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INTRODUCTION 

 

British astronomer Royal Professor Sir Martin Rees highlighted in his 2010 BBC Reith 

Lectures “Scientific Horizons” the extraordinary impact that mankind has now on the future of our 

planet: “This is a crucial century. The Earth has existed for 45 million centuries. But this is the 

first when one species, ours, can determine – for good or ill – the future of the entire biosphere” 

(Rees, 2010). This quote suggests that humanity has reached a pivotal moment in history, when 

our actions have the potential to either protect or permanently damage the environment and, 

therefore, all living forms reliant on it. Considering the growing environmental challenges, it is our 

responsibility to start focusing more on finding new ways to protect “our home”.  

In particular, water resources, which are one of the essential elements for sustaining life, 

are under increased threat. Global population increase and agricultural and industrial activities have 

made a substantial contribution to water contamination. According to (Esrey et al., 1991) and 

(WaterAid & Tearfund, 2001) insufficient sanitation, lack of access to water supplies and 

contaminated water cause 80% of all diseases in developing countries. The American President 

Lyndon B. Johnson warned about the dangers of neglecting the proper management of water 

resources in a letter to the President of the Senate and Speaker of the House from 1968, stating: “A 

nation that fails to plan intelligently for the development and protection of its precious waters will 

be condemned to wither because of its shortsightedness. The hard lessons of history are clear, 

written on the deserted sands and ruins of once proud civilizations” (Johnson, 1968). The use of 

the terms “deserted sands and ruins” highlights the fact that the failure to manage water wisely 

could lead even to the collapse of civilizations similar to other past events in humanity’s history. 

In the last century, this environmental factor has become a vulnerable resource, therefore, its 



 

8 

 

management and protection have become top priorities worldwide. Despite all progresses made in 

the development of new materials for wastewater treatment, existing adsorbents often have 

limitations related to their efficiency, costs or toxicity concerns. In this context, there is an urge to 

support the eco-initiatives that promote a clean environment, and the wastewater decontamination 

challenges using “green solutions”.  

Based on this premise, the theme of the current thesis entitled “The Hybrid Solution: 

Efficient Wastewater Remediation With Innovative Sustainable Adsorbents” centres on the 

development of innovative materials and the assessment of their potential for usage in wastewater 

treatment, merging the fields of environmental protection, materials science, and public health. 

The thesis aims to address the above-mentioned challenges by conducting an integrated study on 

four categories of novel materials with applications in environmental protection, combining their 

synthesis, characterization and applications in decontamination.  

The general objective of this thesis consisted in the development of a complete cycle, 

starting from the preparation and characterization of the new materials to their application in the 

adsorption of several types of pollutants from contaminated waters in order to reduce exposure and 

associated risks to human health. 

The specific objectives established in the present research have been achieved and 

involved: (i) synthesizing the four categories of materials via “green chemical methods”, (ii) 

characterizing them through various structural and morphological techniques, (iii) evaluating their 

adsorption performance on inorganic (heavy metals) and organic pollutants (synthetic dyes) and 

(iv) investigating and modelling the adsorption mechanisms. 

This thesis is structured in four chapters, as follows: Chapter 1 includes the theoretical 

context highlighting the growing problem of water pollution and the need for innovation in the 

field of wastewater treatment, as well as the scientific literature review regarding materials used 

for wastewater decontamination. Chapter 2 details the materials and experimental design used in 

this research, including the materials’ synthesis and characterization methods, the protocols to 

assess their adsorption performance after their application. Chapter 3 presents the experimental 

results obtained after conducting the steps previously mentioned and includes descriptions of each 

material and the characterization of their structural and morphological properties, the outputs of 

the adsorption performance tests, as well as comparative discussions between the results of the 

current research and other materials reported in the scientific literature. Chapter 4 summarizes the 
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key findings, outlining their contributions to the field, and providing recommendations for future 

research. 

The importance of conducting this type of studies is essential, considering the serious 

threat that water contaminants present to both ecosystems and human health. The current research 

significantly contributes to the field of wastewater treatment and environmental protection 

by exploring the potential of sustainable innovative materials to enhance water quality while 

prioritizing human health safety. The findings can have broad applications in environmental 

remediation, providing safer alternatives to existing wastewater treatment methods. This research 

supports the current national and international efforts to guarantee clean and safe water, in 

line with the sustainability and circular economy principles, as well as with the United Nations 

Sustainable Development Goals (SDGs), namely SDG 6 (Clean Water and Sanitation) and SDG 4 

(Good Health and Well-Being). 
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1. THEORETICAL CONTEXT AND LITERATURE REVIEW 

1.1. Water Resources: Availability, Distribution and Importance 

Water is among the most abundant molecules on Earth and is comprised of one atom of 

oxygen and two atoms of hydrogen covalently bonded (Lerner & Wilmoth Lerner, 2005). It is an 

essential resource for all forms of life and for many economic sectors such as agriculture, energy 

production, industrial operations and recreational activities (Booth & Charlesworth, 2014). The 

planet’s surface is covered by water to an extent of 71%, with 97.5% of it representing sea water 

(Ahuja, 2021). Freshwater accounts for less than 3% of the total water resources available 

worldwide and is distributed unequally, America and Asia benefiting from the largest shares (45% 

and 28%, respectively) among all continents (Musie & Gonfa, 2023). Only 0.3% of the total 

freshwater available is easily accessible in the form of reservoirs, the remaining being stored as 

groundwaters, soil moisture and swamps (30.8%) or glaciers (68.9%) (Rijsberman, 2006).  

