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Abstract

This thesis investigates the potential of new innovative hydroxyapatite (HAP) based materials,
synthesized as adsorbents for removing both anionic and cationic dyes from aqueous solutions.
It is divided into three main sections. The first section explores a novel approach to enhance
HAP’s selectivity for cationic dyes. To achieve this, a metakaolin-based geopolymer (MK-GP)
was incorporated as a binding agent, giving the HAP enhanced mechanical properties and
enabling it to be converted into stable granules. These HAP-MK-GP granules were
characterized structurally, morphologically and mechanically, and their adsorption capacities
were assessed using batch experiments accompanied by kinetic modelling. The second section
focused on optimizing the synthesis parameters of HAP-MK-GP granules, with the aim of
improving their surface properties, in particular by increasing their specific surface area and
porosity, which result in high adsorption efficiency. For this, a granulation technique
incorporating polyethylene glycol (PEG) and sodium dodecyl sulfate (SDS) was used. This
resulted in the production of highly porous granules with significant mechanical strength and
improved capacity to adsorb organic pollutants, making them suitable for large-scale
applications in the wastewater treatment. However, due to the MK-GP surface charge, these
granules exhibited limited affinity for anionic dyes. To overcome this limitation, the final
section of this study focused on the development of a magnetized hydroxyapatite
nanocomposite (HAP-Fe-Urtica dioica extract) synthesized via co-precipitation. The
incorporation of iron oxide (Fes0,) conferred magnetic properties to the material, while Urtica
dioica extract induced the formation functional groups to improve adsorption efficiency

through the establishment hydrogen bonding and =-x interactions.

Overall, this study highlights the effectiveness of HAP-based materials, including geopolymer-
bound granules and magnetic nanocomposites, as promising adsorbents for dye removal in
industrial wastewater treatment. It also demonstrates scalable synthesis methods that can be
applied to other powdered adsorbents, broadening their potential for environmental

remediation.

Keywords: Hydroxyapatite, Geopolymer, iron oxide, Urtica dioica extract, Wastewater
treatment, Adsorption, response surface methodology.



Résumé

Cette theése s'intéresse au développement et a I’évaluation de nouveaux matériaux adsorbants
innovants a base d’hydroxyapatite (HAP), destinés a 1’¢élimination de colorants anioniques et
cationiques dans des milieux aqueux. Le travail est organisé en trois sections principales. La
premicre section propose une stratégie innovante visant a renforcer la sélectivité de ’'HAP
envers les colorants cationiques. Dans cette optique, un géopolymere a base de métakaolin
(MK-GP) a été incorporé en tant qu’agent liant, ce qui a permis d'améliorer les propriétés
mécaniques de ’HAP et de le transformer en granulés stables. Ces granulés composites HAP-
MK-GP ont fait 1’objet d’une caractérisation approfondie aux niveaux structural,
morphologique et mécanique. Leur efficacité en adsorption a été examinée par des essais en
mode discontinu (batch), associés a une modélisation des cinétiques d’adsorption. La deuxieme
partie de cette étude a été consacrée a 1I’optimisation des conditions de synthese des granulés
HAP-MK-GP, dans le but d’améliorer leurs propriétés texturales, en particulier la surface
spécifique et la porosité, afin d’augmenter leur efficacité en adsorption. A cet effet, une
méthode de granulation assistée par 1’ajout de polyéthyléne glycol (PEG) et de dodécylsulfate
de sodium (SDS) a été mise en ceuvre. Cette approche a permis [’obtention de granulés
hautement poreux, dotés d’une résistance mécanique accrue et d’une capacité d’adsorption
améliorée vis-a-vis des polluants organiques, les rendant potentiellement adaptés a des
applications a grande échelle dans le traitement des eaux usées. Toutefois, en raison de la nature
chargée du géopolymere MK-GP, ces granulés ont montré une affinité réduite pour les colorants
anioniques. Pour pallier cette limitation, la troisiéme et derniére partie de la thése s’est orientée
vers la synthése d’un nanocomposite magnétisé a base d’hydroxyapatite (HAP-Fe/extrait
d’Urtica dioica) obtenu par co-précipitation. L’incorporation d’oxyde de fer (FesO, ) a conféré
au matériau des propriétés magnétiques facilitant sa séparation, tandis que 1’introduction de
I’extrait végétal a favorisé 1’apparition de groupes fonctionnels susceptibles de renforcer les

mécanismes d’adsorption via la formation de liaisons hydrogene et d’interactions z-.

Dans I'ensemble, cette étude met en lumiére I'efficacité des matéeriaux a base d'HAP, y compris
les granulés liés au géopolymere et les nanocomposites magnétiques, en tant qu'adsorbants
prometteurs pour I'élimination des colorants dans le traitement des eaux usées industrielles. Elle
démontre également des méthodes de synthese évolutives pouvant étre appliquees a d'autres
adsorbants en poudre, élargissant ainsi leur potentiel pour la dépollution environnementale.

Mots-clés : Hydroxyapatite, Géopolymeére, oxyde de fer, extrait d'Urtica dioica, traitement des

eaux usées, adsorption, plans d'expériences.
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Overview, Objectives and Thesis outline

1. Overview: General introduction

The rapid pace of industrialization and population growth is intensifying the global demand for
freshwater, particularly in regions such as Algeria, where the existing water treatment
infrastructure is inadequate to address these mounting challenges. This situation is all the more
worrying given that, in many developing economies, industrial activities often lack sufficient
wastewater treatment facilities, leading to the annual discharge of millions of cubic meters of
untreated effluents into water bodies (Yang et al., 2024). This untreated wastewater
significantly contributes to the degradation of freshwater resources, exacerbating the existing
challenges associated with water pollution (Wang et al., 2024). Simultaneously, the effects of
climate change, including altered precipitation patterns, increasing drought frequency, and
erratic weather events, are amplifying water scarcity, further complicating efforts to meet
growing water demands (Wang et al., 2023). Moreover, urban expansion, accompanied by
increased population concentration, exerts additional pressure on already limited water
supplies, culminating in a multifaceted crisis (McGonigle et al., 2013). Taken together, these
factors pose a significant threat to access to quality water (clean and potable), compromise the
balance of ecosystems and raise major public health concerns.

For this, in such water-scarce and contaminated regions, there is an urgent need for innovative
and efficient wastewater treatment solutions. Addressing these interconnected challenges
requires a comprehensive, integrated approach. First, the introduction of robust regulatory
frameworks and public policies is essential for promoting the rational use of water resources,
enhancing industrial water efficiency, and incorporating climate change adaptation strategies.
Second, significant investment in water infrastructure is necessary to modernize existing
systems, enhance the resilience of distribution networks, and ensure equitable access to high-
quality water. Third, the development and optimization of advanced wastewater treatment
technologies are critical to improving pollutant removal efficiency, particularly in addressing
organic contaminants such as synthetic dyes, which traditional treatment methods often fail to
remove. Among promising solutions, adsorption has emerged as an effective technique for
eliminating harmful dyes from industrial effluents, offering a viable pathway to mitigate
environmental pollution and support the sustainable management of water resources (Megherbi
et al., 2024). The coherent integration of these strategies is crucial to achieving long-term,

sustainable water management and safeguarding freshwater resources.
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A variety of adsorbent materials have been investigated for their efficacy in water treatment,
including carbon-based materials, biopolymer-based adsorbents, agro-industrial waste-derived
materials, zeolites, double-layered hydroxides, metal-organic frameworks, silica-based
materials, geopolymers (GP) and hydroxyapatite (HAP) powders (Cong et al., 2021 ; Billah et
al., 2022). These last two have attracted the attention of many researchers due to their affinity

for several types of pollutants.

Hydroxyapatite (HAP, Ca;,(P0,)¢(OH), ) is a calcium phosphate mineral compound that can
be derived from natural sources rich in calcium and phosphorus, such as eggshells, mussel
shells, and animal bones (Agsous et al., 2025). Utilizing these secondary materials not only
provides an eco-friendly alternative to synthetic sources but also reduces dependence on
phosphate rock, a critical raw material (Hosseinian et al., 2023). In wastewater treatment, HAP
is valued for its high adsorption capacity for heavy metals like zinc, lead, and copper (Meski et
al., 2019). However, its ability to adsorb organic pollutants, particularly dyes, is limited due to
its low electrostatic interactions, porosity, and surface area (Panneerselvam et al., 2019). In
contrast, metakaolin-based geopolymers (MK-GP) are three-dimensional inorganic polymeric
materials with cross-linked tetrahedral units of [AlO,] and [SiO,], stabilized by alkali metal
cations (i.e., Na*, K™) ( Kumar et al., 2021). These alkali-activated binders exhibit exceptional
resistance to water dissolution, thermal stability, and durability, making them effective for
pollutant removal, especially for cationic organic pollutants like dyes (Luukkonen et al., 2019
; Gongalves et al., 2022).

To address HAP limitation, researchers have developed HAP-based materials. This thesis
investigates a novel approach by combining HAP with MK-GP materials to enhance its
adsorption properties. The integration of HAP with MK-GP results in durable, high-strength
materials (i.e. granules, monoliths and filter) that address the challenges of separation and
adsorptive capacity loss often associated with fine HAP powders. Furthermore, MK-GP can be
tailored to increase porosity and improve pore interconnectivity, optimizing the surface area for
enhanced dye adsorption. This combination not only enhances the mechanical strength of HAP
but also improves its overall adsorption efficiency. The resulting composite material provides
a stable and recoverable solution, enabling more efficient use of HAP in large-scale

environmental remediation, particularly in wastewater treatment.
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2. Objectives: Aim and scope of the thesis

This thesis is part of an innovative approach to cleaning up industrial effluents by using eco-
friendly materials. It aims to explore the development of new hydroxyapatite (HAP)-based
materials to enhance the adsorption and removal of organic pollutants, particularly dyes, in
wastewater treatment. This research addresses the limitations of unmodified HAP, such as its
low affinity for organic compounds and challenges related to recovery and reusability. By
combining HAP with geopolymer-based binders and Fe;O, nanoparticles, this study seeks to
improve the adsorptive capacity, mechanical stability, and recovery efficiency of HAP
composites. This thesis is structured around three publications, each addressing specific

objectives related to the development of HAP-based materials for environmental applications:

Publication 1. This publication investigates the use of metakaolin-based geopolymer (MK-GP)
as a binder for unmodified HAP powder, with hydrogen peroxide (H,O-) added at different
concentrations (0.0, 5.0, 7.5, and 10.0%) as both a granulation fluid and a foaming agent. The
study focuses on improving the mechanical properties of the material by transforming HAP
powder into granules, thereby enhancing the adsorption efficiency of the granules for the

removal of Brilliant Green (BG) dye from aqueous solutions.

Publication IlI. This study explores the enhancement of HAP-MK-GP granules by
incorporating polyethylene glycol (PEG) as a porogen agent and sodium dodecyl sulfate (SDS)
as an anionic surfactant. The objective is to increase the porosity, surface area, and adsorption
capacity of the granules for binary cationic dye pollutants (MB and CV), while maintaining
high mechanical strength. The study also evaluates the granules' regeneration potential,
demonstrating that they can be reused for up to eight cycles without significant loss in
adsorption capacity or structural degradation. These results suggest that the porous granules
developed in this study have significant potential for industrial wastewater treatment

applications.

Publication I11. This publication investigates the integration of Fe;O, nanoparticles into the
HAP matrix, modified with Urtica dioica extract. It serves as a follow-up to the findings in
Publications | and Il, where the HAP-MK-GP granules showed limited affinity for the
adsorption of binary anionic dyes (DR23 and ARS) due to the structure of the MK-GP binder.
So, the addition of Fe;O, nanoparticles and Urtica dioica extract aims to improve the overall

performance of the composite materials for anionic dye removal
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3. Thesis outline
This thesis is structured into three chapters, each analysing a key aspect that will help us to
understand and evaluate the development of the work carried out.

Chapter 1. provides a comprehensive literature review on hydroxyapatite (HAP) materials and
geopolymer (GP) alkali-activated materials, focusing on their synthesis, properties, and
applications in dye removal. It also discusses the challenges and advancements in these fields,

laying the foundation for the research presented in this work.

Chapter Il. details the materials and methods used in this study. It describes in detail the
synthesis processes and the strategies for modifying the materials, while highlighting their
effectiveness in eliminating organic dyes. The chapter also outlines the experimental setup and

analytical techniques employed for material characterization and adsorption studies.

Chapter I11. presents the experimental results, including materials characterization, adsorption
performance, and comparative analysis with existing technologies. The findings are critically

examined in relation to the research objectives, highlighting key insights and contributions.

The thesis concludes with a summary of the results obtained and their implications, while also
proposing future research directions for further advancements in HAP-based composite

materials for innovative environmental applications.
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This chapter provides a critical review of the development and advancements in hydroxyapatite

(HAP) and metakaolin-based geopolymer (MK-GP), focusing on their structural properties,
synthesis methods, modifications, and applications in adsorption processes. It examines recent
progress in enhancing the efficiency of these materials for environmental remediation,
addressing both their potential and existing challenges. The discussion also highlights their
scientific and technological advancements, limitations, and future research directions essential

for optimizing their performance in environmental applications.

I.1. Apatite and hydroxyapatite material

The term 'apatite’ is derived from a Greek word meaning 'deceitful’. It refers to a family of
calcium phosphate minerals with similar structures but varying compositions, generally
represented by the formula Me;, (X0,)¢ Y>. In this formula (Pai et al., 2020 ; Manning, 1985)

e Me represents a divalent cation, often calcium (Ca?"), which can be substituted by other
divalent (Zn?*,Pb%*,Mg?*..), monovalent (Nat,Rb*,K*..), trivalent cations
(Re3*, A3, An3*..), and tetravalent cations (U**, Pu*t, Th**..);

e X0, is tetrahedral anion group, typically phosphate (PO, 3), which can be substituted
by other tetrahedral anion groups (4s0; 3, Ge0; ), tetravalent groups (Si0;*, Ge0; %),
and bivalent ions (S0; 2, C03?);

e Y isamonovalent ion often OH , Cl, F, and sometimes a bivalent ion (02~,C032).

Stoichiometric hydroxyapatite (HAP), with the chemical formula (Ca),y,(P0,)¢(0H),, is
characterized by a %a ratio ranging from 1.5 to 1.667 (Surmeneva et al., 2019). It has a
hexagonal structure with a six-fold c-axis perpendicular to three a-axes (f = 120°) and belongs
to the P6s/m space group, with lattice parameters a =b = 9.37 A, ¢ = 6.88 A (Balasooriya et al.,
2022). HAP contains two distinct calcium sites, Ca,y and Caqypy leading to the general
formula (Ca(,)4Ca(,,)6)(P04)6(0H)2. The hydroxyapatite framework is a compact assembly
of PO, tetrahedra, with each tetrahedron shared by one column, forming a rigid network. This
arrangement results in two types of unconnected channels: one with a diameter of 2.5 A,
accommodating Ca,,y ions, and another with a diameter of 3.5 A, designed for Cay ions (Fig.
1.1). These channels, though unconnected, are pivotal for the selective ion transport and

structural stability of the material. Additionally, the presence of hydroxyl (OH) groups along
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the c-axis helps neutralize the positive charge of the calcium-rich framework, balancing the

overall charge distribution within the crystal (Surmeneva et al., 2019).

Hydroxy!

&

Oxygen

Screw axis Ca

Columnar G5

Phosphorus

Fig.l1.1. The structure of hydroxyapatite (HAP) (Brunton et al., 2013).

Stoichiometric HAP exhibits notable surface adsorption properties due to the presence and
exchange of hydroxyls and orthophosphates groups, which play a crucial role in its reactivity.
As a member of the calcium orthophosphate family. HAP can appear in different allotropic
forms, such as rhombohedral (B-form) or monoclinic (a-form). The phase diagram of calcium
phosphates (Fig. 1.2) is significantly influenced by water pressure. Under anhydrous conditions,
hydroxyapatite does not form and decomposes into a-tricalcium phosphate (a-TCP),
tetracalcium phosphate (TTCP), and water, depending on water pressure (Anandan & Jaiswal,
2023 ; Alam et al., 2024 ; Lin et al., 2001).
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Fig. 1.2. Phase diagram of the CaO — P, 05 system (Welch & Gutt, 1961).
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I.1.1. Synthesis of hydroxyapatite

Synthetic HAP can be produced through various methods, classified into dry, wet, and high-
temperature techniques. Each method results in HAP particles with distinct characteristics,
including variations in size, surface properties (e.g., porosity, surface area), morphologies, and
particle agglomeration. These methods also produce different crystalline phases of HAP (Sadat-
Shojai et al., 2013 ; Lin et al., 2015). The resulting properties significantly influence the
bioactivity, mechanical strength, biological interactions and adsorption capacity of HAP.
Therefore, understanding and controlling these properties through appropriate synthesis
techniques is crucial for tailoring HAP for specific applications in biomedicine, materials

science, and environmental engineering (Kannan, 2015 ; Sidane et al., 2015).

1.1.1.1. Dry method

Dry synthesis of hydroxyapatite (HAP) is based on two main approaches: solid-state and
mechanochemical methods. Mechanochemical technique typically mixes dry precursor
chemicals, usually calcium and phosphate, and is suitable for large-scale powder production
due to its lack of precise conditions (Pu’ad et al., 2020). However, solid-state reactions involve
milling and heating a mixture of calcium and phosphate precursors to produce new solids, such
as HAP, and gases. The mechanism relies on the diffusion of solid-state ions from the
precursors, combined with a high-temperature process to trigger the reaction (Cox et al., 2015).

1.1.1.2. Wet method

The wet method is widely favored for its simplicity, low cost, and ability to produce uniform
results. This method encompasses various approaches, such as co-precipitation, hydrothermal,
and sol-gel, each its own advantages and limitations depending on the specific application for
HAP.

e Co-precipitation: this involves the dissolution of calcium and phosphate precursors.
The phosphate solution is added drop by drop to the calcium solution, then the pH is
adjusted to alkaline levels (pH = 10). The mixture is stirred until the precipitate forms.
Afterward, the HAP particles undergo washing, filtering, and drying. This method
provides flexibility and control over synthesis conditions, facilitating the production of
well-defined HAP particles suitable for diverse applications.

e Sol-gel method: this process involves mixing calcium and phosphate precursors in a
solvent (e.g., water, ethanol) to form a homogeneous sol, which undergoes hydrolysis
and condensation reactions to form a stable gel. The gel is then dried and calcined at
high temperatures to obtain the final HAP powder. This method offers advantages by

7
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enhancing chemical homogeneity and achieving HAP of high purity and crystallinity
(Paziresh et al., 2021).

e Hydrothermal method: this involves dissolving calcium and phosphate precursors and
adjusting the pH to 10. The mixture is then heated and pressurized, typically in an
autoclave or pressure vessel. This method enhances reactivity and promotes the

formation of crystalline hydroxyapatite with fixed Ca/P ratios (Gao et al., 2019).

1.1.1.3. High-temperature method

High-temperature methods like combustion and pyrolysis are widely used for HAP synthesis.
However, their use remains limited due to insufficient control over processing parameters and
the formation of secondary aggregates.

e Combustion method: this involves burning calcium nitrate, diammonium hydrogen
phosphate, citric acid, and succinic acid, leading to the formation of carbonated HAP
and PB-tricalcium phosphate (B-TCP) via rapid exothermic reactions (Sasikumar et al.,
2008 ; Najmi & Singh, 2024).

e Pyrolysis method: this method involves converting calcium and phosphate precursors
into HAP particles by heating them at a temperature of 800°C in the absence of oxygen
for a specific period. It is advantageous as it is easier to scale and requires less fuel
mixing compared to combustion, making it suitable for continuous production of HAP
particles (Fihri et al., 2017). Additionally, pyrolysis can be adapted for aerosol-based
methods, where the precursor materials are suspended in a gaseous phase (aerosol) and
then subjected to heat, allowing for precise control over particle size and distribution
(Mathew et al., 1977).

I.1.2. Recent and future development in hydroxyapatite for environmental applications
(adsorption)

The applications of HAP in environmental remediation are extensive due to their attractive
physicochemical properties. Their high adsorption capacity, excellent chemical and thermal
stability, ion-exchange capacity, non-toxicity, and abundant natural availability make them
valuable tools in pollution control (Meski et al., 2019). This section provides an overview of
new synthesis methods and improvements in their properties for various environmental

remediation applications, including the adsorption of heavy metals and organic molecules (i.e.

dye).
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1.1.2.1. Heavy metals remediation

Synthetic hydroxyapatite, produced through various synthesis methods using both natural and
synthetic sources, has been extensively studied as an adsorbent for heavy metals such as Pbh2*,
Ni%*, Zn?*, Cu®*, Sr?*, and Cd?*. HAP demonstrates good sorption capacity due to its
structural properties (Table 1.1). The sorption mechanism involves electrostatic attraction,
surface complexation, and ion exchange between calcium sites and heavy metal ions. Moreover,
HAP exhibits varying degrees of affinity towards different heavy metals. Studies by Errich et
al., (2021) and Gupta et al., (2011) showed that HAP's affinity varies among metals, in the
following order: Zn?* > Cu?*> Cr2*, Pb?* > Co?*> Ni?*, and Pbh?* > Cd?* > Ni?*. This
variation is influenced by the hydrated ionic radii (Pb%* (1.2 A) > cu?* (0.97 A) > ¢d?* (0.75
A), the metal ion electronegativity, and the cation/anion state. Additionally, HAP's morphology,
microcrystalline size, composition, and structure significantly affect its efficiency and

selectivity towards heavy metals.

Table 1.1. Comparison of various synthesized HAP and their heavy metals adsorption

mechanisms.

Method SSa (m?/g) G max Heavy metals (Mg /g) Adsorption mechanism References
Microwave assisted 8.08 qpp2+ = 1430 lon exchange and electrostatic | Jiang et al., 2020
thermal decomposition 103.46 quiz = 181.32 attraction Ofudje et al.,
900 °C 2021
N/A 77.00 ey =20and qeger =25 Surface complexation and co- | Femane et al.,

precipitation 2008
Double interfacial 188.50 qgrz+ =45 Surface complexation and ion | Xiaetal., 2019
diffusion method. exchange
Co-precipitation 26.40 qzn>+ =330 surface  complexation and | Ni & Fox., 2019
electrostatic attraction
Precipitation N/A qppz+ = 1352, g2+ = 285, Surface adsorption, | Zhou et al., 2021
qzn2+ = 304 and g4+ = 305 | complexation and ion exchange

N/A= not available.

Due to HAP's high adsorption capacity, it is being used as a precursor in combination with
polymers to create membranes with enhanced adsorption properties. For example, Shokri et al.,
(2021) developed PLA/HAP adsorptive membranes. Pure PLA membranes have low affinity
for removing Pbh2*and As?*, but when combined with HAP, new membranes with high
porosity, hydrophilicity, and permeability are formed, maintaining acceptable mechanical
strength. Another study by Gai et al., (2024) analyzed chitosan-gelatin-hydroxyapatite
methylcellulose (CS-GEL-HPMC) membranes for Cd?*adsorption. The results showed that the

addition of HAP into CS-GEL membranes significantly enhances their adsorption capacity.
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1.1.2.2. Organic compounds remediation

Unmodified hydroxyapatite (HAP) exhibits low adsorption affinity for organic compounds like
dyes, pharmaceutical molecules, and pesticides in aqueous solutions. To enhance its adsorption
properties (surface area, porosity, electrostatic attraction), hybridization processes are
employed. These involve combining HAP with materials such as polymers, activated carbon,
and Fe;0, through co-precipitation or crosslinking agents. Additionally, doping HAP by
substituting different ions (e.g., Fe**, AP A, Co*", AgTA) at the Ca**site under controlled
conditions has been practiced (Miyah et al., 2024 ; Mahanty and Shikha, 2023). These methods
create new adsorbent materials that are inexpensive, have high adsorption capacity, and are
easily regenerated. Table 1.2 provides the adsorption capacity and surface area of various

hybridized HAP-based materials for organic pollutant removal.

Sahoo et al., (2019) doped HAP with Fe?* and Fe3*to create magnetic hydroxyapatite (M-
HAP). The M-HAP exhibited high adsorption capacity for anionic ETB dye by increasing the
availability of hydroxyl groups, forming hydrogen bonds with dye molecules, and enhancing
dipole-ion interactions. Additionally, the newly adsorbed powder displayed interesting
magnetic properties, allowing it to be easily removed using external magnetic fields, thus
facilitating straightforward regeneration. However, Guan et al., (2020) developed a
polyalcohol-coated HAP nanocomposite using polyvinylanyl (PVA), which showed good
adsorption capacity for both anionic MO and CR and cationic MB dyes. This improvement is
due to the structural modifications induced by PVA, which increase the porosity and surface
characteristics of the HAP nanocomposite. Another study by Pereira et al., (2020) used Amino
HAP/chitosan/glutaraldehy for the removal of DC. Additionally, Pereira et al., (2020) found
that combining HAP with chitosan (HAP-CS) synergistically improves adsorption properties
by increasing active adsorption sites, porosity, and surface area. These new composites are
biocompatible and biodegradable, making them suitable for water treatment and biomedical

engineering.

Recent research has investigated innovative HAP-based materials by combining HAP powder
with metakaolin geopolymer (MK-GP) through granulation to form adsorbent granules .This
novel composite matrix has demonstrated several noteworthy properties, including enhanced
mechanical strength and significant adsorption capacity for heavy metals and dyes. The
advantages of this HAP-MK-GP matrix extend beyond its mechanical and adsorptive
capabilities. It exhibits remarkable chemical stability, making it suitable for long-term use in

harsh environments. Additionally, the material is cost-effective due to the relatively low price
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of raw materials and the straightforward synthesis process. Its porous structure also enhances

its surface area, leading to improved adsorption efficiency.

Table 1.2. Hydroxyapatite based materials for organic pollutant removal.

Material Organic Type SSa (m?/g) Qmax (MG/9) References
Pollutant
Magnetic HAP EBT 41.20 qepr = 43.47 Sahoo et al., 2019
Zein/nHAP CR 73.73 qcr = 416.71 Nasab et al., 2018
Polyalcohol-coated HAP MO, CR and 203.18 quo = 14.7,qcr = 170.7 Guan et al., 2018
MB Dyes and qyp = 379.1
HAP-chitosan oG N/A qoc = 20 Kjidaa et al., 2024
nHAP-biochar TY, SX 566.11 qry = 160.17 and qgx = Lietal., 2020
140.23
HAP/Clay TC Antibiotic 47.65 qrc = 76.2 Ersan et al., 2015
Amino HAP/CS/glutaraldehy DC 50.00 qpc =125 Pereira et al., 2020
HAP-Montmorillonite (HAP- Cipro 91.18 Qcipro = 147.51 Laabd et al., 2021
Mt)
Nano-HAP Atrazine Pesticide N/A Qatrazine = 0.00995 x 10710 | Randa et al., 2023

N/A= not available, EBT= Eriochrome Black T, CR= Congo red, MO = Methyl orange, MB = Methyl blue, OG = Orange G,
TY =Tylosin , SX = Sulfamethoxazole, TC = Tetracycline, DC = Diclofenac , Cipro = Ciprofloxacin.

I.2. Metakaolin-based geopolymers (GP)

The term "geopolymers” (GP) was initially coined and developed by Professor Joseph
Davidovits in 1972 (Davidovits, 1991). He defined them as green inorganic polymer materials
formed by the condensation of aluminosilicate materials in alkali or acid solutions at low
temperatures. They are characterised by a three-dimensional network architecture, with an

amorphous or semi-crystalline phase. (Davidovits et al., 2019).

The preparation process for GP is simple, typically involving the mixing of various
aluminosilicate source materials, such as clay minerals, fly ash, slag, and industrial wastes (Fig.
1.3), with alkali or acid activator solutions, and curing below 100°C (Bai et al., 2018).
Metakaolin (MK) is a preferred raw material for GP formation due to its high mineral activation,
large specific surface area, and consistent chemical composition (Panagiotopoulou et al., 2007;
Chengetal., 2012). MK is an anhydrous aluminosilicate formed through the thermal breakdown
of kaolin at temperatures above 550°C, resulting in significant atomic rearrangement (Rozek et
al., 2019).

11
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Fig. 1.3. Main resources of common aluminosilicate materials used in GP synthesis (Elgarahy
etal., 2023).

1.2.1. Geopolymer structure and geopolymerization process
The empirical formula for GP is M,[(Si0,),Al0,],.H,0 , where M is alkali cation (usually

Na™ and K*), n is the degree of polymerization and z is the molar ratio of %. Based on thej—i
ratio, geopolymers are classified into three types: poly (sialate) (Z—i =1), poly (sialate-siloxo)

(%= 2), and poly (sialate-disiloxo) (Z—i: 3) (Table 1.3) (Davidovits, 2002).

Table 1.3. Types of GP according of % ration (Davidovits, 1988)

GP type 5 ratio Chemical formula
Al

)
Polysialate: PS 1

L 1
(-Si-O-Al-O-)
] 1

O (=]
] 1

=)

Polysialate-siloxo:PSS 2 {_Sli-o-,tlu.o_sli-o.}

o o o

] | |

=)
Polysialate-disiloxo: PSDS 3 (-Si-O-Al-O-Si-O- Si-0-)

1 | 1 1
(o] o (o] (@]
I I | |
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The production process for GP involves dissolving aluminosilicate precursors (such as
metakaolin, fly ash, and slag) in alkali hydroxide and/or alkali silicate solutions. The mixture
is kept for at least 15 minutes to ensure homogeneity before being poured into a mould. That
then polymerizes to form interconnected amorphous gels, which harden under heat (20°C to
100°C) or pressure to create the final geopolymer material (Fig. 1.4). Increasing the curing
temperature accelerates the reaction kinetics and the geopolymerization process (Zhang et al.,
2016 ; De Oliveira et al., 2024 ; Ren et al., 2020).

Aluminosilicate
Sources

Alkali-activator

Geopolymre granules

Fig. 1.4. Schematic of geopolymer casting formation (Ren et al., 2021)

Glukhovsky in 1994 proposed a reaction mechanism model for alkali-activated silicon-
aluminum phase components, structuring the process into four main stages: deconstruction,
reconstruction, condensation, and crystallization (Fig. 1.5). This process can be further detailed
into five stages (Krivenko et al., 2007 ; Duxson et al., 2008 ; Ren et al., 2020).

1. Hydrolysis of the precursors, during which the alkali dissociates the chemical bonds in
powdered silica-aluminate materials, resulting in the release of [Si0,]*~ and [A10,]°~
tetrahedral units ;

2. Transition phase characterised by the formation of chemical bonds T-O-T (T = Al or Si)

among silicate, aluminate, and aluminosilicate units ;
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3. Condensation reaction, where oligomers condense to form a small cross-linked structure
under strong alkaline conditions ;
4. Gel formation, where the gelling substances reorganise to generate geopolymer gels or

other hydration products ;
5. Formation of a dense material, resulting from further dehydration and condensation,

leading to the creation of a compact, dense and hard geopolymer material.
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Fig. 1.5. Schematic diagram of geopolymerization of metakaolin-based geopolymer (Bai et
al., 2024).

1.2.2. Preparation of porous geopolymers
Porous geopolymers, such as spheres, granules, filters, and monoliths, can be synthesized using
various methods. However, direct foaming (DF) technique is the more useful and the most

effective.

1.2.2.1. Direct foaming (DF) method
The use of foaming agents such as H>O,, metal powders such as silicon and aluminium (Papa

et al., 2022 ; Ibrahim et al., 2022), as well as other chemical agents such as NaO, (Peng et al.,
2020), CaCO; (Rashad et al., 2022) and NaHBO, (Wattanarach et al., 2022) also leads to the
formation of porous geopolymers. During curing, these agents decompose to release oxygen
and hydrogen gas (De Oliveiraet al., 2024), forming bubbles within the geopolymer matrix and

creating its porous structure (Egs. I-1, 2, 3 and 4) (Bai & Colombo, 2018).
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2H,0, — 2H,0 + 0,4 (I1-1)
20to 100 °C
Si+2MOH + H,0 ———— M,Si0; + 2H, () (1-2)
20to 100 °C
24l + 2MOH + 2H,0 ————> 2MALO, + 3H, () (1-3)

where M=K or Na
4NaBO3 + H20 - 2 NaOH + NazB407 + 202 (g) (I - 4)

1.2.3. Recent and future development in Metakaolin-based geopolymer for environmental
applications (adsorption)

In recent years, metakaolin-based geopolymers (MK-GP) have garnered significant interest for
water treatment applications such as adsorption, degradation, filtration, and
solidification/stabilization. This interest stems from their unique properties, including high
specific surface area, porous structure, ion-exchange capabilities, low production costs, and
abundant availability.

MK-GP materials have proven effective in adsorbing a wide range of pollutants, including
cationic organic dyes and heavy metals. These GP’s are developed into various shapes, such as
spheres, granules, and monoliths, which enhance their practical application in adsorption
processes by facilitating easier recycling or regeneration after adsorption (Gongalves et al.,
2023). Table 1.4 details the properties and adsorption capacities of various MK-GP materials
for the pollutants mentioned above, underscoring their significant potential in adsorption
applications. The data in Table 1.4 show that MK-GP materials exhibit varying degrees of
affinity towards different pollutants. This variation is primarily due to their specific surface area
and cation exchange capacity. The high surface area provides numerous active sites for
adsorption, while the cation exchange capacity facilitates the removal of metal cations through
ion exchange mechanisms. Studies by Ge et al., 2015 ; Liu et al., 2022 and Candamanoet al.,
2023 have demonstrated that the hierarchical pore structures within these geopolymers enhance
the accessibility of pollutants to the adsorption sites, further improving their efficiency. The
versatility in shapes and the inherent properties of MK-GP materials make them promising

candidates for addressing pollution in diverse environmental settings.
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Table 1.4. MK-GP materials proprieties and their adsorption capacity for different pollutants.

Shape Pollutants SSa (m?/g) Qmax (Mg/g) References

Sphere Cu?* 53.90 qcuz = 56.20 Geetal., 2015

monolith | Ph2*,Ni%*, Cd? N/A qpp = 12.40, quz+ = 6.80, qcger = 6.20 | Liuetal., 2022

Granules Cs* 53.70 qcst = 192.10 Xiang et al., 2021
Granules NH} 39.20 Auuy =47 Sanguanpak et al., 2021
Granules NHf 25.50 Auuy = 15 Yu etal., 2023

Sphere F~ N/A qr- = 202.20 Wei et al., 2023
Granules MB N/A qus = 39.50 Candamanoet al., 2023
Monolith MB N/A qup = 7.80 Kaya-OzKiper et al., 2022
N/A= not available.

To enhance the properties of MK-GP materials, such as surface area, porosity, and adsorption
capacity, various hybridization methods have been developed during their preparation. These
methods involve combining MK-GP with additives like activated carbon, zeolite, and Fe;0, or
using surfactants such as sodium dodecyl sulfate (SDS) and cetyl trimethylammonium bromide
(CTAB). Table 1.5 provides detailed information on the adsorption capacity and surface area
of these hybridized MK-GP materials, highlighting their improved performance and efficiency

in adsorption applications.

