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Summary

IN the face of escalating environmental challenges, the scientific community has

been propelled into a relentless pursuit of sustainable and innovative solutions.

Geopolymers, with their multifaceted applications and eco-friendly properties,

have emerged as a beacon of hope in this quest.

Derived from alumino-silicate minerals reacting with aqueous solutions of alkali

metal oxides or hydroxides, geopolymers offer a green alternative to traditional con-

struction materials, notably Portland cement. Their inherent properties, such as high

porosity, thermal stability, and chemical durability, position them as not only suitable

for construction but also as potential candidates for a myriad of environmental applica-

tions. This includes the pressing issue of microplastic pollution in aquatic ecosystems,

where geopolymer membranes have shown significant promise in adsorbing and miti-

gating these contaminants.

Furthermore, the integration of advanced technologies, like 3D printing through

Robocasting, has unlocked new horizons for geopolymers. This technique facilitates

the fabrication of tailored geopolymer structures, optimized for specific applications

such as CO2 adsorption and medical waste treatment. The remarkable success in these
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domains underscores the versatility and potential of geopolymers in addressing a broad

spectrum of environmental and health-related challenges.

The evolution in geopolymer technology has been significantly driven by inven-

tive fabrication techniques aimed at augmenting the mechanical and microstructural

attributes of geopolymers. Among these techniques, hot-pressing has emerged as a

promising avenue, showcasing notable enhancements in geopolymer densification and

mechanical robustness.

However, for geopolymers to transition from research laboratories to real-world ap-

plications, there’s an imperative need for standardization in their manufacturing and

testing processes. This ensures not only consistent quality but also fosters further re-

search, innovation, and seamless integration into existing infrastructures.

The landscape of this research is vast, encompassing the exploration of geopoly-

mers in various applications. However, our ambition is not limited to merely show-

casing the versatility of geopolymers. The central aim of this study is to assertively

position geopolymers as not just a viable alternative but as a superior contender against

commercially available materials.

This thesis is organized into four chapters, each representing one of the four major

works undertaken throughout my PhD journey.

The first chapter discusses the successful implementation of the High Shear Wet

Granulation technique to fabricate geopolymer and composite granules tailored for car-

bon dioxide adsorption.

The second chapter delves into the effective utilization of the Robocasting technique

to produce geopolymer and geopolymer-zeolite scaffolds for carbon dioxide adsorp-

tion, along with the application in adsorbing emerging pollutants such as clenbuterol.

The third chapter elaborates on the successful development of new geopolymer

membranes designed for microplastic adsorption.

The final chapter marks the inaugural attempt to model the compressive strength

behavior of geopolymers, considering a comprehensive range of variables that could
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influence the compressive strength.

Through meticulous testing, in-depth characterization, and comprehensive perfor-

mance evaluations, we have endeavored to benchmark geopolymers against industry

standards. Our objective is to demonstrate that, when optimized and tailored for spe-

cific applications, geopolymers can not only meet but often exceed the performance

metrics set by existing commercial materials. Moreover, by juxtaposing geopolymers

with commercial materials, we aim to highlight their competitive edge, be it in terms

of sustainability, efficiency, or cost-effectiveness. This research seeks to challenge the

prevailing norms, advocating for a paradigm shift in material selection and application,

with geopolymers at the forefront.

In essence, this study is not just an academic exploration but a clarion call to indus-

tries, policymakers, and stakeholders to recognize and harness the unparalleled poten-

tial of geopolymers in shaping a sustainable and eco-friendly future.
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CHAPTER1

High Shear Wet Granulation of Geopolymers for

Carbon Dioxide Adsorption

1.1 Abstract

A novel approach for high-shear wet granulation has been proposed for a potassium

based geopolymer, together with various functionalization approaches to enhance car-

bon dioxide (CO2) adsorption. A geopolymer slurry was employed as the granulation

liquid for geopolymer powder, and the optimization of the granulation process param-

eters, specifically the viscosity of the geopolymer slurry and the liquid-to-solid ratio,

was carried out to maximize the granulation efficiency. Two types of granules were pro-

duced: geopolymer granules and geopolymer granules incorporating zeolites 13x. Ad-

ditionally, a separate batch of geopolymer granules was functionalized with APTES (3-
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Chapter 1. High Shear Wet Granulation of Geopolymers for Carbon Dioxide Adsorption

aminopropyltriethoxysilane) using solution phase deposition, where the granules were

directly dipped into an ethanol solution with two different APTES concentrations (10

and 20 wt%). The three different types of granules were then tested for carbon dioxide

adsorption in a fluidized bed column system using two different air mixture concen-

trations and velocity. Finally, the results were compared with commercially available

granules of pure zeolites 13x. The experimental findings demonstrated that high-shear

wet granulation of geopolymer yielded well-formed and stable granules suitable for

carbon dioxide capture applications. The optimization of process parameters led to

improved granule formation, achieving maximum efficiency. The geopolymer gran-

ules exhibited considerable CO2 adsorption capacity, which was further enhanced by

the inclusion of zeolites 13x and the APTES functionalization. Comparatively, the

geopolymer-based granules displayed comparable or even superior CO2 adsorption ca-

pacities when compared to the benchmark zeolites 13x granules.

Keywords: Geopolymers, Granulation, CO2 adsorption

1.2 Introduction

The urgent need to mitigate carbon dioxide (CO2) emissions and combat climate

change has spurred significant research efforts toward developing efficient carbon cap-

ture technologies. Among various strategies, the utilization of solid adsorbents for CO2

capture has garnered significant attention due to its potential for large-scale implemen-

tation and cost-effectiveness (Samanta et al., 2011; Q. Wang et al., 2011). Geopoly-

mer materials, with their unique properties including high porosity, thermal stability,

and chemical durability (Davidovits, 2013; Duxson et al., 2007), have emerged as

promising candidates for CO2 adsorption applications (Boscherini et al., 2021b, 2021a;

Minelli et al., 2016, 2018a, 2018b; Novais et al., 2020; Papa et al., 2019, 2023; Papa,

Landi, Murri, et al., 2021; Papa, Landi, Natali Murri, et al., 2021).

In recent years, the technique of high-shear wet granulation has gained prominence
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1.2. Introduction

as a versatile method for producing granular materials with controlled properties and

enhanced performance (Chevalier et al., 2009; Shanmugam, 2015). By utilizing a liquid

binder or granulation liquid, this process facilitates the agglomeration of fine particles

into larger, more manageable granules (Bansal et al., 2019; Kristensen & Schaefer,

1987a, 1987b). The successful implementation of high-shear wet granulation requires

careful optimization of various process parameters to achieve maximum efficiency

(Faure et al., 2001; Liu et al., 2021). In particular, the viscosity of the granulation liquid

and the liquid-to-solid ratio play crucial roles in determining the granulation outcome

(Dhenge et al., 2013). The optimization process aims at striking a balance between the

granule size, strength, and porosity, ensuring favorable CO2 adsorption characteristics.

High-shear granulation has already been proposed for the fabrication of geopolymer

granules (Luukkonen et al., 2018, 2020). In those works, metakaolin was utilized as the

powder batch while the granulation liquid comprised an alkaline solution. The straight-

forward control of this process was attributed to the rheology of the alkaline solution,

which closely follows that of water. However, despite the process’s apparent simplic-

ity, obtaining a precise and homogeneous composition of the final granules presents a

formidable challenge, as it is impossible to forecast exactly how much powder inter-

acts with the liquid during granulation. The granulation process presented in this work,

utilizes instead geopolymer powder that is milled to a dimension below 300 microns,

and couples it with a geopolymer slurry of the same composition as the granulation

liquid. This approach significantly enhances the compositional homogeneity of the re-

sulting granules, strategically enabling to achieve the target geopolymer composition in

all particles. Moreover, it also promotes a potentially effective route for the recycling of

geopolymer materials, reinforcing its relevance in the context of sustainable materials

management.

This novel granulation approach was employed to fabricate two distinct types of

granules. The first type consisted of pure geopolymer granules; the second one incorpo-

rated, within the geopolymer matrix, zeolites 13x which are known for their exceptional
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Chapter 1. High Shear Wet Granulation of Geopolymers for Carbon Dioxide Adsorption

CO2 adsorption properties (Konduru et al., 2007). This combination aimed at enhanc-

ing the CO2 capture capacity of the pure geopolymer-based granules. Furthermore,

to explore additional avenues for performance enhancement, a separate batch of pure

geopolymer granules was functionalized with 3-aminopropyltriethoxysilane (APTES),

a procedure well known and used in the literature (Miranda et al., 2020). APTES serves

as a functionalizing agent, introducing amino groups onto the geopolymer surface to en-

hance its affinity for CO2 molecules (Pokhrel et al., 2018). All the produced granules

were then tested for CO2 adsorption and the results compared with benchmark data for

pure, commercially available 13x zeolite granules.

With this work we wish to propose a high-shear wet granulation process for the fab-

rication of geopolymer granules with controlled composition for CO2 adsorption. The

findings contribute to the development of advanced sorbent materials and technologies

for efficient carbon capture and storage applications.

The preliminary screening phase entailed a comprehensive evaluation of various

geopolymer blends to ascertain their suitability for the high-shear granulation process.

This assessment also sought to determine which composition provides an optimal bal-

ance between slurry viscosity, mechanical characteristics and porosity of the resulting

granules. Eight geopolymer mixtures were investigated; to manufacture the samples,

metakaolin (Argical 1200s, Imerys, France) was mixed with an alkaline solution for 1

hour in a thermostatic bath at 0°C. The alkaline solution was obtained by dissolving

potassium silicates (Kaslov 205 PQ Corporation) and potassium hydroxides (Sigma

Aldrich) into distilled water. After that, the slurry was poured into cylindrical silicone

molds of 14 mm in diameter and 20 mm in height and put in a sealed container at

a constant 100% relative humidity (RH), achieved by placing a water container within

the chamber and monitoring RH using a hygrometer, to proceed with the curing process

at 40°C for one day. Afterwards, additional aging was carried out in a sealed container

at a 75%RH for seven days, achieved by placing a supersaturated NaCl solution within

the chamber and monitoring using a hygrometer. This combination of curing and ag-
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1.2. Introduction

ing processes was used because it was demonstrated to provide optimal mechanical

properties for the geopolymer (Muracchioli et al., 2023). Table 1.1 summarized the

geopolymer mixtures tested during this phase and their composition.

Table 1.1: Geopolymer mixtures tested

Sample Name SiO2/Al2O3 K2O/Al2O3 H2O/Al2O3

GP2.4H16 2.4 1 16

GP2.4H18 2.4 1 18

GP2.4H20 2.4 1 20

GP2.4H22 2.4 1 22

GP2.4H25 2.4 1 25

GP2.5K0.8H18 2.5 0.8 18

GP3.8H16 3.8 1 16

GP3.8H25 3.8 1 25

In order to limit the number of experimental variables and reduce the collection of

experimental data, the geopolymer composition was changed solely in terms of its Si/Al

and H2O/Al2O3 ratios, whereas the K2O/Al2O3 ratio was always held constant at 1,

except for sample GP2.5K0.8H18. Of course, a K2O/Al2O3 ratio of 1 corresponds to

the composition at which the positive charge of the alkaline cation fully stabilizes the

Al coordination from [Al]V I to [Al]IV . This composition limits the material suscep-

tibility to carbonation reactions by interaction with the atmosphere. Numerous schol-

arly contributions (Duxson, Provis, Lukey, Mallicoat, Kriven, & van Deventer, 2005;

Muñiz-Villarreal et al., 2011) have documented the presence of unreacted metakaolin in

final geopolymer specimens, implying that the ratio K2O/Al2O3 = 1 may exceed one.

This supposition is based on the premise that if not all metakaolin is fully dissolved,

the resultant Al2O3 content in the solution could be reduced, thereby increasing the
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K2O/Al2O3 ratio in the geopolymer. This significant issue has been addressed by vari-

ous other scholarly works, which have explored the efflorescence mechanism inherent

in geopolymer materials (Simão et al., 2021); one proposed solution to this issue in-

volves reducing the K2O/Al2O3 ratio below 1. Subsequent Fourier Transform Infrared

Spectroscopy (FT-IR) and boiling tests have provided evidence that the geopolymer

network has been correctly formed for the mixture GP2.5K0.8H18. Therefore, it merits

serious consideration as a viable candidate for the preliminary screening phase.

1.2.1 High Shear Wet Granulation Process

The composition of the geopolymer powder used as the batch material for the high-

shear wet granulation process was the best one identified during the screening phase

(GP3.8H25, see later). Upon the completion of the aging period (see Section 2.1), the

geopolymer monolith was subjected to milling via a rotational sphere mill and subse-

quently sieved to produce a powder with particle size less than 300 microns. A certain

degree of heterogeneity in the dimension of the powder favors the production of gran-

ules with reduced void volume, consequently enhancing their mechanical properties

(Herting & Kleinebudde, 2007). Pertaining to the granulation process, a high-shear

granulator (Elrich EL1) was employed. Figure 1.1 shows the schematic representation

of the granulation process.

In the granulation apparatus, the mechanism comprises a rotational component, the

impeller, as well as a stationary segment, the chopper. The chopper’s role is to facilitate

the removal of residual powder adhered to the wall, which does not actively participate

in the process, thus enhancing operational efficiency. In addition to the impeller, the

granulator’s body also performs a rotational movement; however, it moves in the oppo-

site direction to the impeller. A precise quantity of the predetermined powder, weighing

100 grams, was loaded into the granulator, and a corresponding quantity of liquid pos-

sessing the same composition as the powder was introduced. This was executed while

preserving a constant impeller rotational speed of 300 revolutions per minute (rpm).
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1.2. Introduction

Figure 1.1: Schematics of the high shear granulation process

The addition of the binder material was achieved through the utilization of a Masterflex

Easy-Load II pump, with the binder being introduced into the system from the top of

the processing bowl. Upon completion of the liquid addition, the rotational speed was

subsequently increased to 2000 rpm for a duration of two minutes. To streamline the

process and maximize granulation efficacy, eight diverse Liquid/Solid ratios were in-

vestigated, ranging from 85 to 120 weight percentage in increments of 5. Following the

completion of the granulation process, the resultant bulk material, composed of both

granules and non-granulated powder, was subjected to the identical curing and aging

treatment as outlined previously. After completion of the aging process, the aggregate

material was subjected to a sieving procedure according to six dimensional classifi-

cations (> 2.8 mm, 2.8 - 1.4 mm, 1.4 - 0.8 mm, 0.8 ± 0.6 mm, 0.6 ± 0.4 mm, 0.4 ±

0.3 mm). Composite granules, incorporating both geopolymer and zeolites 13x, were

synthesized employing an identical methodological approach. The fabrication process

relied on the exact compositional formulation of the geopolymer slurry, in conjunction

with the same liquid-to-solid ratio (after the optimization studies) used during the pro-

duction of the geopolymer granules. The sole variation introduced in the procedure was

7
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the complete substitution of geopolymer powder with zeolite powder.

1.2.2 Characterization

A rotational rheometer (MCR 302, Anton Paar, Graz, A) equipped with a 50 mm

diameter plate±plate geometry was used, with a set temperature of 20°C and a gap of

1 mm. All the eight mixtures were tested in a steady rate sweep with a shear rate

increasing from 0.01 to 100 1/s.

The determination of the monoliths’ compressive strength was carried out using a

universal testing machine (Galdabini Quasar 25), operating at a crosshead velocity of

0.5 mm/min. Prior to testing, the compression surfaces of the specimens were subjected

to a light sanding process. A total of 10 samples, representative of each experimental

condition, were scrutinized.

To characterize the granules, identical parameters were employed, albeit using a

more sensitive load cell with a maximum load capacity of 10N. The calculation of the

stress field generated within a sphere under uniaxial compression applied at two points

located at the extremes of a diameter is an established concept; it has been extensively

studied, with significant contributions by Hiramatsu and Oka (Hiramatsu & Oka, 1966).

They developed an understanding of the internal stress experienced by an isotropic lin-

ear elastic sphere with a radius, R, subject to symmetrically applied, evenly distributed

radial loads over two equivalent spherical caps, centered along the compression axis,

where the outer circle defines the contact radius, a. Hiramatsu and Oka demonstrated

that the highest tensile stress is located along the compression axis, which is approxi-

mately 0.7 times the nominal stress, computed as σ = F
π·r2

. Incorporating the analysis

of Hiramatsu and Oka, the so-called ªtensile strengthº of particles undergoing uniaxial

compression tests is determined as:

σT = k ·
Ff

π · r2
(1.1)

where Ff symbolizes the peak (failure) load and k is a constant value. Experimen-
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tal data (Jaeger, 1967)suggested that k ranges between 0.7 and 1.4; specifically, in our

context, it was determined to be 0.9. The equivalent diameter was chosen to be the

Sauter’s diameter, defined as the diameter of a sphere exhibiting an identical Volume/-

Surface Area ratio to that of the particles under investigation. The equivalent diameter

value was determined employing a Mastersizer 2000. The strength data reported are

the average of 10 measurements per each type of granule.

The bulk density of the monoliths was evaluated from mass and volume measure-

ments. The apparent density of solid and ground geopolymers was measured by means

of a helium pycnometer (AntoPaar Ultrapyc 3000). The total porosity of monoliths

was therefore calculated as the ratio between their bulk and apparent density. The same

procedure has been followed for the granule’s characterization.

The specific surface area (SSA) of the granules was determined by multi-point

Brunauer Emmett, Teller (BET) method with Quantachrome Autosorb iQ (Quantachrome

Instruments, Boynton Beach, Florida), with a degassing temperature of 120°C for ap-

proximately 16 h under reduced pressure and analysis by N2 adsorption at liquid nitro-

gen temperature.