Global water supplies are nowadays under considerable pressure due to population growth, 

intensive agricultural practices and industrialization. Experts often mention that we are 

approaching the “peak water”, concept referring to the threshold of safe water withdrawal needed 

to ensure sufficient water supplies remain to sustain the aquatic ecosystems and biodiversity 

(Norton et al., 2018). Water scarcity appears when the amount of water consumed is insufficient 

to meet the society’s demands (Lehr et al., 2005). The International Water Management Institute 

reported that 2.7 billion people face water shortage in 2025 and 3.2 billion are estimated to live 

under severe water scarcity conditions by 2050 (Molden, 2007). In addition to the water scarcity 

problem, there is also another significant challenge that poses a threat to global resources, namely 

the degradation of its quality via pollution (Du Plessis, 2023). Currently, there are more than 2.2 

billion people (mostly in developing countries) accounting for 27% of world’s population that do 

not have yet access to clean water, resulting in numerous cases of individuals suffering from 

diseases associated with waterborne pathogens (United Nations, 2015; United Nations Water, 

2021). Therefore, it is essential to address these issues and guarantee the basic right for safe water 

to all humans, as highlighted by The United Nations General Assembly in 2010 and stipulated in 

SDG 6 Clean Water and Sanitation (United Nations’ General Assembly, 2010; Hall et al., 2014). 
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1.2. Water Quality 

General Parameters 

The term “water quality” indicates the optimum condition of the key water parameters that 

determines its suitability for a specific application (Hutzinger et al., 2009). The main water quality 

indices widely monitored are: pH, dissolved oxygen, total dissolved solids, biochemical oxygen 

demand, chemical oxygen demand, turbidity, salinity, conductivity nutrients, heavy metals, 

pesticides, microorganisms.  

Water Quality Legislation 

Different legislative frameworks are implemented on national and international levels for 

the protection of water quality, establishing guide levels, maximum admissible concentrations and 

minim required concentrations (Geerten, 1998). The Clean Water Act (United States 

Environmental Protection Agency (US EPA), 1972) and The Safe Drinking Water Act (United 

States Environmental Protection Agency (US EPA), 1974) are the main regulatory water policies 

in USA. In EU, more than 25 directives and decisions on fresh and sea water pollution have already 

been adopted, however, The Water Framework Directive (2000/60/EC) (European Commission, 

2000) represents the fundamental and most integrative water policy formulation. Romania aligned 

with the European legislation for the management of water quality as well by implementing the 

EU’s water directives through various national frameworks, like: Waters Law No. 107 from 

25/09/1996 (Parliament of Romania, 1996), Law No. 458 from 08/07/2002 , Law No. 311 from 

28/06/2004 and Ordinance No. 7 from 18/01/2023 on the quality of water intended for human 

consumption (Government of Romania, 2023; Parliament of Romania, 2002; Parliament of 

Romania, 2004), etc.  

 

1.3. Water Pollution  

Overview 

Water pollution represents the deterioration of the physical, chemical or biological 

properties of water, that triggers the degradation of its quality and the negative impact on living 

organisms. According to the 20th Edition of The Global Risks Report from (The World Economic 

Forum, 2025), environmental risks present the highest degradation, being expected to worsen in 
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severity over the next two/ten years with an alarming rate. Pollution ranks on the 5th position among 

the top 33 risks worldwide perceived by society to have a dangerous short-term impact  (The World 

Economic Forum, 2025).  

Types of Pollutants in Water 

Water pollutants refer to any substances or materials that alter its quality and applications 

by exceeding the maximum permissible thresholds recommended (Negulescu et al., 1982). Water 

can contain a large variety of contaminants grouped into various categories based on their nature: 

physical/chemical/biological or inorganic/organic/biotic, primary/secondary, 

natural/anthropogenic, etc. (Török & Dransfield, 2017). The sources of pollution can also be 

classified according to their origin (natural/anthropogenic), distribution 

(point/dispersed/transboundary). duration (permanent/ accidental/temporary) (Török & Dransfield, 

2017). While certain contaminants are also naturally released into the environment through 

geological and biological processes, anthropogenic activities tend to have the most significant input 

to water pollution (Crini et al., 2019).  

Heavy Metals 

The term "heavy metal" is typically attributed to metals and metalloids with densities 

exceeding 5 g cm−3 (Lichtfouse et al., 2012). About 90 metals are encountered in the environment, 

however only 53 are considered heavy metals (e.g. Ag, As, Au, Be, Cd, Co, Cr, Cu, Fe, Ga, Ge, 

Hg, In, Mn, Ni, Pb, Pd, Pt, Sb, Se, Sn, Tl, Zn). Most heavy metals pose a significant risk to public 

health since they are toxic, persistent and tend to easily accumulate in aquatic organisms and further 

transfer to humans via food chain (M. Hussain et al., 2025). However, some of them (e.g. Fe, Mn, 

Cu) are considered "essential elements" being necessary for organisms in low concentrations. 

Sources of heavy metals in the water include burning fossil fuels, mining and smelting metallic 

ferrous ores, municipal wastes, fertilizers, pesticides, sewage sludge, etc. (Lichtfouse et al., 2012). 

The major industrial sectors that contribute to this type of pollution are the steel and textiles 

manufacturing, electroplating and leather tanning (Hussain et al., 2025). Modern mining generates 

large amounts of tailings and waste rocks that have the potential to induce significant 

environmental changes (United Nations Environment Programme, 2019).  
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Dyes 

Dyes represent a category of organic xenobiotics that had a massive expansion among 

textile, leather, plastics, food, pharmaceuticals and paints manufacturing industries in the past few 

years (Lichtfouse et al., 2012). Each dye selectively absorbs specific wavelengths of light, resulting 

in its colouration. They include two essential components. chromophores (unsaturated functional 

groups that confer colour, like –N=N–, –C=C–, –C=N–, and –C=O) and auxochromes (units that 

enhance the chromophore's coloring effect and increase the molecule's solubility in water, such as 

–OH, –NH2, –NHR, –NR2, –NO2, –OR, –COOH, –CHO, and –SO3) (Crini & Lichtfouse, 2018). 

Dyes are classified based on their origin (natural/synthetic), colour, application, charge 

(anionic/cationic) or chemical structure (ionic/non-ionic). The intensive industrialization triggered 

a massive development in the synthetic dyes field, more than 10000 colorants and pigments being 

commercially available nowadays (Bilal et al., 2021). It is estimated that each year over 150000 

tonnes of residual dyes involved in manufacturing get released in the environment without any 

prior treatment (Lichtfouse et al., 2012). This accounts for approximately 1500 million L of dye-

contaminated effluents being discharged daily into various environmental systems (Ganea et al., 

2021).  

Effects Induced by Water Pollution 

Water pollution negatively impacts wildlife, marine ecosystems and human health, by 

generating habitat loss or degradation and proliferation of invasive species and pathogens (Balaram 

et al., 2023). Pollutants can inhibit the growth or cause the death of aquatic species, leading to the 

prolonged deterioration of aquatic environments and reduction in the diversity and species 

abundance (Malmqvist & Rundle, 2002).  