Table 1.5. Developed MK-GP based materials proprieties and their adsorption capacity for

different pollutants.

MK-GP base material Shape Pollutants | SSa (m?/g) AQmax(Mg/g) References
GP/Fe304 composite Monolith AG16 53.40 qag1z = 400 Rossatto et al., 2020
MK-GP zeolite microsphere | Powder Pb?* N/A qpp2+ = 529.60 Wei et al., 2022
Diatomite/MK-GP zeolite Sphere Sr2* 106 qsr2+ = 193.70 Salamet al., 2021
Activated Filter AOII 66.50 Qaon = 66.50 Oliveira et al., 2022
carbon/hydrotalcite/ MK-GP
MK-GP-CTAB Sphere MB 128.65 qus = 183.08 Bouna et al., 2020
Carbon nanotube/GP Sphere MB, Pb**, 73.06 qpp2+ = 52.74, Yan et al., 2022
Ni?* qyiz+ =891, qup = 73.06

MB = Methylen blue , AOII=

Acid orange 1l, AG16= Acid green 16, N/A = not variable.

Rossatto et al. (2020) synthesized MK-GP-based magnetic composites by incorporating
soybean oil and hydrogen peroxide (H,0,), which demonstrated a strong affinity towards
anionic dyes such as Acid Green 16. While MK-GP alone does not exhibit an affinity for anionic
dyes, the addition of Fe;0, significantly enhanced the electrostatic interaction between the
dye’s negatively charged sulfonate group and the functional groups present on the magnetic
MK-GP. Furthermore, the inclusion of soybean oil and H,O, further improved the material's

overall adsorption capacity. The soybean oil likely aided in the formation of a more porous
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structure, while H,O, could have played a role in activating certain functional groups,
enhancing the interaction between the material and the dye. The results showed that these new
materials possess good magnetic properties, facilitating their separation from the aqueous
medium and making them easier to regenerate. On the other hand, Oliveira et al. (2022)
developed new materials based on MK-GP by incorporating activated carbon and hydrotalcite
for the removal of the organic anionic dye Orange 11 from water. The incorporation of activated
carbon significantly enhanced the surface area of the MK-GP, thereby improving its adsorption
capacity towards anionic dyes. A comparative study between two types of materials and three
different forms of the MK-GP composites (with and without the incorporation of activated
carbon and hydrotalcite) highlighted the differences in adsorption efficiency and mechanical
properties. The modified MK-GP composites showed superior adsorption capacity compared
to the unmodified ones, demonstrating that combining different materials such as activated
carbon and hydrotalcite can optimize both the adsorption properties and mechanical strength of

MK-GP for various applications.

Likewise, Yan et al., (2022) developed MK-GP spheres with a hierarchical pore structure and
enhanced mechanical properties by incorporating carbon nanotubes (CNTSs). This incorporation
significantly improved the surface characteristics of the MK-GP spheres, increasing the surface
area to 73 m2/g and enhancing porosity, thus providing more sites for adsorption. The modified
MK-GP spheres demonstrated a significantly higher adsorption capacity for Pb2?* |
Ni?* and MB compared to unmodified MK-GP, as detailed in Table 1.5. This modification not
only improved the mechanical strength of the MK-GP spheres but also optimized their

effectiveness in removing contaminants from aqueous solutions.

1.3. Conclusion

The integration of HAP and MK-GP in hybrid materials represents an innovative advancement
in adsorption technologies, utilizing their complementary physicochemical properties. HAP’s
high affinity for specific pollutants, especially heavy metals, is attributed to its ion-exchange
capacity and surface reactivity. MK-GP, on the other hand, offers mechanical strength, thermal
stability, and resistance to chemical degradation, ensuring long-term performance in diverse
environmental conditions. Combining these materials in composite adsorbents enhances
pollutant removal efficiency by integrating the adsorption capacity of HAP with the durability
of MK-GP.
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The incorporation of HAP into MK-GP for composite formation was first explored in this
thesis, marking a novel approach to address challenges related to HAP powder properties and
limitations, particularly in enhancing adsorption capacity for organic pollutants. Since then,
other researchers have begun investigating similar systems (Arokiasamy et al., 2024 ; Papa et
al., 2024). This matrix system is a key focus of this research, which explores and studies its
synthesis, physicochemical characterization, and adsorption performance for environmental

remediation.
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Chapter I1. Material & Methods

This chapter, divided into four sections, outlines the experimental methodology used in the
synthesis, characterization, and evaluation of unmodified HAP, MK-GP and their novel HAP-
MK-GP composites. The first section describes synthesis protocols, including raw material
selection, chemical precursors, and processing conditions. Special attention is given to HAP-
MK-GP hybrid preparation, focusing on composition and conditions of preparation that
optimize structural and functional properties. Additionally, it details HAP doping with Fe;0,
for magnetic enhancement and modification with Urtica dioica extract to introduce organic
functional groups for improved adsorption selectivity. The second section presents
characterization techniques used to analyze physicochemical properties. These include X-ray
diffraction (XRD) for phase identification, Fourier transform infrared spectroscopy (FTIR) for
functional group analysis, scanning electron microscopy (SEM) for morphology, and BET/BJH
analysis for surface area and porosity. Thermal stability (TGA) and mechanical tests assess
structural integrity and durability. The third section details batch adsorption experiments
evaluating pollutant removal efficiency. It also studies adsorption Kinetics and isotherm models
to elucidate interaction mechanisms. The last section of the chapter illustrates the calculation
and optimization approaches used to study the adsorption phenomenon, as well as the
methodological tools used to exploit and interpret the experimental data.

11.1. Preparation of hydroxyapatite powder
A stoechiometric hydroxyapatite (HAP) powder, with a % molar ratio of 1.67, was synthesized

by the co-precipitation method. First, ammonium phosphate dibasic ((NH4),HPO,, 99.2%
assay) and calcium nitrate tetrahydrate (Ca(NO3), - 4H,0, 99.2% assay) were dissolved in
distilled water to form two solutions with concentrations of 0.36 M and 0.6 M respectively.
Then the P solution was added dropwise to the Ca solution. The pH of the mixture was adjusted
to 10 using NaOH, and the solution was continuously stirred for 12 hours to allow the formation
of HAP particles. Finally, the precipitate was then filtered and dried in an oven at 353 K for 24

hours. Fig. 11.1 summarizes the various steps involved in HAP powder synthesis.
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Fig. 11.1. Synthesis pathway for hydroxyapatite (HAP) using the co-precipitation method.

11.2. Preparation of different types of HAP-MK-GP granules

11.2.1. HAP-MK-GP granules elaborated using distilled water as a granulation fluid
Hydroxyapatite-based geopolymers granules (HAP-MK-GP) were prepared using a direct
forming method (Ren et al., 2021 ; Papa et al., 2022 ; Ibrahim et al., 2022). To optimize the
granules' composition and achieve high mechanical properties, various weight percentages of
HAP, sodium metasilicate (Na2O 50.8 wt. %, SiO2 46.7 wt. %, and H.O 2.5 wt. %), and
metakaolin powders were tested (Table I1.1). The powders were mixed as dry powders, ground
using a disc mill (Retsch RS 200) at 1500 rpm for 5 minutes, and then processed in a high shear
granulator (Eirich EL1). Distilled water was added dropwise as a granulation fluid, until visual
observation of granule formation. In this step, the granulator pan mixing speed was set to 1200
rpm, the mixer plate speed to 170 rpm, and the granulator-tilting angle to 30°. Finally, the
granules formed were recovered and cured at 333 K for 24 hours. The steps followed in the

preparation are presented schematically in Fig. 11.2.

Table I11.1. Composition of the elaborated HAP-MK-GP granules.

(% wt) Toughness of obtained
Granules HAP Sodium- Metasilicate MK granules
HAP-MK-GP 1 80 5 15 Not hard
HAP-MK-GP 2 70 7.50 22.50 Not hard
HAP-MK-GP 3 60 10 30 Not hard
HAP-MK-GP 4 55 15 30 Hard
HAP-MK-GP 5 57.40 14.60 28 Hard
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Fig. I11.2. Schematic illustration of the preparation steps for HAP-MK-GP granules.

11.2.2. HAP-MK-GP elaborated porous granules
To improve the porosity and mechanical properties of HAP-MK-GP granules, hydrogen
peroxide (H,0,, 30%) and polyethylene glycol (PEG, 99 %, Mw = 4000 g/mol) were used as

porogen agents during the granule elaboration process.

11.2.2.1. HAP-MK-GP elaborated granules using H,0,, as a granulation fluid (Publication
)

Hydrogen peroxide (H,O,) solution was added dropwise to the optimized powder mixture of
57.4% HAP, 28 % MK and 14.6% sodium metasilicate, until granule formation was visually
observed (Fig. 11.3). Various concentrations of H,O, (0, 5, 7.50, and 10 %) were introduced
into the optimized mixture, while maintaining its weight percentage constant at 100% by
proportionally adjusting the pecentage of H,O, to that of sodium metasilicate. All this
preparation results in granules labeled Go, G1, G2, and Gz (Table. 11.2). The granules were cured
at 333 K for 24 hours to allow the release of oxygen bubbles from the H,O,. Subsequently,
they were rinsed with distilled water, dried in an oven at 333 K for 24 hours, sieved to a particle

size of 1-4 mm, and stored at room temperature.

Table 11.2. Composition of the elaborated HAP-MK-GP granules at various concentrations of
H,0,.

(Yowt)
Granules HAP MK Sodium- Metasilicate H; O,
Go 57.4 28 14.6 0.00
G1 57.4 28 14.6 5.00
G2 57.4 28 14.6 7.50
Gs 57.4 28 14.6 10.00
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Fig. 11.3. Schematic illustration of the preparation steps for the different HAP-MK-GP

granules at various concentrations of H, O, .

11.2.2.2. HAP-MK-GP elaborated granules using PEG as a porogen agent (Publication I1)
Various weight percentages of polyethylene glycol (PEG), ranging from 0 to 4%, were added
to the optimized powder mixture of 57.4% HAP, 28 % MK and 14.6% sodium metasilicate
(Table 11.3, Fig. 11.4). the weight percentage of the mixture is kept constant at 100% by
proportionally adjusting the percentage of PEG to those of sodium metasilicate and MK. The
obtained granules were identified: G-PEG0, G-PEG1, G-PEG2, G-PEG3, and G-PEG4, in reference
to the percentage of PEG introduced into their composition. After that, PEG was removed by
mixing the granules with distilled water (V =200 mL) at 358 K and a mixing speed of 150 rpm
for 5 hours. This cleaning operation was repeated three times to ensure thorough removal of
PEG and the creation of porous granules. Finally, the granules were dried in an oven at 333 K

for 24 hours.

Table 11.3. Composition of the elaborated HAP-MK-GP granules at various weight percentages
of PEG.

(Yowt) Toughness of obtained
Granules HAP MK Sodium- Metasilicate PEG granules
G-PEGO 57.4 14.6 28 0 Hard and not porous
G-PEG1 60 19 20 1 Hard and not porous
G-PEG2 60 19 19 2 Hard and slightly porous
G-PEG3 61 18 18 3 Hard and porous
G-PEG4 61 18 17 4 Not hard and porous
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Fig. 11.4. Schematic representation of the elaboration HAP-MK-GP granules at different SDS
states (S/L).

11.2.3. HAP-MK-GP functionalized granules using SDS (Publication 11)

The HAP-MK-GP granules were functionalized by incorporating 1 wt% of sodium dodecyl
sulfate (SDS) as anionic surfactant and templating agent to the optimized powder mixture of
60% HAP, 18% MK, 18% sodium metasilicate and 3% PEG (Table 11.4). The weight
percentage of the mixture is kept constant at 100% by proportionally adjusting the percentage
of SDS to those PEG, MK and sodium metasilicate. The effect of sodium dodecyl sulfate was
then investigated by either incorporating it as a powder directly into the optimized mixture, or
dissolving it beforehand in the granulation fluid (L), as shown in Fig. 11.4. All mixtures result
in granules labeled G-PEG, G-PEG/SDS (S) and G-PEG/SDS (L).

Table 11.4. Composition of the elaborated HAP-MK-GP granules at different SDS states.

Granules (Yowt)

HAP MK Sodium- Metasilicate PEG SDS (S) SDS (L)
G-PEG 61 18 18 3 0 0
G-PEG/SDS (S) 60 18 18 3 1 0
G-PEG/SDS (L) 60 18 18 3 0 1
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11.3. Functionalization of HAP powder (Publication I11)

11.3.1. Synthesis of magnetized hydroxyapatite (HAP-Fe) nanoparticles

Magnetized hydroxyapatite nanoparticles (HAP-Fe) were prepared using the same co-
precipitation method as HAP. The Ca solution (0.5 M) was mixed with iron oxide (II, 1)
(Fe;0,, 97 % assay) (0.5g) and continuously stirred for 1 hour. Subsequently, the 0.3 M P
solution was added dropwise to the Ca+Fe mixture solution, which was continuously stirred for

12 hours. The precipitate was then filtered and dried in an oven at 353 K for 24 hours.

11.3.2. Synthesis of magnetized hydroxyapatite modified nanoparticles (HAP-Fe-Urtica
dioica ext)

The Urtica dioica leaf extract was prepared using a solid-liquid (diocoxiation) extraction
method. First, the Urtica dioica leaves, collected in the spring (March) from a woodland located
in Bejaia (Amizour-Smaoun)-Algeria, were washed, dried and shielded from light to prevent
oxidation reactions that might alter the plant components. Then, 10 g of leaves were added to
250 mL of distilled water and heated to 373 K for 30 minutes. The mixture (V = 150 mL) was
filtered, and the organic extracts were reduced to less than 30 mL using a rotary evaporator at
328 K. The resulting Urtica dioica extract noted: Urtica dioica ext was stored in a refrigerator
at 277 K until use.

The HAP-Fe- dioica ext nanoparticles were prepared using the same co-precipitation method
as HAP and HAP-Fe. However, the Ca solution (0.5 M) was mixed with Fe;0, (0.5g) and
Urtica dioica ext solution. The mixture was continuously stirred for 1 hour befor adding the P

solution.

I1.4. Materials characterization

The investigation of functional groups and chemical bonds in the pure HAP powder, the
magnetized and functionalized HAP nanoparticles, and the differents elaborated HAP-MK-GP
granules was conducted using FTIR analysis. A Bruker VERTEX v80 instrument was used,
with samples pulverized to less than 50 um. The spectra were collected for wavenumbers in the
range of 400-4500 cm™! with a resolution of 2 cm™1. However, their phase changes and
decomposition were explored by thermogravimetric analysis (TGA) coupled with differential
thermal gravimetric analysis (DTG). That was performed using an SDT 650 simultaneous

thermal analyzer (a heating rate of 10°C/min under nitrogen atmosphere).

To analyze the composition and structure of samples, a Rigaku Smart Lab 9 kW X-ray

diffractometer (XRD) with Co Ka radiation was used. The scan speed was 4°/min, with a range
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of 26 between 10° and 80° and a step width of 0.02°. X'pert HighScore software was used for
phase identification. Furthermore, their elemental composition was obtained using an X-ray
fluorescence spectrometer (XRF) (PanAnalytical Minipal 4).

The microstructure and chemical composition of both powder and granules were analyzed after
carbon-coating to ensure conductivity. Scanning electron microscopy (SEM) with energy-
dispersive X-ray spectroscopy (FE-SEM-EDS, Zeiss Ultra Plus) and electron probe
microanalysis (EPMA, Jeol JXA-8530F Plus) were used for the analysis. For SEM analysis of
the granules, the samples were embedded in epoxy resin (Buehler EpoxiCure 2 Epoxy Resin
and Hardener) and polished with silicon carbide grinding papers (P240, P600, P1200). In
addition, images of the external and internal surfaces of the granules were captured using an
optical microscope (Leica MZ6) equipped with a Leica DFC420 camera.

The surface properties, including mean pore diameter, pore volume, and specific surface area,
of the samples were analyzed using the Brunauer-Emmet-Teller (BET) isotherm and Barrett-
Joyner-Halenda (BJH) method. Nitrogen (N,) adsorption and desorption measurements were
conducted with a Micromeritics ASAP 2020. The study investigated two types of samples:
granules (diameter = 4 mm) and powder (particle sizes < 50 um). Prior to measurement, the

samples were freeze-dried for 48 hours.

The mechanical strength of the granules was determined using a Zwick Roell Z010 (10 kN load
cell) instrument with a loading rate of 1 mm/min. The granules selected for the compression
test were spherical with a diameter of 4 mm, and measurements were performed for five
granules from each batch. The compressive strength (o, MPa) was calculated using Eq. I1-1,

where F (N) represents the peak force and d (mm) represents the granule diameter.

F
O'=4Xm (H—l)

The magnetic properties of the samples were assessed using a vibrating sample magnetometer
(VSM, model EV11, MicroSense, USA), while the point of zero charge (pH,,.) determined by
preparing a solid/liquid mixture at a ratio of 1 g/L in a 0.01 M NaCl solution. The pH values of
the solutions were adjusted between 2 and 12 by adding either 1 M HCI or NaOH, and the

mixtures were stirred for 24 hours. The pH,,. was identified as the pH value at which the curve

of final pH (pHpinar VErsus pHynitiar Crosses the line pHpitiai = PHrinar-
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11.5. Use of HAP powders and HAP-MK-GP based materials for the removal of cationic

and anionic dyes

To assess the performance of the materials developed (HAP powders and HAP-MK-GP based

materials), they were tested in

a batch reactor for the removal of various anionic and cationic

dyes. The cationic dyes used were brilliant green (BG, 99%), crystal violet (CV, 99%) and
methylene blue (MB, 99%), while anionic dyes were direct red 23 (DR23, 33%) and alzarine
red S (ARS, 99%). Their chemical structures, as well as absorption spectra, are provided in

Fig. 11.5. Adsorption efficiency was analyzed as a function of several parameters, including

contact time, initial dye concentration, adsorbent dose, solution pH, etc. These tests made it

possible to determine the maximum adsorption capacities of the materials synthetized and

elaborated, as well as their selectivity towards the different classes of dyes.
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Fig. 11.5. Absorption spectra, in single and binary mixture, of (a): ARS and DR23 dyes, (b):
MB and CV dyes, (c): Chemical structure of dyes used, and (d): Absorption spectra of BG

dye and its chemical structure.
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11.5.1. Investigation of brilliant green (BG) dyes removal (Publication I)

A comparative study was conducted to evaluate the adsorption efficiency of the developed
granules (i.e. Go, Gi, G2, and Gg) at different H2O. concentrations at Conditions:
[BG]o, = 15 mg/L, adsorbent dose = 2 ¢/L, pH = 5, granule diameter = 2 mm
agitation speed = 350 rpm, and T = 298 K. Among these, Gz was selected for optimization the
adsorption parameters due to its high adsorption capacity. The adsorption parameters explored
included contact time (0—180 minutes), initial BG dye concentration (10-100 mg/L), stirring
speed (150450 rpm), granule dosage (2—4 g/L), solution pH (3-9), granule diameter (1-4 mm),
and temperature (298-338 K).

11.5.2. Investigation of MB and CV cationic dyes removal by using HAP-MK-GP /SDS (L)
granules (Publication I1)

The initial phase of the study involved a comparative methodology to assess the adsorption
efficiency of the raw materials, HAP and MK-GP powders, and developed granules (Go,
G-PEG, G-PEG/SDS (S), G-PEG/SDS (L)). Adsorption studies were carried out using MB and
CV dyes individually in aqueous solutions under controlled conditions [dye], = 25 mg/L,
pH = 7, adsorbedndose =2 g/L , dgrqnuies = 4 mm, agitation speed = 250 rpm,
time = 90 minutes, and T = 298 K. The G-PEG-SDS (L) granules were selected for further
study. The adsorption parameters, including contact time (0—180 minutes), granule dosage (1—
4 g/L), and solution pH (3-10), were optimized. Subsequently, the selectivity of the granules
was assessed using MB and CV dyes at concentrations ranging from 25 to 180 mg/L in aqueous
solutions. Additionally, a binary mixture of MB and CV, with both dyes at equal concentrations

ranging from 15 to 100 mg/L, was analyzed.

11.5.3. Investigation of ARS and DR23 anionic dyes removal with HAP-Fe- Urtica dioica
ext powder (Publication I11)

A preliminary study was carried out to assess the influence of Fe;0, and Urtica dioica extract
on the HAP removal efficiency of the anionic dyes ARS and DR23 in aqueous solutions at
conditions: pH of dye (i.e., 583 for DR23 dye and 4.89 for ARS dye),
[dyes]o = 20 mg/L, time = 90 minutes, T = 21 °C, agitation speed = 200 rpm and
adsorbent dose = 1 g/L. The HAP-Fe-Urtica dioica ext, due to its high adsorption capacity, was
selected for further selective performance studies. Subsequent selective adsorption experiments
were carried out in a batch system using a binary mixture of ARS and DR23 dyes. The

adsorption parameters optimized in this part included contact time (0-180 minutes), binary dye
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concentration (20-180 mg/L), stirring speed (145-275 rpm), adsorbent dosage (1-3.5 g/L),
solution pH (3-7.5), and temperature (294-308 K).

11.5.4. Analytical methodology

Adsorption kinetics were evaluated by monitoring the evolution of residual solution
concentration over the contact time between adsorbate (dyes) and adsorbent (elaborated
materials). At predefined time intervals, samples were collected with a pipette, centrifuged at
8000 rpm for 5 minutes (Beckman Coulter J326XPI-1M-1), and analyzed using a UV-6300PC
spectrophotometer (VWR, China) at a wavelength of Ag; = 624 nm, Ay = 586 nm
Aup = 664 nm, Ayps = 259 nm, and Apg,3 = 505 nm. The dye removal efficiency y(%)
and the adsorption capacity,q; (mg/g) of the dyes were calculated using Eq. 11-2 and Eq. 11-3,
respectively.

[dyel, — [dyel.

y(%) = el x 100 (11— 2)

V
q: = ([dye], — [dye];) X m (Ir-3)

where [dye], and [dye]; (mg/L) denote the initial concentrations of the dyes (i.e., BG, CV,
MB, ARS or DR23) and their concentrations at time t, respectively, V (L) represents the volume

of the solution, and m (g) represents the mass of the adsorbent powders or granules.

11.6. Adsorption isotherm, kinetic and thermodynamic studies
Examining adsorption kinetics and isotherms is essential for understanding the adsorption
process in wastewater treatment, as it reveals the nature of the process, surface characteristics,

and adsorption equilibrium affinity.

11.6.1. Single-dye solution

The equilibrium data obtained for solutions containing a single contaminant were analyzed
using pseudo-first-order and pseudo-second-order kinetic models (Eq. I1-4 and Eq. II-5,
respectively). In addition, the adsorption isotherms were fitted using the non-linear Langmuir
(Eq. 11-6) and Freundlich (Eqg. 11-7) models (Yahiaoui et al., 2020).

qr = qe X [1 — exp(—k;t)] (I1—4)
qe
9= Qe =t 1 (Ir-15)
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Qmax KL Ce
=——— In—
Qe ="k ¢, +1 (-6
1
e = 1’(FC¢;1 (=17

where k, [g/(mgxmin)] is the pseudo-second order rate constant, k; (min™) is the pseudo-first
order rate constant , C, (mg/L) is the equilibrium concentration of dye, K;, (L/mg) is the

Langmuir adsorption constant, g, (Mg/g) is Langmuir monolayer adsorption capacity,

1 1
K (mg'™n.Ln/g) and % are Freundlich capacity and intensity constants, respectively, related

to the surface heterogeneity.

11.6.2. Binary dye mixture solution

The isotherme models developed for single-contaminant solutions cannot accurately describe
adsorption behaviour in a binary dye mixture. Therefore, their extended versions are adopted
for this analysis. In particular, the extended Langmuir model (Eqg. 11-8) is applied to interpret
the equilibrium data and evaluate the competitive interactions between the adsorbates (Ghemit
etal., 2019 ; Djebri et al., 2017).

K, C, :
Qoi = Qm,iv Li “~e, (II _ 8)
1+ Xj=1 Ky Ce,
with g = T Krot el and ¢e, = ot it

1+Kp 1 Ce1+Kp2 Cep2 1+Kjy1 Ce1 1K 2 Cep2

where compounds 1 and 2 present ARS and DR23 dyes or MB, and CV dyes, respectively. g, 1
and q, , are the equilibrium amounts adsorbed (mg/g), g, 1 and q,, , (mg/g) are the maximum
amounts adsorbed of the extended-Langmuir model, K; ; and K; , are the Langmuir constants
(L/mg), and C.,, C., are the dyes (i.e. ARS and DR23 or MB and CV) equilibrium

concentrations in the solution (mg/L).

11.6.3. Thermodynamic aspect

To assess the spontaneity of dye adsorption (ARS, DR23, and BG) onto HAP-Fe-Urtica dioica
ext powder (Publication I1) or Gz granules (Publication 1), the thermodynamic quantities Gibbs
free energy AG°(k]J/mol), enthalpy AH°(k]/mol), and entropy AS°(k]J/mol.K), were
calculated using Eq. 11-9, Eq. 11-10, and Eq. I1-11, respectively (AitAli et al., 2023).

AG" = —RTIn K, (I1-9)
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AG" = AH® — TAS® (I1 — 10)

L _AG_Ase AR i
"Ma="or T R T RT ( )

where R is the universal gas constant (8.314462 J/(Kxmol), T is the absolute temperature (K),

and K, is the equilibrium adsorption constant.

11.7. Rate-controlling step of the adsorption dyes

The homogeneous particle diffusion model (HPDM) was utilized to estimate the diffusion
coefficient D (m?/s), as described in Eq. 11-13 by Michelson et al., (1975). This model was
applied to investigate the selectivity of MB and CV dye adsorption onto G-PEG/SDS (L)
granules (Publication II). Furthermore, it was used to examine the effect of temperature and
evaluate the diffusion processes governing the adsorption of ARS and DR23 dyes onto HAP-
Fe-Urtica dioica ext powder (Publication I11).

The model identifies the rate-limiting step, typically controlled by either intra-particle diffusion
D, (Eq.II — 13) or a film diffusion mechanism Dy (Eq. II-14) (Michelson et al., 1975).

_q Z2 2D t

For 0 < X(+) < 1 and when adsorption takes place on spherical particles, Eq. 11-12 can be

simplified to Eq. I1-14 and Eq. 11-15 (Michelson et al., 1975).

0.5
X =|1— Dyt I—13
® = exp 2 ( )
212D
—n(1—X?) = 2K, t = T”t (11 — 14)

2
where X4, is the fractional attainment at time t, D,, = KZ% (m?/s) is the effective diffusion

coefficient, 7, is the radius of adsorbent assumed to be spherical (6.451 X 107°m), Z is an
integer, K, is the diffusion rate constant (L/s), which was used for the calculation of effective

intra-particle diffusivity from the experimental data.

If the rate of adsorption is controlled by liquid film diffusion (Michelson et al., 1975), the
analogous expression Eqg. 11-15 may be used.
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—u(1—x@)=19t=[m6Q (Il — 15)

_ Kfro5C5

Dy 3C,

(m?/s) is the film diffusion coefficient in liquid phase, K; is the film diffusion
rate constant (L/s), C, and C, (mol/L) are equilibrium concentrations of dyes in solution and
solid phase, and & is the film thickness; it is estimated to 10~°(m), according to Liu et al.

(2018).

11.8. regeneration of the developed adsorbent

The regeneration of developed adsorbents for the removal of contaminants was evaluated
through multiple cycles of adsorption and desorption. The regeneration efficiency of G1
granules was tested over five consecutive cycles, each consisting of adsorption equilibration
followed by desorption. Adsorption was conducted under conditions of 10 mg/L BG
concentration, 3 g/L adsorbent dose, pH 7, 180-minute duration, 2 mm granule diameter,
250 rpm agitation speed, and 298 K temperature. Following adsorption, the granules were
washed with distilled water and desorbed in a pH 4 (0.1 mol/L HCI) solution under similar

conditions.

In another set of experiments, the regeneration of G-PEG/SDS (L) granules loaded with MB
dye was optimized using an acetic acid concentration of 0.72 mol/L, temperature of 323 K, and
a contact time of 173.22 minutes. Adsorption was performed under conditions of 20 mg/L MB
concentration, 3 g/L adsorbent dose, pH 8, 180-minute duration, 4 mm granule diameter,

250 rpm agitation speed, and 298 K temperature.

Additionally, the reusability of the HAP-Fe-Urtica dioica ext adsorbent was evaluated for the
removal of binary DR23 and ARS anionic dyes over seven cycles. Adsorption was carried out
under conditions of 20 mg/L initial concentration for both dyes, 120-minute adsorption time,
pH 3.15, 2.60 g/L adsorbent dose, 294 K, and 260 rpm agitation speed. After each adsorption
cycle, the dye-loaded adsorbent was washed, dried at 100 °C, and desorbed usinga 0.1 M NaOH

solution.

11.9. Experimental design methodology

Statistical tools, in particular experimental design, and empirical approaches are commonly
used in process optimisation procedures. They enable the relationships between input variables
and system responses to be modelled, while offering significant advantages such as reducing
the number of experimental trials, cutting reagent consumption and optimising laboratory
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resources (Boudrahem et al., 2018). However, they also have drawbacks, including long
processing times and inaccurate parameters. Response Surface Methodology (RSM), a
combination of statistical and mathematical methods, addresses these issues by minimizing the
number of trials and translating data into empirical models (AitAli et al., 2023).

RSM techniques based on Box-Behnken Design (BBD) or Central Composite Design (CCD),
are frequently used to establish mathematical models, assess factors, and determine optimal
conditions for desired outcomes (Koraqi et al., 2024). While both designs are used for similar
purposes, CCD is the more versatile and commonly preferred option. It is designed to estimate
quadratic models using factorial, axial (star), and center points (Benalia et al., 2024).This
flexibility allows CCD to fit various models effectively, though it may require more
experimental runs as the number of factors increases. CCD has three variants—circumscribed,
inscribed, and face-centered—that offer different geometric configurations, enhancing its
adaptability to diverse experimental conditions (Fig. 11.6) (Chollom et al., 2019).

In contrast, BBD is specifically structured to minimize the number of experimental runs,
making it more efficient for experiments with three or four factors. BBD features a spherical
design where all points lie on a sphere, combining 2k factorials with incomplete block designs
(Fig. 11.6). While BBD requires fewer treatment combinations than CCD, it shares CCD's
limitation of having regions with poor prediction quality and lacks the axial points, which
reduces its ability to capture quadratic effects as effectively. Despite this, BBD is often
preferred for its cost-effectiveness and practical efficiency, making it a viable alternative to

CCD in many experimental scenarios (Koragi et al., 2024).

. Experimental point

* Out of range experimental sites

Box=-Behnken Diesign:(BRD) Central Composite Design (CCD)

Fig. 11.6. Schematic diagram of experimental design of three-factor BBD and CCD (Zhuang
etal., 2021).
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11.9.1. Box-Behnken Design-Response Surface Methodology approach

BBD-RSM was used to optimize the regeneration process for MB dye adsorption on
G-PEG/SDS (L) granules using acetic acid, with the goal of minimizing granule mass loss.
Three independent variables were investigated: acetic acid concentration (0.2 to 1 mol/L) (x;),
temperature (294 to 338 K) (x;), and contact time (30 to 180 minutes) (x3) (Publication I1I).
Regeneration efficiency was evaluated as the weight percentage of desorbed dye, while mass
loss was measured after drying the regenerated granules overnight at 313 K.

The number of experiments to be carried out using BBD was calculated based on Eq. 11-16
(Dibene et al., 2019).

N =2K(K —1) +n, (11 — 16)

where K > 3 is the number of factors studied and n, is the replicate number of the central

point.

11.9.2. Central Composite Design-Response Surface Methodology approach

CCD-RSM was employed to optimize the adsorption efficiencies of ARS and DR23 in a binary
dye mixture, as well as the average adsorption efficiency (ya,4(%) Eq. 11-17) of ARS and
DR23 onto HAP-Fe-Urtica dioica ext. The effects of three variables, dose of HAP-
Fe-Urtica dioica ext (x;), pH solution (x,), and the agitation speed (x3;) were investigated
(Publication I11).

Yars(%) + ypr23(%)
2

yavg(%) = (Im-17)

To determine the local axial point, the alpha value in the Central Composite Design (CCD)
model must be calculated using Eq. 11-18 (AitAli et al., 2023). The alpha value can be set as
centered, rotatable, or orthogonal. Orthogonality is essential for evaluating linear, quadratic,

and interaction effects independently.

a = (2%)02° (I - 18)
The total number of design points N of a rotatable design is calculated (Eq.I1-19) (Meski et al.,
2011).

N = 2K + 2K + n, (I1 — 19)
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Chapter I11.  Results and Discussion

This chapter provides a critical analysis of the work carried out during this thesis, structured
around the three scientific publications produced. Particular attention is paid to assessing the
performance of the materials synthesised (HAP-MK-GP and HAP-Fe-Urtica dioica ext), and
compared them with the performance of materials described in the literature for the treatment
of water contaminated with organic pollutants, in particular textile dyes. This comparative study
aims to situate the original contribution of our research to wastewater treatment, by highlighting
the advantages, limitations and prospects for improvement of the materials developed. The
analysis is based on criteria such as the rate of adsorption of pollutants, the stability of the
materials and their potential for reuse. So, through a systematic comparison with recent
advances in the field, this chapter not only consolidates current knowledge, but also suggests
future research directions for the development of more effective and sustainable water treatment

materials.

I11.1. Challenges of HAP matrices developed in this study

Hydroxyapatite (HAP), a biocompatible and non-toxic calcium phosphate material, has
attracted considerable attention in water treatment applications, particularly for adsorbing
organic pollutants. However, the unmodified form of HAP faces significant limitations,
including low surface area and porosity, which hinder its adsorption efficiency and selectivity

for organic contaminants.

To overcome these challenges, this study proposed an innovative approach based on the
incorporation of MK-GP into HAP matrix. This integration aimed to enhance the
physicochemical properties of the composite, improving its adsorption potential. In fact, the
embedding of HAP within the MK-GP matrix resulted in marked improvements in surface area,
porosity, and mechanical stability, transforming the material into a more effective adsorbent.
So, the resulting HAP-MK-GP granules exhibited a significantly enhanced adsorption
capacities for cationic dyes ((i.e., MB, CV and BG), which is attributed to an increase in the
density of surface-active sites and improved structural characteristics of the material. In
contrast, their affinity for anionic dyes remained relatively low, highlighting the need for further
optimization to extend their adsorption efficiency to a wider range of contaminants.

As a solution to this limitation, functionalizing the HAP surface with bioactive compounds
extracted from Urtica dioica plant (harvested in the Bejaia region-Algeria) was explored as an

innovative strategy. The extract, rich in polyphenols, flavonoid glycosides, phenolic acids,
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amino acids, carotenoids, and chlorophyll, provided a variety of reactive functional groups that
could enhance adsorption interactions. Immobilization of these bioactive components on the
HAP matrix was achieved through complexation with calcium ions (Ca?*) followed by
interactions with phosphate groups (P03 ™), leading to the stable deposition of the extract. This
functionalization not only increased the surface reactivity of the material but also improved its
affinity for anionic pollutants, thus addressing the previously observed limitations in adsorption

selectivity.