The microstructure was assessed by means of a field emission scanning electron

microscope (Sigma FESEM, Carl Zeiss). For a more comprehensive analysis of the

interaction between geopolymer and zeolite 13x within the composite granules, X-ray

diffractometry (XRD) (D8 Advance; Bruker Italia Srl, Milano, Italy) was used.

For a more comprehensive analysis of the interaction between geopolymer and ze-

olite 13x within the composite granules, X-ray diffractometry (XRD) (D8 Advance;

Bruker Italia Srl, Milano, Italy) was used.

1.2.3 CO2 adsorption tests

Figure 1.2 reports a visualization of the fluidized bed column system implemented

for the carrying out of the carbon dioxide adsorption studies. The underpinning mech-

anisms of fluidization are centered around the elevation and suspension of particulate
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matter. This is accomplished by forcing air or a different medium through a bed of

particles within a confined space, thereby increasing the interaction interface between

the solids and the gas (Hede, 2013; Suleiman et al., 2013; Teunou & Poncelet, 2002).

Figure 1.2: Schematics of the fluidized bed column

Within the parameters of our experimental design, we introduced into the column

granules based on the most effective geopolymer composition (see section 1.2 ) and uti-

lizing the optimal liquid-to-solid ratio (see section 1.2.1). Subsequently, an air mixture,

containing two distinct carbon dioxide concentrations (10 and 20%), was introduced

from the bottom of the column, under two different inlet velocities (5 and 12 cm/s). A

sensor, strategically positioned at the top of the column, was utilized to quantify the

concentration of air at the column’s outlet. The data obtained from this experiment en-

abled to plot the back-through curves, which were then compared with the performance

of zeolite 13x commercial pellets, serving as our benchmark.
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1.3 Results and Discussion

1.3.1 Screening phase

1.3.1.1 Compressive strength of monoliths

Figure 1.3 reports the compressive strength results of the eight tested geopolymer

mixtures, tested using the monoliths. Each mixture’s median compressive strength,

with its confidence interval visually represented by a blue box, was calculated with

95% confidence.

Figure 1.3: Compression strength of geopolymer monoliths

This visual aid assists in discerning genuine disparities across the different formu-

lations. It is evident that sample GP3.8H16 possessed the highest compressive strength
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value. Numerous studies (Duxson at al.,2005; Muracchioli et al., 2023) have demon-

strated that increasing the SiO2/Al2O3 ratio to 3.8 enhances the compressive strength,

which aligns with the observed trends in our study. Knowing that the Al component

of metakaolin tends to dissolve more easily than the Si component (Weng & Sagoe-

Crentsil, 2007), we can assume that more Al(OH)−4 species are readily available for

condensation with respect to Si(OH)4 ones. This is particularly true for the systems

with low values of the SiO2/Al2O3 ratio: condensation is likely to have occurred be-

tween aluminate and silicate species, producing poly(sialate) polymer structures. With

increasing Si content, the overall higher amount of silicate species promotes the reac-

tion between them, resulting in oligomeric silicates; the dominance of the latter leads

to better mechanical properties with increasing SiO2/Al2O3ratio. Conversely, an in-

crease in water content was observed to result in a reduction in the value of compres-

sive strength; this trend is again in accordance with the literature (Ismail et al., 2011;

Xie & Kayali, 2014). Increasing the water content (increasing the H2O/Al2O3 mo-

lar ratio) increases the porosity of the final structure (Khale & Chaudhary, 2007), and

pores act as a defect point and therefore a higher porosity significantly lowers the com-

pression strength of the final product. A singular deviation is evident between samples

GP2.4H25 and GP2.4K0.8H25. Nonetheless, an examination of the confidence intervals

for the mean values reveals an intersection. This overlap suggests that no substantial

disparities exist between the two samples.

1.3.1.2 Rheology

The rheological data are shown in Figure 1.4. Generally, the geopolymer systems

are characterized by a shear-thinning behavior with an initial yield stress, a finding

which is congruent with existing literature (Romagnoli et al., 2012). Increasing the

water content of the composition prompted a downward trend in the viscosity, because

of the decrease in the solid content (Franchin et al., 2017).

A comparative evaluation of compositions with identical water content but different

12
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Figure 1.4: Rheology of geopolymer mixtures

silica-to-alumina ratios (i.e., GP3.8H16 and GP2.4H16), reveals distinct differences. In

particular, the composition with the lower silica-to-alumina ratio exhibited a markedly

higher yield stress, attributable to a higher solid content ratio (Rovnaník et al., 2018).

However, these suspensions possessed a rather high viscosity, which can be represented

using empirical models such as the Krieger-Dougherty relation. Its general form can

be written as:

η = η0 · (1−
φ

φMax

)n (1.2)

with η0 the solution viscosity, φ the packing fraction and φMax the dense packing

fraction. Increasing the silica content increased the viscosity of the alkaline solution
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employed in the formulation of the geopolymer slurry (η0), thereby reducing the shear-

thinning behavior and resulting in a higher viscosity value at elevated shear rates. This

observation is equally applicable to the other direct comparison, i.e., between sample

GP2.4H25 and GP3.8H25. However, in this particular instance, the difference in the ini-

tial yield stress is so pronounced that the shear rate range under consideration for our

experiments does not adequately permit the variation in shear thinning behavior to sig-

nificantly impact the final viscosity determination. Consequently, sample GP3.8H25 dis-

played a higher viscosity value when juxtaposed with its counterpart, sample GP2.4H16.

The initial yield stress of sample GP2.4K0.8H25 was similar to that of sample GP3.8H16

and lower than that of all other formulations with a silica-to-alumina ratio of 2.4. This

phenomenon remains associated with the quantity of solid content, which is lesser in

this context. However, the variation in shear thinning behavior at a medium shear rate

continues to be ambiguous.

1.3.1.3 Porosity

Figure 1.5 reports the porosity data. The total porosity (TP) was computed employ-

ing the subsequent formula:

TP (%) =
ρPowders − ρGeometric

ρPowders

· 100 (1.3)

where ρPowders is the density of the powders obtained by grinding the geopolymer

monoliths, as determined by pycnometry. ρGeometric corresponds to the geometric den-

sity, computed utilizing the standard formula for density: mass/volume. The open

porosity (OP) was estimated according to the formula:

OP (%) =
ρMonolith − ρGeometric

ρMonolith

· 100 (1.4)

where ρMonolith is the density of the entire monolith measure using the pycnometer.
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Figure 1.5: Total (TP) and open (OP) porosity of geopolymer samples

We can observe that an increase in the amount of water increased the total poros-

ity of the samples, as expected. Moreover, at a constant water amount, the increase

in the silica-to-alumina ratio increases the total porosity. Conversely, a reduction in

the K2O/Al2O3 ratio not only generates a decrease in total porosity, but the porous

structure also appears less interconnected, as highlighted by the exceedingly low open

porosity percentage. The underlying mechanisms driving this behavior remain am-

biguous, necessitating more comprehensive analyses for a more precise understanding

of the structural intricacies.
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1.3.1.4 Multi-Objective Optimization

Prior to the optimization of the high-shear granulation process, it is imperative to

determine what is the optimal balance between viscosity, compressive strength, and

total porosity. As previously mentioned, the viscosity of the granulation liquid is a

crucial parameter of the wet granulation process. The objective is to minimize this

characteristic to ensure a uniform distribution of the liquid on the powder batch, thereby

enhancing the efficiency of the process.

In our specific context, considering the targeted application, the goal was to concur-

rently minimize the viscosity of the formulation and maximize the total porosity and

compressive strength of the granules. It should be noted, however, that maximizing the

compressive strength is less critical, considering the forecasted use of the granules in

a fluidized bed column system; in this application, the granules must solely be capable

of withstanding their own weight.

To identify the optimal tradeoff, we carried out a multi-objective optimization (Caramia

et al., 2020; Deb et al., 2016). This involved normalizing the values of viscosity, com-

pressive strength, and total porosity to fall within a range of 0 to 1, using the following

formula:

PopertyNorm =
PopertyV aluie − PopertyV alueMin

PopertyV alueMax − PopertyV alueMin

(1.5)

In this context, the term ªpropertyº is used to denote either viscosity, compressive

strength, or total porosity. The normalized form of these properties is referred to as

PopertyNorm. The specific value of the property under consideration for each mixture

is termed ‘Property Value’, while PopertyV alueMax and PopertyV alueMin repre-

sent the maximum and minimum values of that property across all compositions under

consideration, respectively. Given our aim to minimize viscosity, we subtracted the

normalized viscosity values from 1 (1 -V iscosityNorm. Subsequently, we computed a

score for each formulation using the formula:
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Score =
∑

PopertyNorm (1.6)

This score served as a measure of the optimal balance between the three properties

under consideration; Fig. 1.6 shows the results of the score for each composition tested.

Figure 1.6: Calculated score outcomes for each geopolymer composition

Drawing upon the data presented in Figure 1.6, we can observe that the composition

that obtained the best score was GP3.8H25. Consequently, subsequent optimization of

the parameters for the high-shear wet granulation process was carried out using this

specific composition for the geopolymer slurry employed as the granulation liquid.
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1.3.2 Optimization of the Liquid/Solid ratio

Figure 1.7 shows the outcomes of the optimization procedure carried out for vary-

ing Liquid-to-Solid (L/S) ratios. The reported values were recalibrated to represent

percentage distributions, rather than absolute mass values. Each L/S ratio is symbol-

ized by a distinct bar, which collectively sum up to 100%, thereby underscoring the

comprehensive nature of the data presentation.

Figure 1.7: Percentage distribution of mass across various dimensional ranges for each evaluated

Liquid-to-Solid (L/S) ratio
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In general terms, two dimensional ranges - namely, greater than 2.8 mm (>2.8) and

between 0.4 and 0.3 mm (0.4 - 0.3) - were deemed unsuitable, for the following reasons:

• particles with dimensions larger than 2.8 mm fail to guarantee an optimal func-

tionality within the framework of a bed column system. These larger granules

exhibit a decreased packing efficiency, thereby detrimentally influencing the over-

all efficacy of the bed in terms of carbon dioxide adsorption;

• conversely, particles with dimensions ranging between 0.4 and 0.3 mm are ex-

cessively small. Such small particles are responsible for generating a significant

pressure drop within the adsorption system, which is also undesirable.

The adsorption tests for further analysis will be performed at two inlet velocities: 5

and 12 cm/s. According to Girimonte et.al (Girimonte et al., 2017a), these velocities are

deemed the minimal thresholds ensuring fluidization for particles falling within the 0.4 -

0.5 and 0.7 - 0.8 mm ranges, respectively. As these particle sizes align with the intended

application of our granules, the Liquid-to-Solid (L/S) ratio exhibiting the highest mass

distribution percentage within these dimensional parameters was considered optimal.

In the context of our system, the optimal Liquid-to-Solid (L/S) ratio has been de-

termined to be 115. This value has been selected for the fabrication of all granular

materials - encompassing geopolymer, geopolymer + 13x, and zeolites + APTES.

1.3.3 Characterization of the granules

1.3.3.1 Morphology and dimension of the granules

In Figure 1.8 are shown representative images of the granules produced. SEM was

used to confirm the occurrence of granulation. Figure 1.9 shows images of the original

geopolymer powders as well as of the surface of granules with dimensions varying from

0.6 to 0.8 mm, which reveal that the granules were not hollow and that the particles from

the initial powder were suitably encapsulated within the newly formulated geopolymer

matrix, confirming successful granulation.
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Figure 1.8: Images of the geopolymer granules obtained

(a) (b)

(c) (d)

Figure 1.9: SEM images of: (a) initial geopolymer powders; (b) external surface of a granule; (c)

internal surface of a granule, and (d) detail of the internal structure of a geopolymer granule
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Figure 1.10 shows the SEM images of the granules produced using zeolite particles

and a geopolymer liquid slurry (granules with dimensions varying from 0.6 to 0.8 mm).

Analogously to the case of geopolymer granules, the initial zeolite powder appears to

be effectively integrated within the newly formed geopolymer matrix. Interestingly,

however, the zeolites predominantly locate themselves on the external surface of the

granules, rather than internally.

(a) (b)

(c) (d)

Figure 1.10: SEM images of: (a) initial zeolite 13x powders, (b) external surface of a granule; (c)

internal surface of a granule, and (d) detail showing simultaneously the internal and the external

structure of a granule

The observed predominance of zeolite distribution on the external surface of the

granules may be correlated to the sub-optimal wettability of the zeolite powder batch.

This could be attributed to several relevant factors, such as:
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• contrast between hydrophilic/hydrophobic characteristics: zeolites, including 13x

variant, are generally recognized for their hydrophilic properties, suggesting their

strong attraction towards water (C. Wang et al., 2019). In contrast, geopolymers

typically exhibit a hydrophobic behavior (Ruan et al., 2022). This mismatch in

hydrophilic/hydrophobic properties could negatively affect their mutual interac-

tion;

• surface roughness and porosity: zeolites are porous materials with a microscop-

ically coarse surface texture (Wheatley et al., 2014). These characteristics can

hamper the establishment of thorough contact between the zeolite and geopoly-

mer surfaces;

• chemical dissimilarity: the pronounced alkaline environment formed by geopoly-

mer precursors may result in the partial disintegration or alteration of zeolite 13x

during the geopolymerization process, thereby exacerbating wettability issues.

However, having zeolites at the external surface is clearly advantageous, given the

active role of zeolites in the adsorption process. By being on the external surface, the

zeolites are directly exposed to carbon dioxide, thereby enhancing their active partici-

pation in adsorption.

For the granules comprised of geopolymer and APTES, further SEM analysis was

deemed unnecessary as the deposition post-granulation would not alter the overall mor-

phology of the granules.

The granules fabricated in this study are intended for carbon dioxide testing within

a fluidized bed column system, as previously mentioned. Prior to the adsorption test,

the dimension of each granule was characterized for their fluidization regime using a

standard technique (Girimonte et al., 2017b). This investigation was conducted at room

temperature and pressure, with dehumidified air serving as the fluidizing gas. Pressure

drop and bed expansion curves were derived from the measurements of pressure and

bed height during experiments conducted at both increasing and decreasing surface gas
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velocities, yielding consistent results.

Taking into account the two selected inlet velocities, the granule dimensions re-

quired for minimum fluidization should range between 0.8 and 0.4 mm. Consequently,

subsequent characterization tests were solely conducted on granules within these size

ranges.

1.3.3.2 Evaluation of the percentage of zeolite

In order to quantify the amount of zeolites within the geopolymer-zeolite compos-

ite granules, an initial analysis of ten distinct zeolite concentrations in a geopolymeric

matrix was conducted, employing X-ray diffractometry. The investigated concentra-

tions ranged from 100 wt% zeolites and 0 wt% geopolymer to 10 wt% zeolites and 90

wt% geopolymer, adjusting at increments of 10 wt%. In Figure 1.11 are reported, as an

example, the XRD patterns of zeolite 13x powders and sample GP3.8H25.

(a) (b)

Figure 1.11: XRD patterns for: (a) zeolite 13x powders, and (b) sample GP3.8H25

During each measurement, background noise was subtracted, as the increased geopoly-

mer presence increased the interference due to the amorphous nature of geopolymer

(see Fig.1.11b).

To normalize the gathered data, an initial analysis was carried out considering the

standard deviation of the intensity values for each angle measured during the investiga-

tion. The aforementioned analysis revealed that the angle yielding the smallest standard

deviation for intensity was 33.05493. Subsequently, all intensity values were standard-
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ized using the following formula:

NewIntensityi =
Intensityi

Intesnity33.05493
· 100 (1.7)

where NewIntensityi represents the standardized intensity value at angle I, Intensityi

denotes the unstandardized intensity value at angle I, Intesnity33.05493 corresponds to

the value for the angle 33.05493, exhibiting near constant properties across varying

compositions. A linear regression model was applied to the most prominent peak of the

zeolite, which was the one located at 6.33°.

The equation derived from the linear regression analysis is as follows:

y = 55.29x− 315.33 (1.8)

where x is the weight percentage of zeolite content, and y is the normalized intensity

values of the principal peak of zeolite 13x. Subsequently, XRD analyses of geopolymer

and zeolite granules in the dimensional ranges of 0.8 - 0.6 and 0.6 - 0.4 were performed.

The obtained patterns were normalized using the aforementioned method, and the max-

imum peak values were incorporated into equation 1.8 to determine the zeolite content.

The weight percentage of zeolites in the granules was approximated to be around 20

wt% for both dimensional ranges analyzed.

1.3.3.3 Compression strength of granules

For an accurate dimensional characterization of the granules, enabling the determi-

nation of their compression strength according to Eq.1.1, it was necessary to assess the

Sauter diameter. The results are reported in Table 1.2.

The weighted residual is a measure of the difference between the actual measured

scattering pattern and the theoretical scattering pattern calculated by the instrument’s

software based on the estimated particle size distribution. The weighted residual is ex-

pressed as a percentage. A lower percentage indicates a better fit between the measured
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Table 1.2: Sauter Diameter measured using Mastersizer 2000

Dimensional Range

(mm)

Sauter Diameter

(mm)

Weighted Residual

(%)

0.8 - 0.6 0.766 11.018

0.6 - 0.4 0.424 8.966

and theoretical scattering patterns, suggesting that the estimated particle size distribu-

tion is a good representation of the actual particle sizes in the sample. In our case, the

weighted residual was relatively low, suggesting that the estimated particle size distri-

bution was a reasonably good fit to the actual particle sizes in our sample.