Human exposure to heavy metals in waters induces acute and chronic effects, disturbing 

the normal functioning of nervous, respiratory, digestive, renal and reproductive systems (El 

Mahdaoui et al., 2024). Chromium (VI) is a strong oxidising agent and carcinogen, presenting 

considerable health hazards to people and animals, including cancer, epigastric discomfort, nausea, 

severe diarrhoea, vomiting, and haemorrhage (Barnhart, 1997). Cadmium, recognised as a human 

carcinogen, is associated with renal impairment, bone demineralisation, and several health 

complications (Godt et al., 2006). Copper in, excess can lead to toxicity and carcinogenic effects, 

resulting in liver and kidney failure, headaches, and vomiting (Georgopoulos et al., 2001). Nickel, 
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another carcinogenic substance, may result in renal and pulmonary issues, gastrointestinal 

disturbances, and dermatological diseases (Bennett, 1982).  

Water that contains dyes, even in low concentrations (1.0 mg L−1) is considered unsuitable 

for human consumption (Velusamy et al., 2021). In general, these pollutants are non-degradable, 

toxic and carcinogenic, causing acute and chronic effects like allergies, cardiovascular diseases, 

mutations, tumors, etc. (Xu et al., 2010). Azo dyes are reduced to aromatic amines (aryl amines) 

by azo reductases in liver and kidneys cells, skin and intestinal bacteria (Dutta et al., 2024). 

Epidemiological studies have demonstrated that prolonged occupational exposure to aromatic 

amines like benzidine, 4-aminobiphenyl, and 2-naphthylamine, utilized in dye industries, increases 

the chance to develop cancer.  

 

1.4. Wastewater Treatment Processes 

Generalities 

The continuous use of vast categories of chemical compounds had shifted mankind from 

the Industrial Revolution Era to the “Pollutant Removal Age”, characterized by significant efforts 

towards creating new materials and technologies to reduce emissions. Wastewater treatment 

processes can be classified into physical, chemical and biological or primary, secondary or tertiary. 

Physical treatment refers to sedimentation, flotation, and filtration, chemical treatment implies 

coagulation, flocculation and advanced oxidation processes, whereas biological treatment uses 

microorganisms to convert dissolved organic matter into biomass via activated sludge, trickling 

filters, and bioreactors (Wrobel & Brebbia, 1991). Advanced treatment methods include more 

complex processes such as reverse osmosis and electrodialysis (Hussain et al., 2025). Despite all 

the progress made in this field, the conventional treatment methods tend to either have high costs 

of treatment, use large amounts of chemicals, generate toxic secondary products, be less accessible, 

etc. (Lichtfouse et al., 2012).  

Adsorption Process 

In this context, adsorption arised as a promising option, providing a strong balance between 

the environmental and economic aspects (Hussain et al., 2025). Adsorption is the process by which 

substances (adsorbates) bind to a solid material forming a thin layer (substrate) (Crini et al., 2019). 

Physical adsorption implies the presence of hydrogen bonding, weak van der Waals forces, and 
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electrostatic attractions, whereas chemical adsorption involves the formation of new chemical 

bonds between adsorbents and adsorbates (Saleh, 2024). Recently, researchers increased focused 

towards “green adsorption” processes denoting the use of adsorbents synthesized through “green 

chemical methods” and biosorption which refers to the removal of substances from solution by 

adsorption onto biologically derived materials, such as biomass, fibers, peat, chitosan, algae, plant 

or animal waste (Vijayaraghavan & Balasubramanian, 2015).  

Regarding the adsorption parameters, it is well-known that pH can affect the activity of the 

functional groups present in the adsorbent (the surface charge) and the solution’s chemistry 

(influencing metals speciation, electrostatic interactions) (El Mahdaoui et al., 2024). Positively 

surface charges under acidic conditions lead to the protonation of functional groups, promoting 

anion attraction, whereas negatively charged surfaces attract cations. Materials with low surface 

charges have better absorbance performances for anions at lower pH and for cations at higher pH. 

The initial concentration of contaminant also impacts the adsorption mechanism, larger amounts 

triggering higher sorption capacities due to more molecules coming into contact with the materials 

surface (Hussain et al., 2024). Temperatures between 20–35 °C have a minor influence on 

adsorption, however higher values often tend to increase surface activity and kinetic energy. On 

the other hand, an increase in ionic strength usually enhances the adsorption’s efficiency. 

Adsorbent dosage can also impact the sorption capacity due to the increased or diminished 

availability of binding sites in the materials (El Mahdaoui et al., 2024). The effect of contact time 

is proportional with the sorption capacity since more interactions occur between the contaminants 

in the solution and the free active sites in the materials. The stirring speed plays an important role 

on adsorption efficiency as well, elevated values enhancing the performance due to the higher 

collision frequency between the molecules of contaminant and the active sites of the materials. 

Competing ions in the matrix reduce the sorption capacity, affecting the selectivity of the adsorbent. 

Heavy Metals Adsorption 

Researchers have been developing different biosorbents for heavy metals in the past few 

decades from bacteria (Pham et al., 2022), fungi (Kumar et al., 2019) magnetic biomaterials 

(Nejadshafiee & Islami, 2019), nanocellulose (Jiang et al., 2023), lignin (Zhang et al., 2023), plant 

or animal waste (Bilal et al., 2021), etc. The last category of adsorbent materials promotes circular 

economy by transforming waste into a valuable resource that supports environmental cleaning 

(Guechi & Hamdaoui, 2016). 



1. THEORETICAL CONTEXT AND LITERATURE REVIEW 

16 

 

Dyes Adsorption 

Various adsorbents have been reported in the scientific literature for the removal of dyes, 

such as: commercial activated carbon (Malik, 2004), waste-based activated carbon (Ding et al., 

2014), agricultural wastes (coffee ground powder, sawdust, leaves, etc.) (Crini, 2006), industrial 

wastes (fly ash, slurry, ceramic waste, etc.) (Jain et al., 2003), clays and zeolites (kaolinite, 

montmorillonite, palygorskite, Saklikent mud) (Santos & Boaventura, 2008), cellulose (Liu et al., 

2015), biomass (Dotto et al., 2012), hybrid nanomaterials (carbon-based hybrid nanocomposites, 

carbon nanotubes, graphene and reduced graphene oxide nanocomposites, etc.) (Yang et al., 2011), 

metal oxide-based hybrid materials (magnetic and non-magnetic) (Liu et al., 2014), metal-organic 

frameworks (MOFs) (Haque et al., 2013), or polymers and nanocomposites (polyaniline, 

polypyrrole, chitosan, etc.) (Janaki et al., 2012). 

