) EasyTom Nano tomograph equipped 
with a Hamamatsu tube, at a resolution of 0.7 µm. Images were extracted using Fiji soft-
ware. 

Figure 2. Optical microscope photographs of the fracture surfaces of (a) GPC 1Al F and (b) G 0Al F.

Filaments, which were molded (not containing PEG), are perfectly cylindrical
(Figure 2b). Their section was compared to a disk, and their diameter was measured
using a caliper. The equations can be therefore simplified as follows:

σf =
8× F× L
π× d3 (3)

where

• d: filament diameter (m).

Compressive mechanical properties of the lattices and molded geopolymers were
tested using an Instron electro-mechanic universal testing machine (Instron 8500 +, Elan-
court, France) equipped with a 25 kN (for sample G and GP) or 5 kN load cell (for other
samples) crosshead speed of 0.3 mm ·min−1. Load/displacement curves were recorded
and converted in stress/strain curves using the apparent section of each sample.

To highlight certain bonds and chemical groups, FTIR spectra were obtained using a
Thermo Fisher Scientific (Waltham, MA, USA) IS50 infrared spectrometer via the attenuated
total reflection (ATR) mode. The IR spectra were gathered between 500 and 4000 cm−1 with
a resolution of 0.482 cm−1 on 32 scans. The atmospheric CO2 contribution was replaced
by a straight line between 2400 and 1900 cm−1, and the spectra were corrected using a
baseline. They were normalized on the peak of the Si-O-Na bond.

The filament fracture surfaces were observed using a SEM Vega 3 scanning electron
microscope (Tescan, Brno, Czech Republic) equipped with a tungsten filament. Observa-
tions were carried out in secondary electron (SE) mode at 10 kV, with a working distance of
10 mm and a beam intensity of 8.

X-ray microtomography was performed on extruded filaments with a diameter of
840 µm using an RX Solutions (Chavanod, France) EasyTom Nano tomograph equipped
with a Hamamatsu tube, at a resolution of 0.7 µm. Images were extracted using Fiji software.
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3. Results

Bending tests, infrared spectroscopy and SEM observations were performed on dense
filaments to evaluate the impact of curing conditions on mechanical properties and the
microstructure. Compression tests were implemented on scaffolds and molded samples
with one single curing condition to evaluate the impact of the shaping technique and
porosity on compression properties.

3.1. Three Point Bending Tests on Dense Filaments

GP 0Al F were printed by direct ink writing, cured under different conditions and then
subjected to the test. Six storage conditions were tested: three different temperatures (room
temperature, 50 ◦C, 70 ◦C) combined with two humidity conditions (relative humidity
less than 30% and relative humidity 100%). The evolution of mechanical properties was
recorded at 24 h, 3 days, 14 days and 28 days. Figure 3 presents the evolution of the flexural
strength according to the different conditions.
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Figure 3. The flexural strength evolution of GP 0Al F as a function of time, relative humidity and the
temperature of the environment.

Every filament exhibits brittle fracture (Figure 4), except filaments subjected to a
relative humidity lower than 30% at room temperature and tested after 24 h and 3 days
of curing. Indeed, under these conditions, after 24 h of curing, the filaments do not break
but instead deform plastically until they are no longer in contact with the test supports
(Figure 5). No cracks are observed on the surface. The filaments break after 3 days of
storage but still show strong plastic deformation. However, this deformation is no longer
visible after 14 days of curing (Figure 4a).

A significant difference is observed between the flexural strength of filaments stored
at low relative humidity and those stored at high relative humidity, regardless of the
temperature (Figure 3). Filaments cured at low humidity have an average flexural strength
5.5 times higher than filaments stored at high humidity after 28 days.
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perature accelerates the increase in the strength since after 24 h at 50 °C or 70 °C, the flex-
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after 28 days (36 GPa). They continue to increase, reaching in both cases approximately 42 
GPa after 28 days. 

To assess the stability of these mechanical properties against humidity variations, GP 
0Al filaments conditioned at a specific humidity and temperature for 28 days undergo two 
additional days of storage in inverted humidity conditions at room temperature. They are 
then subjected to the three-point bending test. Figure 6 presents the results before and 
after the change of condition. 

Figure 4. Typical load/displacement curves of GP 0Al F cured at room temperature and (a) relative
humidity below 30% and (b) 100% relative humidity.
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Figure 5. Digital (a) and electronic (b,c) micrographs of GP 0Al F following three-point bending test
after 24 h of curing at room temperature below 30% relative humidity.

Samples stored at high humidity and at a temperature of 50 ◦C or 70 ◦C reach a
flexural strength very close to the flexural strength obtained after 28 days within 24 h
(about 20 MPa). It takes between 24 h and 3 days of curing for samples stored at room
temperature to approach the 28-day flexural strength. It appears that the higher the
temperature, the higher the average flexural strength. The same trend is noted in the
literature on compression tests [15]. However, the results presented here are subject to high
uncertainty, and these tests should be conducted on a larger sample population to confirm
the trend.

Samples subjected to low humidity during curing exhibit a slower attainment of
their maximum mechanical properties, especially at room temperature, where the flexural
strength consistently increases throughout the 28-day testing period. The increase in
temperature accelerates the increase in the strength since after 24 h at 50 ◦C or 70 ◦C, the
flexural strength is already very close to the flexural strength reached at room temperature
after 28 days (36 GPa). They continue to increase, reaching in both cases approximately
42 GPa after 28 days.

To assess the stability of these mechanical properties against humidity variations, GP
0Al filaments conditioned at a specific humidity and temperature for 28 days undergo two
additional days of storage in inverted humidity conditions at room temperature. They are
then subjected to the three-point bending test. Figure 6 presents the results before and after
the change of condition.

The flexural strength of samples stored for 28 days at high humidity is not modified
after 48 h at low humidity.

However, after 48 h at high humidity, the very high flexural strength of samples cured
for 28 days at low humidity decreases. Filaments initially stored at room temperature
display a flexural strength even lower than those stored at high humidity for 28 days. The
final flexural strength of samples initially stored at 50 ◦C and 70 ◦C is slightly higher on
average than that of samples stored at high humidity for 28 days at the same temperatures.
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To determine if the addition of PEG impacts the mechanical properties of the filaments,
a three-point bending test was performed on PEG-free filaments (G 0Al F). As the paste is
not suitable for filament extrusion by direct ink writing, the filaments were molded into
Teflon molds. Given the delicate nature of implementing this method and the very limited
number of filaments obtained, only two conservation conditions were tested: 70 ◦C at 100%
relative humidity and 70 ◦C at less than 30% relative humidity. Measurements were carried
out at 14 days and are summarized in Table 1.

Table 1. Flexural strength of G 0Al F under different humidity conditions after 14 days at 70 ◦C.

Flexural Strength (MPa)

<σf> SD

<30% RH 29.7 6.7

100% RH 20.1 8.7

The significant difference in flexural strength observed as a function of humidity is not
evident. The flexural strength of PEG-free filaments at low humidity is slightly higher than
that at high humidity, but considering measurement uncertainties, they are quite similar.
These values are also very close to those of the GP 0Al filaments stored at 100% relative
humidity at the same temperature and after 14 days.

Thus, the high mechanical properties observed at low humidity seem to be influenced
by the presence of polyethylene glycol. A comprehensive discussion of the role of PEG,
considering additional results, will be discussed in Part 4.

However, it is already apparent that, in the case of geopolymer compositions con-
taining polyethylene glycol, it is more prudent to print and store the samples under high
relative humidity to ensure the stability of mechanical properties.

3.2. Infrared Spectroscopy of Dense Filaments

After being stored under the different conditions described above, GP 0Al F were
ground and analyzed using infrared spectroscopy (ATR mode).

3.2.1. Filaments Stored 28 Days at Low Humidity

PEG is constantly detected in filaments that have been stored 28 days at low humidity
regardless of the conservation temperature (Figure 7).
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ity conditions exhibit a more spread-out structure with a substantial flat area, while those 
cured under low humidity are rounder with a smaller flat region, indicating a better 
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3.3. Fracture Surface of Dense Filaments  
The morphology of the fracture surfaces of filaments cured at room temperature var-

ies depending on the environmental humidity (Figure 9). Filaments stored in high humid-
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vibrations of the characteristic binding of the geopolymer network [19].

After 28 days, when the humidity conditions are reversed for two days, PEG is no
longer detected, except in the case where the filaments have been stored 28 days at 70 ◦C. A
peak associated with the presence of carbonate is detected during this humidity condition
inversion for filaments stored at room temperature and 50 ◦C. It is particularly pronounced
for filaments stored at room temperature.

3.2.2. Filaments Stored 28 Days at High Humidity

PEG is not detected in filaments that have been stored 28 days at high humidity
(Figure 8). All filaments present a significant peak associated with carbonates. When
reversing the humidity conditions, PEG was still not detected in filaments that have been
stored at room temperature and 50 ◦C. On the other hand, it is detected in filaments that
have been stored at 70 ◦C. The carbonate peak is consistently present, whether before or
after reversing humidity conditions.
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vibrations of the characteristic binding of the geopolymer network [19].

3.3. Fracture Surface of Dense Filaments

The morphology of the fracture surfaces of filaments cured at room temperature varies
depending on the environmental humidity (Figure 9). Filaments stored in high humidity
conditions exhibit a more spread-out structure with a substantial flat area, while those cured
under low humidity are rounder with a smaller flat region, indicating a better preservation
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of their original shape. As the filaments were extruded on the same day under consistent
conditions, this phenomenon is likely to occur during the curing process.
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Figure 9. Fracture surface of GP 0Al cured at room temperature for 24 h, 3 days and 28 days under
high and low relative humidity.

At high relative humidity, increasing the curing temperature appears to limit the
spreading of the filaments (Figure 10).
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Figure 10. SEM micrographs of fracture surfaces of GP 0Al F after 24 h under 100% RH at (a) 50 ◦C
and (b) 70 ◦C.

In addition, filaments stored at room temperature have different microstructures
depending on the humidity of the environment.

The fracture surface of filaments stored at high humidity for 24 h exhibits large cracks
and a microstructure with visible pores within a homogeneous mass (Figure 11a). After
three days of curing, these pores become numerous and take on a well-defined spherical
shape, similar to the microstructure observed after 28 days of curing (Figure 11b,c). Each
time, more or less significant cracks are observed on the fracture surface. Increasing the
curing temperature (50 ◦C and 70 ◦C) while maintaining high relative humidity results in a
microstructure like that obtained after three days at room temperature and high humidity
in only 24 h (Figure 10).
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Figure 11. SEM micrographs of fracture surface of GP 0Al filaments cured at room temperature under
100% RH after (a) 24 h, (b) 3 days and (c) 28 days.

As mentioned previously, filaments cured at low humidity for 24 h are strongly
deformed by the three-point bending test. Their surface shows no cracks (Figure 12). After
three days of curing, the fracture surfaces exhibit irregularities, visually indicating the
plasticity observed in the fracture curves (Figure 12a). Unlike samples stored at high
humidity, only fine cracks are visible. Pores are also visible, but the geopolymer matrix
seems less homogeneous. After 28 days of curing, the fracture surfaces are more clearly
defined but seem to have a double microstructure. The interior of the filaments presents a
microstructure similar to that observed after 24 h of curing in the case of filaments cured
under high humidity (Figure 12b). However, the exterior of the filament has a very dense
microstructure, with no visible porous network (Figure 12c).
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Figure 12. SEM micrographs of fracture surface of GP 0Al F cured at room temperature under low
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3.4. Compressive Stress of Molded Geopolymers and Lattices
3.4.1. Molded Geopolymers

Table 2 gathers the main properties of the geopolymer compositions studied in the
previous work. Figure 13 shows one of their typical stress/strain curves.

It is evident that the compressive strength decreases with increasing porosity. All
curves exhibit brittle behavior, with a linear elastic domain at low stresses followed by
a more or less significant plateau typical of fragile foams [20]. The extent of the lin-
ear elastic phase, representing undamaged material, diminishes as porosity increases.
The plateau following the linear phase is attributed to the collapse of the solid phase
inside the material by the crushing of the walls between the pores. In GPC compositions
(Figure 13b), higher quantities of aluminum powder led to the initiation of material damage
at progressively lower stresses, but there is a notable increase in the allowed deformation
before reaching fracture.

31



Ceramics 2024, 7

Table 2. Envelope density, total porosity and maximum compressive stress of molded geopolymers.

Designation Envelope Density
(g.cm−3) ± SD Total Porosity (vol.%) Compressive Strength (MPa)

± SD

G 0Al M 1.43 ± 0.01 34.2 ± 3.1 50.8 ± 5.2

GP 0Al M 1.40 ± 0.01 36.7 ± 1.6 41.6 ± 9.9

GPC 0.1Al M 0.90 ± 0.06 58.3 ± 3.4 5.0 ± 0.4

GPC 0.2Al M 0.74 ± 0.03 66.0 ± 2.3 3.4 ± 0.8

GPC 0.5Al M 0.65 ± 0.07 70.1 ± 3.1 2.4 ± 0.8

GPC 1Al M 0.61 ± 0.02 71.6 ± 1.7 2.1 ± 0.4

GP 0.5Al M 0.43 ± 0.03 79.7 ± 1.7 1.3 ± 0.3

GC 0.5Al M 0.28 ± 0.02 87.0 ± 1.2 0.21 ± 0.05

Ceramics 2024, 7, FOR PEER REVIEW  12 
 

 

following the linear phase is attributed to the collapse of the solid phase inside the mate-
rial by the crushing of the walls between the pores. In GPC compositions (Figure 13b), 
higher quantities of aluminum powder led to the initiation of material damage at progres-
sively lower stresses, but there is a notable increase in the allowed deformation before 
reaching fracture. 

Table 2. Envelope density, total porosity and maximum compressive stress of molded geopolymers. 

Designation  Envelope Density  
(g.cm−3) ± SD 

Total Porosity 
(vol.%) 

Compressive Strength 
(MPa) ± SD 

G 0Al M 1.43 ± 0.01 34.2 ± 3.1 50.8 ± 5.2 
GP 0Al M 1.40 ± 0.01 36.7 ± 1.6 41.6 ± 9.9 

GPC 0.1Al M 0.90 ± 0.06 58.3 ± 3.4 5.0 ± 0.4 
GPC 0.2Al M 0.74 ± 0.03 66.0 ± 2.3 3.4 ± 0.8 
GPC 0.5Al M 0.65 ± 0.07 70.1 ± 3.1 2.4 ± 0.8 
GPC 1Al M 0.61 ± 0.02 71.6 ± 1.7 2.1 ± 0.4 
GP 0.5Al M 0.43 ± 0.03 79.7 ± 1.7 1.3 ± 0.3 
GC 0.5Al M 0.28 ± 0.02 87.0 ± 1.2 0.21 ± 0.05 

 
Figure 13. Stress/strain curves of all molded geopolymers (a) and composition manufactured with 
aluminum powder ((b): detail of (a)). 

Figure 14 shows the evolution of the compressive strength as a function of the enve-
lope density of the samples. A power law with a good correlation coefficient was chosen 
to represent this evolution. However, it tends to underestimate compressive strengths at 
lower envelope densities. Despite this limitation, this relationship provides an estimate of 
the expected compressive strength for molded geopolymers with similar composition. 

Figure 13. Stress/strain curves of all molded geopolymers (a) and composition manufactured with
aluminum powder ((b): detail of (a)).

Figure 14 shows the evolution of the compressive strength as a function of the envelope
density of the samples. A power law with a good correlation coefficient was chosen to
represent this evolution. However, it tends to underestimate compressive strengths at
lower envelope densities. Despite this limitation, this relationship provides an estimate of
the expected compressive strength for molded geopolymers with similar composition.
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3.4.2. Three-dimensional-Printed Geopolymer Lattices

The main properties of the geopolymer lattices obtained by direct ink writing are
summarized in Table 3. G 0Al R have greater porosity—and therefore lower compressive
strength—compared to G 0Al M, thanks to the spacing between the filaments. The lattices
made with 0.1, 0.2, 0.5 and 1% aluminum powder have similar total porosities (for more
information, see [14]) and therefore similar compressive strengths.

Table 3. Envelope density, total porosity and maximum compressive stress of lattices.

Designation Envelope Density
(g.cm−3) ± SD Total Porosity (vol.%) Compressive Strength (MPa) ± SD

GP 0Al R 1.08 ± 0.04 51.1 ± 2.7 18.3 ± 5.3

GPC 0.1Al R 0.83 ± 0.04 61.6 ± 2.4 2.7 ± 0.5

GPC 0.2Al R 0.70 ± 0.03 67.9 ± 2.3 3.3 ± 0.3

GPC 0.5Al R 0.75 ± 0.05 65.6 ± 3.3 3.2 ± 0.6

GPC 1Al R 0.74 ± 0.04 65.5 ± 2.8 3.0 ± 0.6

The stress/strain curves do not always present a linear elastic domain, likely due to
local defects and the difficulty of obtaining perfectly parallel surfaces on these samples
(Figure 15). The irregular decreases in stress could also be due to the progressive collapse
of the layers by the fracture of the filaments, possibly at the junctions of the filaments, or by
the propagation of cracks already present within the material.
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The addition of the points corresponding to lattices on the evolution of the compressive
strength as a function of the envelope density leads to a lower correlation coefficient (drop
from 0.98 to 0.70, Figure 16). However, the points respect the general trend.
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4. Discussion
4.1. Influence of PEG and Curing Parameters on Filament Bending Stress
4.1.1. Impact of Storage at High Relative Humidity on the Properties of Geopolymers

At high relative humidity, Baird et al. [21] demonstrated that PEG 1450 absorbs
atmospheric humidity through the phenomenon of deliquescence, transitioning from a
solid to a solution by sorbing significant amounts of atmospheric moisture. Although
this phenomenon depends on the molar mass of PEG and temperature, the study shows
that the deliquescence of PEG 1450 at 25 ◦C begins at 66% relative humidity and at 49%
relative humidity at 40 ◦C. Although our work involves a slightly different PEG (PEG 1500)
and different temperatures (room temperature, 50 ◦C and 70 ◦C), this study’s findings
suggest that under our conditions, at 100% relative humidity, the polyethylene glycol in
geopolymers is likely to undergo deliquescence. Part of PEG is probably in the liquid state,
especially since the temperatures 50 ◦C and 70 ◦C are higher than the melting temperature
of PEG 1500 (45 ◦C). This high relative humidity would allow for the conservation of a
large quantity of water within the capillary network.

This presence of water explains the systematic detection of sodium carbonates in
infrared spectroscopy after 28 days of storage at high humidity (Figure 8). Carbonate
formation indeed requires water to dissolve the CO2 present in the air [22]. This observation
suggests that sodium is found in excess in the geopolymer network and is free to react
to form carbonates. Thus, PEG is immersed in an extremely basic environment which
could, over time, degrade it and explain why it is not detected in infrared spectroscopy
after 28 days. But this could also be explained by the fact that the bonds constituting PEG
are probably looser since it is in the liquid state, and its presence could be masked by the
spectrum of water.

The liquid state of PEG at high humidity explains the greater spreading of the filaments
cured in these conditions (Figure 9). The filament spreading diminishes progressively with
rising temperatures (Figure 10), likely due to the accelerated geopolymerization process.
Indeed, it takes between 24 h and 3 days for filaments stored at room temperature to reach
mechanical properties close to the final properties (Figure 3). For storage of filaments at
50 and 70 ◦C, this time is reduced to less than 24 h. Increasing the curing temperature
accelerates the geopolymerization at high humidity.

The presence of PEG does not affect the mechanical properties in the bending of
geopolymer filaments cured at high humidity (Figure 3 and Table 1). Filaments with PEG
present mechanical properties equivalent to compositions without PEG and close to the
values reported in the literature, with a flexural strength between 10 and 20 MPa [2,23].

But the introduction of PEG has an impact on the mechanical properties in the com-
pression of molded samples cured under high relative humidity. The compressive strength
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decreases on average from 50.1 to 41.6 MPa after the addition of PEG (Table 2). This
difference is more likely due to a difference in density as the molded samples containing
PEG are more porous than the molded samples without PEG. Given the higher viscosity
of pastes containing PEG [14], they are more prone to trapping air bubbles, potentially
leading to sample failure. Despite this difference in mechanical properties in compression,
the orders of magnitude obtained for these mechanical properties are consistent with those
found in the literature (compressive strength around 50 MPa) [24].

4.1.2. Impact of Low Relative Humidity Storage on Geopolymer Properties

After curing at low relative humidity, the filaments exhibit unusually high mechanical
properties, regardless of temperature and curing duration (Figure 3). However, filaments
without PEG maintain normal mechanical properties regardless of humidity conditions
(Table 1).

The first hypothesis to explain this phenomenon would be that PEG, which does not
undergo deliquescence at low humidity, might act as a mechanical binder by solidifying
and forming a continuous 3D network within the geopolymer. Its solid form is always
detected in infrared spectroscopy after grinding filaments cured under these conditions
(Figure 7). Despite curing temperatures of 50 ◦C and 70 ◦C exceeding PEG’s melting point,
there is a possibility that PEG rapidly solidifies within the structure upon returning to room
temperature for the tests.

An alternative hypothesis emerges based on recent findings by Samuel and Kriven [4].
They conducted microhardness measurements on geopolymer bars cured at 20 ◦C and
40% RH, revealing notably high surface microhardness over an approximate thickness of
2 mm. The authors attribute this phenomenon to potential residual stresses near the surface
induced by capillary stresses from rapid water evacuation and/or density variations within
the material due to these stresses. Given the small size of the filaments in this study (840 µm
in diameter), it is plausible that these residual stresses contribute to the observed significant
mechanical properties, especially considering the filaments exhibit a density gradient after
28 days of curing (Figure 12b,c). The rapid evacuation of water and the stresses generated
may be sufficient to prevent filament spreading. The fact that the PEG-free sample did not
exhibit high properties at low humidity (Table 1) could be since the mold was opened two
hours after molding the filaments, to allow them to retain their shape. These two hours in
endogenous conditions were perhaps enough to modify the constraints within the filament.
In this scenario, PEG does not act as a mechanical binder, although present in the structure
(because detected in infrared).

Finally, it is possible that these unusually high mechanical properties at low humidity
can be explained by a combination of these two hypotheses, with PEG acting as a mechani-
cal binder, residual stresses and density variation. Additional tests must be carried out to
achieve a more comprehensive understanding of the phenomena.

These hypotheses are consistent with the fact that filaments cured at low humidity
and room temperature for up to 3 days deform plastically, while filaments cured at high
humidity do not (Figures 4 and 5). Samuel and Kriven [4] observe a similar behavior on
geopolymer bars without PEG. This behavior becomes more pronounced with the decrease
in the amount of water introduced into geopolymer pastes. The curing process at low
humidity may prevent the retention of a sufficient water quantity within the capillary
network. The hygroscopic nature of polyethylene glycol could contribute to this effect,
resulting in insufficient water availability for proper species dissolution and network
formation. Additionally, unlike filaments cured at high humidity, there is no discernible
carbonation peak (Figure 7), indicating insufficient water for carbonate formation (where
sodium is necessarily present). The geopolymerization phenomenon, already slower at
room temperature than at 50 and 70 ◦C, would therefore be further slowed down. The
material would be composed of partially dried alkaline silicate, partially solid polyethylene
glycol and geopolymer/metakaolin particles. These components would form a deformable
gel, which can be further reinforced by the presence of PEG, and which would constitute the
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mechanical skeleton of the geopolymer during the first 24 h, while the geopolymerization
takes place slowly until influencing the fracture behavior. However, this geopolymerization
at room temperature and low humidity is clearly incomplete. When the storage conditions
are reversed, the flexural strength of the filaments collapses below the anticipated level,
equivalent to the flexural strength of filaments stored at high humidity, which formed their
own geopolymer network without being influenced by rapid water drainage (Figure 6). In
addition, a very significant carbonation peak is detected in infrared spectroscopy (Figure 7a).
This is probably due to the rehydration of the sodium-containing species which did not
have time to react to form the geopolymer network before curing. Consequently, sodium
returns to solution due to high ambient humidity and reacts to form carbonates. Moreover,
the microstructure of the filament is very dense after 3 days of storage, and only the core
of the filament shows the signs of a porous network characteristic of a geopolymer after
28 days of curing (Figures 9 and 12).

Samuel and Kriven [4] also observed incomplete geopolymerization on the surface of
their samples without PEG stored at 20 ◦C and 40% RH.

Filaments cured at low humidity at 50 ◦C and 70 ◦C do not exhibit plasticity during
the first curing days (Figure 4a). But these samples also exhibit unusually high mechanical
properties. When humidity conditions are reversed, these properties collapse to levels
comparable to filaments cured at high humidity (Figure 6). Following this reversal, the
infrared band of PEG is nearly absent, and the carbonation signal is notably reduced
compared to filaments cured at low humidity and room temperature. These observations
suggest that the geopolymer network was well formed and that the transition to high
humidity caused either the deliquescence of the PEG, rendering it ineffective as a binder
(resulting in a mechanical structure purely made of geopolymer), or the relaxation of the
constraints within the structure or both.

Several hypotheses can be considered and combined to explain this more complete for-
mation of the geopolymer network at 50 and 70 ◦C at low humidity. First, the temperature
increase accelerates geopolymerization reactions sufficiently to occur, while there is still
enough water in the medium. Then, the melting temperature of PEG might be exceeded
in the case of curing at 50 ◦C and 70 ◦C. The PEG being in a liquid form, its hygroscopic
nature might be limited, and more water could be found within the structure in the early
stages. Despite efforts to minimize the time between exiting the oven and conducting the
bending test, the rapid cooling of the small filaments (840 µm in diameter) may result in
the quick return of PEG to a solid state, resuming its role as a binder during the test.

These observations indicate that it is not the presence of PEG that limits geopolymer-
ization and confers plasticity properties at room temperature but rather the lack of water
within the geopolymer during curing at low humidity. However, it is difficult to assert
that PEG is responsible for the unusually high mechanical properties. These could also be
explained by the presence of residual stresses following the rapid evacuation of water.

Storing samples at room temperature and low humidity after 28 days of storage at
high humidity does not result in a significant increase in mechanical properties (Figure 6).
The properties remain stable. The PEG band is almost not detected in infrared spectroscopy
(Figure 8). In the case of a hypothesis where PEG acts as a mechanical binder, it is possible
that it has been degraded by the basic environment at high humidity and can no longer
play a binding role during the transition to low humidity. Alternatively, PEG may have
been evacuated from the structure during the gradual formation of the geopolymer gel, or
two days at low humidity might be insufficient for its solidification, particularly within the
filament’s core. Whatever remains inside the structure might not be present in a sufficient
quantity to be detectable. Since the geopolymer network has already formed, and the PEG
in liquid form at high humidity has been excluded from this network, it can no longer
act as a binder at low humidity. In the scenario where high mechanical properties at low
humidity result from residual stresses, it is not possible to achieve higher mechanical
properties by lowering the humidity. The geopolymer network is already formed without
being influenced by the rapid drainage of water. These residual constraints have no reason
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to reappear. The non-detection of PEG may be due to degradation or its presence in too
small a quantity.

4.2. Influence of Porosity and Shaping on Mechanical Properties

The results presented in Section 3.4 highlight the correlation between the compressive
mechanical properties and sample porosity. Molded geopolymers exhibit a power law
relationship between the two parameters, enabling the estimation of compressive strength
based on envelope densities (Figure 14). However, this law proves less effective for the most
porous lattices. This less good agreement for the samples obtained by direct ink writing
could be explained by the inherent difficulty in achieving a flat surface for compression
testing, leading to increased uncertainties in measurements. But it could also be due to
the different fracture mechanisms of the molded foams, linked to the progressive fracture
of the filaments and the presence of the millimeter scale of porosity. The study of the
fracture surfaces and the tomography of the filaments containing PEG reveal the existence
of cracks prior to any testing (Figure 17, cracks are highlighted by red circles), potentially
influencing structural failure. The compression curves of architectural structures display
numerous irregularities, likely attributed to the propagation of these pre-existing cracks
and the gradual fracture of filaments.
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Figure 17. The microtomography of a filament of composition GP 0Al F having been stored for 3 days
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An exact comparison of these results with the literature proves challenging due to the
dependence of these mechanical properties on various parameters, including raw materials,
additives, curing conditions, and the type and morphology of blowing agents.

However, the average compressive strength of G 0Al M (50.8 MPa) closely aligns with
that reported by Rowles and O’Connor (51.3 MPa) for geopolymers of similar composition,
although the article does not specify the density of the samples [24].

Regarding molded foams, those produced in previous studies by incorporating alu-
minum powder typically exhibit envelope densities ranging from 0.4 to 0.8 g.cm−3 for a
compressive strength between 0.4 and 3.7 MPa [25,26]. The foams generated in this work
fall within this range and are therefore satisfactory.

For lattices, GP 0Al R has a compressive strength a little higher than that obtained by
Franchin et al. [27] for geopolymer lattices of similar composition and porosity (11.5 MPa
for 49.8% total porosity versus 18.3 MPA for 51.1% total porosity in this study). Gonçalves
et al. [11] produced structures with a compressive strength of 17.3 ± 1.1 MPa for a total
porosity of 65.9%. It is important to highlight that in those studies, porosity was induced
by adjusting the spacing between filaments, whereas in our research, a significant part of
the porosity is located inside the filament itself. A study closer to ours was carried out by
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Oliveira et al. [12] who added porous fillers (activated carbon and hydrotalcite) into the
geopolymer paste and printed structures with a compressive strength of 5.2 ± 0.8 MPa for
a total porosity of 67.2 ± 0.2%.

5. Conclusions

This article studies the mechanical properties of metakaolin-based geopolymers
shaped by molding and 3D printing.

It appears that the mechanical properties of extruded geopolymers in bending vary
significantly depending on the humidity and temperature of the environment. Filaments
containing PEG cured under low humidity conditions demonstrate unusually high me-
chanical properties (>115 MPa after 28 days) compared to filaments cured at high humidity
(between 20 and 30 MPa after 28 days). These elevated mechanical properties are not stable
and decrease when samples transition from dry to humid environments (<30 MPa).

Polyethylene glycol, added to enable the 3D printing of geopolymers, may be responsi-
ble for the abnormally high mechanical properties observed under low humidity. However,
it is difficult to determine whether these observations are really due to a mechanical binder
role played by PEG and/or to the presence of residual stresses. Additional studies are
needed to clarify this point and to better understand the interactions of PEG with the
geopolymer and the water available in the environment.

Under room temperature and low humidity curing conditions, the insufficient pres-
ence of water impedes complete geopolymerization, leading to mechanical properties that
are both unstable and significantly low when exposed to high humidity (5 MPa). Con-
versely, storing samples at room temperature and high humidity results in consistently
stable mechanical properties. Elevating the storage temperature accelerates geopolymeriza-
tion, appearing to be rapid enough to offset water evacuation at low humidity and achieve
complete geopolymerization. However, despite this, the samples cured at low humidity
still display mechanical instability in response to humidity fluctuations.

Opting for printing and curing under high humidity conditions appears to be the
most judicious decision for achieving samples with both complete geopolymerization and
consistently stable mechanical properties. The strategic combination of high humidity
with storage temperatures of 50 ◦C or 70 ◦C emerges as an effective approach to accelerate
geopolymerization without compromising the mechanical integrity of the samples.

This work also focused on the influence of the shaping technique and porosity on the
mechanical properties of geopolymers.

For molded geopolymers, a significant correlation emerged between compressive
strength and envelope density. However, this correlation proves less pertinent for lattices,
particularly those containing aluminum powder. The divergence suggests potential dif-
ferences in fracture mechanisms between the two sample types. omplementary in situ
monitoring of the compression test by X-ray tomography would be interesting to follow
the initiation and propagation of cracks.
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Abstract: The advancement of 3D printing technology has been remarkable, yet the quality of printed
prototypes heavily relies on the rheological behavior of the materials used. This study focuses
on optimizing geopolymer-based composite formulas to achieve high-quality 3D printing, with
particular attention given to rheological analysis. Three metakaolins, Argical M1200s, Metamax,
and Tempozz M88, were used as alumino-silicate precursors for the preparation of the geopolymer
binders. Rheological studies were conducted on viscosity, shear stress, and responses to oscillations
in amplitude and frequency. The Tempozz M88-based binder was identified as the most effective
for the extrusion due to its optimal rheological properties. Subsequently, the study investigated
the influence of the amount, up to 55%, and morphology of the fillers, comprising feldspar and
wollastonite, on the rheology of the pastes. Also, the addition of Xanthan gum, a gelling agent
in the geopolymer paste, was analyzed, revealing improved extrusion quality and more stable
bead structures. Finally, a comprehensive comparison was carried out between two formulations
chosen according to rheological observations, utilizing image sequences captured during 3D printing.
This comparison highlighted the formulation that ensures structural stability, design accuracy, and
minimized sagging. This study underscores the significance of geopolymer formula optimization,
leveraging rheology as a pivotal tool to enhance 3D printing quality, thereby facilitating more precise
and reliable applications of additive manufacturing.

Keywords: geopolymer-based composites; 3D printing; rheological characterization; rheological
modifier additive

1. Introduction

In an age marked by escalating environmental concerns and the imperative for sus-
tainable practices, the importance of green materials has become increasingly evident
[1,2]. According to OECD data, the materials sector contributed 23% of global CO2 emis-
sions in 2023, with 19% stemming from cement, steel, and the production of chemicals [3].
Green materials, such as geopolymers, play a vital role in mitigating the environmental
impact and enhancing quality of life [4,5]. Geopolymers, coined by Joseph Davidovits
in the 1970s, offer a promising alternative to Portland cement, boasting eco-friendliness,
versatility, and cost-effectiveness [6]. Their properties, including straightforward prepara-
tion and impressive physico-chemical attributes, have attracted significant attention from
researchers [7,8].

However, the adoption of green materials alone cannot ensure ecological preservation;
manufacturing processes also play a critical role. Additive manufacturing, or 3D printing,
offers advantages such as reduced manpower and space requirements, leading to improved
workforce efficiency and productivity [9]. Moreover, it enables customization opportu-
nities, resulting in cost and time savings [10,11]. The synergy between green materials
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and additive manufacturing, exemplified by “extrusion-based geopolymer composites”,
represents a powerful force for environmental preservation and underscores technology’s
role in fostering sustainability for a greener future.

The success of 3D printing, particularly for complex geometries, is heavily dependent
on the rheology of the paste used. Rheological properties such as viscosity, yield stress, and
viscoelasticity are critical in ensuring that the material flows smoothly during extrusion,
maintains its shape post-deposition, adheres to previous layers, and solidifies into a durable
structure. A high recovery rate after shear is essential to minimize filament sagging during
extrusion, preserving the structural integrity of the printed part. Optimizing viscosity and
thixotropy is especially challenging: the paste must be fluid enough to extrude easily, yet
regain its strength quickly after deposition to support subsequent layers. Thixotropy helps
the material flow under stress and recover its viscosity once the stress is removed, ensuring
precision in layer placement. At the same time, yield stress must be finely controlled to
prevent the material from deforming under the weight of additional layers while still
allowing flow during the extrusion process. These factors are crucial to overcoming
common issues like poor interlayer adhesion or material collapse in intricate designs. Thus,
achieving the right balance of rheological parameters is vital not only for successful 3D
printing of complex shapes but also for ensuring the printed structure’s mechanical stability
once cured [12,13].

Zoude et al. [14] investigate how the mechanical properties of geopolymers vary
based on their shaping and curing parameters. The findings reveal that the shaping method
and curing conditions significantly impact the strength and durability of geopolymers.
Understanding this connection is important for ensuring that printed geopolymer struc-
tures can achieve the necessary mechanical integrity for practical applications, especially
in construction.

Franchin et al. [15] contributed to the understanding of rheological properties specific
to 3D printing by focusing on geopolymer ink formulations. Their work aimed to balance
printability with the functional performance of the material. However, the ink formulations
in this study consisted solely of the geopolymer binder, without the inclusion of reinforcing
materials. Despite producing highly porous ceramic lattices, up to 70% porosity, this work
highlighted the need for further improvements in formulation to achieve more robust and
functional prints.

In contrast, Ma et al. [16] emphasized the ability to fine-tune the mechanical properties
of printed geopolymer structures through direct ink writing, achieving high spatial resolu-
tion. Their research demonstrated that the printing resolution and material composition
could be adjusted to produce components with specific mechanical characteristics, such
as stiffness or flexibility, making the technology suitable for creating highly customized
parts. Pramanik et al. [17] examined the effect of extrusion parameters on the structural
performance of geopolymer-based prints, reinforcing the notion that extrusion speed,
nozzle geometry, and other processing factors must be finely tuned to achieve desired
outcomes in printed parts. Other studies, such as those by Ricciotti et al. [18] and Wang
et al. [19], have highlighted the evolution of extrusion-based 3D printing technologies
using geopolymers. These works explored critical aspects such as the production process,
printability, mix design, and early-age properties, alongside the sustainability benefits of
using geopolymers. Geopolymers, known for their reduced carbon footprint compared to
traditional cement, are positioned as an environmentally friendly material suitable for both
construction and industrial applications.

Panda et al. [20] made significant strides in developing a one-part geopolymer mix
designed specifically for 3D printing. This research provided insights into how material
formulation can be optimized to allow for better shape retention during the printing
process, ensuring that layers do not collapse or deform as subsequent layers are added.
Their findings emphasize the importance of rheological control in ensuring the stability of
3D-printed layers.
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Further studies on rheological behavior [21,22] have investigated critical factors such
as shear-thinning behavior and shape retention during printing. These properties are
crucial for maintaining the dimensional accuracy of printed prototypes, particularly in
intricate designs. Ma et al. [23] underscored the role of rheology modifiers in enhancing
both the printability and mechanical properties of the final product. Additionally, the role
of fillers and additives has been well-documented in the literature. For instance, fibers
and other reinforcements [24] improve the rheological performance of geopolymer pastes,
making them more suitable for extrusion. Gelling agents, such as Xanthan gum, have
been studied for their ability to improve the structural integrity of printed components in
various applications. Chen et al. [25] and Cofelice et al. [26] have also shown its ability to
enhance the structural integrity of printed food components and other applications.

Finally, recent printability assessments [27,28] highlight various factors that influence
printing efficiency and quality, including material composition and process parameters.
Structural performance analyses [29,30] provide further insights into the mechanical prop-
erties and durability of 3D-printed geopolymers, which are essential for applications
requiring strength and stability. Despite these advancements, a significant gap remains
in quantitatively linking rheological properties to printability [31]. This presents an op-
portunity for further research to optimize extrusion-based geopolymer formulations for
enhanced performance and broader application versatility.

The primary objective of this research is to enhance 3D printing technology by focusing
on producing small, high-precision, and complex parts. As part of the GEOFAB project,
these prototypes will be used in industrial applications, specifically for creating molding
inserts used in thermoforming curved components in the aeronautical and automotive in-
dustries. Although the literature primarily focuses on large-scale construction applications
and small-scale porous geopolymers or foams, this research targets heavily filled ceramic-
like geopolymer composites to mitigate shrinkage, enhance mechanical properties, and
investigate the effects of size distribution and morphology of the mineral filler elements.

The originality of this study lies in the development and optimization of geopolymer
composites that are highly reinforced with mineral fillers. We aim to identify the optimal
composition for high-quality extruded cord production and understand the influence of
filler morphology and distribution. We began with a comprehensive assessment of different
binders, including metakaolin variants (Tempozz M88, Metamax, and Argical M1200s)
combined with potassium silicate, formulated through an alkaline process. Our selection
was based on an in-depth analysis of rheological attributes.

After identifying the most suitable binder, we explored combinations filled up to 55%
by weight with feldspar and wollastonite, chosen for their superior rheological performance.
We also examined the effects of adding xanthan gum as a rheological modifier and gelling
agent, focusing on its impact on rheological characteristics. Following the formulation of the
optimal mix, we conducted comprehensive 3D printing trials to validate the functionality
and performance of the geopolymer composite. These trials were essential to ensure that
the material not only met the theoretical expectations derived from rheological testing but
also performed reliably in practical applications.

2. Geopolymer-Based Composite Formulations
2.1. Material Characterization

The geopolymer binders were prepared from Woellner potassium silicate solution
(Geosil 14517, Ludwigshafen, Germany) with a molar ratio of SiO2/K2O of 1.7. To com-
plement the silico-aluminate matrix synergistically with potassium silicate, we opted for
metakaolin as the fundamental building block source. Three distinct types of metakaolins
were examined: Tempozz M88 (Temcon, Germany/China), Argical M1200s (Imerys, Paris,
France), and Metamax (KAMIN, Macon, GA, USA), referred to as M88, M1200s, MX, re-
spectively, each presenting specific characteristics. This initial selection process was guided
by an assessment of their rheological properties, aiming to identify the most suitable binder
for our 3D printing objectives.
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Following the identification of the optimal binder, the next step involved optimizing
the filler ratio within the binder matrix. The incorporation of fillers serves to fine-tune the
material’s characteristics, resulting in a final product with enhanced mechanical strength
and reduced shrinkage. The chosen fillers include Feldspar IMX424 (Imerys, France) and
Wollastonite 1250 mesh (Xatico, Luxembourg). Additionally, an extra step involved the
introduction of a gelling agent, Xanthan gum, to the formulation.