Figure 1.12 reports the compression strength data for the tests carried out on both

the geopolymer granules and the composite granules of geopolymer and zeolite 13x.

Figure 1.12: Compression strength of the geopolymer and geopolymer + 13x granules for two dimen-

sional ranges: 0.8-0.6 mm and 0.6-0.4 mm
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In all the cases, we can observe that granules with smaller dimensions exhibited

greater compressive strength. This phenomenon can be attributed to the fact that smaller

granules typically experience higher shear stress during the high shear granulation pro-

cess, leading to a reduction in size (Han et al., 2019). Further research conducted by H

Wang and colleagues (H. Wang et al., 2005) has indicated that the application of pres-

sure to metakaolin-based geopolymers effectively eliminates most of the entrapped air,

thereby enhancing the compressive strength of the matrix in its early stages. In the case

of the geopolymer and zeolite composite granules, the characterization tests revealed

a significant drop in the compressive strength values compare to standard geopolymer

granules. This is further substantiated by the density values as outlined in Table 1.3,

where it is distinctly observable that smaller granules exhibit a higher bulk density

value, indicative of reduced porosity, as reflected in the Total Porosity value.

Table 1.3: Bulk density Value and Total Porosity measure by helium pycnometer for the geopolymer

granules produced

Granules’ dimension

(mm)

Bulk Density

(g/cm3)

Total Porosity

(%)

>2.8 0.95 75.49

2.8 - 1.4 1.06 73.68

1.4 - 0.8 1.12 69.98

0.8 - 0.6 1.17 67.83

0.6 - 0.4 1.22 67.6

There seems to be a clear correlation between the decrease in strength and the

amount of zeolite present in the granules; indeed, a 20 wt% zeolite content corresponds

to roughly a 20% reduction in compression strength. This may be attributed to the zeo-

lite particles serving as points of defect within the geopolymeric matrix, consequently
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diminishing the mechanical resistance of the granules. This implies a potential 1:1

relationship between the zeolite percentage and the granules’ compressive strength.

1.3.3.4 BET analysis on granules

Table 1.4 reports the SSA data from BET analysis carried out on starting powders

and all produced granules. Both geopolymer and geopolymer-zeolite granules exhib-

ited a trend where smaller granules possessed a reduced surface area. This can be at-

tributed to the lower porosity within these smaller granules, likely due to the increased

shear stress they endure during the granulation process, as previously mentioned

Table 1.4: SSA data for starting powders and geopolymer granules, geopolymer granules with zeolite

13x, and geopolymer granules functionalized with APTES.

Sample Name
BET

(m2/g)

GP Powders 82.718

GP (0.8 - 0.6) 16.975

GP (0.6 - 0.4) 15.354

13x Powders 359.233

GP - 13x (0.8 - 0.6) 151.675

GP - 13x (0.6 - 0.4) 122.709

GP (10% APTES) 52.354

GP (20% APTES) 30.457

Considering the results for granules treated with APTES, a notable decrease in sur-

face area value is observed with an increase in the APTES amount. This can be at-

tributed to the partial occlusion of surface pores by the APTES continuous layer. How-

ever, this effect aligns well with the objectives of this study, as the intention was to
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facilitate the interaction between APTES and carbon dioxide during the adsorption test,

primarily on the external surface of the granules.

1.3.4 Adsorption tests results

The outcomes of the adsorption tests are described by what is commonly termed as

ªbreakthrough curvesº. The evaluation of these breakthrough curves (see Figure 1.13)

was carried out with the objective of determining:

• the Breakthrough Time (tB): this denotes the period necessary for the concen-

tration of CO2 to attain 5% of the input concentration at the exit point of the

adsorption column. On the breakthrough curve, this represents the point at which

the C/Co ratio sees a significant rise from a virtually negligible value. This time

marker represents the inability of the adsorbent to wholly absorb the incoming

adsorbate, providing valuable insights into the effective operating duration of the

adsorbent before requiring regeneration or replacement;

• the Saturation Time (ts): this is representative of the moment when the adsorbent

has reached its adsorption capacity, i.e., it cannot intake any more of the adsor-

bate. On the breakthrough curve, this corresponds to the time when the C/Co ratio

reaches 1. At this point, the CO2 concentration in the effluent mirrors that of the

influent, suggesting that adsorption is no longer happening. This metric is crucial

as it points to the maximum operational capacity of the adsorbent, thus indicating

the overall duration for which an adsorbent can function before it is entirely spent

and necessitates either regeneration or replacement;

• the quantity of CO2 adsorbed per unit mass of the adsorbent mads (expressed as

C/Co), computed via the integration of the breakthrough curves.

Due to the similar results for the granules sized 0.8 - 0.6 and 0.6 - 0.4, the results

discussed further pertain exclusively to the granules within the 0.6 - 0.4 size range.
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(a)

(b)

(c)

Figure 1.13: Breakthrough curves of: (a) geopolymer granules, (b) geopolymer and zeolites 13x, (c)

geopolymer and APTES (concentration of CO2 = 10% and 20%; inlet velocity u =5 (u5) and u = 12

(u12))

To facilitate a more streamlined interpretation of the curves, the most crucial pa-

rameters extracted from the curves of Fig.1.13 have been concisely aggregated in Table

1.5.
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Table 1.5: Breakthrough time (tb), saturation time (ts) and mass of carbon dioxide adsorbed (CO2

adsorbed).

Sample Name
tb

(s)

ts

(s)

CO2 adsorbed

(g)
13x_10% [u5] 50 56 15.2

13x_10% [u12] 48 55 17,7
13x_20% [u5] 46 54 19

13x_20% [u12] 43 56 33
GP_10% [u5] 16 24 6.2
GP_10% [u12] 12 22 7
GP_20% [u5] 14 24 7.7
GP_20% [u12] 9 22 9.75

GP(13x)_10% [u5] 24 29 8.36
GP(13x)_10% [u12] 22 27 10
GP(13x)_20% [u5] 18 28 10.5
GP(13x)_20% [u12] 16 29 19

GP(Aptes10)_10% [u5] 37 45 13.2
GP(Aptes10)_10% [u12] 33 43 16.5
GP(Aptes10)_20% [u5] 31 44 22
GP(Aptes10)_20% [u12] 26 45 33
GP(Aptes20)_10% [u5] 53 59 15.9
GP(Aptes20)_10% [u12] 49 60 29
GP(Aptes20)_20% [u5] 44 56 32
GP(Aptes20)_20% [u12] 41 55 37

In contrast to commercially available zeolite 13x granules, geopolymer granules

exhibit a relatively lower adsorption capacity. This could be attributed to the proximity

of tb and ts values in geopolymer granules, indicating a rapid saturation process. This

phenomenon may be associated with the carbonation reaction mechanism that underlies

carbon dioxide adsorption in geopolymer granules. In the natural carbonation process,

atmospheric CO2 undergoes an acid-base reaction with a hydroxide (Sani et al., 2016;
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Zhang et al., 2014). However, in the context of geopolymers, efflorescence is primarily

driven by the availability of Na+ or K+ and OH− ions, according to the equations (for

Na+):

CO2 + 2OH− −→ CO2−

3 +H2O (1.9)

2Na+ + CO2−

3 CO2−

3 + xH2O −→ Na2CO3 · xH2O (1.10)

The accumulation of carbonate product on the external surface of the granules ap-

pears to restrict the accessibility to the granules’ porosity, thereby accelerating the sat-

uration process.

In the context of geopolymer and zeolite granules, it is noteworthy that despite

demonstrating a lower adsorption capacity, there is a 50% increase in efficiency with

only a 20 wt% presence of zeolites in the matrix. In this situation, the zeolites, located

solely on the granules’ external surface, adsorb the carbon dioxide while the underly-

ing geopolymer matrix serves as a storage medium. This process delays the saturation

point for zeolites 13x, thereby enhancing the zeolite’s overall adsorption capacity.

Regarding the functionalization of geopolymer granules with APTES achieved ad-

sorption levels that met the benchmark set by pure zeolite 13x. Remarkably, granules

functionalized with a 20% addition of APTES surpassed the adsorption capacity of the

zeolite granules. The underlying mechanism of adsorption is elucidated in the subse-

quent reaction:

CO2 + 2RNH2 ←→ RNHCO−

2 +RNH3 (1.11)

CO2 +H2O +RNH2 ←→ HCO3 +RNH+

3 (1.12)

In this scenario, chemisorption emerges as the dominant mechanism for CO2 up-
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take. The integration of diverse amine-based basic components into porous solid sor-

bents has been identified as a significant factor in boosting their capture capacity.

Specifically, the chemical interaction with CO2 leads to the generation of carbamates

and bicarbonates when CO2 reacts with amine groups under anhydrous and hydrous

conditions, respectively. The literature extensively documents the enhancement of

CO2 uptake by solid amine-based systems in the presence of H2O, attributed to the

formation of bicarbonates (Varghese & Karanikolos, 2020). Analogous to the case of

composite granules (geopolymer + 13x), the geopolymer serves as a storage medium,

prolonging the saturation time and thereby augmenting the total mass of carbon dioxide

adsorbed into the matrix.

Although we are pioneers in employing this innovative granulation technique to

fabricate geopolymer granules, drawing comparisons with existing literature proves to

be challenging. Nonetheless, the observed trends align well with documented findings.

It has been noted that geopolymer materials exhibit modest carbon dioxide adsorption

capacity (Candamano et al., 2019; Papa, Minelli, Marchioni, Landi, Miccio, Natali

Murri, et al., 2023). However, the functionalization of geopolymer with zeolite and

APTES significantly enhances the adsorption capability of these materials, a finding

that is well corroborated by existing literature (L. Han et al., 2022; Mahinpey et al.,

2023).

1.4 Conclusions

In conclusion, this research has successfully demonstrated a novel approach to en-

hancing carbon dioxide (CO2) adsorption through high-shear wet granulation of potassium-

based geopolymer, optimization of process parameters, and the application of various

functionalization techniques. Three types of granules were investigated: pure geopoly-

mer, geopolymer incorporating zeolite 13x, and APTES-functionalized geopolymer,

each subjected to CO2 adsorption testing under varying conditions. The results re-

vealed that the high-shear wet granulation of geopolymer resulted in well-formed and
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stable granules, making them suitable for CO2 capture applications. The optimiza-

tion of process parameters, in particular the viscosity of the geopolymer slurry and the

liquid-to-solid ratio, contributed to the efficient formation of granules. The geopoly-

mer granules demonstrated a significant CO2 adsorption capacity, which was further

enhanced by the incorporation of zeolites 13x and the functionalization with APTES.

Notably, the geopolymer-based granules with 20% of APTES functionalization exhib-

ited CO2 adsorption capacities that were either comparable to or exceeded that of the

benchmark zeolites 13x granules. These findings underscore the potential of using

functionalized geopolymer granules as effective adsorbents for CO2 capture. Future

research could explore other functionalization techniques and their impact on the ad-

sorption capacity of geopolymers, contributing to the development of more efficient

and sustainable solutions for CO2 capture.
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CHAPTER2

Direct ink writing of Geopolymer and Geopolymer

and Zeolite Components for Carbon Dioxide

Capture and Medical Waste Disposal

2.1 Abstract

The escalating urgency to address carbon dioxide (CO2) emissions and counteract

climate change has intensified research into effective carbon capture solutions. Solid

adsorbents, particularly geopolymer materials, have emerged as promising materials

due to their inherent properties such as high porosity, thermal stability, and chemi-

cal durability, making them prime candidates for CO2 adsorption. Concurrently, the

multifaceted application of Clenbuterol (CLE), especially its residues in the environ-
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ment, poses health risks, emphasizing the need for efficient pollutant removal methods.

Among various techniques, adsorption separation, enabled by advanced absorbent ma-

terials, is particularly favorable for its effectiveness and energy efficiency. This study

delves into the aqueous dissolution of Clenbuterol and the cationic exchange capacity

of geopolymers, especially in adsorbing pollutants that protonate in water. Leverag-

ing the potential of additive manufacturing, specifically the Direct Ink Writing (DIW)

technique, this research explores the suitability of geopolymers for robocasting, empha-

sizing the fabrication of lattice structures tailored for specific applications. Evaluations

of CO2 adsorption capacities across different geometries and sample types, including a

combination with Zeolite 13x, were also conducted to enhance CO2 capture. Further-

more, a proof of concept is presented, showcasing the potential of geopolymer-based

materials in medical waste treatment applications.

Keywords: Geopolymers; Robocasting; Medical Waste; CO2 adsorption

2.2 Introduction

The urgent need to mitigate carbon dioxide (CO2) emissions and combat climate

change has spurred significant research efforts toward developing efficient carbon cap-

ture technologies. Among various strategies, the utilization of solid adsorbents for CO2

capture has garnered significant attention due to its potential for large-scale implemen-

tation and cost-effectiveness (Samanta et al., 2011; Wang et al., 2011). Geopolymer

materials, with their unique properties including high intrinsic meso-porosity, ther-

mal stability, and chemical durability (Davidovits, 2013; Duxson et al., 2007), have

emerged as promising candidates for CO2 adsorption applications (Novais et al., 2020).

Clenbuterol (CLE) is a β2-adrenergic agonist with diverse applications. While it’s

commonly incorporated as a feed supplement to recalibrate the metabolic pathways

of nutrition, boosting protein synthesis, and minimizing fat accumulation (Degand et

al., 1992) it has also found utility in the medical realm as a bronchodilator to manage
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asthma and related respiratory ailments. However, residues of CLE in the environ-

ments, present significant health concerns. The presence of such residues in the human

body, can lead to symptoms such as chronic intoxication, palpitations, and dizziness

(Kang et al., 2016; Martinez-Navarro, 1990). Among the available approaches to elim-

inate environmental organic pollutants, methods like biodegradation (Allan et al., 2007)

and photocatalysis (Yu et al., 2014) exist. However, adsorption separation stands out

for its efficiency, purity assurance, and low energy consumption (Akpinar et al., 2019).

This technique’s success hinges on the advancement of suitable absorbent materials,

emphasizing attributes such as an extensive surface area, rapid adsorption, lasting sta-

bility, and user-friendly recyclability.

The aqueous dissolution of Clenbuterol is governed by the following chemical reac-

tions:

C12H18Cl2N2O +H2O ←→ C12H18Cl2N2OH+ +OH− (2.1)

Geopolymers are recognized for their remarkable capacity to adsorb heavy metal

ions through cation exchange (Ariffin et al., 2017; Cheng et al., 2012) . Owing to

their inherent propensity for cationic exchange with the surrounding environment, there

has been increasing interest in employing geopolymers for the adsorption of emerging

pollutants, particularly those that undergo protonation upon immersion in water.

Additive manufacturing (AM) of ceramics is a very attractive field of research that

has the potential to disruptively change the way complex shaped bodies are fabricated

(Zocca et al., 2015). The Direct Ink Writing (DIW) technique was originally named

Robocasting after Cesarano’s patent (Cesarano III & Calvert, 2000) and is a layer by

layer fabrication technique which involves the robotic deposition of a viscoelastic ink

extruded through a fine nozzle. Central to the approach is the creation of an ink that

can be extruded in filamentary form and can undergo rapid solidification to maintain the

shape of such filaments even as they span gaps in the underlying layer(s). Evaporation

of solvent can be employed as mean of rapid solidification for pastes with high solid

loading, but there are limitations in terms of nozzle size (typically > 0.5 mm) in order
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to prevent clogging.

It is well-established that geopolymers are materials aptly suited for production

via robocasting (Botti et al., 2021; Franchin et al., 2017a) . The possibility of using

geopolymers as ink in DIW for the fabrication of lattice structures makes this material

even more interesting, precisely for enabling the a priori design of optimized structures

as a function of the specific application (Bai et al., 2017; Franchin et al., 2017b; Panda

et al., 2017; Zhong et al., 2017).

In evaluating the adsorption capacity for carbon dioxide, two geometries, linear and

shifted, were examined for two sample types: Geopolymer and Geopolymer-13x. Ze-

olites 13x is well known for their exceptional CO2 adsorption properties (Konduru et

al., 2007); this combination aimed at enhancing the CO2 capture capacity of the pure

geopolymer.

For applications in medical waste treatment, only the linear geometry was evaluated

using geopolymer-based materials. This assessment aims to provide a proof of concept

for a novel application of geopolymer-based materials.

2.3 Experimental

2.3.1 Ink Preparation

In the formulation of the ink, a geopolymer composition with a SiO2/Al2O3 ratio

of 3.8 and an H2O/Al2O3 ratio of 18 was utilized. The selection of a SiO2 to Al2O3

ratio of 3.8 aligns with the observed peak in the mechanical strength of geopolymers,

as well documented in the literature (Duxson et al., 2005; Vora & Dave, 2013). Fur-

thermore, internal studies conducted by our research team on the surface area analysis

of various geopolymer compositions revealed an optimal balance for the H2O to Al2O3

ratio at 18. This specific ratio not only ensures a substantial porosity but also maintains

smaller pore dimensions, resulting in a notably high surface area. To manufacture the

inks, metakaolin (Argical 1200s, Imerys, France) was mixed with an alkaline solution

for 1 hour in a thermostatic bath at 0°C. The alkaline solution was obtained by dissolv-
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ing potassium silicates (Kaslov 205 PQ Corporation) and potassium hydroxides (Sigma

Aldrich) into distilled water. A K2O/Al2O3 ratio of 1 was selected. To optimize the

rheological properties for robocasting compatibility, sodium bentonite (sourced from

ClearOFF Minerals, UK) was incorporated into the mixture, to increase its pseudo-

plasticity, in an amount of 5 wt%. For the geopolymer and zeolite 13x specimens,

commercially available 13x (Sigma Aldrich) was employed. Given that the composite

formulations comprise up to 60 wt% zeolites, the integration of a minor proportion of

carbon methyl cellulose was deemed essential.