Importance of Wastewater Decontamination 

Wastewater treatment brings significant benefits to many different fields, such 

environmental protection, public health, economy, etc. This process is essential for maintaining the 

ecological balance that supports aquatic life (Carpenter et al., 1998), reducing the transmission of 

waterborne diseases and protecting population health (World Health Organization (WHO), 2017), 

decreasing pressure and demand on water supplies needed for various activities (irrigation, energy 

production, industrial processes, daily population consumption) (Mekala et al., 2008). 
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2. Data Processing and Mapping of Scientific Literature 

The current thesis includes also a bibliometric analysis, providing an historical overview 

on the scientific progress made in the field of materials used for heavy metals and dyes adsorption 

from wastewater. The bibliometric maps generated focus on the investigation of keywords co-

occurrence, co-authorship and citation/co-citation indicating the research trends, the existing 

collaborative networks between authors/countries and the relationships between the publications 

cited together. 

2.1. Bibliometric Analysis on Materials for Heavy Metals Adsorption 

The assessment of the trend in scientific articles on materials applied for heavy metals 

adsorption published in the past two decades. Thus, it can be noticed that the number of 

publications in this field grew significantly between 2016-2024 (accounting for 71.7% of the total 

amount of papers published), as a result of the research funding supplementations and raised 

awareness of the environmental and health hazards associated with the exposure to heavy metals. 

The co-occurrence map provides an overview of the most used terms in the titles, abstracts and 

keywords sections of the research related to materials applied for heavy metals decontamination 

published between 1st of January 2005 and 31st of December 2024. This map includes four major 

keywords clusters denoting various themes, such as: adsorbent materials synthesized (red cluster), 

analytical techniques applied (yellow cluster), heavy metals targeted for adsorption (green cluster) 

and characteristics of the sorption process (blue cluster). The co-authorship density map provides 

important information on the main contributors in the field of materials applied for heavy metals 

adsorption in the last two decades. The node representing Zhang Y. highlights the central part of 

the map, indicating this author has been involved in numerous collaborations, contributing 

significantly to the scientific literature on adsorbents for heavy metals removal. The geographic 

distribution of papers related to adsorbents used for retention of heavy metals in wastewaters, 

published between 2005-2024, emphasizes that Asia exhibits the largest number of publications on 

this topic, being followed by Europe and North America. At the opposite end is Africa with the 

lowest representation and amount of articles published due to the insufficient resources and 

infrastructure allocated. The citation map of the research environment on adsorbents for heavy 

metals decontamination shows that papers like (Chandra et al., 2010) and (Zhao et al., 2011) have 

the largest nodes (with more than 1400 citations), indicating that they built the foundation for future 
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research. The co-citation map provides a comprehensive view on the relationships between articles, 

authors and thematic groups in the field of adsorbents for heavy metals retention during the last 

two decades. Papers like (Langmuir, 1918), (Temkin & Pyzhev, 1940) and (Ho & McKay, 2000) 

have been highly influential, reflecting studies that have played a fundamental role in the 

development of the adsorption mechanism theories related to equilibrium and kinetics.  

 

2.2. Bibliometric Analysis on Materials for Dyes Adsorption 

The trend analysis on the scientific articles related to materials used for dyes adsorption 

published between 1st of January 2005 and 31st of December 2024, can be divided into two major 

periods, as follows: first one with a gradual increase (between 2005-2014, representing 16% of the 

total amount of papers published) and last one with an exponential growth (between 2015-2024, 

counting for 84% of the total number of publications). The co-occurrence map that analyzes the 

frequency of the main terms mentioned together in the title, abstracts and keywords of scientific 

articles published between 1st of January 2005 and 31st of December 2024 regarding materials used 

for dyes adsorption can be divided into four major clusters, each representing a distinct topic in the 

field of materials applied for dyes removal: adsorbent materials and techniques (red cluster), 

sorption mechanism characteristics (green cluster), adsorption of specific dyes (purple cluster) and 

synthesis and surface modifications of adsorbent materials (blue cluster). The co-authorship 

density map which highlights the collaboration patterns over the past twenty years among authors 

in the field of materials with applications in dyes adsorption from wastewater shows that the main 

authors with extensive collaboration networks, likely influential in the investigated field, are Liu 

Y., Dotto G.L., Ghaedi. M., and Jawad A.H. The geographic distribution of the scientific papers 

related to materials for dyes adsorption in regions such as North America, Europe, and Asia is 

dispersed, different countries contributing at varying scales based on the local needs, financial 

resources, and research priorities. The co-citation map highlights the citation patterns of scientific 

articles related to materials for dyes adsorption in the past two decades. Strong co-citation values 

(ranging between 2000-5000 citations and 30000-50000 total link strength) were noticed between 

(Langmuir, 1918), (Ho & McKay, 2000), (Freundlich, 1907), (Lagergren & Sven, 1898) and 

(Weber & Morris, 1963), suggesting that adsorption isotherms and kinetic models are frequently 

discussed together with dyes adsorption studies in the scientific literature.  
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2. MATERIALS AND METHODS 

2.1. Data Processing and Mapping of Scientific Literature 

This section presents the complete description of the research methodology applied for data 

processing and mapping of scientific literature. The PRISMA approach (Haddaway et al., 2022) 

was used in this regard on records reported between 2005-2024 in two databases: Web of Science 

(WoS) and Scopus. Maps were generated with VOSviewer version 1.6.20 (Centre for Science and 

Technology Studies Leiden University (CWTS), Leiden, The Netherlands) based on keywords co-

occurrences, co-authorship, citation and co-citation networks and were designed to accurately 

highlight the main themes or trends in the materials science research field and the relationships 

between scientific publications on this topic and their authors.  