In the scope of our investigation, supplementary experiments were conducted to fur-
ther characterize our raw material powders. Particular emphasis was placed on examining
the morphology of both our metakaolins and fillers, as depicted in Figures 1 and 2, respec-
tively, utilizing Hitachi SU5000 (Hitachi High-Tech, Tokyo, Japan) and images acquired
through Scanning Electron Microscopy (SEM). These SEM images offered invaluable visual
insights, facilitating a detailed examination of the material morphology and enhancing
our comprehension of microscopic properties. Following this, we proceeded to analyze
the chemical composition of these constituents, as outlined in Table 1, employing Energy-
Dispersive Spectroscopy (Thermo Scientific™ UltraDry EDS Detector, Waltham, MA, USA)
to identify and quantify the elements present in the samples.

(a) (b) (c)
Figure 1. SEM micrographs of metakaolins: (a) M1200s, (b) M88, (c) MX.

(a) (b) (c)
Figure 2. SEM micrographs of fillers: (a) Feldspar IMX424, (b) Wollastonite 1250 mesh, and additive:
(c) Xanthan Gum.

Table 1. Chemical composition of constituent materials by weight (%).

Sample O Na Al Si P S K Ca Ti Fe Zr Mg Cl

Tempozz M88 51.52 0.14 22.38 22.88 0.30 0.15 0.01 0.12 0.86 0.40 1.24 0.00 0.00
Metamax 52.40 0.27 19.36 20.79 0.65 0.42 0.00 0.00 0.95 0.19 4.66 0.28 0.04
Argical M1200s 51.11 0.08 18.52 22.07 0.60 0.15 0.70 0.12 0.52 1.24 4.03 0.84 0.01
Feldspar IMX424 52.20 0.25 4.41 38.50 0.00 0.00 4.65 0.00 0.00 0.00 0.00 0.00 0.00
Wollastonite 1250 mesh 48.99 0.00 0.28 20.16 0.00 0.00 0.00 30.27 0.00 0.00 0.00 0.31 0.00

The particle size distribution of metakaolins and fillers was thoroughly investigated
through laser analysis using the Malvern Mastersizer 3000 (Malvern Panalytical, Malvern,
UK), and the findings of this study are summarized and visually presented in Figure 3
alongside the median particle size data presented in Table 2.
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Figure 3. Particle size distribution of raw materials.

Finally, in-depth analyses were conducted to determine the specific surface area of
metakaolins using Micromeritics TriStar II (Micromeritics Instrument, Norcross, GA, USA),
revealing that M1200s exhibits the highest specific surface area, measured at 29.673 m2/g.
Next, M88 follows with a surface area of 25.104 m2/g, and finally, Metamax displays a
surface area of 22.864 m2/g. The specific surface areas of the metakaolins, along with those
of the fillers, are summarized in Table 2 for a comprehensive comparison. These results
have yielded crucial insights into the potential reactivity of the materials and their physical
properties, thereby enhancing the database and characterizing our raw materials within
the context of our study.

Table 2. Characterization of constituent materials.

Sample Argical M1200s Metamax Tempozz M88 Feldspar IMX4224 Wollastonite 1250 Mesh

Median particle size (µm) 2 5 3 20 10

Specific surface Area (m2/g) 29.673 22.864 25.104 3.851 51.523

2.2. Mix Design Method

The process of mixing geopolymer components involves several key steps to ensure
thorough blending and uniform distribution. In the initial stage, M1200s, M88, or MX-
metakaolin, along with potassium silicate, are combined in a molar ratio of K:Al = 1 [32].
This blending process is carried out using a Hei-Torque 200 mixer (Heidolph Instruments,
Schwabach, Germany) at 350 rpm for 10 min to ensure thorough mixing of the base
materials. These mixtures will be denoted as B-M1200s, B-M88, and B-MX, respectively.

Subsequently, a meticulous manual blending process is undertaken to ensure the
uniform distribution of various fillers. Within our geopolymer-based composite paste
formulations, which comprise either 40% or 55% of fillers added to 75 g of metakaolin-
based binder, we explored four distinct options. Initially, ‘GP-F’ integrates 100% feldspar as
the filler to understand its impact on the binder, while ‘GP-FW’ combines 80% feldspar with
20% wollastonite to evaluate the effect of incorporating a needle-shaped filler. Moreover,
‘GP-FWMax’, aimed at understanding the implications of adding more fillers, constitutes
a blend of 80% feldspar and 20% wollastonite, transitioning from 40% to approximately
55% filler in the total weight of the geopolymer paste. Lastly, in the ‘GP-FWXg’ formula,
we aimed to assess the influence of adding an additive to the formulation, where 79.5%
of feldspar and 20% of wollastonite are combined with 0.5% of Xanthan gum additive to
obtain 40% of fillers in the total weight of the geopolymer paste, as specified in Table 3.
Following the filler mixing step, the mixture undergoes further blending for one minute
at 200 rpm, with the duration of this final step varying depending on the additives used,
typically ranging from 10 to 15 min. This systematic approach ensures the meticulous
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preparation of geopolymer paste formulations tailored specifically for 3D printing, thereby
guaranteeing reliability and consistency throughout the printing process.

Table 3. Proportions of fillers (%).

Formula Feldspar/Fillers (%) Wollastonite/Fillers (%) Xanthan Gum/Fillers (%) Total Weight Fillers (%)

GP-F 100 0 0 40
GP-FW 80 20 0 40
GP-FWMax 80 20 0 55
GP-FWXg 79.5 20 0.5 40

2.3. Rheological Protocol

The comprehension of rheological traits, particularly in materials such as geopolymer-
based composites, involves introducing intentional disturbances to establish relationships
between stimuli and responses [33]. In the realm of rheology, geopolymers often exhibit
non-Newtonian behavior, viscoelasticity, and thixotropy [34,35].

The rheological characterization of geopolymer-based composite was carried out
using the rotational Kinexus Lab+ rheometer (NETZSCH, Germany), employing vane
geometry with a 25 mm diameter and 61 mm blade length. Measurements were consistently
performed at 20 °C, with a 5 min material rest period when the upward plate reached the
appropriate position. A pre-shear step is utilized in rheological experiments to standardize
the rheological history of samples, ensuring a uniform initial state for all tests.

2.3.1. Shearing Tests

Continuous shear rheology involves applying a constant, steady shear rate to a ma-
terial over a sustained period. This testing method is valuable for understanding the
long-term behavior of materials, encompassing aspects such as flow properties, viscos-
ity and shear-thinning behavior [36]. The first test focuses on the viscosity–shear rate
relationship, highlighting variations in the viscosity of geopolymer composite material
during 3D printing. To characterize our formulations, a shear rate ramp protocol ranging
from 0.01 to 100 s−1 over a 10 min period was employed. The second test, known as the
three interval-time-thixotropy (3ITT) test, involves a series of stages: an initial low shear-
ing interval at 0.001 s−1 to assess the preserved geopolymer-based composite structure’s
viscosity, followed by a phase of structural breakdown at elevated shear rates of 100 s−1.
Subsequently, the material returns to a low shear interval of 0.001 s−1 to observe the process
of structural reformation.

2.3.2. Oscillatory Tests

Oscillatory shear rheology involves the periodic variation in shear stress or the rate of
strain in shear flow kinematics over time [36]. The first test is the amplitude sweep, where
a material undergoes increasing strain or deformation amplitudes at a fixed frequency [37].
To determine the transition of the material’s state from linear to non-linear viscoelastic
regions, a stress sweep ranging from 0.001% to 100% was conducted, with a fixed frequency
of 1 Hz for all samples [31,35,38]. The second test is the frequency sweep, a rheological
testing technique characterizing the viscoelastic behavior of materials across a range of
frequencies. The frequency range covers at least three decades, specifically from 0.1 Hz
to 10 Hz, and the stress sweep was set at 0.01% to capture the material’s full behavioral
spectrum [31].

2.4. Three-Dimensional Printing Protocol

In order to delve deeper into the correlation and validation of rheology test results, we
proceeded with printing two distinct formulations to compare and validate our conclusions
drawn from the previous section.
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Our custom-built 3-axis gantry printer, developed in-house, is designed for building
3D-printed geopolymer-based composites. As shown in Figure 4, this printer can construct
specimens up to 360 mm (Length) × 240 mm (Width) × 40 mm (Height). It operates using
a piston extrusion mechanism powered by compressed air, reaching pressures up to 10 bars.
This system is crucial for handling the viscous and shear-thinning properties of geopolymer
pastes, which require controlled extrusion to maintain structural integrity [39]. Air pump
pressure was carefully controlled between 1.5 and 4.5 bars, depending on the rheology of
the mixture, to ensure consistent extrusion.

Figure 4. The 3D printing machine.

The extrusion system features a screw auger, allowing for precise control of both
pressure and material flow rate. This level of control ensures consistent layer deposition
and reduces common defects like air entrapment and inconsistent flow during printing.
The auger’s ability to handle varying material viscosities makes it particularly effective
for geopolymer pastes, which often require fine-tuned adjustments during the extrusion
process to balance flow and stability [40]. Compared to traditional piston systems, the
screw auger imposes fewer mechanical constraints and reduces maintenance needs, enhanc-
ing long-term reliability and lowering operational costs. Additionally, its adaptability to
complex geopolymer formulations, such as those with fillers or fibers, ensures even distri-
bution of materials, which is critical for achieving uniform structural properties throughout
the printed part. This flexibility is essential in ensuring the quality and performance of
geopolymer composites in 3D printing applications [40].

This study employed nozzle diameters, spanning from 0.6 mm to 9.5 mm, to thor-
oughly assess the printability of geopolymer mixtures on a polypropylene surface. A
range of shapes, including straight-wall, cylindrical and complex designs, were printed
to evaluate extrusion behavior and structural integrity. Figure 5 presents the geometries
after slicing, prepared using PrusaSlicer. These sliced models showcase the layer-by-layer
breakdown of the structures, ready for 3D printing. The first test, involving a four-layer
wall printed with a 9.5 mm nozzle (Figure 5a), focused on layer bonding and its effect on
the stability of the first layer. Image analysis and MATLAB-based automation were used to
standardize print quality assessment, monitoring geometric accuracy and the impact of
layer deposition on factors such as deformation and sagging. The second test, using a 2 mm
nozzle (Figure 5b), aimed to assess precision and stability when printing finer geometries,
while also observing how curved trajectories influenced the elasticity of the formulations.
Finally, the third test involved printing a complex geometry (Figure 5c) to study the impact
of material flow on structural stability, particularly in intricate shapes. Additionally, we
aimed to examine how printing at various angles impacted the deposition and quality of the
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printed strand, focusing on how these orientations influenced the overall performance and
consistency of the formulation. These tests provided a comprehensive understanding of
geopolymer performance, optimizing both material composition and extrusion parameters
to enhance 3D printing quality by addressing key factors like deformation, sagging, and
structural stability [39,40].

(a) (b) (c)
Figure 5. (a) Four-layer wall, (b) cylinder, (c) complex shape.

3. Results and Discussion

The initial crucial factor involves thoughtful material selection, encompassing binders
(M88, M1200s, MX), fillers (Feldspar IMX424, Wollastonite 1250 mesh), and additive (Xanthan
Gum), each contributing distinct rheological properties that must synergize in the formula-
tion.

3.1. Rheometry Development for Extrusion-Based 3D Printing of Geopolymer Composites
3.1.1. Comparative Analysis of Binders: Rheological Behavior Evaluation

In this comparative analysis, we investigated three binders: B-M1200s, B-M88, and B-
MX, each representing a combination of metakaolin (M1200s, M88, and MX) with potassium
silicate. Each material presents distinct rheological characteristics, shedding light on their
suitability for various applications, particularly in 3D printing.

Viscosity Shear Tests
B-M1200s stands out due to its remarkably high viscosity, which measures at 969.1 Pa.s,

surpassing that of other examined binders (Figure 6). This distinct viscosity profile is at-
tributed to B-M1200s’s shorter reaction time, facilitating the formation of intricate polymeric
structures. The particle size distribution of M1200s metakaolin is notably different, with a
median size (d50) of approximately 2 µm, the smallest among the compared metakaolins, as
depicted in Table 2. A particle distribution implies more uniform particle sizing, fostering
increased proximity between particles, as shown in Figure 1a. This proximity enhances
interparticle attraction forces, including van der Waals and electrostatic forces, contributing
significantly to the binder’s overall viscosity [41]. Moreover, the viscosity of the binder
is influenced by the size and shape of the dissolved oligomers. Longer and more entan-
gled oligomers offer greater resistance to fluid shear [42]. As M1200s metakaolin exhibits
the highest specific surface area of 29.673 m2/g, as shown in Table 2, compared to other
metakaolins, the interactions between molecules within the binder would be accentuated,
enhancing fluid cohesion and consequently increasing viscosity [43].

Subsequently, B-M88 exhibits lower initial viscosity compared to B-M1200s, starting
at approximately 80% lower, measuring at 180 Pa.s (Figure 6). It is well-established that
an increased proportion of solids in metakaolin-based aluminosilicate slurries typically
results in higher initial yield stress and apparent viscosity [44,45]. The viscosity contrast
between B-M88 and B-M1200s can be attributed to several factors. Firstly, M88 metakaolin
has a slightly higher d50 of 3 µm, as shown in Figure 3, and a lower specific surface area
measured at 25.104 m2/g compared to M1200s, as shown in Table 2. These differences
reduce the impact of interparticle forces, leading to lower viscosity. Additionally, variations
in the chemical composition of the two materials can alter particle interactions, further
influencing viscosity. However, what truly distinguishes B-M88 is its rapid transition to
fluidity, reaching a viscosity of 0.3 Pa.s at a shear rate of 100 s−1. This notable shift can be
attributed to the spherical particle shape, smooth surface, and ease of particle movement in
the binder colloidal suspension, as illustrated in Figure 1b. Consequently, it facilitates swift
alignment due to the impact of hydrodynamic forces and the untangling and alignment
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of polymer chains during flow [44]. As a result, the rate of viscosity reduction accelerates,
enhancing the suitability of this binder for 3D printing applications.

Figure 6. Shear viscosity tests of the binders.

B-MX displays an initial shear-thinning behavior, starting at 100 Pa.s and reaching
3.8 Pa.s at a shear rate of 1 s−1. This lower viscosity is primarily attributed to its broader
particle size distribution, approximately 5 µm, compared to M1200s and M88 (Figure 3).
The diverse particle sizes in MX metakaolin diminish the impact of interparticle forces,
leading to reduced viscosity. Additionally, MX has the smallest specific surface area among
the three metakaolins, measured at 22.864 m2/g, as shown in Table 2, indicating less
surface available for interparticle interactions. This combination of a broader particle
size distribution and a smaller specific surface area accounts for B-MX having the lowest
viscosity among the examined binders. An intriguing turning point is observed when
the viscosity begins to increase slightly, transitioning into a shear-thickening behavior,
ultimately reaching 2.35 Pa.s at 100 s−1. This transition could be attributed to the rise in
viscosity, likely driven by turbulent flow, as elevated shear rates can induce such effects [46].

The three binders exhibited shear-thinning behavior, attributed to the transformation
of non-crosslinked polymer molecule shapes under shear stress [47]. Shear thinning is
crucial for geopolymer-based composites in 3D printing, facilitating extrusion by reducing
viscosity under applied shear stress and ensuring smoother flow [36,48].

Oscillation shear tests
Figure 7 illustrates rheological changes in geopolymer binders under shear strain,

presenting storage modulus G′ and loss modulus G”. In rheology, the intersection point
between G′ and G′′ represents the yield stress [23,49]. This yield stress indicates the point
at which a material transitions from solid-like behavior to fluid-like behavior under stress.
In the context of 3D printing, understanding the yield stress is crucial as it determines
the minimum force required to initiate material flow through the printer nozzle, ensuring
proper deposition of layers and overall print quality.

It is observed that all the binders exhibit a solid viscoelastic behavior, as evidenced by
the fact that the storage component G′ is greater than the loss component G′′. Moreover,
they seem to have surpassed the point of intersection of the curves, indicating that they
are beyond the transition region which refers to the crossover point where the material
behavior shifts from being more elastic (able to hold shape) to more viscous (tending to
flow) [50].
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Figure 7. Oscillation amplitude sweeps of binders.

The order of G′ values among the three binders, consistent with viscosity evaluation,
highlights B-M1200s as distinctive with a G′ of 94.1 Pa. This elevated storage modulus
indicates heightened resistance to elastic deformation, underscoring M1200s’ pivotal role
in maintaining the material’s solid viscoelastic structure. The yield stress, indicative of
the point where the internal structure’s network starts to break down, offers enhanced
control at the onset of extrusion, preventing unintended material flow prior to intentional
initiation. For B-M88, the determined yield stress was 8.1%, which was notably higher
compared to B-MX at 1% and B-M1200s at 0.1%. This indicates that B-M88 necessitates
a greater force during extrusion to initiate material flow. A high yield stress is not only
associated with the material’s ability to maintain its shape under external constraints but is
crucial for ensuring precision and fidelity during the extrusion process, especially when
printing successive layers. This property becomes essential in guaranteeing the deposited
shape’s accuracy. Researchers have linked yield stress to the material’s capacity to maintain
a desired structure under external forces, such as those induced by deposited geopolymer-
based composite in subsequent layers or gravitational forces [51]. A material with a high
yield stress exhibits a greater capacity to retain the desired shape after deposition.

The B-M1200s exhibit a distinctive behavior, particularly evident in amplitude oscilla-
tion data analysis at a 10% shear strain in Figure 7. Both the storage modulus G′ and loss
modulus G′′ undergo a notable sequence of a sudden decrease followed by an increase.
This phenomenon is attributed to the developing geopolymer network contributing to
the elastic component, while stresses surpassing the elastic limit gradually disrupt the
microstructural arrangement, facilitating the flow process. The observed response suggests
a potential structural reorganization of the material.

It is noteworthy that the difference between the values of G′ and G′′ for the B-M88 is
significantly higher than for the other binders, reaching a value of 26.38 Pa. This substantial
difference may indicate the presence of a strongly crosslinked structure, similar to what
occurs in a strongly bound dispersion. Furthermore, it may also suggest a low molecular
weight distribution of crosslinked geopolymer chains. Consequently, this observation can
be associated with a transition to a rubbery plateau in rheological behavior, highlighting a
unique and strongly crosslinked geopolymer structure.

From a rheological perspective, B-M88 offers distinct performances. Viscosity tests
reveal a rapid transition from the viscous to the liquid state, indicating enhanced pumpa-
bility of this binder. In amplitude sweep tests, B-M88 stands out with a high yield stress
point, corresponding to a particularly broad linear viscoelastic region plateau. This signi-
fies increased stability and the ability to maintain constant mechanical properties over an
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extensive range of stresses. The moderate viscosity of B-M88 compared to that of B-M1200s
allows for a higher filling capacity, which is the primary focus of this study. By increasing
the loading capacity, we aim to enhance mechanical properties and reduce shrinkage. This
approach leverages the versatility of B-M88 in accommodating higher filler content, con-
tributing to the overall improvement of the material’s performance and its suitability for
3D printing. These overall findings lead to the conclusion that the B-M88 is most suitable
for ensuring good quality in the context of 3D printing. Consequently, for the remainder of
this article, we will rely on M88 as the binder of choice and seek to optimize the filler ratio
to maximize its performance.

3.1.2. Filler Optimization and Effect of Adding Gelling Agent: Rheological
Behavior Evaluation

Introducing fillers to the geopolymer binder is essential for optimizing the 3D printing
process, enabling precise control of rheology.

In this section, our aim is to optimize the filler ratio to incorporate into the B-M88.
To achieve this goal, we conducted a comparative analysis of four different formulations of
geopolymer-based composite paste, as detailed in Table 2, outlining the respective proportions.

Viscosity Shear Tests
In the investigation of the initial formula GP-F, the incorporation of feldspar parti-

cles into B-M88 demonstrates a significant impact on both viscosity and shear stress, as
evidenced by Figure 8a,b. A substantial disparity is evident between the formulations
B-M88 and GP-F, with viscosity increasing by 68%, from an initial 180 Pa.s to 566 Pa.s.
Additionally, the yield stress, defined as the point where shear stress sharply increases
relative to shear rate, marking the onset of substantial material flow [52], has risen by
77%, climbing from 2 Pa to 9 Pa. This effect is primarily attributed to the inclusion of
feldspar particles, with a size of 20 µm, as depicted in Figure 3. The size of these feldspar
particles further contributes to the increase in viscosity, with larger particles hindering
molecular movement to a greater extent. Moreover, the angular morphology of the feldspar
particles, as shown in Figure 2a, introduces geometric complexity into the binder matrix,
impeding the movement of binder molecules and consequently elevating material viscos-
ity. Simultaneously, molecular interactions, particularly hydrogen bonds, between binder
components and feldspar particles enhance the material’s structure, leading to an increase
in yield stress [53,54]. Consequently, the addition of feldspar fillers not only alters particle
morphology and size but also influences molecular interactions, resulting in a simultaneous
rise in viscosity and shear stress.

The disparity in viscosity and shear stress is further accentuated with the introduction
of wollastonite GP-FW formulation compared to GP-F, as demonstrated in Figure 8a,b. With
the addition of wollastonite, the viscosity reaches 1001 Pa.s, surpassing the one without
wollastonite by 43%, while the yield stress rises to 14.32 Pa, marking a 37% increase.
The incorporation of wollastonite into the GP-F enables the modulation of B-M88 vis-
cosity through multiple mechanisms. Wollastonite, known for its fibrous morphology
characterized by elongated needle-like particles, as depicted in Figure 2b, acts as a phys-
ical barrier, hindering molecular mobility within the binder, with a d50 around 10 µm
(Table 2). These obstacles disrupt fluidity, creating zones of resistance that need increased
energy for binder molecules to navigate [55]. Moreover, wollastonite particles can interact
with binder molecules, forming physical bonds such as van der Waals forces and chemical
interactions such as hydrogen bonding. These interactions increase the material’s structure,
enhancing molecular cohesion [56]. Simultaneously, wollastonite has the capability to alter
the molecular network structure within the binder by intertwining with binder molecules,
resulting in a more complex structure and contributing to increased viscosity.
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(a) (b)

Figure 8. (a) Viscosity test; (b) shear stress test.

The GP-FWMax formula, containing 55% more fillers compared to GP-FW, exhibited a
significant increase in viscosity, almost tripling to 2620 Pa.s and doubling in yield stress to
36.83 Pa. The heightened filler concentration led to a denser particle arrangement, impeding
molecular movement and causing a surge in viscosity. At high shear rates, fluctuations
in values were observed due to internal friction from irregular particles colliding, leading
to interference, agglomeration, and increased internal friction. This instability resulted in
non-constant viscosity and shear stress values, disrupting molecular movement consistency
within the material.

Finally, the formulation incorporating the Xanthan gum additive GP-FWXg exhibited
the most significant increase, registering an almost 90 times higher viscosity compared
to B-M88, setting a record at 15,970 Pa·s, with a yield stress value of 181.4 Pa, according
to Figure 8a,b. The addition of Xanthan gum to a geopolymer-based composite results in
increased viscosity for various reasons. Xanthan gum, a polysaccharide extracted from
bacteria, has the ability to form network structures in liquids. When introduced into a
geopolymer, it acts as a thickening agent by creating a three-dimensional network [57,58].
This network hinders molecular movement, generating resistance to flow and increasing
viscosity. Moreover, Xanthan gum is hygroscopic, and by absorbing water present in the
geopolymer, it swells, causing an increase in volume and contributing to the viscosity rise.
In summary, the thickening effect of Xanthan gum results from network formation and its
water-absorbing ability, limiting the fluidity of the geopolymer and increasing viscosity [59].
Furthermore, Xanthan gum chains can interact with geopolymer molecules through hydro-
gen bonding [60]. These interactions strengthen the overall material structure, enhancing
molecular cohesion, and consequently, increasing shear stress.

Table 4 displays the peak rheological values associated with the inclusion of B-M88,
as extracted from Figure 8a,b. The Herschel–Bulkley model offers a more comprehensive
description of the flow dynamics of non-Newtonian fluids, especially when the material
exhibits yield stress behavior. This model is governed by three key parameters: the yield stress
τ0, the consistency index K, and the flow index n. The yield stress τ0 represents the stress that
must be exceeded for the material to begin flowing, while K indicates the material’s viscosity
once the flow has started, and n describes the degree of shear-thinning or thickening behavior.
A higher value of K reflects increased viscosity, and an n value of less than 1 indicates shear-
thinning behavior [61]. To further investigate the non-Newtonian flow behavior, the Herschel–
Bulkley model, as shown in Equation (1), was applied for modeling purposes [23], with R2

representing the coefficient of determination. By fitting the experimental data using nonlinear
regression, the parameters τ0, K, and n were identified, offering a precise quantification of the
flow behavior across the observed shear rate range.
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τ = τ0 + Kγ̇n (1)

Table 4. Shear thinning coefficients for geopolymer formulas.

Geopolymer Formulas Viscosity (Pa.s) τ0 (Pa) K (Pa.s) n R2

GP-F 566 9.01 4.624 0.912 0.993
GP-FW 1001 14.32 8.883 0.898 0.998
GP-FWMax 2620 36.83 277.223 0.588 0.988
GP-FWXg 15,970 181.41 2110.793 0.413 0.976

In the context of 3D printing, the manifestation of shear thinning, as indicated in
Table 4, is evident when n < 1. Weak shear-thinning behavior is observed at n values close
to 1 but still below it, typically indicating a moderate reduction in viscosity under shear.
In contrast, strongly pronounced shear-thinning occurs at much lower n values, generally
less than 0.5, where the material exhibits a significant reduction in viscosity when forced
through the nozzle, facilitating flow [62,63]. Illustrated in Figure 8, all formulations display
distinctive shear-thinning behavior, characterized by decreasing viscosity with escalating
shear rate. This property signifies the fluid’s ability to flow more readily under increased
shear forces, which is crucial for successful extrusion in 3D printing. Table 4 further
highlights that formulas with fillers GP-F and GP-FW exhibit n values of 0.912 and 0.898,
respectively, indicating relatively weak shear-thinning behavior. Conversely, GP-FWMax
and GP-FWXg display notably lower n values of 0.588 and 0.413, respectively, suggesting a
more pronounced shear-thinning behavior, particularly in the case of GP-FWXg.

Three-interval thixotropy test
An insightful rheological analysis is facilitated by the three-interval thixotropy test

(3ITT), applicable in either rotational or oscillatory modes. This test emulates extrusion-
based printing through three distinct steps, as shown in Figure 9a,b: (1) a small shear rate in
the linear viscoelastic region (LVR), mimicking the paste at rest in the 3D printing cartridge;
(2) a high shear rate surpassing the flow point to replicate extrusion through the nozzle;
and (3) a return to a small shear rate resembling the geopolymer paste’s rest state after
deposition.

The main goal is to evaluate the rapidity of solid-like behavior recovery, ensuring
nozzle shape maintenance and sufficient modulus for precise printing and self-supporting
structures. The second interval probes time-dependent viscosity, revealing thixotropic
effects that may necessitate adjustments in printing parameters for consistent material flow
[64]. For a geopolymer-based composite material, a satisfactory recovery parameter is
defined as achieving 85% structural reformation. This level ensures that the layer stacking
ability remains significantly dependent on the material’s initial mechanical properties [65].

Analysis of Figure 10 and the data presented in Table 4 reveals a distinct trend in the
thixotropic behavior across various geopolymer formulations. In the case of GP-F, the initial
recovery response exhibits characteristic features: a notable peak viscosity of 924.1 Pa.s at
900 s is followed by a sharp decline to 88.51 Pa.s at 920 s, further decreasing to 24.18 Pa.s at
1000 s. Subsequently, there is a gradual increase, reaching 119.8 Pa.s at 1500 s. Drawing on
observations by Mewis and Wagner [66], this sequence suggests a viscoelastic nature, with
the initial peak indicating immediate elasticity, the rapid decrease signifying a transition
to viscosity, and the subsequent rise, implying a return to elasticity, resulting in a 25.02%
recovery rate.

In contrast to GP-F, the GP-FW formulation, incorporating wollastonite with a needle-
like morphology, exhibits a distinct thixotropic behavior, as shown in Figure 10. Initially,
viscosity sharply decreases to 36.92 Pa.s at 900 s, followed by an abrupt drop to 18.59 Pa.s
at 920 s, and then a substantial increase to 69.56 Pa.s at 1000 s (Table 5). This pattern
aligns with the ideal thixotropy classification [66], indicating initial thixotropy, followed by
reversibility and subsequent inelastic behavior. The observed phenomena are attributed to
complex interactions between wollastonite and feldspar particles during recovery, leading
to flocculation or agglomeration [67,68].
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(a) (b)
Figure 9. Correlation between thixotropy test and extrusion process: (a) extrusion process; (b) three
intervals reproducing extrusion process.

Figure 10. Three-step shear rate test.

Table 5. Three-step shear rate data.

Formulas Viscosity (Pa.s) Recovery (%)

GP-F 478.8 924.1 88.51 26.25 24.18 119.8 25.02
GP-FW 1.38× 104 36.92 18.59 46.26 69.56 1.24× 103 8.98
GP-FWMax 1.54× 104 7.22 24.6 68 93 179 1.16
GP-FWXg 5.95× 104 914 3.82× 103 6.64× 103 9.78× 103 5.31× 104 89.24

Time measurement (s) 500 900 920 950 1000 1500

The GP-FWMax formula, reinforced with 55% of a mix of feldspar and wollastonite,
results in a significant drop in the recovery rate to 1.16%, emphasizing the sensitivity of
the material to specific filler combinations: a very high density can trap the molecules of
the geopolymer, making their movement difficult and decreasing the material’s ability to
regain its initial viscosity after being subjected to stress or deformation. Therefore, a low
recovery rate can be directly attributed to a very high density resulting from a high filling
ratio in the formulation. Figure 10 indicates a combination of viscoelastic and thixotropic
responses, reinforcing the nuanced nature of the material’s behavior [69,70].

In the formula GP-FWXg, a distinctive observation emerges at the test’s initiation with
a very low shear rate of 0.001 s−1, revealing a sinusoidal viscosity pattern in Figure 10,
indicative of substantial flocculation. This complex behavior arises from Xanthan gum’s
ability to form a three-dimensional network, creating a gel-like structure in liquids [71]. At
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extremely low shear rates during testing, Xanthan gum promotes molecular bonding, lead-
ing to the formation of denser aggregates or network structures [57]. These structures may
demonstrate a sinusoidal response as they pass through the rheometer, reflecting variations
in viscosity or deformation specific to this phase of the test. However, it is also possible
that the sinusoidal pattern observed is partially due to noise from the rheometer itself,
highlighting the need for careful interpretation of such behaviors at very low shear rates.

To precisely characterize the recovery rate, we calculated the average of all values
collected during the initial test phase, revealing an initial viscosity of 5.95× 104 Pa.s, as
shown in Table 5. In the post-thixotropy test at 1500 s, a viscosity of 5.31 × 104 Pa.s
was attained, resulting in an outstanding recovery rate of 89.24%, the highest among all
formulations. This notable improvement can be attributed to Xanthan gum’s incorporation,
which is crucial for maintaining a uniform particle distribution in the geopolymer-based
composite. By minimizing zones with low local concentrations, Xanthan gum enhances
material consistency, especially during deformation and recovery phases [72]. Moreover,
Xanthan gum’s network structure creation when hydrated acts as a physical barrier between
particles, preventing their proximity and floc formation [73].

Oscillation shear tests
The observations from Figure 11a,b indicate that the GP-F exhibits a liquid-like behav-

ior throughout the entire range, with the viscous component G′′ around 23.98 Pa exceeding
the elastic component G′ with a value of 14.78 Pa. This behavior is attributed to several
factors related to the material’s internal structure and component segregation [74]. Shear-
induced phase transitions, triggered by high stresses, lead to molecular rearrangements
and alterations in the geopolymer’s microstructure [75]. Filler segregation, especially
in feldspar, significantly impacts rheological properties, with clustered fillers hindering
energy storage and increasing viscosity. This uneven distribution of fillers can impede
the material’s elastic properties, leading to energy dissipation and a rise in the viscous
component. In applications such as 3D printing, where precise structural integrity is crucial,
such behavior poses challenges.

(a) (b)
Figure 11. Oscillation tests: (a) amplitude sweeps; (b) frequency sweeps.

The addition of wollastonite GP-FW leads to significant changes, as evident in
Figure 11a,b. A notable shift in the G′′/G′ ratio, causing curves to intersect in Figure 11a,
indicates complex interactions and microstructural evolution. This effect is also observed
in the frequency oscillation shown in Figure 11b. Initially, feldspar acts as a filler, inducing
a viscous response in the geopolymer-based composite. However, introducing wollas-
tonite needles brings substantial microstructural modifications. These needles reinforce
the structure, promoting an elastic response through stronger bonds and a resilient three-
dimensional network. This alteration greatly influences the mechanical behavior, increasing
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elasticity with a yield stress of 96.54 Pa at 0.25% shear strain. The geopolymer’s ability
to recover its shape post-deformation is attributed to the robustness of needle interlacing.
Consequently, the material exhibits elastic behavior under mechanical stress, highlighting
its long-term structural stability, which is crucial for applications requiring resistance to
repeated stresses.

A high amount of fillers in GP-FWMax results in more pronounced plateaus of G′ and
G′′, indicating a significant expansion in the material’s linear viscoelastic behavior (LVE)
range. The material now shows a broader zone of proportional and elastic response to
applied shear stresses. At the same time, there is a notable increase in yield stress, rising
from 0.25% to 62% in shear strain, as shown in Figure 11. This higher yield stress suggests
increased resistance to permanent deformations or a greater stress threshold required to
induce lasting changes in the material’s structure [53]. These changes in rheological properties,
observed with the addition of 55% feldspar and wollastonite, (Table 2), are attributed to
their significant influence on the material’s structure and behavior. The combined effect of
these fillers enhances the geopolymer’s resistance, leading to more pronounced plateaus and
an elevated yield stress. These characteristics are essential in various applications where
structural stability and mechanical resilience against permanent deformations are critical.

The dominance of G′ over G′′ in rheological results after adding Xanthan gum, GP-
FWXg, is due to its unique molecular structure. Xanthan gum consists of linear polysac-
charide chains with branched side chains, forming a robust three-dimensional network
in water. These side chains act as junction points, creating a strong polymeric matrix [57].
This structural strength results in a prevalent elastic component G′ in the rheological re-
sponse. Under stress, the matrix undergoes elastic deformation, returning to its original
shape afterward. Xanthan gum also influences the microstructure of the geopolymer-based
composite, organizing particle dispersion in geopolymer composite matrix and enhancing
their connection. Its thickening properties and gel-forming ability contribute to a cohesive
three-dimensional structure, reinforcing resistance to stress. Intermolecular forces from
its branched side chains establish a structured network, further enhancing elasticity. In-
tramolecular forces, such as hydrogen bonding, reinforce molecular cohesion [58]. Overall,
Xanthan gum enhances the elastic properties of the geopolymer-based composite material,
primarily due to its structured network and molecular cohesion.

Concluding the rheological study, the GP-FWXg appears to be the most suitable for 3D
printing, as it exhibits the highest viscosity and a recovery rate exceeding 85%. It displays a
gel-like behavior and demonstrates good dispersion. This combination of characteristics
suggests that GP-FWXg possesses the necessary flow properties to ensure proper material
deposition during printing while also maintaining structural integrity.

3.2. Printable Geopolymer-Based Composite Paste

The two formulations most suitable for 3D printing are GP-FXMax and GP-FWXg,
owing to their high viscosities and substantial LVE plateaus. Their high viscosity allows for
better control of material flow during printing, while their extended LVE plateaus indicate
a broader zone of proportional and elastic response to applied stresses. The first step in
the printing protocol involved printing a four-layer wall to assess the sagging of the initial
layer, as shown in Figure 12.

Figure 12. Sagging evolution of the 1st layer.
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3.2.1. Three-Dimensional Printing of Geopolymer-Based Composite Formula “GP-FWMax”

Figure 13 quantitatively reveals a significant sagging in the first layer, originally
designed as a circular shape with a height of 9.5 mm. It depicts the sagging rate of the
first layer under its own weight, labeled “Layer1”, and the evolution of this rate under the
deposition of subsequent layers, labeled “D.Layer n.”, (Figure 12).

Figure 13. Shape of the first layer as a function of the deposition of subsequent layers.

The average height for the first layer measures 7.5 mm, a phenomenon explained by
various physical and rheological mechanisms. The surface tension during extrusion plays
a crucial role in material interaction with solid guide surfaces, influencing adhesion to
the nozzle and mold walls. In instances of low surface tension and insufficient viscosity
(2620 Pa.s in our case), poor adhesion may occur, leading to undesirable deformations.
The material tends to spread beyond the intended shape, reducing the effective height of
the cord. Post-extrusion, the geopolymer-based composite fails to fully regain its original
shape, resulting in a permanent deformation and a 2 mm reduction in effective height.
Additionally, continuous lateral flow contributes to a 10 mm increase in cord width. Gravity,
notably pronounced due to our formula’s high loading, exerts a significant downward
force on the material, as visible in Figure 13. This gravitational impact intensifies sagging
rates, which reach 35% after the second layer deposition, then an average of 55% after the
third layer deposition, and finally 70% after the fourth layer deposition. These findings
underscore the material’s weight and gravitational force in cord sagging, attributed to a
low recovery rate of approximately 1.16%, as shown in Figure 10. The geopolymer’s elastic
nature, combined with nozzle extrusion, induces deformation under pressure, further
reducing cord height compared to its non-elastic counterpart.

During the 3D printing of a cylinder with GP-FWMax, we observed various unde-
sirable phenomena that had a significant impact on the extrusion process. One of these
phenomena was the sporadic occurrence of air bubble explosions, as illustrated in Figure 14,
specifically in the area-a of the piece. These air bubble explosions were detrimental to
the smooth progress of the printing process and the quality of the finished object. Two
major factors were identified as the root cause of this phenomenon. First and foremost,
inadequate extrusion pressure was found to be a decisive factor. If the extrusion pressure is
not properly adjusted, it can lead to fluctuations in the material flow as it is being extruded.
In particular, excessive extrusion pressures can exert force on the air bubbles trapped within
the material, causing them to be abruptly expelled and leading to bubble explosions within
the geopolymer composite being extruded. Secondly, a lack of proper degassing during the
printing process was also identified as a contributing factor. Air bubbles can form during
printing if the material has not been adequately degassed beforehand. This degassing
deficiency can result from difficulties in removing the trapped air within the material or
from an inadequate chemical reaction that releases air during the extrusion.
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Figure 14. Critical issues for the extrusion process.

The presence of air bubbles during printing not only disrupted the workflow but also
compromised the part’s quality, resulting in surface defects such as visible cavities and
pores. Addressing air bubble formation is essential for ensuring high-quality 3D printing
outcomes and maintaining the prototype’s intended functionality, particularly in critical
roles such as sealing and mechanical strength.

While printing the final layer of the extrusion process, notably during the eighth
and final layer, a mechanical phenomenon emerged (Figure 14, zone-b), characterized
by instability and eventual structural collapse known as elastic buckling, a deformation
occurring in thin structures under compressive loads [76]. This issue observed during the
3D printing of our geopolymer paste may be attributed to its low viscosity, approximately
2620 Pa·s, making the material excessively fluid and prone to difficulties in maintaining
structural integrity. This fluidity, especially in vertical or overhanging areas, can result
in sagging, deformation, and buckling, ultimately leading to unwanted distortions in
the printed structure. The material’s reduced resistance to compression is a key factor
contributing to this elastic buckling phenomenon.

The challenges associated with the recovery rate and post-printing deformation, aris-
ing from the remarkably low recovery rate of approximately 1% in our geopolymer-based
composite, can significantly impact the 3D printing process. Adequate adhesion between
successive layers is imperative for ensuring structural integrity. Inadequate adhesion,
especially in vertical or overhanging regions, can lead to surface irregularities and de-
fects (as illustrated in Figure 15, zone-a). Furthermore, such deficiencies in adhesion may
culminate in the premature termination of the extrusion process due to a loss of stability.
Specifically, this low recovery rate can result in vulnerable areas within the printed part,
particularly susceptible to adhesion issues during the printing process (Figure 15, zone-b).
Thus, addressing these issues is paramount for achieving high-quality and reliable 3D-
printed complex design prototypes, requiring careful consideration and optimization of
the printing parameters and material composition.

Figure 15. Formula printing issues.
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3.2.2. Three-Dimensional Printing of Geopolymer-Based Composite Formula “GP-FWXg”

In comparison with the previous formula GP-FWMax, tests were conducted using
the formulation containing Xanthan gum GP-FWXg, employing a 9.5 mm diameter nozzle
to print a four-layer wall structure design analyzed through image sequences (Figure 12).
Immediate improvements were evident, particularly in cord quality, with a significant
reduction in sagging observed. While the previous formula exhibited a total sagging of 70%,
the formula with Xanthan gum reduced this to approximately 40%. During the printing
of the first cord, an average height of 8.5 mm was measured (Figure 16), resulting in a
recovery rate of 90%, consistent with thixotropy tests (Table 4). The real revelation occurred
during the printing of the second layer, where the influence of weight and gravity caused
the first cord to deform, reducing its height to an average of 7.75 mm with a sagging rate of
only 20%, significantly lower than observed previously.