Building on these enhancements, the introduction of iron oxide nanoparticles (Fe;0,) as a
magnetic agent was employed to synthesize a magnetized HAP-Fe composite. The addition of
Fe;0, was intended to simultaneously improve the matrix's adsorption efficiency towards
anionic dyes and facilitate its recovery by magnetic separation. This modification endowed the
composite with multifunctional properties, combining optimized adsorption with easier

regeneration and reuse, enhancing its potential for environmental applications.

As a synthesis of the above, the present research provides a comprehensive assessment of the
structural, chemical and adsorption improvements achieved through the optimization of HAP-
MK-GP granules and HAP-Fe-Urtica dioica ext composites. The findings elucidate the
mechanisms responsible for improving adsorption performance, highlighting the influence of
surface functionalization and magnetization on the effectiveness of the material. Furthermore,
this work contributes valuable insights into the development of advanced HAP-based materials,
presenting promising solutions for the effective removal of organic contaminants from aqueous
environments and paving the way for future innovations in sustainable water treatment

technologies.

I11.2. Critical review of the elaborated HAP-MK-GP granules performances

This review presents an in-depth comparative analysis of the results from Publication I and
Publication I1, highlighting the interactions between the structural modifications induced and
their effects on the functional properties of the elaborated HAP-MK-GP granules. Particular
attention is paid to the impact of these transformations on structural integrity, chemical stability
and improved adsorption performance, thereby providing a better understanding of the

underlying mechanisms and guiding the prospects for optimizing the materials studied.
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111.2.1. Critical review of Publication I. Porous metakaolin geopolymer as a reactive
binder for hydroxyapatite adsorbent granules in dye removal

The study developed porous hydroxyapatite-metakaolin geopolymer (HAP-MK-GP) granules
for adsorption of organic pollutants from aqueous solutions. It investigated the use of MK-GP
as a binder for unmodified HAP powder, with hydrogen peroxide (H,0,) added at different
concentrations (0.0, 5.0, 7.5, and 10.0 wt%) as both a granulation fluid and a foaming agent.
The study focused on improving the mechanical properties of the material by transforming HAP
powder into granules, thereby enhancing the adsorption efficiency of the granules for the

removal of Brilliant Green (BG) dye from aqueous solutions.

111.2.1.1. Critical review of chemical functional characterization of HAP-MK-GP granules
elaborated using H, 0, as granulation fluid

A thorough characterization of the elaborated HAP-MK-GP granules in the presence of various
concentrations of H,0, (0.0, 5.0, 7.5, and 10.0 wt%) was carried out in order to assess their
structure, chemical composition and physicochemical properties. This analysis involved the use
of advanced techniques such as FTIR to identify the functional groups present, BET/BJH
isotherm method to calculate specific surface area and porosity, XRF to determine the
composition, SEM to observe pores morphology and distribution, as well as the mechanical
strength to measure resistance. These investigations have enabled us to gain a better
understanding of the impact of H,0, on the modification of HAP-MK-GP granules properties,
in particular with regard to its porosity, chemical stability and adsorption capacity, parameters

that are crucial for its potential applications in the field of environmental pollution control.

The use of H,0, as a granulation fluid and blowing agent in the synthesis of HAP-MK-GP
granules presents a nuanced trade-off between enhancing porosity and maintaining structural
integrity. Chemically, the results indicate that the inclusion of HAP in the metakaolin and
sodium metasilicate matrix does not disrupt the formation of MK-GP granules at 0 wt.% H,0,
(Go), thereby preserving the structural integrity of the composite material. However, the use of
H, 0, at concentrations exceeding 5.0 wt.% leads to significant alterations in the material’s
structure. Specifically, H,0, interacts with HAP, causing notable degradation. Experimental
agitation of HAP powder in a 7.5 wt% H,0, solution for 30 minutes results in approximately
20% mass loss of the HAP powder. This interaction is described by the following reactions Eq.
[11.1 and Eq. I11.2.

Cayo (PO,)¢(0OH), + 8H* - 9Ca?* + 5HPO; % + CaHPO, + 2H,0 (I — 1)
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CaHPO, + 2H,0 + H* - Ca?* + H,P0O; + 2H,0

(111 — 2)

The FTIR analysis shown in Fig.111.1 highlights changes in the vibrational modes of elongation

of the O-H and PO, 3 groups, reflecting the dissolution of calcium and phosphate ions. These

observations are corroborated by XRF results (Table 111.1), which indicate an increase in the

Ca/P ratio, a direct reflection of this ionic dissolution. This decrease in the overall calcium and

phosphate content thus compromises the structural integrity of the granules.
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Fig. I11.1. FTIR spectrum of (a) raw material HAP and MK, and (b) prepared granules.
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Table I11.1. XRF results of HAP, MK and prepared granules.
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Element (%0) HAP MK Go G1 Gz Gs

@) 19.08 47.89 36.95 32.64 32.55 30.39
Na 2.25 0.37 8.74 8.97 9.05 9.71
Al 0 22.20 4.33 3.48 3.21 2.64
Si 0.02 23.50 9.46 8.96 8.82 8.41
P 12.56 0.17 9.46 8.96 7.95 7.20
Ca 21.07 0.29 15.84 15.12 14.75 14.10
Ca/P 1.67 1.70 1.67 1.68 1.85 1.95

Likewise, surface characterization of granules synthesized with H,0, at concentrations of 0, 5,

7.5, and 10 wt% reveals a mesoporous structure, as confirmed by type 1V isotherms and H3
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hysteresis loops in BET/BJH analysis (Fig. 111.2). At lower H,0, concentrations (sample Ga1),
the increase in porosity effectively enhances both interconnected and closed pore structures, as
illustrated by SEM analysis (Fig. 111.3). In fact, the moderate foaming effect induced by the
decomposition of H,0, facilitates pore formation without causing structural collapse. This
morphological evolution, corroborated by the specific surface area data listed in Table 111.2,

proves advantageous for applications requiring a high active surface area, such as adsorption

processes.
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Fig. 111.2. BET isotherm of prepared granules and their pore size.

Table 111.2. BET/BJH parameters of prepared granules.

Samples Go G G2 Gs
Average diameter do (mm) 2.31 22301 22001 218+0.1
Specific surface area (m?/g) 22.94 30.86 29.81 28.75
Total pore volume (cm®g) 0.051 0.13 0.13 0.07
Mean pore diameter (nm) 9.09 17.37 16.77 10.53

Conversely, at higher H, 0, concentrations (samples G2 and Gs), specifically at 7.5 and 10 wt%,
the rapid hardening of the GP restricts pore formation, leading to reductions in both surface
area and total pore volume, as evidenced by SEM micrographs and BET/BJH analysis. While
the granules maintain a mesoporous structure (2-50 nm), the progressive decline in surface area

with increased H, 0, concentration highlights the limitations of using this agent at higher levels.
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Fig. 111.3. SEM image of external and internal surfaces of the prepared granules.

The results of the compressive strength tests depicted in Table 111.3, reveal that granules with
minimal porosity (Go, G2, and Gs) exhibit superior mechanical strength. However, this strength
is counter balanced by reduced surface area, limiting their effectiveness in adsorption
applications. Therefore, the limitations associated with H,0,, particularly its detrimental
effects on chemical stability and structural integrity; suggest that alternative agents may be
more suitable for optimizing granule properties. The use of alternative porogens and surfactants
should be explored to balance porosity, mechanical strength, and adsorption efficiency
effectively.
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Table 111.3. Mechanical properties of prepared granules.

Samples Go G G2 Gs
(o) (MPa) 0.85 0.76 0.77 0.79
Young’s modulus (MPa) 17.01 9.68 11.23 15.56

111.2.1.2. BG dye adsorption experiments

As seen in Fig. 111.4, the evaluation of the adsorption efficiency highlights a significant
performance improvement for the granules prepared in the presence of H, O, , compared to
those obtained without pore-forming agent H,0, (Go), with G1 showing the highest adsorption
efficiency. This improvement is mainly attributed to its enhanced surface properties and
porosity, as demonstrated by the BET/BJH and SEM results.
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Fig. 111.4 The adsorption efficiency of BG dye on the prepared granules.

The influence of several adsorption parameters, namely G: adsorbent dose (2 to 4 g/L), agitation
speed (150 to 450 rpm), solution pH (3-9), and G1 diameter (1 to 4 mm) was investigated under
experimental conditions set at an initial BG dye concentration ofl5 mg/L, a temperature of
294 K and a contact time of 180 minutes. The results from this study, presented in Fig. 111.5a
and Fig. 111.5b, highlight that the optimal dose of the adsorbent G is 2 g/L, with an agitation
speed of 250 rpm. This can be explained by the fact that increasing the adsorbent dose boosts
adsorption efficiency by providing more available sites for adsorption. Additionally, at

moderate agitation speeds (ranging from 150 to 250 rpm), the granules are subject to sufficient
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turbulence, which improves mass transfer and adsorption by reducing the boundary layer
around the particles. On the other hand, higher speeds (exceeding 350 rpm) introduce shear
forces that can cause mechanical damage to the granules, leading to a decrease in their
adsorption capacity.

100 - (@) 100~ (b)

Adsorption efficiency (%)

» /AN N MY MY MY MYNNV N RINENE NENWENWENEN

05 10 15 20 25 30 35 40 150 200 A’ﬁ: ] 300 ; 350 400 450
Adsorbent dose (g/L) gitation speed (rpm)

Adsorption efficiency (%)
Adsorption efficiency (%)

-

Granules size (mm) Solution p

Fig. 111.5. Effects of (a) G1 adsorbent dose, (b) Agitation speed, (c) Granules diameter, and
(d) pH of the solution on the adsorption efficiency of BG dye onto G1.

According to Fig. I11.5c, the increase in the diameter of the granules leads to a decrease in the
adsorption efficiency of the BG dye, probably due to a reduction in both their specific surface
area and porosity Consequently, granules with a diameter of 2 mm were selected for the
subsequent experiments. Furthermore, Fig. 111.5d indicates that the optimal pH for BG dye
adsorption occurs at pH values greater than or equal to 7, corresponding to the granules’ pH,,..

This increased efficiency is attributed to the strengthening of the electrostatic interactions
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between the P — 0~, Si — 0, and Al — O~ functional groups present on the surface of the

granules and the N — H*, groups of the BG dye, thus promoting its adsorption.

111.2.1.3. Kinetic, isotherm modeling, thermodynamic study of adsorption BG dye and
proposed mechanism

This section presents the results of adsorption kinetics, isotherms, thermodynamic studies, and
FTIR analysis for BG dye onto Gi granules. Kinetic studies reveal the adsorption rate and
mechanisms, while isotherm models describe equilibrium behavior. Thermodynamic analysis
provides insights into the feasibility, spontaneity, and energy changes associated with the
adsorption process. However, FTIR analysis identifies the functional groups involved and
suggests the adsorption mechanism, providing further understanding of the efficiency and

selectivity of the granules for dye removal.

The kinetic results presented in Fig. 111.6a and Fig. 111.6b indicate that the pseudo-second-
order (PSO) model (R? value of 0.99) provided a better fit to the experimental data than the
pseudo-first-order model. Furthermore, the isotherm analysis (Fig. 111.7) shows that the
Langmuir model best describes the adsorption of BG dye onto Gi granules, suggesting a
homogeneous adsorbent surface, characterized by equivalent active sites, each capable of
adsorbing a single BG molecule. This behavior implies monolayer adsorption without

significant interaction between molecules adsorbed on adjacent sites.
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Fig. 111.6. (a) Effect of BG dye concentration on its adsorption efficiency onto G; granules.
(b) Kinetic data fitting for BG adsorption. Conditions: G adsorbent dose = 3 g/L, pH =7,
time = 180 minutes, G; diameter = 2 mm, agitation speed = 250 rpm, and T = 298 K.
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Fig. 111.7. Isotherm models fitting to the experimental adsorption data of BG onto G
granules. Conditions: Gz dose = 3 g/L, pH =7, time = 180 minutes, granule diameter = 2 mm,

agitation speed = 250 rpm, and T = 298 K.

Fig.111.8 illustrates the impact of temperature on the BG dye adsorption process onto G1 under
the optimized conditions. As the temperature increased, the adsorption rate became faster.
Additionally, the rate constant (k,) significantly increased at higher temperatures, which can
be attributed to the higher kinetic energy of the molecules. This boost in energy led to more
effective collisions between the BG dye and the G1 granule surface, thereby accelerating the
adsorption process. Moreover, the thermodynamic parameters listed in Table 111.4 indicate that
the BG dye adsorption process is spontaneous, physisorption process and endothermic, with an

optimal temperature of 298 K.

Table I11.4. Thermodynamic parameters of the BG adsorption onto Gi granules.

T(K) AG® (kJ/ mol) AH® (kJ/mol) AS® (J/(MoIxK)) E, (J/mol)
298 -3.96
308 -4.38 6.76 27.62 27196.0
318 457
328 5.03
338 5.45
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Fig. 111.8. Effect of temperature on the adsorption of BG onto G;. Conditions:

[BG],= 20 mg/L and optimal condition determined below.

The FTIR spectra depicted in Fig. 111.9 reveal changes in the adsorption bands of G: granules
after BG dye adsorption. The slight shifts in the P-O bands from 1440 to 1490 cm™1, 1204 to
1233 cm™1, and 1028 to 992 cm™1, can be attributed to electrostatic interactions between the
PO, 3 groups and the N-H groups of the BG dye. Additionally, the decrease in intensity of the
O-H groups at 3262 cm™1 is likely due to interactions between the O-H group and the N-H
groups, resulting in the formation of hydrogen bonds. Furthermore, the Al-O band in tetrahedral
[AlO,] sites may interact electrostatically with the N-H groups. New bands that appeared at
1414 cm™t and 625 cm™? after adsorption may be linked to the C-H and C-N stretching
vibrations within the aromatic structure of the BG dye (Baidya & Kumar., 2020).

Based on SEM and BET/BJH results (Fig. 111.2 and Table 111.2), G1 exhibits a porous,
mesoporous structure that facilitates the mass transfer of the BG dye from the bulk solution into
the mesopores. Within the mesopores, the pore filling mechanism plays a significant role in the
adsorption of the BG dye. The proposed mechanism is illustrated in Fig.111.10.
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Fig. 111.9. FTIR spectra of G: granules before and after adsorption BG dye.
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111.2.1.4. Critical review of use HAP-MK-GP granules elaborated using H20, as
adsorbent

Publication I highlights the promising performance of HAP-MK-GP granules as an adsorbent,
demonstrating a maximum adsorption capacity of 41 mg/g for dye removal. This capacity was
achieved under optimal conditions of pH 7, an initial BG dye concentration of 100 mg/L, an
adsorbent dose of 3 g/L, an agitation speed of 250 rpm, a contact time of 30 minutes, and a
temperature of 298 K. Compared to other adsorbents listed in Table I111.5, such as Areca nut
husk (18.21 mg/g) (Baidya and Kumar, 2020) and ZSM-5/CuF/CE NC (9.66 mg/g) (Katowah
and Alzahrani, 2023), HAP-MK-GP granules exhibit superior adsorption capacity. This
enhanced performance can be attributed to its well-optimized structural and compositional

characteristics, suggesting its potential for more effective and efficient dye removal.

Although modified MOF-5 (Dahlan et al., 2024) shows a higher adsorption capacity of
30.22 mg/qg, its efficiency is limited to more stringent operating conditions. On the other hand,
Fe;0,-activated carbon (Singh et al., 2023) with a remarkable adsorption capacity of 773 mg/g,
UTP (Vithalkar et al., 2022) reaching 101.01 mg/g and HAP-CS (Ragab et al., 2019) displaying
49.1 mg/g, exhibit notable performance. Nevertheless, the HAP-MK-GP stands out for its
optimal compromise between efficiency and less restrictive operating conditions. Its granule
form, characterized by high porosity and promising mechanical properties (compressive
strength of 0.8 MPa and Young’s modulus of 10 MPa), potentially makes it suitable for large-
scale adsorption columns. This is in contrast to powder-based adsorbents, which often face

practical challenges such as difficult separation from water and regeneration issues.

In industrial applications, granular or fibrous adsorbents are preferred over powders due to these
practical difficulties. HAP-MK-GP’s advantage lies in its effective performance combined with
a relatively simple and cost-effective preparation method. Its substantial adsorption capacity at
moderate pH and concentration levels makes it suitable for practical and scalable applications.
Additionally, the use of MK-GP as a reactive binder enhances cost-efficiency and sustainability,
aligning with the industry's need for economically viable and environmentally friendly
solutions. Therefore, HAP-MK-GP granules represents a compelling option for industrial dye
removal, offering competitive adsorption capacity and practical preparation processes while

overcoming some of the limitations associated with other adsorbents.
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Table 111.5. Comparison of HAP-MK-GP granules with other adsorbents for BG dye removal.

Adsorbent Type Fmax Adsorption conditions Reference
(mg/g)
pH = 7,[BG], = 100 mg/L, adsorbent dose = 3 g/L,
HAP-MK-GP Granules 41 agitation speed = 250 rpm, time = 30 minutes, and Publication |
T =298 K.
pH of 7, adsorbent dose = 10 g/L, [BG], = 100 )
. . B K , 202
Areca nut husk Powder 18.21 ma/L. agitation speed = 200 rpm, and T = 298 K. aidya and Kumar, 2020
ZSM-5/CuF/CE Powder 9.66 pH = 8, adsorbent dose = 1 g/L, [BG], = 200 Katowah and Alzahrani,
NC ' mg/L, time = 120 minutes and T= 298K. 2023
pH =5, adsorbent dose = 1.4 ¢g/L, [BG], = 20
Modified MOF-5 | Powder 30.22 mg/L, gitation speed of 200 rpm and Dahlan et al., 2024
time = 120 minutes.
Fe;0,-activated pH of 8, adsorbent dose = 0.5 g/L, [BG], = 400 .
carbon Powder 3 mg/L and time = 120 minutes. Singh etal, (2023
uTP Powder | 101,01 | PH= 6 adsorbentdose =0.1g/L, [BG], =100 Vithalkar et al., 2022
mg/L and time = 60 minutes.
i pH =7, adsorbent dose = 0.9 g/L, [BG], =80
HAP-CS Powder 49.1 mg/L time = 60 minutes, T = 298 K. Ragab et al., 2019
AGSC powder | 8050 | PH=Y A_GSC dose (?f 08 glL, [BG], = 100 mglL, Mansour et al., 2020
time = 30 minutes and T= 298 K.
CTAB-NiFe;04 Powder 250 pH = 6, adsorbent dori?nitif g/L and time = 170 Jsrotia et al., 2022

ZSM-5/CuUF/CE NC = nanocomposites-based cellulose derivatives-CuFe,0s-zeolite, MOF-5 = metal-organic frameworks,
UTP= used-tea-powder, HAP-CS= Hydroxyapatite/Chitosan composite, AGSC= activated carbon derived from guava seeds

111.2.2. Critical review of Publication Il. Preparation of porous hydroxyapatite—
metakaolin geopolymer granules for adsorption applications using polyethylene glycol as
porogen agent and sodium dodecyl sulfate as anionic surfactant

The study focuses on advancements achieved in the development of HAP-MK-GP granules,
incorporating polyethylene glycol (PEG) as a porogen agent and sodium dodecyl sulfate (SDS)
as an anionic surfactant. This approach not only preserves the chemical functional groups of
HAP-MK-GP granules but also significantly improves surface area, porosity, and adsorption
potential, without sacrificing mechanical strength. Taken together, these properties enabled the
granules to have a high adsorption efficiency for the CV and MB dyes in single and binary
aqueous solutions. Moreover, this research also evaluates the granules' regeneration potential,
demonstrating that they can be reused for up to eight cycles without significant loss in
adsorption capacity or structural degradation. These results suggest that the porous granules
developed in this study have significant potential for industrial wastewater treatment

applications.
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111.2.2.1. Critical review of chemical functional characterization of HAP-MK-GP granules
using PEG and SDS as a porogen agent and an anionic surfactant, respectively

This investigation examines the effect of polyethylene glycol (PEG) as a pyrogenic agent, used
alone or in synergy with sodium dodecyl sulfate (SDS), in solid (S) or dissolved (L) form, in
the formulation of HAP-MK-GP granules (Go). The use of polyethylene glycol (PEG) as a
porogen agent and sodium dodecyl sulfate (SDS) as an anionic surfactant in Publication 11
represents a significant advancement over the H,0,-based methods described in Publication 1.
PEG and SDS collectively address the challenges posed by H,0,, particularly the dissolution
of calcium and phosphate ions, which compromises the chemical and structural integrity of
HAP-MK-GP granules. By employing PEG, which induces porosity without altering the
chemical functional groups of HAP or MK-GP, this method ensures better preservation of the
material’s chemical composition, as validated by XRF (Table 111.6) and FTIR analyses (Fig.
111.11). Furthermore, the addition of SDS introduces a dual functionality: it not only promotes
porosity but also enhances pollutant removal, thanks to its hydrophilic and hydrophobic groups,

which interact effectively with organic compounds and cationic pollutants.
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Fig. 111.11. FTIR spectrum prepared granules (i.e., G-PEG, G-PEG/SDS(S) and G-PEG/SDS

(L))
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Table 111.6. XRF results of HAP, MK and prepared granules; G-PEG and G-PEG/SDS(S/L)

granules.
Element (%) G-PEG G-PEG/SDS (S) G-PEG/SDS (L)
Ca0 21.08 20.65 20.10
P,0; 15.66 13.20 14.96
Al,04 13.44 12.45 12.98
Si,0, 33.00 33.01 34.78
Na,0 6.44 6.65 6.54

A critical aspect of this approach lies in the form of sodium dodecyl sulfate (SDS) used during
granule synthesis. The study reveals that using SDS in its solid powder form (S) leads to a
noticeable shift in the PO, 3 stretching vibrations within HAP as demonstrated by FTIR (Fig.
I11. 11), indicating some degree of chemical interaction. This interaction is associated with a
slight reduction in phosphorus content, as evidenced by XRF analysis (Table I11.6).
Conversely, dissolving SDS into the granulation fluid as a liquid may better preserve the
structural integrity of the granules. This observation underscores the importance of optimizing
SDS application, whether in solid or liquid form, to achieve an effective balance between
enhancing porosity and maintaining chemical stability. Proper optimization of SDS usage is
essential to maximize the benefits of porosity while mitigating potential adverse effects on the

material's structural properties.

Structural analyses using SEM (Fig. 111.12) and BET (Fig. 111.13) methods substantiate the
effectiveness of employing sodium dodecyl sulfate (SDS) in its liquid form (SDS-L). Granules
prepared with SDS-L exhibit a substantial increase in surface area, ranging from 16 to 45%
(Table 111.7), compared to those prepared with SDS in its solid form (SDS-S), as well as to
granules prepared without SDS or polyethylene glycol (PEG) (Go) from Publication 1. This
improvement is evidenced by the mesoporous structure of the granules, confirmed by type IV

isotherms and H3 hysteresis loops.

Table 111.7. BET/BJH data of HAP, MK, and the prepared G-PEG and G-PEG/SDS(S/L)

granules.
Granules G-PEG G-PEG/SDS (S) G-PEG/SDS (L) HAP MK
Average diameter do (mm) 42+0.1 41+0.1 42+0.1 - -
Specific surface area (m?/g) 73.08 85.25 97.89 31.20 | 10.74
Total pore volume (cm®/g) 0.30 0.33 0.32 0.065 0.05
Mean pore diameter (nm) 16.79 15.89 13.27 11.82 | 21.82
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G-PEG G-PEG/SDS (S) G-PEG/SDS (L)

-,

Inner surface

External surface External surface

Fig. 111.12. SEM and optical microscope photographs of G-PEG and G-PEG/SDS(S/L)

granules.
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Fig. 111.13. BET isotherm of prepared G-PEG and G-PEG/SDS(S/L) granules and their pore

size.

Despite a slight reduction in mechanical strength associated with the use of SDS (Table 111.8),
the method strikes a favorable balance between maintaining structural integrity and enhancing
adsorption capacity. Compressive strength tests confirm that while SDS-L slightly diminishes
the granules’ strength, the increased surface area substantially boosts their adsorption potential.
The combination of PEG and SDS-L offers a more controlled and effective approach for
optimizing both porosity and functional performance of HAP-MK-GP granules, overcoming
the limitations H,0, based methods and presenting an improved solution for applications

demanding enhanced surface area and adsorption efficiency.

Table 111.8. Mechanical parameters of HAP, MK, and the prepared G-PEG and
G-PEG/SDS(S/L) granules.

Granules G-PEG G-PEG/SDS (S) | G-PEG/SDS (L) | HAP MK
Compressive strength (¢) (MPa) | 0.91+0.2 085+0.4 081+0.1 -
Young’s modulus (MPa) 16.69+0.3 15.23+0.2 15.08 £ 0.4
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The thermal behavior and decomposition processes of the elaborated granules were analyzed
using TGA/DSC (Fig.l111.14) techniques. The results revealed that incorporating SDS into
G-PEG granules, both in solid and liquid forms, led to an increased decomposition rate of the
granules. This was primarily due to the loss of the long alkyl chain from the SDS molecules at
temperature range [300-350°C] (Lun et al., 2014). Based on these observations, the study
recommends utilizing chemical methods to regenerate G-PEG/SDS granules in order to
preserve the integrity of SDS and prevent its degradation. These findings are crucial for
improving the reliability and performance of the granules in industrial applications, particularly
within regeneration strategies. This approach could help optimize the functionality of the

granules and extend their lifespan in practical uses.
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Fig. 111.14.TGA and DSC of (a) raw material and (b) prepared granules; G-PEG, G-PEG/SDS
(S/L).

111.2.2.2. Adsorption of MB and CV onto HAP-MK-GP/SDS (L) granules: Optimization
and selectivity analysis

The results of the batch adsorption experiments using HAP, MK-GP, and the prepared granules
are presented in Fig. 111.15. HAP demonstrated very low affinity for adsorption of organic
pollutants (MB and CV dyes), while MK-GP exhibited higher adsorption capacity. Introducing
HAP into MK-GP to form G-PEG granules led to a decrease in it adsorption efficiency. This
decline is likely due to the reduced MK-GP content in the granules, which resulted in fewer
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active sites available for adsorbing MB and CV dyes. On the other hand, incorporating SDS
into the G-PEG granules, whether in solid or liquid form, significantly enhanced their
adsorption capacity for both MB and CV, with G-PEG/SDS (L) showing the highest adsorption

performance. Due this, it was selected for the next of the adsorption experiments.

12 -

q,(mg/g)

HAP MK-GP G-PEG G-PEG/SDS (S) G-PEG/SDS (L)

Fig. 111.15. Adsorption capacity of HAP, MK-GP, and elaborated granules for MB and CV
dyes. Conditions: [dye], = 25 mg/L, adsorbed dose = 2g/L, granules diameter = 4 mm,
agitation speed = 250 rpm, time = 90 minutes, and T = 298 K.

The optimization results for the adsorption parameters of MB and CV dye, considering the
effects of solution pH and granule dose, are presented in Fig. 111.16. The findings indicate that
the optimal G-PEG/SDS(L) dose is 2.5 g/L, and the ideal solution pH is 8. This is consistent
with the pH,,.= 7.23 (Fig. I11.16c), which suggests enhanced electrostatic attraction between
the negatively charged groups on the surface of G-PEG/SDS(L) granules and the positively
charged N-H groups in the MB and CV molecules.
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Fig. 111.16. (a) and (b) Optimization the adsorption parameters under conditions
[dye], = 50 mg/L, granules diameter = 4 mm, agitation speed = 250 rpm, time = 90 minutes,
and T =298 K, and (c) pH,,. of G-PEG/SDS(L)

Fig. 111.17a illustrates the effect MB and CV concentration on their adsorption capacity by
G-PEG/SDS(L) granules, while Fig. 111.17b presents the adsorption selectivity of these
granules in MB/CV binary solutions at different concentrations. As seen, the results indicate
that the adsorption capacity for both dyes increased with higher initial concentrations. Below
50 mg/L, the granules exhibited similar selectivity for both dyes, as they had the same diffusion
coefficients (Table 111.9). However, above 50 mg/L, the diffusion coefficient of CV decreases
relative to MB, making it more difficult for MB molecules to reach the granule surface,
resulting in a higher selectivity for CV adsorption in the binary mixture.
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Fig. 111.17. Effect of initial concentration dyes on the adsorption amount onto G-PEG/SDS (L)

granules. (a) single dye system and (b) binary dye mixture following the optimal Conditions.

Table 111.9. Fitting of the HPDM model to the adsorption data of G-PEG/SDS (L) granules

with different concentration of MB and CV dyes in binary mixtures.

[MB] (mg/L) | Particule diffusion D, (m?/s) Film diffusion Dy (m?/s)
25 0.034t+0.090, R? =0.99 5.51x10710 0.015t+0.192, R? = 0.98 5.21x 10711
50 0.012t+0.072, R? = 0.98 1.94x10710 0.024t+0.231, R? =0.99 8.96 x 10711
75 0.061t+0.043, R? = 0.97 9.89x10710 0.012t+0.051, R? = 0.98 497 x 10711
100 0.023t+0.063, R* = 0.98 3.73x10710 0.042t+0.037, R? = 0.97 5.53 x 10710
125 0.018t+0.075, R? = 0.95 2.92x10710 0.053t+0.156, R? = 0.96 2.34x 10710

[CV] (mg/L)
25 0.001t+0.058, R? = 0.93 1.62 x 1073 | 0.001t+0.031, R? = 0.97 5.01 x 10711
50 0.002t+0.062, R? = 0.99 3.24 x 10713 | 0.015t+0.090, R? = 0.96 7.2 x 10711
75 0.006t +0.071, R? =0.92 9.73 x 10713 0.091t+0.054, R? = 0.98 4.65x 107!
100 0.001t-0.043, R* =0.93 1.78 x 10713 | 0.060t+0.025, R? = 0.95 2.4 x 10711
125 0.001t+0.095, R? = 0.90 1.62 x 10713 | 0.034t+0.084, R? = 0.95 1.37 x 10711
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111.2.2.3. Adsorption Kinetics and Isotherms of MB and CV onto G-PEG/SDS(L)
Granules and Proposed Mechanism

Fig. 111.17 and Table 111.10 show that the adsorption of MB and CV dyes, either individually
or in a binary mixture, follows the PFO kinetic model and Langmuir and Redlich—Peterson
isotherms. These findings indicate that the surface of the G-PEG/SDS(L) granules is
homogeneous, with all sites being equivalent. Each site can hold at most one cationic dye

molecule, suggesting monolayer coverage and no interactions between adsorbate molecules on
adjacent sites.
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Fig. 111.17. Isotherm and kinetic models fitting to experimental data for MB and CV dyes (a)

individually in aqueous solution and (b) in binary mixture, following the optimal conditions.
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Table 111.10. Kinetic and isotherm parameters for MB and CV dyes individually and in binary

mixtures, following the optimal conditions.

Kinetic model Kinetic parameters
MB MB/CV CVv CVIMB
Qexp (MQ/Q) 20.083 14.879 21.612 20.596
Pseudo-first-order Qear (MQ/Q) 19.683 14.135 21.160 28.669
k; (min™") 0.373 0.162 0.350 0.116
R? 0.973 0.943 0.956 0.963
dexp(MY/Q) 20.083 14.879 21.612 20.596
Pseudo-second-order Jecar (Mg/g) 20.123 14.799 21.792 20.510
k, (mg/(gxL)) 0.053 0.017 0.039 0.081
R? 0.992 0.995 0.990 0.994
Isotherm model Equilibrium parameters
. K (m gl_%_ L /g) 8.216 4531 9.634 5.328
Freundlich
n~! 0.457 0.436 0.451 0.550
R? 0.913 0.861 0.893 0.903
RMSEC 0.383 0.170 0.623 0.210
Langmuir Ky, (mg/g) 0.116 0.136 0.102 0.130
Jmax (Mg/g) 47.130 28.826 58.068 32.712
R? 0.992 0.991 0.997 0.998
RMSEC 0.094 0.105 0.032 0.071
Kp (L/g) 5.510 2.897 5.618 4.765
ag (L/mg) 0.220 0.193 0.078 0.10
Redlich—Peterson B 0.983 0.884 1.001 0.992
R? 0.991 0.993 0.991 0.992
RMSEC 0.194 0.189 0.138 0.081

MB/CV; MB in binary mixtures (MB/CV) and CV/MB; CV in binary mixtures (MB/CV).

before
after

$=0 (SDS)

Absorbance (a.u)

1 " 1 L " 1 L 1 "
3500 3000 2500 2000 1500 1000 500
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Fig. 111.18. FTIR spectrum of G-PEG/SDS (L) granules before and after adsorption MB and
CV dyes.
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The FTIR spectra in Fig. 111.18 reveal significant changes in the adsorption bands of
G-PEG/SDS (L) granules after MB and CV dye adsorption. The P-O, C=0, and O-H bands
shift to lower wavenumbers, suggesting alterations in the molecular environment of these
functional groups due to interactions with the dye molecules. Specifically, the P-O, C=0 groups
likely interact electrostatically with the N-H groups in the MB and CV dyes, while the O-H
bond forms hydrogen bonds with these N-H groups.

Additionally, SEM and BET/BJH results (Fig. 111.12 and Table I11.7) reveal that G-PEG/SDS
(L) granules have a highly porous, mesoporous structure that enhances the accessibility and
uptake of dye molecules. Within the mesopores, a pore filling mechanism plays a crucial role
in the adsorption of MB and CV dyes. The proposed adsorption mechanism is illustrated in Fig.
111.19, outlining the stepwise process of dye adsorption into the mesoporous structure of the

granules.

Fig. 111.19. Proposed MB and CV dyes adsorption mechanism into G-PEG/SDS(L) granules.

111.2.2.4. Critical review of use HAP-MK-GP granules elaborated using PEG and SDS as
adsorbent
Publication 11 critically highlights the potential of HAP-MK-GP/SDS (L) granules as a robust

adsorbent for industrial dye removal, offering an adsorption capacity of 35 mg/g for methylene
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blue (MB) and 45 mg/g for crystal violet (CV). These values, obtained under relatively mild
conditions: pH 8, adsorbent dose of 3 g/L, granule size of 4 mm, agitation speed of 250 rpm,
contact time of 180 minutes, and temperature of 298 K, underscore the practical viability of this
adsorbent  for large-scale  operations.  Although other materials, such as
montmorillonite/magnetic NiFe,O4-amine-functionalized chitosan (Gomaa et al., 2022),
exhibit higher adsorption capacities (Table 111.9), HAP-MK-GP/SDS (L) demonstrates
significant operational advantages, particularly for continuous flow systems in industrial
applications.

An advantage of HAP-MK-GP/SDS (L) lies in its granule form, which offers superior
mechanical stability and ease of separation from water compared to traditional powder
adsorbents. This is a crucial factor for industrial-scale operations, where the use of powder
adsorbents often results in challenges like clogging, difficult recovery, and regeneration issues.
The granule size of 4 mm and high porosity ensure not only efficient adsorption but also ease
of integration into column-based systems, which are widely used in industry for continuous

treatment processes.