 

2.2. Chemicals and Reagents 

The synthesis of PBAAA and MNPs were performed following previously reported 

procedures (Nan et al., 2017; Nan et al., 2019). The stock solutions employed in the adsorption 

experiments were obtained using CuSO4, ZnSO4 × 7H2O, MnSO4 × H2O, CdCl2 × H2O, PbCl2, 

Fe2(SO4)3 × 5H2O, CrCl3 × 6H2O, anhydrous NiCl2 and ultrapure water (pH 5.5) produced with a 

Milli-Q equipment (Millipore, Bedford, MA, USA). All reagents used were acquired from Sigma 

Aldrich (St. Louis, MO, USA) and Alfa Aesar by ThermoFisher Scientific (Kandel, Germany) and 

did not necessitate additional purification, unless otherwise stated. 

 

2.3. Materials Synthesis Procedures 

This stage involved the application of "green" chemical synthesis methods specific to each 

type of material. The chemical methods used followed the principles of sustainable development 

and circular economy to ensure cost-effectiveness and reliability. ten materials were synthesized 

during the PhD research and can be classified in four categories: 

A. Eco-Innovative Nanostructures (core-shell magnetic nanostructures based on 

poly(benzofuran-co-arylacetic acid) functionalized with Nα, Nα’–bis(carboxymethyl)-L-lysine 

(MNP@PAAA-NTA); core-shell magnetic nanostructures based on poly(benzofuran-co-

arylacetic acid) functionalized with dopamine (MNP@PAAA-DA); core-shell magnetic 
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nanostructures based on poly(benzofuran-co-arylacetic acid) functionalized with folic acid 

(MNP@PAAA-FA); zein-based polymeric nanostructures (ZD and ZT)) 

B.    Sustainable Biopolymers (chitosan modified with PBAAA (CHIT-PAAA) and 

poly(benzofurane-co-arylacetic acid) crosslinked with p-xylenediamine (PAAA-CL-XLD)) 

C. Environmentally-Friendly Mineral Composites (montmorillonite modified with 

poly(benzofurane-co-arylacetic acid) functionalized with dopamine (MMT-PBAAA-DA)) 

D.     Circular Waste-Based Composites (composite based on banana peel and stone dust (BPSD); 

composite based on watermelon rind and coffee grounds (WRCG); composite based on 

watermelon rind and stone dust (WRSD)) 

 

2.4. Instrumentation 

2.4.1. Fourier-Transformed Infrared Absorption Spectroscopy (FTIR) 

A JASCO FTIR-6100 spectrophotometer (JASCO Deutschland GmbH, Pfungstadt, 

Germany) was used to capture infrared absorption spectra in the 400–4000 cm−1 spectral range on 

a pressed pellet made from the powdered samples embedded in KBr. The spectrophotometer is 

capable of determining the presence of various chemical bonds in the structure of the prepared 

materials and is equipped with software that releases FTIR spectra and highlights molecular 

vibrational peaks. 

 

2.4.2. Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and 

Energy-Dispersive X-Ray Spectroscopy 

A Hitachi HD-2700 Scanning Transmission Electron Microscope (STEM) and a Hitachi 

SU8230 High Resolution Scanning Electron Microscope (Hitachi Ltd., Tokyo, Japan) were used 

to determine the samples' morphology. Hitachi HD-2700 Scanning Transmission Electron 

Microscope is equipped with a cold field emission gun, working at an acceleration voltage of 200 

kV and designed for high-resolution (HRTEM) imaging with a resolution of 0.144 nm. A 10 μl 

drop of suspension of each sample was deposited and dried on a copper grid coated by a thin carbon 

film prior to the electron microscopy analysis. Hitachi SU8230 High Resolution Scanning Electron 

Microscope is equipped with a cold field emission gun. For morphological analysis the samples 

was deposited on aluminum stubs and coated with a 10 nm gold layer.  
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2.4.3. Magnetic Measurements (VSM) 

Magnetic measurements were conducted at room temperature utilising a Vibrating Sample 

Magnetometer (Cryogenic Ltd., London, UK).  

 

2.4.4. Thermogravimetric Analysis (TGA) 

Thermogravimetric measurements were conducted in air at a heating rate of 10°C min−1 

between 30 °C and 800 °C using a TA Instruments SDT Q 600 equipment (TA Instruments Inc., 

New Castle, DE, USA) (Ganea et al., 2021).  

2.4.5. X-ray Powder Diffraction Analysis (XRPD) 

X-ray powder diffraction (XRPD) measurements were carried out at room temperature 

using a LynxEye position sensitive detector (Bruker, Karlsruhe, Germany) and a Bruker D8 

Advance X-ray diffractometer (Bruker, Billerica, MA, USA) equipped with a Ge (111) 

monochromator for Cu-Kα1 radiation (λ = 1.5406 Å) with source power of 40 kV and 40 mA. The 

diffraction pattern was monitored in the 2θ range of 10 to 90 with a scan step of 0.02° and a scan 

speed of 1° min−1 to record the experiments (Ganea et al., 2021). 

 

2.4.6. X-Ray Photon Electron Spectroscopy (XPS) 

An XPS spectrometer from SPECS Surface Nano Analysis GmbH (Berlin, Germany), 

equipped with a dual-anode X-ray source (Al/Mg), a PHOIBOS 150 2D CCD hemispherical energy 

analyser, and a multi-channeltron detector with a vacuum maintained at 1 x 10−9 torr, was utilised 

to acquire XPS spectra. The analyses were performed with an Al Kα X-ray source (1486.6 eV) 

operating at a power of 200W. The XPS survey spectra were captured at a pass energy of 30 eV, 

with a step size of 0.5 eV. High-resolution spectra for individual elements were collected from 30 

scans at 30 eV pass energy and 0.1 eV/step. For the XPS measurements, the powder samples were 

pressed onto indium foil. The spectra were acquired before and after the sample's surface was 

cleaned using an argon ion bombardment at 300 V. CasaXPS software (Casa Software Ltd., 

Teignmouth, UK) with Gaussian-Lorentzian product functions and a non-linear Shirley 

background subtraction was used to analyse the data and fit the curve (Ganea et al., 2022c). 
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2.4.7. Solid-State Nuclear Magnetic Resonance Spectroscopy (ss-NMR) 

The solid-state 13C and 15N NMR spectra were recorded at 125.73 and 50.66 MHz Larmor 

frequencies using a Bruker Avance III 500 MHz wide-bore NMR spectrometer (Bruker, Billerica, 

MA, USA) operating at room temperature. The spectrometer contains a 4 mm double resonance 

(1H/X) MAS probe, and the material is packed in 4 mm zirconia rotors. The standard RAMP 