Carbon methyl cellulose plays a dual role, acting both as a dispersant (Park et al.,

2023; Wellham et al., 1992) and as a water retention agent (Lavanya et al., 2011; Wu

et al., 2021). Zeolites are well-documented for their significant water adsorption ca-

pacity (Bolis et al., 2006; Jänchen et al., 2004). This characteristic necessitates the use

of a greater water quantity than typically required in standard geopolymer composi-

tions. Excessive water can induce phase separation during the printing process. The

incorporation of methylcellulose addresses this challenge. However, it is imperative

to moderate its addition, as carbon methyl cellulose has been observed to decrease the

overall surface area of the sample (Long et al., 2019). This is particularly crucial in

carbon dioxide adsorption studies, where the surface area is a paramount property that

must be preserved. Any reduction in this attribute is undesirable.

2.3.2 Direct Ink Writing

After mixing, the ink was transferred into a plastic syringe, which served as a car-

tridge for direct ink writing. Each syringe can contain up to 30 mm3 of ink. The car-

tridges were mounted on a Delta printer (Delta Wasp 2040 Turbo, Wasproject, Massa

Lombarda, IT) equipped with a pressurized vessel and an infinite screw for paste ex-

trusion. The layer resolution of the printer is 50 µm. The system can mount the same

kind of conical nozzles employed on the previous device; no difference was detected

between samples printed with one or the other.
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The ink was extruded at room temperature through the tip of a tapered capillary

nozzle of size 0.84 mm (Nordson Italia S.p.a., Segrate, IT) to form a geopolymeric

filament that was deposited onto a flexible polyimide substrate. The substrate was

generally kept in air, but could also be immersed in a hydrophobic liquid (typically oil)

to limit drying and clogging issues. Printing was carried out at ambient temperature.

The extrusion occurred at a predetermined flow rate and deposition speed . After

patterning one layer, the nozzle was incrementally raised in the z-direction to gener-

ate the next layer. This process was repeated until the desired structure was formed.

3D periodic lattices composed of a simple tetragonal geometry, for example, could be

assembled by patterning an array of parallel filaments in the x-y plane such that their

orientation was orthogonal to the layers immediately above and below a given layer.

Alternatively, the nozzle could be gradually raised in the z-direction as the print pro-

gresses to build objects in a spiral fashion. Solidification occurred in a sealed container

at a constant 100% relative humidity (RH), achieved by placing a water container within

the chamber and monitoring RH using a hygrometer, to proceed with the curing process

at 40°C for one day. Afterwards, additional aging was carried out in a sealed container

at a 75 %RH for seven days, achieved by placing a supersaturated NaCl solution within

the chamber and monitoring using a hygrometer. This combination of curing and ag-

ing processes was used because it was demonstrated to provide optimal mechanical

properties for the geopolymer (Muracchioli et al., 2023). The samples produced for

the CO2 adsorption test were printed through a nozzle with a diameter of 840 µm; the

layer height was set at 600 µm to provide a small overlap between the layers and there-

fore better adhesion. Utilizing the specified parameters, two distinct geometries were

fabricated:

• Linear Geometry: Characterized by its layering pattern, the initial layer is fol-

lowed by a second layer extruded at a 90-degree angle. The third layer aligns pre-

cisely with the first, and this sequence continues until the desired sample height is

attained;
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• Shifted Geometry: While the first two layers mirror those of the linear geome-

try, the third layer exhibits a shift relative to the first, equivalent to half the strut

diameter in the x-direction.

For the samples designated for clenbuterol adsorption, a singular geometry was fab-

ricated. We opted for a more tortuous geometry, characterized by layers stacked at a

30-degree angle relative to one another.

2.3.3 Scaffolds Geometry

In this study, two distinct geometrical configurations are examined. The first, termed

"Linear," is depicted in Fig.2.1a and Fig.2.1b. Conversely, the configuration named

"Shifted" can be observed in Fig.2.1c and 2.1d.

For each geometry, the filament has a dimension of 0.84 mm. The primary dis-

tinction lies in the layer alignment: in the linear geometry, all layers are seamlessly

superimposed, whereas in the shifted geometry, layers are offset by half a diameter.

Consequently, the shifted geometry exhibits a more tortuous internal structure com-

pared to its linear counterpart, increasing the pressure drop of the component but also

the contact time between the fluid and the solid scaffold.
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(a) (b)

(c) (d)

Figure 2.1: Examined Geometry: (a) Linear Frontal Perspective, (b) Linear Cross-sectional View , (c)

Shifted Frontal Perspective, (d) SHiftedCross-sectional View

2.3.4 Characterization

The specific surface area (SSA) of the scaffolds curshed was determined by multi-

point Brunauer, Emmett, Teller (BET) method with Quantachrome Autosorb iQ (Quan-

tachrome Instruments, Boynton Beach, Florida), with a degassing temperature of 120°C

for approximately 16 h under reduced pressure and analysis by N2 adsorption at liquid

nitrogen temperature.
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The microstructure was assessed by means of a field emission scanning electron

microscope (Sigma FESEM, Carl Zeiss).

Permeability tests were conducted on two distinct geometries: linear and shifted,

both of which were utilized in the adsorption processes of carbon dioxide and clen-

buterol. These tests were performed within a steel cylinder measuring 0.049 m in length

and 0.02 m in diameter. Pressure sensors were strategically positioned at both the top

and bottom of the cylinder. These sensors were interfaced with an Arduino system,

which facilitated the conversion of analytical measurements into digital data. Subse-

quently, this digital data was processed and analyzed using Excel.

2.3.5 CO2 adsorption tests

Figure 2.2 reports a visualization of the system implemented for the carrying out of

the carbon dioxide adsorption studies.

Figure 2.2: CO2 adsorption schema

The Geopolymer and Geopolymer and Zeolites scaffolds with a diameter of 25 mm

were introduced into the column. Subsequently, an air mixture, containing two distinct

carbon dioxide concentrations (10 and 20%), was introduced from the bottom of the
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column, under two different inlet velocities (5 and 12 cm/s). A sensor, strategically

positioned at the top of the column, was utilized to quantify the concentration of air at

the column’s outlet. The data obtained from this experiment enabled to plot the back-

through curves, which were then compared with the performance of granules analyzed

in chapter 1.

2.3.6 Clenbuterol adsorption test

To study the adsorption kinetics, geopolymer specimens first underwent multiple

rinses with deionized water. During these rinses, the pH of the resultant solution was

consistently gauged using litmus paper until it stabilized at a pH level of 7. This step

was imperative due to the inherent tendency of geopolymers in aqueous solutions to

increase the pH. This phenomenon can be attributed to the availability of Na+ or K+

and OH−. This availability is directly linked to the porous structure of the geopolymer

and its ion exchange abilitiy (Longhi et al., 2019). When exposed to water, these alkali

entities have a propensity to form hydroxide species, leading to an elevation in pH lev-

els. An initial CLB (Sigma Aldrich) solution was formulated by taking a 5 ml sample

of a 0.902 mM CLB solution in milliQ water and diluting it with an additional 20 ml of

milliQ water. This resulted in a final volume of 25 ml, with a CLB concentration set at

50 mg/L (0.18 mM). For the adsorption assay, 3 g of geopolymer, equivalent to a single

printed scaffold, was mixed with 20 ml of milliQ water and 5 ml of the aforementioned

0.902 mM CLB solution. This combination produced a 25 ml solution, preserving a

CLB concentration of 50 mg/L (0.18 mM). The prepared solutions underwent agita-

tion in an orbital shaker, operating at 150 rpm and maintained at 25°C. The adsorption

trials were conducted at sequential timeframes of 5, 15, 30, 60 and 180 min. Follow-

ing the agitation process, aliquots from these solutions were retrieved and subsequently

subjected to HPLC-UV analysis. A supplementary set of experiments was undertaken

using milliQ water, facilitated through a controlled-flow syringe pump. This involved

a geopolymer, which was 3D printed with an altered compositional makeup. The sy-
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ringe was primed with 20 mL of a CLB solution at a concentration of 50 mg/L in

milliQ water. Notably, an initial 2 mL, considered as the dead volume, was systemat-

ically discarded. The subsequent elution process was calibrated to a flow rate of 0.1

ml/min, ensuring the collection of a 3 mL sample post the 30-minute mark. Sequen-

tial adsorption assays were carried out in milliQ water, wherein solution fractions were

methodically extracted from the syringe at designated intervals of 10, 20, 30 min and 1

and 3 h, followed by their respective analyses.

For the evaluation of the adsorption isotherm, the geopolymer specimens underwent

the same rinsing processes as the previous set of samples. Subsequently, an array of

solutions was formulated, each with distinct pollutant concentrations: 20, 50, 100, 200,

and 500 mg/L. These solutions were subjected to agitation in an orbital shaker for a span

of 3 hours, operating at 150 rpm and maintained at 25°C. Subsequent to the agitation

phase, aliquots from these solutions were retrieved and then subjected to HPLC-UV.

2.4 Results and Discussion

2.4.1 BET analysis

Table 2.1 presents the specific surface area (SSA) data, as determined by the BET

analysis, for the pure zeolite 13x powder, two distinct optimized compositions of the

geopolymer and zeolite ink, as well as the refined geopolymer ink in its pure form.

Table 2.1: SSA data for zeolite 13x powders, Geopolymer ink and Geopolymer + 13x with 1 and 2 wt%

addition of carbon methyl cellulose (CMC).

Sample Name
BET

(m2/g)

13x Powders 359.23

GP SCaffolds 99.67

GP + 13x (1% CMC) 212.08

GP + 13x (2% CMC) 190.49
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As described in Section 2.3.1, the formulation of ink with up to 60 wt% zeolites

necessitates the inclusion of a modest amount of carboxymethyl cellulose (CMC). This

serves dual purposes: acting as a dispersing agent and ensuring water retention to miti-

gate potential phase separation during the printing phase. Specifically, two ink compo-

sitions were optimized, subsequently printed, and their surface areas evaluated. It can

be noticed in Table 1, that an increasing in the CMC concentration corresponded to a re-

duction in the specific surface area (SSA), as expected. This is suboptimal, as a greater

surface area directly correlates with enhanced adsorption capacity of the materials. For

carbon dioxide adsorption, the mechanism is predominantly physisorption (Minelli et

al., 2018; Papa et al., 2021), making the accessibility of the matrix pores paramount

to maximize the adsorption potential of our materials. Analogously, in the context of

clenbuterol, existing literature has extensively elucidated that the adsorption mecha-

nism of geopolymers, especially in the presence of cations, is predominantly governed

by cation exchange (Franchin et al., 2020; Zhang et al., 2023). This accentuates the

criticality of ensuring optimal pore accessibility. Given these insights, we resolved

to fabricate all samples with a mere 1 wt% of CMC in the composition, despite this

leading to a marginally more complex printing procedure. Reducing the CMC concen-

tration implies that the mixing process must adhere to stringent controls to circumvent

potential aggregate formation, which could obstruct the nozzle and compromise the

printing process.

2.4.2 SEM analysis

Figure 2.3 shows the SEM micrographs of the fracture surfaces captured at diverse

magnifications. At the lowest magnification, the filament exhibits a limited degree of

closed porosity, a consequence of air bubbles becoming entrapped within the viscous

inks. One method to mitigate the occurrence of these undesired air bubbles is through

defoaming. However, given the swift initiation of polycondensation due to the heat gen-

erated by the mixer motor, defoaming isn’t always feasible prior to printing. This makes
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the presence of such closed porosity somewhat inevitable without the intervention of

specialized apparatus. Predictably, upon closer inspection at elevated magnifications,

the geopolymer matrix bears a visual resemblance to both the matrix of geopolymer

granules and the overarching geopolymer structure. Notably, the lamellar formations,

particularly evident in Fig.2.3c, are ascribed to the inclusion of bentonite, which is

introduced to enhance the pseudoplastic behavior of the geopolymer, making it more

suitable for 3D printing applications

(a) (b)

(c) (d)

Figure 2.3: SEM micrographs for GP13 showing the fracture surface of a filament at 100x magnification

(a), 800x magnification (b), 2000x magnification (c) with associated BSE mode (d).

Figure 2.4 displays the SEM micrographs of the combined geopolymer and zeolite

scaffolds. Within Fig.2.4a, the zeolite 13x powder is shown, showcasing its charac-

teristic cubic morphology. Echoing observations from the preceding figure, the fila-
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ments exhibit closed porosity, a consequence of the inevitable entrapment of air bubbles

within the ink, attributable to its high viscosity. Observations from Fig.2.4b and 2.4c

distinctly highlight the zeolite (comprising 60 wt% by weight) as the predominant con-

stituent within the filament’s matrix. Nonetheless, the surrounding geopolymer matrix

remains discernible, encapsulating the zeolite powder.

(a) (b)

(c) (d)

Figure 2.4: SEM micrographs for (a) zeolite 13x initial powder and GP+13X showing the fracture

surface of a filament at 100x magnification (b), 800x magnification (c), 2000x magnification (d). .

2.4.3 Permeability test

In the realm of porous media, laminar fluid flow can be characterized by Darcy’s

law (Nield et al., 2017). This law is mathematically represented as:

∆P

L
=

µ

k1
· vs (2.2)
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Within this framework, the pressure differential, ∆P , spanning a length L, is di-

rectly proportional to the fluid’s velocity, denoted as vs. This relationship is modulated

by the dynamic viscosity, µ, and the intrinsic permeability of the porous medium, sym-

bolized as k1. However, at elevated velocities, it becomes imperative to account for

the inertial effects stemming from turbulent flow. This necessitates the application of

Forchheimer’s equation.

∆P

L
=

µ

k1
· vs +

ρ

k2
· v2s (2.3)

where ρ indicates the fluid density and k2 represents the inertial permeability. Fur-

thermore, in scenarios involving compressible flow, the pressure differential is ex-

pressed as:

∆P =
P 2
in − P 2

out

2Pout

(2.4)

Consequently, one can employ a polynomial regression to ascertain the two perme-

ability coefficients that are intrinsically dependent on the structure (EriÂc et al., 2011).

For the distinct geometries, namely linear and shifted, the coefficients k1 and k2 are

comprehensively tabulated in Table 2.2.

Table 2.2: k1 and k2 coefficients for the linear and shifted geometry

Geometry k1 k2

Linear 4.88E-09 3.59E-04

Shifted 2.52E-09 3.48E-04

Referring to Table 2.2, it is evident that the shifted geometry leads to a decreased

permeability in comparison to its linear counterpart. This suggests that, under laminar

flow regimes, the shifted geometry inherently possesses reduced permeability. Con-

versely, under turbulent conditions, it presents decreased flow resistance. It is pertinent

to note that the CO2 adsorption tests were conducted under laminar conditions. As il-

lustrated in Figure 2.1d, the internal architecture of the shifted geometry is notably more
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tortuous compared to that of the linear configuration. Given this structural intricacy, it

is logical to infer that the shifted geometry would exhibit increased resistance leading

to longer contact times between fluid and solid, potentially enhancing its carbon diox-

ide adsorption capacity. A detailed analysis and interpretation of this phenomenon will

be articulated in the ensuing sections, which discuss the results of the carbon dioxide

adsorption tests.

2.4.4 CO2 adsorption

In this particular instance, the adsorption tests yielded what are termed as ªbreak-

through curvesº. An in-depth discussion on this topic is presented in Chapter 1, Section

1.3.4. Table 2.3 summarizes the CO2 adsorption results for both geometries (linear and

shifted) for both geopolymer matrix and geopolymer with 60 wt% of zeolite 13x.

Table 2.3: Breakthrough time (tb), saturation time (ts) and mass of carbon dioxide adsorbed (CO2

adsorbed).

Sample Name

tb

(s)

ts

(s)

CO2 adsorbed

(g)

GP_linear_10% [u5] 13 23 6.82

GP_linear_10% [u12] 9 22 7.6

GP_linear_20% [u5] 14 24 8.18

GP_linear_20% [u12] 7 19 9.23

GP_Shifted_10% [u5] 13 23 8.28

GP_Shifted_10% [u12] 7 19 9.06

GP_Shifted_20% [u5] 12 22 9.77

GP_Shifted_20% [u12] 8 20 11.22

GP13x_linear_10% [u5] 43 55 31.75

GP13x_linear_10% [u12] 40 54 34.84

GP13x_linear_20% [u5] 45 59 40.05

GP13x_linear_20% [u12] 41 53 45

GP13x_Shifted_10% [u5] 46 59 41.87

GP13x_Shifted_10% [u12] 39 55 48.16

GP13x_Shifted_20% [u5] 47 66 49.84

GP13x_Shifted_20%[u12] 43 65 56

An analysis of the data presented in the table reveals a discernible influence of the

geometry factor on both the geopolymer and the combined geopolymer-zeolite ma-
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trix, culminating in an approximate 25% increase in CO2 adsorption capacity for the

shifted geometry. This observation is conceivably attributable to the permeability test

outcomes, which indicate that the shifted geometry imposes greater resistance to fluid

passage under laminar flow conditions. Such resistance increases the time of interaction

between the air and the solid matrix, thereby enhancing the adsorption process. In the

context of the geopolymer matrix, both tb and ts exhibited close values, suggesting a

swift saturation process. This is probably linked to the carbonation reaction mechanism

that takes place on the external surface, leading to pore obstruction and subsequently

hindering the continuation of the physisorption mechanism. Further insights into this

reaction can be found in Chapter 1, Section 1.3.4 of this thesis.