The use of sodium dodecyl sulfate (SDS) as an anionic surfactant in the formulation of HAP-
MK-GP/SDS (L) appears to be a highly effective strategy, further enhancing adsorption
performance by increasing surface hydrophilicity and providing additional active sites for dye
interaction. This contributes to balanced adsorption efficiency across different dye types,
making HAP-MK-GP/SDS (L) versatile for various wastewater treatment applications,

including those involving complex dye mixtures.

From an economic standpoint, HAP-MK-GP/SDS (L) offers a more cost-effective solution
compared to advanced nanocomposites, which, although exhibiting higher adsorption
capacities, require complex and costly synthesis methods. The use of MK-GP as a binder
simplifies the preparation process and aligns with sustainable and environmentally friendly

practices, which are increasingly prioritized in industrial sectors.

Compared to other adsorbents listed in Table 111.11, such as biochar-supported HAP and
unmodified HAP powders, the HAP-MK-GP/SDS (L) granules stand out for their moderate
adsorption capacities coupled with operational simplicity. This combination of efficient
adsorption, mechanical durability, and ease of handling makes HAP-MK-GP/SDS (L) highly
suitable for large-scale dye removal processes, where practical implementation and cost-

efficiency are critical.
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Table 111.11. Comparison of G-PEG/SDS (L) granules adsorption capacities with the

previously developed adsorbents in the literature.

Adsorbent Type Dyes | @max Adsorption conditions References
(mg/g)
MB 35 pH = 8, adsorbent dose= 3 g/L, agitation
HAP-MK-GP/SDS (L) | Granules speed =250 rpm, t = 180 minutes, [MB], Publication 11
(4mm) | cv 45 | =180 mg/L, T =298 K
Metakaolin Powder MB 5 120 (298 K) Feng et al., 2021
MK-GP Solid MB | 276.90 pH = 4.5, adsorbent dose = 1.5 g/L, Barbosa et al.,
monolith T=328 K, t = 120 minutes. 2018
HAP Powder MB 38 pH =10, adsorbent dose = 1.0 [MB],= Aaddouz et al.,
45 mg/L, t = 20 minutes, T=298 K 2023
Biochar-HAP Powder MB 21.1 pH = 8.0, adsorbent dose = 1.0 ¢g/L, t= Lietal, 2018
nanoparticles 600 minutes, T=313K
pH= 8, adsorbent dose= 2 g/L, [MB],= Foroutan et al.,
Bio-HAP/MgO Powder MV 42.81 | 10 mg/L, t =40 minutes, T= 303 K 2020
pH=12, [CV], =3 mg/L, adsorbent Ali et al., 2023
Unmodifed HAP Powder GV 1.03 dose=1 g/L, t = 90 minutes, T=298 K
Palm kernel fiber Powder cv 78.90 pH = 7.20, adsorbent dose = 1.0 g/L, El-Sayed, 2011
MB | 95.40 [CV and MB],=160 mg/L, T=298K
Modified ZrSiO4 | Powder Ccv 39.3 pH = 10, adsorbent dose = 1.0 g/L, Mahmoud et al.,
nanoparticles MB 38.5 [CV and MB],= 40 mg/L, t= 40 2019
minutes, T=298K
Montmorillonite/magn Powder Ccv 118 pH =7, adsorbent dose = 1.0 g/L, Gomaa et al., 2022
etic Ni-Fe,0,- amine- MB 137 [CV and MB],= 200 mg/L, t=30
functionalized chitosan minutes, T=298K
Ca0/g-CsN4 based Powder CVv | 122738 pH =10, [CV and MB],= 2000 mg/L, Younis et al., 2016
nanocomposite MB | 1915.8 t= 1440 minutes.

111.3. Comparison and advancements of the elaborated HAP-MK-GP granules

111.3.1. Structural characteristics and performance evaluation

Comparing the findings of Publications | and Il reveals significant advancements and

improvements in the development of HAP-MK-GP granules. Publication | underscores the

limitations associated with the use of high concentrations of hydrogen peroxide (H,0,),

inducing structural degradation by dissolution of calcium and phosphate ions. This

phenomenon alters the integrity of the granules and reduces their adsorption capacity, thus

compromising their effectiveness in the targeted applications. In fact, the dissolution of these
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components results in reduced porosity and mechanical strength, highlighting the challenges of
balancing porosity enhancement with chemical stability. In contrast, Publication 11 introduces
polyethylene glycol (PEG) and sodium dodecyl sulfate (SDS) as effective alternatives to H,0,.
The use of PEG as a porogen agent maintains the chemical functionality of HAP-MK-GP
granules while enhancing their porosity. SDS, particularly in its liquid form (SDS-L), further
improves the surface area and adsorption potential of the granules without the adverse effects
observed with H,0,. This approach not only resolves the issues identified in Publication I but

also presents a more stable and efficient method for optimizing granule properties.

Together, Publications I and I1 contribute to a deeper understanding of the chemical functional
characterization and enhancement of HAP-MK-GP granules. While Publication I highlights
the challenges posed by high H,0, concentrations, Publication 11 offers practical solutions
with PEG and SDS. These advancements represent a significant step forward in optimizing
HAP-MK-GP granules, particularly for applications in water treatment, by improving both

structural integrity and adsorption capabilities.

111.3.2. Regeneration and reusability aspects

Regeneration is essential for the reusability and long-term effectiveness of HAP-MK-GP
granules. In Publication I, BG dye was desorbed using a 0.1 M HCI solution, which initially
facilitated dye removal by protonating the granule surface. However, after five regeneration
cycles, the adsorption-desorption efficiency sharply declined due to HAP dephosphorization
(Rao et al., 2015) and MK-GP dealumination (Xia et al., 2011), leading to partial granule
disintegration. This limited the granules' usability to one to three cycles (Fig. 111.20). In
contrast, in Publication Il, desorption was carried out using acetic acid, with optimization
based on Response Surface Methodology (RSM) and Box-Behnken Design (BBD). This
approach achieved a regeneration efficiency of 93.86 = 94% at optimal conditions of 0.72 M
acetique acide concentration, 323 K temperature, and 173 minutes contact time, and maintained
granule integrity for up to eight cycles (Fig. 111.20) before degradation occurred due to HAP
dissolution. A comparative analysis between these studies reveals the inherent challenges in
maintaining the structural stability of HAP-MK-GP granules across multiple regeneration
cycles. While dilute HCI in Publication I caused rapid disintegration, the optimized acetic acid
method in Publication Il offered greater durability. Nonetheless, both approaches exhibited
limitations in long-term use, particularly as granule dissolution occurred after several cycles.
Future research should focus on alternative regeneration agents or solvent-free methods to

enhance the reusability of these granules. Additionally, optimizing regeneration conditions to
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balance desorption efficiency with structural preservation remains a significant challenge for

scaling up the use of HAP-MK-GP granules in industrial adsorption processes.
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Fig.111.20. Regeneration and reusability of (a) G1 and (b) G-PEG/SDS(L) granules.

I11.4. Critical review of the elaborated HAP-MK-GP granules performances

The integration of hydroxyapatite (HAP) with metakaolin-based geopolymer (MK-GP)
materials has demonstrated significant potential in developing an effective adsorbent matrix for
the removal of organic pollutants. While the results showed high efficiency in adsorbing
cationic dyes, the material exhibited limited affinity for anionic dyes. To overcome this
limitation, Publication 111 focused on improving the properties of HAP powder by optimizing
its surface structure, porosity and adsorption efficiency for anionic organic pollutants, including
dyes (i.e. ARS and DR23 dye).

I11.5. Publication Il1l. Synthesis of hydroxyapatite-Fe magnetized nanocomposite
modified with Urtica dioica extract for the removal of anionic dyes from aqueous solutions.
The research investigates the integration of Fe;0, nanoparticles into the HAP matrix, modified
with Urtica dioica extract, to enhance the adsorption of anionic dyes. It is focused on improving
the properties of HAP powder by optimizing its surface structure, porosity and adsorption
efficiency for anionic organic pollutants, including dyes (i.e. ARS and DR23). For this, Urtica
dioica extract (collected from Bejaia-Algeria), rich in bioactive antioxidants such as

polyphenols, flavonoid glycosides, phenolic acids, amino acids, carotenoids, and chlorophyll,
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was used for its strong chemical reactivity. These compounds were immobilized on the HAP
surface through complexation with calcium ions (Ca*?) (Alorku et al., 2020), which then
interacted with phosphate precursors (P0; 3), facilitating the deposition of the extract onto the
HAP matrix. To further enhance the functionality and versatility of the adsorbent, iron oxide
nanoparticles (Fes;0,) are incorporated as a magnetic agent, forming a HAP-Fe composite that
offers dual benefits: improved adsorption performance and easy recovery and separation via

magnetic means.

I11.5.1. Critical review of chemical functional characterization of HAP-Fe-Urtica dioica
ext powder

The structural and chemical characterization of hydroxyapatite (HAP) modified with Fe;0,
and Urtica dioica extract (HAP-Fe-Urtica dioica ext) has been thoroughly evaluated, shedding
light on the effects of these additives on HAP's properties. FTIR analysis depicted in Fig. 111.22
confirms the effective deposition of antioxidants from Urtica dioica onto the HAP surface via
the formation of chelates or complexes with calcium ions. Concurrently, XRD data (Fig. 111.23)
indicate that the introduction of Urtica dioica extract promotes the deposition of Fe ions into
the HAP structure, as evidenced by the shift in HAP peaks as well as the increase in the intensity
of Fe;0, peaks in HAP-Fe-Urtica dioica ext sample. These observations highlight the potential

of Urtica dioica extract in improving Fe deposition and the functional properties of HAP-based

materials.
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Fig. 111.22. FTIR spectra of HAP, HAP-Fe and HAP-Fe-Urtica dioica ext.
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Fig. 111.23. XRD diffractograms of HAP, HAP- HAP-Fe and HAP-Fe-Urtica dioica ext.

SEM images illustrated in Fig. 111.24 reveal irregular and rough surface morphologies for HAP
and HAP-Fe matrices. HAP-Fe-Urtica dioica ext sample demonstrates particles with more
defined shapes and larger sizes, which is due to the incorporation of Urtica dioica extract in
HAP structure and its magnetized with Fe;0,. This enhancement is attributed to the successful
deposition of Fe;0, in the crystal surface of HAP and the interaction of polyphenol groups
from Urtica dioica extract, which increase steric hindrance and electrostatic repulsion, thereby

minimizing particle aggregation.
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Fig. 111.24. SEM images of HAP, HAP-Fe, and HAP-Fe-Urtica dioica ext.
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To confirms the successful magnetization of HAP, VSM analysis was conducted. According to
Fig. 111.25, both HAP-Fe- and HAP-Fe-Urtica dioica ext exhibited superparamagnetic
behavior (Wei et al., 2020), with saturation magnetization values of 10.32 emu/g and 10.92
emu/qg, respectively. These results reflect a high magnetic susceptibility as well as ease of
magnetization, giving the materials a strong potential for post-adsorption recovery with a view

to their regeneration.
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Fig. 111.25. Magnetization curve of (a) HAP, (b) HAP-Fe, and HAP-Fe-Urtica dioica ext.

Moreover, the combination of Urtica dioica extract and magnetic Fe;0, nanoparticles in HAP
structure allows the development of a high specific surface area, rising from 30.12 m?/g for the
HAP material to 59.98 m?/g for HAP-Fe-Urtica dioica ext (Table 111.12), a significant increase
of about 30 m?/g. Indeed, this natural bi-modification strategy used in this study offers an eco-
friendly alternative to synthetic methods, aligning with green chemistry while boosting
adsorption efficiency. The rise in SSA enhances the number of active sites, directly improving
contaminant adsorption. However, while the total pore volume (0.30 cm?3/g) is comparable to
materials like FHAP-CS (0.22 cm3/g) (Brahmi et al., 2024), it remains lower than advanced
adsorbents, which could limit its overall capacity. The larger pore diameter (19.89 nm) indicates
improved mesoporous structure, though it is smaller than some other materials, suggesting

further optimization is needed.

Compared to high-performance adsorbents like MCM-48 (Ali et al., 2023) (Table 111.12),
HAP-Fe-Urtica dioica ext offers moderate SSA but excels in cost-effectiveness, sustainability,
and biocompatibility, making it a more practical solution for large-scale use. While its

performance is promising, further refinement in pore structure and surface properties is
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necessary to fully compete with top-tier materials like zeolites and MOFs in high-performance
adsorption applications.

Table 111.12. Comparing HAP-Fe-Urtica dioica ext surface characterization with other

developed HAP based materials and other materials.

SAA(m?/g) Total pore Mean pore References
Adsorbent volume (cm®/g) | diameter (nm)
HAP 32.12 0.09 11.20
HAP-Fe 53.85 0.32 0.30 This work
HAP-Fe-Urtica dioica ext 59.98 0.30 19.89
FHAP-CS 101.41 0.22 27.36
HAP-CS 59.39 0.11 14.69
FHAP 59.69 0.15 0.22 Brahmi et al., 2024
HAP 16.70 0.137 24.94
HAP-1% GO 35.61 0.054 6.08 Ozder et al., 2023
Ag/Mg/Zn-HAP 0.63 N/A 2.06 Mahanty and Shikha, 2024
MCM-48 1420 1.2 3.7 Alietal., 2023
ZAB 729.93 0.378 1 Maiti et al., 2022
Activated carbon/y-Fe;Os 347.8 N/A N/A Fayazi et al., 2015
nano-composite
Carbon-bridge-doped  g- 62.98 0.31 17.75 Zhang et al., 2021
C3Na/Fe304

GO = graphene oxide, ZAB= ZnCl, Activated Biochar, MCM-48 = Silica mesoporous, MOFs = Metal-organic

framework-based materials

111.5.2. Adsorption of ARS and DR23 dyes onto HAP-Fe-Urtica dioica ext: Selectivity and
optimization through CCD-RSM analysis

The adsorption efficiency of HAP and the modified HAP materials for removing ARS and
DR23 dyes in both single and binary dye mixture is illustrated in Fig.111.26. The results indicate
that HAP-Fe —Urtica dioica ext outperforms both HAP-Fe and HAP in single dye system. As
depicted in Fig. 111.26b, HAP-Fe-Urtica dioica ext exhibits high selectivity for DR23 over
ARS in binary mixture, likely due to the stronger charges associated with DR23. Additionally,
the presence of DR23 enhances the adsorption of ARS, possibly through electrostatic

interactions between the HAP-Fe —Urtica dioica ext and both dyes.
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Fig. 111.26. Adsorption of ARS and DR23 dye (a) individually, and (b) in binary dye mixture
solution using HAP-Fe-Urtica dioica ext. Conditions pH of dye, [ ARS ], = [DR23 ], =
20 mg/L, time = 90 minutes, T = 294 K, agitation speed = 200 rpm, and adsorbent dose = 1
g/L.

The optimization of the adsorption parameters (i.e., HAP-Fe —Urtica dioica ext dose (x;),
solution pH (x;), and agitation speed (x3)) on adsorption efficiency for ARS and DR23 in a
binary dye mixture solution was conducted using the CCD-RSM method. A novel approach
was introduced, focusing on comparing the validity of the models by evaluating the adsorption
efficiency of ARS and DR23 dyes in the binary mixture onto HAP-Fe —Urtica dioica ext, in
comparison to the average adsorption efficiency of ARS and DR23. This approach enables the

direct optimization of the binary mixture of two dyes with similar characteristics.

The validity of the average model for predicting the adsorption efficiency of ARS and DR23 in
a binary mixture solution was confirmed through ANOVA (Table.l11.13). The statistical results
(p-values < 0.0001 and high F-values) show that the models are well-fitted and significant,
accurately representing the data. Strong correlations between measured and predicted values,
with R2 values of 99.5% further validate the models. Furthermore, residual analysis depicted in

Fig. 111.27 showed no correlation, confirming the models' predictive accuracy and robustness.
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Table 111.13. ANOVA analysis for adsorption efficiency quadratic models of ARS and DR23
dyes onto HAP-Fe-Urtica dioica ext.

Case Coefficients | Estimate | t-Ration | F-Ration | Prob>|t| | Second-Order Model Analysis
of Variance
b, 74.82 88.57 7.84 <0.05 Model Error
by 5.29 9.34 99.95 <0.05 DF 11 8
b, 2181 | -3845 | 167800 | <0.05 SS 840124 | 30.24
bs 434 7.65 66.44 <0.05 MS 76375 | 3.78
ARSin by, 153 2.09 4.97 007 | F-Ration | 202.03 | N/A
mixture by 0.55 0.75 0.64 0.47 RZ 0.99 N/A
by3 -0.81 111 1.40 0.30 Ry 0.97 N/A
b1 -7.48 1313 | 19555 | <0.05
b, 711 12.47 | 17663 | <0.05
bss -2.54 -4.47 22.62 <0.05
b, 8465 | 10286 | 1152 <0.05 Model | Error
by 437 7.92 62.79 <0.05 DF 11 8
b, 1927 | -34.88 | 121683 | <0.05 SS 6769.57 | 32.58
b, 3.09 5.6 31.30 <0.05 MS 61541 | 4.07
DR23in by, 177 2.48 6.16 003 | F-Ration | 151.09 | N/A
mixture bys 058 -0.83 0.68 0.43 RZ 0.99 N/A
b3 -0.01 -0.02 0.00 0.98 Ry 0.98 N/A
b1 -7.66 -13.8 19055 | <0.05
b, -6.88 1239 | 15320 | <0.05
bss -0.96 1.73 2.9 0.12
b, 79.25 186.2 23.07 <0.05 Model Error
by 4.69 16.41 | 21960 | <0.05 DF 11 8
b, 2024 | -70.83 | 3957.74 | <0.05 SS 733245 | 11.37
Average bs 3.87 1356 | 12949 | <0.05 MS 684.76 | 1.42
adsorption by, 155 4.21 15.36 <005 | F-Ration| 48151 | N/A
efficiency in by 0.56 152 0.00 <0.05 RZ 0.99 N/A
bin‘?"ry dye b3 0.01 -0.01 0.96 0.16 Ry 0.99 N/A
mixture b1 -7.40 25.78 | 532.71 0.99
b, -6.70 2333 | 45445 | <0.05
bss 152 -5.32 2853 <0.05

SS: sum of squares, MS: mean of squares, DF : degree of freedom

69



(@)

+ [=2] ~ =]
[ (=] w o
T T T T

Measured response Y yzg (%)

(%)
o
T

15

105

Predicted response yzs (%)

w0
=]
T

60

Measured response Yproq (%)

30

1 i 1 " 1 " 1

30

45 60 75 90 105

Predicted response ypg,5 (%)

(c)

IEl

60

as |

Measured response Y,,,(%)

30

Predicted response §,,, (%)

o - N w

Residual g,zg
R

Residual €pg,,
.

3 1 1 1 1 L

Residual €,
o

Chapter I11. Results and Discussion

(d) °

o ©
.

©
©
ce %

]

1 1 1 1 1

15 30 45 60 75 90
Predicted §,rs (%)

30 45 60 75 9

Predicted §z,5(%)

30 45 75 90 1056

60
Predicted yAvg (%)

Fig. 111.27. (a), (b) and (c) Correlations between experiments and predicted adsorption

efficiency, (d), (e), and (f) Residuals versus predicted response for ARS, DR23, and their

average adsorption efficiency in the binary dye solution onto HAP-Fe-Urtica dioica ext.



Chapter I11. Results and Discussion

The combination of the experimental batch adsorption (Fig. 111.28) results and the regression
models (Egs. 111.1, 2, and 3) highlights consistent findings regarding the factors influencing
adsorption efficiency. Both the experimental results and the regression models demonstrate that

the pH of the solution has a negative effect on adsorption, indicating that higher pH values
reduce ARS/DR23 dye adsorption efficiency.
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Fig. 111.28. Effects of (a) HAP-Fe-Urtica dioica ext dose , (b) Agitation speed, (c) pH
solution and (d) pH,,, on the adsorption efficiency of ARS and DR23 in the binary dye
mixture onto HAP-Fe-Urtica dioica ext . Conditions: [ ARS ], = [DR23 ], = 20 mg/L,

t =90 minutes, and T = 294 K.
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Vars = 74.82 +5.29 x; — 21.81 x, + 4.34 x5 — 7.48 x2 — 7.11 x2 — 2.54 x2 (I11.1)
Ppras = 84.65 + 4.37 x; — 19.27 x, + 3.09 x5 + 1.77 x, x, — 7.66 x* — 6.88 x2  (II1.2)

Javg = 79.74 + 4.84 x; — 20.54 x, + 3.27 x3 + 1.65 x1x, — 7.57 x{ — 6.99 x5
—1.75 2 (I11.3)

Additionally, both the experiments and models show that the HAP-Fe-Urtica dioica ext dose
and agitation speed have a positive influence on ARS/DR23 dye adsorption efficiency.
Increasing the HAP-Fe-Urtica dioica ext and agitation speed enhances adsorption due to a
higher number of available adsorption sites and increased turbulence, which lead to more
effective collisions between the dye molecules and the adsorbent surface. The optimal
conditions derived from both the experimental results and the regression models were
consistent, with a HAP-Fe-Urtica dioica ext dose of 2.5 g/L, agitation speed of 250 rpm and
solution pH of 3. Analysis using three-dimensional (3D) response surfaces and two-
dimensional (2D) contour plots (Fig. 111.29) enabled the interactions between operating
parameters and adsorption efficiency to be visualised, revealing that the highest adsorption
efficiency (> 90%) were achieved under specific optimum conditions of pH 3.15, agitation
speed of 260 rpm and HAP-Fe-Urtica dioica ext of 2.60 g/L. The consistency of the results
obtained from both the batch mode adsorption tests and the regression models confirms the

reliability and accuracy of these approaches for predicting optimum dye adsorption conditions.
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111.5.3. Adsorption kinetics and isotherms of ARS and DR23 onto HAP-Fe-Urtica dioica
ext and proposed mechanism

The effect of the initial concentrations of ARS and DR23 in a binary dye mixture as a function
of time is shown in Fig. 111.30a. The findings show that at concentrations between 20 and
100 mg/L, both ARS and DR23 dyes demonstrate similar adsorption efficiencies. However, at
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concentrations exceeding 100 mg/L, HAP-Fe-Urtica dioica ext exhibits a greater affinity for

DR23 dye, likely due to the stronger electrostatic interactions resulting from its higher number

of S05 groups in comparison to the ARS dye.
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Fig. 111.30. (a) Effect of initial concentrations of ARS and DR23 dye in binary mixture

solution, (b) Effect of the temperature's (c) Isotherm and (d) kinetic models fitting to

experimental data for ARS and DR23 dyes in binary solution at the optimal condition
determined by CCD-RSM.

On the other hand, Fig. 111.30b demonstrates the effect of temperature on the adsorption of
ARS and DR23 dyes onto HAP-Fe- Urtica dioica ext under optimized CCD-RSM conditions.

The results show that increasing temperature enhances the diffusion of both dyes into the

adsorbent, leading to improved adsorption capacity. Thermodynamic analysis listed in Table

111.14 reveals that the adsorption process is both spontaneous and endothermic for both dyes.

Notably, DR23 exhibits chemisorption behavior, reflected by its higher AH® values, while ARS

follows a physisorption process with lower AH® values, indicating distinct adsorption

mechanisms for the two dyes (AitAli et al., 2023). Kinetic and extended Langmuir isotherm
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models (Fig. 111.30c and d) further confirm that the adsorption of both dyes adheres to the PSO
kinetic model and the extended Langmuir isotherm, suggesting a homogeneous monolayer
adsorption process where each site holds one anionic dye molecule. This process occurs on
identical sites without lateral interactions or steric hindrance, characterized by constant

enthalpies and sorption activation energy.

Table 111.14. Kinetic and isotherm parameters of ARS and DR23 dyes in binary solution.

Kinetic model Kinetic parameters dye Isotherm model
ARS DR23 Extended-Langmuir (ARS)
Qexp (MQ/Q) 44.960 51.052 qm(mg/g) 59.013
Pseudo-First qear (Mg/g) 41.579 48.139 K, ,(L/mg) 0.057
Order ky (min?) 0.141 0.133 K, ,(L/mg) 0.201
Aq (mg/g) 3.381 2.913 Ry, 0.495
R? 0.91 0.88 R, 0.199
R? 0.991
Gexp(MY/Q) 44.960 51.052 Extended-Langmuir (DR23)
Pseudo-Second qcar (MA/Q) 45.122 52.113 qm(mg/g) 64.416
Order
Agq (mg/g) -0.162 -1.061 K ;1 (L/mg) 0.020
K, ,(L/mg) 0.261
k, (mg/(gxL)) 0.003 0.005 Ry, 0.714
R? 0.993 0.991 R., 0.160
R? 0.993

In order to gain a better understanding of the adsorption mechanism involved, FTIR analysis of
HAP-Fe- Urtica dioica ext before and after the adsorption of DR23 and ARS dyes was carried
out. The finding reported in Fig. 111.31 show a shift in the P-O band from 1146 cm™?! to 1165
cm™1, along with a reduction in intensity at 1069 cm™1. The decreased intensity of the C=0
groups is likely due to interactions between PO, 3 and C=0 groups with functional groups like
O-H, SO5, and N-H groups in the ARS and DR23 dyes, involving hydrogen bonding and
electrostatic interactions (Jiang et al., 2021 ; Normi et al., 2022). Furthermore, the calcium ions
(Ca**) on the HAP surface can form chelate complexes with the C=0 and SO3 groups of the
dyes (Moriguchi et al., 2003). Additionally, Fez0, can form hydrogen bonds with functional

groups like SO5™ and O-H in the dye molecules and participate in electrostatic interactions with
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the azo bonds (-N=N-) and amino (NH) groups in the DR23 dye (Wang at al., 2021 ; Chaudhary,
2013). The proposed adsorption mechanism is illustrated in Fig. 111.32.

HAP-Fe-Urtica dioica ext (DR23/ARS)

HAP-Fe-Urtica dioica ext

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 111.31. FTIR spectra of HAP-Fe- Urtica dioica ext before and after the adsorption of
DR23 and AS dyes.

Fig. 111.32. Proposal mechanism of adsorption of DR23 and ARS dyes HAP-Fe- Urtica
dioica ext.

76



Chapter I11. Results and Discussion

111.5.4. Critical review of use HAP-Fe-Urtica dioica ext powder as adsorbent

The utilization of HAP-Fe- Urtica dioica ext ext powder as an adsorbent presents a compelling
strategy for environmental remediation, capitalizing on the unique structural, surface, chemical,
and magnetic properties achieved through the incorporation of Urtica dioica extract and Fe;0,
with hydroxyapatite (HAP). This composite material exhibited high surface area and porosity
with the magnetic characteristics of Fe;0,, thereby enhancing adsorption capacity while

facilitating convenient recovery from aqueous environments.

The adsorption experiments conducted with HAP-Fe- Urtica dioica ext in binary mixture of
anionic dyes, specifically ARS and DR23, underscore its efficacy in contaminant removal. The
study reveals maximum adsorption capacities of 56.15 mg/g for DR23 and 47.96 mg/g for ARS
under optimized conditions of: pH = 3.15, adsorbent dose = 2.60 g/L, T = 308 K, agitation
speed = 260 rpm, and t = 120 minutes.

A notable advantage of HAP-Fe- Urtica dioica ext lies in its magnetic properties, which enable
facile separation post-adsorption. This feature streamlines the recovery process of the
adsorbent, significantly enhancing operational efficiency in practical applications. Moreover,
the reactive nature of Fe;0, contributes to improved adsorption kinetics and selectivity,
particularly in the removal of anionic contaminants, positioning HAP-Fe- Urtica dioica ext as
a viable alternative to traditional adsorbents. When comparing HAP-Fe- Urtica dioica ext
extract to other materials in the literature (Table 111.15), it demonstrates competitive
performance, albeit with certain limitations. Specifically, while HAP-Fe- Urtica dioica ext is
effective in removing anionic dyes, materials such as nanoclay (with an adsorption capacity of
166.6 mg/g for DR23) and sludge biochar-based adsorbents (SBA) (111.98 mg/g) show
superior capacities under varying conditions. Additionally, polyaniline-coated activated carbon
achieves an adsorption capacity of 109.8 mg/g for DR23, underscoring the efficacy of hybrid
materials that combine high surface area and functional coatings. Despite these comparisons,
the unique advantages of HAP-Fe- Urtica dioica ext, particularly its ease of recovery and
distinctive magnetic properties, support its potential for environmental remediation
applications. Furthermore, its performance in treating binary ARS/DR23 dye mixtures

highlights its practical utility in addressing real-world wastewater treatment challenges.
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Table 111.15. Comparative insights into the adsorption efficiency and surface characteristics of

HAP-Fe- Urtica dioica ext and other advanced adsorbents.

Comparing DR23 dye adsorption capacity of HAP-Fe-Urtica dioica ext and other adsorbents
Adsorbent Qmax pH Equilibrium Reference
(mg/g) solution time (minutes)
HAP-Fe-Urtica dioica ext 56.15 pH = 3.15 60 Publication 111
Nanoclay 166.6 pH =2 30 Mahvi and Dalvand, 2019
Cationized sawdust 65.8 pH=5.5 90 Hebeish et al., 2011
Polyaniline coated activated 109.8 pH=3 90 Gopal et al., 2014
carbon
Corn stalk 52 pH=3 10 Fathi et al., 2014
Sludge biochar-based 111.98 pH =6.5 190 Jiang et al., 2021
adsorbent (SBA)

Comparing ARS dye adsorption capacity of HAP-Fe-Urtica dioica ext and other adsorbents
HAP-Fe;0,-Urtica dioica ext 47.96 pH = 3.15 60 Publication 111
Activated clay modified by 32.7 Fuetal., 2011
iron oxide (Fe-clay)

Untreated Typha Grass 77.99 8 120 Muhammad and Musa,
2022

Ni-Fe-CO; layered double 69.9 7 120 Ahmed et al., 2023

hydroxide

biomass-based activated 91.69 3 120 Bhomick et al., 2019

carbon

Magnetite talc (FesO.@Talc) 11.76 3 60 Nayl ar al., 2022

nanocomposit

Fe20;@BC-KC composite 174.9 2 150 Ohale et al., 2023

Grafted vermiculite (APTES) 18.2 1 40 Alietal., 2020

111.5.6. Review on the regeneration and reusability of HAP-Fe-Urtica dioica ext

The regeneration and reusability of HAP-Fe- Urtica dioica ext have been explored to assess its
potential for long-term use in dye removal applications. The findings indicate that while the
adsorbent remains effective for up to four cycles (Fig. 111.33), its adsorption efficiency
gradually declines thereafter. This decline is primarily attributed to pore blockage caused by
the accumulation of residual ARS and DR23 dyes, which obstruct the available adsorption sites
and hinder the diffusion of new dye molecules. As these dye molecules become more embedded
within the adsorbent matrix, their removal during desorption becomes increasingly difficult,
which impacts the material’s reusability. Additionally, the interactions between the functional
groups of HAP-Fe-Urtica dioica ext and the dye molecules, as well as possible chemical
transformations, further exacerbate the reduction in adsorption capacity.

Alternative regeneration techniques, such as thermal degradation or advanced chemical

treatments, have shown promise in breaking down the accumulated dyes and preventing pore
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clogging, thus enhancing the material’'s longevity. While these methods offer potential solution
to extend the lifespan of the adsorbent, further research is necessary to refine these regeneration
methods and minimize the negative effects of dye accumulation and adsorbent degradation. The
sustainability and cost-effectiveness of HAP-Fe-Urtica dioica ext in practical applications can
be significantly improved by optimizing regeneration processes, enabling its effective reuse for

multiple adsorption cycles.
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Fig. 111.33. Regeneration and reusability of HAP-Fe- Urtica dioica ext adsorbent for the
adsorption of binary DR23 and ARS dyes.
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IVV. Conclusion

This thesis investigates the development of novel Hydroxyapatite (HAP)-based materials with
enhanced adsorption properties for environmental remediation, specifically wastewater
treatment applications. The co-precipitation method, utilizing NaOH for pH adjustment, was
selected for HAP synthesis due to its superior surface characteristics, eco-friendliness, and clear

advantages over conventional ammonium-based methods, as detailed in the existing literature.

While the synthesized HAP exhibited relatively limited adsorption capacity for organic
pollutants, particularly anionic and cationic dyes, several innovative strategies were employed
to address these limitations and maximize the potential of HAP-based materials. Three distinct
approaches were proposed and rigorously tested to optimize the adsorption properties of these

materials.

The first approach involved the incorporation of MK-GP as a binder to overcome the limitations
of direct foaming methods, which had shown suboptimal adsorption efficiency for cationic
dyes. By embedding MK-GP onto HAP as an adsorbed powder, the resulting HAP-MK-GP
granules demonstrated significant improvements in surface properties, mechanical integrity,
and adsorption performance. These granules outperformed GP materials and other HAP-based

materials reported in the literature, as evidenced in Publication I.

In Publication I1, a novel strategy was introduced by combining polyethylene glycol (PEG) with
sodium dodecyl sulfate (SDS) to further enhance the properties of the HAP-MK-GP matrix.
This combination effectively mitigated the limitations associated with hydrogen peroxide
(H20.) as a foaming agent and led to improvements in the granules' surface morphology,
textural properties, mechanical strength, and adsorption capacity. The optimized granules, with
a diameter of 4 mm, exhibited superior adsorption efficiency and remarkable regeneration

potential, maintaining their performance over eight cycles without any degradation.

Despite these advancements, the HAP-MK-GP matrix still showed limited adsorption
efficiency for anionic dyes, attributable to the negative surface charge of MK-GP, as discussed
in both Publications | and Il. To address this issue, an alternative strategy was employed by
doping the HAP matrix with magnetized Fe3O4 and Urtica dioica extract. The resulting HAP-
Fe-Urtica dioica ext composite exhibited a marked enhancement in adsorption efficiency for

anionic dyes, underscoring its potential for more effective wastewater treatment.
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In conclusion, this research makes a substantial contribution to the field of HAP-based
materials, offering innovative strategies for improving their adsorption capacities and long-term
stability, particularly for environmental applications. The findings provide valuable insights
into the development of advanced materials for sustainable wastewater treatment solutions and

suggest promising avenues for further research.

V. Future Work

Future research could focus on optimizing of use the HAP-Fe-Urtica dioica ext composites for
the adsorption of organic pollutants (i.e., cationic dyes) and heavy metals. A key aspect of this
would be evaluating the performance of these composites in column adsorption tests to assess
their efficacy for both dye pollutants and heavy metals under real-world conditions.
Furthermore, scaling up the synthesis of these materials for large-scale industrial applications

in wastewater treatment should be considered.

Another promising direction is the integration of HAP-Fe -Urtica dioica extract with MK-GP
to create hybrid materials that combine the strengths of each component. This approach could
enhance the adsorption capacities, mechanical stability, and regeneration potential of the
materials, thereby improving their practical use in environmental remediation. This integration
could also potentially expand the materials' ability to tackle a broader range of environmental

contaminants.