This notable difference can be attributed to the extremely high viscosity of the Xanthan
gum-containing formulation, promoting better-organized and more rigid interparticle
interactions. These observations were further confirmed when adding the third and fourth
layers, where we observed respective average sagging rates of 35% and 40% in height,
as well as lateral expansion of 35% and 40% compared to the first layer, as indicated in
Figure 16. These results clearly demonstrate the beneficial impact of adding Xanthan gum
to the formulation, enhancing material cohesion, and significantly improving the stability
of 3D-printed structures.

The second part of our experiments focuses on the printing of a cylinder under similar
conditions to the previous section, using a 2 mm nozzle (Figure 17a). It is noteworthy that
we have observed a marked improvement in cord quality, with a significant reduction in
air bubble explosions on the surface, resulting in a visually more appealing texture. We
printed the number of layers of the previous cylinder with GP-FWMax, and there was no
buckling phenomenon, thanks to the solid viscoelastic behavior of the formulation.

Figure 16. Shape of the first layer as a function of the deposition of subsequent layers.

(a) (b)
Figure 17. Printing of cylindrical geometry: (a) printing with a nozzle of 2 mm; (b) printing with a
nozzle of 0.6 mm.
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Subsequently, we aimed to push the boundaries of our tests to determine the minimum
nozzle diameter for printing. The cylinder design presented in Figure 17b was printed
using a 0.6 mm nozzle under similar environmental conditions. We successfully printed up
to 12 layers, utilizing two adjacent cords to enhance stability.

Even though we have achieved the correct formulation based on rheology, challenges
remain, as precise parameter control is crucial, especially when dealing with complex
geometries. This has been evident from the beginning with the phenomenon of zigzag
patterns, also called “wavy patterns”, observed in Figure 18a and properly corrected in
Figure 18b. In reality, an incorrect Z offset, i.e., the distance between the print nozzle and
the print bed, can lead to an uneven printing surface, often manifested by irregular lines
or ripples on the surface of the printed part. Thus, precise adjustment of the Z offset is
essential to ensure high-quality 3D printing and minimize these visual defects.

(a) (b)
Figure 18. Complex shape printing: (a) wavy patterns; (b) conforming part.

The SEM analysis, as shown in Figure 19, shows a cross-section of the 3D-printed
geopolymer composite part (GP-FWXg), using a 0.6 mm diameter nozzle, as depicted in
Figure 18b, which includes metakaolin Tempozz M88, potassium silicate, feldspar (d50
20 µm), wollastonite (d50 10 µm), and xanthan gum. The SEM images at varying scales
(500 µm, 50 µm, and 10 µm) provide detailed insights into the microstructural integrity and
performance of the printed material.

(a) (b) (c)
Figure 19. SEM of 3D-printed geopolymer composite part: (a) at 500 µm, (b) at 50 µm, and (c) at
10 µm.

At the 500 µm scale, Figure 19a reveals a generally homogeneous distribution of
constituents throughout the composite. This uniformity indicates efficient mixing during
the composite preparation, which is essential to prevent cold joints between the printed
layers. The observed homogeneity suggests that the interaction between the geopolymer
composite matrix and fillers during printing ensures continuous bonding, thus maintaining
structural strength and coherence. The feldspar and wollastonite fillers are well dispersed,
indicating an effective mixing process prior to printing. Additionally, the SEM images reveal
that both the shape and the diameter of the strand were maintained accurately, indicating
that the 3D printing process successfully adhered to the intended design specifications. The
absence of cold joints highlights excellent cohesion between the printed layers, ensured by
effective interaction between the binder and fillers during the printing process.

At the 50 µm scale, as shown in Figure 19b, the detailed distribution of feldspar and
wollastonite fillers becomes apparent. Feldspar particles, with a median size of 20 µm,
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and wollastonite fibers, with a median size of 10 µm, are uniformly dispersed within the
matrix. The directional flow of material through the 0.6 mm nozzle during printing aligns
the wollastonite fibers parallel to the print direction. This alignment is advantageous as
it enhances the mechanical properties of the composite along the direction of printing.
The alignment is particularly beneficial for applications requiring anisotropic mechanical
properties, where strength in a specific direction is crucial.

The 10 µm scale image, as shown in Figure 19c, reveals well-defined interfaces with
excellent adhesion between the geopolymer matrix and the fillers. The distinct morphology
of the wollastonite fibers, as evident at this scale, further confirms their alignment and
interaction with the matrix. The fibers’ needle-like structure provides reinforcement,
improving the composite’s resistance to cracking and deformation under load.

Xanthan gum plays a vital role in stabilizing the suspension of particles within the
geopolymer composite matrix. Its presence ensures a uniform distribution of fillers, pre-
venting the sedimentation and agglomeration that could lead to heterogeneous regions
within the printed structure. This stabilization is indirectly observed through the consistent
microstructural features across different scales, highlighting xanthan gum’s efficacy in
maintaining a stable mixture during the printing process.

4. Conclusions

In conclusion, our study highlights the pivotal role of particle size and morphology
in shaping the rheological properties of geopolymer-based composites, particularly for
3D-printed parts with complex designs. The use of finer metakaolin emerged as a critical
factor in increasing material viscosity, which guided the selection of optimal binders like
B-M88. This binder is characterized by its high viscosity and notable linear viscoelastic
behavior, which is crucial for maintaining cord quality, stability, and precision during
printing. The strong viscoelasticity in the formulation preserves shape integrity, while
reducing air bubble formation enhances surface smoothness—both essential for fine, stable
printing. Additionally, the incorporation of a high content of feldspar and wollastonite
as fillers, up to 55%, significantly enhanced the mechanical properties and dimensional
stability of the geopolymer composites, underscoring their importance in achieving high-
performance results. The incorporation of Xanthan gum into the geopolymer paste induced
significant improvements in recovery rates and viscoelastic behavior, and these effects were
specifically observed under specific stress conditions relevant to extrusion.

However, some limitations of this study must be acknowledged. The long-term stabil-
ity of these formulations, particularly under varying environmental conditions (e.g., hu-
midity or temperature), remains to be fully explored. Moreover, while the rheological
enhancements facilitated the printing of complex geometries, further work is needed to
fully characterize the limits of print resolution and structural fidelity in intricate designs,
especially at smaller scales.

Future research will focus on addressing these limitations and expanding the scope
of this study. Characterizing the thermal properties of the printed parts is essential,
particularly for our industrial applications involving mold inserts, which requires high-
temperature resistance, up to 800 ◦C, and mechanical stability. Preliminary findings in this
area have shown promise, but further investigation is necessary to confirm these results
across a broader range of formulations and printing conditions. Additionally, we plan to
leverage the rheological data obtained in computational fluid dynamics (CFDs) simulations
to optimize the 3D printing process. These simulations will serve as predictive tools for
anticipating material behavior post-extrusion and identifying potential issues early on,
thus streamlining the printing workflow.
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21. Kovářík, T.; Hájek, J.; Hervert, T.; Deshmukh, K.; Pola, M.; Jansa, Z.; Beneš, J.; Svoboda, M. Silica-based geopolymer spherical

beads: Influence of viscosity on porosity architecture. Cem. Concr. Compos. 2021, 124, 104261. [CrossRef]
22. Amorim, P.; d’Ávila, M.; Anand, R.; Moldenaers, P.; Van Puyvelde, P.; Bloemen, V. Insights on shear rheology of inks for

extrusion-based 3D bioprinting. Bioprinting 2021, 22, e00129. [CrossRef]
23. Ma, S.; Fu, S.; Yang, T.; Li, K.; Chen, G.; Dong, Q.; He, P.; Sun, Z.; Duan, X.; Jia, D.; et al. Unveiling the critical role of rheology

modifiers in additive manufacturing of geopolymers and their mechanical properties. Addit. Manuf. 2023, 78, 103826. [CrossRef]
24. Ilcan, H.; Sahin, O.; Kul, A.; Ozcelikci, E.; Sahmaran, M. Rheological property and extrudability performance assessment

of construction and demolition waste-based geopolymer mortars with varied testing protocols. Cem. Concr. Compos. 2023,
136, 104891. [CrossRef]

25. Chen, Y.; Zhang, M.; Sun, Y.; Phuhongsung, P. Improving 3D/4D printing characteristics of natural food gels by novel additives:
A review. Food Hydrocoll. 2022, 123, 107160. [CrossRef]

26. Cofelice, M.; Messia, M.C.; Marconi, E.; Cuomo, F.; Lopez, F. Effect of the xanthan gum on the rheological properties of alginate
hydrogels. Food Hydrocoll. 2023, 142, 108768. [CrossRef]

62



Ceramics 2024, 7

27. Gonçalves, N.P.; Olhero, S.M.; Labrincha, J.A.; Novais, R.M. 3D-printed red mud/metakaolin-based geopolymers as water
pollutant sorbents of methylene blue. J. Clean. Prod. 2023, 383, 135315. [CrossRef]

28. Chen, W.; Pan, J.; Zhu, B.; Ma, X.; Zhang, Y.; Chen, Y.; Li, X.; Meng, L.; Cai, J. Improving mechanical properties of 3D printable
‘one-part’geopolymer concrete with steel fiber reinforcement. J. Build. Eng. 2023, 75, 107077. [CrossRef]

29. Asghar, R.; Khan, M.A.; Alyousef, R.; Javed, M.F.; Ali, M. Promoting the green construction: Scientometric review on the
mechanical and structural performance of geopolymer concrete. Constr. Build. Mater. 2023, 368, 130502. [CrossRef]

30. Shilar, F.A.; Ganachari, S.V.; Patil, V.B.; Bhojaraja, B.; Khan, T.Y.; Almakayeel, N. A review of 3D printing of geopolymer
composites for structural and functional applications. Constr. Build. Mater. 2023, 400, 132869. [CrossRef]

31. Arunothayan, A.R.; Nematollahi, B.; Khayat, K.H.; Ramesh, A.; Sanjayan, J.G. Rheological characterization of ultra-high
performance concrete for 3D printing. Cem. Concr. Compos. 2023, 136, 104854. [CrossRef]

32. Davidovits, J. Geopolymer Chemistry and Applications, 5th ed.; Institut Géopolymère, Geopolymer Institute: Saint-Quentin, France,
2020; Chapter 21.

33. Sabbatini, A.; Vidal, L.; Pettinari, C.; Sobrados, I.; Rossignol, S. Control of shaping and thermal resistance of metakaolin-based
geopolymers. Mater. Des. 2017, 116, 374–385. [CrossRef]

34. Favier, A. Mécanisme de Prise et Rhéologie de Liants Géopolymères Modèles. Ph.D. Thesis, Université Paris-Est, Paris,
France, 2013.

35. Keskin-Topan, Y.; Bessaies-Bey, H.; Petit, L.; Tran, N.C.; d’Espinose de Lacaillerie, J.B.; Rossignol, S.; Roussel, N. Effect of
maximum packing fraction of powders on the rheology of metakaolin-based geopolymer pastes. Cem. Concr. Res. 2024,
179, 107482.

36. Zhang, J.; Tuohey, J.; Amini, N.; Morton, D.A.; Hapgood, K.P. 3D printing of customised particles for powder rheology, mixing
and segregation study. Powder Technol. 2023, 425, 118576. [CrossRef]

37. Dávila, J.; d’Ávila, M. Rheological evaluation of Laponite/alginate inks for 3D extrusion-based printing. Int. J. Adv. Manuf.
Technol. 2019, 101, 675–686.

38. Yan, D.; Chen, S.; Zeng, Q.; Xu, S.; Li, H. Correlating the elastic properties of metakaolin-based geopolymer with its composition.
Mater. Des. 2016, 95, 306–318. [CrossRef]

39. Hass, L.; Bos, F. Bending and pull-out tests on a novel screw type reinforcement for extrusion-based 3D printed concrete.
In Proceedings of the Second RILEM International Conference on Concrete and Digital Fabrication: Digital Concrete 2020,
Eindhoven, The Netherlands, 6–8 July 2020; Springer: Berlin/Heidelberg, Germany, 2020; pp. 632–645.

40. Sanjayan, J.; Jayathilakage, R.; Rajeev, P. Vibration induced active rheology control for 3D concrete printing. Cem. Concr. Res.
2021, 140, 106293. [CrossRef]

41. Tanner, R.I. Engineering Rheology; Oxford University Press: Oxford, UK, 2000; Volume 52.
42. Graessley, W.W. The entanglement concept in polymer rheology. In The Entanglement Concept in Polymer Rheology; Springer:

Berlin/Heidelberg, Germany, 2005; pp. 1–179.
43. Barnes, H.A.; Hutton, J.F.; Walters, K. An Introduction to Rheology; Elsevier: Amsterdam, The Netherlands, 1989; Volume 3.
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Abstract: This work is part of a research project aimed at producing ceramic-like materials, without
the need for an initial sintering, for potential applications in catalysis or filtration at temperatures
up to 1000 ◦C. In that context, cordierite-derived materials were prepared from recycled cordierite
powder (automotive industry waste) bonded with metakaolin-potassium silicate geopolymer. The
principle is that these materials, prepared at temperatures below 100 ◦C, acquire their final properties
during the high-temperature commissioning. The focus is on the influence of the K/Al ratio and
cordierite fraction on the stability of the dimensions and porosity during heating at 1000 ◦C, and on
the final Young’s modulus and coefficient of thermal expansion. Conventional and high-temperature
XRD evidenced the absence of crystallization of the geopolymer binder and interaction with the
cordierite filler during the heating stage when K/Al = 1 or 0.75. By contrast, crystallization of kalsilite
and leucite, and diffusion of potassium ions in the structure of cordierite is evidenced for K/Al = 1.5
and 2.3. These differences strongly influence the shrinkage due to sintering and the final properties.
It is shown that a K/Al ratio of 0.75 or 1 is favorable to the stability of the porosity, around 25 to 30%.
Moreover, a low coefficient of thermal expansion of 4 to 4.5 × 10−6 K−1 and a Young’s modulus of 40
to 45 GPa is obtained.

Keywords: cordierite; geopolymer; Young’s modulus; coefficient of thermal expansion

1. Introduction

Cordierite Mg2Al4Si5O18 (or 2MgO·2Al2O3·5SiO2) is one of the main compounds of
the ternary system MgO-SiO2-Al2O3. Although there are different ways to synthesize
cordierite, the most common is by reactive sintering, at a temperature of around 1400 ◦C, of
mixtures of raw materials containing the required oxides, such as talc, clay and alumina [1].
Besides their interesting dielectric properties [2], these materials have received a great deal
of attention due to their very low coefficients of thermal expansion (<3 × 10−6 K−1) and
thermal conductivity (2–3 W m−1 K−1) [3,4]. They are thus widely used in high-temperature
applications, such as catalyst substrates and filtration [5–8]. For the automotive industry,
most of the catalytic converters are produced by the extrusion of a cordierite honeycomb
substrate coated with a “washcoat”, consisting of precious metals (Pt, Pd, . . .) [9,10].

Considering the huge number of motor vehicles produced in the world, recycling
of end-of-life converters is of growing interest from economic and environmental points
of view. Studies are carried out on the recovery of the precious metals of the washcoat
by pyrometallurgy and hydrometallurgy. Furthermore, new approaches are considered
to obtain zero waste by recycling the ceramic substrate [11]. On the other hand, a non-
negligible quantity of non-conform fired cordierite substrates (without washcoat) are
produced by the industry. The reuse of these production wastes for the manufacture
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of high-added value products is, therefore, of high interest and would be a first step to
demonstrate the recyclability of the cordierite.

However, the use, as raw material, of a powder of milled fired substrates, and, there-
fore, mineralogically containing cordierite as nearly single phase, fundamentally changes
the sintering mechanism. Indeed, the absence of physicochemical transformations and re-
actions between the different raw materials of a mixture (e.g., talc, kaolin, . . .) consequently
leads to sintering essentially based on diffusion mechanisms in the solid state [12,13]. In
this case, the suitability of the powder edifice for consolidation and densification is strongly
conditioned to the use of a sub-micron size powder and a high sintering temperature.
Using dilatometry curves, Camerucci et al. evidenced the solid-state sintering of cordierite
between 850 ◦C and 1350 ◦C. Above 1350 ◦C, shrinkage is accelerated by the occurrence
of a liquid phase. Their study also highlights the influence of particle size distribution
on the densification. Firstly, using a monomodal distribution, the finer the particle size,
the greater the densification. Secondly, using a bimodal distribution, with an optimum
ratio, allows an increase in the degree of densification [12]. However, obtaining a powder
from downgraded parts requires several grinding steps, and the energy cost and process
duration increase sharply with the desired fineness. An alternative solution is the use of a
sintering additive to lower the sintering temperature. Ogiwara et al. studied the influence
of the addition of 3%wt of Li2O–Bi2O3. They succeeded in achieving a densification of
97% at 1050 ◦C for 2 h. However, the mechanical properties were degraded, for example,
flexural strength going from 243 MPa to 120 MPa [13]. Even if it is considered that extensive
densification is not useful for the intended application, sufficient consolidation to ensure
mechanical strength is essential. It is, therefore, of great interest to find an alternative to
conventional sintering to produce consolidated and geometrically stable parts at the lowest
possible energy cost.

For several years now, geopolymer materials have been attracting growing interest
from scientists and industrialists alike. Without the need for energy-intensive heat treat-
ments, the geopolymerization process makes it possible to form silicate inorganic materials
with good performance in terms of mechanical properties, chemical resistance and durabil-
ity [14–16]. Geopolymers are obtained by reaction between alkaline silicate, or more rarely
acidic reagent, and amorphous aluminosilicate powders, at room or low temperatures.
The resulting solid has a three-dimensional amorphous structure that contains mostly
covalent bonds. A large body of research focuses on the formulation of geopolymers for
construction applications [17,18]. However, more and more studies are also focusing on the
development of geopolymers for applications that usually use ceramic materials [19,20].

Unfortunately, one of the downsides of geopolymers is their poor mechanical proper-
ties at high temperatures. During a rise in temperature, dehydration and dihydroxylation
of the inorganic network occur, possibly followed by its crystallization and other phenom-
ena. These transformations induce strong dimensional variations and cracking [21,22]. To
overcome this issue, the geopolymer paste can be loaded with mineral filler to produce a
“composite” material [19,23,24]. By doing so, the geopolymer allows a “cold” consolidation
of the powder edifice and the reaction between the geopolymer and the filler during a
rise in temperature can possibly stabilize the structure of the material and enhance its
final properties.

The type of alkali and the alkali/Al ratio have a strong influence on the properties of
the geopolymer materials after curing but also at high temperatures. Bernal et al. studied
the influence of alkali over the evolution of shrinkage with temperature until 1000 ◦C on
samples cured at ambient temperature for 7 days and 5 years. For alkali/Al = 1, Na-based
geopolymers show a first stage of shrinkage of 7.5% at 250 ◦C related to dehydration
and dihydroxylation, and a second shrinkage around 750 ◦C related to viscous sintering.
The final shrinkage is 23%. For K-geopolymers, the first shrinkage is lower (5%) and
the viscous sintering begins at 900 ◦C; the final shrinkage is 10%. Finally, Rb- and Cs-
geopolymers show the same behavior with a smoother shrinkage for the removal of water,
and no sintering is observable. The final shrinkage is around 7.5%. After 5 years of curing,
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Na-geopolymers show the same behavior but the shrinkage related to sintering is more
drastic and the final shrinkage is 27.5%. Finally, K-geopolymers show the same behavior
as the Rb-geopolymers, and the curing time has no effect over the evolution of shrinkage
with temperature [25]. The potassium-based geopolymers show better resistance to high
temperatures compared to sodium-based geopolymer pastes [23]. A study was undertaken
by Kohout et al. [26] about the effect of the K/Al molar ratio on the thermomechanical
properties of metakaolinite-based geopolymer composites. In their study, a chamotte was
used as a filler for the geopolymer matrix. From the structural point of view, it was shown
that the pure geopolymer stays amorphous until 800 ◦C. For higher temperatures, the
crystallization of leucite (KAlSi2O6) and kalsilite (KAlSiO4) happens depending on the
K/Al ratio; the higher the ratio, the more phases appear at lower temperatures. It was
also highlighted that the geopolymer in the composites shows the same transformations
as the pure geopolymer. Regarding the mechanical properties, a high K/Al molar ratio
tends to bring down the mechanical properties of the samples. For unfired samples, the
maximal value of the Young’s modulus is obtained with a ratio near 1.0. Additionally,
the modulus tends towards lower values when the sample is fired at temperatures up to
1000 ◦C. On the other hand, in their work, K. Hemra and P. Aungkavattana demonstrated
that using cordierite as filler leads to a strong increase in the compressive strength after
heat treatment at 800 ◦C/2 h compared to the geopolymer alone [24]. They also showed
that no new crystalline compounds are formed during the heat treatment.

Cesium-based geopolymers reinforced with 5–35 wt% cordierite were synthesized by
Wei Chen et al. [27]. The main crystalline phases in the product, obtained after thermal
treatment at 1400 ◦C, are cordierite and cubic pollucite, Cs2O·Al2O3·4SiO2, which is formed
by crystallization of the geopolymer matrix over 700 ◦C. The cordierite filler does not
react with the geopolymer. The shrinkage resulting from the sintering is less than 5% and
occurs over 800 ◦C. The lowest coefficient of thermal expansion results from the highest
cordierite load and is 1.89 × 10−6 K−1, which is unexpectedly lower than the CTE of pure
cordierite. In their work, Chengying Bai et al. [28] investigated the synthesis by a replica
route of cordierite-based geopolymer foams that have potential applications such as porous
supports or high-temperature filter components. The geopolymers were prepared by
incorporating MgO as an additional magnesium source in metakaolin and fly ash reacted
with NaOH solution and sodium silicate solution. Sintering at 1200 ◦C for 2 h led to porous
cordierite-based ceramics. However, an extensive structural characterization showed that
the transformation of cordierite after the thermal treatment was incomplete.

Finally, some recent works demonstrate that it is possible to obtain geopolymer com-
posite parts by additive manufacturing. Gasmi et al. studied the production of metakaolin-
based geopolymer and composites with feldspar and wollastonite by robocasting [29].
Additive manufacturing techniques appear to be highly promising for producing sub-
strates or filters with optimized geometries. Kovacev et al. used digital-light processing
(DLP) to produce substrates with two designs of diamond unit cells. For the same inlet
gas temperature, it was found that the conversion efficiency was higher for the substrates
produced by DLP compared to traditional honeycomb substrates [30].

In this context, we investigate the manufacture of cordierite–geopolymer composites.
As previously explained, the first motivations for the choice of cordierite as the mineral
filler are its intrinsic properties and the reuse of industrial wastes. Besides this, it is well
known that the crystal structure of the cordierite can accept the insertion of potassium
atoms [31,32]. This can possibly lead to interactions between the potassium silicate-based
geopolymer and the cordierite filler during the rise in temperature, and then affect the
dimension stability and the final properties of the composite. More precisely, our interest
is in the influence of the K/Al ratio and the cordierite fraction on the stability of the
dimensions and porosity during heating at 1000 ◦C, and on the final Young’s modulus and
coefficient of thermal expansion. The final goal of this work is to select the most promising
compositions for a further study that will focus on their use in additive manufacturing.
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2. Materials and Methods
2.1. Materials

The cordierite powder used in this work comes from non-conform (over tolerance
limits or presence of flaws) honeycomb substrates for catalytic converters that were sup-
plied by an industrial partner. These substrates are first crushed with a pestle into a coarse
powder, which is further wet-milled using a Turbula shaker (Willy A. Bachofen AG, Basel,
Switzerland) at a speed of 46 RPM with alumina media, and finally dried to obtain the final
powder. The parameters for the milling are the following:

• Weight ratio cordierite/water = 5:7
• Weight ratio cordierite/balls = 1:1
• Shaking time = 7.5 h

The particle size distribution of the final cordierite powder was characterized by
using a Malvern Mastersizer 2000 laser granulometer (Malvern Panalytical, Malvern, UK)
(Table 1). The median size of the particles d50 is 26.9 µm. An X-ray diffraction (XRD)
analysis was performed on the powder using a Panalytical Empyrean diffractometer
(Malvern Panalytical, Malvern, UK) with a Cu Kα radiation source. The X-ray pattern
shows the diffraction peaks of cordierite (JCPDS #00-013-0294), and a small amount of
mullite (JCPDS #00-015-0776) (Figure 1). An XRF analysis was performed with Horiba XGT
9000 equipment (Horiba, Kyoto, Japan) to ascertain the composition of the powder and
compare it to the stoichiometric cordierite (Table 2).

Table 1. Particle size distribution of the cordierite and metakaolin powders.

D10 (µm) D50 (µm) D90 (µm)

Cordierite 3.2 26.9 61.2

Metakaolin 1.2 4.4 18.9
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Table 2. Equivalent oxide composition (%mol) of the cordierite and metakaolin powders.

MgO SiO2 Al2O3 Fe2O3 TiO2 CaO Other

Cordierite powder 21.7 55.7 21.4 0.3 0.3 0.1 0.5

Theoretical cordierite 22 56 22 / / / /

Metakaolin powder 0.1 65.3 32.4 0.3 1.2 0.5 0.3

The metakaolin (Al2O3·2SiO2) used for this work comes from Temcon-Solutions
GmbH (Winnweiler, Germany) under the name Tempozz® M88. Its particle size dis-
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tribution shows a median particle size d50 = 4.4 µm (Table 1). Its composition measured
from XRF analysis (Table 2) indicates a ratio SiO2/Al2O3 = 2.01, which is very close to
2.00, corresponding to pure kaolinite. The XRD analysis (Figure 1) shows the characteristic
background bump of an amorphous material, and two weak intensity peaks that can be
attributed to the presence of small amounts of quartz (JCPDS #00-033-1161) and anatase
(JCPDS #00-021-1272).

The potassium silicate used in this work comes from Wöllner GmbH (Ludwigshafen,
Germany) and is named Geosil® 14517. The characteristics of the potassium silicate solution
are listed in Table 3.

Table 3. Characteristics of the potassium silicate solution at 20 ◦C.

SiO2/K2O
(Molar
Ratio)

Water
Fraction
(wt%)

Density
(g/cm3) pH Viscosity

(mPa·s)

Geosil 14517 1.7 55 1.5 12.5 20

2.2. Preparation of Geopolymer Composites

The process used for the synthesis of the geopolymer composites is shown in Figure 2.
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• Geopolymer paste:

The preparation of the geopolymer binder starts with the potassium silicate solution
and the metakaolin. The metakaolin is added into the silicate solution and is mixed with a
laboratory mixer for 10 min. During this stage, the depolymerization of the metakaolin
takes place and there is formation of oligomers. The mixture is very fluid and easy to mix.
For some samples of 100% geopolymer, no cordierite filler is added, and step 2 is skipped.

• Cordierite addition:

When the geopolymer is ready, it is added to the cordierite powder and mixed by
hand. Depending on the percentage of filler, the mixture is more difficult to mix, this is
why a SpeedMixer at 1500 rpm for 30 s is used to obtain good homogeneity of the paste
and avoid lumps. The geopolymer paste flows easily under agitation.
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• Mold casting

The mixture is then cast into 3D-printed TPU molds of dimensions 2 × 1 × 6 cm. The
3D-printed TPU molds are flexible and make it easier to remove the samples. They also
limit the adhesion of the geopolymer paste from the walls.

• Air degassing:

Due to its high viscosity, the geopolymer composite can capture air, which makes large
pores. To prevent air in the samples, the filled molds are vibrated on a vibrating table for
10 min.

• Hardening:

The samples are sealed in plastic bags with a water recipient to ensure constant
humidity and to prevent water from evaporating. Then, the samples are kept in an oven at
80 ◦C for 24 h. Once the samples are cured, they are unmolded and polished at grade 120.
Next, the characterization of the samples is performed.

• Heat treatment:

To investigate the evolution of the properties of the composites during the first use at
high temperature, some samples undergo heat treatment with the following conditions:

• Heating ramp: 5 ◦C/min
• Plateau: 1000 ◦C for 5 h
• Cooling ramp: 5 ◦C/min

2.3. Investigated Compositions and Characterization Methods

The purpose of this work is to investigate the influences of (i) the K/Al ratio of the
geopolymer binder and (ii) the cordierite fraction on the stability of the dimensions and
porosity during heating at 1000 ◦C, and on the final Young’s modulus and coefficient of
thermal expansion. Table 4 presents the compositions that were prepared using K/Al ratios
of 0.75, 1, 1.5 and 2.3, and cordierite weight fractions of 0, 53%, 60% and 65%.

After curing, five samples of each composition are characterized in terms of:

• Geometric apparent density da;
• Absolute density d using a Micromeritics AccuPyc II 1340 device (Micromeritics,

Norcross, GA, USA) (after milling);
• Total porosity p calculated from the equation p = 1 − da/d;
• Crystalline and amorphous phases by means of a Panalytical Empyrean diffractometer

with a Cu kα radiation source with a range of 2θ between 9◦ and 35◦. The detector is
a PIXcel1D (RTMS detector) with an active length of 3.3473◦. The step size and the
counting time are 0.0131◦ and 8.67 s, respectively

• Room temperature Young’s modulus E using the Impulse Excitation Technique (IET)
with a GrindoSonic MK3 materials tester (Grindosonic, Heverlee, Belgium).

For each composition, the same characterization was also performed on one sample
that underwent heat treatment at 1000 ◦C for 5 h.

For selected compositions, additional characterization techniques were applied on
cured samples to follow the evolution of their properties during heat treatment at 1000 ◦C,
with a soaking time of 1 h and heating ramp of 5 ◦C/min as follows:

• Crystallographic changes by high-temperature diffraction (HT-XRD) on powdered
samples by means of a Panalytical Empyrean (HTK-2000N) diffractometer with a
Cu Kα radiation source with a range of 2θ between 9◦ and 35◦. The detector is a
1Der detector (RTMS detector) with an active length of 2.1223◦. The step size and the
counting time are 0.0167◦ and 10.16 s, respectively

• Dimension changes by dilatometry analysis on 5 × 5 × 20 mm3 samples using a Dil
402 Expedis dilatometer (Netzsch, Selb, Germany);

• Evolution of the Young’s modulus E using a GrindoSonic MK7 non-destructive mate-
rials tester coupled with a Nabertherm furnace HT-1600 ◦C.
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Table 4. The different compositions investigated, and the characterization techniques performed.

wt% Cordierite

0 53 60 65

K/Al

0.75 P + D + I

1 P + D + X P + D + I P + D + X + I

1.5 P + D + I

2.3 (*) X P + D P + D + X P
P: Density/porosity/Young’s modulus after curing and after heat treatment; D = Dimension changes by dilatome-
try; X = HT-XRD; I = Measurement of E by IET in temperature; (*) In the case of the ratio K/Al = 2.3, without
cordierite, the samples obtained after curing were seriously cracked, and it was not possible to perform most of
the characterizations.

3. Results
3.1. Characterization of the Samples after Curing and after Heat Treatment

Figures 3 and 4 show the pictures of the samples after curing. The top side of some
samples clearly shows spherical pores that are the result of the trapping of air bubbles
during the casting due to high viscosity of the paste. This is particularly the case when
the K/Al ratio is low, and the cordierite fraction high. These pores influence the apparent
density of the samples, and consequently their total porosity. Therefore, in this work,
we will focus on the evolution of the porosity after thermal treatment, and not on the
comparison of the absolute total porosity between the different compositions.
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Table 5 shows the characteristics of the sample after curing (C) and after treatment
(T). Due to the higher value of the absolute density of the cordierite (i.e., 2.55 g/cm3,
experimentally measured by He pycnometry) by comparison to that of the geopolymer
binder, the cured composites show an absolute density increasing with the cordierite load.
We also note that the absolute density trend is of a decrease with increase in the K/Al ratio.
After heat treatment, the differences are less, and all composites show a significant increase
in the density ranging from 2.55 to 2.60 g/cm3. This difference in density influences the
evolution of the porosity during the thermal treatment. The increase in the porosity is low
for the composites with K/Al = 0.75 and 1, and large for K/Al = 1.5 and 2.3. Concerning
the Young’s modulus, the composites with the lowest ratios (i.e., 0.75 and 1) show a strong
increase in the Young’s modulus after heat treatment.

Table 5. Characteristics of the samples before (C) and after (T) heat treatment.

Sample Apparent Density
(g/cm3) Absolute Density (g/cm3) Porosity (%) Young’s Modulus (GPa)

C T C T C T C T

0–1 1.39 2.20 2.11 2.48 34 12 8 15

0–2.30 - - 1.92 - - - - -

53–0.75 1.80 1.89 2.35 2.57 23 26 20 32

53–1.00 1.77 1.89 2.36 2.53 25 25 21 46

53–1.50 1.67 1.61 2.34 2.57 28 37 14 16

53–2.30 1.92 1.56 2.24 2.58 14 39 9 13

60–1.00 1.78 1.81 2.36 2.54 24 29 23 37

60–2.30 1.88 1.62 2.27 2.59 18 38 11 14

65–2.30 1.87 1.68 2.31 2.60 19 36 16 17

Figure 5 shows the XRD pattern of the composites with 53 wt% cordierite and
K/Al = 0.75; 1.0; 1.5 and 2.3. After curing, only the diffraction peaks of cordierite are
observed. After heat treatment of 5 h at 1000 ◦C, all the diffraction patterns highlight the
presence of leucite KAlSi2O6 (JCPDS #00-038-1423), and the possibility of kalsilite KAlSiO4
(JCPDS #00-011-0579) when K/Al = 1.5 and 2.3.
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The XRD patterns of the samples corresponding to K/Al = 1 and cordierite loads of 0,
53 and 60 wt% (Figure 6) evidence that the occurrence of the leucite is due to the crystal-
lization of the geopolymer binder, whereas the presence of kalsilite after heat treatment
is uncertain.
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curing (a) and after heat treatment (b).

When K/Al = 2.3, the presence of kalsilite in addition to leucite is clear on the XRD
patterns of the heat-treated geopolymer and of the composite loaded with 53 wt% cordierite
(Figure 7). The composites loaded with 60 wt% and 65 wt% cordierite seem to contain
only leucite.
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3.2. HT-XRD

a. Phases analysis

For a better understanding of the crystallographic changes occurring during the
heat treatment, high-temperature XRD analysis was performed on the geopolymers and
composites with 60 wt% cordierite with K/Al = 1 (Figure 8) and 2.3 (Figure 9).

For the geopolymer with K/Al = 1, the crystallization of leucite and kalsilite occurs
between 900 ◦C and 1000 ◦C on heating. During the plateau, the intensities of the
peaks of kalsilite decrease whereas those of leucite increase. The XRD patterns collected
during the cooling to RT between 600 ◦C and 400 ◦C evidence the crystal symmetry
transformation of leucite from the high-temperature cubic form (JCPDS #00-031-0967)
to the low-temperature tetragonal form [33]. In the case of the composite with 60 wt%
cordierite, the occurrence of kalsilite or leucite is not detected during the thermal cycle.
It should be noted that the main diffraction peaks of kalsilite are convoluted with high
intensity peaks of cordierite, so it is not possible to conclude with certitude the absence
of a weak amount of this phase.
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Figure 8. HT-XRD analysis of the geopolymer (a–c) and composite (d–f) with K/Al =1 with heating
until 1000 ◦C (a,d), plateau at 1000 ◦C (b,e) and cooling to RT (c,f).

The HT-XRD analysis performed on the geopolymer with K/Al = 2.3 also shows the
crystallization of kalsilite and leucite, but with the occurrence of kalsilite at a slightly lower
temperature during heating (between 800 ◦C and 900 ◦C). As for the other geopolymer,
the intensity of the peaks of leucite increases during the plateau at 1000 ◦C, and allotropic
transformation of leucite is observed during cooling. For the composite with 60 wt%
cordierite, the presence of leucite is also detected at 1000 ◦C during heating. The peaks of
kalsilite are not observed but, as stated previously, this is possibly due to their convolution
with strong peaks of cordierite.
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Figure 9. HT-XRD analysis of the geopolymer (a–c) and composite (d–f) with K/Al = 2.3 with heating
until 1000 ◦C (a,d), plateau at 1000 ◦C (b,e) and cooling to RT (c,f).

b. Evolution of the size of the cordierite unit cell

To evidence possible change in the unit cell parameters of the cordierite, Rietveld
refinement was performed on all the HT-XRD patterns using the MAUD software (Version
2.996). Figure 10 and Tables 6 and 7 show the evolution of the parameters a, b and c with
temperature on heating and on cooling, for the cordierite powder, and for the composites
with K/Al = 1 and 2.3 with 60 wt% cordierite. Tables 8 and 9 give the values of the profile
residuals calculated by the MAUD software. The graphs of Figure 10 highlight weak
differences between the cordierite powder and the cordierite in the composite when the
K/Al ratio of the binder is 1. By contrast, with the binder with K/Al = 2.3, all the unit
cell parameters significantly increase when the temperature goes over 700 ◦C on heating.
Moreover, the contraction of the cell during the cooling stage is slightly larger, especially
along the c-axis.
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Figure 10. Evolution of the unit cell parameters (a–c) of cordierite on heating (left) and on cooling
(right) for the cordierite powder, and for the composites with K/Al = 1 and 2.3 with 60 wt% cordierite.

Table 6. Unit cell parameters of the cordierite measured by Rietveld refinement on the HT-XRD
patterns of the cordierite powder and the composites 1–60 and 2.3–60 during heating.

Temperature Heating (◦C)

25 200 400 600 700 800 900 1000

Cordierite

a (pm) 1703.9 1704.2 1705.3 1706.5 1707.0 1707.7 1708.3 1708.9

b (pm) 973.8 974.0 974.7 975.3 975.7 976.1 976.5 976.9

c (pm) 933.9 933.4 933.2 932.9 932.9 932.8 932.8 932.7

1–60

a (pm) 1704.1 1704.7 1705.6 1706.6 1707.1 1708.0 1708.4 1708.8

b (pm) 973.3 973.7 974.3 975.0 975.3 976.0 976.9 977.4

c (pm) 933.6 933.3 933.1 932.9 932.9 933.1 933.4 933.6

2.3–60

a (pm) 1704.8 1705.3 1706.1 1707.2 1708.0 1710.4 1711.2 1712.8

b (pm) 973.5 973.5 974.3 975.0 975.3 976.9 978.7 979.6

c (pm) 934.2 933.6 933.4 933.4 933.5 934.8 937.0 937.8
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Table 7. Unit cell parameters of the cordierite measured by Rietveld refinement on the HT-XRD
patterns of the cordierite powder and the composites 1–60 and 2.3–60 during cooling.

Temperature Cooling (◦C)

1000 900 800 700 600 400 200 25

Cordierite

a (pm) 1708.7 1708.2 1707.4 1706.9 1706.3 1705.2 1704.0 1703.5

b (pm) 976.9 976.4 976.0 975.8 975.4 974.7 974.0 973.8

c (pm) 932.6 932.7 932.7 932.9 933.0 933.1 933.4 933.9

1–60

a (pm) 1708.6 1708.3 1707.7 1707.2 1706.6 1705.7 1704.4 1704.0

b (pm) 977.7 977.3 977.2 976.6 976.3 975.8 975.2 974.7

c (pm) 933.5 933.6 933.6 933.5 933.4 933.4 933.7 934.0

2.3–60

a (pm) 1712.6 1711.8 1710.8 1709.9 1708.3 1706.9 1706.0 1705.5

b (pm) 979.6 979.2 978.8 978.1 977.4 976.0 975.6 976.0

c (pm) 937.7 937.3 937.0 936.1 935.6 935.0 935.1 936.4

Table 8. Weighted profile residual Rwp, Bragg residual Rb, and expected profile residual Rexp of
the Rietveld refinement performed on the XT-XRD patterns of the cordierite powder and of the
composites 10–60 and 23–60 during heating.

Temperature Heating (◦C)

25 200 400 600 700 800 900 1000

Cordierite

Rwp (%) 17.37 18.10 18.34 18.59 18.99 18.33 18.63 18.67

Rb (%) 11.75 12.12 12.48 12.30 12.77 12.29 12.31 12.54

Rexp (%) 10.40 10.53 10.54 10.62 10.57 10.59 10.59 10.54

1–60

Rwp (%) 12.28 13.23 13.93 13.85 13.70 13.98 14.34 14.68

Rb (%) 9.07 9.63 10.08 10.08 10.05 10.29 10.80 11.16

Rexp (%) 9.92 10.12 10.28 10.39 10.40 10.39 10.40 10.43

2.3–60

Rwp (%) 13.82 14.56 14.78 15.61 15.05 15.63 15.70 17.35

Rb (%) 10.03 10.45 10.54 11.20 10.61 10.82 11.44 12.53

Rexp (%) 11.82 12.04 12.24 12.34 12.32 12.35 12.35 12.42

Table 9. Weighted profile residual Rwp, Bragg residual Rb, and expected profile residual Rexp of
the Rietveld refinement performed on the XT-XRD patterns of the cordierite powder and of the
composites 10–60 and 23–60 during cooling.