The incorporation of zeolite within the matrix consistently yields positive outcomes,

as corroborated by the findings related to the geopolymer and zeolite granules delin-

eated in Chapter 1. This integration amplifies the adsorption potential inherent to the

geopolymer alone. Analogous to the granular scenario, the geopolymer matrix acts as a

reservoir, prolonging the saturation point of the zeolite, thereby enhancing the zeolite’s

overall efficacy.

For a comprehensive juxtaposition of the printed structures and granules, Figure

2.5 selectively showcases the most optimal outcomes observed for both granular and

scaffold configurations.

In the presented figure, the label "gr" denotes granules, whereas those without this

label represent 3D-printed structures. The symbol "x" refers to samples made of geopoly-

mer and zeolite, while "Ax" signifies APTES functionalization, with "x" indicating the

APTES quantity as elaborated in Chapter 1. Notably, when considering solely the

geopolymer matrix, both granules and 3D-printed structures exhibit nearly similar re-

sults. However, the geometry factor’s influence slightly enhances the CO2 adsorption

capacity in the 3D-printed structures. A significant improvement in performance is

evident when examining the combined geopolymer and zeolite matrix. It’s crucial to

recognize that the zeolite content in the 3D-printed structure (60 wt%) substantially
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Figure 2.5: Comparative illustration of CO2 adsorption capacity between 3D-printed structures and

granules.

exceeds that in the granules (20 wt%), explaining the former’s enhanced adsorption

capability. This underscores that, in the DIW process, controlling the zeolite content

(and other additives) in the matrix is more manageable since it’s not process-dependent;

the powders are simply mixed with the geopolymer. In contrast, granulation is heav-

ily process-dependent, as discussed in Chapter 1, particularly when addressing powder

wettability.

Observing the 13x, which acts as a benchmark, it is clear that both linear and shifted

geometries for the geopolymer and 13x matrix surpass the benchmark values. This

underscores the potential of these materials and the associated process for commercial

applications in carbon dioxide adsorption.
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2.4.5 Clenbuterol adsorption

Figure 2.6 presents the clenbuterol adsorption outcomes for the 3D geopolymer scaf-

folds featuring the shifted geometry, juxtaposed against the benchmarkÐcommercially

available activated carbon (PAC).

Figure 2.6: Comparative analysis of clenbuterol adsorption in milli-Q water between Geopolymer with

shifted geometry and commercially available activated carbon pellets (PAC).

Figure 2.6 illustrates that, initially (within the first 5 seconds), PAC demonstrates a

marginally superior adsorption efficiency. Specifically, the clenbuterol percentage de-

creased to 15% for PAC, whereas it reached 23.5% for the geopolymer structure. Nev-

ertheless, post this initial phase, the geopolymer showcases a superior overall adsorp-

tion capability, reducing clenbuterol levels to approximately 5%, whereas PAC does

not drop below 10%. Within the initial 3 hours, the geopolymer exhibits a peak clen-
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buterol adsorption of 47.5 mg/L, corresponding to an adsorption efficiency of approx-

imately 95%. These findings are particularly remarkable given the cost-effectiveness

of geopolymers (priced at 1 euro per kilogram). Utilizing a DIW methodology, these

geopolymers can be printed and molded into a vast array of geometries, rendering them

suitable for a plethora of systems. The adsorption behavior of clenbuterol in our 3D

printed geopolymer samples, when interpreted through the lens of a second-order ki-

netic model, offers several pivotal insights. The model suggests that the rate of clen-

buterol adsorption is closely tied to the square of the number of unoccupied sites on

the geopolymer surface. This could potentially indicate interactions between two clen-

buterol molecules or between clenbuterol and specific active sites on the geopolymer

during the adsorption process (Akpen et al., 2018). The mathematical representation of

the second-order kinetic model is provided below:

t

qt
=

1

k2q2e
+

t

qe
(2.5)

Where:

• t is the time of adsorption

• qt is the amount of solute adsorbed at time t

• k2 is the second-order rate constant of adsorption

• qe is the equilibrium adsorption capacity, i.e., the amount of solute adsorbed at

equilibrium

To visually demonstrate the alignment of our data with the second-order kinetics, a

graphical representation of the adsorption behavior is depicted:

This graph underscores the fit of our experimental data to the second-order kinetic

model, emphasizing the chemisorptive nature of the adsorption process (An, 2011).

While the second-order model aptly describes our observed data, it’s essential to ap-

proach this interpretation with caution. The fit to this model doesn’t exclusively confirm
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Figure 2.7: Graphical representation of clenbuterol adsorption data aligned with the second-order ki-

netic model

a chemisorptive process, and other kinetic models and experimental evidence should be

considered when interpreting the underlying mechanism. Of practical significance, the

geopolymer’s congruence with the pseudo-second-order model might be attributed to

diffusion-based mechanisms, especially given the unique 3D printed structure of the

samples. This suggests that the geopolymer’s structure plays a pivotal role in enhanc-

ing clenbuterol adsorption, offering potential avenues for further optimization (Hubbe

et al., 2019).

Figure 2.8 presents the clenbuterol adsorption outcomes under flow conditions in

the syringe. This methodology is designed to simulate a real-world continuous flow

process scenario.
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Figure 2.8: Adsorption data of clenbuterol on geopolymer scaffolds under regulated continuous flow

conditions.

In this instance as well, the geopolymer demonstrates notable adsorption potential,

achieving up to 87.4% clenbuterol adsorption in a span of 30 minutes, corresponding

to an adsorption rate of 46mg/L.

Extended tests were conducted over durations up to 24 hours. Over these prolonged

periods, a marginal increase in clenbuterol concentrations was observed. This rise is

likely attributed to residual alkali from the sample’s washing pretreatment. This alkali

surplus may elevate the solution’s pH, prompting the release of clenbuterol from the

geopolymer matrix (refer to the chemical reaction 2.1). Notably, this phenomenon was

absent in continuous flow tests. Addressing this issue might involve more thorough

hot water rinsing of the sample to ensure deeper cleaning. Alternatively, adjusting the
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geopolymer’s chemical formulation to have an alkali deficit (K20/Al2O3 <1) could be

beneficial. As previously documented, this approach effectively mitigated geopolymer

efflorescence (Simão et al., 2021), a condition known to arise from excessive alkali

presence (refer to Chapter 1).

2.5 Conclusions

In summary, this study effectively employed the Direct Ink Writing (DIW) method

to fabricate both geopolymer and geopolymer-zeolite structures, exploring two distinct

geometries: linear and shifted. The findings underscore the significant influence of

geometry on performance, with enhancements observed up to 25%. The DIW tech-

nique offers superior control over the zeolite content in the composition, in contrast to

the granulation method where zeolite incorporation within the geopolymer matrix is

heavily process dependent. Notably, geopolymers containing 60%wt of 13x showcased

exceptional carbon dioxide adsorption capacities, outperforming standard 13x gran-

ules. Specifically, the shifted geometry recorded a carbon dioxide adsorption rate 40%

higher than the benchmark. These outcomes hold substantial promise for the successful

commercialization of such products. However, a primary challenge remains scaling up

the DIW process for industrial applications.

In the context of clenbuterol adsorption tests, the obtained results highlighted a re-

markable adsorption capability, surpassing the benchmark set by activated carbon pel-

lets (PAC). Additionally, flow-controlled continuous tests, which emulate real-world

scenarios, further affirmed the potential and promise of geopolymers in such applica-

tions. Future research endeavors will focus on refining the sample’s geometry to further

harness the material’s inherent high adsorption capacity. Concurrently, efforts will be

directed towards optimizing the sample’s pretreatment to mitigate leaching, potentially

achievable through compositional adjustments.

56



CHAPTER3

Optimization of Geopolymer Membrane

Production for Enhanced Microplastic Adsorption

3.1 Abstract

A groundbreaking use of geopolymer for microplastic adsorption has been explored.

Leveraging a warm press technique, geopolymer membranes were fabricated in less

than 30 minutes. This study investigated the effects of process parameters such as

pressure and temperature on the membrane properties. Membrane characterization was

conducted using the Ball on Three Balls test (BRB) to assess compressive strength,

and mercury porosimetry was used for evaluating surface area, pore volume, and total

porosity. Following these analyses, two optimal combinations of pressure and tempera-

ture were identified that offered a balance between porosity, surface area, and compres-
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sive strength. Membranes produced under these conditions were subjected to microfil-

tration tests with pure water. The study further explored the impact of fluid pressure

and temperature on permeability. Preliminary data suggest that our membranes per-

form optimally at 10 bar and 50°C. Current tests are assessing the size of microplastic

particles these membranes can intercept, aiming to establish the potential of these ma-

terials, manufactured via this approach, to address the pressing environmental issue of

microplastic pollution in contemporary society.

Keywords: Geopolymers; Membranes; Microplastics

3.2 Introduction

Microplastics, polymeric particles with sizes ranging from 1 µm to 5 mm, are either

of primary or secondary origin and can have regular or irregular shapes (Frias & Nash,

2019; Prata, 2018). These small plastic fragments are often detrimental to aquatic life.

Primary microplastics are found in many personal care and cosmetic products, while

secondary ones originate from various sources, including the degradation of larger plas-

tic debris into smaller pieces (Li et al., 2018). Microbeads from facial cleansers, tooth-

paste, and the numerous microplastic fibers released during washing are frequently

discharged directly into wastewater (Cheung & Fok, 2017; Fendall & Sewell, 2009;

Murphy et al., 2016a; Sun et al., 2019a; Ziajahromi et al., 2017a). These microplastics

are collected in wastewater treatment plants (WWTPs), and untreated wastewater efflu-

ent has been identified as a significant source of microplastics in aquatic environments

(Ali et al., 2021; Murphy et al., 2016b; Sun et al., 2019b; Ziajahromi et al., 2017b).

Given the vast quantities of microplastics produced, especially from activities like

laundry where a single wash can release up to 236,000 microfibers, it’s estimated that

around 2.2 × 1018 synthetic fibers are introduced into aquatic systems annually, even af-

ter WWTP processes (Belzagui et al., 2019; Galvão et al., 2020; Napper & Thompson,

2016), primarily because conventional WWTPs aren’t designed to retain microplastic
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fibers (Talvitie et al., 2017a; Wu et al., 2021). Recent research suggests that mitiga-

tion should occur before these fibers even reach the WWTPs (Belzagui et al., 2020;

Gavigan et al., 2020; Lv et al., 2019). Commercial devices, both in-drum and external

filters, have been developed to capture microplastic fibers during laundry cycles, with

efficiencies ranging from 21% to 87% (McIlwraith et al., 2019; Napper et al., 2020).

Studies have shown that membrane bioreactor (MBR) processes, especially those

using polymeric microfiltration (MF) membranes with a nominal pore size of 0.4 µm,

achieve the highest microplastic removal rate of 99.9% in full-scale WWTPs (Sun et al.,

2019c; Talvitie et al., 2017b). However, the use of polymeric membranes can lead to

secondary microplastic contamination due to the shedding of fibers from the membrane

itself (Ding et al., 2021; Huang et al., 2020). As a result, alternative durable membrane

materials, such as ceramic membranes, have gained popularity. These membranes offer

higher water permeance, lower fouling propensity, and are increasingly used in various

industrial wastewater treatments (Cha, Boo, & Park, 2022; Cha, Boo, Song, et al., 2022;

Cha et al., 2020; Jeong et al., 2017; Kim & Park, 2022; Lee et al., 2022) .

The advancement in geopolymer technology has been significantly propelled by in-

novative fabrication techniques aimed at enhancing the mechanical and microstructural

properties of geopolymers. Among these techniques, hot-pressing has emerged as a

promising method, demonstrating substantial improvements in geopolymer densifica-

tion and mechanical robustness.

In a pioneering study by Ranjbar et al. (Ranjbar et al., 2017) , the hot-pressing tech-

nique was utilized to fabricate fly ash-based geopolymer, achieving an impressive com-

pressive strength of 134 MPa under optimized conditions of temperature, pressure, and

duration. The study highlighted the crucial role of induced pressure in augmenting the

mechanical attributes of the geopolymer. Similarly, another investigation by Ranjbar

et al. (Ranjbar et al., 2018) elucidated the dual effects of temperature and curing time

on the kinetics and mechanical properties of VA-based hot-pressing geopolymer. The

findings revealed a notable improvement in the dissolution trends of aluminosilicates
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with the increment in temperature and curing time, thereby accelerating the geopoly-

merization kinetics.

Furthermore, the study by Ranjbar et al. (Ranjbar et al., 2020a) explored the geopoly-

merization kinetics, microstructure, and mechanical performance under varying condi-

tions of pressure and heat. The hot-pressing technique was shown to not only reduce the

size and volume of porosity but also change the continuous pore network to a closed

one, promoting higher geopolymer gel formation and accelerating polycondensation.

On the other hand, Živica, Balkovic, and Drabik (Živica et al., 2011) delved into the ef-

fects of a low liquid/solid (l/s) ratio and pressure compaction on the properties of hard-

ened metakaolin geopolymer paste, showcasing a highly dense nano- or near-nano-pore

structure with a high degree of homogeneity and strength.

The collective insights from these studies underscore the transformative potential of

the hot-pressing technique in geopolymer technology. The technique not only holds

promise for enhancing the mechanical performance of geopolymers but also opens new

frontiers in the development of geopolymer-based membranes and other innovative ap-

plications. The convergence of the hot-pressing technique with sustainable raw mate-

rials further accentuates its significance in the broader narrative of sustainable material

technology.

In the 1970s, Davidovits (Davidovits, 1989, 2011) pioneered the concept of geopoly-

mers, describing them as semicrystalline three-dimensional aluminosilicate materials.

These innovative materials can be synthesized from various aluminosilicate sources,

such as metakaolin, fly ash, or slag, when combined with an aqueous solution con-

taining specific reactive agents. Their unique attributes, including low thermal conduc-

tivity, robust mechanical properties, and exceptional high-temperature stability, have

garnered significant attention. Geopolymers, as ceramic materials, can be broadly cat-

egorized into two groups: purely inorganic and those containing organic components.

These materials have significantly influenced both industrial and research sectors glob-

ally over the past 50 years or so. Their adaptability to diverse compositions suggests
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their potential to pave the way for environmentally sustainable solutions. In the realm

of civil engineering, for instance, geopolymer cement has emerged as a viable alterna-

tive to conventional Portland cement, offering not only similar functional benefits but

also some enhanced properties. In particular, when compared with Ordinary Portland

Cement (OPC) concrete, geopolymer concrete exhibits superior durability, especially

under chemical assaults, a testament to its inherent chemical stability. This resilience

suggests a promising trajectory for the development and adoption of geopolymer binder

technologies in the future.

Today, the environmental applications of geopolymers have become a focal point

of research and development. As amorphous aluminosilicates, these materials have

demonstrated significant potential in addressing various environmental challenges. Their

ability to adsorb noxious gases, effectively filtering out contaminants such as CO, CO2,

and NOX (Hassan et al., 2019), underscores their role in pollution control. Further-

more, the adaptability of geopolymers in waste management, particularly in the utiliza-

tion of industrial byproducts like fly ash and steel slag, highlights their contribution to

sustainable waste reduction and resource optimization. Their inherent properties, com-

bined with their eco-friendly nature and low-energy manufacturing process, position

geopolymers as promising materials for a range of environmental solutions, offering a

sustainable alternative to more traditional approaches in the domain.

In this study, we introduce a novel method of geopolymer fabrication using hot

pressing, offering a significant advantage in terms of production time, by enabling the

creation of geopolymer membranes in under 30 minutes. The inherent porous matrix

of geopolymers, combined with the ability to fine-tune this porosity through process

parameters such as pressure, temperature, and composition, identifies geopolymers as

a promising, cost-effective, and environmentally friendly alternative to plastic mem-

branes for microplastic adsorption.
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3.3 Experimental

3.3.1 Samples preparation

In this research, Metakaolin (Imerys, Argical 1200s) was combined with a sodium-

based alkaline solution, comprising 13 wt% NaOH (VWR Chemicals) and 87%wt Na-

Silicate (Supelco), to formulate a geopolymer mixture. This mixture consisted of 62

wt% Metakaolin and 38%wt of the aforementioned alkaline solution. The molar ratios

were:

• SiO2/Al2O3 = 3.1

• Na2O/Al2O3 = 1

• H2O/Al2O3= 4.86

The selection of this particular composition was influenced by prior experiments

conducted by the research group at the University of Oulu, led by Prof. Tero Luukko-

nen. Their investigations aimed to ascertain the optimal geopolymer composition for

warm pressing manufacturing processes, and this composition was identified as the

most suitable. Due to time limitations, the decision was made to utilize this established

composition for the current study.

The chosen liquid-to-solid ratio ensured that the geopolymer slurry remained con-

tained within the mold under applied pressure. However, the relatively dry nature of the

mixture posed challenges for conventional mixing techniques. For instance, utilizing

a mechanical mixer, as employed for sample preparation in other chapters, proved to

be unfeasible. Consequently, the mixing process was conducted manually, albeit with

a consistent time allocation of 15 minutes for each preparation. Efforts were made to

maintain a uniform mixing approach for every slurry, although some degree of human

error was inevitable.

Following the preparation of the geopolymer mixture, it was transferred into a cylin-

drical steel mold with a diameter of 75 mm. Subsequently, the mold was positioned be-
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tween the steel plates of a press (LABECON 300). Utilizing the integrated software of

the press, the desired temperature and pressure settings for the plates were configured.

For temperatures exceeding ambient levels, it was ensured that the plates attained the

specified temperature before placing the steel mold within the press.