13C/15N CP-MAS spectra were obtained under proton decoupling with TPPM, 2/4 ms contact 

periods, and spinning frequencies of 14/7 kHz. The acquisition parameters were optimized based 

on each sample investigated. The spectra were calibrated in relation to the CH3 line in 

tetramethylsilane (TMS) and the 15NO2 line in nitromethane using an indirect method. This 

procedure utilised L-Glycine as an external reference (C=O of glycine at 176.5 ppm for 13C and 

−347.6 ppm for 15N). Additionally, a line broadening of 20 Hz was applied to the 13C spectra and 

150 Hz to the 15N spectra (Ganea et al., 2022c). 

 

2.4.8. Brunauer-Emmett-Teller Analysis (BET) 

The total surface area (St), pore volume (Vp), and pore radius (Rm) were determined using 

N2 adsorption–desorption isotherms (recorded at −196°C). The BET technique was utilised for St, 

while for Vp and Rm, the Dollimore—Heal model was employed. The Sorptomatic 1990 device 

(Thermo Electron Corporation, Waltham, MA, USA) was used to record the isotherms. 

Physisorbed impurities were removed from the surface of the samples by degassing them for 5 h 

at 70°C and 1 Pa of pressure before determination. 

 

2.4.9. Atomic Absorption Spectrometry (AAS) 

The metals tested in the current thesis were: Cd, Cu, Cr, Fe, Mn, Ni, Pb, Zn. A ZEEnit 700 

atomic absorption spectrometer (Analytik Jena, Germany) with a graphite furnace, an air-acetylene 

burner, and a single-element hollow cathode lamp was used to analyse the metal content. Five-

points calibration curves were drawn for each investigated metal and dilutions were made for 

samples that had concentrations exceeding the calibration ranges. The reference material used for 

standards preparation (for the calibration curves) was 1000 mg L−1 Spectro Econ Chem Lab Stock 
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Solution (Chem Lab, Zedelgem, Belgium), and 1000 mg L−1 Merck Standard Solution (Merck 

KGaA, Darmstadt, Germany) was used for the quality control (Ganea et al., 2020). 

 

2.4.10. Ultraviolet-Visible Spectroscopy (UV-VIS) 

UV-Vis-NIR extinction spectra were acquired for the polymeric nanostructures using a 

Jasco V-670 UV−Vis−NIR spectrometer (JASCO Deutschland GmbH, Pfungstadt, Germany) at 1 

nm spectral resolution, in 2 mm path length quartz cuvettes.  

The dyes content was measured with a Jasco V-550 UV-VIS Spectrophotometer (JASCO 

Deutschland GmbH, Pfungstadt, Germany) equipped with a double-beam photometer and a single 

monochromator, was used to record UV-VIS spectra in the 190–900 nm wavelength range with a 

spectral resolution of 1 nm. Quartz cells of 10 mm length were utilized for the blank solution 

(distilled H2O) and the samples. The dyes tested in this research were: crystal violet, tartrazine. 

Sample aliquots were collected both before and after performing the adsorption experiments, and 

the absorbance was measured at a 591 nm wavelength in the case of crystal violet, and at 421 nm 

for tartrazine. 

 

2.4.11. Dynamic Light Scattering (DLS) and Zeta Potential Analysis 

Particle size distribution (via Dynamic Light Scattering) and zeta-potential were measured 

in using the Zetasizer NanoZS90 (Malvern Panalytical Ltd, Malvern, UK). Analysis was performed 

at a scattering angle of 90 ° and a temperature of 22 °C. All experiments were performed in 

triplicate and the data are expressed as mean ± standard deviation (SD). 

 

2.4.12. Physico-Chemical Parameters 

Physico-chemical parameters of aqueous solutions (electrical conductivity—C, salinity, 

pH, oxidation-reduction potential—ORP, total dissolved solids—TDS) were measured with a 

Multi 350i multiparameter (WTW, Weilheim, Germany) (Ganea et al., 2020). 
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2.5. Batch Adsorption Experiments 

2.5.1. Adsorption Assays  

The batch sorption studies involved the preparation of stock solutions of different 

contaminant concentrations using ultrapure water produced with a Milli-Q (Millipore, Bedford, 

MA, USA). Two categories of pollutants were investigated in the current research: 

 Inorganic Contaminants: heavy metals (Cu2+, Zn2+, Mn2+, Pb2+, Cd2+, Cr3+, Ni2+, Fe3+) 

 Organic Contaminants: synthetic dyes (crystal violet, tartrazine) 

Adsorption experiments were completed at room temperature (25 °C) either in an HLC 

Heating-ThermoMixer MHR11 (DITABIS Digital Biomedical Imaging Systems AG, Pforzheim, 

Germany) or on magnetic stirring plates at a frequency of 600–700 rpm. Different parameters were 

analysed to study the effect on contaminant removal efficiency: initial contaminant concentration, 

interaction time and the pH of the contaminated solution (Table 1). The adsorbent materials were 

separated from the aqueous media magnetically (with a neodymium magnet) or via filtration (on 

Rotilabo folded filters, type 113 P, membrane Ø 150 mm, Macherey-Nagel GmbH, Dueren, 

Germany) or centrifugation (Loreena Centrifuge AFI-C300RF-E, SARL AFI Centrifuge, Château-

Gontier-sur-Mayenne, France). The contaminant content in the supernatant was determined by 

AAS or UV-VIS measurements. The removal efficiencies and sorption capacities of the newly 

synthesized materials were calculated based on the next equations: 

where: R is the adsorption efficiency (%), Ci and Cf are the initial and final CV concentrations (mg L−1), q 

is the sorption capacity (mg g−1), V is the volume of solution (L), and w is the amount of adsorbent (g). 