Temperature Cooling (◦C)

1000 900 800 700 600 400 200 25

Cordierite

Rwp (%) 19.30 18.64 19.08 18.92 18.99 18.32 18.23 17.32

Rb (%) 12.86 12.39 12.98 12.71 12.84 12.16 12.27 11.81

Rexp (%) 10.55 10.49 10.47 10.45 10.38 10.34 10.25 10.02

1–60

Rwp (%) 14.68 14.61 14.72 14.24 14.24 14.09 13.38 13.02

Rb (%) 11.20 11.21 11.14 10.75 10.75 10.63 10.15 9.89

Rexp (%) 10.44 10.40 10.39 10.35 10.35 10.24 10.15 9.90

2.3–60

Rwp (%) 17.56 16.91 17.42 16.45 17.18 16.82 15.74 13.64

Rb (%) 12.48 12.03 12.56 12.93 12.35 12.74 11.76 10.14

Rexp (%) 12.34 12.23 12.15 12.12 12.09 11.93 11.77 11.50
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3.3. Dimension Changes During the Thermal Cycle

a. Effect of the K/Al ratio

Figure 11 shows the dilatometry curves recorded during heating up to 1000 ◦C, during
the plateau of 1 h at 1000 ◦C, and on cooling to RT, for the composition with 53 wt% of
cordierite and different K/Al ratios. When this ratio is 0.75 and 1, at low temperatures,
the curves show a first stage corresponding to a moderate shrinkage (<2%), slowing down
when the temperature increases. Next, when the temperature goes over 800 ◦C, a second
stage leads to a rapid shrinkage greater than 2%. The plateau of 1 h at 1000 ◦C leads
to a stabilization of the shrinkage. The curves recorded during the cooling are linear.
The final shrinkage is around 5% for both compositions. When K/Al = 1.5 or 2.3, the
second stage of the shrinkage starts at lower temperatures (i.e., 600 ◦C for K/Al = 2.3
and 700 ◦C for K/Al = 1.5) but stops soon after to be replaced by an expansion at higher
temperatures. During the plateau, the expansion still slightly increases. During cooling, a
rapid contraction is observed around 500 ◦C.
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Figure 11. Dilatometry curves during heating up to 1000 ◦C, during the plateau at 1000 ◦C for 1 h,
and on cooling to RT for the compositions with 53 wt% of cordierite and K/Al = 0.75, 1, 1.5 and 2.3.

b. Effect of cordierite load

Figure 12 shows the dilatometry curves recorded during heating up to 1000 ◦C, during
the plateau of 1 h at 1000 ◦C, and on cooling to RT for the compositions with a ratio
K/Al = 1.0 and cordierite loads of 0, 53 and 60 wt%. It is observed that the cordierite
load seriously limits the shrinkage by comparison to the geopolymer alone. Moreover,
the contraction observed around 500 ◦C for the geopolymer binder is not present for
the composites.
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Figure 12. Dilatometry curves recorded during heating up to 1000 ◦C, during the plateau at 1000 ◦C
for 1 h, and on cooling to RT for the compositions with a ratio K/Al = 1 and cordierite loads of 0, 53
and 60 wt%.
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When the ratio K/Al is 2.3, the increase in the cordierite load has no significant
effect during the heating stage, but lowers the expansion observed during the soaking
stage (Figure 13). On cooling, a rapid contraction around 400 ◦C is observed for both
cordierite loads.

Ceramics 2024, 7, FOR PEER REVIEW  15 
 

 

(Figure 13). On cooling, a rapid contraction around 400 °C is observed for both cordierite 

loads. 

 

Figure 13. Dilatometry curves recorded during heating up to 1000 °C, during the plateau at 1000 °C 

for 1 h, and on cooling to RT for the compositions with a ratio K/Al = 2.3 and cordierite loads of 53 

and 60 wt%. 

The coefficients of thermal expansion (CTEs) calculated from the slope of the curves 

recorded on cooling are given in Table 10. One notes the very high value (27.8 × 10−6 K−1) 

obtained for the pure geopolymer with K/Al = 1. The addition of the cordierite filler dras-

tically lowers the CTE. The lowest value is obtained for the lowest K/Al ratio, whereas the 

maximum value is for K/Al = 1.5. 

Table 10. Average coefficient of thermal expansion (CTE) calculated between 1000 °C and RT during 

cooling after thermal treatment at 1000 °C for 1 h. 

CTE (10−6 K−1)  
wt% Cordierite 

0 53 60 

K/Al 

0.75 - 4.0 - 

1 27.8 4.6 4.1 

1.5 - 6.7 - 

2.3 - 5.9 5.2 

3.4. Evolution of the Young’s Modulus with Temperature 

The evolution of the Young’s modulus E with temperature was characterized using 

an impulse excitation technique for compositions of different ratio K/Al and a cordierite 

load of 53 wt%. Figure 14 shows the relative evolution of the Young’s modulus E with 

respect to its initial value E0 measured at room temperature. During the heating, we ob-

serve first a slow increase in E for all compositions followed by a more rapid increase 

when the temperature reaches 900 °C for compositions with K/Al = 0.75 and 1. Moreover, 

for those two compositions, the value of E continuously rises until reaching a plateau dur-

ing the soaking stage at 1000 °C and remains almost stable during cooling. For the com-

position with K/Al = 1.5, the value of E remains low during the plateau and rapidly de-

creases to its initial value on cooling. 

Figure 13. Dilatometry curves recorded during heating up to 1000 ◦C, during the plateau at 1000 ◦C
for 1 h, and on cooling to RT for the compositions with a ratio K/Al = 2.3 and cordierite loads of 53
and 60 wt%.

The coefficients of thermal expansion (CTEs) calculated from the slope of the curves
recorded on cooling are given in Table 10. One notes the very high value (27.8 × 10−6 K−1)
obtained for the pure geopolymer with K/Al = 1. The addition of the cordierite filler
drastically lowers the CTE. The lowest value is obtained for the lowest K/Al ratio, whereas
the maximum value is for K/Al = 1.5.

Table 10. Average coefficient of thermal expansion (CTE) calculated between 1000 ◦C and RT during
cooling after thermal treatment at 1000 ◦C for 1 h.

CTE (10−6 K−1)
wt% Cordierite

0 53 60

K/Al

0.75 - 4.0 -

1 27.8 4.6 4.1

1.5 - 6.7 -

2.3 - 5.9 5.2

3.4. Evolution of the Young’s Modulus with Temperature

The evolution of the Young’s modulus E with temperature was characterized using an
impulse excitation technique for compositions of different ratio K/Al and a cordierite load
of 53 wt%. Figure 14 shows the relative evolution of the Young’s modulus E with respect
to its initial value E0 measured at room temperature. During the heating, we observe
first a slow increase in E for all compositions followed by a more rapid increase when the
temperature reaches 900 ◦C for compositions with K/Al = 0.75 and 1. Moreover, for those
two compositions, the value of E continuously rises until reaching a plateau during the
soaking stage at 1000 ◦C and remains almost stable during cooling. For the composition
with K/Al = 1.5, the value of E remains low during the plateau and rapidly decreases to its
initial value on cooling.
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Figure 14. Evolution of the Young’s modulus E during heating up to 1000 ◦C, during the plateau at
1000 ◦C for 1 h, and during the cooling to RT for the compositions with 53 wt% of cordierite and
K/Al = 0.75, 1 and 1.5.

For the binder K/Al =1, Figure 15 shows that the cordierite load has almost no
influence on the evolution of the Young’s modulus during heating until the temperature
reaches 1000 ◦C. However, during the plateau at 1000 ◦C, the increase in the modulus is
larger for the lowest load.
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Figure 15. Effect of the cordierite load on the evolution of the Young’s modulus E during heating up
to 1000 ◦C, during the plateau at 1000 ◦C for 1 h, and during cooling at RT for compositions with
K/Al = 1 and a load of cordierite of 53 and 60 wt%.

4. Discussion

The HT-XRD analysis shows that for the geopolymer with K/Al = 1 (Figure 8), the
crystallization of the leucite and kalsilite occurs during heating between 900 and 1000 ◦C.
During the plateau at 1000 ◦C for 1 h, the amount of kalsilite decreases and that of leucite
increases, thereby indicating the possible reaction (1):

KAlSiO4 + SiO2 → KAlSi2O6 (1)

The XRD pattern of the geopolymer heat-treated at 1000 ◦C for 5 h (Figure 6) shows
leucite as the single crystalline phase. For the composites synthesized with this geopolymer
and 60 wt% cordierite, neither leucite nor kalsilite is detected during the HT-XRD analysis.
When comparing the HT-XRD analysis to those performed at RT after heat treatment of
5 h (Figures 5 and 6), which show the presence of weak peaks of leucite, we can conclude
that the addition of cordierite to the geopolymer delays the crystallization of leucite. When
K/Al = 2.3, the HT-XRD analysis evidences the crystallization of kalsilite between 800 ◦C
and 900 ◦C, and leucite between 900 ◦C and 1000 ◦C during the heating stage (Figure 9).
As for the geopolymer with K/Al = 1, a transformation of kalsilite to leucite occurs during
the plateau of 1 h at 1000 ◦C. However, due to the higher potassium content, the XRD
pattern of this geopolymer heat-treated during 5 h (Figure 7) still shows the presence of
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kalsilite. For the composites synthesized with this geopolymer and 60 wt% cordierite, the
HT-XRD analysis also shows the crystallization of leucite at 1000 ◦C but does not allow the
presence of kalsilite to be inferred. However, this latter is present on the XRD pattern of the
composite heat-treated for 5 h (Figure 7). When comparing the results of the XRD analysis,
according to the K/Al ratio, it is concluded that the addition of cordierite has a stronger
influence on the crystallization of the geopolymer when K/Al is low. More specifically, the
crystallization does not take place during the heating stage up to 1000 ◦C when K/Al = 1,
in contrast to what happens when K/Al = 2.3. On the other hand, the calculation by
Rietveld refinement of the unit cell parameters on the cordierite highlights the expansion
of the cell when the temperature goes over 700 ◦C for the composite with K/Al = 2.3 and
60 wt% cordierite (Figure 10). This can be explained by the insertion of potassium ions
in the channels of the structure of the cordierite [31,32]. This mechanism also involves
the substitution of Si atoms by Al atoms in the tetrahedral sites, and possibly ends by
the formation of the compound K0.5Mg2Al4.5Si4.5O18, which has a hexagonal symmetry
(indialite-like):

2 Mg2Al4Si5O18 +
1
2 K2O + 1

2 Al2O3 → 2K0.5Mg2Al4.5Si4.5O18 + SiO2 (2)

The consequence is a change in the composition of the geopolymer that can modify its
behavior at sintering and crystallization. This phenomenon is not observed when K/Al = 1.

The crystallization of the geopolymer and the interaction between the geopoly-
mer and the cordierite can explain the differences observed on the dilatometry curves
(Figures 11–13). Firstly, the first stage of shrinkage, from room temperature to 300 ◦C, is
related to dehydration and dihydroxylation [25]. Secondly, the increase in the amount of
K2O lowers the temperature of the beginning of the second stage of the shrinkage that can
be associated with sintering of the material. This can be explained by the amorphous nature
of the geopolymer that probably induces a viscous flow sintering mechanism [34,35]. On
the other hand, the shrinkage due to sintering stops around 700 ◦C when K/Al = 2.3. This
temperature corresponds to the beginning of the expansion of the unit cell of the cordierite,
resulting in the diffusion of potassium ions in the structure. This phenomenon, together
with the crystallization of kalsilite, lowers the K2O content in the geopolymer and thereby
stops the viscous flow mechanism. Moreover, the transformation of kalsilite to leucite
(Equation (1)) leads to a volume expansion due to the significantly lowest absolute density
of leucite (2.47 g/cm3 against 2.60 g/cm3). The magnitude of this expansion depends on
the density of the silica involved in the reaction, and consequently its state. This reaction
may explain the dilatation observed on the dilatometric curves when the temperature is
over 900 ◦C and during the plateau at 1000 ◦C, with dilatation enhanced by the geopolymer
fraction (Figure 13). Finally, the presence of a significant amount of leucite after 1 h at
1000 ◦C in the composite when K/Al = 2.3 explains the non-linear contraction during the
cooling by the allotropic transformation of cubic-leucite to tetragonal-leucite. It is noted
that this transformation is also present for the composite with K/Al =1.5. By contrast, no
diffusion of potassium ions in the cordierite nor crystallization of the geopolymer take place
during the heating stage when K/Al = 1, and probably 0.75. So, a significant shrinkage due
to sintering is observed between 800 ◦C and 1000 ◦C. Sintering still takes place during the
plateau of 1 h at 1000 ◦C as the crystallization of leucite occurs later, as previously explained.
To investigate the effect of this crystallization on the dimensions of the composite, a new
dilatometry analysis, with a plateau of 10 h at 1000 ◦C, was performed. Figure 16 shows
the relative variation in dimensions during the plateau. This new analysis confirms the
shrinkage observed with the first analysis with a plateau of 1 h, but it also highlights a
weak expansion after 1 h. If we attribute this expansion to the transformation of kalsilite to
leucite, as explained previously, this leads to the inference of prior crystallization of a low
amount of kalsilite.
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Figure 16. Relative variation in dimension of the composite with K/Al = 1 and 53 wt% cordierite
during a plateau of 10 h at 1000 ◦C.

In terms of absolute density (Table 5), after curing, the density decreases when the
K/Al ratio increases because of the larger amount of potassium silicate used, which has
a lower density (1.50 g/cm3) than the metakaolin (2.70 g/cm3). For a given K/Al ratio,
the absolute density of the composite increases with the amount of cordierite, as the
absolute density of cordierite is higher (2.55 g/cm3) than the geopolymer alone. After heat
treatment, the absolute density of the composites increases due to the partial crystallization
of the geopolymer in leucite (2.47 g/cm3) and/or kalsilite (2.60 g/cm3). Consequently, the
variation in absolute density is larger when K/Al increases because of the lowest initial
value, but also related to the presence of kalsilite in the heat-treated samples.

The differences in shrinkage, together with the differences in the evolution of the
absolute density, explain why the porosity of the composite remains nearly constant when
K/Al is low whereas it strongly increases when it is high (Table 5).

The fractions of leucite, kalsilite and cordierite in the composites play a key role in
the coefficient of thermal expansion (CTE) (Table 10). A high fraction of cordierite and low
fractions of leucite and kalsilite are favorable to a low value due to the very high CTEs
of the two potassium aluminum silicates—20 × 10−6 K−1 for kalsilite, 22 × 10−6 K−1 for
tetragonal leucite (above 600 ◦C) and 3 × 10−6 K−1 for cubic leucite (under 600 ◦C) [33,36].
Moreover, the CTEs given in the present work are the average values calculated between
1000 ◦C and RT, so they include the contraction due to the allotropic transformation of
leucite. This explains the very high value measured for the pure geopolymer, but also the
much lower CTEs of the composite with K/Al = 0.75 and 1 by comparison to those of the
composites with K/Al = 1.5 and 2.3. The decrease in the CTE when K/Al increases from
1.5 to 2.3 is probably due to the crystallization of less leucite due to the insertion of a part
of the potassium in the structure of the cordierite. This is also supported by the presence
of kalsilite in the composite heat-treated during 5 h at 1000 ◦C, which evidences the non-
complete transformation of kalsilite in leucite. One must also consider the effect of the
insertion of the potassium ions and the aluminum/silicon substitution in the structure of
the cordierite that possibly lowers the CTE when stabilizing the hexagonal symmetry [32].
However, the measurement of the unit cell parameters of orthorhombic cordierite derived
from the HT-XRD patterns seems, by contrast, to highlight an increase in the variation
with temperature (Figure 10). This point must be clarified in future work as the heating
conditions could influence the relative importance of the diffusion and stabilization of the
potassium ions in the cordierite structure, and their contribution to the crystallization of
kalsilite and leucite.

Finally, the strong increase in the Young’s modulus of the composite with K/Al = 0.75
and 1 when the temperature goes over 900–950 ◦C during the heating stage of the thermal
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treatment (Figures 14 and 15) evidences a consolidation mechanism correlated to the
shrinkage due to sintering. The rapid decrease in the Young’s modulus during the cooling
stage when K/Al = 1.5 occurs at the same temperature as the contraction observed on the
dilatometry curve (Figure 11). This can be explained by damage due to internal stresses
generated by the rapid volume change of 1.2% induced by the allotropic transformation of
leucite [33].

5. Conclusions

Geopolymer composites containing 53 to 65 wt% of a recycled cordierite powder as
filler were synthesized.

• The K/Al ratio of the geopolymer plays a key role in the evolution of the dimensions
and properties during thermal treatment at 1000 ◦C. A low K/Al ratio of 0.75 or 1
leads to shrinkage of around 5% due to sintering of the composite.

• A higher ratio induces a reaction between the geopolymer and the cordierite filler that
inhibits sintering, and greater crystallization of kalsilite and leucite. This influences
the evolution of the properties.

• A K/Al ratio of 0.75 or 1 is favorable to the stability of the porosity around 25 to 30%.
Moreover, the lower amount of leucite is beneficial to a low coefficient of thermal
expansion of 4 to 4.5 × 10−6 K−1. The stronger consolidation during sintering leads to
a significant increase in the Young’s modulus and values of 40 to 45 GPa are obtained
after heat treatment.
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Abstract: Mullite substrates with two different porosities were 3D printed, and tested as humidity
sensors. To evaluate the effects of porosity on humidity sensitivity, the samples were sintered at
1400 ◦C (Sensor 1) and 1450 ◦C (Sensor 2). The sensors were tested in a range from 0% to 85%
relative humidity (RH) at room temperature. When exposed to water vapor at room temperature, the
impedance value dropped down from 155 MΩ under dry air to 480 kΩ under 85 RH% for Sensor 1
and from 115 MΩ under dry air to 410 kΩ for Sensor 2. In addition, response time and recovery time
were below 2 min, whatever the firing temperature, when RH changed from 0% to 74%. Finally, tests
carried out involving ammonia, methane, carbon dioxide and nitrogenous oxide, as well as ethanol
and acetone, showed no interference.

Keywords: mullite; stereolithography; humidity sensor

1. Introduction

Over the last few decades, the use of humidity sensors to measure and control rela-
tive humidity (RH) has attracted significant interest in many industrial sectors, such as
automation, food processing (e.g., microwave ovens), agriculture, health care (e.g., drug
preparation, medical equipment, and air conditioners) and manufacturing (e.g., electronics
and paper manufacturing) [1–4]. In addition, the need for humidity sensors able to operate
in extreme conditions (high temperatures and corrosive atmospheres) is also constantly
increasing. Thus, there is still an interest in studying humidity sensors today. These sensors
can be classified as capacitive, resistive, and thermal conductive [5]. Their operating princi-
ple is based on the adsorption of water molecules, which changes the electrical properties,
such as the capacitance or resistance, of the devices, or on the measurement of the difference
between thermal conductivity in dry and in humid air [6–15]. Resistive sensors are low-cost
and can be easily integrated in electronic circuits, making them ideal candidates for remote
monitoring applications.

Among the resistive sensors, many sensing materials were investigated, such as
metal oxides (Al2O3, Fe2O3, TiO2, SiO2, WO3, ZnO, CuO and ZrO2), perovskites (ZrTiO4,
LaFeO3, BaTiO3, LiNbO3, SmCrO3, etc.) and spinels (ZnWoO4, MnWO4, NiWO4, CoWO4,
MgCr2O4, ZnCr2O4, MgAl2O4, Fe3O4, etc.) [16,17], as well as carbon-based materials (e.g.,
carbon nanotubes, graphene oxides and biochar) [18–24]. Clay minerals with layered
structures have also been also investigated, due to their high specific surface area and their
capacity for ion exchange and the hydration process [25–27]. More recently, because of new
applications such as the Internet of Things (IoT) and human-body monitoring, new sensors
based on different materials such as paper [28], sulfides [29], sulfates [30], metal–organic
frameworks (MOFs) [31] and other materials [32] have also been proposed.

Gas and humidity resistive sensors are often manufactured by screen-printing or
spin-coating, or by brushing the sensing layer onto inert rigid or soft substrates, such as
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ceramic or polymeric ones. However, in this case, only a limited volume of material is used
for the detection of the target gas.

Additive manufacturing techniques allow the production of complex geometries. In
this research, Digital Light Processing (DLP) was exploited for the direct preparation of
active substrates able to support metallic electrodes and to act, at the same time, as sensing
layers. Thus, preliminary printing tests were performed to produce planar substrates with
thickness values that could allow them to survive the successive screen-printing process,
while, at the same time, not being too thick. The obtained thickness value (1.07 mm,
after firing) was a good compromise on this basis. In addition, typical tape-cast films are
100–300 µm thick [33], which would have required the pressing of several stacked green
layers to obtain a substrate with the same thickness. In such a case, pore size and pore size
distribution could be changed during this pressing step. Finally, uniaxially pressing pellets
1 mm thick was another alternative, even if handling them without any organic temporary
binder could be challenging. For these reasons, stereolithography was chosen for the
sensors’ manufacturing, with the aim of producing more-complex porous geometries in
the future.

Mullite (3Al2O3·2SiO2) is the only intermediate stable compound in the Al2O3-SiO2
system, and it is known for its chemical inertness in harsh environments [34]. Thus, in
this work, a commercial mullite powder was first characterized by X-ray diffraction (XRD)
and laser granulometry. Then, a slurry based on a photocurable commercial resin with a
dispersant, a sintering additive and the mullite powder was prepared, and planar substrates
were printed by DLP. These substrates were partially sintered at two different temperatures
in order to investigate the effects of residual porosity on humidity-sensing properties. Their
electrical responses with respect to humidity and to interfering gases such as NH3 (44 ppm
in air), CH4 (100 ppm in air), CO2 (500 ppm in air) and NO2 (2.5 ppm in air), as well as
ethanol (68,800 ppm) and acetone (276,900 ppm), were studied for the first time.

2. Materials and Methods
2.1. Materials

A mullite commercial powder (SA 193 CR, from Baikowski SAS, Annecy, France) was
used. Chemical characterization of the as-received powder was performed by XRD analysis
using a Pananalytical X′Pert Pro instrument (Pananalytical, Eindhoven, The Netherlands)
with CuKα radiation (0.154056 nm) in the 2θ range, 5–70◦. Furthermore, the particle
size distribution of the as-received powder was checked by laser granulometry (Mas-
tersizer 3000, Malvern Panalytical, Malvern, Worcestershire, UK) in alcohol after 5 min
sonication. A photocurable commercial resin (Admatec Europe BV, Alkmaar, The Nether-
lands) consisting of a liquid monomer resin system with a photo-initiator, diphenyl(2,4,6,-
trimethylbenzoyl)phosphine oxide and acrylates was used to prepare the slurry. A disper-
sant (Disperbyk-103, BYK Chemie, Wesel, Germany) was added to enhance the stability
and increase the solid loading of the suspension.

2.2. Slurry Preparation

The slurry was manufactured by mechanically mixing the resin and the dispersant
with the ceramic powder in order to obtain a solid loading of 69 wt%. After preliminary
tests, 5.0 wt% dispersant was added (with respect to the dry powder) to the monomer,
under mechanical stirring with a helix for 15 min. Then, mullite powder was gradually
introduced into the mixture under continuous stirring, accurately avoiding the formation of
agglomerates. Magnesium carbonate was also mixed as a sintering aid (1 wt% of equivalent
MgO with respect to mullite) [35]. The total mixing process lasted 45 min. The obtained
slurry was then milled in agate jars with agate spheres (d = 10 mm) for 6 h at 350 rpm
in a planetary miller (Fritsch Pulverisette 5, Fritsch GmbH, Oberstein, Germany). The
slurry was finally degassed for 30 min under vacuum by means of a rotative pump in
order to allow the entrapped gas to leave the mixture and to obtain a homogeneous slurry.
A rotational rheometer (Kinexus Pro+, Malvern Panalytical, Malvern, Worcestershire,
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UK) equipped with stainless steel parallel plates (20 mm diameter, 1 mm gap between
plates) was used to assess the rheology of the slurry at 25 ◦C. Shear rates in the range of
0.1–1000 s−1 were applied.

2.3. Digital Light Processing (DLP) and Post-Processing

Planar-shaped specimens were designed using the AutoCAD 2018 software and
printed using a DLP-based stereolithographic printer (ADMAFLEX 130, ADMATEC Europe
BV, Alkmaar, The Netherlands) operating with a 405 nm wavelength UV light. Curing
depths and curing degrees of the UV-curable suspensions were investigated through several
tests. Curing parameters are of paramount importance for the integrity and quality of the
printed samples. Thus, first, the best compromise between high resolution, good adhesion,
and the uniformity of each layer was investigated. The most reliable parameters were the
following: layer thickness, exposure time, and LED power; these were equal to 30 µm,
1 s and 13.93 mW/cm3, respectively. During the printing process, a delay of 30 s before
exposure was set to allow air bubbles to be expelled from the slurry. A 125 µm doctor
blade was used. Slurries were exposed to the UV light in a chessboard configuration for
different exposure times to determine the curing depth. The uncured slurry was then
cleaned with paper and the thickness of the single layer was determined by means of a
digital micrometer.

After printing, the samples were soaked in deionized water at approx. 40 ◦C for
6 h to enable researchers to easily remove with a brush the uncured slurry attached to
the samples, promoting the removal of the contained water-soluble fraction. Indeed, the
resin used (Blank resin C, water de-binding, ADMAFLEX, Alkmaar, The Netherlands) is
specifically designed to avoid thermal de-binding defects during resin decomposition by
creating a porous network (via water de-binding) through which decomposition gases can
be removed without stressing the green samples. Then, the substrates were dried in an oven
at 70 ◦C for 6 h. A thermal de-binding and sintering cycle (Carbolite 1800 electric furnace,
Carbolite Gero GmbH, Neuhausen, Germany) (Figure 1) was set up. Specifically, the
samples were slowly heated to 1000 ◦C to prevent cracking during resin decomposition and
then were sintered up to 1400 ◦C (Sensor 1) and 1450 ◦C (Sensor 2) for 1 h, at a heating rate
of 1 ◦C/min. These sintering temperatures were chosen based on preliminary tests: a too-
high temperature guarantees higher mechanical properties but a lower porosity and sensor
response. However, a minimum mechanical strength is needed because the substrates
must withstand the screen-printing process for the metallic electrodes. The sintered density
was determined according to the theoretical density (TD) of mullite (3.17 g/cm3) and the
microstructures of the films were observed by means of a field emission-scanning electron
microscope (FE-SEM, Hitachi S3800, Tokyo, Japan).

2.4. Fabrication and Measurement of Gas Sensors

The platinum electrodes were screen-printed (Ferro 5545, King of Prussia, PA, USA;
2 successive prints) using an automatic machine with a 270-mesh steel screen. After drying
overnight, the Pt ink was fired at 980 ◦C for 15 min to obtain a high-grade adhesion and
optimize its electrical conductivity, as per the ink producer’s indications. The electrodes
had widths of 400 µm and were spaced 450 µm from each other.
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Figure 1. Schematic diagram of thermal de-binding and sintering cycles.

The sensor’s humidity response in the 0–100% relative humidity (RH) range was
studied by means of a laboratory system at room temperature, under an airflow rate of
150 mL/min. The RH was increased progressively by steps, each one 15 min. In this system,
the airflow (Siad, Turin, Italy, research grade) was split into two flows and controlled by
means of mass flows (MF302, Teledyne Hastings, Hampton, VA, USA; mass flow controller:
Teledyne 4000): the first one was kept anhydrous, whereas the second one passed through
a water bubbler, generating a saturated humid flow. Then, both flows were combined.
A commercial probe for humidity and temperature measurements (Delta Ohm DO9406,
Caselle di Selvazzano, PD, Italy; accuracy: ±0.1% in the 0–100% RH range from 50 to
250 ◦C) was used as reference for temperature, and RH values were determined inside
the measurement chamber. During tests under a dynamic flow, the sensors’ impedance
and phase were measured by an LCR meter (Hioki 3533-01, Ueda, Nagano, Japan). The
alternating voltage was 2 V at a frequency of 1 kHz. Additionally, tests were also carried
out for different gases, like NH3 (44 ppm in air), CH4 (100 ppm in air), CO2 (500 ppm in
air) and NO2 (2.5 ppm in air), all under the same flow rate (all gases were provided by
Siad, Turin, Italy and were research grade). Then, a bubbler with pure ethanol and acetone
(Sigma Aldrich, Milan, Italy, reagent grades) was added and the response of the sensor
was investigated at 23 ◦C. The gas concentrations (in %) were calculated according to the
respective vapor pressures (52.3 mmHg for ethanol and 210.4 mmHg for acetone [36]) and
Equation (1) [37]:

gas concentration (%) = 100 × vapor pressure of the liquid in mmHg/760 (1)

The response of the sensor (R) was calculated according to Equation (2)

R = Z0/Zg (2)

where Z0 and Zg are the impedance values of the sensor under dry air and under humid
air, respectively.

The sensitivity (S) of the sensor is the slope of the calibration curve, and it can be
determined in accordance with Equation (3):

S(Z) = ∆Z/∆RH (3)

The response time (the time required by a sensor to achieve 90% of the total impedance
change in the presence of humid air) as well as the recovery time (the time needed for a
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sensor to reach 90% of the total impedance variation during gas desorption) were calculated
as well.

3. Results and Discussion
3.1. Powder Characterization

The as-received powder showed a multimodal distribution with a ∅50 value close to
~29 µm (Table 1). After 5 min of sonication, the ∅50 was equal to ~1.8 µm. Thus, sonication
reduced the size of the coarser fractions. It can be concluded that the as-received powder
presented soft agglomeration.

Table 1. Particle size (µm) corresponding to 10% (∅10), 50% (∅50) and 90% (∅90) of the cumulative
distribution of the as-received and sonicated (5 min) mullite powders from laser granulometry.

∅10 (µm) ∅50 (µm) ∅90 (µm)

As received 0.90 28.70 106.00
5 min sonication 0.58 1.76 4.36

The XRD pattern of the as-received mullite is reported in Figure 2; the pattern corre-
sponds mainly to mullite (JCPDS card n◦ 15-0776). Cristobalite (SiO2, JCPD file 96-900-8230)
and aluminum oxide (Al2O3, JCPFD files 96-900-7499 and 00-035-0121, for the hexagonal
and the monoclinic phase, respectively) were also detected.

Ceramics 2024, 7, FOR PEER REVIEW  5 
 

 

 

where Z0 and Zg are the impedance values of the sensor under dry air and under humid 

air, respectively. 

The sensitivity (S) of the sensor is the slope of the calibration curve, and it can be 

determined in accordance with Equation (3): 

S(Z) = ΔZ/ΔRH (3)

The response time (the time required by a sensor to achieve 90% of the total imped-

ance change in the presence of humid air) as well as the recovery time (the time needed 

for a sensor to reach 90% of the total impedance variation during gas desorption) were 

calculated as well. 

3. Results and Discussion 

3.1. Powder Characterization 

The as-received powder showed a multimodal distribution with a 50 value close to 

~29 µm (Table 1). After 5 min of sonication, the 50 was equal to ~1.8 µm. Thus, sonication 

reduced the size of the coarser fractions. It can be concluded that the as-received powder 

presented soft agglomeration. 

Table 1. Particle size (µm) corresponding to 10% (10), 50% (50) and 90% (90) of the cumulative 

distribution of the as-received and sonicated (5 min) mullite powders from laser granulometry. 

 10 (µm) 50 (µm) 90 (µm) 

As received 0.90 28.70 106.00 

5 min sonication 0.58 1.76 4.36 

The XRD pa�ern of the as-received mullite is reported in Figure 2; the pa�ern corre-

sponds mainly to mullite (JCPDS card n◦ 15-0776). Cristobalite (SiO2, JCPD file 96-900-

8230) and aluminum oxide (Al2O3, JCPFD files 96-900-7499 and 00-035-0121, for the hex-

agonal and the monoclinic phase, respectively) were also detected. 

 

Figure 2. XRD pa�erns of the as-received mullite (m: mullite, c: cristobalite, A: aluminum oxide, a: 

corundum). 

3.2. Sensor-based Microstructural Characterization 

Figure 2. XRD patterns of the as-received mullite (m: mullite, c: cristobalite, A: aluminum oxide, a:
corundum).

3.2. Sensor-Based Microstructural Characterization

The different sintering temperatures (1400 or 1450 ◦C, for 1h) produced a slight
difference in substrate porosity: in fact, Sensor 1 samples were characterized by a porosity
of 19% (determined according to the Archimedes method), and Sensor 2, of 17%. Before
sintering, the average dimensions of the substrates were: 23.12 × 15.48 × 1.19 mm3. After
sintering, the average dimensions of the plates were: 21.56 × 14.4 × 1.07 mm3 for Sensor 1
and 20.15× 13.46× 1.07 mm3 for Sensor 2. Volume shrinkages of 20% for Sensor 1 and 32%
for Sensor 2 were then calculated after sintering. The substrates were to be handled with
care because of the rather low sintering temperature (with the same mullite powder and
1 wt% addition of MgO, full density can be reached after sintering at 1550 ◦C for 3 h [35],
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while the sensors were heat-treated at 1400 ◦C and 1450 ◦C for 1 h only). However, they
were able to survive the screen-printing step, in which the steel mesh comes into contact
with the sample and the squeegee forces the ink to pass through the former. When flat
surfaces were obtained, no breaking of samples was observed. An image of the printed
sensor with screen-printed electrodes is reported in Figure 3.
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Figure 3. Optical micrograph of the 3D printed mullite sensor with screen-printed interdigitated
electrodes, sintered at 1400 ◦C for 60 min.

The FE-SEM micrographs of the 3D printed mullite sintered at 1400 ◦C and 1450 ◦C are
presented in Figure 4. The microstructures appear porous, and the lower annealing temper-
ature (1400 ◦C) led to the creation of a spongier structure (Figure 4a,c), in comparison with
the one obtained at a higher temperature (1450 ◦C) (Figure 4b,d), which was as expected,
considering the respective densities of the sensors. Sensor 1 looks like a consolidated
powder at the very beginning of the sintering process (Figure 4c), while on sensor 2 a
coarsening of the grain powders is already visible (Figure 4d).
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Figure 4. FE-SEM micrographs of the 3D printed mullite sintered at 1400 ◦C (a,c) and 1450 ◦C (b,d)
for 1 h.

3.3. Humidity-Sensing Properties

The sensor response, in terms of impedance and the phase variation of Sensors 1 and
2 are plotted in Figures 5 and 6. When in contact with humidity, the impedance value
dropped from 155 MΩ under dry air to 480 kΩ under 85 RH% for Sensor 1, and from
115 MΩ under dry air to 410 kΩ for Sensor 2 (Figures 5a and 6a). The higher porosity of
Sensor 1 can explain the higher initial (under dry air) impedance value.
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of Sensor 1 (91 and 167 s, respectively) are longer than those of Sensor 2 (64 and 119 s, 

Figure 5. Response as a function of relative humidity value for mullite Sensor 1, sintered at 1400 ◦C:
(a) impedance variation and (b) phase variation.

Initially, at a low humidity level, the impedance value slightly changes, while above
19 RH%, the impedance of the sensor sharply drops down with the increase in humidity
level (Figures 5a and 6a). At the same time, the phase increased continuously, from approx-
imately −90◦ under dry air to approximately −3◦ under 85 RH% (Figures 5b and 6b), as
already observed with humidity sensors based on rice husk ash [38].
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Figure 6. Response as a function of relative humidity values for mullite Sensor 2, sintered at 1450 ◦C:
(a) impedance variation and (b) phase variation.

Comparing the sensors’ performances under 85% humidity (see Figure 7), Sensor 1
shows 13% higher sensor response as compared to Sensor 2 (322.9 and 280.5, respectively).
The sensor also had negligible hysteresis within the measurement error.
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Figure 7. Responses of Sensors 1 and 2 at different RH values (in the range 26–85% RH).

Table 2 summarizes the sensors’ response and response/recovery times at different
humidity levels associated with mullite Sensors 1 and 2. The response and recovery
times of Sensor 1 (91 and 167 s, respectively) are longer than those of Sensor 2 (64 and
119 s, respectively), probably because of a higher surface area, due to the lower sintering
temperature.

92



Ceramics 2024, 7

Table 2. The sensors’ response and response/recovery times at different humidity levels associated
with mullite Sensors 1 and 2.

Humidity Sensor Response (R = Zo/Zg) Response Time, s Recovery Time, s

Sensor 1 Sensor 2 Sensor 1 Sensor 2 Sensor 1 Sensor 2

19% 1.0 1.0

26% 1.1 1.1

33% 1.5 1.4 406 372 67 35

40% 3.0 2.3 350 382 66 36

47% 7.2 4.7 255 238 71 46

56% 20.2 10.4 174 174 87 56

65% 48.1 28.5 130 122 113 71

74% 103.3 83.9 117 97 122 81

82% 238.5 166.9 93 70 149 104

85% 322.9 280.5 91 64 167 119

In Figure 8, three consecutive measurements on mullite Sensors 1 and 2 under 85%
RH are displayed. Both sensors show an excellent repeatability.

Ceramics 2024, 7, FOR PEER REVIEW  9 
 

 

 

19% 1.0 1.0     

26% 1.1 1.1     

33% 1.5 1.4 406 372 67 35 

40% 3.0 2.3 350 382 66 36 

47% 7.2 4.7 255 238 71 46 

56% 20.2 10.4 174 174 87 56 

65% 48.1 28.5 130 122 113 71 

74% 103.3 83.9 117 97 122 81 

82% 238.5 166.9 93 70 149 104 

85% 322.9 280.5 91 64 167 119 

 

0 5 10 15 20 25 30 35

0

20

40

60

80

100

120

140

160

 Sensor 1
 Sensor 2

Z
, 

M
O

h
m

Time, min

RH 85%

RH 0%RH 0%
RH 0% RH 0%

RH 85% RH 85%

 

0 5 10 15 20 25 30 35

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

P
h

a
s

e
, 
d

e
g

Time, min

 Sensor 1
 Sensor 2

RH 0% RH 0%RH 0% RH 0%

RH 85% RH 85% RH 85%

 

(a) (b) 

Figure 8. Repeatability measurements of mullite Sensors 1 and 2 under 85% RH: (a) impedance var-

iation and (b) phase variation. 

The calibration curves of the mullite sensors are illustrated in Figure 9. The slopes 

(sensor sensitivity) are 0.0434 RH−1 and 0.0446 RH−1 for Sensor 1 and Sensor 2, respectively, 

when log(R) is plo�ed as a function of the relative humidity value. 

The humidity-sensing mechanism of the sintered mullite sensor is based on the pro-

tonic conduction on the surface. When exposed to the humidity of the environment, the 

impedance changes in the mullite sensors depend on the number of adsorbed water mol-

ecules. The RH level directly dictates the number of adsorbed water molecules on the mul-

lite’s surface. As the RH level increases, more water molecules are adsorbed, and this leads 

to a further decrease in the resistance value. 

Figure 8. Repeatability measurements of mullite Sensors 1 and 2 under 85% RH: (a) impedance
variation and (b) phase variation.

The calibration curves of the mullite sensors are illustrated in Figure 9. The slopes
(sensor sensitivity) are 0.0434 RH−1 and 0.0446 RH−1 for Sensor 1 and Sensor 2, respectively,
when log(R) is plotted as a function of the relative humidity value.

The humidity-sensing mechanism of the sintered mullite sensor is based on the pro-
tonic conduction on the surface. When exposed to the humidity of the environment,
the impedance changes in the mullite sensors depend on the number of adsorbed water
molecules. The RH level directly dictates the number of adsorbed water molecules on the
mullite’s surface. As the RH level increases, more water molecules are adsorbed, and this
leads to a further decrease in the resistance value.

In Ref. [39], nanostructured ZnO, ZnO-TiO2 humidity sensors were investigated. At
the first stage of adsorption process, the negatively charged oxygen species were elec-
trostatically attached to the positively charged metallic ions of the sensing material and
formed a hydroxide layer. Thereby, the grain surfaces adjacent to the pores are covered
by a chemisorbed monolayer. With the increase in relative humidity, the first physisorbed
layer forms when single water molecules bind to two surface hydroxyls. A hydronium
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group H3O+ is then formed through those molecules in the second layer that are singly
bound to the underlying layer by hydrogen bonds.
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room temperature.

A proton is thereby released to neighboring water molecules, which accept it while
releasing another proton, and so on (this is the so-called Grotthuss chain-reaction mech-
anism) [17]. This proton is free to move along the water molecules and thus governs the
sensor conductivity. At higher humidity levels, liquid water can also condense in pores,
and electrolytic conduction can occur at the same time [16].

At low humidity levels, during the progressive formation of the first physisorbed layer
of water molecules, the equivalent electrical circuit of oxidic humidity sensors is a parallel
RC circuit [40,41]. The higher the degree of physical adsorption, the emerging ionic conduc-
tion and successive capillary water condensation, previously described, lead to a stronger
decrease of the impedance of the film, as observed and supported by the phase change
from almost −90◦ to about −3◦. For these higher RH values, the equivalent circuit can be
drawn by a number of (typically two) series-connected parallel RC circuits [40,41]. Then, a
sweep in frequency (from 22 kHz to 100 kHz) was performed under 65% RH (Figure S7).
The resistance and the capacitance of the two elements in parallel in the equivalent circuit
were calculated and were equal to 60 MOhm and 4.94 × 10−14 F, respectively, at 53.7 kHz
(at the apex of the Nyquist plot of the impedance diagram).