Due to time constraints, an in-depth examination of the effect of pressure duration

was not conducted. Instead, a fixed pressure duration of 30 minutes was adopted, as

recommended by the research group from the University of Oulu. In their prior investi-

gations concerning the optimal geopolymer composition for this process, the group had

determined that a 30-minute duration was sufficient to complete the geopolymerization

process effectively.

3 samples were fabricated under varying temperature and pressure conditions. A

comprehensive summary of all the tested conditions is presented in Table 3.1.

Table 3.1: Summary of Temperature and Pressure Conditions Employed for Geopolymer Membrane

Preparation

Temperature (°C) Ambient 75 150 250
Pressure (kN) 67 133 200 266

3.3.2 2.2 Characterization

Mercury porosimetry (Thermoquest, porosimeter 2000) was used for the determi-

nation of the specific surface area (SSA), Total Porosity (TP), Bulk Density, Apparent

density and Averege Pore radius.

The microstructure was assessed by means of a field emission scanning electron

microscope (Sigma FESEM, Carl Zeiss).

XRD (Rigaku SmartLab 9kW) and FTIR (Jasco FTIR6200) analyses confirmed the

geopolymerization process’s success. Notably, as seen in Figure 3.c, increasing the

pressure decreased total porosity and reduced pore sizes, with larger pores for the 150°C

samples. Mechanical tests indicated stronger samples at lower temperatures due to

reduced pore sizes.
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3.3.3 Compressive strength

Conventional strength tests primarily elucidate the failure behavior of materials un-

der simplistic stress scenarios, typically uniaxial stresses. However, in real-world ap-

plications, mechanical loading often induces multiaxial stresses, necessitating the early

development of experimental methods to assess strength and deformation behavior un-

der such conditions (refer to ref.1 for an overview). Notable among these methods are

the Ring-on-Ring Test (ROT) and the Balls on 3 Balls Test (B3B). While most strength

tests demand high-quality specimen surfaces, the B3B test is an exception.

The Ring-on-Ring Test (ROT) operates on a principle where a disk-shaped specimen

is supported by a ring and subjected to load by a concentric ring of smaller diameter

(as illustrated in Figure3.1).

Figure 3.1: Ring-on-Ring Test Schema

This setup ideally engenders a well-defined stress state within the inner ring, con-

tingent upon ideal loading conditions. However, achieving this requires highly plane

parallel disk-shaped specimens; otherwise, a three-point contact between the ring and

specimen may ensue, leading to undefined supporting conditions. An alternative adap-

tation is the Ball-on-3-Balls (B3B) configuration, where the outer ring is substituted

with three balls, establishing statically well-defined conditions (Börger et al., 2002a;

Godfrey & John, 1986). A schema of this test is given in Figure 3.2

Through this modification, the test aims to address the challenges associated with

specimen alignment and surface quality, thereby providing a more accurate assessment

of material behavior under multiaxial stress conditions. Through this innovative test

methods, a more accurate representation of material behavior under multiaxial stress
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Figure 3.2: Ball-on-3-balls (B3B) Test Schema

conditions, akin to practical scenarios, can be achieved. The test was carried out in

speed control at at 0.5 mm/s using a universal testing machine (Galdabini Quasar 25).

3.3.4 Permeability test

The permeability assessments were conducted utilizing a laboratory-scale P28 cross-

flow membrane apparatus (CM-CELFA Membrantrenntechnik AG, Switzerland) as de-

picted in Figure 3.3.

Figure 3.3: FlowChart Schema of the permeability test conducted

The effective membrane surface area measures 2.8 × 10-3 m2, with a maximum

feed volume capacity of 500 mL. The apparatus functions in a batch operation mode,

wherein the retentate is redirected to the feed tank, while the permeate is systematically

extracted from the system. Temperature regulation of the feed solution was achieved

through a Lauda Ecoline Staredition E 103 thermostatic unit. The circulation of the
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feed stream was facilitated by a Scherzinger 3000 3B/M gear pump, integrated with

a frequency converter. Fluid pressure modulation was accomplished utilizing liquid

nitrogen. Each experimental run lasted for approximately 1 hour. Sample collections

were carried out from the initial feed solution, intermittently (every minute) from the

feed and permeate throughout the experiment, and subsequently from the residual feed

solution post-experiment. The mass of the samples was quantified, and the permeate

flux (J) was calculated utilizing the subsequent equation:

J =
V olumeF luid

A · t
(3.1)

where:

• J is the flux (L/m2h−1) through the membrane

• The volume of the fluid (m3), representing the collected permeate (in this instance,

water), was ascertained by measuring its mass and subsequently dividing the mass

value by the water’s density value at the specific temperature at which the tests

were conducted.

• The effective surface area of the membrane, denoted as A (m2), was 0.0028.

• The variable t (h) represents the sampling time. In this study, given that samples

were taken every minute, a value of 0.017 was utilized for t.

3.4 Results and Discussion

Prior to presenting the results of the characterization tests conducted, it is notewor-

thy to mention that it was not possible to achieve a successful production of membranes

at 250°C for any given pressure. This was due to the severe damage sustained by the

membranes at the conclusion of the process, if not their complete disintegration into

pieces.

This phenomenon may be clarified by understanding that geopolymerization is a

thermally activated reaction (Muñiz-Villarreal et al., 2011), which undergoes a poly-
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condensation phase accompanied by water elimination (Khale & Chaudhary, 2007),

subsequently leading to the formation of the characteristic porous matrix of geopoly-

meric materials. However, if the reaction proceeds too rapidly, the swift elimination

of water could compromise the internal structure leading to the formation of cracks,

thereby rendering the production of membranes under such conditions unfeasible.

The production of membranes at ambient temperature also proved to be unfeasible.

This was attributed to the incomplete geopolymerization of the membrane by the end of

the process, which resulted in membranes that lacked sufficient strength to be removed

from the mould intact.

Conversely, membranes fabricated at 75 and 150 degrees Celsius were successfully

prepared (refer to Figure 3.4a). Subsequent analysis was conducted using optical mi-

croscopy (Figure 3.4b) to identify any undetectable damage that might impact further

characterization tests. No such damage was observed, hence the results for all charac-

terization tests were exclusively performed on membranes produced at 75 and 150°C.

(a) (b)

(c) (d)

Figure 3.4: Examination of the Fabricated Membranes: (a) Top-down View of the Membranes, (b)

Optical Imagery of the Top Surface, (c) angular view and (d) thickness view
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3.4.1 XRD

Figure 3.5 illustrates the X-ray diffraction (XRD) analyses of the membranes fabri-

cated at temperatures of 75 and 150°C under pressures of 67 and 266 kN. It is pertinent

to mention that the results observed under intermediate pressure conditions (133 and

200 kN) are largely analogous, hence, for the sake of clarity, only the boundary con-

ditions for each membrane are reported herein. The characteristic amorphous hump of

the geopolymer is evident, with a notable peak around 32°, attributable to Anatase, a

common occurrence in geopolymers (Muñiz-Villarreal et al., 2011; Wang et al., 2005).

Figure 3.5: XRD analysis of the membranes produced at 150 and 75 °C for pressure of 67 and 266kN

68



3.4. Results and Discussion

3.4.2 FTIR

The most distinctive band is observed between 1500 and 1000 cm−1, attributed to

the asymmetric stretching of "X-O" bonds (where X denotes Si or Al), prevalent in

the gel of hydrated sodium aluminosilicate. The prominence of this band primarily

arises from the amorphous nature of the material, alongside the short-range order-

ing of Si and Al tetrahedra. Additionally, geopolymer materials often exhibit minor

bands between 600 and 450 cm-1, associated with the bonds found in metakaolin (pre-

dominantly quartz). Another band, situated between 3400 and 3600 cm−1, typically

corresponds to the bonds present during geopolymer hydration, i.e., relating to water

molecules within the material and in the NASH gel. These graphs align well with

FTIR analyses documented in literature (Casarez et al.,2014), thereby confirming the

realization of the geopolymerization reaction. To further substantiate this, a boiling

test, a standard assay for evaluating the presence of a three-dimensional geopolymer

network (Alloul et al., 2023; Matalkah et al., 2017; Seiffarth et al., 2013), was con-

ducted, entailing the immersion of geopolymeric samples in hot water for a minimum

of several hours. For a material to qualify as a geopolymer, the samples must endure

this test unscathed. All tested membranes withstood the test, thereby confirming their

geopolymeric nature.

Figure 3.6: FTIR analys results for membranes produced at 75 and 150°C and pressure of 67 and 266kN
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3.4.3 Porosity

Figure 3.7 shows the total porosity (%) and average pore radius (Å) for the tested

membranes. We can observe that increasing the pressure for membranes fabricated at

both 75 and 150°C results in a decrease in the average pore radius and total porosity.

This phenomenon could potentially be ascribed to the enhanced densification of the

materials, possibly owing to the consolidation of larger pores into smaller ones, un-

der elevated pressure. This observation aligns with findings reported in other scholarly

works (Ranjbar et al., 2020b). Concerning the temperature’s influence, an increase in

temperature results in an increase in both the average pore radius and total porosity.

This is plausible given that, as previously noted, the geopolymerization reaction is ther-

mally activated and undergoes polycondensation; hence, the additional energy supplied

to the reactions expedites water expulsion from the matrix, culminating in larger pores.

Figure 3.7: Total Porosity (%) and Average pore radius (A°) for membranes produced at 75 and 150°C

for pressure of 67 and 266kN
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3.4.4 BET

Figure 3.8 reports the Specific Surface Area (SSA) values of the examined mem-

branes. In light of the observations from Figure 8, these results were somewhat antic-

ipated. Specifically, both membranes fabricated at 75°C exhibited significantly higher

SSA values, correlating with the smaller average pore radius observed. Intriguingly, an

increase in pressure appears to adversely impact the SSA; however, the variance among

membranes produced at identical temperatures cannot be definitively attributed to this

factor due to the systematic errors inherent in the analysis. Consequently, the observed

differences among membranes produced at the same temperature fall within the error

margin of the analysis and therefore they should be regarded as nearly equivalent. This

assertion is substantiated for membranes produced at 75°C, as their average pore radius

values were markedly similar. On the other hand, membranes produced at 150°C dis-

play a more pronounced difference in average pore radius, yet the increased dimensions

of the pores make the results of the BET analysis less accurate (Sing, 2001; Tan et al.,

2012).

Figure 3.8: Specific Surface Area (SSA) for the membranes produced at 75 and 150°C and 67 and 266kN
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3.4.5 SEM

Figure 3.9 presents the Scanning Electron Microscopy (SEM) images of the mem-

branes fabricated at 75 and 150°C under pressures of 67 and 266 kN. We can observe

that all the produced membranes exhibit a highly comparable microstructure, typical

of geopolymers. This further corroborates the successful occurring of the geopolymer

reaction.

(a) (b)

(c) (d)

Figure 3.9: SEM images of the membrane produce at (a) 75°C and 67KN, (b) 75°C and 266KN, (c)

150°C and 67KN and (d) 150°C and 266kN
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3.4.6 Mechanical test

The stress σmax is given by:

σmax = f(α, β, ν) ·
F

t2
(3.2)

where:

• F is the applied force

• t is the thickness of the disc

• f is a dimensionless factor namely the dimensionless maximum tensile stress

which only depends on:

• α = t
R

where R is the radius of the disk

• β = Ra

R
where Ra is the radius of the support

• ν is the poisson ratio of the geopolymer which was taken as 0.14 (Chouksey et al.,

2022)

Figure 3.10 illustrates the stress field experienced by the samples throughout the

testing phase.

(a) (b)

Figure 3.10: Stress distribution on the discs during the B3B test.
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As shown in Figure 3.10, the contact points between the supporting balls and the

disc form an equilateral triangle. Consequently, the radius Ra can be determined using

the following equation:

Ra =
2
√
3

3
·Rb (3.3)

where Rb is the radius of the balls, in our case 10 mm. Table 3.2 reports the values

of the variables responsible for evaluating the factor f.

Table 3.2: Value of the variables responsible for the adimensional factor f

Variable Value

α 0.08

β 0.31

According to Börger et.al (Börger et al., 2002b) these value range of α and β corre-

spond to a value of f = 2.1. Utilizing this in Equation 3.2, calculations were carried out

to determine the value of f = 2.1 for the tested membranes. The results are reported in

Figure 3.11.

Figure 3.11: Calculated Stress for the B3B test performed on the membranes
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It can be observed from the data pertaining to membranes produced at 75°C and

150°C, that an increase in pressure correspondingly led to an increase in strength. This

phenomenon can be clarified by referring to Figure 3.7, which demonstrates a reduction

in pore dimensions with the increase of pressure during the hot-pressing procedure.

Given that pores serve as defect points, which mitigate the resistance of the samples,

the presence of smaller pores is indeed advantageous for increasing the mechanical

resistance of the sample. It is also noteworthy that heightened pressure results in a

decline in overall porosity (%), effectively diminishing defect sites within the sample,

thereby strengthening its mechanical attributes. A similar trend is observed with the

increment in temperature, which induces the formation of substantially larger pores

within the structure, further decreasing the sample’s resistance.

In assessing the reliability of the test, the sample should fracture into three pieces

as a criterion for validation. Observing Figure 3.12a, a similar fracturing pattern is

discernible in our experiment, corroborating the stipulated criteria. Ideally, the frac-

ture should initiate on the tensioned plane beneath the ball, thereby exhibiting a tri-

symmetrical pattern. However, as depicted in Figure 3.12b, the precise manifestation

of the three-fold fracturing was not consistently observed across all tests

(a) (b)

Figure 3.12: Depiction of fracture patterns observed during the B3B test. (a) Tripartite fracture, (b)

Bipartite fracture
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3.4.7 Permeability test

The water flux values were obtained utilizing Equation 3.1. Each measurement was

replicated 2 - 3 times, and two membranes for each specified condition were examined

to validate the repeatability of the findings. Pursuant to the conditions delineated in

Table 3.1, preliminary testing was conducted to establish the range for pressure and

temperature required to achieve a certain level of permeation through the membrane.

The lower threshold for pressure was designated at 4 bar, while the temperature was

set at 50°C, given that there was an absence of flux through the membrane at pressures

lower than the established limit. The correlation between the permeate flux J and the

pressure P is elucidated in Figure 3.13.

Figure 3.13: Permeate Flux Vs Pressure for a Temperature of the fluid (water) of 50°C

It is discernible that there exists a positive correlation between pressure and perme-

ate flux, a phenomenon that aligns with expectations. Elevated pressure levels exert

a force on the fluid, propelling water through the open porosity of the membranes.

This boost to water permeation through the membrane correspondingly increases the

permeate flux.

In order to assess the impact of temperature on the permeability of the membranes,

the fluid pressure was maintained at 4 bar; this lower pressure value was chosen to
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mitigate the influence of pressure on the permeate flux across the membranes. Subse-

quently, the fluid temperature was elevated to match the conditions outlined in Table

3.1. It is noteworthy that, prior to measuring the volume of water traversing the mem-

brane over a one-minute interval, a three-minute pause was observed post temperature

stabilization, to ensure a more accurate measurement. This procedure was repeated

thrice, and two membranes were tested for consistency. Figure 3.14 shows the relation-

ship between the permeate flux J and the fluid temperature.

Figure 3.14: Permeate Flux Vs Pressure for a Temperature of the fluid (water) of 50°C

It can be observed that increasing the fluid temperature adversely affects the per-

meability, which was unexpected. Initially, it was hypothesized that a higher fluid

temperature would result in reduced viscosity, thus facilitating the passage of water

through the membranes. However, the decline in permeate flux with increased temper-

ature could potentially be attributed to some erosion of the membranes, which might

obstruct the porosity, thereby decreasing the permeability. Notably, the collected wa-

ter exhibited a certain degree of turbidity, likely due to particulate matter from the

membrane. Despite this erosion, there was no discernible impact on the membrane’s

resistance or integrity. Post-experiment examination of the membranes revealed no in-

dications of cracking or any other forms of damage. This study aimed to determine
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the optimal conditions for carrying out microplastic adsorption tests using the speci-

fied membranes. The favorable condition was determined to be maintaining the fluid

pressure at 10 bar while keeping the fluid temperature at 50°C; these conditions are

compatible with hydraulic fracturing in oil and gas extraction, where high-pressure wa-

ter is utilized . Similarly, ammonia synthesis (Akay & Zhang, 2017), and wastewater

treatment processes (Akarsu et al., 2021). Currently, experiments concerning the cut-

off properties of these membranes are being conducted by the research group at the

Oulu department, produced utilizing the identified process conditions. Specifically, the

group is evaluating the adsorption capabilities of these membranes concerning PEG

35000 and PEO (100k, 200k, and 600k) through Total Organic Carbon (TOC) analysis.

The results of these investigations are expected to be made available in the near future.

3.5 Conclusions

In this study, we aimed to introduce a novel application for geopolymer membranes,

manufactured employing the warm pressing technique. Specifically, we successfully

optimized and produced geopolymer membranes within a timeframe of under 30 min-

utes. Two temperature settings, 75°C and 150°C, were found to be conducive for the

production of these geopolymer membranes at various pressures (67, 133, 200, and 266

kN). All produced membranes were characterized using XRD and FTIR analysis, to-

gether with the boiling test, to evaluate the occurrence of the actual geopolymerization

reaction, confirming the presence of the three-dimensional geopolymer network.