Additionally, the potential of HAP-MK-GP composites for heavy metal adsorption warrants
further investigation. By targeting multiple environmental pollutants, these composites could
provide a versatile solution for various types of contamination. Long-term studies are essential
to evaluate their regeneration cycles and performance stability, ensuring their reliability and

effectiveness in real-world applications.

Lastly, assessing the environmental impact of these materials after prolonged use and multiple
regeneration cycles is crucial to ensure their sustainability and long-term effectiveness.
Expanding this research to explore the integration of these advanced materials into broader
environmental treatment systems could further enhance their applicability and provide new

solutions for addressing diverse environmental challenges.
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ARTICLE INFO ABSTRACT
Keywords: In this study, porous hydroxyapatite-metakaolin geopolymer (HAP-MK-GP) granules were prepared with a novel
Adsorption method for adsorption of organic pollutants from aqueous solutions, using brilliant green dye as a model com-

Brilliant green pound. The preparation involved combining finely powdered hydroxyapatite, metakaolin, and solid sodium

g::sllﬁ::: metasilicate in a high-shear granulator. Then, hydrogen peroxide (H202) was added at different concentrations
Hydroxyapatite (0.0, 5.0, 7.5, or 10.0%) as a combined granulation fluid and blowing agent. In the resulting granules, metakaolin

geopolymer bound the powdered hydroxyapatite as granules and contributed to the adsorption capacity. To
determine their structural, morphological, and mechanical properties, the granules were characterized with
infrared spectroscopy, X-ray fluorescence, scanning electron microscopy, specific surface area and porosity
analysis, and compressive strength tests. The granules had a high porosity and promising compressive strength
and Young’s modulus of 0.8 and 10 MPa, respectively, potentially enabling their use in large-scale adsorption
columns. The monolayer adsorption mechanism of brilliant green dye onto HAP-MK-GP granules was confirmed
by fitting the obtained batch adsorption data to the Langmuir isotherm model which showed that the adsorption
capacity was approximately 41 mg/g. The optimum conditions were: pH of 7, initial dye concentration of 100
mg/L, adsorbent dose of 3 g/L, agitation speed of 250 rpm, contact time of 30 min, and temperature of 298 K.
The adsorption kinetic data indicated that the adsorption followed the pseudo-second-order kinetic model. The
thermodynamic parameters, including Gibbs free energy, enthalpy, entropy, and activation energy, indicated
that adsorption was spontaneous, endothermic, and was based on physisorption. The rate-limiting step was film
diffusion. Based on the results, HAP-MK-GP granules could be a feasible adsorbent for the removal of dyes from
industrial wastewater. Moreover, the facile granulation method presented here could be applied to other
powdered adsorbents as well to prepare adsorbent granules.

Wastewater treatment

1. Introduction be harmful to aquatic life and human health [1-4]. An example of a
typical synthetic cationic dye used in the textile industry is brilliant

The textile industry is a significant user of dyes, and the dyeing green (BG), which can cause ecosystem risks at concentration above 50
process requires large amounts of water, energy, and chemicals. mg/L [5]. It has also been suspected that BG could be genotoxic and
Consequently, large quantities of wastewater are formed containing carcinogenic due to the chemical similarity with some other triphenyl-
pollutants such as heavy metals, organic compounds, and salts that can methane dyes, malachite green or crystal violet [6]. Thus, methods to

* Corresponding author. University of Oulu, Fibre and Particle Engineering Research Unit, P.O. Box 4300, FI-90014, Finland.
E-mail address: tero.luukkonen@oulu.fi (T. Luukkonen).

https://doi.org/10.1016/j.hybadv.2023.100134
Received 8 November 2023; Received in revised form 14 December 2023; Accepted 21 December 2023

Available online 30 December 2023
2773-207X/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tero.luukkonen@oulu.fi
www.sciencedirect.com/science/journal/2773207X
https://www.journals.elsevier.com/hybrid-advances
https://doi.org/10.1016/j.hybadv.2023.100134
https://doi.org/10.1016/j.hybadv.2023.100134
https://doi.org/10.1016/j.hybadv.2023.100134
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hybadv.2023.100134&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Brahmi et al.

Hydroxyapatite

N

Co-precipitation synthesis
of hydroxyapatite

Granules after adsorption

Mixing for 5 min in high
shear granulator

Adsorption of
brilliant green

Hybrid Advances 5 (2024) 100134

Metakaolin,
sodium metasilicate

H,0,

Dropwise addition of H,0,
solution

Curing at 60 °C

External surface of granules

Fig. 1. Schematic representation of the preparation of HAP-MK-GP granules and adsorption experiments.

efficiently remove dyes from industrial wastewaters are needed and one
actively studied approach is to use adsorption technology.

Adsorbents are commonly used in industrial processes to remove
impurities or target substances from gases or liquids. Frequently used
adsorbents include activated carbon, silica gel, alumina, and zeolites
while new experimental adsorbent materials are being developed at an
increasing pace [7,8]. Typically, new adsorbent materials are developed
initially in the form of powders. However, the use of powdered adsor-
bents can be difficult in practice due to the difficult separation from
water or cumbersome regeneration. To mitigate these problems, gran-
ular adsorbents are generally preferred in industrial applications [9].
Thus, widely applicable methods to granulate powdered adsorbents
would be required to enable up-scaling and commercialization of new
adsorbent materials.

Hydroxyapatite (HAP) and metakaolin geopolymer (MK-GP) are two
types of adsorbents that have been studied extensively for their ability to
remove contaminants from water [10]. HAP is a naturally occurring
mineral, similar in composition to the mineral component of bone and
teeth (i.e., Cas(PO4)3(OH)) [11]. It has a high adsorption capacity for
metals, low water solubility, high stability under reducing and oxidizing
conditions, good availability, and low cost [12]. MK-GP, on the other
hand, is produced from calcined kaolin clay (i.e., metakaolin) by mixing
it with an alkali-activator solution (frequently sodium silicate) under
ambient conditions [13]. MK-GP consists of an amorphous aluminosil-
icate network, which resembles a zeolite structure. MK-GP has a high
capacity to adsorb a variety of impurities, including metals, cationic
dyes, or ammonium from water [14,15]. It is also used as a cementitious
binder.

The aim of this research was to develop a method to prepare porous
granules from powdered adsorbent using MK-GP as a reactive binder,
which would also provide synergistic adsorption properties. This study
involved combining HAP, metakaolin and sodium metasilicate powder
in a granulator and adding H,O; as a blowing agent and granulation
fluid at different concentrations (0.0, 5.0, 7.5, or 10.0%). The obtained
hydroxyapatite-metakaolin geopolymer (HAP-MK-GP) granules were
comprehensively characterized and used in adsorption of BG dye from
aqueous solutions in a batch reactor at different conditions. In addition,
comparative adsorption experiments with different types of dyes (crystal

violet, Congo red, methyl orange, and rhodamine b) were performed.

The objectives of the study were to (i) demonstrate the suitability of
the combined granulation-alkali activation-direct foaming method to
prepare highly porous granules from powdered HAP, (ii) optimize the
adsorption conditions of BG and compare those to the adsorption of
other types of dyes, and (iii) determine the adsorption mechanism by
fitting the adsorption data to isotherm, kinetic, and thermodynamic
models. This study provides new insights to the development of adsor-
bent materials by providing a widely applicable method to produce
granular adsorbents from powdered materials.

2. Materials and methods
2.1. Chemicals

The raw materials to prepare HAP were Ca(NO3),-4H,0 (99% assay)
and (NH4),HPO4 (99.2% assay) from Biochem Chemopharma (Canada)
and Analar Normapur (Belgium), respectively. Brilliant green (BG)
(99.1%) crystal violet (CV) (96.5%), Congo red (CR) (97.%), methyl
orange (MO) (98.1%) and rhodamine b (Rhb) (98.3%) were obtained
from Sigma-Aldrich (Canada). HCI (0.1 M) and NaOH (0.1 M) solutions
(VWR, Belgium) were used to adjust pH. The raw materials used for the
preparation of porous geopolymer granules were metakaolin (MetaMax,
BASF, USA), solid anhydrous sodium metasilicate (Naz0 50.8 wt%, SiO»
46.7 wt%, and Ho0 2.5 wt%; VWR Alfa Aesar, Germany), and H,0,
solution (30%, VWR, Belgium).

2.2. Preparation of HAP powder

The HAP powder was synthesized by the co-precipitation method
using aqueous solutions containing 0.6 mol/L of Ca and 0.34 mol/L of P
(prepared by dissolving Ca(NOs),.4H,0 and (NH4),HPO;4 in ultrapure
water). The P solution was added dropwise to the Ca solution to obtain
the $2 molar ratio of 1.67. Then, the solution was continuously stirred for
45 min before adjusting pH to 10 with NaOH (0.1 M). After 12 h of
stirring at room temperature, the HAP particles were formed. The pre-
cipitate was filtered and dried in an oven at 353 K for 24 h.
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Fig. 2. Chemical structure and absorption spectrum of brilliant green dye.

Table 1
Properties of the dyes in the comparative adsorption experiment and the
wavelengths used for their spectrophotometric determination.

Dye Formula Nature Wavelength (nm)
Crystal violet Ca5N3H3ClL Cationic 498
Congo red C32NgH33Nay 06Ss Anionic 586
Methyl orange C14H14N3Na O3S Anionic 462
Rhodamine b CagH31CI N2O3 Cationic 554

2.3. Preparation of HAP-MK-GP granules

The HAP-MK-GP granules were prepared by applying the previously
reported method by Yu et al. [16]. First, the target amounts of HAP
(57.4 wt%), sodium metasilicate (14.6 wt%), and metakaolin (28.0 wt
%) were mixed as dry powders, ground using a disc mill (Retsch RS 200)
at a speed of 1500 rpm for 5 min, and then placed in a high shear
granulator (Eirich EL1). H,0; solutions with concentrations of 5, 7, and
10% (w/w) were used as a granulation fluid and blowing agent. The
amount of added HyO, was approximately 18 wt% of the solids in the
granulator. H,O solution was added dropwise until the granules were
formed by a visual observation. The granulator pan mixing speed was
1200 rpm, granulator mixer plate speed was 170 rpm, and granulator
tilting angle was 30°. The granules are identified with names GO, G1, G2
and G3 according to the concentration of H,O, added (0.0, 5.0, 7.5, or
10.0%, respectively). They were cured at 333 K for 24 h to release the
oxygen bubbles from the HyO,. The granules were then rinsed with
distilled water and dried in an oven at 333 K for 24 h. They were sieved
into particle size of 1-4 mm and stored at room temperature. The steps
followed in the preparation are presented schematically in Fig. 1.

2.4. Characterization of material microstructure and mechanical strength

The functional groups of the samples were identified by Fourier
transform infrared spectroscopy (FTIR, range: 400-4000 cm ™!, spectral
resolution: 200). Analyses were performed using a Bruker Vertex v80
instrument equipped with a Harrick Praying Mantis DRIFT cell.

Specific surface area and pore size were determined using a Micro-
meritics ASAP2020 instrument and calculated using the Brunauer-
Emmett-Teller (BET) isotherm and the Barrett-Joyner-Halenda (BJH)
method. Before the measurement, samples were degassed at 70 °C for
24 h.
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The microstructural morphology and composition of the samples
were determined using a field emission scanning electron microscope
equipped with an energy dispersive X-ray spectroscope (FE-SEM-EDS,
Zeiss Ultra Plus). The surface and inner sections of the granules were
imaged from unbroken and crushed granules, respectively. Before the
analysis, the samples were placed on a two-sided tape and coated with
carbon.

The mechanical strength of granules was determined with a Zwick
Roell Z010 (10 kN load cell) universal testing instrument using a 1 mm/
min loading rate. The granules selected for compression were spherical
with a similar diameter and the measurement of each batch of granules
was repeated three times. Compressive strength ¢ was calculated using
Eq (D).

Frnax
T x d?

@

c=4x

where ¢ (MPa) is compressive strength, Fqox (N) is peak force, and d
(mm) is diameter of granules.

2.5. Point of zero charge determination

The point of zero charge (pH,,.) of the granules was determined by
using solutions containing 0.5 g of 2 mm diameter granules in 50 mL of
0.01 M NaCl. Their pH values were adjusted between 2 and 12 with the
addition of 0.1 M HCl or NaOH solutions and then stirred for 24 h. The
pHpyc value is the point where the curve pHg;,,; versus pHy;, Crosses
the line pHyyija = PHpinal-

2.6. Batch adsorption experiments

The adsorption parameters, contact time (0-180 min), BG dye con-
centration (10-100 mg/L), stirring speed (150-450 rpm), doses of
granules (2-4 g/L), solution pH (3-9), granule diameter (1-4 mm), and
temperature (298-338 K) were studied. Water samples were collected
after each adsorption experiment using a pipette, centrifuged (using
Beckman Coulter J326XPI-IM-1) at 8000 rpm for 2 min, and analyzed
using a UV-6300PC spectrophotometer (VWR, China) at wavelength of
624 nm (Fig. 2). A calibration curve was created in a concentration
range of 0.5-17 mg/L.

The percentage of the adsorbed BG dye and adsorption amount per
adsorbent mass were calculated using Eqn (2) and (3), respectively.

(%) :% % 100 @
0
A\
a=(Co—C)x ©)

Where y(%) is the adsorbed fraction of BG dye, Cy (mg/L) and C; (mg/L)
are the initial BG concentration and its concentration at time ¢, respec-
tively, q; (mg/g) is the amount of BG adsorbed per adsorbent mass at
time t, V (L) is the volume of BG dye solution, and W (g) is the weight of
adsorbent granules.

To evaluate the behavior and selectivity of HAP-MK-GP (using the G1
granule composition) towards other dyes, namely CV, CR, MO, and Rhb,
a comparative removal study was conducted under the optimal
adsorption conditions of BG dye (i.e., initial dye concentration = 15 mg/
L, contact time = 60 min, adsorbent dose = 3 g/L, pH = 7, granule
diameter = 2 mm, agitation speed = 250 rpm, and T = 298 K). The
wavelength used for quantifying their concentration and the formula of
each dye are presented in Table 1.

2.7. Modeling of kinetic and isotherm data

The experimental kinetic data were fitted to the pseudo-first order
and pseudo-second-order kinetic models (Eqn (4) and (5), respectively)
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Fig. 3. FTIR spectra of (a) HAP and MK, and (b) HAP-MK-GP granules: GO, G1,
G2, and G3.

Table 2
The main elements (by XRF, as atomic-%) of raw materials (HAP and MK) and
HAP-MK-GP granules (GO, G1, G2, and G3).

Element (%) HAP MK GO Gl G2 G3
(0] 19.08 47.89 36.95 32.64 32.55 30.39
Na 2.25 0.37 8.74 8.97 9.05 9.71
Al 0 22.20 4.33 3.48 3.21 2.64
Si 0.02 23.50 9.46 8.96 8.82 8.41
P 12.56 0.17 9.46 8.96 7.95 7.20
Ca 21.07 0.29 15.84 15.12 14.75 14.10
[17]:
g =q. x [1 — exp(—kit)] @
qe
. %)
= ™ g+ 1

where ¢, (mg/g) is the amount of BG adsorbed at equilibrium, k; (1/
min) is the pseudo-first order rate constant, kx [g/(mg.min)] is the
pseudo-second order rate constant.

Three non-linear adsorption isotherm models, Langmuir, Freundlich,
and Redlich-Peterson, were utilized to interpret the equilibrium data.
The equations of Langmuir, Freundlich, and Redlich-Peterson isotherms
are presented in Eqn (6)-(8), respectively [17,18]:
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qmax KL Ce
= 6
K C.+1 ©®
. =KrCj @)
Kr C,
= KeCe (8)
b= 11

where C, (mg/L) is the equilibrium concentration of BG dye, ¢mqx (mg/g)
is Langmuir monolayer adsorption capacity, K; (L/mg) is the Langmuir

adsorption constant, Kg (mg1 L / g) and 1 are Freundlich capacity and

intensity constants, respectively, related to the surface heterogeneity.
Kr (L/g), ar (L/mg), and p are Redlich—Peterson isotherm constants.

2.8. Thermodynamic study

To evaluate the spontaneity of the BG dye adsorption onto HAP-MK-
GP granules, as well as the effect of temperature on its progress, ther-
modynamic parameters, Gibbs free energy (AG°), enthalpy change
(AH®), and entropy change (AS°), were calculated using Eqn (9)-(11),
respectively [17].

AG° = —RTInK, (C)]

AG° = AH® — TAS® (10)
AG®  AS°  AH°

i, = A9 _AST an
RT R RT

where R is the universal gas constant (8.314462 J/(K x mol)), T is the
absolute temperature (K), and K; is the equilibrium adsorption
constant.

The optimum temperature (T, ), at which the standard free energy is
zero, predicts the feasibility of the adsorption process of BG dye into
HAP-MK-GP granules. It was calculated using Eqn (12) [19].

AH®

Tapt = A_S°

12)

The activation energy (E,) of the BG and G1 adsorption system was
determined using the Arrhenius Equation (Eq (13)). Moreover, the
Clausius-Clapeyron equation (Eq (14)) was used to calculate the isos-
teric heat of adsorption [20,21].

In(ky) =In(A) — E

RT 13

AH
=——+ Const

In (Ce)qﬂ RT

a4
Where E, is the activation energy (J/mol), A is the pre-exponential
factor related to molecular collision (unitless), and AH (J/mol) is the
isosteric heat of adsorption.

To be able to interpret the effect of temperature on the adsorption,
the diffusion coefficient D (m2/s) of the BG into G1 granules was
calculated at different temperatures using the film-pore diffusion model,
describing the movement of a solute within a spherical particle Eq (15)
[22].

At boundary conditions:
aC, aC,

t=0,q,=0,C,=0; rzO,W:O; r=R,; D,,W:kf(c, 7C0)>.

aC,  dq D, 0 (rzaq) as)

o o=\

where D, is the diffusion coefficient (m? /s), pp is the particle density
(g/cm®), e is the particle porosity, r is the radial distance for mass
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Fig. 4. SEM micrographs photographs of HAP-MK-GP granules: GO, G1, G2, and G3 (external and internal surfaces).

transfer in the granule (mm), R, is the particle radius (mm), and k; is the
external mass transfer coefficient (cm /s).

The conservation equation, and initial condition att = Oandc =
co, for a batch contactor are given as Eq (16) (where V is the solution
volume (cm3), and m is the mass of particles (g)) [22].

dc, _3kW
dt R,V

(G — Cy) (16)

As the initial uptake of solute is controlled by external mass transfer
resistance, k; can be estimated from experimental % obtained during the
initial uptake. Eq (17) was used to calculate the change in fluid phase
concentration during the first period based on the % values [22].

G, 3km,
Co PRV

17)

2.9. Regeneration experiments

The regeneration efficiency was evaluated through five consecutive

cycles, each beginning with an adsorption equilibration followed by
desorption. The adsorption experiments were conducted using the
conditions of [BG], = 10 mg/L, adsorbent dose = 3 g/L, pH =7, t =180
min, granule diameter = 2 mm, agitation speed = 250 rpm, and T = 298
K. After adsorption, the granules were washed with distilled water to
remove non-adsorbed BG and then transferred to a pH 4 ([HCI] = 0.1
mol/L] solution for desorption (t = 180 min, agitation speed = 250 rpm,
and T = 298 K). Samples were collected after each adsorption and
desorption experiment using a pipette, centrifuged (using Beckman
Coulter J326XPI-IM-1) at 8000 rpm for 2 min, and analyzed using a UV-
6300PC spectrophotometer (VWR) to determine the final concentration.

3. Results and discussion

3.1. Characterization of the HAP-MK-GP granules obtained at different
concentrations of H,O,

The FTIR spectra of raw materials and granules prepared using
different concentrations of HyO, are displayed in Fig. 3
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Table 3
BET/BJH parameters and mechanicals properties of GO, G1l, G2, and G3
granules.

Samples GO Gl G2 G3

BET/BJH parameters

Average diameter dy (mm) 2.31 + 2.23 + 2.20 + 2.18 +
0.1 0.1 0.1 0.1

Specific surface area (m?/g) 22.59 30.86 29.81 28.75

Total pore volume (cm®/g) 0.05 0.13 0.13 0.07

Mean pore diameter (nm) 9.09 17.37 16.77 10.53

Mechanical properties

Frax (N) 42.50 39.96 24.44 41.81

Compressive strength (¢) 0.85 0.76 0.77 0.79

(MPa)

dL at Fyax (mm)* 0.23 0.55 0.49 0.29

(%) Deformation at Fp,ay 3.20 6.80 5.37 3.64

Young’s modulus (MPa) 17.01 9.68 11.23 15.56

2 The deformation of material under maximum force.

The FTIR spectra of the granules GO, G1, G2, and G3 (Fig. 3b) con-
tained the characteristic absorption bands of HAP and MK-GP (Fig. 3a).
According to Meski et al. [10] and Ziani et al. [11], the bands at 2033,
1218 and 1100 cm™! correspond to the bending vibrations of PO,
tetrahedral units, which are the building blocks of HAP. The bands at
3547 and 620 cm™! correspond to the O-H stretching vibration of hy-
droxyl groups in the HAP structure. The bands observed at about
1380-1450 cm~! and 1620 cm™! could be assigned to carbonates [12].
Moreover, the band at 1308 cm™! is related to the Al-OH bending vi-
bration that occurs in the OH groups of MK-GP, and the band at 591
cm™! corresponds to the Al-O bending vibration, which is a character-
istic of the AlQ4 tetrahedra found in MK-GP [23]. The band from 900 to
950 cm™! is associated to the silanol stretching (Si—-OH) group. The
bands registered at 3274 and 1630 cm™! are due to the stretching vi-
bration of the O-H groups present on the surface of MK-GP [16,24,25].
The band at 2400 cm™! is associated with the asymmetric stretching of
carbonate likely due to the atmospheric CO; reacting with the surface
alkalinity of MK-GP [16]. The results indicated that the inclusion of HAP
in the reaction mixture of metakaolin and sodium metasilicate does not
hinder the formation of MK-GP. The amount of Si—~OH or Al-OH groups
on the MK-GP surface contributes to its ability to interact with cations.
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Fig. 6. The effect of H20, concentration and contact time on the adsorption
efficiency of BG dye on the HAP-MK-GP granules. Conditions: [BG|, = 15 mg/L,
adsorbent dose = 2 g/L, pH = 5, granule diameter = 2 mm, agitation speed =
350 rpm, and T = 298 K.

On the other hand, the tetrahedral [AlO4] sites are thought to be the
main surface sites providing reversible ion-exchange capacity for
cations.

Furthermore, the findings of the experiments indicate that high
concentrations of HoO2 (> 5.0 weight-%) can cause variations in the
vibrational modes of chemical bands in HAP and MK-GP components.
These variations were observed in the absorption bands at 1644,
1630-1191, and 1218 cm™!, connected to the stretching vibrations of
O-H in MK-GP and the flexural vibrations of PO, tetrahedral units in
HAP, respectively. The shift at 1445 cm~! band towards 1415 and 1403
cm~! observed in the spectra of G2 and G3 may be associated to the
interaction between Al-OH bonds in the MK-GP structure and HO,.
The shift at 904 cm~! band towards 880 cm ™! observed in the spectra of
G2 and G3 may be associated to the breaking of some Si—-O-Si bonds in
the MK-GP structure. These results indicate that increasing the con-
centration of HoO2 may influence the chemical structure of the HAP-MK-
GP granules.

The XREF results of the main elements for HAP, MK-GP, and HAP-MK-
GP granules prepared at different concentrations of H2O; are presented
in Table 2.

The atomic element (%) indicated that increasing the concentration
of Hy O, raised the % ratio of HAP in the G1, G2 and G3 granules, which
is most likely owing to the chemical interaction that happens between
H,0, and HAP. When H,0, is introduced into HAP, it reacts with the
calcium and phosphate present in the mineral and can dissolve them
[26]. As a result, the proportion of Ca and P in the HAP-MK-GP granules
decreased.

The appearance of internal and external surfaces of granules GO, G1,
G2, and G3 are shown in Fig. 4. As can be seen, the SEM micrographs
indicated that granules prepared with H,O, exhibited enhanced porosity
(connected and closed pores) as compared to nonporous granules (GO).
However, the increase in H,O, concentration (i.e., samples G2 and G3)
in the granulation fluid decreased the porosity of both the inner and
outer surfaces of the granules, as well as the pore size and depth. This
result agrees with Yu et al [16], since using too highly concentrated
H,0, as the granulation fluid may induce too rapid hardening of the
geopolymer gel due to heat release, which prevents pore formation.

The Nj adsorption/desorption isotherms of HAP-MK-GP granules
Fig. 5 exhibit a type IV hysteresis loop with mesoporous structure. The
results of specific surface area, total pore volume, and the pore size
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Fig. 8. Comparative study of the adsorption efficiency of HAP-MK-GP (G1)
with respect to five different dyes. Conditions: [dyes], = 15 mg/L, time = 60
min, adsorbent dose = 3 g/L, pH = 7, granule diameter = 2 mm, agitation
speed = 250 rpm, and T = 298 K.

distribution (Fig. 5 and Table 3) demonstrated that the granules pre-
pared with H,O, exhibited higher porosity and surface area than the
control sample prepared using water (i.e., GO). Most of the pore volume
of granules is between 2 and 50 nm which represents mesopores, which
are also called medium capillary pores when describing the transport of
ions in pore networks.

Furthermore, the results indicated a slight reduction in the specific
surface area of granules, as well as decreased total pore volume and pore
diameter with increasing the H,O, concentration. These results also
support the above observations that lower HyO2 concentrations are
beneficial for the granule microstructure. For instance, the decrease in
the specific surface area and volume of pores was supported by the SEM
micrographs, which showed a decrease in the number of pm-sized pores
upon increasing the HyO5 concentration.

The results of compressive strength testing of the granules are shown
in Table 3. The GO and G3 granules exhibited the highest strength
contrary to the G1 and G2 granules, indicating that GO and G3 granules
had the lowest porosity as also confirmed by the BET/BJH results and
SEM micrographs.

3.2. Adsorption experiments

To investigate the effect of H,O3 concentration and contact time on
the adsorption of BG dye onto HAP-MK-GP granules (GO, G1, G2, and
G3), the experiments were conducted at the pH of 5 with contact times
ranging from O to 180 min. The initial BG dye concentration and the
granules dose were fixed at 15 mg/L and 2 g/L, respectively. The results
of this experiment, shown in Fig. 6, indicate that the granules prepared
with H,O, exhibited higher adsorption efficiency than GO due to their
higher porosity and surface area. Moreover, the high concentrations of
H02 (> 5.0 %) reduced the adsorption efficiency of the granules to-
wards the BG dye. This may be due to the reduction in the porosity of the
granules at higher HyO5 concentrations (Table 3). Moreover, the XRF
findings indicated that using a too high H,O, concentration can cause
leaching of calcium and phosphate ions from HAP. This phenomenon
can negatively influence the stability of the functional groups on the
surface of the HAP-MK-GP granules. The adsorption mechanism was
assumed to involve electrostatic interactions, hydrogen bonding, and
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Fig. 9. (a) Kinetic models and (b) isotherm models fitting to the experimental
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van der Waals forces between the BG dye and functional groups present
on the surface of the HAP-MK-GP adsorbent. More specifically, the
calcium- and aluminum-containing groups in HAP and MK-GP could
connect electrostatically with the amine groups of BG, while phosphate
and carbonate form hydrogen bonds with the hydroxyl and amine
groups of BG (see Fig. 12 below). The decrease of numbers of these
groups in the granule surface results in a lower adsorption efficiency.
Because of the lower adsorption performance of G2 and G3 towards BG
dye, G1 was chosen for further experiments.

3.3. Optimization of the parameters affecting the adsorption

The adsorption efficiency in a batch reactor depends largely on the
amount of adsorbent used, as well as the adsorbent particle size and the
concentration of the adsorbate. Furthermore, the agitation speed is
critical in promoting the mass transfer between the solution and the
adsorbent, regulating both the film diffusion and the pore diffusion
processes [27,28]. To study all these, experiments were carried out to
optimize the adsorption process. The first experiment was performed
with different sizes of G1 granules, ranging from 1 to 4 mm at pH =5
and [BG]o = 15 mg/L. Next, several agitation speeds, ranging from 150
to 450 rpm, were examined using the optimum granule particle size.
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Table 4

Kinetic and isotherm parameters for BG adsorption onto G1 granules. Condi-
tions: adsorbent dose = 3 g/L, pH = 7, t = 180 min, granule diameter = 2 mm,
agitation speed = 350 rpm, and T = 298 K.

Kinetic model Kinetic parameters

Pseudo-First Order

Qexp (ME/8) 28.61
Qeal (Mg/8) 27.86
ki (1/min) 0.56
R? 0.91
Pseudo-Second Order Qexp (Mg/8) 28.61
Qear (Mg/g) 28.52
ko (mg/(g. min)) 0.20
R? 0.99

Isotherm model Equilibrium parameters

Freundlich 11 6.91

Kr (mgl nLn /g)
n! 0.59
R? 0.95
Langmuir Anax (MG /8) 40.79
Ky (L/g) 0.16
R2 0.99
Redlich-Peterson Kr (L/g) 2.52
ag (L /mg) 0.96
B 0.53
R2 0.95

| T(K) | k2 (mg/g min) | qc(mg/g) | R®

298 101724003 [6.05+0.2 [098
54 308 102224003 |6.08+0.2 |0.99
318 102754003 [6.11£02 |097
328 | 0.578 £0.03 [6.14+02 | 098

52 |4 338 | 0.610+003 [6.18+02 [099
'x 1 1 1 1 1 1
0 30 60 20 120 150 180
Time (min)

Fig. 10. Effect of temperature on the adsorption of BG onto G1 granules and
the fitting of the pseudo-second-order model to the data. Conditions: [BG], =
20 mg/L, adsorbent dose = 3 g/L, pH = 7, granule diameter = 2 mm, and
agitation speed = 250 rpm. The error bars represent standard deviation of three
repeated experiments.

Table 5
The diffusion coefficients and thermodynamic parameters of the BG adsorption
onto G1 granules.

T Dm%*  AG® AH® AS° T°(K) AH° E,
®  s)x kJ/ kJ/ (624 (kJ /mol)  (KJ /mol)
10710 mol) mol) (mol
x K))
298  0.64 -3.96  6.76 27.62 24456  6.84 27.19
308 0.83 —4.38
318  1.37 —4.57
328 1.93 -5.03
338  2.02 -5.45
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Finally, the effect of adsorbent dose, ranging from 2 to 4 g/L, and the
effect of pH of the solution, ranging from 3 to 9, were studied. The re-
sults of these experiments are displayed in Fig. 7. A significant
improvement in the adsorption efficiency of BG dye was observed as the
HAP-MK-GP dose, stirring speed, and pH of the solution were increased
up to 3 g/L, 250 rpm, and 7, respectively. Moreover, the granule
diameter smaller than 3 mm was the optimum.

The increase in the adsorbent dose resulted in a higher adsorption
efficiency due to the increase in available adsorption sites (Fig. 7a).
Additionally, an increase in the stirring speed from 150 to 250 rpm
increased the adsorption efficiency from 62 to 90%, which then
remained constant up to an agitation of 350 rpm (Fig. 7b). In this range
of moderate agitation, the particles of the granulated material are sub-
jected to moderate turbulence causing more collisions with the BG
molecules and, consequently, improved mass transfer. This is because
the film boundary enclosing the particles is reduced. However, at high
agitation speeds beyond 350 rpm, the granulated material particles may
be exposed to shear stresses, causing mechanical deterioration, which
decrease the mass transfer between the adsorbate and the adsorbent,
and thus the adsorption efficiency. Similar results have been reported

O pK, = 6.6
“H*
SASWS
-—
H,C” N NH* +H*

. \
Electrostatic !
interaction Y, !
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earlier [29] when investigating the effect of stirring speed on the
adsorption of dyes from aqueous solutions using activated carbon
granules prepared of coconut shell as adsorbent material.

It should be noted that the granules of 1 mm of diameter exhibited a
BG removal rate of 98% compared to those of 2 mm (94%) (Fig. 7c).
However, granules with a diameter of 2 mm are easier to obtain during
synthesis than granules with a diameter of 1 mm. Therefore, granules
with a diameter of 2 mm were chosen for the subsequent experiments.
The size of granules above 3 mm resulted in reduced adsorption effi-
ciency, which is explained by a decrease in the specific surface area and
porosity of the granules. The specific surface area of 2 and 3 mm-sized
granules was 30.86 and 19.52 m?/g, respectively.

The pH of the solution has a strong influence on the adsorption
mechanism, as it determines the charge of the adsorbent surface as well
as the ionization of the adsorbates. The effect of solution pH on the
adsorption behavior of BG dye onto HAP-MK-GP granules was studied
under the optimized conditions (Fig. 7d). The adsorption efficiency was
much higher (99.3 %) at pH values equal to or greater than 7, which
corresponded to the pH,,. of granules. This can be due to the more
negative charge of phosphate, silanol, and aluminol groups on the HAP-
MK-GP granule surface causing enhanced electrostatic interactions with
the positively charged amine groups of BG dye. Samiyammal et al. [30]
and Duarte et al. [31] also investigated the effect of solution pH on the
adsorption of BG dye from aqueous solutions using HAP derived from
Pirarucu (Arapaima gigas). The decreased adsorption efficiency at pH < 6
also coincides with the pK, value of BG (see Fig. 11), and thus the change
in the BG speciation likely contributed for the decreased efficiency.

The results of the comparative adsorption study with different dyes
(Fig. 8) revealed that HAP-MK-GP (G1) granules have a higher selec-
tivity to remove cationic dyes (CV and BG) with adsorption efficiency
higher than 80 % compared to anionic dyes at the optimized conditions.
This is an expected result since the surface charge of MK-GP and HAP are
both negative as illustrated in Fig. 12. The difference between BG and
CV can be explained by slightly different chemical structure (both
belong to the triarylmethane dyes) and size of the molecule.

3.4. Kinetic and isotherm modeling

Fig. 9 shows the fitting of the non-linear equations to the kinetic data
and adsorption amounts at equilibrium. Most of the adsorption of BG
occurred during the first 5 min for all BG dye concentrations and after
30 min, the equilibrium was reached. The quick equilibration time can
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Fig. 12. A schematic presentation about the interactions between the HAP-MK-GP surface and BG molecules.
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Fig. 13. Regeneration of the Gl granules with 0.1 mol/L HCl solution.
Adsorption Conditions: [BG], = 10 mg/L, adsorbent dose = 3 g/L, pH=7,t =
180 min, granule diameter = 2 mm, agitation speed = 250 rpm, and T = 298 K.
Desorption Conditions: pH = 4, agitation speed = 250 rpm, t = 180 min, and T
= 298 K. Adsorption efficiency refers to removal% of BG by granules.

be explained by the high porosity (as demonstrated by the SEM and
BET/BJH data). It should be noted that reaching equilibrium in 30 min
for an adsorbent particle with a diameter of 2 mm is excellent perfor-
mance. The pseudo-second-order model represented a better fit than the
pseudo-first order model on kinetic data as indicated by the difference
between the experimental and calculated adsorption amount (Table 4).
The results in Table 4 and Fig. 9b show that the Langmuir isotherm
resulted in a better fit (R?> = 0.99) of the equilibrium adsorption data
than the Freundlich or Redlich-Peterson isotherms (R? = 0.95). These
findings indicate that the surface of HAP-MK-GP granules exhibit uni-
formity, all surface sites are identical, capable of accommodating one
molecule of BG (i.e., limited to a monolayer coverage), and there are no
interactions between sorbate molecules on neighboring sites [32].