  

R (%) = 
Ci − Cf

Ci
×  100 

q (mg g-1) = 
(Ci − Cf) × V

w
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Table 1. Batch adsorption assays conditions (Ganea et al., 2020, Ganea et al., 2021, Ganea et al. 2022c)) 

Material 
Contaminant 

Tested 

Stock Solutions 

Concentrations 

Volume of 

Stock 

Solution 

Amount of 

Material Used 

Contact 

Time 

Material 

Separation 

Method 

MNP@PAAA-

NTA 
Cu, Zn, Mn 

2 different stock 

solutions/metal 

(40 and 100 mg L−1) 

40 mL 800 mg 24 h 
magnetic 

separation 

MNP@PAAA-

DA 
Cu, Zn, Mn 

6 different stock 

solutions/metal 

(10, 20, 40, 60, 80, 100 

mg L−1) 

25 mL 500 mg 24 h 
magnetic 

separation 

MNP@PAAA-

FA 
crystal violet 

38 different stock 

solutions 

(0.45–500 mg L−1) 

3 mL 10 mg 30 min 
magnetic 

separation 

ZD, 

ZT 
Fe 

5 different stock 

solutions/metal 

(5, 25, 50, 75, 100 mg 

L−1) 

70 mL 300 mg 240 min centrifugation 
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CHIT-PAAA Pb, Cd 

6 different stock 

solutions/metal 

(10, 20, 40, 60, 80, 100 

mg L−1) 

20 mL  400 mg 6 h filtration 

PAAA-CL-

XLD 
tartrazine 

23 different stock 

solutions 

(1–500 mg L−1) 

25 mL 500 mg 180 min filtration 

MMT-

PBAAA-DA 

Cu, Zn, Mn, Cd, 

Cr, Ni, Fe, Pb 

2 different stock 

solutions/metal 

(40 and 100 mg L−1) 

40 mL 800 mg 24 h filtration 

BPSD tartrazine 

3 different stock solutions 

(1 mg L−1, 10 mg L−1 and 

100 mg L−1) 

50 mL 1000 mg 90 min centrifugation 

WRCG crystal violet 

6 different stock solutions  

(0.5 mg L−1, 1 mg L−1, 10 

mg L−1, 100 mg L−1, 250 

mg L−1 and 500 mg L−1) 

30 mL 100 mg 180 min centrifugation 

WRSD crystal violet 

6 different stock solutions  

(0.5 mg L−1, 1 mg L−1, 10 

mg L−1, 100 mg L−1, 250 

mg L−1 and 500 mg L−1) 

30 mL 100 mg 180 min centrifugation 
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2.5.2. Adsorption Equilibrium Studies  

A suitable theoretical expression that predicts the amount adsorbed and the solution 

concentration at equilibrium as a function of the operating variables (such as temperature, initial 

contaminant concentration, and adsorbent mass), is necessary for multistage adsorption 

computations. In the current research, the sorption equilibrium studies were performed on each 

synthesized material according to the criteria presented in Table 2. Experimental data were fitted 

on both the linear and non-linear forms of different isotherm models (Langmuir, Freundlich, 

Temkin, Dubinin-Radushkevich and Khan) (Ganea et al., 2021). 

 

2.5.3. Adsorption kinetics 

In order to completely describe the contaminant sorption mechanism onto the prepared 

materials, it was imperative to investigate the adsorption kinetics. In the current study, kinetic 

experiments were conducted on each synthesized material in accordance with the criteria outlined 

in Table 3. The experimental data were analyzed using both the linear and non-linear forms of the 

kinetic models (Ganea et al., 2021; Ganea et al., 2022c). 

 

2.5.4. Material Recyclability Studies 

Desorption experiments were performed to check the reusability of materials. Between 7-

10 adsorption-desorption cycles were conducted in this regard on each material. Afterwards, the 

synthesized material was separated from the solution with an external magnetic, filtration or 

centrifugation. The materials were subsequently washed with 20 mL of 10% methanol solution of 

acetic acid and 5 mL absolute ethanol (in the case of dyes adsorption studies) and with 30 mL of 

0.1 M HNO3 solution and distilled water (for the heavy metals tests) (Ganea et al., 2021, Ganea et 

al., 2022c). 
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Table 2. Conditions used in the adsorption equilibrium studies performed (Ganea et al., 2021, Ganea et al. 2022c)) 

Material Contaminant 

Tested 

Stock Solutions 

Concentrations 

Volume 

of Stock 

Solution 

Amount of 

Material 

Used 

Contact 

Time 

Material 

Separation 

Method 

Isotherm Model 

Used 

MNP@PAAA-DA Cu, Zn, Mn 6 different stock solutions/metal 

(10, 20,40, 60,80, 100 mg L−1) 

25 mL 500 mg 24 h magnetic 

separation 

Langmuir 

Freundlich 

MNP@PAAA-FA crystal violet 38 different stock solutions 

(0.45–500 mg L−1) 

3 mL 10 mg 30 min magnetic 

separation 

Langmuir 

Freundlich 

Dubinin-Radushkevich 

Temkin 

CHIT-PAAA Pb, Cd 6 different stock solutions/metal 

(10, 20, 40, 60, 80, 100 mg L−1) 

40 mL 20 mg 24 h filtration Langmuir 

Freundlich 

Dubinin-Radushkevich 

Temkin 

Khan 

Redlich-Peterson 

Sips 

Toth 

Koble-Corrigan 

MMT-PBAAA-DA Pb 6 different stock solutions 

(10, 20, 40, 60, 80, 100 mg L−1) 

40 mL 800 mg 240 min filtration Langmuir 

Freundlich 
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Table 3. Parameters considered for the kinetic sorption assays Ganea et al., 2021, Ganea et al. 2022c) 