Utilizing mercury porosimetry, we observed that increasing the pressure yielded

membranes with reduced total porosity (%) and smaller pore dimensions, whereas an

increase in temperature had the opposite effect, increasing the average pore dimen-

sions. The total porosity and average pore dimensions directly impacted the mechani-

cal properties of the membranes as measured by the B3B test; specifically, larger pores

(obtained in higher temperature and lower pressure conditions) adversely affected the

mechanical properties of the membranes. The specific surface area (SSA) values also
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followed a similar trend, wherein membranes with smaller pores exhibited higher SSA

values.

Moreover, we successfully identified the optimal conditions, in terms of pressure

and temperature, to achieve higher permeability with these membranes. The most fa-

vorable condition was established at a pressure of 10 bar and a fluid temperature of

50°C. Based on these findings, cut-off experiments are currently underway to ascertain

the minimum particle size these membranes can filter. This study serves as a precursor

to determining the applicability of these membranes in addressing the critical issue of

water pollution, thereby contributing towards combating this hazardous phenomenon.
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CHAPTER4

Modeling the compressive strength of

metakaolin-based geopolymers

Publication

The chapter herein encapsulates work that has been disseminated in the well-regarded

journal, Applied Clay Science. The referenced publication can be accessed through

the provided Qrcode. The paper is entitled: "Modeling the compressive strength of

metakaolin-based geopolymers based on the statistical analysis of experimental data."

80



4.1. Abstract

4.1 Abstract

The relationship between the compressive strength of metakaolin-based geopolymer

samples and different processing conditions has been investigated for both potassium

and sodium based geopolymer systems. Cubic geopolymer samples were prepared by

mixing the slurry for 1 hour in a thermostatic bath at 0°C. More than 1200 samples have

been tested to gather enough data to carry out a meaningful statistical analysis. All the

data evaluation and model development have been carried out extensively using R. The

variation of curing and aging time, curing temperature, SiO2/Al2O3 and H2O/Al2O3

molar ratios has been accounted for via the application of statistical models whose re-

liability has been suitably checked. Curing has been performed in a sealed container at

100% relative humidity. Aging has been conducted in a climate chamber kept at 75%

of relative humidity using an oversaturated solution of NaCl. Curing time has proved

a positive relationship with compressive strength while aging time does not show ev-

idence of any significant effect. Curing temperature negatively affects compressive

strength. Increasing the SiO2/Al2O3 molar ratio results in an increase of the compres-

sive strength within a certain range of values for the ratio; however, above a threshold

(3.8 for the potassium-based and 3.4 for the sodium-based geopolymer system) the me-

chanical properties decrease. The H2O/Al2O3 molar ratio displayed an inverse propor-

tionality with the compressive strength except for the sodium-based geopolymer, where

the mechanical properties initially increased. A further comprehensive and statistically

sound model has been proposed that allows us to predict the strength of geopolymer

samples as a function of process variables and their composition, ranging in a rather

wide set of values.
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4.2 Experimental

4.2.1 Design Of Experiment

All the experiments were conducted on both potassium- and sodium-based geopoly-

mers, as they are both extensively used and possess different properties. The com-

pressive strength of the geopolymers was evaluated for varying conditions alleged to

affect their microstructure and performance, namely the curing and aging time, curing

temperature, silica to alumina ratio and water to alumina ratio (Hardjito et al., 2004;

Moradikhou and Esparham, 2020). In order to limit the number of experimental vari-

ables and curb the collection of experimental data, the geopolymer composition was

changed solely in terms of SiO2/Al2O3 ratio and H2O/Al2O3ratio, whereas the Na2O

or K2O/Al2O3 ratio was always held constant at 1; this corresponds to the composition

at which the positive charge of the alkaline cation fully stabilizes the Al coordination

from [Al]V I to [Al]IV while limiting the material susceptivity to carbonation reactions.

In natural carbonation, atmospheric CO2 reacts with hydroxide, i.e., an acid-base re-

action is established (Zhang et al., 2014; Sani et al., 2016). However, in geopolymeric

materials, the main driving factor to efflorescence in geopolymeric materials is the

availability of Na+ or K+ and OH− as shown in the following equations (for Na+):

CO2 + 2OH− → CO2−

3 +H2O (4.1)

2Na+ + CO2−

3 + xH2O → Na2CO3 · xH2O (4.2)

Thus, the efflorescence development potential observed by the total alkalinity value

of the samples leachate may be due to the alkalinity resulting from the hydroxide

(OH−) and carbonate (CO2−

3 ) ions. Excessive efflorescence and, consequently, leach-

ing and carbonation on the surface and inside the pores can reduce geopolymers’ com-

pressive and tensile strength. L. Simão et al. (Simão et al., 2021) studied a new ap-

proach to controlling the efflorescence in geopolymeric material. In their work, they
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studied, in particular, different Na2O/Al2O3 ratios concluding that a value of about 1

showed a higher compressive strength value. Nevertheless, the number of factors and

possible combinations that could be considered limits the possibility for a straightfor-

ward evaluation of the relationship between the compressive strength and the whole set

of conditions and precludes the prediction of geopolymer performance. Hence, a fac-

torial design of experiments approach was followed in this investigation for a wide, yet

specific selection of conditions. Experimental conditions for each considered varying

factor were selected based on the analysis of a wide range of papers reporting differ-

ent processing conditions and resulting material’s characteristics, and cover the widest

range considered appropriate for typical geopolymer materials (Ismail I. et al., 2011;

Timakul et al., 2015; Verma et al., 2022). Additionally, a pilot set of experiments was

carried out to tune the geopolymer composition and the curing temperature to provide

the lowest strength variability. The resulting design of the experiments is summarized

in Table 4.1 and in the following detailed.

The effect of curing and aging time on the compression strength was evaluated on

geopolymer samples of composition K/Na2O ·3.4SiO2 ·Al2O3 ·18H2O cured at 40°C

for C days and aged afterward for A days, with (C, A) varying in the set {1, 7, 28}x{0,

7, 21, 28, 56}. The effect of curing temperature on the compression strength was evalu-

ated on geopolymer samples of composition K/Na2O ·3.4SiO2 ·Al2O3 ·18H2O cured

for 1 day at T degrees (°C) and aged for 7 days at room temperature, with T varying in

the set {25, 40, 50, 60, 75, 90}. Curing and aging time conditions were selected in the

pilot experiments as the ones providing the lowest standard deviation values, besides

being the most suited in term of general processing approach and times. The effect of

the SiO2/Al2O3 molar ratio on the compression strength was evaluated on geopoly-

mer samples with ratio selected in the set {2.6, 3.0, 3.4, 3.8, 4.2}, cured at 40°C for 1

day and aged for 7 days. The H2O/Al2O3 ratio was kept at 18, as this value provides

geopolymer systems with a rheology suitable for a variety of processing methodologies,

including casting. The effect of the H2O/Al2O3 ratio on the compression strength was
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evaluated on geopolymer samples with ratio selected in the set {11, 13, 15, 18, 20, 22,

25}, cured at 40°C for 1 day and aged for 7 days; the SiO2/Al2O3 ratio was kept at 3.4.

Table 4.1: Design of Experiments: tested variables and conditions

Variable Conditions
Curing (days) 1 7 28
Aging (days) 0 7 21 28 56
Curing temperature (°C) 25 40 50 60 75 90
Si/Al ratio 2.6 3.0 3.4 3.8 4.2
H2O/Al2O3 ratio 11 13 15 18 20 22 25

4.2.2 Samples Preparation

To manufacture the samples, metakaolin (Argical 1200s, Imerys, France) was mixed

with an alkaline solution for 1 hour in a thermostatic bath at 0°C; The primary purpose

of the thermostatic bath is to slow down the geopolymeric reaction that is taking place

while mixing to better asses the influence of curing time on the compressive strength.

The alkaline solution was obtained by dissolving sodium (SS2942 Ingessil Italy) or

potassium silicates (Kaslov 205 PQ Corporation) and sodium or potassium hydroxides

(Sigma Aldrich) into distilled water. After that, the slurry was poured into 10x10x10

mm3 silicone molds to obtain the samples shown in Fig 4.1.

The choice of relatively small molds serves the purpose of enabling the production

of a great number of specimens while limiting the volumes of material to be processed.

This way, each set of specimens can be produced in a single batch, assuring better

homogeneity among the set. The molds were placed in a sealed container at a con-

stant 100% relative humidity (RH), achieved by placing a water container within the

chamber and monitoring RH using a hygrometer, to proceed with the curing process in

different conditions placing the samples in the oven. Curing refers to the time (days)

that geopolymer samples remain in the aforementioned conditions inside the silicone
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Figure 4.1: Geopolymer Cubic Samples

mold in a sealed container. After curing, the samples are removed from the mold and

placed in a climate chamber at a constant 75% RH, achieved by placing a supersatu-

rated NaCl solution within the chamber (which acts as water regulator) and monitoring

using a hygrometer. The duration of this second step is referred to as aging time (days).

The relatively high value of RH maintained during aging is motivated by preliminary

tests showing a tendency to crack for geopolymer samples aged otherwise. For all con-

ditions studied in this work, boiling tests and FT-IR analyses were conducted to assess

the complete consolidation of materials (especially for low curing and aging times).

4.2.3 Mechanical characterization

The compressive strength was measured using a universal testing machine (Gald-

abini Quasar 25) with a crosshead speed 0.5 mm/min; the compression surfaces of the

samples were lightly sanded before testing, and 20 samples for each condition were

analyzed.

4.2.4 Data Analysis

The statistical analysis has been conducted on the collected data using the R software

for statistical computing (R Core Team, 2020), an open-source environment available

85



Chapter 4. Modeling the compressive strength of metakaolin-based geopolymers

under the GNU General Public License, primarily written in C, Fortran and R itself.

The relationships between the compressive strength and composition, curing temper-

ature, curing and aging conditions were preliminary explored by means of box and

whiskers plots - boxplots -, widespread graphical tools that summarize an empirical

distribution by building a box delimited by its first and third quartile and cut by its me-

dian as a measure of central tendency. The box is then possibly provided by whiskers

extending to the spread of the data, and by outliers which are individually plotted. Re-

sults of the exploratory data analysis, discussed in the following section, suggested a

broad adequacy of linear models with polynomial trends and Analysis of Covariance

(ANCOVA) to evaluate significant effects of composition, curing temperature, curing

and aging conditions. ANCOVA refers to regression problems to model the expected

variation of continuous responses as a function of both qualitative (as the alkaline cation

on which the geopolymer formulation is based upon) and quantitative predictors (e.g.,

the SiO2/Al2O3 molar ratio and the H2O/Al2O3 ratio), possibly interacting among

them. To evaluate the effect of the considered experimental factors ceteris paribus,

model specification also accounted for possible random variations in the experimental

conditions, such as the sample geometric density or its volume, and kept it in the re-

sulting model whenever resulted significant. A general formulation of the considered

models to explain the expected variation of the compressive strength E(σ) for varying

experimental factors F on sodium or potassium geopolymer is the following:

E(σ) =















β0 + β1F + ...+ βkF
k Alkaline Cation K

γ0 + γ1F + ...+ γkF
k Alkaline Cation Na

(4.3)

Details on the estimated models for the different experiments, along with the associ-

ated residuals analysis and indexes of goodness of fit are illustrated in the next section.

The samples were labelled as: KCxAy or NaCxAy, where:

• K and Na identify the alkaline cation on which the geopolymer formulation is
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based on;

• x, expressed in days, is the curing time (curing temperature was kept constant at

40°C;

• y, expressed in days, is the aging time.

4.3 Results and Discussion

4.3.1 Effect of curing and aging time

Fig 4.2 reports the mechanical test results for all the selected curing and aging con-

ditions. Due to the difference in behavior between these two types of geopolymer, the

conditional distributions of compressive strength vs curing were analyzed, depending

on the amount of aging and of curing.

Fig 4.3 show the empirical distribution of compressive strength vs aging time for

different curing times.

Fig 4.4 show the empirical distribution of compressive strength vs curing time for

different aging times.
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(a)

(b)

Figure 4.2: Overview of the effect of curing time (at fixed curing temperature = 40°C) and aging condi-

tions on compression strength. a) Potassium-based geopolymer, b) Sodium-based geopolymer

88



4.3. Results and Discussion

(a)

(b)

(c)

Figure 4.3: Empirical distribution of compressive strength vs curing age (at fixed curing temperature =

40°C) for curing times 1 day (a), 7 days (b), 21 days (c)
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(a) (b)

(c) (d)

(e)

Figure 4.4: Empirical distribution of compressive strength vs curing time (at fixed curing temperature

= 40°C) for aging times 0 days (a), 7 days (b), 21 days (c), 28 days (d), 56 days (e)
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As a general remark, potassium geopolymers show a broadly higher compressive

strength. A positive linear association between compressive strength and curing time

appears, yet possibly of different intensity in potassium- and sodium-based geopolymer

samples. The relationship between compressive strength and aging time appears less

evident and of interest for sodium geopolymers only. The above considerations suggest

the formulation of the following model:

E(σ) =















β0 + β1C + β2A Alkaline Cation K

γ0 + γ1C + γ2A Alkaline Cation Na

(4.4)

where C is the curing time and A is the aging time. The estimated parameters, along

with their standard errors and significance are summarized in Table 4.2; their analysis

validates and strengthens our previous, qualitative findings.

Table 4.2: Estimates, standard errors and level of significance of parameters in Eq. 1; F statistics, R2,

DF (Degree of Freedom). Significance levels: 0 ‘***’, 0.001 ‘**’, ‘× ’ 1

Parameter Estimate (standard error) Significance

β2 14.98 (0.39) ***

γ0 -2.00 (0.55) ***

β1 0.06 (0.02) **

γ1 0.09 (0.02) ***

β2 -0.01 (0.01)

γ2 0.03 (0.01) **

R2
= 0.07; F-statistic: 9.424 on 5 and 590 DF ***
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On average, a higher compressive strength of potassium geopolymers than sodium-

based ones, amounting to about 2 MPa, is confirmed and significant in accordance

with previous reports (Lizcano et al., 2012). The drop in strength observed for both

potassium and sodium-based geopolymers at 7 days of curing and 7 days of aging still

needs to be fully understood, but it is most likely related to the stage of pore refinement

reached by the material. After 1 day of curing, the polycondensation reactions are still

far from being completed (Sagoe-Crentsil & Weng, 2007) and little water is expected

to be produced. After 7 days of curing, however, there might already be considerable

water coalescence (Archez, et al., 2021); while its effect cannot be appreciated at 0

days of aging, the subsequent evaporation in the following 7 days generate large pores

that limit the strength of the material. With additional aging time, the microstructure

continues to develop, and the material shows an increase in its strength. After 28 days

of curing, the reactions are mostly completed, and the subsequent aging has a lower

influence. This hypothesis will need to be validated with further investigation on the

materials’ porosity; however, the combination of 7 days of curing and 7 days of aging

can be deemed undesirable for both material systems studied here.

Curing time has a slight, yet fully significant, effect on increasing the expected com-

pressive strength in both potassium- and sodium-based geopolymers, quantifiable in an

average increase of 0.06 and 0.14 MPa for each additional day of curing, respectively.

The slight increase in strength could be explained by the fact that the temperature ac-

celerates the geopolymerization reaction. Keeping the samples at 40°C for longer times

forces the reactions towards the product, helping to consume all the reagents and there-

fore resulting in the development of a more complete geopolymer network. The greater

concentration of Si-O-Si bonds with respect to Si-O-Al bonds can be held responsible

for higher values for the compressive strength (Jong and Gordon, 1980). This trend

is in agreement with previous experiments carried out considering similar conditions

(Rangan et.al, 2010).

Aging time has a slight positive effect on sodium geopolymers quantifiable in an
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average increase of about 0.03 MPa for each additional day of aging; conversely, it

does not result in significantly affecting potassium-based geopolymers. The result can

be explained considering by the fact that the geopolymerization reaction rate for the

Na-based geopolymer is slower (Botti et al., 2021).

(a) (b)

(c)

Figure 4.5: Residual analysis of the estimated model in Eq.4.4

In Fig.4.5a, model residuals are plotted versus the predicted values of the compres-

sive strength, according to the estimated model; while residuals are comprehensively

high, the plot does not show any trend, thus suggesting an overall correct model spec-

ification; the normal quantile-quantile plot (Fig.4.5b) compares the empirical quantiles

of the residuals with the theoretical quantiles of a normal density. Except for some data

at the tail of the distribution, which depart from the general trend, the linearity of the

points indicates that model errors comply with Gaussianity, hence the whole inference
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about the model, relying on such assumption, can be considered reliable. Furthermore,

the scale- location plot (Fig.4.5c) does not present any trend, hence does not show

violations of the hypothesis of homoscedasticity of the error term and guarantees the

efficiency of the estimates. Besides a general adequacy and reliability of the estimated

model, the value of the R2 indicates that curing and aging time can explain about the

8% only of the variability of compressive strength, hence requiring inclusion of further

experimental factors in the model.

4.3.2 Effect of curing temperature

Fig. 4.6 shows the empirical distribution of compressive strength vs curing temper-

ature.

Figure 4.6: Empirical distribution of compressive strength vs curing temperature.
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Temperature seems to negatively affect the average compressive strength of samples,

yet up to some threshold. Above such value, the trend changes, getting less clear. This

suggests modeling the data as specified in the following:

E(σ) =















β0 + β1T + β2IT>60 Alkaline Cation K

(β0 + γ0) + (β1 + γ1)T + γ2IT>40 Alkaline Cation Na

(4.5)

where T is the temperature and IA is dummy variable taking value 1 when event A

occurs, and value 0 otherwise. In this case, event A refers to the temperature exceeding

a certain threshold. The estimated parameters, along with their standard errors and

significance are summarized in Table 4.3. Some main remarks are discussed in the

following.