Tests were also performed at room temperature for ammonia (44 ppm), methane
(100 ppm) and carbon dioxide (500 ppm), and nitrogenous oxide (2.5 ppm), as well as
ethanol (68,800 ppm) and acetone (276,900 ppm) (Figures S1–S6, Supplementary Informa-
tion). No interference towards the tested gases was observed, so the mullite sensors also
exhibited a good selectivity with respect to humidity at room temperature.

Table 3 presents the results illustrated in this paper, and the recent literature data (of
the last 5 years) on resistive sensors based on ceramic oxides; the obtained performances are
rather promising. The response and recovery times can probably be further improved by
printing more complex geometries to fully exploit the potentialities of DLP, as in Ref. [42].
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Table 3. Comparison of mullite 3D printed sensor’s performance with those in described in recent
literature data on resistive sensors based on ceramic oxides.

Material Sensor Response,
R = Zo/Zg

Response
Time, s

Recovery
Time, s Reference

Pt decorated MoS2 nanoflakes ~4000 at 85% RH 92 154 [29]

ZnO/MoS2 ~301 at 85% RH 138 166 [43]

Porous aluminum-doped ZnO 733% at 90% RH ~238 ~202 [44]

Copper ferrite-yttrium oxide nanocomposite 4895 at 97% RH 9 23 [45]

Titanium dioxide nanotubes 58.5 at 90% RH NA NA [46]

Cs3Bi2Br9 perovskite 987 at 90% RH 5.56 6.24 [47]

SrTiO3 nanoparticles 1.12 at 85% RH 100 300 [48]

GdAlO3 8000 at 97% RH 45 60 [49]

Mn0.5Zn0.5DyxHoyFe2−xO4 (x = 0.005 to 0.03) nanoparticles 99% at 97% RH 90 18 [50]

Al–Sr and Al–Cd nano-materials 2.87 at 95% RH
3.19 at 95% RH

60
44

29
45 [51]

Reduced graphene oxide/zinc oxide nanostructured powder 172 at 90% RH NA NA [52]

Znx−1Al2O4(TiO2)x 265 at 97% RH 195 28 [53]

Dy2O3 nanorods 15 at 97% RH 2 5 [54]

Ta-doped TiO2/reduced graphene oxide 232% at 90% RH 4.2 3.3 [55]

Sr-doped LaFeO3 nanofibers 60,597 at 90% RH NA NA [56]

N-doped graphene oxide-WO3 3427 at 98% RH 24 53 [57]

Nanosized α-Fe2O3 nanoparticles 48,569 at 95% RH 9 4 [58]

(CaSO4·2H2O)0.975-(CuSO4·5H2O)0.025 6.75 at 90% RH 5 3 [30]

SnO2 thin film 3.1 at 95% RH 84 576 [59]

Porous SnO2/MCM-48 105 at 98% RH 9 12 [60]

2D MoO3 4024 at 75% RH 8 40 [61]

Perovskite CsPbBr3-Fe quantum dots 1.1 at 70% RH 38 38 [62]

Mullite 322.9 at 85% RH 91 167 This work

4. Conclusions

In this work, 3D printed mullite substrates with two different porosities were fabri-
cated to evaluate the effects of porosity and surface area on humidity sensitivity: one was
sintered at 1400 ◦C, and the other one at 1450 ◦C. As a result of this difference, the resultant
porosity of the samples affected the sensitivity of the sensors; this effect can be controlled
by varying the heat treatment’s temperature.

At room temperature, the impedance value dropped downward, from 155 MΩ under
dry air to 480 kΩ under 85 RH% for Sensor 1, and from 115 MΩ under dry air to 410 kΩ for
Sensor 2. At low humidity levels, the impedance change is small, while above 19 RH%, the
impedance of the sensor decreases sharply with the increase in humidity content. When the
RH level changed from 0% to 85%, the response times were equal to 91 s for Sensor 1 and
64 s for Sensor 2, whereas the recovery times were equal to 167 s for Sensor 1 and 119 s for
Sensor 2. In addition, tests carried out for ammonia (44 ppm), methane (100 ppm), carbon
dioxide (500 ppm), and nitrogenous oxide (2.5 ppm), as well as ethanol (68,800 ppm) and
acetone (276,900 ppm) showed no interference.

This work shows that resistive ceramic humidity sensors can be easily produced by
3D printing techniques and that their use in harsh environments (in corrosive atmospheres,
for example) can be envisaged.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ceramics7020053/s1, Figure S1: Response of the Sensor S2 to
500 ppm CO2 in air, Figure S2: Response of the Sensor S2 to 100 ppm CH4 in air, Figure S3: Response
of the Sensor S2 to 2.5 ppm NO2 in air, Figure S4: Response of the Sensor S2 to 44 ppm NH3 in air,
Figure S5: Response of the Sensor S2 to 276,900 ppm (27.69%) acetone in air, Figure S6: Response of
the Sensor S2 to 68,800 ppm (6.88%) ethanol in air, Figure S7: Impedance diagram for the sensor S2
under 65% RH.
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Abstract: This study explores the different techniques used to manufacture porous clay-
based ceramics, examining their properties such as porosity, strength, permeability and
filtration efficiency. Different techniques are discussed in this review, with additive manu-
facturing being one of the most innovative techniques for manufacturing porous ceramics.
Porous ceramics have their applications in numerous domains. Such ceramic filters have
the advantages of retaining heavy materials, suspended particles, bacteria, viruses and,
water turbidity. Thus, the choice of the technique and propriety is a crucial step in obtaining
a porous ceramic with the best performance. Barry et al. prepared porous phyllosilicate-
based ceramics by freeze-tape casting on four samples and obtained porosity values in the
range of 67–79% and diametrical compressive strength in the range of 3–7 MPa. Manni et al.
prepared porous red ceramics from Moroccan clay and coffee waste (10, 20 and 30 wt.%) via
uniaxial pressing and sintering at 1150 ◦C. They obtained porosities ranging from 30.2 to
63.8% and flexural strength values from 1.8 to 19.5 MPa. Medri et al. prepared ZrB2-based
porous bodies with the use of sponges and polyurethane foams as templates via the replica
method and obtained high porosity over 80% and compressive strength up to 4.8 MPa.
The use of clay and peanut shell mixtures was used in preparing porous silicate ceramics
after unidirectional pressing and sintering at 1100 ◦C. These samples included 25 mass% of
peanut shells, and exhibited porosity in the range of 40 to 60% and diametrical compressive
strength in the range of 1–6 MPa. Such properties are suitable for domestic use of these
types of clay-based ceramic filters. Moreover, the permeability values and removal of some
pollutants, like arsenic, have been satisfactory for the first set of samples.

Keywords: clay materials; porous ceramics; processing; properties; water filtration

1. Introduction
The World Water Council estimates that by 2030, about 3.9 billion people will live

in regions characterized as “water scarce”. According to the World Health Organization,
diarrheal diseases cause 1.5 million deaths every year, and it is estimated that more than
half of these deaths can be attributed to a lack of sanitation and hygiene, as well as to the
consumption of contaminated water [1]. In order to satisfy the lack of good-quality drinking
water, the majority of the population in under-developed countries makes use of well,
river or even drilling water (Figure 1). Water from these sources is not suitable for human
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consumption because it is generally polluted by anthropic activities. The consumption of
this type of water by populations tends to expose them to many diseases such as typhoid,
cholera, dysentery, etc. In order to produce drinking water, some people utilize decantation
accompanied by chlorination and filtration using a filter, whose principal component is an
organic or inorganic membrane.
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Figure 1. Illustrating the use of water from a well, river and drill for drinking purposes.

Porous ceramics are mostly recommended because of their good chemical and thermal
stability, good mechanical resistance, ease of cleaning and long lifespan [2–4]. In general,
these membranes are made from metal oxides, such as alumina, silica, zirconia and titanium
oxide. They present some disadvantages, which are related to their relatively high cost
because of the expensive raw materials and the complexity of the fabrication process [5–7].
Today, porous ceramics are used for a wide variety of applications (Figure 2).
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Figure 2. Applications of porous ceramics.

Porous ceramics are generally characterized by their pore size, surface, thickness and
porosity [7]. Porous ceramics are divided into three main categories based on pore size
according to the International Union of Pure and Applied Chemistry (IUPAC) nomenclature:
microporous (pore diameter less than 0.002 µm), mesoporous (diameter ranging between
0.002 and 0.050 µm) and macroporous (diameter greater than 0.050 µm). Depending on the
particular applications, different pore sizes may be desired. Liquid transport occurs only in
mesoporous and macroporous ceramics, while the transport of gaseous molecules can take
place in all three categories [8].

Almost 15,000 research articles have been published on porous ceramics since 2010,
according to the Scopus database. Figure 3 shows the evolution of the number of research
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articles published each year obtained by searching the string “porous ceramics” since 2010.
The processing techniques of porous ceramics have also experienced enormous evolution.
Another area that is presently at the forefront of every technological sector globally is waste
utilization through recycling. In this context, there is a circular use of porous ceramics, and
it is essential to use the methods with filtration in mind. Thus, the aim of future studies
will be to develop and produce conventional additive manufacturing processing-based
porous silicate ceramics, with emphasis on the initial composition, pore-forming process
and the final characteristics (connectivity) of the prepared porous ceramics.
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Figure 3. Evolution of the number of research articles published on “porous ceramics” according to
the Scopus database since 2010 [3].

Previous work shows a variety of different methods for manufacturing porous ceramics.
However, most of these methods seem to be adhere to the following path: choice of materials
(clay and other additives), formulation, sintering and characterization of obtained products.
Their properties are highly dependent on the powder or slurry (suspension) characteristics
(plasticity, size and shape of particles, etc.), shaping method (uniaxial pressing, etc.) and sinter-
ing process (firing rate, temperature, etc.). Traditionally, porous ceramics are manufactured
using techniques such as partial sintering, freeze-casting, tin plating, replica sacrificial
template, direct foaming and gel casting [9–16]. Zhang et al. [17] prepared porous ceramics
from lead zirconate titanate PZT (raw material), polyvinyl alcohol (organic binder) and
acrylic acid (dispersant) by freeze-casting with water as a medium. As the solid content
of PZT in the sample varies from 20 to 40%, porosity varies from 36 to 67%, and the
compressive strength varies from ~1 to 73 MPa. They conclude that the freeze-casting
method is favorable to improving the porous PZT ceramics properties. Zhu et al. [18]
prepared porous ceramics with Tungsten ore tailings (raw material), CaO (binder), Kaolin
(sintering additive) and polymethyl methacrylate (pore foaming agent) via pressing using
the sintering method (1150–1210 ◦C, 5 ◦C/min and a dwell time of 1 h). A pore size of 0.18
µm, open porosity of 44.85% and compressive strength of 14.10 MPa were obtained at a
sintering temperature of 1200 ◦C.

This paper gives a brief overview of the manufacture and properties of porous ceram-
ics. In the last two decades, porous ceramics have been extensively studied because of
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their excellent performance characteristics and wide range of applications. In recent years,
a novel approach for manufacturing porous ceramics has emerged, which is known as
additive manufacturing. It is quite a challenging technique because it enables the manufac-
turing of ceramics with complex shapes and structures, needs less material and enables the
recycling of material. This technique, which has been studied by several authors [19–21],
consists of joining materials to make objects from three-dimensional model data, usually
layer upon layer, as opposed to subtractive manufacturing [19].

Shaping is the key stage in ceramic production. To this end, supports can be shaped
using a variety of techniques. These include pressing (uniaxial and isostatic), extrusion,
casting (in porous molds, under pressure or in strips) and injection (Figure 4). Several con-
solidation processes are available for manufacturing ceramics, with the aim of controlling
the pore volume. These processes belong to two main categories:

- Hydraulic setting, characterized by its ease of use. This generally involves mixing a
powder with excess water during the mixing stage, resulting in residual porosity after
the setting reaction, followed by a drying stage.

- Incomplete densification through partial sintering, used in the majority of industrial
ceramics. By controlling the sintering cycle (temperature, time and/or pressure),
materials with appropriate residual porosity are obtained.
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Furthermore, it is also possible to combine partial sintering with another process to
obtain a material exhibiting hierarchical porosity.

Porous ceramic materials are produced by a variety of methods, the choice of which
is mainly determined by the desired porous structure. The main production methods
(Figure 5) are as follows: direct foaming, replication technique, partial sintering process or
methods using pore-forming agents mixed with ceramic powders [6,7,24]. These processes
enable a very wide range of porosities to be obtained, with controlled pore shape and
size distribution.
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Figure 5. Main steps in the manufacturing of ceramics: direct foaming (a), replication technique (b),
partial sintering process (c) and methods using pore-forming agents mixed with ceramic powders
(d).

2. Experimental Procedure
2.1. Materials and Methods

To prepare porous ceramics, authors have used raw materials [9,25–27], synthesized
materials [28–30] or raw materials and waste [24,31–33]. The formation of pores can be
attributed to the embedment of air bubbles and the use of organic or inorganic waste, such
as rice husks, banana peels, coffee husks, bovine bone ash, corn cob ash, cassava starch,
eggshells, peanut shells, coal ash and cocoa cortex. The way in which ceramics are prepared
and shaped is critical to the performance of the finished product.

Material preparation is an essential step, as the physical, chemical and technological
properties of the materials have a major influence on the quality of the substrate. This step
includes grinding, sieving and mixing.

In our work, two types clays were selected, namely kaolin and halloysite, noted K and
H, respectively. Also, we choose to use a pore-forming agent mixed with clay powders
for manufacturing our porous silicate ceramics. This porogenic agent is an agro-waste
product, namely peanut shells (noted C). The clays were collected from the west region
of Cameroun, while the waste (peanut shell) came from the southwest of Burkina Faso.
Indeed, the properties of these groundnut shells are similar in most tropical regions. These
materials were chosen because of their abundance in such developing countries, relative
low cost, beneficial properties and for waste valorization under the scope of the circular
economy. These materials were collected, then ball-milled for 1 h, sieved at 500 µm, air
dried and oven dried at 105 ◦C for 48 h.

The powder mixtures (clay powder + peanut shell) were mixed using a rotating pel-
letizer at 32 rpm for 15 min. Then, the mixtures were humidified with progressive addition
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of water close to 15 mass% to obtain mixtures with good homogeneity. Subsequently, the
pastes were stored for 12 h under high humidity to improve their rheological property,
avoid premature drying and ensure complete diffusion of water within the pellets. The
peanut shell content was 25% by mass. The samples were shaped using uniaxial pressing
(this is advantageous because it produces dense samples with precise dimensions, very
smooth surface quality and results in good homogeneity within the sample) and then
sintered at 1100 ◦C, 5 ◦C/min with a soaking time of 1 h.

Evidently, there is a strong need to evaluate the circular economy of porous ceramics in
the future in order to define a suitable tradeoff between their manufacturing and reducing
the environmental impact [34,35]. As such, it is important to explore the circular economy
by using biosourced additives for the preparation of porous ceramics.

2.2. Characterization

Here, we mention just a few of the characterization methods. A number of authors
have studied these parameters in their works, with the aim of highlighting some correla-
tions and improving the useful properties.

X-ray diffraction is a technique used in materials science to determine the atomic and
molecular structure of a crystalline material [36]. This technique is usually complementary
to the elemental analysis. It provides qualitative control over the elemental composition
and crystalline structure of materials. Furthermore, more information can be obtained from
a careful analysis of the diffraction patterns or by using specific XRD settings.

Fourier transform infrared spectroscopy (FTIR) is a technique used for identifying the
functional groups of molecules on the basis of their vibrational modes and frequencies. The
absorbed energy characterizes the functional group and close chemical environment. The
absorbed energy is described by Beer-Lambert’s Law.

Scanning electron microscopy (SEM) is an electron microscopy technique capable
of producing high-resolution images of the surface of a sample using the principle of
electron-matter interactions [37].

X-ray fluorescence spectrometry is a global non-destructive elemental analysis tech-
nique for identifying and determining the chemical elements that constitute a sample in
a given order of concentration. It enables the elemental composition of a sample to be
determined both qualitatively and quantitatively [38].

Specific surface area is the total surface area per unit mass of the membrane support
accessible to atoms and molecules. The aim of this measurement is to assess the ability of
the support to facilitate fluid flow through their structures. It is determined according to
the theory of Brunauer, Emmett and Teller (BET) [39]. To achieve this, measurements are
carried out on samples, and each measurement is preceded by degassing to remove the
water molecules adsorbed in the porous structure of the sample.

Porosity is an important parameter for the characterization of the materials’ microstruc-
tures. In general, it corresponds to the volume of the interstices that can contain fluid,
related to the total volume of the material. Porosity is also influenced by the type of ma-
terial used, the proportion of pore-forming agent and the sintering temperature. Some
methods for porosity analyses are X-ray computed microtomography (MCT), mercury
intrusion porosimetry (MIP), geometric calculation and tripled weighed method based on
the principle of Archimedes.

- MCT is used to form three-dimensional images, thus observing the geometry of the
pore space in samples, such as the shape, connectivity, size and distribution of pores.
MCT imaging is performed using a micro-focused X-ray tube that obtains shadow
images of the object transmitted by multiple X-rays from different angles [39].
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- Mercury intrusion porosimetry method measures open porosity and is appropriate for
pores with diameters ranging from 0.01 microns to 800 microns. Measuring the volume
of mercury included in the sample at each pressure value gives the size distribution
of its open pores. Considered a standard method of macropore analysis [40], it also
enables the calculation of apparent density and total open porosity.

- Porosity is calculated from the absolute (or real) ρr and apparent bulk densities ρa. The
real bulk density can be determined by pycnometry on powdered materials (obtained
by a fine grinding of samples), and the apparent bulk density is calculated using both
dimensions and mass of the dry material. Thus, total porosity P is hence determined
by Equation (1) [41].

P =

(
1 − ρa

ρr

)
× 100 (1)

- The principle of Archimedes states that the force exerted on a body immersed in
a fluid, whether fully or partially, is equal to the weight of the fluid that the body
displaces. Thus, the tripled weighed method consists of weighing three different
masses (M1, M2 and M3) based on the Archimedes system, where M1 is the dry mass
of samples, M2 is the mass of the sample completely immersed in liquid and M3 is the
wet mass of the samples. Hence, with clearly defined formulae, the open porosity Po

of the sample can be calculated using Equation (2) below [42]:

Po =
M3 − M1

M3 − M2
× 100 (2)

Permeability is a parameter used to determine the membrane’s ability to allow liquid
to flow through its pores. It is mainly controlled by pore size, hydrophilic character and
membrane thickness. However, this parameter is not an intrinsic characteristic of ceramics,
as it also depends on the fluid’s viscosity. It characterizes the surface area required for flow,
the geometry of the internal pore network, the hydraulic conductivity of the pore network
and the physicochemical interactions between the material and the fluid. Permeability Lp

(L/h/m2), according to Darcy’s law, enables us to relate fluid flow to the pressure gradient
applied by a parameter characteristic of the medium through which it passes, which is
expressed by the relation (3) [43].

Lp =
J

∆P
(3)

where J (L/h/m2/bar) is the hydraulic flow and ∆P the transmembrane pressure (bar).

3. Results and Discussion
Some key properties reported in the previous studies are summarized in this section.

These studies were devoted to the development of porous ceramics using either raw
aluminosilicate materials, synthesized materials or waste combined with raw materials.

3.1. Porous Ceramics Obtained from Raw Materials

Table 1 summarizes the properties of some porous ceramic materials that were ob-
tained by using raw materials. The data reveal that porous ceramic materials with satis-
factory porosity (44–88%) and compressive strength can be obtained from a variety of raw
materials when sintered in the range of 1200 to 1650 ◦C. Bai 2010, [26] prepared porous
mullite ceramics from carbonaceous kaolinite clay, alumina powder and graphite as apore
former using the sintering method. Porous ceramics sintered at 1500 ◦C led to 36.4% open
porosity and 0.3–5 µm pore size (in a narrow range). This higher sintering temperature led
to less porosity, and the mullitizaion was nearly completed. Li et al. [16] prepared porous
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mullite matrix ceramics from quartz powder, alumina powder, glass powder, ammonium
polycrylated aqueous solution (dispersant) and propyl gallate (foaming agent), which
were sintered from 1200 to 1650 ◦C for 1 h. When sintered at 1550 ◦C, the open porosity
was 29.38% (porosity 81.37%), while the compressive strength and average pore size were
6.25 ± 0.91 MPa and 850 µm, respectively. Lui et al. [21] prepared porous ceramics from
photocurable resin and zirconia slurry to perform multi-material printing experiments
sintered at 1500 ◦C. They developed a ceramic multi-material 3D printing apparatus (CMM)
with the aim of manufacturing porous ceramics with <100 µm pore size and designable
distribution of pores directly. They obtained a pore size of 60 µm × 20 µm. This pore size is
the smallest ceramic pore size known that can be directly printed, especially the pore size
of 20 µm in the longitudinal direction, which cannot be achieved by other ceramic additive
manufacturing technologies.

Table 1. Properties of porous ceramic materials obtained by using raw materials.

Composition Final Product Sintering
Conditions

Apparent
Porosity (%)

Pore Size
(µm)

Compressive
Strength (MPa) Ref.

ZrO2 powder + SiO2 +
boron carbide +

carbon black

Porous ZrB2-SiC
ceramic 1500 ◦C/2 h 67–78 0.2–9.8 [15]

Quartz powder +
alumina powder +

glass powder +
ammonium

polycrylates solution +
propyl gallate

Porous mullite
matrix ceramic

1200 ◦C/1 h
1300 ◦C/1 h
1400 ◦C/1 h
1500 ◦C/1 h
1550 ◦C/1 h
1600 ◦C/1 h
1650 ◦C/1 h

~45
~80
~82
~83
81.37
~81.4
~88

~750

88.3 ± 13.61
-
-
-

6.25 ± 0.91
-
-

[16]

Tungsten ore tailing
(75 wt%) + CaO +

Kaolin + polymethyl
methacrylate (18 wt%)

Porous ceramics 1200 ◦C/60 min 44.85 180 14.10 [18]

Alumina powder +
milled carbon coal +

stearin
Porous ceramic 1530 ◦C/2 h - 60 × 20 - [25]

Carbonaceous
kaolinite clay +

alumina powder
Porous ceramic

1400 ◦C/4 h
1450 ◦C/4 h
1500 ◦C/4 h
1550 ◦C/4 h

~43–46
~44–48
~36–38
~17–32

-
-
-
-

-
-

42.1
75.9

[26]

Al2O3 + SiO2 PHMs
(0–40 wt%) +
epoxy resin

Porous Al2O3
Ploy-hollow

microspheres
(PHM) ceramic

1550 ◦C/4 h

~77
~76
~71
65.0
~66

51.95
45.51
38.25
38.25
30.14

~0.2
~0.1
~1
4

~1.8

[27]

As a result, highly porous ceramics with good properties (high porosity, compressive
strength, etc) can be obtained at sintering temperatures < 1200 ◦C, although it depends
on the materials used. Also, additive manufacturing is a challenging technique because
it has advantages such as high design freedom, a short manufacturing cycle and a low
manufacturing cost.

Figure 6a,b shows the SEM images of halloysite- and kaolinite-based porous ceramics,
respectively, obtained via uniaxial pressing and sintering at 1100 ◦C with a dwell time of 1 h.
There is no defect on the support sections, as observed in these images. Ceramics (a) and (b)
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show a very compact texture and dense microstructure corresponding to the total porosity of
45 and 33%, respectively, and mechanical resistance to diametrical compression strength of
3.9 and 3.8 ± 0.5 MPa, respectively. The formation of intergranular contacts led to increased
densification of the ceramic. This densification makes them more robust and does not prevent
pore formation. Ceramic morphology shows granules with pores of various sizes.
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Figure 6. SEM images of Halloysite (a) and Kaolin (b) based porous ceramics (shaped by uniaxial
pressing and sintered at 1100 ◦C).

Barry et al. [9] prepared porous phyllosilicate-based ceramics by freeze-tape casting and
sintering at 1200 ◦C. For that, they prepared four slurries labeled HCR (77% halloysite), KORS
(29% kaolinite), KCR (98% kaolin) and KHCR (mixture of KCR and HCR). The SEM images
(Figure 7) reveal a difference in the microstructure and texture of all four ceramic disks. Accord-
ing to this study, the pores in the KCR ceramic disks were more textured compared to others,
and they noted the formation of the primary mullite in rigid skeleton shape. The SEM images
of the KORS ceramic disks show the formation of secondary mullite needles with a relatively
small quantity and a disordered structure in a vitreous phase. HCR led to the bulk formation
of small mullite particles due to the relatively important vitreous phase in the porous material.
X-ray diffraction patterns showed the presence of mullite in all four ceramics.
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3.2. Porous Ceramics Obtained from Synthesized Materials

Porous ceramics can be produced by using synthesized materials. Table 2 summarizes
the properties of some porous ceramic materials that were obtained by using synthesized
materials. Nowadays, the trend is to reduce the environmental impact by limiting the
use of synthetized materials in the manufacture of porous ceramics and to optimize the
utilization of naturally occurring raw materials (reuse and recycling), such as most clays.
Xu et al. [28] prepared porous ceramics from a variety of materials and concluded that
there is a possibility to control the pore volume, pore size and other properties of green
bodies by adjusting the ratio of the starting materials used or changing the sintering cycle.
Despite the high mechanical resistance, the consolidation of such mixtures requires very
high temperatures (>1300 ◦C), thus leading to an increased carbon footprint.

Table 2. Properties of porous ceramic materials obtained by using synthesized materials.

Composition Final
Product

Sintering
Conditions

Apparent
Porosity (%)

Pore Size
(µm)

Compressive
Strength (MPa) Ref.

Al(NO3)3.9H2O +
Mg(NO3)3.9H2O + Urea +

Soluble starch

Porous
ceramics 1400 ◦C/2 h 35.2–51.6 ~0.2–20 ~36.1–454.7 [29]

Si3N4 + Y2O3 + SrCO3
+Al2O3 + premix solution +

polyacrylamide +
methyletylenediamine +
ammonium persulfate

Porous
ceramics 1750 ◦C/1 h ~47–57 - 52.67–106.33 [28]

3.3. Porous Ceramics Obtained from Raw Materials and Waste

Waste management is a very important issue from both the public health perspec-
tive and the industrial point of view because an ever-increasing amount of hazardous
materials needs to be disposed of in a safe and economical way. The development of new
ceramic, glass and glass-ceramic materials made by recycling waste is acquiring particular
importance [44]. A large number of articles have been published by researchers regarding
the manufacture of porous ceramics using different types of waste. Table 3 summarizes
the properties of some porous ceramic materials that were obtained by using waste com-
bined with raw materials. The incorporation of rice husk ash promotes the formation
of high porosity. According to Görhan et al. [45], an increase in rice husk leads to an
increase in the apparent porosity and tends to decrease the unit weight. Dong et al. [46]
manufactured porous ceramic membranes using waste fly ash, and Zhu et al. [47] man-
ufactured porous ceramic membranes using coal fly. According to their studies, porous
ceramic membranes with high porosities were obtained at sintering temperatures lower
than 1200 ◦C. Thus, including some wastes in the formulation of green bodies can help in
manufacturing porous ceramics at temperatures < 1200 ◦C with good properties (porosity,
compressive strength, etc.).

Table 3. Properties of porous ceramic materials obtained by using clay materials and waste.

Composition Final Product Sintering
Conditions

Apparent
Porosity (%)

Compressive
Strength (MPa) Ref.

Ground rice husk
(5–15 vol%) +

brick raw material
Porous clay brick

800 ◦C/1 h
900 ◦C/1 h

1000 ◦C/1 h

~39–44.5
~38–44

~37–43.5

~9.5
~5.75–9.25

~6–9
[45]

Coffee waste (10–30 wt%) + red clay Porous red
ceramics 1150 ◦C ~30.2–63.8 ~1.8–19.5 [48]
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Table 3. Cont.

Composition Final Product Sintering
Conditions

Apparent
Porosity (%)

Compressive
Strength (MPa) Ref.

Wheat straw (4–8 wt%) + clay Porous clay brick 950 ◦C ~40–50 - [49]

Ceramic waste (80%) + flux +
cement + clay Ceramic foam 1000 ◦C/3 h ~40–83 ~0–9.3 [50]

Polished stonewere residue (90%) +
soda-lime glass

Highly porous
glass ceramic 900 ◦C/1 h 75.1 2.5 [51]

According to Simonis et al. [52], porous ceramics consist of a high level of porosity,
and that results in properties such as high specific area, high permeability and high tor-
tuosity. These factors make ceramic filters effective by physically (non-chemical process)
removing suspended solids, filamentous bacteria and protozoa having sizes of several
micrometers to nanometers from water (thus used for water treatment). Moreover, the
filtration of waste water rejected by many industries reduces emissions that are harmful
to the environment [53]. Sobsey et al. [54], compared several household water treatment
techniques based on several factors affecting the sustainability of the membrane. It was
concluded that ceramic and bio-sand filters were potential options for a sustainable water
treatment technique. Shirasaki et al. [55], suggested that due to the fact that the pore sizes
of a ceramic filter are not sufficiently small to remove viruses efficiently, a coagulation
process as a pre-treatment can be combined with a ceramic water filter for viral removal.
They reported that such systems are used in Japan for the treatment of drinking water.

Figure 8 shows the SEM images of halloysite clay and peanut shells (25% mass percent)-
based porous ceramic obtained via uniaxial pressing and sintering at 1100 ◦C, with a
soaking time of 1 h. The image shows a very compact texture and dense microstructure
related to the total porosity and diametrical compressive strength of 59.74% and 0.92 MPa,
respectively. The creation of pores within materials is due to the incorporation of the
pore-forming agent (peanut shells). The pores observed vary in size and geometry. The
SEM image presents no defect on the analyzed support sections.
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Figure 8. SEM image of halloysite clay and peanut shell-based porous ceramic (shaped by uniaxial
pressing and sintered at 1100 ◦C).

Barry et al. [56] prepared porous ceramics from kaolinitic clay and peanut shells
(25% mass percent) via unidirectional pressing and sintering at 900 and 1100 ◦C with
a dwell time of 1 h. There is no defect on the support sections, as observed in these
images (Figure 9). According to them, the porous ceramic sintered at 1100 ◦C (Figure 9b)
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had a porous microstructure that is fairly developed with interconnected pores. On the
other hand, the sample fired at 900 ◦C (Figure 9a) had a poorly developed interconnected
porosity and a relatively dense structure. The presence of cristobalite within the porous
ceramic fired at 1100 ◦C (Figure 9b) had an effect on the microstructure by modifying the
porous architecture.
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Together with the mechanical properties, the efficiency of these filters for water treat-
ment is of great importance. Water treatment is a process that enables wastewater to be
returned to a quality defined by various articles of law and prefectural decrees. There
are several water treatment methods, including physicochemical, biological and chemical
methods [57–60].

Physicochemical methods, which include coagulation-flocculation, ion exchange, ad-
sorption and ceramic filtration, are one of the most preponderant. Activated carbon was
the first adsorbent used for water treatment. Today, other types of natural or synthetic
adsorbents are available, such as laterites, clays, resins, etc. The adsorption technique is ef-
fective for low concentrations of adsorbate, but it can be relatively expensive depending on
the adsorbent used. In general, the disadvantages of adsorption lie both in the competition
between the molecules (adsorbate) of different sizes or similar properties and the relatively
high price of the commercial adsorbent materials. In a water treatment process, filtration
coupled with adsorption makes it possible to improve the retention properties of the filter
material. This coupled treatment process is used in Bangladesh to remove arsenic from
groundwater with significant efficiency [61]. Nd’e-Tchoup’e et al. [62] showed a removal
rate of 90% in a column of multiple layers. Similary, Shafiquzzaman et al. [63] reported an
arsenic removal rate of 86% on ceramic filters after double filtration at two different levels.
The study by Barry et al. [56], reported an arsenic removal rate of 95% on the ceramic
filters prepared from kaolinitic clay and peanut shells (sintered at 1100 ◦C). This was due
to the fact that, the ceramic material of this filter had a more developed microstructure,
and they formed crystalline mullite, which had a strong affinity with arsenic. The presence
of mullite and the pores’ architecture increases the retention capacity of this filter with
respect to arsenic, thus highlighting the impact of mullite on the retention properties of the
filters. Barry et al. [56] presented an example of a brief mechanism of arsenic absorption, as
illustrated in Figure 10.

There are many types of filters, as presented in Table 4. Ceramic filters use the specific
physical and chemical properties associated with porous ceramics, namely: filtration, ion
exchange and adsorption on internal and external surfaces. Filtration is based on the
gradient retention of particles according to their size and the size of the pores. At the same
time, adsorption can be used since it enables the molecules to be attached to the surface of
the solid by covalent bonds or specific interactions.
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Table 4. Types of filters: costs, efficiency and pollutants that they eliminate.

Filters Price (Euro) Pollutant Eliminated Yield Rate
(%)

Reverse osmosis filter 60–400 Microorganisms, particles 85–95

UV filter 150–1000 Parasite, viruses >86

Ion exchange filter Heavy metals, limestone 82

Glass fiber filter Suspended particles 95

Ceramic filter 150–600 Viruses, suspended particles,
protozoaires, bacteria 98

Alkali water ionizer filter 400–2000 Suspended particles, bacteria, viruses 92

The permeability of a ceramic filter depends mainly on its physical and geometric
characteristics, and it is essentially influenced by the morphological characteristics of the
pore space: interconnectivity, pore size and many others. Table 5 shows some permeabil-
ity values for porous ceramic materials. The difference in permeability values could be
due to the presence or absence of particles that can easily foul the membrane pores and
subsequently decrease the flow rate. Those with lower permeability values may be the
result of lower connectivity between their pores and therefore the presence of a high or low
proportion of dead-end pores.

Table 5. Permeability of some clay-based porous ceramics.

Composition Permeability (L/h.m2.Bar) References

Clay + coconut husk + eggshell 14,013 [43]
Kaolinitic clay + peanut shell (sintered at 1100 ◦C) 53,802 [56]
Kaolinitic clay + peanut shell (sintered at 900 ◦C) 18,596 [56]

Metakaolin + corn cob ash waste 1359.93 [64]
Clays + cassava starch + bovine bone ash 2902 [65]

Fouling may occur on the surface during filtration, requiring specific cleaning, such
as washing the top layer with hot water when the flow rate drops [66]. Fouling is a
phenomenon that leads to a loss of performance through the deposition of suspended
substances on its external surfaces, at the inlet or inside the pores [67]. As such, the
efficiency of the ceramic filters depends on the porosity (the distribution, size and volume
of the pores), the tortuosity of the porous network, and the density of the surface-active
sites. Hence, the mastery of filter manufacturing technology is essential for controlling the
filtration properties [68,69].
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4. Conclusions
This paper presents a review on the manufacture and properties of porous ceramics

for water filtration. The principle, applications and manufacturing strategies are discussed
extensively. For the manufacture of porous ceramics, certain parameters such as com-
pressive strength, porosity and pore size can be effectively increased by controlling the
particle size of the material used, additives, sintering temperature and technique used.
Concerning filters, it is necessary to improve their performance with antibiofilm substances.
For instance, the impregnation of ceramic filters with bioactive compounds, such as silver,
is often used to improve their performance, particularly in the removal of micro-organisms.
Filters modified with an internal silver deposit are effective in removing at least 99% of pro-
tozoa and 90 to 99% of bacteria. The properties of filters can also be improved by moderate
incorporation of organic adsorbent or by grafting organic molecules such as alkoxysilane.
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Abstract: This study examines the impact of the impregnation of fireclay-based conventional (CC)
and medium-cement castables (MCCs) with liquid sodium silicate glass under vacuum conditions.
The goal is to assess how this treatment affects the physical and mechanical properties and durability
(alkali and thermal shock resistance) of these castables used in biomass combustion boilers, where
they are exposed to temperatures up to 1100 ◦C. The research work employs standard test methods to
evaluate the physical and mechanical properties. Additionally, advanced techniques such as scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
and specific tests for alkali resistance and thermal shock resistance are used. The research findings
suggest that impregnation with sodium silicate glass under vacuum significantly enhances the alkali
resistance of both CC and MCCs. This improvement is primarily due to the reduction in porosity and
the increase in density. SEM images reveal that the impregnated samples are coated with a glassy
layer and the pores are partially filled with sodium silicate. Tests for alkali resistance demonstrate
the formation of a protective glassy layer (with a thickness of 0.9–1.5 mm) on the castable surfaces,
thereby reducing the further penetration of alkali into deeper layers of the samples. However, it is
important to mention that the impregnated refractory castables have reduced resistance to thermal
shock cycles.

Keywords: refractory castable; impregnation; liquid sodium silicate glass; alkali resistance; physical
and mechanical properties; thermal shock resistance

1. Introduction

In recent decades, there has been a widespread adoption of biomass combustion boilers
used as a cost-effective option for energy production [1,2]. These boilers utilize renewable
energy sources such as wood, straw, mixed municipal waste, and other materials to reduce
the reliance on fossil fuels in order to align with ambitious targets set by the European
Union aiming for at least 27% renewable energy by 2030 [3]. The lining of these biomass
boilers is constructed using various refractory materials, including castables, which are
carefully selected for their ability to withstand high temperatures and to maintain structural
integrity over extended periods [4,5]. For instance, in the demanding conditions of some
species of biomass combustion where temperatures can range up to 1200 ◦C, it is advised
to opt for chemically resistant refractory castables containing SiC, or alumina-chrome,
engineered to withstand extreme operating conditions [4].

However, wood biofuel boilers predominantly operate at temperatures below 1100 ◦C,
making them prime candidates for castables enriched with aluminosilicate aggregates
like fireclay or mullite [5]. Regrettably, these castables exhibit limited resistance to alkali
corrosion, which often leads to premature degradation attributed to the corrosive influence
of alkalis present in the refractory materials and fuel [6]. The genesis of alkali corrosion lies
in the formation of potassium/sodium oxides and their corresponding salts, a consequence
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Ceramics 2023, 7

of biomass combustion. The alkaline content of the resultant ash is influenced by a myriad
of factors, including wood type, grade, and quality [7]. Furthermore, the use of alkaline
salts, despite preventing wood fuel freezing in winter conditions, significantly amplifies
the concentration of alkaline compounds (sodium and potassium), thereby lowering the
melting point of the ash and potentially causing it to fall below the boiler’s operational
temperature [8].

The intricate reactions responsible for reducing the ash/slag melting point are rooted
in the interaction between potassium and carbon in various forms, culminating in the
formation of alkaline compounds [9]. Corrosion, in this context, ensues from the dissolu-
tion of the refractory material and its intricate interplay with the alkaline molten phase.
Additionally, it can manifest as reactions with alkaline vapors, the presence of alkaline
compounds in liquid or solid-state, and the infiltration of alkaline vapors or the molten
phase into the material’s porous structure, thereby giving rise to altered zones within the
material matrix [10]. These alkali reaction byproducts, including leucite (KAlSi2O6) and
kalsilite (KAlSiO4), demonstrate a peculiar characteristic by occupying volumes greater
than that of the original material. This phenomenon is commonly referred to as “alkali
bursting” [11–13]. Importantly, the extent of alkali reaction damage is linked to the porosity
of the material [14], with materials of lower porosity and superior gas impermeability
displaying greater resistance to such forms of damage [15,16].

A prevalent choice for binders in refractory castables is calcium aluminate cement [17].
In comparison to conventional castables, low-cement and ultra-low-cement castables have
surged in popularity, thanks to their lower porosity, higher mechanical strength within crit-
ical temperature ranges, impressive erosion resistance, and elevated refractoriness [18–20].
These castables incorporate various ultra-dispersive additives, such as silica fume and
calcined alumina, alongside deflocculants that effectively diminish cement content to a
mere fraction compared to conventional refractory castables [21]. However, it is important
to note that these low and ultra-low-cement castables often prove sensitive to factors such
as ambient conditions, water content, mixing parameters, and more, making the production
process challenging [22–24].

Meanwhile, medium-cement castables have gained recognition for their capacity to
maintain consistent quality even under varying manufacturing conditions, setting them
apart as a favorable choice for biofuel boiler installations [22,23]. While the lower porosity
of castables can undoubtedly enhance their durability within alkaline environments, it is
important to acknowledge that over time, alkali may still infiltrate the castable structure
and engage with aluminosilicate aggregates [21]. One promising avenue for mitigating
alkali-induced damage involves the addition of ground quartz sand to fireclay refractory
castables, a practice known to stimulate the formation of a protective glassy layer on the
castable surface when subjected to alkali salts at elevated temperatures [24,25]. However, it
is imperative to exercise caution when determining the quantity of the quartz sand added
due to the polymorphic transformations of SiO2 that transpire at specific temperature
thresholds [26].