3.5. Effects of temperature and thermodynamic studies

The effect of temperature on the adsorption on the G1 granules
(Fig. 10 and Table 5) was studied in the conditions optimized above. As
the temperature increased, the time required to reach the adsorption
equilibrium decreased. At temperature of 338 K, the adsorption equi-
librium was achieved within 20 min, whereas at lower temperatures, it
took over 30 min. At high temperature, the rate constant (k) increased
significantly. This is due to the increase in the kinetic energy of the
molecules, promoting efficient collisions and faster reaction between BG
and the surface of the G1 granules, ultimately resulting in faster
adsorption on the granules.

All the obtained values indicated that the diffusion boundary layer
formed between the BG dye solution and the G1 adsorbent granules was
reduced by the effect of temperature. As a result, the reduction in the
diffusion resistance allowed BG molecules to move freely throughout the
system, increasing the likelihood of them randomly encountering the
granule surface [33]. Table 5 lists the results of the thermodynamic
modelling of the BG and G1 granules adsorption system. AG° Values
were negative and fell steadily as the temperature rose. This suggests
that the adsorption process is spontaneous. The value of AH° is less than
40 kJ /mol and the value of activation energy (E,) is less than 27.19
kJ/mol, implying that the adsorption process of BG dye onto G1 granules
is based on physical adsorption (i.e., physisorption). The low E, value
indicated that the BG adsorption on the G1 granules proceeded with low
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energy barriers and can be achieved at relatively low temperature. The
positive value of AH® indicated that the adsorption is endothermic in
nature with an optimal temperature of 244.56 K [20,34]. Moreover, a
positive AS° value suggested increased disorder of the system as BG
molecules attached to the adsorbent surface.

Fig. 11 displays the FTIR spectra of the G1 granules before and after
the adsorption of BG dye. A slight shift of the P-O bands, characteristic
of HAP, occurred from 1440 to 1490 cm ™}, 1204 to 1233 cm™ !, and
1028 to 992 cm™!. These results can be explained by the interaction
between the PO,4> groups of the HAP with the amine groups of BG dye
(Fig. 12). Furthermore, the reduction observed in the intensity of the
band at 3262 cm™! can be attributed to an interaction between the
hydroxyl groups O-H of MK-GP and the amine of BG dye Fig. 12.
Moreover, the two new bands developed at 1414 em ! and 625 cm ™!
after adsorption, are attributed, respectively to the C-H stretching vi-
bration of benzene and the aromatic C-N stretching vibrations and to
flexion or torsion vibrations of C-H bonds present in the aromatic
structure of the BG dye [35,36].

3.6. Regeneration of granules

The desorption of BG dye was studied with a 0.1 mol/L HCI solution,
which makes the surface of the adsorbent protonated displacing the
adsorbed dyes. Adsorption and desorption performance of the Gl
granules decreased during five reuse cycles (Fig. 13). Thus, the granules
appeared to be practically suitable for one to three times use only. One
possible reason for the decreased adsorption-desorption efficiency over
repeated cycles could be dephosphorization of the hydroxyapatite sur-
face [37] and dealumination of geopolymer surface [38] due to the
regenerant solution (0.1 mol/L HCI) — even though the acid solution is
rather dilute. It was observed during the repeated adsorption-desorption
cycles that some of granules disintegrated. Specific surface area of
granules increased slightly during the five cycles (to 35.6 m?/g) while
pore volume and average pore diameter remained approximately un-
changed (at 0.13 cm®/g and 15.7 nm, respectively). An alternative
regeneration strategy could be to thermally degrade the adsorbed dye.

4. Conclusions

This study demonstrates a new method to prepare granular materials
from powdered adsorbents utilizing porous geopolymer as a reactive
and synergistic binder. Hydroxyapatite-metakaolin geopolymer (HAP-
MK-GP) granules were prepared, characterized, and studied as an
adsorbent to remove brilliant green dye from water. It was observed that
a low concentration of HyO03 (i.e., 5 wt%) in the granule preparation was
the optimum since it did not affect the chemical composition of hy-
droxyapatite and resulted higher porosity. The mechanical properties of
granules indicate that they could be appropriate for use in a large-scale
adsorption column extending over many meters in height. The batch
adsorption experiments of BG dye from aqueous solutions by the opti-
mum granules demonstrated a very promising adsorption capacity
(approx. 41 mg/g as predicted by the Langmuir isotherm) and fast
equilibration (< 30 min) for a granular material, likely due to the highly
porous structure. The adsorption capacity and equilibration time
compared favorably to other adsorbents studied for BG dye removal
[39-42]. Furthermore, the granules had their highest adsorption ca-
pacity at near-neutral conditions in terms of pH, which enables their use
in practical wastewater treatment scenarios. According to the thermo-
dynamic modelling, the adsorption was spontaneous, endothermic, and
occurred via physisorption. Overall, this study demonstrates that the
developed method of preparing porous adsorbent granules using meta-
kaolin geopolymer as a reactive binder is feasible for practical applica-
tions in water and wastewater treatment.
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Abstract

This study investigated the elaboration of novel porous absorbent granules by mixing powdered hydroxyapatite, metakaolin,
sodium metasilicate, polyethylene glycol, and sodium dodecyl sulfate (SDS), an anionic surfactant. The effect of sodium
dodecyl sulfate (SDS) was then studied by introducing it as a powder to the powdered mixture or dissolved into the granula-
tion fluid. Characterization of the granules indicated that the incorporation of SDS dissolved in the granulation fluid into
the G-PEG granules improved their specific surface area (97.9 m?/g) and porosity, resulting in a synergistic increase in
the adsorption of crystal violet and methylene blue dyes compared to G-PEG granules and hydroxyapatite or metakaolin
geopolymer alone. Moreover, the granules exhibited satisfactory compressive strength of 0.81 MPa, making them suitable
for large-scale adsorption columns. Finally, the regeneration process of the granules was modeled and optimized by using
surface response methodology based on Box—Behnken design. The granules could be regenerated for eight cycles under
optimum conditions of acetic acid concentration of 0.72 mol/L, a temperature of 323 K, and a contact time of 173.22 min,
without a significant loss in the adsorption capacity or degradation of the granules. These results suggest that the porous
granules prepared in this study have potential to be used in industrial wastewater treatment.

Keywords Adsorbent granulation - Hydroxyapatite - Geopolymers - Box—Behnken design - Wastewater treatment
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Root mean square error
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Thermogravimetric analysis
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correspond to Z;
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Measured dye removal efficiency response
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Dimensionless variables or reel forms
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investigation domain
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Introduction

Hydroxyapatite (HAP), a major component of teeth
and bones, is the most extensively investigated calcium
phosphate ceramic both in biomedical and environmen-
tal fields (Meski et al. 2011). HAP exhibits remarkably
versatile properties, enabling its use in various applica-
tions depending on its microstructure, making it useful
in dental implants, scaffolds for tissue engineering, and
as an adsorbent in water treatment. HAP can be synthe-
sized using natural resources such as eggshells, shells,
fish bones and scales, animal bones, and algae (Teymouri
2018; Ziani et al. 2014). In wastewater treatment, HAP
can be used to separate several pollutants with very
promising equilibrium adsorption capacities (g,) such as
lead (g, = 698 mg/g) (Meski et al. 2011), zinc (g, = 450
mg/g) (Meski et al. 2010), copper (g, = 91 mg/g) (Wang
et al.2017), dyes (methylene blue (¢, = 328 mg/g)) (Peng
et al. 2019), Congo red (g, = 48 mg/g) (Panneerselvam
et al. 2019), and acid yellow (g,=213 mg/g) (Manatunga
et al. 2018). Furthermore, HAP is effective in adsorbing
emerging pollutants, such as ofloxacin (¢, = 27 mg/g) and
triclosan (g, = 130 mg/g) (Huang et al. 2016). However,
most existing studies have been conducted using powdered
HAP, and there is little research on HAP-based granules
as adsorbents (Chen 2023).

Geopolymers (GPs) are ceramic-like amorphous alumi-
nosilicates, formed by mixing an aluminosilicate precursor
(e.g., metakaolin) with an alkali-activator solution (e.g.,
sodium silicate). They have been extensively studied in
water and wastewater treatment as adsorbents, membrane
materials, filtration media, and catalyst support and for
solidification/stabilization of solid residues (Al Natsheh
et al. 2022; Luukkonen et al. 2020, 2019). Porous GP
composites can be produced through direct foaming (i.e.,
introduction of a blowing agent to produce gas bubbles),
addition of lightweight fillers, additive manufacturing,
reactive emulsion templating, particle compaction, or
mixed approaches (Zhang et al. 2021).

Recent research has explored the possibility of com-
bining HAP powder with a metakaolin GP (MK-GP) via
granulation to form adsorbent granules (Brahmi et al.
2024), improving their feasibility for practical water treat-
ment applications. In this study, a novel method for intro-
ducing porosity to HAP-MK-GP granules is proposed by
using polyethylene glycol (PEG) as a templating agent and
sodium dodecyl sulfate (SDS) as an anionic surfactant. This
approach aims to enhance the adsorption and surface prop-
erties of HAP-MK-GP granules using the anionic structure
of SDS, which has hydrophobic and hydrophilic functional
groups, allowing it to interact with organic compounds and
cationic pollutants, facilitating their removal from aqueous



Environmental Science and Pollution Research

solutions. In addition, this study investigates the most effec-
tive approach to employ SDS, either as powder or as an
aqueous granulation fluid to reduce water surface tension
during the granulation process, which can enhance the even
distribution of water within the granulation mixture compo-
nents, ultimately improving the granule formation process.
The developed granules are demonstrated as potential
adsorbents for dye removal using cationic dyes, methylene
blue (MB), and crystal violet (CV), as model adsorbates
(either alone or from a binary solution), and their low-
cost regeneration is demonstrated and optimized using sta-
tistical design of experiments based on response surface
methodology (RSM) with Box—Behnken design (BBD).

Materials and methods
Chemicals

The raw materials used to prepare HAP were
Ca(NO;),*4H,0 (99% assay) and (NH,),HPO, (99.2%
assay) obtained from Biochem Chemopharma (Canada)
and Analar Normapur (Belgium), respectively. CV and
MB dyes were obtained from Sigma-Aldrich (China). HCI1
(0.1 N) and NaOH (0.1 N) solutions used to adjust pH
were obtained from VWR (Belgium). The raw materials
used to prepare porous MK-GP granules were metakaolin
(MetaMax, BASF, USA), solid anhydrous sodium meta-
silicate (Na,O (50.8 wt%), SiO, (46.7 wt%), and H,O (2.5
wt%); VWR Alfa Aesar, Germany), SDS obtained from
SIGM (China), and PEG with an average molar mass of
4000 g/mol obtained from Merck (Germany). Acetic acid
(1.0 N) obtained from Sigma-Aldrich (Germany) was used
for the regeneration studies.

Preparation of HAP powder

The HAP powder was synthesized using the co-precipitation
method described previously in the literature (Brahmi et al. 2024).

Preparation of porous HAP-MK-PEG/SDS granules

Three batches of granules were prepared, which are referred
to as G-PEG (i.e., with PEG and without SDS), G-PEG-SDS

(S) (i.e., with PEG and SDS added as a solid powder), and
G-PEG-SDS (L) (i.e., with PEG and SDS added as an
aqueous solution). The performance of reference granules
without PEG and SDS has been represented in a previous
study by the authors (Brahmi et al. 2024). First, HAP, PEG,
sodium metasilicate, metakaolin, and SDS (SDS only in
the G-PEG-SDS (S) granules) were mixed as dry powders
(Table 1), ground using a disc mill (Retsch RS 200) at a
speed of 1500 rpm for 5 min, and then placed in a high-shear
granulator (Eirich EL1). Afterward, deionized water (35 mL
for a dry solid mass of 80 g) was used as a granulation fluid
by adding it dropwise to the granulator using a granulator
pan mixing speed of 1200 rpm, granulator mixer plate speed
of 170 rpm, and granulator tilting angle of 30°. Granulation
was stopped when the granules were formed by visual
observation. The G-PEG-SDS (L) granules were prepared
by dissolving SDS (Table 1) in the volume of the deionized
water (V=35 mL), which was used as a granulation fluid.

Finally, the granules were cured at 333 K for 24 h. They were
then cleaned by mixing with distilled water (V=200 mL) at 358 K
and a mixing speed of 150 rpm for 5 h to remove PEG contained
in the granules (the operation was repeated three times). Subse-
quently, they were dried in an oven at 333 K for 24 h.

Characterization of granules

The functional groups of the as-prepared granules were identi-
fied using Fourier transform infrared spectroscopy (FTIR) in
the range of 4004000 cm™", with a spectral resolution of 200.
Analyses were performed using a Bruker Vertex v80 instrument
fitted with a Harrick Praying Mantis DRIFT cell. In addition, the
elemental composition of granules was obtained using an X-ray
fluorescence spectrometer (XRF) (PanAnalytical Minipal 4).

Thermogravimetric analysis (TGA) and differential
thermal gravimetric (DTG) analysis for the HAP and MK
powders and elaborated granules were performed using an
SDT 650 simultaneous thermal analyzer (a heating rate of
10 °C/min under nitrogen atmosphere).

The specific surface area and pore size were determined
using a Micrometrics ASAP2020 instrument and calculated
using the Brunauer—Emmett—Teller (BET) isotherm and the
Barrett—Joyner—Halenda (BJH) method.

The microstructural morphology and composition of the
samples were determined using a field emission scanning
electron microscope equipped with an energy dispersive

Table 1 Composition of the

Samples HAP (g) MK (g) Sodium meta-  PEG (g) SDS (g) H,0 (mL)
elaborated granules silicate (g)

G-PEG 61 18 18 3 0 35

G-PEG-SDS (S) 60 18 18 3 1 35

G-PEG-SDS (L) 60 18 18 3 1 35

@ Springer
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X-ray spectroscope (FE-SEM-EDS, Zeiss Ultra Plus). In
addition, the cross-sections of the granules were imaged
using an optical microscope (Leica MZ6 equipped with a
Leica DFC420 camera).

The mechanical strength of the granules was determined
using a Zwick Roell Z010 (10 kN load cell) instrument with
a loading rate of 1 mm/min. The granules selected for the
compression test were spherical with a diameter of 4 mm,
and measurements were performed for five granules from
each batch. The compressive strength (o, MPa) was calcu-
lated using Eq. (1), where F' (N) represents the peak force
and d (mm) represents the granule diameter.

c=4xX — (1)

Batch adsorption studies

First, a comparative study was conducted for the adsorption
efficiency of the granules and HAP and MK-GP powders.
Adsorption studies were conducted using MB and CV dyes indi-
vidually in aqueous solutions under the following conditions:
[dye], = 25mg/L, pH=7, granule mass per water volume = 2
g/L, dyyapyies = 4 mm, agitation speed =250 rpm, time=90 min,
and 7=298 K. After the comparative study, the G-PEG-SDS
(L) granules were used subsequently, because they have higher
adsorption capacity than the other granules.

The adsorption parameters (i.e., contact time
(0—180 min), mass of granules (14 g/L), and solution pH
(3—-10)) were optimized. Then, the selectivity of the gran-
ules was evaluated using MB and CV dyes at concentrations
ranging from 25 to 180 mg/L in aqueous solutions. In
addition, a binary mixture of MB and CV at different
concentrations (ranging from 15 to 100 mg/L, with both
dyes having the same concentration) was examined. The
conditions in the experiments assessing selectivity were as
follows: pH of 8, granule diameter of 4 mm, granule mass
per water volume of 3 g/L, agitation speed of 250 rpm,
contact time up to 180 min, and temperature of 298 K.

After each experiment, the water samples were centri-
fuged (Beckman Coulter J326XPI-IM-1) at 8000 rpm for
5 min, and the supernatant was collected and analyzed using
a UV-6300PC spectrophotometer (VWR, China) at the fol-
lowing wavelengths: 4,,; = 664 nm and A~y = 586 nm. The
calibration curves for MB and CV are shown in Figs. S1 and
S2 (supporting information). The dye removal efficiency y (%)
and the adsorption capacity, ¢, (mg/g), of the dyes were calcu-
lated using Eqgs. (2) and (3), respectively.

d —|d
(%) = M x 100, )
[dye],

@ Springer

q; = ([dye]o - [dye]l) X =, (3)

\4
m
where [dye], and [dye], (mg/L) denote the initial
concentrations of the dyes (i.e., MB or CV) and their
concentrations at time ¢, respectively; V (L) represents the
volume of the solution; and m (g) represents the mass of the
adsorbent granules.

The selectivity of G-PEG/SDS (L) granules toward
the two dyes in a binary solution was evaluated using the
separation factor (al/z, Eq. (4)), which is defined as the
ratio of the equilibrium adsorption constants for the two
components (Shen et al. 2018).

K
a = —2land K, = L @)
2 Kd,z C,

In Eq. (4), K, and K,;,(L/g) denote the distribution
coefficients of the dyes between the adsorbent surface
and solution at the equilibrium, respectively; g, (mg/g)
denotes the adsorption capacity; and C, (mg/L) denotes
the concentration of the MB or CV dyes at equilibrium.

Rate-controlling step of the adsorption of dyes
Homogeneous particle diffusion model (HPDM)

The HPDM shown in Eq. (5), originally introduced by
Boyd et al. (Boyd et al. 1947), describes the rate-limiting

step, which can be controlled using either an intra-particle
or film diffusion mechanism (Benamor et al. 2008).

[ 2.2
q, 6 1 —Z°r Dpt
X<t>=q_=1_§z?e"pl = ©)
¢ 7= 0

To describe the adsorption onto spherical particles and
when 0 < X,) <1, Egs. (6) and (7) are used as simplified
equations derived from Eq. (5) (Liu et el. 2008).

—ﬂzDit 03
Xy = |1—exp 2 , ©6)
0
27%D
—in(1 = X,?) = 2k,t = —"1, )
r
0
k r?
. _ %%
with Dp =3

where X(t) denotes the fractional adsorption at time #, D[7
(m?/s) denotes the effective diffusion coefficient, r, denotes
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the radius of the granules (0.4 x 1073 m), Z represents an
integer, and k, denotes the diffusion rate constant (L/s).

When the rate of adsorption is controlled by the liquid film
diffusion, Eq. (8) can be used (Liu et el. 2008).

3D,C,
' f] ®)

=In(1-X,) =k;t= [
( (f)) I ro8C,
kry5C,

with Df = s
’ 3C

where D, (m?/s) denote the film diffusion coefficient in the
liquid phase, k represents the diffusion rate constant (L/s), C;
(mg/L) denotes the equilibrium concentration of MB and CV
in the solid phase (granules), and 6 denotes the film thick-
ness, which was estimated to 107> (m) (Yu & Luo 2014).
The graphs of —In(1 — X,,*) and —In(1 — X, ) were used
to determine the values of K » and Kf, respectively, for different
concentrations of MB and CV dyes in the binary dye mixture,
and the slopes of the fitted lines were used to determine the
effective diffusion coefficient D, (m%/s) and Dy (m?%/s).

Modeling of kinetic and isotherm data
The experimental kinetic data were fitted to the pseudo-first-

order and pseudo-second-order kinetic models (Egs. (9) and
(10), respectively) (Brahmi et al. 2024).

g4, =q, % [1 —exp(—k;7)]. )
4
G e v 1 (10)

where k; (min~') denotes the pseudo-first-order rate constant
and &, (g/(mg X min)) denotes the pseudo-second-order rate
constant.

Three adsorption isotherm models, Langmuir, Freundlich,
and Redlich—Peterson, were used to interpret the equilibrium
data (Egs. (11), (12), and (13), respectively) (Brahmi et al. 2024).

_ (’ImaxKLCe 11
qe KLCe + 1 > ( )
1
q. = KrC;, (12)
g = —rCe a3
© a4

where ¢,,,, (mg/g) denotes the Langmuir monolayer
adsorption capacity, K; (L/mg) denotes the Langmuir
adsorption constant, and KF(mgl_Z X L /g) and L denote
the Freundlich constants and the partitioning coélfﬁcient,

respectively, related to surface heterogeneity; K, (L/g),
ap (L/mg), and f denote the Redlich—Peterson isotherm
constants.

Furthermore, the validity of the data fitting to the isotherm
models was evaluated using the root mean square error
(RMSEC).

2
r.z_ ( e'zxp _ pred)
RMSEC = \/Z’—l q’N i 0 (14)

where ¢°* and qf’red denote the obtained and predicted values
of the adsorption amounts, respectively, and N represents the
number of experiments. A lower RMSEC value indicates a
good prediction capability of the model.

Box-Behnken optimization of regeneration
parameters

The regeneration experiments were conducted using ace-
tic acid for the G-PEG/SDS (L) granules and MB dye. The
regeneration parameters were optimized using the BBD design
while minimizing granule mass loss during the regeneration.
Three independent variables were investigated: the acetic acid
concentration (0.2—-1 mol/L) (x;), temperature (294-338 K)
(x,), and contact time (30—180 min) (x;). The regeneration effi-
ciency was calculated as weight-% of desorbed dye. The mass
loss (as weight-%) was calculated after drying the regenerated
granules overnight at 313 K.

Results and discussion

Morphological, microstructure, and mechanical
properties of G-PEG/SDS granules

The FTIR spectra of HAP, MK-GP, and the granules pre-
pared using PEG and SDS (solid or aqueous solution) are
shown in Fig. 1. Each granule sample exhibits the charac-
teristic absorption bands of both HAP (Meski et al. 2011;
Ziani et al. 2014) and MK-GP (Luukkonen et al. 2019;
Zenabou et al. 2019; Medri & Ruffini 2011). Furthermore,
the peaks at 2841 and 1083 cm™! (in the spectrum of
G-PEG/SDS (S and L)) represent the symmetric stretching
vibrations of the C-H bond and the stretching vibrations
of the S=0 bond of SDS (Zhang et al. 2023). This indi-
cates that SDS was integrated into the granule structure
and not removed during granule cleaning. The addition of
SDS as a solid powder caused the stretching vibration of
PO, tetrahedral units in HAP to shift from 1200 toward
1250 cm™!, as observed in the spectra of G-PEG/SDS (S).
Moreover, the XRF data show a slight decrease in the P
content of the granule (Table S1, supporting information).

@ Springer
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Fig. 1 FTIR spectra of a HAP
and MK-GP powders and b (a)
G-PEG, G-PEG/SDS (S), and oH
G-PEG/SDS (L) granules \
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This may be due to the dissolution of SDS during gran-
ule preparation by the addition of deionized water as a
granulation fluid, resulting in an interaction between PO,
groups of HAP and SO, groups of SDS.

Understanding how the elaborated granules react to
temperature changes is critical for ensuring reliability,
performance, and safety in a wide range of industrial
applications. Moreover, it allows consideration of the

@ Springer
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appropriate approach to regenerate these granules (i.e.,
physical, chemical, or a combination of the two). The TGA
and differential scanning calorimetry (DSC) thermograms
shown in Fig. 2a, b illustrate the thermal behavior of HAP
and MK-GP powders and the different elaborated granules.

According to the figures, the DSC and TGA
thermograms of HAP powder (Fig. 2a) show two weight
losses (12 and 9 wt%), accompanied by endothermic peaks
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Fig.2 TGA and DSC of a HAP 100 0.45
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(at 250 °C and 470 °C). These weight losses are due to
the evaporation of physisorbed and chemisorbed water
molecules and the departure of synthesis residues. Above
480 °C, HAP generates a stable phase unlike MK, which
records this stability throughout the range of heating tem-
perature variation.

Moreover, as shown in Fig. 2b, the addition of SDS,
either in liquid or solid form, to the G-PEG elaborated
granules increases their decomposition by 8.79%. The
increase in mass loss is mostly due to the disappearance
of the long alkyl chain from SDS molecules (Lun et al.
2014). The presence of SDS reduces the surface tension
of water, which can enhance its uniform dispersion into
granules, thereby improving the process of removing PEG
present in the granules and resulting in the elaboration of
high-porosity granules.

Temperature (°C)

The G-PEG/SDS (S/L) granules decompose in two
steps: the first with 4 wt% in the 100-280 °C range, with
an endothermic DSC signal at 120 °C, and the second with
14.5 wt%, with endothermic and exothermic DSC signals
at 300 °C, 350 °C (the G-PEG/SDS (S)), and 370 °C (the
G-PEG/SDS (L)). This is due to the loss of chemisorbed
water molecules and the disappearance of the long alkyl
chain from SDS molecules (Zhang et al. 2023). These
findings suggest that chemical methods should be used
to regenerate G-PEG/SDS (S/L) granules to prevent the
breakdown of SDS.

The morphology of granules prepared using PEG
and SDS (S or L) was assessed using SEM and optical
microscopy. The results (Fig. 3) reveal highly porous gran-
ules with an asymmetric structure with a dense top layer
and a porous sublayer with different pore sizes and forms.

@ Springer
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Fig.3 SEM micrographs and
optical microscope photographs
of elaborated granules

G-PEG
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—

Inner surface

e

External surface

4-. mm

The pore structure can be explained using the PEG
removal process (described in the “Preparation of porous
HAP-MK-PEG/SDS granules” section): at 358 K, PEG
in the granules undergoes liquefaction, resulting in the
formation of pores within the granules.

The N, adsorption/desorption isotherms and BJH pore
size distribution for the HAP, MK, G-PEG, and G-PEG/
SDS (S/L) granules are shown in Fig. S3 and Table 2,
respectively.

The isotherms shown in Fig. S3 can be classified as type IV,
indicating capillary condensation, and exhibit type H3 hystere-
sis, characteristic of mesoporous materials with irregular-shaped
pores (Brahmi et al. 2024). This illustrates that the adsorption by
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the elaborated granules gradually increases from low pressures
(approximately 0.01-0.45) and then sharply increases from 0.45
and above because of significant particle porosity. Comparing
the volume adsorbed and the broadest desorption branch, the
granules yield identical values and shapes.

However, the BJH pore size distribution (Fig. S3:
inset) confirms that the mesopores (between 2 and 50 nm)
dominate the pore structure of the granules (Brahmi et al.
2024).

Moreover, the granulation of the HAP and MK powders
significantly affected their physical characteristics, altering
particle arrangement, causing pore formation, influencing
particle packing, and potentially creating a more complex
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Table 2 Specific surface area,
porosity, and mechanical

parameters of HAP, MK, and
the elaborated granules

Samples G-PEG G-PEG/SDS (S) G-PEG/SDS (L) HAP MK
Average diameter d, (mm) 42+0.1 4.1+0.1 42+0.1 - -
Specific surface area (m%/g) 73.08 85.25 97.89 31.20  10.74
Total pore volume (cm’/g) 0.30 0.33 0.32 0.065 0.05
Mean pore diameter (nm) 16.79 15.89 13.27 11.82  21.82
Frax N) 46.83+0.4 44.31+0.3 42.03+0.6 - -
Compressive strength (o) (MPa)  0.91+0.2 0.85+0.4 0.81+0.1 - -
Deformation at F,,, (%) 3.08+0.3 4.26+0.3 4.62+04 - -
Young’s modulus (MPa) 16.69+0.3 15.23+0.2 15.08+0.4 - -

structure, which contributes to the observed increase in the
specific surface area (Table 2 and Fig. S3).

Furthermore, the results reported in Table 2 indicate that
the incorporation of SDS, either in liquid or solid form, into
the G-PEG granules reduces the pore size and increases the
surface area (an increase of 16% when solid SDS is used
and 33% when dissolved SDS is used compared with gran-
ules without SDS). In general, a larger surface area implies
improved adsorption properties.

The results of the mechanical compression test for the
granules are displayed in Table 2. The G-PEG granules had
the highest compressive strength and Young’s modulus of
0.81 and 15.56 MPa, respectively. The higher mechanical
strength is due to their lower porosity than that of the other
granules (G-PES/SDS (S or L)).

Adsorption of MB and CV onto granules

The results of the comparative study between HAP, MK-GP,
and the granules and the effect of SDS (S/L) on G-PEG
granules are presented in Fig. 4. The results reveal that HAP
alone does not adsorb either MB or CV dye. Conversely,
MK-GP has an affinity to remove both dyes because of its
negative surface charge. The granulation process of HAP
and MK without SDS decreased the absorbed amount of MB
and CV dyes compared with MK-GP. This can be explained
by the decreased amount of MK-GP in the granules com-
pared with that of MK-GP, which decreased the number of
responsible active sites for MB and CV absorption.
However, the incorporation of SDS by dissolving itto a
granulation fluid (i.e., G-PEG/SDS (L) granules) resulted
in a synergistic increase in the adsorption of both MB
and CV dyes compared with using HAP or MK-GP alone.
Using the SDS solution as a granulation fluid reduces the

Fig.4 Adsorption capacity of
HAP, MK-GP, and elaborated ; ;
, , 12 + 77
granules for MB and CV dyes M
alone in aqueous solution. |: cv 7
Conditions: [dye] 0=25mg/L,
granules mass=2 g/L, pH of
dye, dyrapuies = 4 mm, agitation 9l
speed =250 rpm, time =90 min,
and T=298 K
=)
—
[®)]
E 6
=3
3 = . s
A s A oy A A
o LZ % 7 W4 %2744 %%
HAP MK-GP G-PEG G-PEG/SDS (S) G-PEG/SDS (L)
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surface tension of water, which can enhance its uniform
dispersion into the forming granules, thereby leading to
more efficient dissolution of sodium metasilicate and GP
binder formation (Ramimoghadam et al. 2012). Moreover,
this enhanced the porosity and surface area of the granules
(Table 2) and improved the adsorption performance.

MB and CV dyes are weak bases with pK, values of
2.6 and 9.4, respectively (i.e., they exist in the mono
protonated (BH™) and di-protonated (BH?*) forms)
(Lun et al. 2014; Li et al.2022). As pH increased, MB
and CV uptake increased, reaching its maximum at
pH = 8(Fig. 5a). This is due to the increased electrostatic
attraction between the negatively charged granule surface
(pH,,.=7.23 (Fig. 5b), i.e., the granules have a negative
surface charge at pH higher than pH_,.) and cationic MB
and CV molecules.

Adsorption capacity and removal efficiency are influenced
by the adsorbent dosage. Figure 5c shows that as the dosage
increases from 1 to 3 g/L, the adsorption capacity increases
to 18.6 and 23.3 mg/g for MB and CV, respectively.

pzc

Effect of dye concentration on adsorption

As shown in Fig. 6a, the adsorption of MB and CV dyes was
faster during the first 5 min, and equilibrium was reached
after 30 min. The quick equilibration time can be explained
by the high porosity and specific surface area of the G-PEG/
SDS (L) granules (as demonstrated by the SEM and BET/
BJH results). Moreover, the adsorption amount of dyes sig-
nificantly increased (from 7.3 to 34.8 mg/g for MB and from
7.4 t0 45.2 mg/g for CV) as the initial dye concentration was
increased. This can be ascribed to an increase in the driving
power required to transport dye molecules from the solution
to the solid surface (Bensedira et al. 2022).

Selectivity of G-PEG/SDS (L) granules toward dyes

The binary solutions of MB and CV dyes at different
concentrations (15-100 mg/L, the original concentration
ratio of each mixed dye in the solution was set to be 1:1)
were used to evaluate the selectivity of G-PEG/SDS (L)
granules for cationic dye adsorption under the aforemen-
tioned optimal conditions. The adsorption efficiency in the
dye mixture solutions decreased compared with that in the
individual solutions of each dye. This observed deviation
is explained by the fact that both MB and CV dyes com-
pete to occupy the available adsorption sites on the mate-
rial surface. Moreover, the results indicate that, especially
at concentrations higher than 50 mg/L, the granules had a
stronger affinity for adsorbing CV than MB (Fig. 6b). This
behavior can be attributed to the lower diffusion coefficient
of CV than MB, as indicated in Table S2. When the dye
concentrations are lower than 50 mg/L, both MB and CV
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Fig.5 a Effect of pH of solution on adsorption, b pH,,. of gran-
ules, and c effect of granule mass per water volume on adsorption
of MB and CV dyes alone in aqueous solution onto G-PEG/SDS
(L). Conditions: [dye]o = 50 mg/L, dy,pes =4 mm, agitation

speed =250 rpm, time =90 min, and 7=298 K

have the same diffusion coefficients, because of less steric
hindrance and a large concentration gradient; both MB and
CV molecules are expected to move more swiftly within the
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Fig. 6 Effect of initial [ (@)
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solution, leading to similar adsorption behaviors. However,
as the concentration increases beyond 50 mg/L, the diffusion
coefficient of CV dye becomes lower than that of MB
dye, making it more difficult for MB molecules to diffuse
through the solution and reach the granule surface. This can
be attributed to the fact that the positively charged sites of
CV molecules may interact more easily with the negatively
charged surfaces of the granules compared with MB groups,
facilitating CV diffusion.

Moreover, the separation factor values (Table 3)
demonstrate that the granules have a stronger affinity for
CV dye from a binary mixture than for MB dye.

Fitting of kinetic and adsorption isotherm models
to data

Figure 7 and Table 4 illustrate the fitting of kinetic and
isotherm models to the adsorption data on G-PEG/SDS (L)

granules. The results indicate that the adsorption of MB
and CV dyes, individually or in a binary mixture, onto the
G-PEG/SDS (L) granules follows the pseudo-second-order
kinetic model and Langmuir or Redlich—Peterson isotherms.

Table 3 Separation factors (a) for CV and MB in binary dye
solution at various dye concentrations. Conditions: pH=8§, gran-
ule mass=3 g/L, dyyues =4 mm, agitation speed=250 rpm,

time =180 min, and 7=298 K

The initial concentrations of MB and CV  ayg,cv Acy/mB
in binary dye mixtures (mg/L)

25 0.95 0.97

50 1.02 1.12

75 0.41 2.38
100 0.49 2.01
125 0.89 1.11

MB/CV MB in binary dye mixture, CV/MB CV in binary dye mixture
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These findings suggest that the surface of the G-PEG/SDS
(L) granules is homogeneous. All sites are equivalent,
and each site can hold at most one cationic dye molecule
(monolayer coverage only). There are no interactions
between sorbate molecules on adjacent sites (Brahmi et al.
2024).

@ Springer

Experimental design and statistical analysis

Modeling of G-PEG/SDS (L) granule regeneration efficiency
response

Statistical modeling was performed to investigate
the effects of independent variables (i.e., acetic acid
concentration, time, and temperature) and their mutual
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interactions on the regeneration efficiency of G-PEG/SDS
(L) granules. In this context, a mathematical second-order
quadratic polynomial model based on the RSM-BBD
modeling was established using the experimental results
of Table 5.