Table 4.3: Estimates, standard errors and level of significance of parameters in Eq. 4.5; F statistics, R2,

DF (Degree of Freedom). Significance levels: 0 ‘***’, 0.001 ‘**’, ‘× ’ 1

Parameter Estimate (standard error) Significance

β0 16.04 (1.22) ***

γ0 -0.17 (1.72)

β1 -0.005 (0.04)

γ1 -0.02 (0.05) .

β2 -1.99 (1.17)

γ2 -6.87 (1.05) ***

R2
= 0.59; F-statistic: 48.16 on 5 and 239 DF ***

The model does not prove any evidence of a linear relationship between the ex-

pected compressive strength and the curing temperature, neither before nor after the
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selected thresholds, and for none of the cations (the associated parameter β1 and γ1 are

indeed not significant) With low curing temperature, there is no evidence of a different

expected compressive strength between the two cations (the γ0 is also not significant).

In both types of geopolymers there is evidence of a threshold curing temperature that

shifts the expected compressive strength toward lower values, especially in sodium-

based geopolymers. The expected shift is estimated to amount to about -1.99 MPa

for potassium-based geopolymers when the temperature exceeds a threshold of 60°C,

and to about -6.87 MPa for sodium-based geopolymers when the temperature exceeds

a threshold of 40°C. These patterns demonstrate consistency with preceding scholarly

research (Ghanbari et al, 2017). Nevertheless, at this stage of the investigation, the

reason behind this behavior is still unclear. Systematic NMR structural investigations

of the samples should be carried out to assess any diversity in the developed network,

but this is beyond the scope of the present work. An overall negative impact of the

curing temperature on the compressive strength could be explained by the fact that the

rate of polycondensation and water evaporation in the geopolymer both increase with

increasing curing temperature; the latter promotes the formation of larger, macropores,

which are believed to be more interconnected than micro and mesopores (Ramón et

al., 2011). Consequently, the presence of macropores can decrease mechanical strength

(Rovnaník and Pavel, 2010). Similar trends have been found in other works under sim-

ilar conditions (Bakria et al., 2011; Lee et al., 2016) The model is overall informative

(F test is significant) and the R2 suggests that the temperature can explain almost 60%

of the total variability. Nevertheless, residual analysis (reported in Figure 5) indicates

some weak deviations from the model assumptions, especially with reference to the hy-

pothesis of normal errors. While this is likely to be due to the presence of some outliers

(see also Figure 4.6), these results warn to use some caution in considering reliable the

inference associated to such model.
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(a)

(b)

(c)

Figure 4.7: Residual analysis of the estimated model in Eq.4.5
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4.3.3 Effect of the SiO2/Al2O3 molar ratio

Fig. 4.8 shows the empirical distribution of the compressive strength and silica to

alumina ratio and clearly shows a quadratic trend for both types of geopolymers.

Figure 4.8: Empirical distribution of compressive strength vs SiO2/Al2O3 ratio.

The following model is thus adopted:

E(σ) =















β0 + β1
SiO2

Al2O3

+ β2(
SiO2

Al2O3

)2 Alkaline Cation K

(β0 + γ0) + (β1 + γ1)
SiO2

Al2O3

+ (γ2 + β2)(
SiO2

Al2O3

)2 Alkaline Cation Na

(4.6)

The estimated parameters, along with their standard errors and significance are sum-

marized in Table 4.4. Some main remarks are discussed in the following.
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Table 4.4: Estimates, standard errors and level of significance of parameters in Eq. 4.6; F statistics, R2,

DF (Degree of Freedom). Significance levels: 0 ‘***’, 0.001 ‘**’, ‘× ’ 1

Parameter Estimate (standard error) Significance

β0 -148.99 (15.84) ***

γ0 -13.67 (19.05)

β1 85.71 (9.5) ***

γ1 10.02 (11.23)

β2 -11.01 (1.39) ***

γ2 -1.96 (1.61)

R2
= 0.75; F-statistic: 130.6 on 5 and 212 DF ***

The estimated model confirms a significant quadratic, concave trend linking the ex-

pected compressive strength and the silica to alumina ratio. Knowing that the Al com-

ponent of metakaolin tends to dissolve more easily than the Si component (Weng et al.,

2002), we can assume that more Al(OH)−4 species are readily available for condensa-

tion with respect to Si(OH)4 ones. This is particularly true for the systems with low

values of the SiO2 / Al2O3 ratio: condensation is likely to have occurred between alu-

minate and silicate species, producing poly(sialate) polymer structures. With increasing

Si content, the overall higher amount of silicate species promotes the reaction between

them, resulting in oligomeric silicates; the dominance of the latter leads to better me-

chanical properties with increasing SiO2 / Al2O3 ratio. Above a certain threshold for

the SiO2 / Al2O3 ratio (3.8 for both potassium and sodium-based geopolymers) the

mechanical strength drops significantly. This decrease could be linked to the fact that,

for higher concentration of SiO2, the dissolution of metakaolin becomes more diffi-

cult, resulting in the permanence of unreacted metakaolin in the final material acting as

a point of defect. Data trends are in good agreement with data present in the literature

(Duxson et al., 2005); however, the compressive strength values, on average, are lower
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than those generally reported in the literature. It is worth noticing that the amount of

water in the formulations is relatively high compared to the literature (H2O/Al2O3 =

18, whereas generally a range of 11± 13 is employed), leading to a generally more

porous structure and hence limited strength. On average, the silica to alumina ratio ex-

plains the expected variation of the compressive strengths with no difference between

the two types of geopolymers (γ parameters result all not to be significant).

(a) (b)

(c)

Figure 4.9: Residual analysis of the estimated model in Eq.4.6

The residual analysis suggests that (Fig. 4.9) model does not show evident violation

of the hypotheses and is consequently to be considered reliable. It also shows a very

good fit of the data, with the silica to alumina ratio showing to be a major responsible

for explaining the variability of the compressive strength (R2 = 0.75).
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4.3.4 Effect of the H2O/Al2O3 molar ratio

Fig.4.10 shows the empirical distribution of the compressive strength and H2O/Al2O3

molar ratio.

Figure 4.10: Empirical distribution of compressive strength vs H2O/Al2O3 ratio.

This ratio seems to negatively affect the average compressive strength of the sam-

ples. Potassium-based geopolymer samples show a clearly visible decreasing trend,

while sodium-based ones show at the beginning (from H2O/Al2O3 = 11 to 13) an in-

crease in the compressive strength. Exceeding H2O/Al2O3 = 13 results in a decrease of

the compressive strength, but with a higher slope than for the potassium-based geopoly-

mer system until H2O/Al2O3 = 22, where a plateau is reached.
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The statistical model is the following:

E(σ) =















β0 + β1
H2O
Al2O3

+ β2(
H2O
Al2O3

)2 Alkaline Cation K

(β0 + γ0) + (β1 + γ1)
H2O
Al2O3

+ (γ2 + β2)(
H2O
Al2O3

)2 Alkaline Cation Na

(4.7)

The estimated parameters, along with their standard errors and significance are sum-

marized in Table 4.5. Some main remarks are discussed in the following.

Table 4.5: Estimates, standard errors and level of significance of parameters in Eq. 4.7; F statistics, R2,

DF (Degree of Freedom). Significance levels: 0 ‘***’, 0.001 ‘**’, ‘× ’ 1

Parameter Estimate (standard error) Significance

β0 64.89 (4,76) ***

γ0 18.48 (0.52) ***

β1 -3.99 (0.52) **

γ1 -1.65 (0.73) *

β2 0.07 (0.01) ***

γ2 0.09 (0.01) ***

R2
= 0.75; F-statistic: 130.6 on 5 and 212 DF ***

The estimated model confirms a significant quadratic decrease in the compressive

strength value linked to an increase on the H2O/Al2O3 molar ratio. This trend is in

accordance with the literature (Ismail et al., 2011; Xie and Kayali, 2014) As previ-

ously mentioned, increasing the water content (increasing the H2O/Al2O3 molar ratio)

increases the porosity of the final structure (Khale and Chaudhary, 2007). Pores act

as a defect point and therefore a higher porosity significantly lowers the compression

strength of the final product.

The model shows a very good fit of the data (high R2 and low residual reported in
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(a) (b)

(c)

Figure 4.11: Residual analysis of the estimated model in Eq 4.7

Fig. 4.11). The fitting of the data could be improved even more using a polynomial

with a higher degree (from 2 to 3). However, some of the hypotheses underlying the

model are not fully satisfied (slightly heteroskedasticity in Fig.4.11c) and so for this

reason the estimates are not completely reliable.

4.3.5 Comprehensive Model

To separate the possible effect of each condition all other things being equal, a full

factorial design of experiments should be conducted. Nevertheless, in the experimental

unfeasibility of varying so many conditions, a comprehensive model has been esti-

mated. The model attempts the ambitious aim of explaining the variability of the com-

pressive strength of metakaolin-based geopolymers by accounting for all the factors
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considered so far, namely curing and aging time, curing temperature and composition

(SiO2/Al2O3 and H2O/Al2O3 molar ratios). Among several alternative formulations,

the best model has been selected, specified as follows:

E(σ) =



















































































β0 + β1C + β2A+ β3T + β4IT>60 + β5
SiO2

Al2O3

+ β6
SiO2

Al2O3

2
+

β7
H2O
Al2O3

+ β8(
H2O
Al2O3

)2 Alkaline Cation K

(β0 + γ0) + (β1 + γ1)C + (β2 + γ2)A+ (β3 + γ3)T + γ4IT>40+

(β5 + γ5)
SiO2

Al2O3

+ (β6 + γ6)
SiO2

Al2O3

2
+

(β7 + γ7)
H2O
Al2O3

+ (β8 + γ8)(
H2O
Al2O3

)2 Alkaline Cation Na

(4.8)

The estimated parameters, along with their standard errors and significance are sum-

marized in Table 4.6.

The model is essentially consistent with the results emerging from the marginal

models discussed above, yet some further significance has arisen when accounting for

all the factors involved.

Curing time is confirmed to positively affect the expected compressive strength in

both types of geopolymers, with a larger effect on sodium-based cations. Aging time

is also confirmed to have a moderate positive effect on the compressive strength of

sodium-based geopolymers only. Same goes for the H2O/Al2O3 molar ratio, nega-

tively affecting the compressive strengths with a quadratic trend.
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Table 4.6: Estimates, standard errors and level of significance of parameters in Eq. 4.3.5; F statistics,

R2, DF (Degree of Freedom). Significance levels: 0 ‘***’, 0.001 ‘**’, ‘× ’ 1

β0 -95.45 (13.68) *** γ0 1.90

β1 0.06 (0.02) *** γ1 0.05 (0.02) .

β2 -0.007 (0.01) γ2 0.04 (0.01) **

β3 -0.06 (0.02) * γ3 0.03 (0.04)

β4 0.38 (0.90) γ4 -4.51 (1.27) ***

β5 83.43 (7.23) *** γ5 11.18 (8.79)

β6 -10.67 (1.05) *** γ6 -2.14 (1.25) .

β7 -3.66 (0.36) *** γ7 -1.46 (0.50) **

β8 0.06 (0.008) *** γ8 0.02 (0.01) .

R2 = 0.73, F-statistic: 199.1 on 17 and 1236 DF ***

The silica to alumina ratio also maintains the expected quadratic effect on both types

of geopolymer, yet accounting for all the involved factors allows for a significant differ-

ence between the trends of the two cations to arise. Sodium-based geopolymers show

a larger parabolic curvature, suggesting both a slower increase and a slower decrease

after the maximum is reached.
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(a) (b)

(c)

Figure 4.12: Residual analysis of the global model

Variation of all the involved experimental condition is globally able to explain about

73% of the total variability of the compressive strength. Residual analysis (reported

in Fig. 4.12) is overall satisfactory: slight evidence of the violation of the hypothesis

of normality is evident at the tails of the distribution only. We posit that this is due to

either small changes in the experimental conditions (beyond our control), or to some

measurement errors, leading to a few outlier values of the compressive strength. Also,

a limited trend in the scale location plot suggests a moderate heteroskedasticity of the

errors, which might reduce the efficiency of the estimates. Nevertheless, the standard

errors are overall rather small with respect to the estimates, hence their possible increase

because of the loss of efficiency can be considered tolerable and does not undermine

the whole reliability of the model.
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4.3.6 Model Limitations

It’s important to note that the current model is strictly limited to describing the com-

pressive strength within the boundaries set by the conditions chosen for this study. As

such, the results may not be directly extrapolated to different processing conditions.

This presents a potential area for future development, where the model could be refined

and validated across a broader set of conditions. At this juncture, the model is most

reliable for small sample sizes. One of the key challenges we’ve identified is the intro-

duction of a size effect factor to consider samples with varying dimensions. Size effects

can significantly influence material properties, particularly in the case of geopolymers

where the microstructure plays a key role in determining performance. Therefore, fu-

ture work will focus on developing and validating a size effect factor to ensure that our

model can accurately predict the behavior of geopolymers regardless of sample size.

4.3.7 Conclusions

Three different statistical models have been proposed to account for the experi-

mental relationship between the compressive strength of potassium and sodium-based

geopolymer samples and different process parameters and their composition. For all

models, the errors have been computed and analyzed to assess their statistical reliabil-

ity. We can conclude that:

• Curing time shows a positive relationship with compressive strength.

• Aging time has a slight positive effect on sodium geopolymers, and it does not

significantly affect potassium-based geopolymers.

• Curing temperature negatively affects compressive strength. In fact, increasing

the curing temperature led to a decrease in the compressive strength values.

• The SiO2/Al2O3 ratio shows a significant quadratic concave trend with com-

pressive strength. Increasing this ratio provides an increase in the compressive
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strength up to a certain threshold which is different for potassium and sodium-

based geopolymers. Above the threshold, increasing SiO2/Al2O3 led to a de-

crease in the mechanical properties.

• The potassium-based geopolymer system shows an almost linearly inverse pro-

portionality between compressive strength and the H2O/Al2O3 molar ratio. The

sodium-based geopolymer system displays an increase of compressive strength at

the beginning (from H2O/Al2O3 = 11 to 13). Above H2O/Al2O33 = 13, a lin-

ear decrease can be observed until H2O/Al2O3 = 20, while after this threshold a

plateau is reached.

A final comprehensive statistical model has been proposed that is able to predict the

compressive strength of both potassium and sodium based geopolymers as a function of

some process variables (curing and aging time, curing temperature) and the geopolymer

formulation (SiO2/Al2O3 and H2O/Al2O3 molar ratios). The observed differences in

the mechanical strength of the samples as a function of the different parameters consid-

ered can be attributed, according to the literature, to variations in the characteristics of

the geopolymer network developed under the different processing conditions.

Further work will aim to add greater variability to the model in order to achieve a

better description capability of the compressive strength dependencies on the process-

ing condition; moreover, more efforts will be devoted to the further validation of the

proposed model for different starting raw materials (e.g., fly ash) and for composite

materials using a geopolymer phase as matrix. Moreover, the model is strictly lim-

ited to describing the compressive strength inside the boundaries set by the conditions

chosen to design the entire work. At this stage, the model is reliable for small samples;

more work is ongoing to introduce a size effect factor to consider samples with different

dimensions.

Nevertheless, the fact that the model is based on the testing of more than 1200

samples all prepared in a consistent way and provides a reasonable fitting of data, lends

appropriate consistency to the statistical model proposed.
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Conclusions

THis thesis encapsulates a comprehensive exploration into the innovative appli-

cations and advancements in geopolymer technology, underpinned by four

pivotal studies carried out throughout the doctoral journey. The initial inves-

tigation unveiled a novel methodology of enhancing carbon dioxide (CO2) adsorption

via high-shear wet granulation of potassium-based geopolymer, with a notable enhance-

ment in adsorption capacities achieved through zeolite 13x incorporation and APTES

functionalization. This lays a solid foundation for future research to delve into other

functionalization techniques, propelling the development of efficient and sustainable

solutions for CO2 capture.

Transitioning from granulation to additive manufacturing, the second study em-

ployed the Direct Ink Writing (DIW) method to fabricate geopolymer and geopolymer-

zeolite structures, revealing a significant influence of geometry on adsorption perfor-

mance. The exceptional adsorption capacities showcased, especially in the context of

clenbuterol adsorption, affirm the potential of geopolymers in environmental remedia-

tion, setting a promising trajectory for the commercialization of such products once the

scaling-up challenges of the DIW process are surmounted.
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The third study ventured into a novel application of geopolymer membranes, demon-

strating the successful production of these membranes using the warm pressing tech-

nique. The findings from this study not only pave the way for ongoing cut-off experi-

ments but also serve as a precursor for employing geopolymer membranes in combating

water pollution, a critical environmental challenge.

Lastly, the fourth study embarked on a rigorous statistical analysis to model the com-

pressive strength behavior of potassium and sodium-based geopolymers. The compre-

hensive statistical model proposed, underpinned by the testing of over 1200 samples,

holds promise in predicting the compressive strength based on various process vari-

ables and geopolymer formulations. This model serves as a stepping stone for future

work aimed at enhancing its descriptive capability and validating it across different raw

materials and composite materials with a geopolymer matrix.

In summary, the collective findings from these four studies underscore the versatility

and potential of geopolymer technology in addressing a spectrum of environmental

challenges. The innovative methodologies employed, the novel applications explored,

and the promising results obtained, collectively contribute to the burgeoning body of

knowledge in geopolymer research. The journey traversed in this thesis not only sheds

light on the multifaceted benefits of geopolymers but also propels the discourse towards

more sustainable and efficient solutions for environmental remediation and beyond.
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