Impregnation (immersion of the samples in the special fluid) of the material could
also be an effective method to substantially decrease the porosity of refractory castables
and increase their alkali resistance. In the field of impregnation technology, suspensions of
various materials are employed [22,23], and the specific materials used for impregnation
can vary in their roles. The authors in [27] reported a significant enhancement in corro-
sion resistance of a chromium–magnesium material after impregnation with suspensions
containing nano-Cr2O3 and nano-Fe2O3 particles. The nanoparticles within the material
pores dissolved when exposed to the slag melt, resulting in an increase in its viscosity
and a reduction in the ability of the slag melt to penetrate. Research on the resistance of
refractory concrete to alkali attack at 1100 ◦C temperature revealed that incorporating 2.5%
milled quartz sand and impregnating the samples with a SiO2 sol can lead to the formation
of a protective glassy barrier. This barrier effectively blocks the further penetration of
potassium and prevents additional cracking and disintegration of refractory concrete [21].
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A cheaper material, such as liquid sodium silicate glass, could also be used as an im-
pregnant for fireclay refractory castables [28]. Liquid sodium silicate glass, when employed
as a binder in refractory castables, serves as a flux when subjected to high temperatures
and reduces the required operating temperature for aluminosilicate refractory castables by
approximately 200–300 ◦C. Research findings, however, indicate that refractory castables
containing a sodium silicate liquid glass binder can achieve operating temperatures of
1100–1300 ◦C [28]. This means that the permitted use temperatures of such materials fully
satisfy the conditions in which wood biofuel boilers are operated.

The purpose of this study was to assess how the properties (density, cold crushing
strength, porosity, microstructure, as well as alkali and thermal shock resistance) of fireclay
refractory castables change when they are impregnated with liquid sodium silicate glass
under vacuum.

2. Materials and Methods

The characteristics and chemical composition of the used raw materials are presented
in Table 1.

Table 1. Characteristics and chemical composition of raw materials.

Mark Standard Calcium Aluminate Cement Reactive and Calcined
Alumina Microsilica

RW-Fuller
Fireclay Milled

Quartz SandGórkal 70 Istra-40 CTC 20 CT 19 Bos 135 Bos 145

Producer - Górka
Cement

Calucem
GmbH Almatis RW Silicon

GmbH Tabex-Ozmo
AB

Anykščių
kvarcas

Country - Poland Germany Poland Lithuania

Abbreviation - G70 ISTR RA CA MS FA35 FA45 MQS

Specific
surface area,

m2/kg

ASTM
C204-18 450 295 2100 400 - - - 490

Particle size,
µm

ISO 13320
EN 12620 <63 <90 <20 <63 0.15 <4000 <4000 <50

The
refractoriness,

◦C
ISO 1893 1630 1250 - - - 1710 1750 -

Oxides Chemical analysis, %

Al2O3 71.0 40.8 99.7 99.8 0.2 36.6 44.3 0.6
CaO 28.5 38.5 0.02 0.02 0.25 3.1 0.6 -
SiO2 0.3 4.5 0.03 0.05 96.06 53.7 49.5 99.2

Fe2O3 0.2 15.0 0.03 0.04 0.05 3.3 2.1 0.05
MgO - 1.2 0.01 - 0.4 0.7 0.9 -
K2O - - - - 1.2 1.0 0.7 -
TiO2 - - - - - 1.3 1.4 0.1

Additionally, the same fireclay after 1 h of milling and sieving through a sieve with a
mesh size of 0.14 mm was used as fine aggregate. Milled quartz sand (MQS) was used to
improve the fireclay refractories resistance to alkali attack [29]. The following deflocculants
were used: Castament FS20 and FS30 from BASF Construction Solutions GmbH (Trostberg,
Germany) and technical sodium tripolyphosphate NT.

Liquid sodium silicate glass with a SiO2/Na2O molar ratio of 3.3 and a density of
1.33 g/cm3 was used for the impregnation of the samples. Drinking water was used to
prepare the mixtures. The chemical reagent K2CO3 (99.0%, Sigma Aldrich, St. Louis, MI,
USA) was used for the testing of alkali resistance.

Samples sized 70 × 70 × 70 mm and 160 × 40 × 40 mm (for thermal shock resistance)
were prepared from the raw materials listed above. The compositions of the samples
are presented in Table 2. For conventional refractory castables CC-1 and CC-2, a higher
amount of ISTR cement was used and there was a reduced content of dispersive additives
compared to the medium-cement refractory castables, in which a smaller amount of cement,
additional RA and CA, and a higher amount of MS was used. The difference in marking 1
and 2 is the class of fireclay used, either FA35 or FA45.
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Table 2. The compositions of refractory castables.

Composition, % G70 ISTR MS FA35
<0.14 mm

FA45
<0.14 mm

FA35
<4 mm

FA45
<4 mm RA CA MQS Water

CC-1 - 25 2.5 10 - 60 - - - 2.5 11.3
CC-2 - 25 2.5 - 10 - 60 - - 2.5 7.4
MCC-1 12 - 5 8 - 60.5 - 5 7 2.5 8.9
MCC-2 12 - 5 - 8 - 60.5 5 7 2.5 7.1

For CC deflocculant FS30 0.1% was used; for MCC, FS20 0.1% and NT 0.1% were used. Deflocculants and water
were added up to 100%.

The dry components presented in Table 2 were mixed in a Hobart planetary mixer for
5 min and then mixed with water for 3 min. The samples were kept for 72 h at 20 ± 1 ◦C,
relative humidity of about 50%, and were then dried at 110 ◦C for 48 h and fired at 1100 ◦C
for 5 h. The preparation and treatment of the refractory concrete samples (curing, drying,
and thermal treatment) were carried out according to the requirements of LST EN ISO 1927-
5. Some of the fired samples were subsequently impregnated with liquid sodium silicate
glass under vacuum (1 atm), dried, and fired in a similar manner.

Physical and mechanical characteristics (density, cold crushing strength) were deter-
mined according to LST EN ISO 1927-6:2013; three samples 70 × 70 × 70 mm from each
composition were used for the testing. Density was calculated according to mass and
volume (established according to the dimensions) ratio. The cold crushing strength was
measured via hydraulic press ALPHA3-3000S (Riedlingen, Germany). The open porosity
of the castable was determined according to LST EN ISO 10545–3. Porosity, expressed as a
percentage, is the relationship of the volume of the open pores of the test specimen to its
exterior volume. Thermal shock resistance was determined by evaluating the changes in
the ultrasonic pulse velocity [28] when the samples are cyclically heated at 1100 ◦C and
cooled between 2 metal plates filled with cold water. Before testing (Uo), the ultrasonic
pulse velocity was measured after 3 (U3c) and 7 (U7c) cycles, and the relative thermal shock
resistance R was calculated according to the formula:

R =

√
U3c×U7c

Uo
× 100% (1)

The propagation time of ultrasound waves was determined using the Pundit 7 in-
strument (converter frequency = 54 kHz, Schleibinger Geräte Teubert u. Greim GmbH,
Buchbach, Germany) to calculate the ultrasonic pulse velocity (UPV, m/s):

UPV =
l
τ

(2)

where l is the length of the specimen, m; τ is the signal propagation time, s.
The modulus of elasticity E was calculated from Equation (3):

E = U2·ρ (1 + µ)(1− 2µ)
1− µ

(3)

where U is the UPV (m/s), ρ is the density of concrete (kg/m3), and µ is Poisson’s coefficient,
which is 0.17 for all types of concrete [30,31].

The crucible method (ASTM C 454–83) was used to evaluate the resistance of refractory
castables to alkali corrosion. Castable cubes of 70 mm × 70 mm × 70 mm with a hole of
diameter 20 mm and height 30 mm were produced (3 specimens per composition). The
formed samples were cured in natural conditions for 72 h and then dried at a temperature
of 110 ± 5 ◦C for 48 h and fired at 1100 ± 5 ◦C for 5 h. A total of 9 g of K2CO3 was
added to the hole, which was covered with a castable plate of the same composition, and
the specimens were fired at a temperature of 1100 ± 5 ◦C for 5 h. After the tests were
repeated (9 g of K2CO3 was added for each test), the specimens were visually examined for
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microcracks. Some specimens were cut into two pieces along the cylindrical axis after 6
and 20 cycles, and the affected area of the castable was examined.

The chemical composition of the materials was determined using the X-ray fluores-
cence spectrometer ZSX Primus IV (Rigaku, Tokyo, Japan) equipped with a Rh tube with
an anode voltage of 4 kV. Tablet-shaped samples with a diameter of 40 mm were prepared
and compressed at 200 kN for analysis.

X-ray diffraction (XRD) analysis was performed using a DRON-7 diffractometer
(Bourevestnik, Saint Petersburg, Russia) with Cu Kα (λ = 0.1541837 nm) radiation. The
following test parameter values were set: 30 kV voltage, 12 mA current, and 2θ diffraction
angle ranging from 4◦ to 60◦ with increments of 0.02◦ measured every 2 s. The existing
phases were identified by comparing the XRD diffractograms with standard diffraction
patterns provided by the International Centre for Diffraction Data (ICDD).

Microstructural analysis was performed using a JSM-7600F scanning electron micro-
scope (JEOL, Tokyo, Japan). The analysis was performed at an accelerating voltage of 10 kV
in the secondary electron mode for image formation. Initially, the surface was covered with
a layer of electrically conducting material using a QUORUM Q150R ES device (Quorum
Technologies Ltd., Lewes, UK). Some polished samples were used to evaluate the thickness
and chemical composition of the potassium-treated surface layer. X-ray microanalysis
was performed with the Energy Dispersion Spectrometer (EDS) Inca Energy 350 (Oxford
Instruments, Oxford, UK) using Silicon Drift type detector X-Max20 (Oxford Instruments,
Oxford, UK). The INCA software package (Part number 51-1720-001, Version 4, Oxford
Instruments, Oxford, UK) was used. Three points per plane were tested, starting from
the surface exposed to corrosion attack to going down every 100 µm, with 3 more points
(1 µm3) selected in the next plane. In this way the elemental composition of the test sample
was determined down to 3000 µm. An area of corrosion-free material at 10 mm distance
from the exposed surface was also tested (Figure 1).
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Figure 1. The scheme of the “crucible method” of a test sample (a) and a polished samples for
SEM–EDS tests (b).

3. Results
3.1. The Impact of Impregnation on Refractory Castable Chemical and Mineral Composition and
Microstructure after Firing at 1100 ◦C

The chemical composition of the samples (Table 3) showed that, irrespective of the
type of concrete, there is a five times higher sodium oxide content on the surface of the
samples impregnated with sodium silicate solution. A higher silica content up to 13–69%,
depending on the composition of the concrete, was also observed.

It was determined that after firing at 1100 ◦C, sodium silicate influences the mineralog-
ical composition of the refractory castable. XRD analysis (Figure 2) showed that the same
compounds were identified in the control and impregnated samples (anorthite, gehlenite,
mullite, tridymite, quartz, corundum, grossite), but the intensities of anorthite were much
higher in the impregnated samples. According to the literature, anorthite has good physical
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properties, such as a low thermal expansion coefficient and good thermal shock resistance
at high temperatures; thus, it could improve the properties of refractory castables [32].

Table 3. Chemical composition of control and impregnated castables.

Composition of Castable
Chemical Composition, Mass %

Al2O3 SiO2 CaO Fe2O3 K2O Na2O MgO ZrO2 TiO2 P2O5
Control samples
CC-1 29.3 35.4 22.6 9.20 0.27 0.20 0.51 0.09 1.59 0.43
CC-2 29.2 32.1 25.5 10.3 0.30 0.12 0.55 0.04 1.24 0.14
MCC-1 51.1 36.2 8.36 1.27 1.14 0.55 0.30 0.03 0.40 0.24
MCC-2 52.8 34.6 8.15 1.10 0.64 0.46 0.40 0.02 0.77 0.73
Impregnated samples
CC-1 15.3 40.0 33.1 7.42 0.22 0.91 1.34 0.11 1.00 0.28
CC-2 11.5 41.3 35.2 8.41 0.19 0.63 1.20 0.06 0.93 0.36
MCC-1 30.2 51.7 12.2 1.15 1.10 2.60 0.37 0.05 0.00 0.14
MCC-2 22.0 58.6 12.6 1.42 2.11 1.96 0.53 0.02 0.23 0.38
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SEM images show that the microstructure of the impregnated and fired at 1100 ◦C
samples, regardless of composition, is denser (Figure 3a–d) compared with the control sam-
ples (Figure 3e–h). The porosity and diameter of many pores reduced when the refractory
castable was exposed to liquid glass under vacuum as the resulting sodium silicate partially
filled the pores and capillaries. After firing, water from liquid glass evaporated, forming
hardened sodium silicate films that prevented the vaporization of residual moisture and
could cause the bloating of sodium silicate mass. Sodium silicate at 300–500 ◦C includes
amorphous silica, the crystallization of which starts at 600 ◦C; the crystalline phase vanishes
completely at 900 ◦C, and then porosity drops with vitrification [33]. Additionally, at 900 ◦C
and above, sodium silicate starts reacting with other refractory raw materials and forms
new compounds, or a higher quantity of them, for example, anorthite (Figure 2).
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The most visible changes in the microstructure were observed in the impregnated
samples MCC-2, where the blown sodium silicate zones in the pores are visible (Figure 3d).

3.2. The Impact of Impregnation on Physical and Mechanical Properties of Refractory Castables
after Firing at 1100 ◦C

The density and UPV values are shown in Figure 4. It is seen that both of the properties
of the castables improved after impregnation. Density did not increase significantly, only
0.5–1.9%, but UPV increased from 2.6% to 6.5% due to the formation of a denser structure
and the filling of some pores with liquid silicate glass. A more significant improvement in
these properties was observed in samples CC-1 and MCC-1, where a lower-grade fireclay
(FA35) was used, and this improvement can be related to the higher initial porosity of these
samples compared to CC-2 and MCC-2 (Figure 5).

The cold crushing strength (Figure 6) of all types of refractory castables impregnated
with liquid sodium silicate glass increased from approximately 10% to 18%. The increase in
the cold crushing strength of the impregnated samples resulted from the formation of a
denser structure and a decrease in porosity (Figure 3, Figure 5).
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After impregnation, it was found that the porosity (Figure 5) of all types of refractory
castables decreased by approximately 10% because the pores were filled with sodium
silicate glass. Similar results are reported in article [34], but the authors used silica sol
for the impregnation of fireclay refractory castable. In that case, the compressive strength
increased approximately 40% because of SiO2 sol filling the cracks and the presence of
open pores in the samples, as well as the increased amount of mullite at high temperatures
through the reaction of ultrafine Al2O3 with nano-sized SiO2 particles. In this work, it was
determined that cold crushing strength increases till 18%, but porosity decreases about
10%, and the improvement in strength could have resulted from chemical reactions and
the formation of higher quantities of some thermally stable compounds, such as anorthite
(Figure 2).

The diagram above (Figure 5) illustrates that the porosity of refractory castables varies
significantly among different compositions, ranging from approximately 16% to around
29%. This difference in the compositions of the refractory castables was chosen to evaluate
the effectiveness of impregnation for different refractory castables.

3.3. The Impact of Impregnation on Alkali Resistance at 1100 ◦C

According to conclusions presented in the literature [17–19], the densified microstruc-
ture of the surface should increase the alkali resistance of refractory castables with fireclay
fillers at high temperatures. Figure 6 presents the images of the cut control and impregnated
refractory castable samples after 20 cycles of alkali exposure. A clearly visible white glassy
barrier with a width of about 1–2 mm was formed on the surface of impregnated sample
holes, into which the potassium carbonate was added. At high temperatures, sodium
from impregnant and potassium from reagent reacted with refractory compounds and
formed sodium alumina silicate and potassium alumina silicate layers. Then, the viscos-
ity of the formed glassy layer on the surface of the sample increased and alkali reagent
(potassium) could not penetrate deeper into the material. Thus, the glassy layer acts as a
protective barrier, making it difficult for the alkali to penetrate the material. According
to the Na2O−Al2O3−SiO2 phase diagram [35], liquid sodium silicate can further react to
form albite (NaAlSi3O8) and nepheline (NaAlSiO4). Additionally, it was found [36] that
Al2O3 can influence viscous glass melting temperature and its viscosity; therefore, the
melting temperature and viscosity values of formed glass on the surface of the sample tend
to increase [37].

Milled quartz additive participated in the building of the protective barrier in the
control samples as well, but after 20 alkali exposure cycles, this barrier became weaker and
the samples expanded, leading to expansion caused deformations at the top of the samples
(Figure 7a–d).

A comparison of the depth of potassium penetration between the control and impreg-
nated samples after six alkali corrosion cycles showed (Figure 8) that the impregnated
samples had a significantly lower potassium content of about 40% in the surface layer
and 30–80% at 10 mm depth from the surface. Hence, sample impregnation significantly
reduces potassium penetration into refractory castables and increases the resistance to
alkali corrosion due to the formation of a more stable protective barrier.

124



Ceramics 2023, 7

Ceramics 2023, 6, FOR PEER REVIEW  11 
 

 

 

 
(a) (b) (c) (d) 

 
(e) (f) (g) (h) 

Figure 7. Images of impregnated refractory castable samples after 20 cycles of alkaline exposure 
(dashed line—zone of protestive glassy barrier formation): (a) CC-1 control, (b) CC-2 control, (c) 
MCC-1 control, (d) MCC-2 control, (e) CC-1- impregnated, (f) CC-2- impregnated, (g) MCC-1- im-
pregnated, (h) MCC-2- impregnated. 

A comparison of the depth of potassium penetration between the control and im-
pregnated samples after six alkali corrosion cycles showed (Figure 8) that the impregnated 
samples had a significantly lower potassium content of about 40% in the surface layer and 
30–80% at 10 mm depth from the surface. Hence, sample impregnation significantly re-
duces potassium penetration into refractory castables and increases the resistance to alkali 
corrosion due to the formation of a more stable protective barrier. 

  
(a) (b) 

Figure 8. Relative content of potassium at different penetration distances: (a) control samples; (b) 
impregnated samples. 

0.1 1 10
0

5

10

15

20

25

30

35

40

Re
la

tiv
e 

co
nt

en
t o

f K
 (w

t%
)

Penetration distance (mm)

The mark           The thickness of
of composition   resistance barrier,um

 CC-1        2080
 CC-2        1250
 MCC-1     1500
 MCC-2     1500

0.1 1 10
0

5

10

15

20

25

30

35

40

Re
la

tiv
e 

co
nt

en
t o

f K
 (w

t%
)

Penetration distance (mm)

The mark           The thickness of
of composition    resistance barrier,um

 CC-1        1500
 CC-2        1300
 MCC-1     1000
 MCC-2     900

Figure 7. Images of impregnated refractory castable samples after 20 cycles of alkaline exposure
(dashed line—zone of protestive glassy barrier formation): (a) CC-1 control, (b) CC-2 control, (c) MCC-
1 control, (d) MCC-2 control, (e) CC-1- impregnated, (f) CC-2- impregnated, (g) MCC-1- impregnated,
(h) MCC-2- impregnated.

Ceramics 2023, 6, FOR PEER REVIEW  11 
 

 

 

 
(a) (b) (c) (d) 

 
(e) (f) (g) (h) 

Figure 7. Images of impregnated refractory castable samples after 20 cycles of alkaline exposure 
(dashed line—zone of protestive glassy barrier formation): (a) CC-1 control, (b) CC-2 control, (c) 
MCC-1 control, (d) MCC-2 control, (e) CC-1- impregnated, (f) CC-2- impregnated, (g) MCC-1- im-
pregnated, (h) MCC-2- impregnated. 

A comparison of the depth of potassium penetration between the control and im-
pregnated samples after six alkali corrosion cycles showed (Figure 8) that the impregnated 
samples had a significantly lower potassium content of about 40% in the surface layer and 
30–80% at 10 mm depth from the surface. Hence, sample impregnation significantly re-
duces potassium penetration into refractory castables and increases the resistance to alkali 
corrosion due to the formation of a more stable protective barrier. 

  
(a) (b) 

Figure 8. Relative content of potassium at different penetration distances: (a) control samples; (b) 
impregnated samples. 

0.1 1 10
0

5

10

15

20

25

30

35

40

Re
la

tiv
e 

co
nt

en
t o

f K
 (w

t%
)

Penetration distance (mm)

The mark           The thickness of
of composition   resistance barrier,um

 CC-1        2080
 CC-2        1250
 MCC-1     1500
 MCC-2     1500

0.1 1 10
0

5

10

15

20

25

30

35

40

Re
la

tiv
e 

co
nt

en
t o

f K
 (w

t%
)

Penetration distance (mm)

The mark           The thickness of
of composition    resistance barrier,um

 CC-1        1500
 CC-2        1300
 MCC-1     1000
 MCC-2     900

Figure 8. Relative content of potassium at different penetration distances: (a) control samples;
(b) impregnated samples.

3.4. The Impact of Impregnation on Elasticity Modulus and Thermal Shock Resistance at 1100 ◦C

After the impregnation, the modulus of elasticity of the refractory castable (Figure 9)
samples CC-1, CC-2, MCC-1, and MCC-2 increased by 16%, 10%, 13%, and 7%, respectively.
Following the principles of thermoelastic theory concerning crack nucleation, engineers
and researchers often employ the stress-to-elastic modulus ratio (σ/E) as a measure to
evaluate the capacity of a material to withstand the initiation of cracks [33,38]. However,
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a material possessing a higher modulus of elasticity tends to exhibit diminished thermal
shock resistance [21,34,39], as well as the result of the work illustrated in Figure 10.
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Figure 9. Modulus of elasticity of control and impregnated samples.
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Figure 10. The comparison of thermal shock resistance of control and impregnated samples.

The thermal shock resistance (Figure 10) of the impregnated samples compared to the
control samples decreased from approximately 8% (CC-2, MCC-2) to 12% (CC-1, MCC-1).

In this study, impregnation technology was used for a more accurate laboratory testing,
but in practice, liquid sodium silicate glass can be applied on the refractories by spraying
or coating with a brush. Such application methods can be used easily in combustion
plants boilers.

4. Conclusions

Regardless of the refractory castable type (conventional (CC) or medium-cement
castable (MCC)), impregnation with liquid sodium silicate glass under vacuum increased
the density, ultrasonic pulse velocity, cold crushing strength, modulus of elasticity and
reduced porosity, compacted the microstructure, and increased resistance to alkali as a
result of a former barrier (0.9–1.5 mm) that prevented the further penetration of alkali and
stopped the further disintegration of refractory castable.

The main properties of conventional and medium-cement fireclay refractory castable
impregnated with liquid sodium silicate glass improved because the impregnation densifies
the microstructure and decreases the porosity of refractory castables by partially filling
the pores and connecting capillaries, healing the microcracks and accelerating anorthite
formation, which has good thermal stability properties.

The thermal shock resistance of the impregnated samples compared to the control
samples can decrease about 10% because of the improved modulus of elasticity (7–16%).
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29. Antonovič, V.; Stonys, R.; Zdanevičius, P.; Mačiulaitis, R.; Boris, R.; Malaiškienė, J. Analysis of the formed protective layer
inhibiting alkali corrosion in aluminosilicate refractory castables. Ceram. Spec. Issue Adv. Ceram. 2022, 5, 1051–1065. [CrossRef]

30. Antonovich, V.; Shyukshta, M.; Pundene, I.; Stonis, R. Procedural elements in estimation of the thermal shock resistance of
different types of refractory concrete based on chamotte filler. Refract. Industr. Ceram. 2011, 52, 70–74. [CrossRef]

31. Niyogi, S.K.; Das, A.C. Prediction of thermal shock behaviour of castable refractories by sonic measurements. Refractories 1994,
43, 453–457.

32. Csaki, S.; Lukac, F.; Húlan, T.; Veverka, J.; Knapek, M. Preparation of anorthite ceramics using SPS. J. Eur. Ceram. Soc. 2021, 41,
4618–4624. [CrossRef]

33. Nishikawa, A. Technology of Monolithic Refractories; Japan by Toppan Printing Company: Tokyo, Japan, 1984; 598p.
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Abstract: Octacalcium phosphate (OCP) is an attractive base material to combine into components
developed for medical purposes, especially those used in bone replacement procedures, not only
because of its excellent biocompatibility but also because of its ability to intercalate with multiple types
of molecular layers such as silica, dicarboxylic acid, and various cations. On the other hand, there are
no examples of simultaneous substituting for several different compounds on OCPs. Therefore, in
this study, the physical and mechanical strength (DTS: diametral tensile strength) of OCPs substituted
with both silica and dicarboxylic acids (thiomalate: SH-malate) were evaluated. By optimizing the
amount of SH-malate, we were able to prepare a block consisting of OCPs with both silica and
SH-malate supported in the interlayer. The composition of the OCP-based compound comprising this
block was Ca8Na1.07H6.33(PO4)4.44(SiO4)1.32(SH-malate)2.40·nH2O. Interestingly, the low mechanical
strength, a drawback of silica-substituted OCP blocks, could be improved by dicarboxylic acid
substituting. The dicarboxylic acid addition increased the mechanical strength of silica-substituted
OCP blocks, and the acid successfully incorporated into the interlayer, even with the presence of silica.
These results are expected to advance the creation of better silica-substituted OCPs and improved
bone replacement materials.

Keywords: octacalcium phosphate (OCP); bioceramics; silica; dicarboxylate; co-substitute

1. Introduction

A prevalent health issue among the elderly is hard tissue syndrome [1,2]. This is
because as individuals age, they develop hard tissues that have relatively low healing
abilities. As typified by bone fracture and periodontal diseases, hard tissue syndrome
leads to a greatly decreased quality of life. In particular, alveolar bone recovery as well as
the creation of effective bone regeneration materials are required to restore oral functions.
Therefore, medical infrastructures that help with the rapid healing from diseases related
to hard tissue syndrome are essential for the maintenance of a vibrant society, especially
among elderly populations.

Octacalcium phosphate [OCP: Ca8(PO4)4(HPO4)2·5H2O], the main inorganic compo-
nent of immature bone, exhibits excellent biocompatibility and can be medically replaced
in the bone of a patient through the bone remodeling process [3–8]. In addition, the OCP
crystal structure can be incorporated within various ions and molecules such as transition
metal ions and dicarboxylic acids [5,9–14]. Thus, OCP has been an attractive base material
to combine with components for the development of medical products, especially those
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utilized in bone regeneration. Furthermore, OCP is a precursor of other calcium phosphates
that aid in bone healing and regeneration such as hydroxyapatite [HAp: Ca10(PO4)6(OH)2]
and carbonate apatite [CO3Ap: Ca10−a(PO4)6−b(CO3)c(OH)2−d] [15–18]. Depending on
the molecule, the OCP unit lattice-substituted materials interlayer might be maintained or
released through the phase conversion process [19–22].

Silica enhanced the viabilities of osteoblasts and increases their bone
production [23–25]. In fact, there have been attempts to demonstrate high bone regenera-
tion ability by combining silica with vaterite, a polymorph of calcium carbonate, in bone
replacement materials [26–29]. In addition, bioceramics containing silica nanoparticles
were also introduced for bone regeneration materials [30–33]. We have investigated the
usefulness of this material as a bone replacement material by substituting silica onto OCP
(OCP-silica) without using organic silica such as tetraethyl silicate (TEOS), which possess
the harmful problem of residual organic matter material feasibility tests for application in
bone regeneration because silica enhances osteoblastic activities [34–36]. It was found that
OCP-silica exhibited several times higher bone regeneration ability compared to CO3Ap,
which is presently used in commercial bone substitutes for dental implant [35]. On the
other hand, the low formability and mechanical strength of OCP-silica blocks are serious
drawbacks for bone substitute applications and further equipment. Since silica acts as
an inhibitor of OCP crystal growth, the interlocking process results in low mechanical
strength [34,35]. Moreover, when OCP blocks were converted into apatite blocks through a
solution medicated phase conversion process, the mechanical strength of treated blocks
further decreased [36].

In a previous related study, the results showed that dicarboxylic-acid-substituted
OCP blocks fabricated by the OCP cementing process displayed a mechanical strength
that tended to be higher than that of normal OCP blocks [37,38]. This knowledge can
be applied in the preparation of OCP-silica blocks that exhibit high strength and serves
as a precursor for other silica-substituted calcium phosphates. To further investigate
the capabilities of molecular-substituted OCP blocks for practical application, this study
prepared silica-dicarboxylic acid molecule-supported OCP blocks using thiomalate acid
[SH-malate: C4H6O4S] as the dicarboxylic acid molecule.

2. Materials and Methods
2.1. Preparation of SH-Malate and Silica-Substituted Blocks through the Cement-Setting Reaction

The reagents used for this study were obtained as follows: all reagents (except SH-
malate) were purchased as reagent grade from FUJI Film Wako Pure Chemical Inc., Co.,
Osaka, Japan; SH-malate was purchased from Tokyo Chemical Industrial Co., Tokyo, Japan;
H3PO4 was diluted by distilled water and then prepared in 4.0 mol/L H3PO4. In addition,
the SH-malate and silica-substituted blocks were prepared through the cement-setting
reaction [35,37,38].

Next, the OCP component fabrication process is detailed. First, 0.0–0.6 g SH-malate
was dissolved into 2.0 mL 4.0 mol/L H3PO4 at an agate motor. Then, 1.2 g of CaCO3 powder
was gradually mixed into the solution with mixing by agate pestle. Afterwards, 1.08 mL,
38 percentage by weight (wt%) Na2SiO3 solution was subsequently added by stirring with
a pestle for several ten-second intervals until the bubbling process was stabilized. Using a
stainless spatula, the mixture was placed in a silicon rubber mold (ϕ6 × 3 mm) that was
tightly sealed by a 0.3 mm thick polypropylene sheet to avoid evaporation and induce the
interlocking of formed crystals during incubation. The packed molds with samples were
placed at 60 ◦C for 1 d. Finally, the treated materials were removed from the mold; then,
they were thoroughly washed with distilled water three times and finally placed in a 40 ◦C
drying oven for 1 d.

2.2. Evaluation Process

To evaluate the experimental results, crystallographic information from the samples
was obtained through X-ray diffraction (XRD; MiniFlex600, Rigaku Co., Tokyo, Japan) at an
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acceleration voltage and amplitude of 40 kV and 15 mA, respectively. For characterization,
the diffraction angle was continuously scanned over 2θ values ranging from 3◦ to 70◦ at a
scanning rate of 5◦/min. Meanwhile, for the crystallographic parameter analysis, it was
scanned from 2◦ to 12◦ at a rate of 1◦/min.

Next, the chemical bonding of the samples was analyzed with Fourier transform
infrared spectroscopy (FT-IR) (IRTracer-100, Shimadzu Co., Kyoto, Japan) and a triglycine
sulfate detector (30 scans, resolution of 2 cm−1) that has an attenuated total reflection
diamond prism. Also, the atmosphere provided the measurement background.

After Os sputtering, the fine structures of the samples were examined by field emis-
sion scanning electron microscopy (FE-SEM; JSM-6700F, JEOL Co., Tokyo, Japan) at 3 kV
acceleration voltage.

The 31P chemical shifts of the samples were determined by using solid state nuclear
magnetic resonance (NMR) spectroscopy (Varian FT-NMR, 400 MHz, Agilent Technologies
Co., Santa Clara, CA, USA) at a 161.8 MHz resonance frequency. Next, cross-polarization
magic angle spinning (CP-MAS) 31P NMR spectroscopy was performed at 10 kHz. In
addition, an Agilent 4 mm T3 CP-MAS HXY solid probe and zirconia rotors were used.
Each sample weighed ≈0.03 g. Meanwhile, the contact time for the 31P CP-MAS measure-
ments was 3 ms, with an acquisition time of 50 ms and relaxation delay of 40 s for each
measurement interval. Each measurement was repeated 400 times. The 31P chemical shift
of (NH4)H2PO4 was used as the external reference (1.0 ppm).

The Si and S content of the samples were measured using energy-dispersive X-ray
fluorescence spectroscopy (EDX-8100, Shimadzu Co., Japan) at 15 kV acceleration voltage
under a vacuum. Next, the Si/Ca ratios of the samples were calibrated using inner stan-
dard samples, which consisted of a hydroxyapatite–SiO2 mixture in disk-shaped sintered
blocks (Ca/Si = 100:0, 90:10, 75:25, 50:50, and 0:100) measured in the same manner as the
experimental samples. The S/Ca ratio was also calibrated using a disk-shaped mixture of
CaCO3–CaSO4·2H2O set blocks (Ca/S = 100:0, 90:10, 75:25 and 50:50).

Afterwards, the mechanical strengths of five cylindrical specimens were evaluated.
Their respective diameter and thickness were measured using a micrometer (MDC-25MU,
Mitsutoyo Co., Ltd., Kawasaki, Japan). These specimens were then submitted under
compression testing by crushing at a constant crosshead speed of 1 mm/min using a
universal testing machine (AGS-J, Shimadzu, Kyoto, Japan). Next, the mean DTS values of
the specimens were estimated and reported as the mean standard deviation. The results
were then assessed by t-test analysis (with a significance level of p < 0.05).

3. Results and Discussion

Figure 1 shows photographs of the set samples with various SH-malate amounts. Note
that in the study of dicarboxylic acid molecule substituting, the amount of CaCO3 is in-
creased compared to the conventional OCP-silica preparation. This is because dicarboxylic
acid is acidic, and it is necessary to increase the amount of CaCO3 to neutralize it. The
mud mixture foamed more strongly because of this. Through the cement-setting reaction,
all the samples revealed block shapes. It should be noted that in low SH-malate amounts
(SH-malate: 0.00–0.15 g), the bubbling process was continued during setting reactions.

Next, the XRD evaluation of the obtained blocks was performed. Figure 2 shows the
XRD patterns of the set blocks with different SH-malate amounts. As the SH-malate concen-
tration increased, the block composition became from apatite to OCP, and monophasic OCP
peaks were observed around 0.45 g and 0.60 g of SH-malate content. The peak correspond-
ing to d100 of OCP shifted slightly to the low angle, indicating that SH-malate intercalated
with the OCP interlayer. Therefore, the sample with 0.60 g of SH-malate was found to be
OCP monophase and thereby can be referred to as an OCP-silica:SH-malate block.
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The conditions for substituted silica and SH-malate in OCP were further evaluated. 
Figures 3 and 4 show the OCP-silica:SH-malate block FT-IR and NMR spectra, respec-
tively. In FT-IR spectra, the OCP-silica:SH-malate block clearly exhibited -COOH band 
ranging from 1400 to 1600 cm−1, which is the same as in OCP-SH-malate. In addition, a 
weak band ranging from 1100 to 1200 cm−1, which corresponds to the silanol band, was 
observed. Then, the OCP-silica:SH-malate block revealed both OCP-silica and OCP-SH-
malate. In NMR spectra, the P2/P4 peaks were clearly aĴenuated, while P5/P6 

Figure 1. Photographs of the set blocks with different SH-malate amounts. (a) OCP-silica block as
reference. (b) SH-malate: 0.00 g. (c) SH-malate: 0.15 g. (d) SH-malate: 0.30 g. (e) SH-malate: 0.45 g.
(f) SH-malate: 0.60 g.

Ceramics 2024, 7, FOR PEER REVIEW  4 
 

 

found to be OCP monophase and thereby can be referred to as an OCP-silica:SH-malate 
block. 

 
Figure 1. Photographs of the set blocks with different SH-malate amounts. (a) OCP-silica block as 
reference. (b) SH-malate: 0.00 g. (c) SH-malate: 0.15 g. (d) SH-malate: 0.30 g. (e) SH-malate: 0.45 g. 
(f) SH-malate: 0.60 g. 

 
Figure 2. XRD paĴerns of the set blocks. (a) Wide range. (b) Small angle. Green broken line: OCP-
SH-malate d(100)’ peak. Red doĴed line: OCP d(100) peak. 

The conditions for substituted silica and SH-malate in OCP were further evaluated. 
Figures 3 and 4 show the OCP-silica:SH-malate block FT-IR and NMR spectra, respec-
tively. In FT-IR spectra, the OCP-silica:SH-malate block clearly exhibited -COOH band 
ranging from 1400 to 1600 cm−1, which is the same as in OCP-SH-malate. In addition, a 
weak band ranging from 1100 to 1200 cm−1, which corresponds to the silanol band, was 
observed. Then, the OCP-silica:SH-malate block revealed both OCP-silica and OCP-SH-
malate. In NMR spectra, the P2/P4 peaks were clearly aĴenuated, while P5/P6 

Figure 2. XRD patterns of the set blocks. (a) Wide range. (b) Small angle. Green broken line:
OCP-SH-malate d(100)’ peak. Red dotted line: OCP d(100) peak.

The conditions for substituted silica and SH-malate in OCP were further evaluated.
Figures 3 and 4 show the OCP-silica:SH-malate block FT-IR and NMR spectra, respectively.
In FT-IR spectra, the OCP-silica:SH-malate block clearly exhibited -COOH band ranging
from 1400 to 1600 cm−1, which is the same as in OCP-SH-malate. In addition, a weak band
ranging from 1100 to 1200 cm−1, which corresponds to the silanol band, was observed.
Then, the OCP-silica:SH-malate block revealed both OCP-silica and OCP-SH-malate. In
NMR spectra, the P2/P4 peaks were clearly attenuated, while P5/P6 corresponded to the
hydrous layer and shifted slightly toward the higher wavenumber. Meanwhile, bands cor-
responding to PA/PB were observed at lower wavenumbers. These results were attributed
to the inclusion of dicarboxylic acid molecules [35,36], as well as indicating that both silica
and SH-malate are contained in the OCP crystals.
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The OCP-silica:SH-malate block (SH-malate: 0.60 g) contains of Si (8.35 ± 0.68 at%) and
S (15.20 ± 3.38 at%). However, the OCP-silica:SH-malate block Si content was significantly
lower than that of OCP-silica powder and block. On the other hand, the OCP-silica:SH-
malate block S content was significantly higher than that of OCP-SH-malate powder.
Then, the possibly chemical composition of OCP-silica:SH-malate block was described as
Ca8Na1.07H6.33(PO4)4.44(SiO4)1.32(SH-malate)2.40·nH2O.

Next, the mechanical strength of the samples was evaluated. Figure 5 shows the DTS
values of the set samples. As SH-malate was increased, the block mechanical strength
was attenuated, but increased again. For the OCP-silica:SH-malate block, the mechanical
strength of samples was significantly higher than that of blocks without SH-malate and
OCP-silica blocks.
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Meanwhile, the fine structure of the samples indicated that they possessed higher
mechanical strength. Figure 6 shows SEM micrographs of the OCP-silica:SH-malate block
and two types of OCP-silica block (CaCO3-H3PO4-Na2SiO3 and DCPD-MCPM-Na2SiO3
systems) for facilitate comparison. In the OCP-silica:SH-malate block, much denser and
well-developed crystals were observed compared to both OCP-silica blocks. This suggests
that a high degree of entanglement results in higher strength. When dicarboxylic acid
molecules and other molecules are substituted on OCP, developing in the a-axis direction is
suppressed [40–43]. As a result, the aspect ratio of OCP crystals increases. This is assumed
to increase the entanglement and form a denser and stronger structure. Furthermore, since
the dicarboxylic acid molecules have carboxy groups, an adhesive effect of free dicarboxylic
acid molecules binding to Ca ions on the OCP surface is also expected [44,45]. Since the
same phenomenon is observed even when silica is not supported, it is considered that
dicarboxylic acid contributes to both aspect ratio and adhesive strength [34,35].
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fabricated from CaCO3-H3PO4-Na2SiO3. (e,f) OCP-silica:SH-malate block.

The results clearly show that both silica and SH-malate can be simultaneously substi-
tuted in the OCP crystal structure. Furthermore, we think that the prepared OCP-silica:SH-
malate block is a material in which both silica and SH-malate are substituted between
the layers of OCP. This is shown by FT-IR and NMR spectral measurements. In addition,
compared to conventional OCP–silica, the strength of the prepared blocks is improved. One
of the possible reasons for this is the morphological change of OCP crystals due to the incor-
poration of SH-malate into the OCP interlayer: OCP crystals generally assume a ribbon-like
crystal form, while dicarboxylic acid molecules, including SH-malate, are distributed along
the a-axis direction, that is, the orientation in which the crystal is thinnest [46,47]. Therefore,
the a-axis direction growth is inhibited, while growth in the b- and c-axis directions is
relatively less inhibited, resulting in the formation of crystals with a large aspect ratio, i.e.,
crystals that are easily entangled.