According to the analysis of variance data (Table S3),
the adequacy of the proposed model to describe G-PEG/
SDS (L) regeneration efficiency was confirmed by a
small p-value (< 0.05). Thus, the regression polynomial
model for G-PEG/SDS (L) regeneration efficiency can
be expressed as follows (Eq. (15), see Table 5 for the
explanation of x|, x,, and x3):

$ =91.97 +2.70x, — 3.76x, + 3.36x; — 1.86x,x,

— 12.32x,x; — 4.36x7 — 3.06x5 — 4.37x7. (13)

Fig. S4 (a) illustrates the relationship between the
measured and predicted G-PEG/SDS (L) regeneration
efficiency. The data were distributed around a straight
line (R* = 0.99), which unambiguously demonstrates
the adequate correlation between the experimental and
statistically predicted responses (AitAli et al. 2023).
Furthermore, residual analysis, as shown in Fig. S4 (b),
indicates that the predicted values and the residues have
no relationship. Thus, the prediction model (Eq. (15)) can
be used to explain the statistical results and predict the
optimum conditions using RSM.

Study of model

The model discovered that all variables have an effect
on granule regeneration (p <0.05). The acetic acid
concentration (x,) and contact time (x;) have a positive
influence on desorption efficiency with coefficients
b, =2.70 and b; = 3.36, respectively, whereas the tem-
perature has a negative influence (b, = —3.76). High
temperatures accelerate the degradation of the granules,
decreasing their structural integrity and performance.

Moreover, the regression model revealed the exist-
ence of slightly negative interactions between acetic acid
concentration and temperature (x,;,) and contact time (x;3).

To improve comprehension of the results, the predicted
model (Eq. (15)) derived from BBD is illustrated in Fig. 8 as
three-dimensional response surface plots. These plots, gen-
erated using MATLAB, serve to identify the optimal values
of the operating parameters that yield the highest G-PEG/
SDS (L) regeneration efficiency.

Figure 8a shows that an increase in acetic acid
concentration (xl ) and contact time (x3) positively influences
the response, leading to an increase in G-PEG/SDS (L)
regeneration efficiency. Extended contact times and elevated
concentrations of acetic acid increased the diffusion of acetic
acid within the granules, enhancing regeneration processes.

Furthermore, according to the curves shown in Fig. 8b,
c, at high temperatures (x, > 313 K), it is recommended to
minimize the contact time (x; < 180 min) and work with

Table 5 Experimental design

X N Values of parameters (coded experiment matrix) Measured Predicted Residue

matrix developed using RSM- response response

based BBD model: variables, - - - - R

levels, and response Xx,, acetic agd X,, temperature (K) X3, time (min) v (%) V(%) E
concentration (mol/L)
02(-1) 298 (0) 180 (0) 90.36 89.86 0.5
02(-1) 313 (0) 120 (- 1) 64.25 64.83 —0.58
02(-1) 313 (0) 240 (1) 95.86 96.21 -0.35
02(-1) 328 (1) 180 (0) 86.53 86.07 0.46
0.6 (0) 298 (= 1) 120(-1) 90.56 90.46 0.1
0.6 (0) 298 (= 1) 240 (1) 98.25 98.38 -0.13
0.6 (0) 313 (0) 180 (0) 92.69 91.97 0.72
0.6 (0) 313 (0) 180 (0) 91.25 91.97 -0.72
0.6 (0) 313 (0) 180 (0) 91.89 91.97 —0.08
0.6 (0) 313 (0) 180 (0) 92.05 91.97 0.08
0.6 (0) 328 (1) 120 (- 1) 84.26 84.12 0.14
0.6 (0) 328 (1) 240 (1) 89.56 89.65 —-0.09
1(1) 298 (- 1) 180 (0) 98.56 99.01 —-0.45
1(1) 313 (0) 120 (- 1) 95.25 94.89 0.36
1(1) 313 (0) 240 (1) 77.56 76.97 0.59
1(1) 328 (1) 180 (0) 87.25 87.74 —-0.49
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Fig.8 Response surface and iso-response plots showing the effects of a acetic acid concentration and contact time, b temperature and contact
time, and ¢ acetic acid concentration and temperature on MB dye regeneration efficiency

a low acetic acid concentration (x; < 0.6 mol/L). As the
temperature (x,) and contact time (x3) increase, the ratio
of acetic acid inside the granules increases rapidly. This
can cause a new reaction between the granule components
(SDS, HAP, and MK-GP) and acetic acid, decreasing the
number of active sites responsible for MB adsorption,
thereby reducing regeneration efficiency. The optimal
values were determined at an acetic acid concentration of
0.72 mol/L, a temperature of 323 K, and a contact time
of 173.22 min. Duplicate confirmatory experiments were

conducted using the optimized parameters. These param-
eters resulted in a measured regeneration rate of approxi-
mately 93.86% compared with the predicted granule
regeneration rate of 90.89%.

G-PEG/SDS (L) granules were regenerated up to eight
times without significant degradation (Fig. 9). However,
after the eighth cycle, the rate of degradation increased
because of treatment conditions, probably causing HAP
dissolution.
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Fig. 9 Regeneration efficiency
and granule degradation under
optimal conditions: acetic acid

concentration of 0.72 mol/L,

temperature of 323 K, and

contact time of 173.22 min
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Comparison of the obtained granules

with the previously developed adsorbents

in the literature

This section compares the properties (i.e., surface area (SAA),
adsorption capacity (¢,,,,), and regeneration potential) of
G-PEG/SDS (L) developed granules to traditional powdered

Cycle number

adsorbents like MK-GP and HAP, as well as other relevant
adsorbents in the literature. Table 6 summarizes the compara-
tive analysis performed.

The results (Table 6) indicate that the G-PEG/SDS (L)
developed granules have a high surface area and are cost-effec-
tive, making them a viable choice for industrial water treatment
when compared to traditional powdered adsorbents, as well as

Table 6 Comparison of the properties of G-PEG/SDS (L) granules with the previously developed adsorbents in the literature

Adsorbent

Type

dyes SAA (m%*g) ¢, (mg/g) Equilibrium time (min) Regeneration Ref

MK, HAP, PEG, SDS

MK, potassium-disilicate
activating solution

Metakaolin and slag
MK-GP

HAP
Biochar-supported HAP
Bio-HAP/MgO
Unmodifed HAp

Other adsorbents

Palm kernel fiber

Zirconium silicate, SDS

Montmorillonite/magnetic
Ni-Fe,0,-amine-func-
tionalized chitosan

Ca0/g-C;5N,-based nano-
composite

Granules (4 mm)

Granules (2 mm)

Powder
Solid monolith
Powder
Powder
Powder

Powder

Powder

Powder

Powder

Powder

MB
Cv
MB

MB
CvV
MB
MB
CvV
CvV

CvV
MB
CvV
MB
Ccv
MB

CvV
MB

50-98

16

45
27-62
N/A
26-127
154
N/A

N/A

46

N/A

N/A

35
45
35

27
26-38
21
43

80
95
39
38
118
137

458
612

30 (298 K) MB (8 cycle) This study

CV (N/A)
N/A N/A Medri et al. (2020)
120 (298 K) N/A Feng et al. (2021)
120 (328 K) N/A Barbosa et al. (2018)
20 (298 K) N/A Aaddouz et al. (2023)
800 (298 K) 4 cycles Liet al. (2018)
40 (298 K) 5 cycles Foroutan et al. (2020)
90 (298 K) N/A Amer Ali et al. (2023)
60 (298 K) N/A El-Sayed (2011)
30 (298 K) N/A Mahmoud et al. (2019)
30 (298 K) 10 cycles Gomaa et al. (2022)
240 (298 K) N/A Younis et al. (2016)
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other adsorbents. While some of these alternatives demon-
strate superior adsorption capacity for removing MB and CV
dyes, they face limitations in industrial applications primarily
due to the challenges associated with handling powders. In
addition, unlike G-PEG/SDS (L) granules, these alternative
adsorbents can only be regenerated five times maximum.

MK metakaolin, HAP hydroxyapatite, SDS sodium dode-
cyl sulfate, PEG polyethylene glycol, MB methylene blue,
CV crystal violet, N/A not variable

Conclusions

In this study, a novel granulation procedure was developed
to obtain granules suitable for an adsorption application. The
granulation method utilizes metakaolin geopolymer as a reac-
tive binder for hydroxyapatite powder. The novel aspects are
the use of PEG as a porogen agent and SDS dissolved in the
granulation fluid (i.e., deionized water) which enhanced the
granulation by reducing water surface tension. It should be
noted that the proposed preparation method is versatile and
can be applied to various geopolymers and alkali-activated
materials, including lightweight artificial sound-absorbing
acoustic panels, filtration materials, biofilm carrier materials,
and catalyst support materials. It is expected to be simpler to
scale and implement compared to previous methods (Valen-
tina et al. 2020; Brahmi et al. 2024), and granule properties
can be easily adjusted.

The adsorption selectivity study revealed that the G-PRG-
SDS (L) granules exhibited higher adsorption toward CV
than for MB. The maximum adsorption capacities (g,,y)
were 34.8 mg/g for MB and 45.2 mg/g for CV when the
dyes were in present alone in an aqueous solution. In con-
trast, the maximum adsorption capacities were 23.5 mg/g for
MB and 25.5 mg/g for CV when they were present together
in a binary dye solution. Moreover, their adsorption either
individually or in binary dye solutions followed the Lang-
muir isotherm model. The adsorption kinetic data indicated
that the adsorption followed the pseudo-second-order kinetic
model and was governed by film diffusion (D, =1.37 X 10710
and 2.34 x 107" m?/s for CV and MB dyes, respectively).

The optimization of the regeneration process of granules
with acetic acid revealed that increasing the acid concentra-
tion and contact time improved the regeneration efficiency.
The optimal values were 0.72 mol/L acetic acid concentra-
tion, 323 K, and 173 min contact time. Duplicate confirma-
tory experiments showed a regeneration rate of 94%, com-
pared to the predicted rate of 91%. The granules could be
regenerated for up to eight times without significant degrada-
tion. These results suggest that the porous granules prepared
in this study have potential to be used in industrial wastewater
treatment.

Recommendations for future work

The future research on the developed adsorbent granules
should consider the following aspects:

e The granulation method could be still further developed
by combining both PEG and SDS in the granulation fluid.

e The regeneration process by combining a chemical and
thermal approach could be explored.

e The adsorption capacity of the granules may be too low
if treating wastewater containing a high load of dyes.
Thus, adsorption alone may not be sufficient as a treat-
ment process. Therefore, combining adsorption with
other methods such as electrocoagulation (Al-Qodah
et al. 2024), biological treatment and others should be
considered for future studies to enhance the treatment
efficiency.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-024-34001-6.
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ARTICLE INFO ABSTRACT

Keywords: This study explores an innovative approach to enhance the adsorption capacity of hydroxyapatite (HAP) for
Hydroxyapatite organic pollutants, specifically anionic dyes Alizarin Red S (ARS) and Direct Red 23 (DR23). FesOas (iron oxide)
Iron oxide

and Urtica dioica extract were incorporated into the HAP structure using a co-precipitation method. Character-
ization via various techniques demonstrated significant improvements in HAP’s surface area (59.98 m?/g) and
porosity (0.30 cm®/g), as confirmed by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) ana-
lyses. Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) confirmed the successful integration of
Fes04 and its homogeneous distribution within the HAP matrix, enhancing its adsorption potential. Additionally,
Vibrating Sample Magnetometry (VSM) revealed strong magnetic properties (saturation magnetization = 10.93
emu/g), making the composite ideal for both adsorption and recovery applications.

The adsorption of ARS and DR23 dyes was optimized using Central Composite Design and Response Surface
Methodology, resulting in a regression model with R? = 0.99. Kinetic and isotherm analyses indicated that
adsorption was endothermic, spontaneous, and monolayer in nature. The process followed the Extended Lang-
muir isotherm and pseudo-second-order kinetic models, with maximum adsorption capacities of 47.96 mg/g for
ARS and 56.15 mg/g for DR23. These findings demonstrate that HAP-Fe-Urtica dioica extract is a highly effective
and sustainable material for wastewater treatment, especially for dye mixtures.

Urtica dioica extract
Wastewater treatment

Central composite design
Response surface methodology

1. Introduction secondary materials eliminates the need for phosphate rock (which is
defined as a critical raw material in the EU [10]).

Hydroxyapatite (HAP) is a mineral having the for- As an adsorbent, HAP has a high adsorption capacity for metals such

mulaCa;o(PO4)6(OH),, it belongs to the calcium apatite group [1].
Calcium in the HAP structure can be replaced by other cations such asAI®
+, Cu? + orAg*, while the hydroxyl group can be substituted by anions
such Cl or F [2]. Similarly, the phosphate group of HAP can be
substituted by oxyanions such as VO3~ or SiO2~ [3]. This versatility of
the HAP modification makes it suitable for various biological applica-
tions, including tissue repair, soft tissue regeneration, drug delivery
systems, antimicrobial membranes, tissue engineering and wastewater
treatment [4,5]. HAP may be produced from natural sources containing
calcium and phosphorus such as egg and mussel shells [6] or fish,
chicken and mammal bones [7-9], respectively. The use of the

* Corresponding authors.

as zinc (qe = 450 mg/g) [11], lead (ge = 505 mg/g) [9] or copper (qe =
91 mg/g) [2]. However, HAP has a low affinity for organic compounds
in aqueous solutions, such as dyes. To address these limitations and
enhance its adsorption performance, HAP-based composite materials
have been developed by substituting various ions (i.e. Zn? + , Mg® + ,
and Fe® + ) into HAP’s crystal lattice [12,13], or by introducing different
adsorbents, such as chitosan [14], graphene oxide [15], activated car-
bon [16] or magnetic nanoparticles like Fe304[17], into the HAP
structure. These modifications have further enhanced its adsorption
capacity and ease of recovery via magnetic separation, particularly for
organic contaminants .They have also contributed to significant
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improvements in its structural integrity and functional properties [18].
In particular, Fe304 nanoparticles offer notable advantages, including a
large surface area, biocompatibility, non-toxicity, easy synthesis, and
supermagnetic properties [19,20]. When combined with HAP, these
nanoparticles provide a highly effective composite material with
enhanced adsorption capacity. This combination facilitates and opti-
mizes the recovery process, making the removal of organic pollutants
and heavy metals from aqueous solutions more efficient [17].

Urtica dioica (common nettle), is known for its widespread distribu-
tion and adaptability and is rich in antioxidants such as polyphenols,
flavonol glycosides, phenolic acids, amino acids, carotenoids, and
chlorophyll [21]. Notably, its polyphenol content is higher that of many
other plants [22]. If immobilized on a solid surface, these antioxidant
molecules can interact with functional groups of dyes during the
adsorption process, enhancing the adsorption capacity of the base ma-
terial. Despite its recognized medicinal properties, there is limited
research on the potential of Urtica dioica in material science, especially
regarding its effects on surface area, porosity, and adsorption capacity.

Over 100,000 synthetic dyes are used in the textile industry, dis-
playing diverse chemical structures, including azo, anthraquinone, and
sulfur dyes. Their concentrations in textile industry wastewaters can
vary widely, depending on the specific processes involved. However,
due to the low fixing levels of dyes on the textile fibers, the discharge
rate of dyes and pigments from the dye bath unit typically ranges be-
tween 10 % and 60 % [23,24]. Today, azo and anthraquinone de-
rivatives are the most commonly used dyes in the industry [25]. Azo
dyes, including Direct red 23 (DR23), are water-soluble and
electron-deficient xenobiotics, making them challenging to remove
using several methods procedures including biological degradation,
electrolysis, flocculation and membrane filtration [26]. Anthraquinone
dyes, like Alizarin Red S (ARS), are also water-soluble and stable;
however, they are also known to be mutagenic and carcinogenic,
causing toxic effects on aquatic organisms when present at concentra-
tions exceeding 30 mg/L [27]. Thus, the efficient removal of these dyes
from industrial wastewaters is a major environmental priority. In this
context, adsorption is a promising technique that has recently attracted
growing interest thanks to its effectiveness and ease of application. In
this perspective, this study proposes an innovative, eco-friendly
approach using iron oxide-doped magnetic hydroxyapatite (HAP-Fe)
composites, enhanced with Urtica dioica extract, as an adsorbent for
removing organic dyes from industrial wastewater.

Doping HAP with magnetic nanoparticles not only facilitates its re-
covery, but can also induce surface modifications and the addition of
specific functionalities. These changes can significantly improve the
adsorption capacity of the composite compared with unmodified HAP.
However, the addition of Urtica dioica extract further modifies the sur-
face of HAP, introducing various organic functions likely to improve its
effectiveness as an adsorbent. Thus, this innovative combination aims to
combine sustainability and efficiency in wastewater treatment. More-
over, the study emphasizes the optimization of adsorption conditions
using the central composite design and response surface methodology
(CCD-SRM) to evaluate its performance with a binary anionic dye so-
lution composed of ARS and DR23. The adsorption efficiency for each
dye in the binary solution is compared to the average efficiency of both
dyes in the solution, providing deeper insights into the selectivity and
behavior of the composite. A regression model is developed to relate the
adsorption conditions to the removal efficiency of dyes, thus establish-
ing a predictive tool for optimizing dye removal from complex waste-
water matrices. This study highlights the potential of HAP-Fe-Urtica
dioica ext composites as a promising, sustainable solution for the
removal of organic dyes, with both industrial and environmental
applications.
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2. Materials and methods
2.1. Chemicals

Analytical grade chemicals, Ca(NOs3), - 4H0 (99 %, Biochem Che-
mopharma, canada), (NH4)2HPO4 (99.2 %, Sigma-Aldrich, Germany),
and Fe304 (97%, Aldrich, USA) were utilized to synthesize magnetic
hydroxyapatite nanocomposites.HCI (0.1 N) and NaOH (0.1 N) solutions
were purchased from VWR (Belgium) and used to adjust the solution pH.
Urtica dioica leaves were collected from a woodland located in Bejaia
(Amizour-Smaoun), Algeria. DR23 (33 %, Sigma-Aldrich, China), ARS
(99 %, Sigma-Aldrich, Germany) textile dyes were employed in the
adsorption experiments; their chemical structures, as well as absorption
spectra, are provided in Fig. S1.

2.2. Preparation of Urtica dioica leaves extract

The Urtica dioica leaves were harvested and subsequently dried
shielded from light to prevent any oxidation reactions that might alter
the components of the plant. 10 g of leaves were added to 250 mL of
distilled water and heated to 100 °C for 30 min. The solution (V = 150
mL) was then filtered, and the volume of organic extract was reduced to
<30 mL at 55 °C using a rotary evaporator. The resulting Urtica dioica
extract (abbreviated Urtica dioica ext) was stored in a refrigerator at 4 °C
until use.

2.3. Preparation of HAP, HAP-Fe, and HAP-Fe- Urtica dioica ext
nanocomposite

The HAP powder was synthesized by a conventional aqueous co-
precipitation method. To obtain HAP with a Ca/P molar ratio of 1.67,
the (NH4)2HPO4 (0.30 mol/L) solution was added dropwise to the Ca
(NOs3)2 (0.50 mol/L) solution. After stirring for 45 min, NaOH (0.1 M)
was added to the mixture until the pH reached the value of 10. The
suspension was maintained at room temperature for 12 h. The resulting
HAP was then filtered, thoroughly washed with deionized water to
remove any impurities, and subsequently dried in an oven at 80 °C for 24
h to remove residual moisture and ensure the formation of a dry powder.

Magnetite hydroxyapatite (HAP-Fe) and magnetite hydroxyapatite
Urtica dioica (HAP-Fe-Urtica dioica ext) composite were prepared by
adding (NH4)2HPO4(0.30 mol/L) solution dropwise to a mixture of
Fe304 (0.5 g) and Ca(NOs3), (0.50 mol/L) solution and to a mixture of
Fe304 (0.5 g), Urtica dioica extract (30 mL), and Ca(NOs3)5 (0.50 mol/L)
solution, respectively.

The deposition mechanism of Urtica dioica extract on the HAP surface
relies on forming chelates or complexes withCa® + ions [28]. Urtica
dioica is rich in antioxidants, such as polyphenols, which act as pre-
cursors for complexation through reactive functional groups like ter-
penoids, flavonoids, and amino groups (R — CH(NH2) — COOH)that
contain -COOH, — OH, and carboxyl derivatives, under favorable pH
conditions (pH = 9), these reactive groups form strong electrostatic in-
teractions with Ca® + ions present in HAP, aiding in Ca-chelate forma-
tion. The resulting Ca-complex reacts with the phosphate precursor
PO3~[29], resulting in adsorption and deposition of Urtica dioica extract
on the HAP surface.

2.4. Material characterization methods

The functional groups of the samples were identified by Fourier
transform infrared spectroscopy FTIR (range: 400-4000 cm™, spectral
resolution: 200). Analyses were performed using a Bruker Vertex v80
instrument equipped with a Harrick Praying Mantis DRIFT cell.

An X-ray diffraction (XRD) analysis was performed using a Rigaku
Smart Lab diffractometer (9 kW Co Ka X-ray source) in the range of 20
from 20° to 70° at 4°/min scan speed and a step width of 0.02° The
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results were evaluated using the HighScore Plus software.

A thermogravimetric (TGA) analysis for samples was performed
using an SDT 650 simultaneous thermal analyzer-heatingheating rate of
10 °C/min under nitrogen atmosphere.

Specific surface area and pore size were determined using a Micro-
meritics ASAP2020 instrument and calculated using the Brunauer-
Emmett-Teller (BET) isotherm and the Barrett-Joyner-Halenda (BJH)
method. Before the measurement, samples were degassed at 70 °C for 24
h.

The microstructural morphology and composition of the samples
were determined using a field emission scanning electron microscope
equipped with an energy dispersive X-ray spectroscope (FE-SEM-EDS,
Zeiss Ultra Plus). The samples were imaged and placed on a two-sided
tape and coated with carbon.

The magnetic properties of the samples were determined using a
vibrating sample magnetometer (VSM) analysis (EV11 vibrating sample
magnetometer, MicroSense, USA).

2.5. Batch adsorption experiments

2.5.1. Single adsorption system

In order to investigate the effect of Fe3O4and Urtica dioica extract on
the removal performance of HAP towards anionic dyes, three adsorption
experiments were conducted using HAP, HAP-Fe, and HAP-Fe-Urtica
dioica ext as adsorbents to remove ARS and DR23 dyes individually from
aqueous solutions under the following conditions: pH of dye (i.e., 5.83
for DR23 dye and 4.89 for ARS dye), [dyes]o = 20mg/L, time = 90 min, T
=21 °C, agitation speed = 200 rpm and adsorbent dose = 1 g/L. The dye
solution was separated from the adsorbent by centrifuging (Beckman
Coulter J326XPI-IM-1) at 8000 rpm for 6 min, and then analyzed using a
UV-6300 PC spectrophotometer (VWR, China). The concentration of
ARS and DR23 dyes was determined by measuring the absorbance at
maximum wavelengths (Mgs = 259nm, andhpgres = 505nm) (Fig. S1).
The percentage of the adsorbed dyes and adsorption amount per
adsorbent mass were calculated using Eq. (2) and Eq. (3), respectively.

¥(%) = M % 100 )
0
\%
q: = (Co—C;) x w 3)

Wherey(%) is removal efficiency of dyes, g, (mg/g) is the amount of
dyes adsorbed per adsorbent mass at time t, V (L) is the volume of dyes
solution, and W (g) is the weight of adsorbent, Cy (mg/L) and C; (mg/L)
are the initial concentration and concentration at time t of dyes,
respectively.

The adsorption behavior and selectivity of HAP-Fe-Urtica dioica ext
were evaluated by comparing its effectiveness for anionic dyes (Congo
red (CR) and rhodamine B (RhB)) and cationic dyes (crystal violet (CV),
brilliant green (BG), and methylene blue (MB)). Experiments were
conducted under conditions: pH of the dye solution, [dyes]y = 20mg/L,
time = 90 min, T = 21 °C, agitation speed = 200 rpm and adsorbent dose
= 1 g/L. Dye concentrations were analyzed using a UV-6300 PC spec-
trophotometer (VWR, China) at specific wavelengths (A\cg = 494nm, Arpp
= 554nm, ¢y = 586nm, Agg = 624nm, \yp = 664nm). The percentage of
dye adsorption was calculated using Eq. (2).

2.5.2. Binary adsorption system

The HAP-Fe-Urtica dioica ext was then chosen for the selective per-
formance studies due to its high adsorption capacity. The selective
adsorption dyes was carried out in a batch system in binary solution
(ARS/DR23) dyes, under the following conditions: pH = 6.4,
[ARSandDR23](y = 20mg/L, time = 90 min, T = 21 °C, agitation speed =
200 rpm and fixed doseyap — Fe — Urticadioicaext= 1 8/L. The concentration
of ARS, and DR23 dyes in the binary solution (ARS/DR23) was deter-
mined using the analogous equations (Eq. (4) and Eq. (5)) [30,31].
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WhereK,1, Kq2,Kp1and Ky are the calibration constants for ARS and
DR23 at wavelengths A; = Ags = 259 nm and Ay = Apgrez = 505 nm
(Fig. S1), A; and A, are measured absorbance values of binary system at
A1 = 259 nm andA, = 505nm, respectively.

2.5.3. Central composite design and response surface methodology (CCD-
RSM)

The CCD-RSM was employed in this work to optimize the adsorption
efficiencies of ARS and DR23 in binary dye solution and the average
adsorption efficiency of ARS and DR23 (Eq. (2)) in the binary dyes so-
lution (yayg(%)Eq. (6)) onto HAP-Fe-Urtica dioica ext. The effects of three
variables: dose of HAP-Fe-Urtica dioica ext (x;), pH of solution (x2), and
the agitation speed (x3) were investigated (Table 1) at the conditions:
[ARS]o = [DR23]y = 20mg/L, time = 90 min, and T = 21 °C. A regression
model described by a second-order polynomial Eq. (7) [25] was used to
establish the relationship between operational parameters and response.

_ Yars(%) + Ypraz (%)

Yavg (%) === ®
3 3 3 3
Y=bo+> bxg+ Y Y byxuxj+ > by + e %)
j=1 =1 ufj j=1
withx ~ 25 ;123
] AZJ ] =1,4

where yarsandypras are the adsorption efficiency of ARS and DR23 dyes
in the binary dye solution, respectively. y represents the predicted
response, by is the value of the fitted response at the central point of the
design; b;by;, and bjare the linear, interaction and quadratic terms
respectively, ¢ is the residual term, Z; is the natural value of parameter j,
AZ; is the step size; ZJ0 is the value of Z; at the centeral point of the
investigating domain

The Design Expert software (JMP Pro 13) was used for all the
considered experimental data and parameters.

2.5.4. Binary-component kinetic, isotherm modeling and thermodynamic
study

The experimental kinetic data were fitted to the pseudo-first-order
and pseudo-second-order kinetic models (Eq. (10) and Eq. (11), respec-
tively) [30].

q: = qe x [1 —exp(—kit)] 10)
g9
qt - qe kzqet+ 1 (11)

Where, k; (min™) is the pseudo-first order rate constant and ko [g/
(mg x min)] is the pseudo-second order rate constant.

Single component isotherm models are inadequate to study the bi-
nary component solution, and thus the extended versions of these
models are employed. Specifically, the extended Langmuir (Eq. (12)) is
used to interpret the equilibrium data [32].

Gmi Kpi Cei

=5 12)
14+ 370Ky Ce

e

: _ dm1 Kii Cex dm2 Ki2 Ce2
With Ge1 = 14Kp1 Cen+Kp2 Cep 1+Kp1 Ce1+Kpa Cep

Where compounds 1 and 2 present ARS and DR23 dyes, respectively.
ge1 and g2 (mmg/g) are the equilibrium amounts adsorbed, gm,; and
Gm,2(mg/g) are the maximum amounts adsorbed of the extended-

and g.2 =
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Table 1
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Experimental design matrix for the adsorption efficiency of ARS and DR23 dyes: Variables, levels, and response at conditions:[ARS]y = [DR23]o = 20mg/L, time = 90

min, and T = 21 °C.

Coded experiments matrix

Measured response Predicted response

N Dose of HAP-Fe-Urtica dioica ext (g/L) pH of solution (x;)  Agitation speed (rpm) Yars (%) Yproz (%) Yag (%) Yars (%) Yoros (%) Yavg (%)
(x1) (x3)

1 2(-1) 4(-1) 170 (-1) 72.149 90.26 81.20 75.69 87.47 80.77
2 3(1) 4(-1) 170 (-1) 32.45 49.50 40.97 32.93 50.2 41.96
3 2(-1) 7.5 (1) 170 (-1) 90.23 94.2 92.21 89.86 96.37 92.97
4 3 7.5@1) 170 (-1) 71.56 84.23 77.89 71.91 84.94 78.93
5 2(-1) 4(-1) 250 (1) 40.02 55.63 47.82 39.39 56.35 46.71
6 3(1) 4(-1) 250 (1) 79.25 89.02 84.13 75.86 87.47 80.77
7 2(-1) 7.5@1) 250 (1) 75.37 86.25 80.81 75.11 85.74 80.14
8 3 7.5Q1) 250 (1) 77.19 87.26 82.22 78.04 86.74 81.62
9 2.5 (0) 5.75 (0) 210 (0) 72.6 80.02 76.31 72.22 81.88 76.83
10 2.5(0) 5.75 (0) 210 (0) 72.93 80.26 76.59 72.25 81.88 76.83
11 2.5 (0) 5.75 (0) 210 (0) 44.6 56.25 50.42 44.46 55.74 51.62
12 2.5 (0) 5.75 (0) 210 (0) 23.05 39.25 31.15 23.64 37.28 31.39
13 2.5(0) 5.75 (0) 210 (0) 21.86 34.02 27.94 21.77 34.76 29.23
14 2.5 (0) 4.75 (0) 210 (0) 75.87 84.02 79.94 76.53 84.59 80.17
15 3.30 (+ o) 4.75 (0) 210 (0) 93.26 98.78 96.02 93.01 97.72 95.36
16 1.68 (-a) 4.75 (0) 210 (0) 62.57 76.25 69.41 62.63 76.97 69.76
17 2.5(0) 8.60 (+ o) 210 (0) 76.03 84.23 80.13 76.37 84.59 80.17
18 2.5 (0) 2.89 (- ) 210 (0) 64.13 72.36 68.24 65.08 71.31 68.09
19 2.5(0) 4.75 (0) 145 (- o) 49.01 56.25 52.63 47.72 56.99 52.76
20 2.5(0) 4.75 (0) 275 (+ o) 76.9 88.12 82.51 76.49 87.07 82.42

Langmuir model,K; 1 and Kj > are the Langmuir constants (L/mg), and analogous expression Eq. (17) may be used.

Ce,1, Ce,2 are the ARS and DR23 dyes equilibrium concentrations in the
L7 3che Kfroﬁcs

solution (mg/L). —In(1 —X) =Kyt = { t} where Dy = a7

r05Cs 3Ce

The separation factor Ry, (Eq. (13)) was used to explain the adsorp-
tion nature of ARS and DR23 dyes in binary solution as follows; favor-
able (0 < Ry < 1), unfavorable (R > 1), linear (R; = 1) and irreversible
(Ry = 0) [33]. Additionally, it was used to compare the degree of
favorable adsorption of ARS and DR23 onto HAP-Fe-Urtica dioica ext,
with a lower Ry value indicating more favorable adsorption.

R.— L (13)
71+ KuCy

To investigate the effect of temperature and evaluate the diffusion
process governing the adsorption of ARS and DR23 dyes onto HAP-Fe-
Urtica dioica ext in a binary solution, the diffusion coefficient D (m?/s) of
these adsorbate/adsorbent systems were estimated at different temper-
atures (from 21 to 40 °C). These estimations were performed using the
homogeneous particle diffusion model (HPDM) as shown in Eq. (14),
introduced by Michelson et al. [34]. The model describes the
rate-limiting step, which can be usually controlled by either an
intra-particle diffusion D, (Eq. (16)) or a film diffusion mechanism Dy
(Eq. (17)) [34].

%4 6 1 |:—Z2ﬂ'2DPt:|

X, R —
(® % 2 2 ZZEXP r2

(14

For 0 < X(»p< 1 and when adsorption takes place on spherical par-
ticles, Eq. (14) can be simplified to Eq. (15) and 16 [34].

—r2p2t] 1°°
Xy =|1- exp[ = P } (15)
27°D,
~In(1-X?) = 2ot = T2t 6
0

where Xy is the fractional attainment at time t, D, = K,‘;—ng (m?/s)is the
effective diffusion coefficient, ry is the radius of HAP-Fe-Urtica dioica ext
assumed to be spherical (6.451 x 107%m), Z is an integer, K}, is the
diffusion rate constant (L/s), which was used for the calculation of
effective intra-particle diffusivity from the experimental data.

If the rate of adsorption is controlled by liquid film diffusion [34], the

) = % (m?/s) is the film diffusion coefficient in liquid phase, Ky is

the diffusion rate constant (L/s), C, and C; (mol/L) are equilibrium
concentrations of ARS and DR23 dyes in solution and solid phase, and &
is the film thickness; it is estimated to 10’5(m), according to Liu et al.
(2018) [35].

To evaluate the spontaneity of the ARS and DR23 dyes adsorption in
a binary solution onto HAP-Fe-Urtica dioica ext, thermodynamic quan-
tities, Gibbs free energyAG°(kJ/mol), enthalpyAH"(kJ/mol), and entro-
pyAS°(kJ/molK), were calculated using Eq. (18), Eq. (19), and Eq. (20),
respectively [36].

AG" = —RTIn K4 (18)
AG' = AH —TAS’ 19

AG’ AS®  AH
MKi="Rr= R RT @0
Where R is the universal gas constant (8.314462 J / (K x mol), T is
the absolute temperature (K), and Ky is the equilibrium adsorption
constant.

2.6. Regeneration and reusability of HAP-Fe-Urtica dioica ext adsorbent
for anionic dyes studies

Regeneration is a critical factor in adsorption studies, as it directly
influences the economic viability of the process. In this study, the
reusability of the HAP-Fe-Urtica dioica ext adsorbent was evaluated for
the removal of the binary DR23 and ARS anionic dyes, over seven
consecutive adsorption-desorption cycles. Each cycle started with
adsorption  equilibration under the following conditions:
[ARSandDR23]o = 20mg/L,Time = 120 min, pH solution = 3.15,doseyqp
_ Fe — Urticadioicaext = 2-60g/L, T = 21 °C, and agitationspeed = 260rpm.
After adsorption, the dye-loaded adsorbent was rinsed with distilled
water for 120 min to remove any unbound dye residues, dried at 100 °C
for 3 h, and then subjected to desorption in a 0.1 NaOH solution. The
desorption process was carried out at agitationspeed = 260rpm, Time =
120 min, and T = 21 °C. Following desorption, the adsorbent was rinsed
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again with distilled water to remove any residual dye before being
reused in subsequent cycles. All experiments were performed in dupli-
cate, and the results are reported as mean values, with error bars rep-
resenting the variability shown in the plots.