For further investigation, it was also tested as to whether OCP is useful for dicarboxylic
acid molecules other than SH-malate. As shown in Figure 7, succinic acid (C4H6O4)
substituting was considered. It was found that any dicarboxylic acid molecule, such as
succinic acid, can be incorporated into OCP crystals and blocked. Therefore, these would
have the same effect as that observed in SH-malate. Note that the mechanical strength
of succinic-acid-substituted OCP-silica blocks was found to be significantly higher than
that of SH-malate. This is likely due to the higher acidity of succinic acid and how it
might compare to SH-malate, as well as the stronger adhesion of the carboxy groups of the
dicarboxylic acid molecules, resulting in a stronger block.
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4. Conclusions

Because of OCP’s ability to intercalate with multiple types of molecular layers such as
silica, dicarboxylic acid, and various cations, OCP is an attractive base material to combine
into components developed for medical purposes. On the other hand, there are no exam-
ples of simultaneous substituting for several different compounds on OCPs. Of particular
interest is whether low mechanical strength, a drawback of OCP-silica blocks, could be
improved by dicarboxylic acid substituting. Therefore, the preparation of silica-substituted
OCP blocks with the addition of SH-malate, a dicarboxylic acid molecule, was investi-
gated. If the formulation ratio is appropriate, it is possible to prepare monophasic OCP
blocks substituted with dicarboxylic acid molecules and silica. The mechanical strength of
the resulting blocks tends to be higher than that of the system without dicarboxylic acid
molecules substituted. Based on these results, the findings of this study have promising ap-
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plications for the development of improved medical components used in bone replacement
that aid in more efficient as well as effective bone recovery and regeneration.
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Abstract: In this work, a new methodology for dispersing metal particles supported in
clay has been described. For this purpose, a sepiolite has been modified by a microwave-
assisted treatment to increase the surface area and pore volume due to the progressive
leaching of the Mg2+-species located in the octahedral sheet. These materials have been
used as support to incorporate Cu species on the surface by a precipitation-deposition
process from the thermal decomposition of urea at 95 ◦C. Once calcined and reduced, the
Cu-based catalysts showed a Cu0-particle size lower than 5 nm in the case of catalysts
whose support is a sepiolite subjected to acid treatment. On the other hand, when raw
sepiolite is used as a support, the Cu0-crystal size is much larger (15–20 nm). This difference
in Cu0-crystal size showed a variable catalytic behavior for the hydrogenation reaction
of furfural in gas-phase. Catalysts with larger particle size promote the hydrogenation
reaction, obtaining a yield towards furfuryl alcohol close to 60% after 5 h at 190 ◦C. In
contrast, catalysts with smaller particle size promote the hydrogenation reaction and
subsequently the hydrogenolysis reaction, obtaining methylfuran as a product with a yield
of 58% after 1 h of reaction at 190 ◦C; however, the sites where hydrogenolysis are involved
are more prone to be deactivated.

Keywords: Cu-based catalysts; supported sepiolite; acid treatment; furfural hydrogenation;
furfuryl alcohol; methylfuran

1. Introduction
Phyllosilicates are a subclass of silicates with layered structure, which have been

used in a wide range of research fields [1]. Among them, one of the most widely used
phyllosilicates is sepiolite [2]. Around half of the world reserves of this clay mineral is in
Spain, although there are notable deposits in Turkey, Morrocco, Greece and the United
States [3]. The greatest significance of this clay mineral lies in its fibrous morphology due
to the periodical inversion of its tetrahedral sheet leading to nanocavities with dimensions
of 1.06 nm × 0.37 nm [4,5]. These nanocavities can host small molecules or cations to
counterbalance the charge deficiency [4,6]. Sepiolite can be used, under appropriate
pretreatments, as adsorbent, deodorant, filter air, catalytic support, decolorizing agent,
additive in paints, anticaking agent, drilling fluids, cosmetics, detergents, asphalt coating,
animal nutrition, agriculture, and for phytosanitary and pharmaceutical uses [2,5,7–11].
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A strategy to modify the structure of sepiolite is through acid treatment [12–15]. Using
this treatment, it is possible to significantly improve its textural properties due to a partial
leaching of Mg2+ species located in the octahedral layer [12]. The acid treatment was
performed with concentrated solutions for many hours, even days [13,14]. However, it has
recently been shown that microwave-assisted treatment can reduce this time to a few min-
utes, using solutions that are an order of magnitude more dilute [12]. The characterization
of sepiolite modified with acid treatment has been widely studied [12–15]. However, its
application has been primarily limited to CO2 capture processes [6] photocatalysis [16] and
cementitious materials [17].

The interest in this acid treatment is related to a partial leaching of the octahedral
layer, which produces an increase in the specific area and pore volume but also modifies its
chemical properties due to the loss of Mg2+-species of its octahedral sheet causing vacancies
in the fibrous structure [12]. Considering these premises, modified sepiolite could be an
interesting material to be studied as a catalytic support with high available surface area to
disperse a certain active phase.

The model reaction carried out for this study has been the furfural (FUR) hydrogena-
tion in gas phase. This reaction has been selected since FUR molecule is considered a
building block molecule since it is possible to obtain a high range of valuable products from
several reactions [18,19]. FUR is obtained from lignocellulosic biomass, specifically from the
hemicellulose fraction, which is a polymer consisting of pentosans, mainly xylose [20]. In
turn, xylose is dehydrated to obtain FUR [21]. FUR is considered the second most produced
product in the sugar platform, after bioethanol. From FUR, advanced products used in
the polymer field, fuel additive, fine chemical, fragrances, paints among others have been
obtained [21,22]. Most FUR is preferably treated by reduction processes using transition
metals as active phase [22], although other reactions have also been carried out to obtain
high added value products [18,19].

Industrially, FUR reduction has been carried out with copper chromite as a cata-
lyst [23–26]. However, restrictive environmental regulations have led to the scientific
community developing new Cr-free catalysts. In this sense, Cu-based catalysts are the
most inexpensive active phase to be implemented on a large scale [22]. This active phase
only promotes the reaction with the carbonyl group, obtaining furfuryl alcohol (FOL) and
2-methylfuran (MF) as products [27,28]. Both compounds are considered high value-added
products, as FOL is used in the polymer industry for its excellent thermochemical prop-
erties, while MF can be used as a fuel additive [29]. Previous studies have reported that
the interaction between FUR and Cu-based catalysts plays an important role in the activity
and the catalytic behavior [28]. Thus, several authors have proposed the use of a neutral
or basic support to obtain higher conversion and stability, minimizing the formation of
carbonaceous deposits [30–33]. In the same way, the presence of small Cu0-crystals as active
phase also promotes the formation of MF through a hydrogenolysis reaction [30,34–36].
Considering these assumptions, this work aims to analyze the influence of the modification
of the support, through a microwave-assisted acid treatment in a sepiolite, on the active
phase-support interaction and in turn on the size of the copper crystals. Likewise, this
work also studies how these modifications of the support influence the catalytic behavior
in the hydrogenation reaction of FUR in the gas phase.

2. Materials and Methods
2.1. Synthesis of Cu-Based Catalysts

Sepiolite, selected as support, was supplied by Tolsa S.A and marketed as Pangel S9.
This fibrous phyllosilicate was collected in Vallecas deposits (Madrid, Spain) and was used
without a prior treatment.
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For each microwave-assisted acid treatment, 5 g of sepiolite was suspended in a
solution of 50 mL HNO3 (0.2 M). Then, each sample was subjected to microwave radiation
in a commercial microwave system EMS20100OX (Electrolux, Stockholm, Sweden) using
an open glass cylinder reactor, operating at 800 W and 2.45 GHz for between 1 and 16 min.
According to previous studies, the microwave radiation was discontinuously applied to
avoid a temperature above 100 ◦C. Thus, once the sample was irradiated for 1 min, then, the
suspension was cooled for 5 min [12,37,38]. This procedure was repeated until the desired
radiation time was reached. Once the microwave-assisted treatment was performed, the
sample was centrifuged and washed several times to remove NO3

− species used in the
acid treatment. Following this methodology, previous studies have described that the
octahedral layer is progressively dissolved in magnesian phyllosilicates [12,37,38].

The Cu species were deposited on the surface of the sepiolite using copper nitrate
trihydrate Cu(NO3)2·3H2O (Sigma-Aldrich, Darmstadt, Germany, 99%) as copper source
and urea as precipitant agent. Thus, for each synthesis, 2 g of the raw sepiolite or sepiolite
subjected to the microwave-assisted acid treatment was suspended in 6 g of urea and the
appropriate amount of Cu(NO3)2·3H2O to obtain catalysts with a Cu loading between
5 and 20 wt.%. Later, the suspension was heated at 95 ◦C for 2 h to promote thermal
decomposition of urea into CO2 and NH3, which promotes the precipitation and deposition
of the Cu species on the surface of the sepiolite. In the next step, the solid was filtered,
discarding the presence of Cu species in the solution. Then, the samples were washed
with distilled water two times and dried at 90 ◦C overnight. Finally, the solid was calcined
at 400 ◦C for 2 h and reduced to the desired temperature considering their respective
H2-TPR profiles.

The uncalcined samples were labeled as Prec-XCuO-Sep-Y, the calcined samples
XCuO-Sep-Y and the reduced samples were labeled has XCu-Sep-Y where X indicates the
Cu content in wt.%, while Y indicates the time of microwave-assisted acid treatment at
which was subjected the sepiolite.

2.2. Characterization Techniques

Crystallinity of the samples was determined by X-Ray diffraction (XRD). The chemical
composition of the samples was carried out by X-Ray fluorescence (XRF), attenuated total
reflectance (ATR) and diffuse reflectance spectroscopy. The morphology of the catalysts
was studied by Transmission Electron Microscopy (TEM). The analysis of the textural
properties was evaluated from the analysis of their N2 adsorption–desorption isotherms at
−196 ◦C. The superficial charge of the modified sepiolites was performed by the analysis
of their zeta-potential. The analysis of the chemical composition of the surface of the
catalyst was performed by X-ray photoelectron spectroscopy (XPS). The reducibility of
the Cu-based precursors was carried out by the analysis of their H2-thermoprogrammed
reduction (H2-TPR) profiles. The detailed description of each characterization technique is
provided in the Supplementary Material.

2.3. Catalytic Studies

The hydrogenation of FUR has been performed in a vapor-phase atmospheric-pressure
fixed-bed continuous flow quartz catalytic reactor with a diameter of 6.35 nm. Prior to each
study, the samples were pelletized with a range of 215–400 µm. The sample was placed
in the middle of the quartz reactor, being retained with two layers of quartz wool. The
temperature was controlled with a thermocouple, which was inserted in the quartz reaction,
being in direct contact with the fixed bed. Prior to each study, the precursor was reduced
under H2-flow, following the H2-TPR profiles studied previously. This temperature was
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maintained for 1 h to ensure the total reduction in the Cu2+-species to Cu0. After the
reduction, the catalyst was cooled until the selected temperature.

FUR was pumped with a Gilson 307SC piston pump (model 10SC) with a flow of
3.87 mL/h of a FUR solution in CPME (5 vol.%) to reach a weight hourly space velocity
(WHSV) for FUR of 1.5 h−1 with a flow of 10 mL/min.

Both reagents and products were quantified in a Shimadzu GC-14B gas chromatograph
equipped with a flame ionization detector (FID) and a CP-Wax 52CB capillary column. The
furfural conversion and product selectivity were calculated as follows:

Conversion (%) =
mol o f f ur f ural converted

mol o f f ur f ural f ed
× 100 (1)

Selectivity (%) =
mol o f product

mol o f f ur f ural f ed
× 100 (2)

3. Results and Discussion
Characterization of the Catalysts

Prior to the synthesis of the catalysts, the raw sepiolite was subjected to a microwave-
assisted acid treatment with a range of time between 1 and 16 min. Figure 1 compiles some
representative diffractograms of the sepiolite after this treatment. The diffractogram of the
raw sepiolite reveals that the starting material displays high purity (PDF N: 98-015-6199),
discarding the presence of impurities [12,39]. Microwave-assisted acid treatment causes a
clear change in the diffraction profile, which becomes more pronounced as the treatment
time increases. Thus, (110) reflection decreases clearly while the set of reflections located
between 2θ (◦) of 15–40 also decrease noticeably, forming a very broad and poorly defined
signal, which is attributed to the formation of amorphous silica [12,40].
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Figure 1. X-ray diffractograms of the raw sepiolite and sepiolite subjected at different times of
microwave-assisted acid treatment.

The chemical composition of the raw clay and those samples subjected to microwave-
assisted acid treatment was determined by XRF (Figure 2 and Supplementary Material,
Table S1). These data reveal how the raw clay is mainly composed of Si and Mg, which
suggests the presence of a trioctahedral clay such as sepiolite. After the microwave-
assisted acid treatment, the Mg content notably decreases while the Si-content increases
progressively. These data confirm that Mg species located in the octahedral sheet of sepiolite
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is partially leached, leading to the formation of a silicious material with poorer crystallinity,
as was suggested by XRD (Figure 1).
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obtained from XRF).

Infrared spectroscopy has also been used to study how the acid treatment affected
the sepiolite. As can be seen in Figure 3, this treatment causes changes in the spectrum
of the starting sepiolite. In the region between 4000 and 3000 cm−1, the sepiolite shows
different bands associated with the stretching vibrations of the -OH group, such as the
bands at 3687 cm−1 associated with the stretching of the OH bound to octahedral Mg2+

(Mg3OH) [41], the band at 3618 cm−1 associated with the Si-OH groups [41], the band
at 3566 cm−1 associated with structural water [41] and the band at 3369 cm−1 associated
to zeolitic water [41]. The intensity of these bands is modified, and some of them even
disappear, with the acid treatment [12,37]. Thus, the bands associated with the vibrations
of the -OH groups associated with Mg2+ disappear, at 3687 and 3566 cm−1, which would
indicate the solubilization of the octahedral layer with the treatment time, while the
bands due to the Si-OH groups and adsorbed water remain [12,37]. These changes are
corroborated when analyzing the bands due to the sepiolite structure in the region between
1400 and 400 cm−1 [12,41]. In this region, the bands corresponding to the vibrations of the
Si-O bonds remain, such as the bands at 1213, 1078 and 976 cm−1, corresponding to the Si-O
bond in the tetrahedral sheet [41], the Si-O-Si vibration at 1004 cm−1 [41] and the band at
791 cm−1 corresponding to the symmetrical strain of the Si-O-Si group [41], while the bands
associated with octahedral Mg2+ disappear at 689 and 642 cm−1, corresponding to the
bending of the OH group in Mg3OH and attached to octahedral Mg2+ [41,42], respectively.
As the acid treatment time increases, the bands due to the Si-O bonds become wider and
less defined, indicating an increase in the amorphization of the sepiolite [4,5].

The determination of the textural properties of the raw sepiolite and sepiolite sub-
jected to microwave-assisted acid treatment was carried out through their N2 adsorption–
desorption isotherms at −196 ◦C (Table 1 and Supplementary Material, Figure S1). Ac-
cording to the IUPAC classification, all isotherms can be adjusted to type II [43], which
are typical of microporous materials; although, the high N2-adsorption at low relative
pressure suggests that these materials also display microporosity [43]. These data agree
with those reported in the literature previously where the periodic inversion of its tetra-
hedral sheet leads to the formation of nanocavities of 1.06 nm × 0.37 nm [4,5], which is
related to the microporosity of this fibrous phyllosilicate [6]. On other hand, all samples
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hardly display hysteresis loops, which confirms a pore diameter lower than 4 nm [43]. The
analysis of the N2 adsorption–desorption isotherms reveals that the microwave-assisted
acid treatment promotes a progressive increase in the N2-adsorbed at low and intermediate
relative pressures because of the Mg-leaching of the octahedral sheet causes an increase in
the nanochannels.
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Figure 3. ATR of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
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Table 1. Textural properties obtained from the N2 adsorption–desorption isotherms at −196 ◦C for
the raw sepiolite and sepiolite subjected to different times of microwave-assisted acid treatment.

Sample SBET (m2/g) t-Plot (m2/g) Sext (m2/g) Vp (cm3/g) 1 Vmp (cm3/g)
2

Sep 283 149 134 0.3678 0.1382
Sep-1 333 160 173 0.4345 0.1609
Sep-2 347 155 192 0.4513 0.1736
Sep-4 370 175 195 0.4904 0.1813
Sep-8 452 246 206 0.5312 0.2164

Sep-12 468 244 224 0.5512 0.2246
Sep-16 509 266 243 0.5959 0.2421

1 Vp: Pore volume. 2 Vmp: Micropore volume.

The quantification of the surface area determined by the BET equation [44] (Table 1)
shows how the microwave-assisted acid treatment causes an increase in the surface area
from 283 m2/g to 509 m2/g after 16 min of microwave-assisted acid treatment. In the
same way, the microporosity and the external surface improve after this time. On the
other hand, the analysis of the pore volume follows a similar trend since the porosity rises
notably after the microwave-assisted acid treatment. The increase in the surface area and
pore volume is attributed to the progressive leaching of the Mg species as well as the
amorphization of the remaining silica [12,37]. The analysis of the pore size distribution
(Supplementary Material, Figure S2) reveals that the microwave-assisted acid treatment
mainly affects the micro- and mesoporosity, as indicated by the shift in the pore size
distribution at higher values, while the macroporosity is hardly modified. This suggests
that acid treatment on sepiolite may take place either across the fiber edges in the octahedral
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sheet or in the nanocavities formed by periodical inversion of the tetrahedral layer [45],
causing an increase in the micro- and mesoporosity.

As the textural properties and chemical composition of sepiolite are modified along
the microwave-assisted acid treatment, the next was the determination of the point of
zero charge for the raw sepiolite and those samples modified by acid treatment. The data
reported in the Supplementary Material, in Figure S3, show that the microwave-assisted
acid treatment causes a shift in the point of zero charge at lower pH values when Mg
species are progressively extracted from the octahedral layer of sepiolite, confirming the
chemical modifications of this fibrous clay after the treatment. The study of the samples at
higher pH values indicates that the samples where the Mg2+-species have been partially
extracted (Figure 2 and Supplementary Material, Table S1) are those samples with a higher
content of negative charges in their structure.

After characterizing the raw sepiolite and the sepiolite subjected to microwave-assisted
acid treatment at different times, the incorporation of Cu species on the supports with
different composition was carried out following the methodology of thermal decomposition
of urea, where the presence of NH3 favors the precipitation of the Cu species.

This methodology was chosen because the decomposition of urea favors the formation
of more homogeneous metallic particles because of a more homogeneous increase in pH
compared to other methodologies where basic solutions were added [46]. The study of the
Prec-15CuO-Sep-Y samples by XRD (Figure 4) reveals that this treatment hardly modifies
the crystallinity of the supports. It is striking that Cu species are only observed in the Prec-
15CuO-Sep, appearing to reflections located at 2θ (◦) of 35.2 and 38.4, which are assigned
to the presence of CuO (PDF N. 01-089-2531). However, those samples where sepiolite
modified by acid treatment is used as support do not show diffraction peaks assigned to
Cu species.
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Figure 4. X-ray diffractograms of the raw sepiolite and sepiolite subjected at different times of
microwave-assisted acid treatment with Cu species deposited on its surface.

During synthesis, urea hydrolysis provides the necessary hydroxide ions, derived
from the acid-base equilibrium of released ammonia, for Cu(OH)2 formation [47]. In the
presence of nitrate ions, this leads to Cu(II) hydroxide nitrate formation (Cu2(OH)3NO3), as
nitrate ions have a strong tendency to incorporate into the Cu(OH)2 crystal structure [48].
This compound has been confirmed through XRD (Supplementary Material, Figure S4)
by precipitating it following the experimental procedure described above, leading to
Cu2(OH)3NO3 as the only crystalline phase (PDF N: 00-045-0594). This Cu2(OH)3NO3

consists of positively charged layers with Cu2(OH)3
+ stoichiometry, neutralized by nitrate
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ions in the interlayer space [47]. Due to the basic synthesis medium, the sepiolite surface be-
comes activated through the reaction of its surface hydroxyl groups with hydroxide anions,
allowing the surface to become negatively charged and thus interact with Cu2(OH)3NO3.
On the other hand, upon filtering, a dark solid was obtained, indicating that Cu2(OH)3NO3

likely did not exist on the sepiolite surface, as confirmed by XRD analysis. Additionally, XPS
analysis (Supplementary Material, Table S1) confirmed the absence of Cu2(OH)3NO3, as the
surface N content in sepiolite was negligible (Supplementary Material, Figure S5). The ap-
pearance of CuO instead of Cu2(OH)3NO3 on the surface may be due to its decomposition
under reaction conditions. The synthesis temperature (95 ◦C) likely promotes this decom-
position to CuO, which is the phase detected on untreated sepiolite. Van der Grift et al. [49]
indicated that when solution pH exceeded 6.8 at 90 ◦C, Cu2(OH)3NO3 became unstable
and decomposed, depositing as hydrated octahedral Cu(II) on SiO2, rather than as CuO as
in our case. Lee et al. [50] showed that Cu2(OH)3NO3 or CuO formation depended on both
[OH−]/[Cu(NO3)2] ratio and temperature.

Regarding acid-treated sepiolite, for any treatment duration, all showed a blue-green
color after Cu(II) deposition, indicating that CuO formation was not favored, but rather
Cu(II) likely deposited as isolated Cu(II) ions or forming small aggregates on the support
(Supplementary Material, Figure S6). In this case, XRD only showed peaks ascribed to
treated sepiolite with no other phases detected. XPS analysis showed no detectable N quan-
tity, as with untreated sepiolite, ruling out Cu(II) species having N-containing compounds
like ammonia or nitrate in their coordination sphere (Supplementary Material, Figure S5).
The acid treatment removed Mg(OH)2 from sepiolites, exposing the tetrahedral SiO2 layers
of sepiolite. Cu catalyst synthesis on SiO2 was studied by Toupance et al. [51–53], evaluating
the Cu species present. Their method, termed “cation exchange” or “selective adsorption”,
involved the synthesis of the octhaedral [Cu(NH3)4(H2O)2]2+ complex and suspending
SiO2 in a complex solution maintaining pH above 9 to avoid Cu2(OH)3NO3 precipitation.
They observed two distinct species on SiO2: isolated Cu species, (≡SiO)2Cu(NH3)2(H2O)2,
and Cu phyllosilicate formation. They proposed Cu phyllosilicate formation occurred
in solution, as at basic pH, silica dissolved as Si(OH)4 and condensed with neutral
[Cu(OH)2(H2O)4]0 species. These species were more abundant at pH 9, while Cu(II)
tetraamine complex was more abundant at higher pH. The authors demonstrated that
bridging -OH ligands were necessary for phyllosilicate formation, while ligands like am-
monia or ethylenediamine prevented it. Additionally, neutral Cu species were necessary
for phyllosilicate formation as they could condense to form a solid phase. Considering
this background, we can postulate that acid-treated sepiolite, in the catalyst synthesis
medium, may have partially dissolved silica as silicic acid, which would condense with
Cu2(OH)3NO3 species forming Cu phyllosilicate on the sepiolite surface.

In order to analyze the chemical composition of the obtained materials on their surface,
XPS experiments were carried out (Figure 5 and Supplementary Material, Table S2). The
analysis of the different core level spectra confirms the typical bands of their respective
oxides. The acid treatment hardly causes a shift in the binding energy values in each
region. However, the analysis of the Mg 1s core level spectra confirms that the Mg content
progressively decreases from 10.12% until 0.74% after 16 min of treatment (Supplementary
Material, Table S2). This decrease was accompanied by an increase in the Si-content, con-
firming the formation of a SiO2-rich material with prolonged acid treatment. The analysis
of the Cu 2p core level spectra shows a main contribution with a maximum about 933.2 eV
for Prec-15CuO-Sep while the Cu-based materials subjected to a microwave-assisted acid
treatment the contribution appears about 935.0 eV. In both cases, this contribution is as-
cribed to the presence of Cu(II)-species. In the same way, the presence of a broad band
located about 942 eV, attributed to the shake-up satellite, confirms the presence of Cu
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as a divalent species. The shift in the binding energy for those samples subjected to the
acid treatment must be related to a modification of the interaction of the Cu(II)-species
with the support by the formation of a Cu phyllosilicate on the surface of the sepiolite
subjected to the acid treatment. The analysis of the atomic concentration on the surface
of the catalysts reveals that Prec-15CuO-Sep sample displays lower amount of Cu species
on the surface (Supplementary Material, Table S2). According to the XRD data (Figure 4),
the lowest level of Cu species in this sample must be ascribed to Cu(II) species with higher
agglomeration. The analysis of the N-content on the surface of the precursors is similar
in all cases 0.31–0.39%, discarding the deposition of nitrate species and/or the amine-Cu
complex. These values are below those obtained for Cu on the surface by XPS. Thus, it is
expected that the ammonia formed in the decomposition of urea produces a rise in pH.
However, the diffraction and XPS data rule out the formation of Cu complexes on the
surface, at least for the most part.
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at different times of microwave-assisted acid treatment with Cu species deposited on its surface
(estimated by XPS).

Once the samples were calcined, the precursors show similar colors. Thus, the 15CuO-
Sep sample maintains a black color (Supplementary Material, Figure S7). However, the
color evolves to green, for the same Cu content, as the microwave-assisted treatment time
increases so the sintering during the calcination step must be ruled out.

Figure 6A shows the UV-vis spectra of Cu-based catalysts supported on sepiolite after
acid treatment and calcination at 450 ◦C. These spectra show unequivocally that the Cu
species present in the acid-treated sepiolite are completely different from those present in
the untreated sepiolite. The latter shows bands 204, 206 and 299 cm−1 of charge transfer
from the O2− ligand to isolated Cu2+ ions [54], others at longer wavelengths (322 and
359 cm−1) which are associated with oligomeric Cu species with different degrees of
oligomerisation, indicating the presence of Cu-O clusters [55] and a broad band extending
beyond 800 nm, as was observed by previous authors [55], due to d-d transitions of the
Cu2+ ion in an octahedral environment, characteristic of bulk CuO particles [56]. As
for Cu catalysts supported on sepiolite treated in acid medium, an intense broad band
extending from 300 nm to approximately 700 nm can be distinguished, in which different
contributions associated with Cu(II) species forming different cluster sizes are observed.
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The magnification of this band may indicate a large tetragonal distortion of Cu(II) in these
clusters increasing the intensity as they are less forbidden transitions by Laporte’s rule [57].
For these catalysts, the absence of the band associated with the transitions due to CuO is
remarkable, which would indicate a large dispersion of the CuO particles. The band gap
increases significantly in the case of the catalysts based on sepiolite treated in acid medium,
approximately 2 eV (Supplementary Material, Figure S8) with respect to the untreated
one, which shows a modification of the copper species present in the catalysts and a lower
semiconductor characteristic.
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Figure 6. Diffuse reflectance spectra (A), ATR spectra (B) and XRD (C) of the raw sepiolite and
sepiolite subjected at different times of microwave-assisted acid treatment with Cu species deposited
on its surface and calcined at 450 ◦C.

When Cu2+ is incorporated into the untreated or acid-treated sepiolite, no remarkable
changes are observed by ATR after Cu deposition (Figure 6B), both in the region of the
hydroxyl group tension and in the region of the bands associated with the sepiolite structure.
However, some bands have increased in intensity, such as the band at 974 cm−1, which
would indicate the formation of the Si-O-Cu bond [58]. It should also be noted that the
bands associated with the Mg-OH bonds of the untreated sepiolite are recovered again
in the case of the sepiolite treated for 16 min, which could indicate that Cu(II) occupies
the sites left by the Mg(II). The presence of Cu phyllosilicate cannot be assured since the
characteristic bands of this compound, above 1020–1030 cm−1 (νSi-O) and 675 cm−1 (δOH)
are obscured by those due to Si-O or Mg-OH bonds [41,59]. The presence of Cu(OH)2

could be ruled out by the absence of the bands at 938 and 694 cm−1 corresponding to δOH,
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as well as the presence of Cu(II) oxynitrate, since the bands of the nitrate ion at 1423 and
1347 cm−1 are not observed [41,60]. Finally, the bands corresponding to CuO that should
appear between 575 and 460 cm−1 are not observed, ruling out the presence of segregated
CuO, as the XRD and UV-vis spectra demonstrated. As a conclusion, it could be indicated
that Cu2+ is highly dispersed on the treated sepiolite forming Si-O-Cu.

The analysis of the calcined samples by XRD (Figure 6C) shows a decrease in the
intensity of the reflections attributed to sepiolite, probably due to the thermal treatment
causes a partial amorphization of the sepiolite. In the same way, the diffractograms also
reveal that the reflections ascribed to Cu species in the form of CuO-crystals are only
detected for the sample 15CuO-Sep, which suggests the formation of bigger crystals in this
precursor. On the other hand, it is striking that the other precursors, which were subjected
to microwave-assisted acid treatment, do not present reflections attributed to Cu species,
confirming the high dispersion as well as good resistance to sintering after the thermal
treatment at 450 ◦C for 2 h.

Once the supports and the precursors were characterized, the next step was the
study of the reducibility of the Cu-based precursors by H2-TPR (Figure 7). From the
reduction profiles, it is not possible to discern the reduction steps Cu2+ → Cu+ → Cu0.
In this sense, previous authors have indicated that the reducibility is directly related to
the interaction precursor-support and the crystal size of the precursor [61,62]. The data
reported in Figure 7 shows how the reduction of 15CuO-Sep sample takes place between
150 and 350 ◦C while those catalysts where the support was subjected to a microwave-
assisted acid treatment display a reduction in a narrower temperature range. These data
suggest that 15CuO-Sep sample presents CuO-particles with variable particle size, which
should affect its reducibility, while the particle size of the precursors, where the support
was modified by an acid treatment, seems to be more homogeneous. On the other hand,
the supports modified with acid treatment also display a maximum value of reducibility
20–30 ◦C lower than that observed for 15CuO-Sep sample. This shift supposes a poorer
interaction between CuO and sepiolite which could be to the modification of the support
because of the progressive loss of Mg in the sepiolite along the acid treatment (Figure 2
and Supplementary Material, Table S2. The H2-TPR profiles also suggest that the presence
of smaller CuO crystals promotes easier reducibility than that observed in 15CuO-Sep
precursor where larger CuO clusters were obtained, as was observed by XRD (Figure 6C).
Considering the H2-TPR profiles, all Cu-based catalysts were reduced at 350 ◦C for 1 h to
ensure a total reduction in the Cu species.
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The analysis of the crystallinity of the Cu-based catalysts after its reduction (Figure 8)
shows the typical reflection lines ascribed to sepiolite, which were described above. In
addition, two new reflection lines located at 2θ (◦) of 43.2 and 50.4◦ for 15Cu-Sep catalyst,
which are ascribed to the formation of metallic copper (Cu0) (PDF N◦: 00-002-1225). How-
ever, the diffractograms of the other Cu-based catalysts, where sepiolite was treated with
acid treatment, do not show diffraction peaks assigned to copper species, confirming a
higher dispersion of Cu0 for these catalysts after its reduction.
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The morphology for the Cu-based catalysts was analyzed by TEM (Figure 9 and
Supplementary Material, Figure S9). These micrographs reveal how the fibrous morphology
of the sepiolite is progressively damaged due to the acid treatment causes a collapse
of their structure by a progressive leaching of the Mg species located in the octahedral
sheet. Regarding the Cu0-particles, it is striking how all catalysts present metallic particles
with spherical morphology, which are homogeneously dispersed on the surface of the
sepiolite. However, the size of the metallic particles differs among them. Thus, the 15Cu-
Sep catalyst displays a Cu0 particle size between 15 and 25 nm (Figure 9A). However,
those catalysts where the sepiolite was subjected to acid treatment (Figure 9B–D) show a
lower Cu0 particle size, being lower than 5 nm in all cases, confirming the data observed
by XRD (Figure 8). The analysis of crystal size average shows how the modification of
the sepiolite by microwave-assisted acid treatment is directly related to the dimensions of
the Cu particles since the use of longer acid treatments promote smaller crystals after the
calcination and reduction in the Cu species (Supplementary Material, Figure S10).

The analysis of the catalysts after their reduction by XPS shows how the spectra of each
region are maintained, except in the Cu 2p core level, where the contributions attributed
to the formation of CuO have disappeared. Thus, the Cu 2p3/2 region only shows a new
contribution located about 932.6 eV, which is typical of reduced Cu species (Figure 10A).
On the other hand, it is striking that 15Cu-Sep catalyst displays the main contribution at
higher binding energy value. This shift is attributed to a change in the electronic charge
density of the Cu0 particles, which is related to the lower reducibility (Figure 7) and higher
crystal size of the metallic particles in 15Cu-Sep catalyst (Figures 8 and 9). The analysis of
the atomic concentration on the surface of the catalyst (Table 2) confirms the lower amount
of Cu exposed on the surface for 15Cu-Sep, suggesting a poorer dispersion of available
Cu species.
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Table 2. Atomic concentrations on the surface obtained from the XPS spectra of the Cu-based
catalysts supported on raw sepiolite and sepiolite modified with microwave-assisted acid treatment
at different times.

Sample
Atomic Concentrations (%)

C 1s O 1s Mg 2p Al 2s Si 2p Cu 2p

15Cu-Sep 22.54 45.66 9.13 4.33 17.40 0.29
15Cu-Sep-2 17.44 48.13 6.53 4.32 20.71 2.91
15Cu-Sep-8 13.21 53.36 4.22 4.35 22.02 2.85
15Cu-Sep-16 8.94 56.10 1.21 4.44 28.72 1.91

From the Cu 2p core level spectra, it is not possible to discern between the reduced
Cu species (Cu0 and Cu+). However, the analysis of the CuLMM Auger line allows to
differentiate between both reduced species (Figure 10B). The analysis of this region displays
a main contribution located about 919 eV, which is assigned to the presence of Cu0 species
while the contribution with lower intensity, located around 916 eV, is attributed to the
existence of Cu+ species [34–36] although the H2-TPR signals confirmed the total reduction
in Cu species (Figure 7). Nevertheless, the presence of Cu+ species can be considered
beneficial for the FUR reaction since it could provide acid sites, which are involved in the
hydrogenolysis of FOL to MF [63,64].

4. Catalytic Results
Once the Cu-based catalysts were characterized, the samples were assayed in gas-

phase in the FUR hydrogenation to obtain valuable products. For this study cyclopenthyl
methyl ether (CPME) was selected as solvent since this compound is considered environ-
mentally friendly, being used in some biomass valorization reactions as the dehydration of
xylans to obtain FUR [65]. The thermochemical stability of CPME was studied considering
similar catalytic conditions to those performed in the gas-phase of FUR hydrogenation.
The obtained results hardly show FUR conversion, discarding its reactivity in the catalytic
conditions used in the present study.

In the first study, Cu-based catalysts (15 wt.% of Cu) supported in sepiolite, which
was subjected to microwave-assisted acid treatment at different times, was studied in
the FUR hydrogenation at 190 ◦C for 5 h (Figure 11A). Despite all catalysts displaying
similar Cu content, the catalytic behavior is different between them, suggesting that the
modification in the chemical composition of the support plays an important role in the
catalytic behavior. Thus, the catalyst 15Cu-Sep catalyst achieves the lowest conversion
values (51% after 1 h of reaction, decreasing this conversion until 34% after 5 h of reaction at
190 ◦C). The use of sepiolite modified under microwave-assisted acid treatment as support
causes a clear improvement of the FUR conversion, reaching a full conversion after 1 h of
reaction when the sepiolite is only treated for 2 min (15Cu-Sep-2 catalyst). In the same way,
the deactivation is more limited along the time since 15Cu-Sep-2 catalyst still maintains
a conversion of 93% after 5 h of reaction at 190 ◦C. However, the use of a support where
sepiolite has been subjected to a longer acid treatment causes a progressively worsens in
the catalytic behavior. Thus, 15Cu-Sep-16 catalyst shows a decrease in the FUR conversion
from 88% after 1 h or reaction to 61% after 5 h of reaction at 190 ◦C. As was described in
previous studies, the progressive decrease in the FUR conversion along the time on stream
is attributed to the high reactivity of the FUR molecules since this molecule is prone to
suffer polymerization reactions, mainly in gas-phase, causing a strong deactivation of the
available active sites due to the deposition of carbonaceous deposits on the surface of the
catalyst [34,35].
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Figure 11. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 190 ◦C, reaction
time = 1–5 h, pressure = 0.1 MPa, H2 flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.

The poorest catalytic behavior of the 15Cu-Sep sample attributed to this catalyst
displays bigger metallic particles in comparison with other catalysts where sepiolite was
subjected to microwave-assisted acid treatment. This implies a lower amount of Cu sites
exposed on its surface (Figure 10 and Table 2). The acid treatment causes a progressive
increase in the specific surface area of the support, which could promote a higher dispersion
of the active phase due to the loss of the octahedral sheet by leaching of the Mg species.
The characterization of these catalysts reported a smaller particle size of Cu0 (Figure 9),
which implies a higher dispersion of the available hydrogenating sites, promoting a higher
conversion value. The presence of these smaller Cu0 crystals is observed in all catalysts
where the sepiolite is treated with acid treatment at different times. Despite the catalyst
displaying an improvement in the textural properties, the use of longer acid treatment
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promotes a deterioration of the catalytic behavior probably due to modifications in the
interactions between metallic sites and support. In this sense, previous studies have
reported that the presence of Mg species provides basic sites, which has a positive effect
in the catalytic behavior [66,67]. Considering those catalysts where the crystal size of Cu0

is similar and well dispersed, the catalytic results seem to indicate that the formation of
catalysts with lower levels of Mg species worsens the catalytic behavior, so the presence of
these Mg species seems to be a beneficial effect on the FUR conversion, as was observed in
previous studies [68].

Regarding the selectivity pattern, furfuryl alcohol (FOL) and 2-methylfuran (MF) were
the obtained products (Figure 11B,C). It is striking how the most active catalysts achieve
higher proportions of MF in shorter times. However, the yield towards this product notably
decreases along the time on stream. This decrease is accompanied by a progressive increase
in the FOL content, which suggests the presence of consecutive reactions in these reaction
conditions. Several studies have proposed the mechanism of this reaction. Thus, the first
studies, carried out by Sitthisa et al., pointed out that the interaction between the Cu
sites and FUR molecule to form FOL by a hydrogenation reaction takes place through the
oxygen atom of the carbonyl group with a η1-(O)-aldehyde configuration [27,69], which
was confirmed by DFT studies later [28]. In a second step, FOL interacts with the active
phase through the oxygen atom of the hydroxyl group to form MF via hydrogenolysis
reaction [28]. This step requires acid sites although the acidity must be modulated since
the presence of high number of acid sites with high strength promotes the formation
of the humins, which causes a fast deactivation of the catalyst. In this sense, previous
authors have pointed out that presence of low acidity can be enough to promote this
hydrogenolysis reaction [30]. In the same way, the presence of small particles of Cu0

particles as well as the presence of Cu+-species can act as Lewis acid sites to promote
the hydrogenolysis reaction [30,34,36]. The profile of MF and FOL yield suggests that
the sites involved in the hydrogenolysis reaction (FOL→ MF) are more prone to suffer
deactivation in comparison to the sites involved in the hydrogenation reaction (FUR→
FOL). Considering these premises, the catalytic results show how the catalyst with lower
dispersion and bigger crystal size, i.e., 15Cu-Sep sample, hardly displays yield towards
MF. These data agree with those reported in the literature since the presence of bigger Cu0-
crystals promotes the hydrogenation reaction (FUR→ FOL) [36]. However, the presence
of a higher dispersion of Cu0 and the existence of Cu+-species on the surface promotes
the hydrogenolysis reaction (FOL→MF) [34,36]. Among the samples, the most active is
15Cu-Sep-2 catalyst, which achieves a MF yield of 56% after 1 h of reaction at 190 ◦C. The
biggest MF yield can be ascribed to the higher amount of Cu species exposed on its surface
as well as the presence of Mg species, which promotes an appropriate interaction active-
phase support where the presence of collateral reaction and the formation of undesired
by-products are minimized [34,68]. Nevertheless, the yield decreases notably until reaching
a value of 20% after 5 h of reaction at 190 ◦C. This decrease is accompanied by a clear
increase in the FOL yield, obtaining a maximum value of 65% after 5 h of reaction, as was
indicated in Figure 11D. In summary, the crystal size of the Cu species (Cu0 and Cu+) has a
determining role in the selectivity pattern since the catalyst with bigger crystal size tends
to promote the hydrogenation reaction (FUR→ FOL). However, the presence of smaller
crystals are prone to the hydrogenation and a subsequent hydrogenolysis reaction to form
MF (FUR→ FOL→ MF), although these sites are more sensitive to suffer deactivation
processes in such a way the reaction is retained in the hydrogenation reaction and does not
evolve towards MF, forming FOL as main product (Figure 11D).

As 15Cu-Sep-2 catalyst reached the highest activity and stability along the time on
stream, this sample was selected to evaluate the influence of the reaction temperature in
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the catalytic behavior (Figure 12A). These data show how FUR conversion decreases along
the time when the reaction takes place at milder temperature (170 ◦C) from 78% after 1 h of
reaction and to 63% after 5 h of reaction. The use of a higher temperature leads to almost
full conversion along the time on stream. Despite this similar activity, the yields towards
FOL and MF differ between them (Figure 12B,C). The analysis of the yields at shorter
reaction times reveals that FOL is preferably formed at lower temperature, obtaining a
maximum yield of 63% after 1 h when the reaction takes place at 170 ◦C. This trend is hardly
modified along the time on stream since the reaction at 170 ◦C is very stable obtaining FOL
as main product along the reaction (Figure 12D). However, the catalytic stability for the
tests carried out at higher temperature is lower due to the yield towards MF decreases
throughout the reaction while FOL levels increase (Figure 12D). From these data, it can
be inferred that the hydrogenolysis reaction is promoted at higher temperatures although
these sites are prone to be deactivated under these conditions along the reaction, remaining
the reaction in hydrogenation of FUR to FOL.
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Figure 12. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) in the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 170–230 ◦C,
reaction time = 1–5 h, pressure = 0.1 MPa, H2 flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.
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In a final catalytic study, the influence of Cu content was evaluated considering the
best catalytic support (Sep-2) (Figure 13). Catalytic data reveal that the reaction is sensitive
to the Cu content (Figure 13A). Thus, an increase in the Cu content causes a significant
improvement in the catalytic behavior, since the 5Cu-Sep-2 and 10Cu-Sep-2 catalysts reach
a conversion of 40% and 72%, respectively, after 1 h of reaction while the FUR conversion is
practically complete along 5 h of reaction when the catalyst displays a Cu content higher
than 15 wt.%. Regarding the obtained products (Figure 13B,C), a low Cu content promotes
the hydrogenation of FUR to FOL although the conversion is poorer than that observed for
other catalysts with higher Cu loading. However, those catalysts with a higher Cu content
promote hydrogenation and a subsequent hydrogenolysis step to form MF. In fact, the
data reported in Figure 13D shows how the 5Cu-Sep-2 catalyst, where the hydrogenation
reaction towards FOL is promoted, maintains a more stable FOL/MF ratio along the time on
stream. However, the catalysts with higher Cu content, which are more selective towards
MF in shorter reaction times, modify the FOL/MF ratio along the time on stream. This
confirms the faster deactivation of the hydrogenolysis sites.
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Figure 13. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) in the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 190 ◦C, reaction
time = 1–5 h, pressure = 0.1 MPa, H2 flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.
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Finally, the catalysts with different Cu content supported on Sep-2 were characterized
to understand the differences in the catalytic behavior. Firstly, the reducibility of the
Cu-based precursors was analyzed by H2-TPR (Figure 14A). These data reveal that the
H2-consumption increases with the Cu content, which is expected due to the reduction in
a bigger amount of Cu2+-species to Cu0. However, the most representative data of these
profiles is related to the similar temperature at which the maximum H2-consumption takes
place. This suggests that the interaction precursor-support hardly suffers modification
when the content of the Cu incorporated is modified. The study of the samples with
different Cu content by XRD (Figure 14B) reveals that all catalysts, except that sample with
the highest Cu content, do not show any reflections lines ascribed to Cu species. In the case
of 20Cu-Sep-2 sample, the main diffraction peak ascribed to Cu0 is observed at 2θ (◦) of
43.2 (PDF N◦: 00-002-1225), although this signal is relatively wide in such a way that the
metallic particles must be relatively small even for high Cu content (20 wt.%). This fact
was confirmed by the analysis of their TEM micrographs (Figure 14C and Supplementary
Material, Figure S11) since the particles are homogeneous and spherical with diameter
lower than 5 nm in all catalysts, confirming the high dispersion of the active phase in all
cases. The analysis of the samples by XPS (Figure 14D,E) reveals that the Cu exposed on
the surface increases directly with the Cu content. In the same way, the analysis of the Cu
2p core level spectra show the existence of reduced Cu species in all catalysts exclusively
(Figure 14D). The detailed analysis of the CuLMM Auger line displays the presence of two
contributions (Figure 14E). The main contribution, located about 919 eV, is assigned to Cu0

while the lower contribution about 916 eV is attributed to Cu+ species [34,35]. Despite
presenting the same contributions in the Cu regions, the ratio of products obtained is
variable for the catalysts with different Cu loading. The results obtained suggest that
the hydrogenolysis sites involved in the formation of MF seems to be deactivated more
quickly. Thus, the lower proportion of hydrogenolysis sites in 5Cu-Sep-2 catalyst implies a
faster deactivation of these sites in such a way this catalyst displays low proportion of MF
while the FOL yield is more stable along the time on stream. On the opposite, the catalyst
with higher amount of Cu exposed on the surface (Cu0 and Cu+), i.e., higher amount of
hydrogenation and hydrogenolysis sites promotes the formation of MF during longer time
although these sites are also prone to be deactivated along the time on stream, as indicates
Figure 13D.
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20Cu-Sep-2 catalysts.
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5. Conclusions
In this work, a fibrous clay mineral, sepiolite, has been modified through a microwave-

assisted acid treatment. This treatment has caused a progressive leaching of the Mg2+

species located in the octahedral layer, leading to an increase in the surface area and pore
volume. These samples with different textural properties have been used as supports
for the precipitation-deposition of Cu species on its surface. The characterization of the
samples revealed that CuO particles were dispersed on the surface of the raw sepiolite,
while Cu2(OH)3

+ species have been deposited over the sepiolite subjected to microwave-
assisted acid treatment in these sites where Mg2+-species were previously leached by the
microwave-assisted acid treatment. These Cu species are highly dispersed on the surface
of these modified supports even after calcination and reduction treatment, obtaining Cu0

particles with a size less than 5 nm. In contrast, the Cu0 particles supported on raw sepiolite
display a much larger particle size between 15 and 25 nm.

Once the materials were characterized, the samples were assayed in the gas phase
hydrogenation of furfural. Generally, the difference in Cu0 crystal size was reflected in
its catalytic behavior. These results showed that the catalyst with a larger Cu0 crystal
size (15Cu-Sep) is selective to the hydrogenation reaction, obtaining FOL as main product.
However, the catalysts where the sepiolite was subjected to different microwave-assisted
acid treatments and smaller Cu0 particle size are more active and promote two consecutive
reactions. Firstly, FOL is obtained through a hydrogenation reaction of FUR. In a second
step, MF is obtained from a hydrogenolysis reaction of FOL through mild acid sites.
Between the two reactions, the catalytic results indicated that the sites involved in the
hydrogenolysis reaction are more prone to be deactivated, while the sites involved in
the hydrogenation reaction are more resistant to deactivation although these sites are
less active.

The results obtained reveal that the presence of small Cu crystals has a determining
role in the catalytic behavior. However, the use of short acid treatment times, where a
proportion of Mg2+-species remain in the fibrous structure, also has a positive effect in the
catalytic behavior, since the presence of Mg in the support also has a positive effect on the
FUR hydrogenation reaction in gas phase.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ceramics8010021/s1, Table S1. Chemical composition of the raw
sepiolite and sepiolite subjected at different times of microwave-assisted acid treatment; Table S2.
Atomic concentrations on the surface obtained from the XPS spectra for the raw sepiolite and sepiolite
subjected at different times of microwave-assisted acid treatment with Cu-species deposited on its
surface; Figure S1. N2 adsorption-desorption isotherms of the raw sepiolite and sepiolite subjected
at different times of microwave-assisted acid treatment; Figure S2. Pore size distribution of the raw
sepiolite and sepiolite subjected at different times of microwave-assisted acid treatment; Figure S3.
Zeta potential of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
acid treatment; Figure S4. X-Ray diffractogram of the solid obtained after the treatment of Cu(NO3)2

3H2O in urea solution at 95 ◦C; Figure S5. N 1s core level spectra of the raw sepiolite and sepiolite
subjected at different times of microwave-assisted acid treatment with Cu-species deposited on its
surface (estimated by XPS); Figure S6. Images of Prec-15CuO-Sep (A), Prec-15CuO-Sep-2 (B), Prec-
15CuO-Sep-8 (C) and Prec-15CuO-Sep-16 (D); Figure S7. Images of 15CuO-Sep (A), 15CuO-Sep-2 (B),
15CuO-Sep-8 (C) and 15CuO-Sep-16 (D); Figure S8. Method of band gap energy (eV) determination
from theTauc plot of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
acid treatment with Cu-species deposited on its surface; Figure S9. EDX mapping of the Cu-based
catalysts supported on raw sepiolite and sepiolite modified with microwave-assisted acid treatment
at different times. 15Cu-Sep (A), 15Cu-Sep-2 (B), 15Cu-Sep-8 (C) and 15Cu-Sep-16 (D). Scale 100 nm;
Figure S10. Distribution of the Cu crystals for 15Cu-Sep, 15Cu-Sep-2, 15Cu-Sep-8 and 15Cu-Sep-16;
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Figure S11. EDX mapping of the Cu-based catalysts supported on raw sepiolite and sepiolite modified
with microwave-assisted acid treatment at different times. 5Cu-Sep (A), 10Cu-Sep-2 (B), 15Cu-Sep-2
(C) and 20Cu-Sep-2 (D). Scale 100 nm.
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Abstract: Optical materials with a tunable localized surface plasmon resonance (LSPR) are of great
interest for applications in photonics and optoelectronics. In the present study, we explored the
potential of generating an LSPR band with an ultra-broad range of over 1000 nm in gold nanoparticles
(NPs), precipitated through a thermal treatment in ZnO-Al2O3-SiO2 glass. Using optical absorption
spectroscopy, we demonstrated that the LSPR band’s position and shape can be finely controlled
by varying the thermal treatment route. Comprehensive methods including Raman spectroscopy,
X-ray diffraction, and high-resolution transmission electron microscopy were used to study the glass
structure, while computational approaches were used for the theoretical description of the absorption
spectra. The obtained results allowed us to suggest a scenario responsible for an abnormal LSPR
band broadening that includes a possible interparticle plasmonic coupling effect taking place during
the liquid–liquid phase separation of the heat-treated glass. The formation of gold NPs with an
ultra-broad LSPR band in glasses holds promise for sensitizing rare earth ion luminescence for new
photonics devices.

Keywords: gold nanoparticles; glass; surface plasmon resonance; LSPR; plasmonics; phase separa-
tion; microstructure

1. Introduction

Gold nanoparticles (NPs) have emerged as a central figure in the advancement of
nanotechnology and materials science, owing to their unique optical properties, particularly
the phenomenon of localized surface plasmon resonance (LSPR) [1]. This phenomenon,
which results from the collective oscillation of conduction band electrons in gold NPs
under light excitation, has fueled extensive research due to its potential applications
across a broad spectrum of fields including photonics, optoelectronics, biomedicine, and
sensing technologies [2,3]. The optical properties of gold NPs, such as their absorption and
scattering spectra, are governed by LSPR, which can be finely tuned across the visible and
near-infrared spectrum by adjusting the NPs’ physical parameters. Research has shown
that the size of gold NPs plays a critical role in determining their LSPR characteristics,
with smaller particles predominantly absorbing light and larger particles scattering it. For
instance, it was demonstrated that the LSPR wavelength redshifts as the size of the gold
nanosphere increases, highlighting the tunability of NPs for specific applications based
on size adjustments alone [4]. Furthermore, the shape of gold NPs significantly impacts
their optical properties, with non-spherical nanoparticles such as rods, triangles, and stars
exhibiting multiple plasmon resonance peaks corresponding to their various geometrical
features. It was shown that the shape and geometry of gold nanorods influence their optical
absorption and local field enhancement, crucial for applications in surface-enhanced Raman
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spectroscopy [5]. The surrounding dielectric environment also modifies the LSPR of gold
NPs, affecting their optical sensitivity and enabling the design of environment-responsive
systems. Djorović et al. introduced a method to enhance the characterization of gold NPs
through the measurement of the extinction to absorption ratio, offering a new way to assess
the volume and dielectric function of NPs with increased accuracy [6].

This tunability of the LSPR, coupled with the strong electromagnetic field enhance-
ment near the nanoparticle surface, makes gold NPs ideal candidates for enhancing the
performance of photonic devices, especially in the field of new optical media [7]. The
enhancement of rare earth ions (REIs) luminescence through the LSPR of gold NPs presents
a sophisticated interplay of multifactorial dependencies critical for the advancement of
photonic and optoelectronic devices. This enhancement process is primarily governed by
the energy overlap between the LSPR of the gold NPs and the absorption energies of the
REIs, which are suitable for their excitation [8]. Hence, the precise tuning of the LSPR band
for specific REIs is crucial for the development of advanced optical materials.

One of the most suitable media for the development of optical materials utilizing
the advantages of gold NPs and REI interactions is glass. The incorporation of gold NPs
into glass matrices provides a promising platform for exploiting the LSPR phenomena,
enabling novel applications in optics, sensing, and photonics [9]. Hence, beyond their
aesthetic appeal, glasses embedded with gold NPs have garnered significant interest for
applications in photonics and nonlinear optics [10,11]. The integration of gold NPs into
glasses combines the desirable mechanical and chemical properties of the glass matrix
with the unique plasmonic properties of the NPs. This synergy is being explored for the
development of efficient laser materials for enhancing the third-order nonlinear optical
susceptibility and for surface-enhanced Raman spectroscopy. As in other media, the
efficacy of these applications of gold NPs formed in glass is critically dependent on the
characteristics of the LSPR band, which in turn are influenced by the abovementioned
factors. Recent experiments have demonstrated the formation of gold NPs in glass with
a red-shifted LSPR band in different glass systems [12–14]. Laser irradiation of glass also
marks a significant leap forward in the domain of the formation of NPs with tunable
LSPR bands [15–17]. These studies collectively underline the significant potential of gold
NPs in glass matrices for enhancing and manipulating LSPR for various technological
applications. But the ability to tune the plasmonic properties of NPs in a wide range
remains a challenge, the solution to which can open new opportunities for the development
of advanced optical devices and sensors, exploiting the unique interactions between light
and matter at the nanoscale.

Hence, in this study, we explored for the first time the potential of gold NPs precipita-
tion in ZnO-Al2O3-SiO2 glass and showed the possibility of generating an ultra-broad LSPR
band. The obtained results allowed us to suggest a scenario responsible for such abnormal
LSPR band broadening, which included a possible interparticle plasmonic coupling effect
taking place during the liquid–liquid phase separation of the glass under the heat treatment.
The formation of gold NPs with an ultra-broad LSPR band in glasses holds promise for
sensitizing REIs for new photonics devices.

2. Materials and Methods
2.1. Glass Synthesis

In this work, we synthesized glass with the following nominal composition (mol.%):
1.0 SnO2; 25.0 Al2O3; 25.0 ZnO; and 49.0 SiO2, with 0.01% of AuCl3, which was introduced
in addition to the 100%. The glass batch calculated to produce 500 g of glass was prepared
using high-purity raw materials (SiO2, Al(OH)3, ZnO, SnO2, AuCl3) thoroughly mixed
together. The glass was melted at 1590 ◦C for 6 h in a 600 mL silica crucible in the laboratory
electric furnace with SiC heating elements. The glass was casted in the preheated steel
mold and subsequently annealed at 600 ◦C for 4 h in the muffle furnace. The resulted glass
casting exhibited high quality, a significant part of which was free of striae and bubbles.
The most homogeneous parts of obtained glass were cut into plates and polished. To
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study the effect of gold NPs formation, synthesized glass samples were heat-treated in the
muffle furnace at various temperatures in the 750–850 ◦C range for 5 and 20 h. All of the
heat-treated samples will be referred to further as “temperature-time” (e.g., 750-20).

2.2. Glass Characterization

The visual appearance of the samples was captured by a digital camera in transmitted
and reflected light. For the determination of the glass transition temperature (Tg) and the
crystallization temperature (TC), differential scanning calorimetry (DSC) was used. A bulk
glass sample of about 20 mg was heated in a Pt crucible using the simultaneous thermal
analyzer STA 449 F3 Jupiter (NETZSCH, Selb, Germany) with a dynamic flow atmosphere
of Ar. The temperature range was from room temperature to 1200 ◦C with a heating rate of
10 ◦C/min. X-ray diffraction (XRD) patterns of the powdered samples were recorded by
means of a diffractometer D2 Phaser (Bruker, Billerica, MA, USA) employing nickel-filtered
CuKα radiation. Raman spectra were collected from the polished glass samples using an
NTEGRA Spectra spectrometer, (NT-MDT Co., Moscow, Russia) with an argon (Ar) laser
beam (488 nm excitation wavelength). The optical absorption and reflectance spectra of
the samples were recorded in the 200–1650 nm spectral range by the spectrophotometer
UV-3600 (Shimadzu, Kyoto, Japan). The bulk glass refractive index was determined at
589.3 nm by an DR-M4 Abbe refractometer (ATAGO, Tokyo, Japan).

The microstructure of the samples was studied by a high-resolution transmission
electron microscopy (HRTEM) with the transmission electron microscope JEM-2100Plus
(JEOL, Peabody, MA, USA) in the 200 kV mode. Bulk glass samples were grounded in an
agate mortar to fine powders and dispersed in ethanol. The obtained solution was dropped
on a microscope grid, which was dried for 20 min. Images were obtained in the bright field
mode on different parts of the grid loaded with the material, providing a fairly complete
and objective visualization of the samples. The HRTEM images were analyzed with ImageJ
software version 1.53n (direct measurement of particle sizes and interparticle distances
(number of measured units exceed 50); and measurement of the lattice spacings of crystal
particles on the Fourier-filtered region of the image) [18,19].

3. Results
3.1. Optical Properties of Glasses upon Heat Treatment

The DSC curve of the synthesized glass shows two exothermic peaks corresponding to
the crystallization of different phases; the Tg temperature of the glass is 750 ◦C (Figure S1).
The glass composition chosen in this work is close to one of the compositions (namely
ZAS50.25) from a recent study that investigated the glass formation and crystallization
region in the ZnO-Al2O3-SiO2 system [20]. A comparison of the Tg temperatures and
number of exothermic peaks shows a general similarity, while some differences in the
values of crystallization temperatures (TC) can be related to the different conditions of glass
synthesis in this work and in [20].

The raw glass was transparent without visible signs of crystallization or coloration,
and its absorption spectrum also did not show any bands in the visible and near-infrared
spectral region (Figure 1). The refractive index nD of the glass was 1.569. Heat treatment
of glass at temperatures above Tg led to a noticeable coloration of the samples, which
is expected for glasses containing gold and a small addition of SnO2 [21]. However, in
contrast to the red (ruby) coloring typical for silicate glasses with gold, heat treatment
of glasses for 5 h in the range of 800–850 ◦C led to the appearance of a turquoise color
which, with an increase in the treatment temperature, changed to blue (Figure 1, inset).
It should be noted that the above colors were observed when the samples were studied
in transmitted light; at the same time, when the angle of illumination was changed and
the samples were observed in reflected light, the color of the samples changed to brown.
The intensity of this effect increases with increasing treatment temperature: for sample
800-5, the effect is weakly pronounced (not distinguishable on the photo), and for sample
850-5 with maximum treatment temperature, the effect is clearly visible. The observed effect
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can be attributed to a dichroism phenomenon (color change in transmitted and reflected
light). In previous works, the dichroism effect was obtained in glasses of phosphate systems
containing both gold and copper NPs [22–24]; in tellurite glasses with gold NPs [14]; and in
glasses of the K2O-B2O3-Sb2O3-ZnO system, also containing gold NPs [25]. The nature of
dichroism in glasses with NPs is complex and has not yet been unequivocally established.
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The absorption spectra of glasses heat-treated for 5 h (Figure 1) show the presence of
bands, the shape and intensity of which strongly depend on the treatment temperature.
Because the absorption spectra of synthesized glasses of the same composition but without
gold and heat-treated under the same regimes show no absorption bands (the spectra are
not shown in this work), we attribute the bands in Figure 1 to the LSPR of gold NPs. An
analysis of the experimental spectra shows that at the minimum treatment temperature
(800 ◦C), a broad band with an asymmetric plateau extending from ≈630 to 750 nm is
formed. Increasing the treatment temperature leads to an increase in the intensity of the
band and strengthening of asymmetry: a maximum at 603 nm and a broad shoulder with a
maximum at ≈810 nm are formed.

A further increase in temperature (up to 810 ◦C) intensifies the short-wave band, the
maximum of which shifts to ≈610 nm; the long-wave shoulder broadens, and its intensity
slightly increases. The increase in treatment temperature to 815 ◦C leads to the formation of
a band with two maxima that are almost equal in intensity (at 613 and 823 nm). A further
increase in temperature up to 850 ◦C leads to the formation of a symmetric band with
one maximum at 638 nm. Such a sequence of changes in the LSPR bands of gold NPs in
glasses seems atypical and has not been previously described in the literature. To study
this phenomenon in more detail, we carried out a series of heat treatments of glass samples
at a longer exposure time (20 h).

Figure 2 shows the absorption spectra of glasses after the heat treatment in the range
of 750–820 ◦C for 20 h, as well as the photographs of some samples. Analysis of the
appearance of the samples obtained after the temperature treatment shows the following
dynamics: Treatment at Tg temperature (750 ◦C) leads to a weak coloration of the glass
sample in a color close to violet, and the effect of dichroism is not manifested. Increased
treatment temperature leads to coloring of the glass in a turquoise-blue color, and with
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rising temperature, the intensity of coloring increases. The dichroism effect in these samples
appears and intensifies with increasing treatment temperature (Inset in Figure 2).
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Figure 2. Absorption spectra of the raw glass and glasses heat-treated in the 750–820 ◦C range for
20 h. Insets show the visual appearance of glasses treated at 800 and 815 ◦C in transmitted and
reflected light (left and right panel, respectively). Each glass sample size is ≈1 cm × 1 cm.

Increasing the treatment temperature of the glasses initiates significant changes in
the absorption spectra (Figure 2). The LSPR band of sample 750-20 is slightly asymmetric,
with a clear maximum at 576 nm and a small long-wavelength shoulder up to 650 nm. For
sample 780-20, changes in the band shape are noticeable: the long-wavelength shoulder
turns into a broad band with a maximum at 705 nm, and a short-wavelength shoulder at
595 nm also appears. A further increase in the glass treatment temperature up to 800 ◦C
leads to an extraordinary broadening of the LSPR band with the formation of two maxima
at 658 and ≈1150 nm. At the same time, the long-wavelength shoulder of the band extends
beyond 1600 nm. For sample 810-20, there is a sharp change in the shape of the band:
there is one maximum at 630 nm, and a broad long-wavelength shoulder is formed, also
extending into the IR region. At the maximum treatment temperatures (815 and 820 ◦C),
the band shape becomes similar to sample 850-5 (Figure 1), with the difference being
that the band maximum is fixed at 610 nm. To the best of our knowledge, the results
obtained for sample 800-20 for the broadening of the LSPR band (more than 1000 nm) are
record-breaking.

The pronounced changes in the shape and position of the LSPR band during the heat
treatment of glasses in a fairly narrow temperature range indicate significant changes that
occur in the structure of glasses. To understand the mechanisms responsible for the changes
in the optical properties of glasses, we studied their microstructure.

3.2. Structural Study of Glasses

Figure 3 shows the results of the XRD and Raman spectroscopy analyses of glasses
heat-treated for 5 and 20 h. The XRD patterns (Figure 3a,b) show that regardless of the heat
treatment conditions, the glasses remain X-ray amorphous, which indicates the absence of
crystalline inclusions that can be detected by this method. The absence of the peaks related
to Au NPs can be explained by the low concentration of AuCl3 in the glass composition.
Moreover, in [20], in the Au-free glass of similar composition, HT-XRD analysis at 850 ◦C
revealed the presence of a ZnO-Al2O3-SiO2 solid solution (ZAS-s.s.) phase (ICDD card #00-
032-1455), which was subsequently replaced by a gahnite phase (ICDD card #01-074-1138)
at 950 ◦C. Apparently, in our case, the absence of ZAS-s.s. reflections in the XRD patterns
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of the heat-treated glass samples is due to the higher temperature of the first TC1 exopeak
compared with the above work (992 ◦C in our case and 907 ◦C in [20]). However, it can be
assumed that at high treatment temperatures in the glasses studied by us, the formation of
the ZAS-s.s. phase can begin, the sizes of which are so small that they cannot be detected
by XRD methods.
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The Raman spectra (Figure 3c,d) also demonstrate that there are no changes resulting
from the heat treatment of the glasses, indicating the absence of bulk crystallization in the
studied samples.

To study the microstructure of the glasses in detail, we analyzed images obtained by
high-resolution TEM (HRTEM), which allowed us to distinguish the visualization of phase
and chemical contrast that is not possible by other methods [26]. Figure 4 shows TEM
images for samples 815-5 and 850-5. For sample 815-5, one can clearly observe the presence
of zones on the order of 10–15 nm in size that stand out significantly in chemical contrast
but on closer inspection have no discernible crystal planes. Such regions were previously
described in glasses of the ZnO-Al2O3-SiO2 system and attributed to regions of amorphous
phase separation, wherein the glass matrix is enriched in SiO2 and the amorphous phase
inhomogeneities are enriched in ZnO [27]. The analysis of HRTEM images of sample
810-5 demonstrates that NPs of the order of 5 nm in size are formed within and between
the amorphized regions; a detailed analysis of the interplanar distances in the NPs shows
values of 0.23 and 0.2 nm, which correspond to the (111) and (200) planes in the Au crystal
lattice. It should be noted that a similar pattern was obtained for sample 800-5. At the same
time, for the sample 850-5, amorphous regions are not detected; moreover, even on the
large scales, crystalline particles immediately become visible, which on closer examination
were then identified by us to be gold NPs (Figure 4b).
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Figure 5a–c show the size distributions of NPs obtained by analyzing images of glass
samples heat-treated for 5 h. It can be seen that when the treatment temperature is increased
from 800 to 815 ◦C, the size of NPs does not change much and is approximately equal to
5 nm. At the same time, growth of the treatment temperature up to 850 ◦C leads to an
increase in the size of NPs up to 6 nm on average. The analysis of TEM images (Figure 4)
also demonstrates a more clustering tendency of nanoparticles rather than a uniform
distribution in the glass matrix. In this regard, we analyzed the distance between the
particles for each of the samples (Figure 5d–f). It can be seen that for the samples 800-5 and
815-5, the particle spacing is on average within 6 nm, while for the sample 850-5, the
spacing increases and is on average within 8–10 nm. Such changes in the particle size and
spacing for sample 850-5 compared with samples 800-5 and 815-5 are in some agreement
with changes in the shape of the LSPR band in the absorption spectra of these samples. To
study these relationships in more detail, we also studied the microstructure of samples
heat-treated for 20 h.

Figure 6 shows TEM images for sample 800-20. As in the previous case, the images
show clearly visible areas of amorphous phase separation, the sizes of which can be
estimated within 15 nm on average. Analysis of the HRTEM images demonstrates the
presence of gold NPs in the microstructure, which is confirmed by the size of interplanar
distances in crystalline microdomains corresponding to the (111) and (200) planes in the
Au crystal lattice. The distribution of NPs is also characterized by their clustering, but the
analysis of the images does not allow us to draw an unambiguous conclusion as to whether
this occurs between the phase separation regions or within them.
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A similar situation is observed for the sample 810-20 (Figure 7). TEM images show
that the glass microstructure is characterized by an amorphous phase separation, with
microdomain sizes on the order of 15 nm. Image analysis demonstrates that most of the
NPs are located inside the liquation zones, which are presumably enriched with ZnO.

For the glass sample 815-20, TEM images show several striking differences in the
microstructure (Figure 8). First, the images lack the pronounced zones of phase inhomo-
geneity that are evident in the images of samples 800-20 and 810-20. Secondly, the analysis
of interplanar distances in crystal particles shows that along with gold NPs, crystals of
another nature are formed in the glass; the values of the interplanar distances in them
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are in the range of 0.27–0.3 nm. The exact determination of the nature of these crystals
is possible with the use of methods of higher resolution microscopy and local chemical
analysis on the scale of units of nanometers, which is beyond the capabilities of this study.
At the same time, it can be assumed that the observed crystalline inclusions may belong to
the ZAS-s.s. phase, which according to [20] is formed in glasses of this composition at close
treatment temperatures.
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Figure 9a–c shows the NP size distributions for glasses heat-treated for 20 h. It can be
seen that with increasing treatment temperature, the average particle size increases from
≈4 nm to ≈7 nm. At the same time, the average distance between particles also increases
from ≈5 nm at 800 ◦C to ≈11 nm when treated at 815 ◦C (Figure 9d–f).
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4. Discussion

The analysis of the obtained results allows us to conclude that in this work, during
the heat treatment of ZAS glass containing Au additives, it was possible to form gold NPs,
which have an ultra-wide LSPR band (over 1000 nm); meanwhile, changing the parameters
of heat treatment allowed us to vary the shape and position of the band. In our opinion,
these results are of interest both from the fundamental scientific point of view and in terms
of finding certain practical applications. However, it is also important to determine the
mechanism responsible for such a change in optical properties.

The factors that influence the change in the shape and position of the LSPR band of
metal NPs (Au, Ag, Cu) in glasses include: (i) change in the size of nanoparticles; (ii) change
in the shape of nanoparticles; (iii) change in the refractive index of the medium around the
nanoparticle; and (iv) the presence of interactions between closely spaced nanoparticles.
Each of these factors is further discussed in detail below.

(i) It is known that an increase in the size of NPs in glass leads to a change in the color
of the glass caused by an increase in the intensity and change in the shape of the LSPR
band, as well as a shift of the band maximum to the red region of the spectrum [11,28].
Thus, in many works using different glass-forming systems, it has been shown that by
increasing the temperature of glass treatment, there is a process of increasing the size of
NPs; the associated first increase is in the intensity, and then the red shift of the LSPR band
occurs [28–30]. In [14], it was shown that increasing the size of gold NPs formed in tellurite
glass leads to both broadening of the LSPR band and the manifestation of a dichroism
effect similar in description to that obtained in our work. At the same time, in our work,
despite the fact that the TEM data (Figures 5 and 9) show an increase in the size of gold NPs
with an increasing treatment temperature, the dynamics of the change in the position and
shape of the LSPR bands do not correspond to the previously described results. Moreover,
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the results of the calculations of the LSPR band of gold NPs in ZAS glass medium does
not describe the experimental spectra in any way. Figure 10 shows that in spite of the
nanoparticle size, the calculated spectra are far away from the experimental results. Thus,
only the change in the size of gold NPs in the process of the heat treatment does not allow
us to describe the mechanism of the ultra-broadening of the LSPR band.
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Figure 10. The comparison of the experimental absorption spectrum of the sample 780-20 (blue dots)
with the calculated spectra for different models of single gold NPs: top panel—50 nm spherical
particle (red dashes) and 10 nm spherical particle (solid red), both in the in matrix with nD = 1.6;
middle panel—50 nm spherical particle (purple dashed) and 10 nm spherical particle (solid purple),
both in the in matrix with nD = 2.0; bottom panel—60 nm oblate spheroid particle and 10 nm oblate
spheroid particle, both in the in matrix with nD = 1.6. The smaller 10 nm particles cannot explain
the experimental data, while big particles (50–60 nm) are able to describe the experiment but are not
presented in the sample.

(ii) Changing the shape of NPs to a shape other than spherical has a significant effect
on the LSPR band and the position of the LSPR maximum: elongated particles are char-
acterized by the splitting of the LSPR band into two components (with two maxima: one
each in the short-wave and long-wave regions of the spectrum), which become dependent
on the polarization of the incident light [31,32]. The formation of elongated NPs in glasses
has been demonstrated using a variety of systems and methods, including mechanical
deformation of glasses where spherical NPs are formed [33–35] and as a result of intensive
laser irradiation of glasses with NPs [36,37]. In a series of papers by Som T. and Karmakar
B., Sb2O3-based glasses with elliptical gold NPs with aspect ratios ranging from 1.2 to
2.1 were synthesized. The glasses exhibited a dichroism effect similar to that described
in our work, where the LSPR band for compositions with high Au content in the cited
works was broadened, the band maximum shifted to the red region, and no splitting of the
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band into two components was observed. The authors attributed the mechanism of defor-
mation of gold NPs to the high viscosity of the glass melt without providing additional
explanations; the authors also did not provide the calculated spectra of the LSPR bands for
the experimentally determined sizes of NPs, so it is not possible to validate the proposed
model [25,38]. An analysis of the TEM images in our work demonstrates that the shape of
most NPs is close to spherical and the presence of elongated or elliptical particles could
not be detected. Fitting of the experimental spectrum of the sample 780-20 with elliptical
particles (Figure 10 bottom panel) allows us to describe the spectrum, but the size of NPs
corresponding to the calculated spectrum should be larger than 58 nm with an aspect ratio
of 1.63, which is not confirmed by the TEM data or by the data of the XRD and Raman
spectroscopy; the presence of such large particles should be detected in X-ray diffraction
patterns and Raman spectra, which was not observed experimentally (Figure 3).

(iii) The refractive index of the medium around NPs has a great influence on the
position of the LSPR band. As the refractive index increases, the maximum of the band
shifts to the red region of the spectrum; this effect is the basis for sensors that can detect trace
amounts of chemical substances [39]. Using this effect, noble-metal NPs were synthesized in
amorphous films based on SiO2 containing different contents of oxides with high refractive
indexes (TiO2, ZrO2). At the same time, the position of the LSPR band maximum in these
NPs was tuned in the range of up to 600 nm by varying the content of the oxides with
high refractive indexes, thus changing the average value of the refractive index of the
medium around NPs [40,41]. Moreover, based on this effect, in our previous works [42,43],
we have shown the possibility for tuning the position of the maximum of the LSPR band
of gold NPs in glasses of the ZnO-MgO-Al2O3-SiO2 system containing TiO2 and ZrO2
additives. During heat treatment in glasses along with the growth of NPs, the processes
of phase separation first took place with the formation of amorphized zones enriched in
TiO2 and ZrO2 (components with high refractive index); with the further increase in the
temperature of the treatment, ZnAl2O4 crystals were formed in glasses, while TiO2 and
ZrO2 components were uniformly distributed in the matrix. Amorphized zones enriched
in TiO2 and ZrO2 increased the local refractive index of the medium around NPs, which
influenced the position of the LSPR band, the maximum of which was shifted by more than
100 nm to the red region of the spectrum.

The analysis of TEM images in the current work also demonstrates the presence of
phase separation zones (Figures 6 and 7), but due to the fact that the glass composition
does not contain TiO2 and ZrO2, the chemical composition of the liquation zones seems to
be enriched only in ZnO [27]. The refractive index nD for ZnO is in the range of 1.6–1.78
according to the research data [44,45], which is not very different from the refractive index
value for glass (nD = 1.569); however, at the same time, it may have an effect on the LSPR
band shift. The variation of the refraction index in the simulated optical spectra lead to a
very high values, such as above 2.0 (Figure 10 middle panel). Such high refraction index
values are not expected in the glass under the study as the densest component, ZnO, has a
refraction index that is not higher than 2.0, but this phenomenon may have a partial effect
on the overall LSPR band’s position and shape.

(iv) The interaction between closely spaced plasmonic NPs can also be considered
as a factor that has a great influence on the optical properties of the whole system [46]. It
was experimentally demonstrated that a systematic change in the distance between gold
NPs on the SiO2 surface from 15 to 0.5 nm leads to a nonlinear broadening of the LSPR
band. At a minimum distance, the dipole–dipole interaction between gold NPs leads to
a maximum broadening of the band [47], and the authors showed that such a system is
well described within the Maxwell–Garnett theory. In another work, gold NPs formed by
a femtosecond laser beam on the Al2O3 substrate showed a broadened LSPR band at the
highest irradiation energies, which was also explained by the reduction of the distance
between NPs and their intense dipole–dipole interaction [48]. Jiménez J.A. et al., in a
series of works with phosphate glasses containing NPs of silver, gold, and copper, also
described the effect of the nonlinear broadening of the LSPR band in the framework of the
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dipole and plasmonic interaction of closely spaced NPs [22,23,49]. For these glasses, the
authors also described a dichroism effect similar to the effect obtained in the glasses in this
work. Laser irradiation of the initial glass with NPs acted as a driver for the formation
of zones with increased content of closely located silver NPs, which led to the formation
of “super-nucleation” domains separated by amorphous zones of 15–20 nm in size, not
containing NPs [49].

A comparative analysis of the change in the position of the LSPR band of the studied
glass samples heat-treated for 20 h, as well as their calculated sizes and distances between
the particles depending on the treatment temperature, is shown in Figure 11. It can be
seen that the shift of the maximum of the LSPR band from ≈1100 nm to ≈600 nm with
increasing treatment temperature is accompanied by an increase in both NPs sizes and
distances between them. This suggests that the effect of the ultra-broadening of the LSPR
band in glasses observed in this work can be related to the plasmonic interaction between
closely spaced NPs.
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Figure 11. Evolution with heat treatment temperature at 20 h for the following parameters: LSPR
band peak position (squares), particle size (triangles), and interparticle distance (circles).

To verify this hypothesis, we calculated the optical absorption spectra for agglomerates
of NPs using a multiple spheres T-matrix approach, as implemented in MSTM code [50,51].
In the calculations, the NPs were represented as spheres with dielectric function as calcu-
lated by the Riuox formula [52] in a medium with a refraction index of 1.6. To simulate
the closely packed agglomerate, the centers of the spheres were located at the nodes of
a face-centered lattice with spacing so that the gap between NPs was 1 nm. The size of
NPs of 10 nm and gap between them of 1 nm were selected as the smallest possible value
for which the classical electrodynamic calculations are valid. The consideration of smaller
sizes requires an application of size-corrected dielectric functions, and smaller gaps lead to
the rise of electron tunneling.

Figure 12a shows the results of the calculations of the absorption spectra of an isolated
gold nanoparticle of 10 nm and agglomerates of NPs of the same size containing 19, 43,
and 87 NPs. It can be seen that as the number of particles in the agglomerate increases
from 1 to 87, there is a shift in the main absorption maximum. However, the magnitude
of this shift is on the order of 50 nm, which does not allow us to describe the observed
shifts in resonance from 600 to 750 nm or more. However, in addition to the shift in the
position of the main peak, a tendency to decrease its intensity and increase the intensity of
the satellite long-wavelength peak as the number of NPs in the agglomerate increases is
noticeable. In case of the agglomerate of 87 NPs, the intensities of these peaks are equalized.
The trend is such that as the number of NPs in the agglomerate increases, one would
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expect to reproduce the experimental curve. However, the quantitative description requires
computation resources that are too extensive. Nevertheless, based on the obtained data, we
assume that the agglomeration of NPs may be the main contributor to the visible splitting
of the LSPR bands and their significant broadening.
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Figure 12b compares the absorption and scattering spectra calculated for the isolated
nanoparticle and the agglomerate of 87 NPs. The wavelength position of the absorption
and scattering peaks are almost identical so that there is no difference in the transmitted
and reflected color of the sample. In contrast, the scattering and absorption spectra for
agglomerates are very different, which alter the color of material depending on the sam-
ple illumination. The experimental reflectance spectra of the studied glasses (Figure S2)
are in line with the theoretical one showing intense reflection in the 650–750 nm range.
This explains the observed dichroism of the samples by the presence of closely packed
agglomerates of NPs.

Thus, the scenario of the changes in the optical properties of glasses observed in
this work can be explained as follows. Phase separation processes take place in the glass
during the heat treatment in a narrow temperature range. As a result, the formation of
the localized amorphous regions on the order of 15 nm in size, apparently enriched in
ZnO, occurs. In these regions, the formation of NPs can be energetically more favorable, so
it leads to the formation of a kind of “plasmonic domains” with a high concentration of
closely located particles, which is expressed in their plasmonic interaction and broadening
of the LSPR spectrum. The presence of high concentrations of ZnO inside the domains
can also lead to an increase in the local refractive index around the NPs and an additional
redshift of the band. As the treatment temperature increases, the phase separation process is
gradually replaced by the process of nucleation and growth of the crystalline phase, which
is disintegrating the “plasmonic domains” and the distance between the nanoparticles
increasing, which leads to a decrease in the plasmonic interaction effect and is expressed in
the narrowing and blue shift of the LSPR band. At the same time, the increasing dichroism
effect in the glass samples obtained by the heat treatment at higher temperature seems to
also be related to the interactions between nanoparticles as well as formed nanocrystals of
the ZAS-s.s. phase.

5. Conclusions

In conclusion, in this work, we have shown for the first time that it is possible to form
gold NPs with an ultra-broad plasmon resonance (more than 1000 nm) in ZnO-Al2O3-SiO2
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glass. Precise thermal treatments of the glass allow for the tuning of the position and range
of the LSPR band. The optical absorption spectroscopy results demonstrate that the LSPR
band’s position and shape can be finely controlled by varying the temperature during
the treatment. The combination of Raman spectroscopy and XRD analysis reveals that
the glasses remain completely amorphous despite prolonged treatment at temperatures
above Tg. However, HRTEM results indicate that gold NPs with a size of approximately
5 nm are formed in the glass samples, along with amorphous areas of phase separation
with sizes of around 15 nm. The mechanism responsible for the ultra-broadening of the
LSPR spectrum and its redshift is attributed to the interparticle plasmonic coupling effect
that is due to the formation of agglomerates containing a tenth of NPs with small distance
between them, caused by the phase separation zones, which hinder the thermodiffusion of
NPs. The presence of nanoparticle agglomerates is responsible for the observed dichroism.
At higher treatment temperatures, the crystal nucleus (presumably ZAS-s.s.) forms in the
sites of the amorphous phase separation zones, increasing the distance between NPs and
significantly narrowing and shifting the LSPR band towards the blue region. The formation
of gold NPs with an ultra-broad LSPR band in glasses holds promise for enhancing the
luminescence of rare earth ions and advancing the development of novel photonic devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ceramics7020037/s1, Figure S1: DSC curve of the synthesized
glass; Figure S2: Reflectance spectra of the glass samples heat-treated for 20 h at temperatures in the
795–805 ◦C range.
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