3. Results and discussion
3.1. Characterizations of adsorbent

Fig. 1 depicts FTIR spectra of HAP, HAP-Fe, and HAP-Fe-Urtica dioica
ext, both spectra of HAP and HAP-Fe are in good agreement with the
literature reports [3,8]. The band at 3440 cm ™! correspond to stretching
vibrations of the O—H structural group of HAP. The strong stretching
band at 1024 cm™! and the band at 590-605 cm™! correspond to
bending vibrations of P-O bonds in the tetrahedral units. The bands
observed at about 1370 and 1632 cm ™! could be assigned to the CO2~
group. Additionally, the FTIR spectra of HAP-Fe reveal new absorption
peaks at 593cm !, corresponding to Fe-O stretching vibrations, con-
firming the presence of iron oxide [37].

The spectrum of HAP-Fe-Urtica dioica ext reveals new absorption
peaks at 1081, 2932, and 3375 cm ™! corresponding to bending vibra-
tions of the C—O and C—H bonds of phenolic compounds [38], and the
bands belonging to amino groups (i.e. primary (I) and secondary (II)) at
1404 and 1613 cm ™! which define the active components in Urtica dioica
extract such as histamine, serotonin, acetylcholine terpenoids, and fla-
vonoids, [39]. Moreover, spectrum also exhibits a shift and decrease in
intensity within HAP bands, with significant changes in bands at 598 to
649cm ™, 1024 to 1079cm ™!, and 1370 to 1354cm™! This is probably
attributed to the deposition of Urtica dioica extract on the HAP surface,
leading to the formation of new interactions between HAP phosphate
and hydroxide groups with the functional groups of Urtica dioica extract.

X-ray diffraction (XRD) was used to investigate the influence of Fe3O4
and Urtica dioica ext on the crystal structure of HAP. Fig. 2 displays the
acquired findings in the 20 range of [20°—70°].
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The HAP-Fe and HAP-Fe-Urtica dioica ext are composed of two
distinct phases: HAP hexagonal structure with a spatial group of P63/m,
andFe304 spinel-like Fd-3 m cubic structure with a spatial group number
of 74. Moreover, a comparison of the HAP diffractogram with those of
HAP-Fe and HAP-Fe-Urtica dioica ext reveals a slight shift in the position
of the characteristic peaks of HAP towards lower angles . Conversely, the
characteristic Fe304 peaks show an increase in intensity, especially in
the HAP-Fe-Urtica dioica ext diffractogram. This is likely due to the
higher amount of Fe304 impregnated on the HAP surface, which may
result in increased crystallinity of the Fe3sO4 phase. The observed in-
crease in peak intensity, characteristic of the Fe3O4 structure in the HAP-
Fe-Urtica dioica ext, can also be attributed to the presence of Urtica dioica
extract, which may facilitate the impregnation of Fe304 onto the HAP
surface.

The thermal behavior (TGA and DTG) of HAP, HAP-Fe, and HAP-Fe-
Urtica dioica ext is illustrated in Fig. 3, demonstrating that FesOsand
Urtica dioica extract influence the thermal stability of HAP.

The thermal decomposition of all three samples occurs within a
single phase, spanning the temperature range of 100 °C to 800 °C, with
variable weight loss observed across this interval. For HAP, the DTG
peaks at 178 °C and 400 °C can be attributed to the loss of physically
adsorbed water and chemisorbed water, respectively, the latter being
stabilized within inter crystalline sites by capillary forces that require
elevated decomposition temperatures (T ~ 500 °C) [40]. In contrast, the
incorporation of Fe3O4 and Urtica dioica extract in HAP-Fe and HAP--
Fe-Urtica dioica ext results in the appearance of a third DTG peak at 590
°C, which attributed to the thermal transformation of the magnetite
phase (T ~ 600 °C), likely associated with the breakdown of iron oxide
(Fe? + ). Furthermore, the DTG profile of HAP-Fe-Urtica dioica ext shows
significantly higher peak intensities at 400 °C and 590 °C compared to
HAP-Fe. This could be explained by to the decomposition of organic
matter derived from the Urtica dioica extract like carboxylic groups,
present in Urtica dioica ext decompose, leading to a reduction in mass
(HAP-Fe- Urtica dioica ext) [41], which contributes additional thermal
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Fig. 1. FTIR spectra of HAP, HAP-Fe and HAP-Fe-Urtica dioica ext.
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Fig. 2. (a) XRD diffractograms and (b, c, d) their zoomed-in views at different 20 (°) angles for HAP, HAP-Fe and HAP-Fe-Urtica dioica ext.

degradation pathways.

The N2 adsorption/desorption isotherms and BJH pore size distri-
bution were employed to investigate the effect of incorporating either
Fe3O40r a combination of FesO4with Urtica dioica extract into HAP
during synthesis on its surface properties, specifically surface area and
mesoporous structure. The results are shown in Fig. S2 and Table 2,
respectively. A Type IV isotherm [40] was observed for all samples
(Fig. S2), indicative of mesoporous materials with pore diameters
ranging from 2 to 50 nm (Fig. S2b), which correspond to medium
capillary pores critical for ion transport within pore networks [30].
Moreover, this isotherm is characterized by an initial adsorption region
at low relative pressures (P/Po = 0 to 0.045), resembling Type II iso-
therms and associated with monolayer and multilayer adsorption on the
pore walls. This is followed by a sharp increase in adsorption at higher
relative pressures (P/Po > 0.045), attributed to capillary condensation at
intermediate pressures, indicating mesoporous filling [42].

The results reveal that the incorporation of Fe3O4 or combined
incorporation with Urtica dioica extract into HAP during its synthesis
slightly improves its surface properties and porosity (Table 2), HAP-Fe-
Urtica dioica ext powder has the highest specific surface area (SSA)
(SSAHAP — Fe — Urticadioicaext = 59.98m2/g) and the highest adsorbed vol-
ume (Fig. S2) compared to HAP and HAP-Fe (SSApap = 30.85m?%/
gandSSApap — e = 53.85m2/g, respectively). According to the BJH, pore
size distribution (Fig. S2 (b) and Table 2), HAP-Fe and HAP-Fe-Urtica
dioica ext have larger porosity (total pore volume > 0.30cm>/g) than

HAP (Total pore volume = 0.087cm3/g). This results can be attributed to
the synergistic effects of Fe304, which enhances pore formation and
surface roughness, and Urtica dioica extract, which facilitates the
development of a more open and porous network. These combined ef-
fects result in an expanded surface area, thereby improving the mate-
rial’s capacity for adsorption.

Fig. 4 depicts scanning electron micrographs (SEM) of the HAP and
HAP-Fe and HAP-Fe-Urtica dioica ext at different size micrometers (100
um and 20 um). The SEM images show that all of the particles have
irregular-shaped rough surface morphology and pores of various sizes,
which supports our BET/BJH study findings (Table 2). Furthermore, the
SEM analysis reveals that when Fe30,4 is added alone, the particles are
less defined, and their size decreases compared to HAP. However, when
Fe304 is added with the Urtica dioica extract, the particles appear to be
more defined, and the size appears to be bigger than pure HAP, This can
be attributed to the incorporation of Fe ions into the HAP crystal
structure and polyphenols attach to the HAP surface, enhancing steric
hindrance and electrostatic repulsion, thereby preventing particle
aggregation.

The SEM-EDS analysis, which evaluates the elemental distribution of
Fe304 on the surface of HAP, shows an even distribution of Ca, P, and Fe
on the sample surfaces (Fig. S3). This indicates that Fe3O4 is well
dispersed on the surface of HAP. The dispersion of Fe30s0n HAP en-
hances the material’s potential for adsorption applications by combining
the high adsorption capacity of HAP with the magnetic properties of
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Fig. 3. TGA and DTG curves of HAP, HAP-Fe and HAP-Fe-Urtica dioica ext.

Table 2
BET/BJH parameters of HAP, HAP-Fe and HAP-Fe-Urtica dioica ext.

Samples HAP HAP-Fe HAP-Fe-Urtica dioica ext
Specific surface area (m?/g) 30.12 53.85 59.98

Total pore volume (cm®/g) 0.09 0.32 0.30

Mean pore diameter (nm) 11.20 23.44 19.89

Fe304,allowing for easy separation and recovery.

The vibrating sample magnetometer (VSM) analysis was conducted
at room temperature to investigate the magnetic properties of HAP,
HAP-Fe, and HAP-Fe-Urtica dioica ext powder. The results are illustrated
in Fig. 5. The data indicate that the saturation magnetization value of
HAP is 0.0073 emu/g, suggesting that HAP does not exhibit significant
magnetic properties. However, upon the addition of Fe3O4 and Urtica
dioica extract, the magnetic properties of HAP have improved signifi-
cantly. The hysteresis curves in Fig. 5 demonstrate that both HAP-Fe and
HAP-Fe-Urtica dioica ext exhibit superparamagnetic characteristics, with
saturation magnetization values of 10.32 emu/g and 10.92 emu/g,
respectively [43]. This indicates that they have high magnetic suscep-
tibility, can be easily magnetized, and can be recovered after adsorption
experiments for regeneration purposes.

3.2. Adsorption studies

The results of the effect of FesO4jand Urtica dioica extract on the
removal efficiency of HAP towards anionic dyes, displayed in Fig. 6a,
show that HAP-Fe-Urtica dioica ext outperforms HAP-Fe and HAP in
terms of adsorption effectiveness for ARS and DR23 dyes. The presence
of Urtica dioica extract on the surface of HAP-Fe increases its porosity
and surface area (Table 2) and enhances electrostatic attraction. The
Urtica dioica extract contains terpenoids, flavonoids, and amino groups
(R — CH(NH;) — COOH)that contain -COOH,— OH and carboxyl

derivatives (Fig. 1). These components form hydrogen bonds with NH,
SOs groups, and n-r interactions benzene rings in the DR23 molecules,
thereby improving adsorption effectiveness.

Likewise, the selectivity (Fig. 6b) of HAP-Fe-Urtica dioica ext towards
ARS and DR23 dyes reveals that DR23 exhibits higher adsorption effi-
ciency in individually and binary dye solution compared to ARS dye.
This selectivity can be attributed to the significant charges of the DR23
dye structure compared to ARS dye, which may react electrostatically
with the HAP-Fe-Urtica dioica ext. In addition, the presence of DR23 in
aqueous solution also enhanced the adsorption of ARS dye in the binary
solution (78.78 in binary solution vs 72.60 individually). This can be
possibly explained by electrostatic interactions between the surface
groups of HAP-Fe- Urtica dioica ext and DR23 dye groups, which may, in
turn, interact with ARS dye groups.

The results of the comparative adsorption study (Fig. 7) indicate that
HAP-Fe-Urtica dioica ext demonstrates relatively low selectivity for the
removal of cationic dyes, such as MB, CV, and RhB. In contrast, the
adsorption of anionic dyes (i.e., ARS, CR, and DR23) was significantly
higher. This discrepancy can be attributed to the surface properties of
the material, as well as the molecular size and chemical structure of the
dyes, which influence their interactions with the adsorbent.

3.3. Modeling and optimization based on CCD-RMS design

3.3.1. Assessment of regression models

Eq. (12) is proposed based on the results of ANOVA analysis, means,
and standard deviations of the experimental data obtained for each dye
at its maximum wavelength, as illustrated in Table S1 and S2. The
findings, including standard deviations, F-value (2.886) and p-value
(0.098) of inner-group and intra-class formed from the combined results
of both experiments (40 experiments), indicate the level of agreement
among the experimental data and allow an objective comparison of the
different dyes in terms of adsorption efficiency and other operating
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Fig. 5. Magnetization curve of HAP, HAP-Fe, and HAP-Fe-Urtica dioica ext.

parameters [14]. As shown in Table S2, the correlations between the (21), 22, and 23.
factors and responses were found to be reasonable and suitable for
forecasting ARS and DR23 binary solution dyes adsorption, as expressed
by the experimental second-order polynomial equations, denoted Egs.
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Fig. 6. (a) Effects of Urtica dioica extract and Fe304 on HAP adsorption efficiency for ARS and DR23 dyes individually, and (b) The selectivity of HAP-Fe-Urtica dioica
ext for removing anionic (ARS/DR23) dyes in binary solution under the conditions: pH of dye, [ARS]o = [DR23]o = 20mg/L, time = 90 min, T = 21 °C, agitation
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= 21 °C, agitation speed = 200 rmp and doseadsorbent= 1 /L.
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Yavg = 79.74 + 4.84 x; — 20.54 x5 + 3.27 x3 + 1.65 x1x, — 7.57 x}
—6.99 x2 —1.75x2
(23
The analysis ANOVA (Table S2) shows that both the linear and the

quadratic terms of all parameters are statistically significant, with p-
values ( 0.0001 and F-values listed in Table S2. A p-value < 0.05
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indicates robust evidence of statistical significance at the 95 % confi-
dence level; while F-values ) 5 confirm that, the models are well fitted,
underscoring the importance of these variables in predicting adsorption
efficiency.

The high estimated F-values reported for the quadratic model
developed for each dye, as well as their average (Fars — values = 202.03,
FpRr23 — values = 151.10, andFayg _ values = 481.51), demonstrate that Eqs
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Fig. 8. (a), (b) and (c) Correlations between experiments and predicted adsorption efficiency, (d), (e), and (f) Residuals versus predicted response for ARS, DR23, and
their average adsorption efficiency in the binary dye solution onto HAP-Fe-Urtica dioica ext.
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(13), 14, and 15 accurately represent the measured responses. The
probability that the variance of each model is of the same order of
magnitude as the variance of its residuals (experimental error and lack
of fit) is <0.0001, confirming the robustness and suitability of the
models (they adequately summarize all the measured responses) [39].
The low coefficients of variation (CV) of 2.71, 3.03, and 1.73 of ARS,
DR23, and avg models, respectively, suggest that the measurements are
more precise and the results are reproducible and reliable [24].

The relationship between measured and predicted values of
adsorption efficiency for ARS and DR23 in binary solution closely fol-
lows straight lines (Fig. 8a, b, and c). The data points do not deviate from
the first bisector, indicating strong correlations and good fits between
predicted values and experimental data points. This have supported by
high coefficients of determination (R*) and adjusted (R%yg) values,
approximately 99.5 % and 98.8 %, respectively, for each model. These
high values suggest that 99.5 % of the variations in ARS and DR23
adsorption efficiency are explained by the independent variables.
Furthermore, residual analysis (Fig. 8e, and 8f) reveal no correlation
between expected values and residuals for the ARS and DR23 models, as
well as for their average adsorption efficiency in the binary dye solution
model. The plots (Fig. 8) confirm the adequacy and reliability of the
fitted models, demonstrating their strong predictive accuracy and robust
performance [44].

3.3.2. Validation of the models

The predicted regression models for the adsorption efficiency of ARS
and DR23 in a binary dye solution, along with their average values (Eqs.
(13), 14, and 15), exhibit similar behavior.

3
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They comprise essentially the same terms with identical signs, but
with a slight variation in the coefficients values. All variables affect the
responses studied. The responses are primarily influenced by pH (x2)
with a negative effect, while HAP-Fe-Urtica diodica ext dose (xj)and
agitation speed (x3) have a positive effect. To confirm the results of the
regression models, the effects of HAP-Fe-Urtica diodica ext dose (x;)
[from 1 to 3 g/L], pH solution (x2)[from 3 to 7.5], and agitation speed
(x3) [from 145 to 275 rpm] on the adsorption of ARS and DR23 in a
binary solution were studied under the following conditions: [ARS]p =
[DR23]( = 20mg/L, time = 90 min, and T = 21 °C . The results are shown
in Fig. 9.

Fig. 9a and 9b demonstrate that increasing the HAP-Fe-Urtica dioica
ext dose (x1) and agitation speed (x3) enhances the adsorption efficiency
of ARS and DR23 in a binary solution (positive effect). This is due to
more available adsorption sites and moderate turbulence at agitation
speeds between 145 and 275 rpm, which leads to more collisions with
dye molecules and reduces film barrier around the HAP-Fe-Urtica dioica
ext, resulting in greater mass transfer [40]. The optimal dose and
agitation speed are 2.5 g/L and 250 rpm, respectively. Conversely,
Fig. 9¢ shows that higher pH levels decrease the adsorption of ARS and
DR23, with a pH of 3 being optimal. This is due to the reduced elec-
trostatic attraction between the positively charged HAP-Fe-Urtica dioica
ext surface (pHpzc = 7.77(Fig. 9d)) and the negatively charged dye
groups.

3.3.3. Optimization of significant process variables
The second-order polynomial models given by Eqgs. (13), 14, and 15
were used to create 3D response surfaces and 2D contour plots to analyze
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Fig. 9. Effects of (a) HAP-Fe-Urtica dioica ext dose, (b) Agitation speed, (c) pH solution and (d) pHp,., on the adsorption efficiency of ARS and DR23 in the binary dye
solution onto HAP-Fe-Urtica dioica ext under the conditions:[ARS]o = [DR23]y = 20mg/L, time = 90 min, and T = 21 °C.
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the correlation between independent process parameters and the
response (Figs. S4, S5, and 10, respectively), as well to identify the
optimal values of the operating parameters for achieving the highest
ARS and DR23 adsorption efficiency. As illustrated in Fig. 9a-f, an
adsorption efficiency exceeding 90 % can be obtained under the
following conditions: pH solution = 3.15,doserqp — re — Urticadioicaext =
2.60g/L, These optimal conditions are identical to those obtained with
the other models (Fig S4 and Fig S5).

3.4. Effect of dye concentrations in binary solution on their adsorption
efficiency onto HAP-Fe- Urtica dioica ext

Fig. 11a illustrates the effect of initial concentrations of ARS and
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DR23 in a binary dye solution on their adsorption efficiency onto HAP-
Fe-Urtica dioica ext, with concentrations ranging from 20 to 180 mg/L.
The study was conducted under the optimal conditions determined by
CCD-RSM: time = 120 min, pH of solution = 3.15,dosexqp — Fe — Urtica-
dioicaext = 2.60g/L, temperature = 21 °C, and agitationspeed = 260rpm.
The results show that the adsorption of ARS and DR23 dyes is faster
within the first 20 min, reaching equilibrium after 60 min due to the
high specific surface area of HAP-Fe- Urtica dioica ext (Table 2). More-
over, it is indicated that HAP-Fe- Urtica dioica ext exhibits a similar
adsorption efficiency for ARS and DR23 dyes within the concentration
range of 20 to 100 mg/L. However, at concentrations of [dyes]y > 100
mg/L, HAP-Fe- Urtica dioica ext shows a higher affinity for DR23
compared to ARS dyes.
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Fig. 10. 2D contour plots and 3D response surfaces of adsorption of ARS and DR23 in binary solution onto HAP-Fe-Urtica dioica ext under the conditions:[ARS]o =
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Fig. 11. (a) Effect of initial concentrations of (ARS and DR23) in binary solution, (b) Effect of the temperature’s on ARS and DR23 dyes molecules’ adsorption
process, (c) Isotherm and (d) kinetic models fitting to experimental data for ARS and DR23 dyes in binary solution, under the optimized conditions determined by

CCD-RSM.

At lower concentrations, the adsorption sites of HAP-Fe-Urtica dioica
ext may not be fully utilized, allowing similar adsorption rates for both
ARS and DR23 dyes. At concentrations over 100 mg/L, surface sites may
become saturated more quickly with DR23 due to stronger electrostatic
interactions with HAP-Fe-Urtica dioica ext, favoring DR23 adsorption.
According to Heravi et al. (2024) [45], the number of SO3 groups present
in their structure influences the adsorption capacity for anionic dyes.
Dyes with a higher number ofSO3 group’s exhibit superior adsorption
efficiency. In this study, DR23 has more SO3 groups compared to ARS
(Fig. S1), resulting in more favorable and stronger electrostatic in-
teractions with HAP-Fe-Urtica dioica ext, leading to enhanced
performance.

3.5. Effects of temperature, thermodynamic and the homogeneous particle
diffusion model (HPDM) studies

The impact of temperature on the adsorption process of ARS and
DR23 dye molecules was studied under the optimized conditions
determined by CCD-RSM; time = 120 min, pH = 3.15,dosenqy — re —
Urticadioicaext = 2.60g/L, and agitationspeed = 260rpm. The results are
displayed in the Fig. 11b and reveal that higher temperatures increase
the amount of dyes adsorbed, leading to faster diffusion of dyes into
HAP-Fe-Urtica dioica ext. As shown by the diffusion coefficient data
(Table S3), a rise in diffusion coefficient occurs for all dyes with
increasing temperature. According to Michelson et al. [34] and the
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results of the homogenous model (HPDM) (Table S3) reveal that the
intra-particle diffusion controls ARS and DR23 dye uptake onto HAP--
Fe-Urtica dioica ext.

The thermodynamic quantities (Table S3) show that the adsorption
process for ARS and DR23 dyes onto HAP-Fe-Urtica dioica ext are
spontaneous and endothermic, with positive AS® values and negative
AG° values. Furthermore, The DR23 dye exhibits higher AH® values (AH®
= 66.44kJ/mol) above 40kJ/mol, indicating chemisorption, while ARS
dye have lower values, indicating physisorption [24].

3.6. Fitting of kinetic and adsorption isotherm models

Fig. 11c and Table 3 present the fitting of kinetic and extended
Langmuir isotherm models for the adsorption data of ARS and DR23
dyes onto HAP-Fe-Urtica dioica ext. The results indicate that the
adsorption process of ARS and DR23 dyes in a binary solution onto HAP-
Fe-Urticadioicaext, follow the pseudo-second-order kinetic model and
the extended Langmuir isotherm. These findings suggest homogeneous
monolayer adsorption, where each site can hold at most one anionic dye
molecule. This occurs at a finite number of identical sites with no lateral
interaction or steric hindrance between sorbed molecules on adjacent
sites, with constant enthalpies and sorption activation energy, and equal
affinity for the adsorbate at all sites, indicating serial adsorption [40].
Moreover, the Ryvalues indicate that the adsorption of both dyes onto
HAP-Fe- Urtica dioica ext is favorable. Additionally, the smaller Ryvalue
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Table 3

Kinetic and isotherm parameters of ARS and DR23 dyes in binary solution.
Conditions: Time = 120 min, pH solution = 3.15,dosexqy — re — Urticadioicaext =
2.60g/L, T = 21 °C, and agitationspeed = 260rpm.

Kinetic model Kinetic dye Isotherm model
parameters ARS DR23 Extended-Langmuir
(ARS)
Pseudo-First Qexp (Mg/g) 44.960 51.052 qm(mg/g) 59.013
Order Qeal (Mg/g) 41.579 48.139 Ky (L/ 0.057
mg)
ky (min?) 0.141 0.133 Ky oL/ 0.201
mg)
Aq(mg/g) 3.381 2.913 Rp1 0.495
R? 0.91 0.88 Ris 0.199
R? 0.991
Pseudo-Second Qexp(ng/g) 44960  51.052  Extended-
Order Langmuir (DR23)
Qeal (Mg/g) 45122 52113  q,(mg/g) 64.416
Aq(mg/g) -0.162  —1.061 K (L/ 0.020
mg)
K, o(L/ 0.261
mg)
ky (mg/(g x L))  0.003 0.005 Rp1 0.714
R? 0.993 0.991 Ry 0.160
R? 0.993

for DR23 indicates that HAP-Fe has a higher affinity for adsorbing DR23
than ARS in binary dye solution [33].

3.7. Possible adsorption mechanisms of DR23 and ARS dyes into HAP-Fe-
Urtica dioica ext

The adsorption mechanism of DR23 and ARS dyes onto the HAP-Fe-
Urtica dioica ext involves a combination of different physical and
chemical interactions between the dyes functional groups and the active
sites on the HAP-Fe-Urtica dioica ext surface.

BET and BJH characterization data (Table 2) confirm that HAP-Fe-
Urtica dioica ext has a well-developed mesoporous structure, with a high
surface area and substantial pore volume. These structural features are
crucial for promoting effective mass transfer of dye molecules from the
bulk DR23/ARS dye solution. The mesopores provide sufficient space for
dye molecules to diffuse into, enhancing interaction with the adsorbent
surface. The presence of both micropores and mesopores contributes to a
high adsorption capacity by accommodating a variety of dye molecules,
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Fig. 12. FTIR spectrum of HAP-Fe-Urtica dioica ext before and after the
adsorption of DR23 and ARS dyes, under conditions: [DR23/ARS], = 180mg/L,
Time = 120 min, pH solution = 3.15,doseyqp — Fe - Urticadioicaext = 2.608/L, T =
21 °C, and agitationspeed = 260rpm.
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thereby improving the overall adsorption efficiency.

FTIR (Fig. 12) analysis reveals a shift in the P-O band from 1146 cm™
to 1165 cm™, accompanied by a reduction in intensity at 1069 cm™™.
Moreover, the decreased intensity of the carboxylic (C = O) groups in
Urtica dioica extract after dye adsorption suggests a change in the elec-
tronic environment of the C = O bond. This alteration can be attributed
to interactions between the PO+* and C = O groups with functional
groups such as hydroxyl (OH), sulfonate (803‘ ) and amino (NH) in the
ARS and DR23 dyes, involving hydrogen bonding and electrostatic in-
teractions (Fig. 13) [46-48].

The calcium ions (Ca® + ) on the HAP surface can form chelate
complexes with the carbonyl (C = O) and sulfonate (SO; ) groups of the
ARS and R23 dyes (Fig. 13) [49]. Additionally, Fe304 can form hydrogen
bonds with functional groups such as (S03 ) and OH in the dye molecules
and engage in electrostatic interactions with the azo bonds (-N = N-) and
amino (NH) groups in the DR23 dye (Fig. 13) [50].

3.8. The regeneration and reusability of HAP-Fe-Urtica dioica ext

The regeneration and reusability of HAP-Fe-Urtica dioica ext, as
illustrated in Fig. 14, demonstrate that the adsorbent remains effective
for a limited number of cycles, with optimal performance observed for
approximately four cycles. This gradual decline in efficiency is primarily
attributed to pore blockage caused by the accumulation of residual
DR23 and ARS dyes, which obstruct adsorption sites and hinder the
diffusion of new dye molecules. As these dye molecules become more
embedded within the adsorbent matrix, their removal during desorption
becomes increasingly difficult. Additional factors, such as potential
chemical transformations due to interactions between the functional
groups of HAP-Fe-Urtica dioica ext and the DR23 and ARS dyes, as well
as possible degradation of the adsorbent under harsh regeneration
conditions, further exacerbate the decline in performance. To enhance
the material’s longevity and reusability, alternative regeneration tech-
niques, such as thermal degradation of residual dyes or advanced
chemical treatments, may offer promising solutions.

The environmental impact and disposal of the spent HAP-Fe-Urtica
dioica ext after its adsorption capacity is exhausted are critical consid-
erations. Spent adsorbents that retain residual dyes can pose significant
environmental hazards, as the adsorbed dyes may desorb or leach into
the surrounding environment under specific conditions, leading to po-
tential contamination of soil and water resources. Furthermore, the
dopants used in the material, such as Fe304 and components derived
from Urtica dioica extract, may introduce additional environmental
risks if not properly managed.

To address these challenges, several strategies for the safe disposal or
repurposing of the spent adsorbent are proposed. Thermal treatment,
such as incineration at elevated temperatures, can effectively degrade
the adsorbed dyes and minimize the risk of leaching. Immobilization of
the exhausted material in inert matrices, such as cement or composite
materials, offers a potential pathway for safe long-term storage or reuse.
Additionally, integrating spent adsorbents into secondary applications,
such as in construction materials or as precursors for other functional
composites, may further enhance the environmental sustainability of the
process.

Future research should focus on evaluating the long-term environ-
mental stability of the spent adsorbent under varying conditions, such as
pH, temperature, and microbial activity, to identify potential risks
associated with its disposal. Moreover, the development of innovative
disposal and recycling methods will be essential to ensure that the
implementation of HAP-Fe-Urtica dioica ext in industrial and wastewater
treatment applications aligns with environmental sustainability goals.
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Fig. 14. Regeneration and reusability of HAP-Fe-Urtica dioica ext Adsorbent for the adsorption of binary DR23 and ARS dyes.

3.9. Comparison of HAP-Fe-Urtica dioica ext with the previously
developed adsorbents in the literature

The comparison of HAP-Fe-Urtica dioica ext with other advanced
adsorbents, based on parameters such as surface area, pore volume,
kinetic behavior, and adsorption performance, offers valuable insights
into its efficacy as a dye adsorbent. Table 4 presents a comparative
analysis of the adsorption capacities for both DR23 and ARS dyes in
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binary mixtures (DR23/ARS), as well as in single dye systems, high-
lighting the distinct advantages of HAP-Fe-Urtica dioica ext.

Under optimized experimental conditions (Table 4) HAP-Fe-Urtica
dioica ext exhibits substantial adsorption capacity for both DR23 and
ARS dyes. In comparison with conventional adsorbents such as activated
carbon/cynara cardunculus [51], Corn stalk [54], Magnetite talc (Fe3O4
@Talc) nanocomposite [56], and APTES-grafted vermiculite [59]
(Table 4), HAP-Fe-Urtica dioica ext demonstrates a fast adsorption
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Table 4
Comparative Insights into the Adsorption Efficiency and Surface Characteristics
of HAP-Fe-Urtica dioica ext and Other Advanced Adsorbents.

Adsorbent pH solution Equilibrium ref

time (min)

Gmax

(mg/g)

Comparing DR23 Dye Adsorption Capacity of HAP-Fe-Urtica dioica ext in the
Other Adsorbents

HAP-Fe-Urtica dioica 56.15 pH =3.15 60 This
ext study

Activated carbon, 47.5 pH=15 120 [51]
Cynara cardunculus,

Nanoclay 166.6 pH=2 30 [52]

Polyaniline coated 109.8 pH=3 20 [53]
activated carbon

Corn stalk 52 pH=3 10 [54]

Comparing ARS Dye Adsorption Capacity of HAP-Fe-Urtica dioica ext in the
Other Adsorbents

HAP-Fe-Urtica dioica 47.96 pH =3.15 60 This
ext study
Untreated Typha Grass ~ 77.99 8 120 [55]
Magnetite talc 11.76 3 60 [56]
(Fe304@Talc)
Nanocomposit
Fe304,@BC-KC 174.9 2 150 [57]
composite
APTES grafted 18.2 1 40 [58]
vermiculite
Comparing HAP-Fe-Urtica dioica ext surface characterization with other
developed HAP based materials and other materials
Adsorbent SAA Total pore Mean pore Ref
(m?/g) volume diameter (nm)
(em®/g)
HAP-Fe-Urtica dioica 59.98 0.30 19.89 This
ext study
HAP-1 % Go 35.61 0.054 6.08 [59]
Ag/Mg/Zn-HAP 0.63 0.007 2.06 [60]
(ZAB) bio-adsorbent 729.93 0.378 1 [61]
activated carbon/ 347.8 N/A N/A [62]
v-Fe304 nano-
composite
carbon-bridge-doped 62.98 0.30 17.74 [63]

g-C3N4/ Fe304
magnetic

process, reaching equilibrium within 60 min. This contrasts with ad-
sorbents like activated carbon/cynara cardunculus [51], which require
longer equilibrium times (up to 120 min). Although certain adsorbents,
such as Fe,O3@BC-KC [58] and nenoclay [52] may exhibit superior
individual adsorption capacities for DR23 and ARS dyes in isolation,
HAP-Fe-Urtica dioica ext maintains a competitive edge due to its
enhanced adsorption efficiency in more complex binary systems. This
suggests that HAP-Fe-Urtica dioica ext not only offers substantial dye
uptake potential but also retains its effectiveness in the presence of
mixed dye solutions, which is crucial for real world applications
involving multiple dyes. In this regard, its superior performance in
mixed systems demonstrates its versatility and robustness, making it
more reliable than adsorbents that may struggle with multi-component
systems.

A comparative analysis of the surface characteristics of HAP-Fe-
Urtica dioica ext with other HAP-based materials and adsorbents
(Table 4) reveals HAP-Fe-Urtica dioica ext exhibits a surface area of
59.98 m?/g, a total pore volume of 0.30 ¢cm®/g, and a mean pore
diameter of 19.89 nm, indicating a well-developed porous structure
ideal for effective dye adsorption. In contrast, materials such as HAP-1 %
Go [59] and Ag/Mg/Zn-HAP [60] exhibit much lower surface areas
(33.61 m?/g and 0.63 m?/g, respectively), reduced pore volumes (0.054
cm®/g and 0.007 cm®/g, respectively), and smaller pore diameters,
which may limit their efficiency in adsorbing larger dye molecules or
handling complex systems. On the other hand, advanced materials like
carbon-bridge-doped g-C3N4/Fe304 [62] magnetic materials show sur-
face areas of 62.98 m?/g, with corresponding pore volumes of 0.30
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cm?®/g. While suitable for various adsorption tasks, these materials still
fall short when compared to HAP-Fe-Urtica dioica ext, especially in terms
of pore diameter. The larger pores of HAP-Fe-Urtica dioica ext can
accommodate a broader range of dye molecules, enhancing its overall
adsorption efficiency. The surface and structural attributes of HAP--
Fe-Urtica dioica ext, particularly its balanced combination of surface
area, pore volume, and pore size distribution, make it a competitive and
versatile adsorbent. These characteristics position it as an effective
material for dye removal in both single and mixed systems.

4. Conclusions

In this study, a novel method for enhancing the adsorption properties
of hydroxyapatite (HAP) was explored using the co-precipitation tech-
nique with iron oxide (Fe304) both with and without Urtica dioica extract
as a dopant. Characterization through BET/BJH, XRD, SEM, VSM, and
FTIR revealed that incorporating Fe3O4 and Urtica dioica extract during
HAP synthesis is an effective and practical strategy for industrial ap-
plications. This approach improves various properties, including surface
area, porosity, magnetic characteristics, and adsorption capacity for
anionic dye.

Moreover, the study employed the central composite design and
response surface methodology (RSM-CCD) to optimize the adsorption
process from a binary anionic (ARS/BR23) dye solutions. This approach
compares the adsorption efficiency of each dye in the binary solution to
the average efficiency of the two dyes. The reliability of the method was
confirmed by high estimated F-values, low coefficients of variation,
strong correlations between measured and predicted values, and high
coefficients of determination, supported by residual analysis.

Optimal conditions for maximum removal of ARS and DR23 dyes in
binary solution were a pH of 3.15, a dose of 2.6 g/L of HAP-Fe-Urtica
dioica ext, and an agitation speed of 250 rpm. Under these conditions,
maximum adsorption capacities reached 59.01 mg/g for ARS and 64.40
mg/g for DR23. Equilibrium and kinetic studies indicated that adsorp-
tion followed the extended Langmuir isotherm and pseudo-second-order
kinetic model. Thermodynamic analysis revealed that both adsorption
processes were favorable, endothermic, involving physisorption and
chemisorption for ARS and DR23, respectively. These findings suggest
that HAP-Fe-Urtica dioica ext could serve as a sustainable solution for
treating wastewater-containing solutions of dyes through effective
adsorption.
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