Material 
Contaminant 

Tested 

Stock Solutions 

Concentrations 

Volume of Stock 

Solution 

Amount of 

Material Used 

Contact 

Times 

Kinetic Model 

Used 

MNP@PAAA-

NTA 
Cu, Zn, Mn 40 mg L−1 60 mL 1.2 g 

10 min 

20 min 

40 min 

60 min 

90 min 

120 min 

180 min 

240 min 

300 min 

360 min 

480 min 

600 min 

pseudo-first-order 

model 

pseudo-second-order 

model 

MNP@PAAA-

DA 
Cu, Zn, Mn 25 mL 500 mg 25 mL 

15 min 

30 min 

45 min 

60 min 

90 min 

120 min 

150 min 

pseudo-first-order 

model 

pseudo-second-order 

model 
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180 min 

210 min 

240 min 

MNP@PAAA-

FA 
crystal violet 

0.50 mg L−1 

1 mg L−1 

10 mg L−1 

100 mg L−1 

250 mg L−1 

500 mg L−1 

30 mL 0.1 g 

5 min 

15 min 

30 min 

45 min 

60 min 

90 min 

120 min 

150 min 

180 min 

pseudo-first-order 

model 

pseudo-second-order 

model 

Weber-Morris intra-

particle diffusion 

model 

CHIT-PAAA Pb, Cd 

10 mg L−1 

20 mg L−1 

40 mg L−1 

60 mg L−1 

80 mg L−1 

100 mg L−1 

80 mL 0.04 g 

1 min 

5 min 

10 min 

20 min 

30 min 

45 min 

1 h 

3 h 

6 h 

9 h 

pseudo-first-order 

model 

pseudo-second-order 

model 

Weber-Morris intra-

particle diffusion 

model 
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12 h 

24 h 
Elovich model 

MMT-PBAAA-

DA 
Pb 

40 mg L−1 

100 mg L−1 
40 mL 800 mg 

10 min 

30 min 

60 min 

90 min 

120 min 

150 min 

180 min 

210 min 

240 min 

270 min 

300 min 

pseudo-first-order 

model 

pseudo-second-order 

model 

BPSD tartrazine 

3 different stock solutions 

(1 mg L−1, 10 mg L−1 and 

100 mg L−1) 

50 mL 1000 mg 

1 min 

10 min 

20 min 

30 min 

40 min 

50 min 

60 min 

90 min 

pseudo-first-order 

model 

pseudo-second-order 

model 
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WRCG crystal violet 

6 different stock solutions 

(0.5 mg L−1, 1 mg L−1, 10 

mg L−1, 100 mg L−1, 250 

mg L−1 and 500 mg L−1) 

30 mL 100 mg 

5 min 

15 min 

30 min 

45 min 

60 min 

90 min 

120 min 

150 min 

180 min 

pseudo-first-order 

model 

pseudo-second-order 

model 

WRSD crystal violet 

6 different stock solutions 

(0.5 mg L−1, 1 mg L−1, 10 

mg L−1, 100 mg L−1, 250 

mg L−1 and 500 mg L−1) 

30 mL 100 mg 

5 min 

15 min 

30 min 

45 min 

60 min 

90 min 

120 min 

150 min 

180 min 

pseudo-first-order 

model 

pseudo-second-order 

model 
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2.5.5. Real-Life Contaminated Water Sampling 

Several water samples were collected from two former mining areas in Romania (Roșia 

Montană and Novăț-Borșa) to test the adsorption efficiency of the synthesized materials on real-

life contaminated aqueous solutions (Figure 1). These two sites were chosen since they are 

considered among the most polluted areas in Romania, with groundwaters, surface waters and soils 

having high concentrations of heavy metals reported. The water samples were collected in two 

seasons (summer and winter 2020) and were stored in 2L sterile polyethylene terephthalate bottles 

and kept in the fridge at 4°C until metal analysis and adsorption experiments were performed. The 

map with the sampling points was developed using ArcGIS 10.6.1 (ESRI, Redlands, CA, USA) 

(Ganea et al., 2022c). 

 
(a) 

 
(b) 

Figure 1. Map of the real-life contaminated water samples collected: (a) Novăț-Borșa Mining 

Area, (b) Roșia Montană Mining Area. (Ganea et al., 2022c) 
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2.5.6. 3D Adsorption Modelling 

The 3D adsorption rate model is a representation that offers a comprehensive understanding 

of the adsorption process and the factors that affect the sorption capacities of materials (Roman et 

al., 2019). Contact time and initial contaminant concentration were identified as the primary 

parameters that influence the adsorption rates. The resolution of the 3D adsorption rate models was 

set as 1 mg L−1 (Ganea et al., 2021. 

 

2.5.7. Statistical Analysis 

Descriptive statistical analysis was performed using Origin v.2018 (OriginLab Corporation, 

Northampton, MA, USA). The least-square method and correlation coefficient (R2) analysis were 

employed to evaluate the results of all equilibrium and kinetic models used in this study (Ganea et 

al., 2021). Apart from the above, Anscombe’s quartet model was developed utilising Anaconda 

v.2–2.4.0 (numpy library) (Anaconda, Inc., Austin, TX, USA) and Python programming (Python 

v. 3.9.2, The Python Software Foundation, Beaverton, OR, USA).  

 

2.5.8. Artificial Neural Networks Modelling 

The adsorption process is challenging to model using only statistical approaches due to its 

high level of complexity. In the current study, three-layer ANNs (two inputs and one output) were 

constructed using The Neural Network Toolbox of MATLAB 9.5 (R2018b) mathematical software 

(MathWorks, Natick, MA, USA). These three layers were composed of two neurons in the input 

layer, which represented the initial contaminant concentration and the contact time, and one neuron 

in the output layer, which represented the amount of contaminant adsorbed. The algorithms used 

to learn the MLFFN comprised of 1000 iterations/material/contaminant and used linear transfer 

functions (purelin) and tangent sigmoid transfer functions (tan-sig). 80% of these data were used 

for training and 20% for testing/validating the algorithm (Ganea et al., 2022c). 
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

This chapter presents the detailed experimental results regarding the synthesis of the materials, 

their physicochemical characterization, and their performance in adsorption experiments aimed at 

removing pollutants, specifically heavy metals and organic dyes, from aqueous solutions. 

 

3.1. Materials’ Preparation and Characterization 

The preparation and characterization of materials are critical steps in understanding their 

potential applications, particularly in the context of water treatment and environmental 

remediation. In this sub-chapter, the synthesis and detailed characterization of the various materials 

developed for the adsorption of pollutants from aqueous solutions. The synthesized materials have 

distinct properties as demonstrated through the various characterization techniques applied. 

Moreover, all these methods present significant information regarding the successful preparation 

of the materials. In the following sub-chapters, each of the ten materials prepared will be described, 

characterized and assessed in relation with the contaminants’ adsorption performance. 

 

3.1.1. Magnetic Nanostructures MNP@PAAA-NTA, MNP@PAAA-DA and MNP@PAAA-FA 

 Brief Description 

All three magnetic nanostructures developed appear as fine dark brown powders (Figure 

2). The preparation procedures of MNP@PAAA-NTA, MNP@PAAA-DA and MNP@PAAA-

FA are characterized by the next steps:  

(i) synthesis of PBAAA by poly-Friedel-Crafts alkylation of p-hydroxymandelic acid 

(ii) synthesis of MNPs by co-precipitation method 

(iii) functionalization of PBAAA with NTA/DA/FA by opening the lactone rings in the polymer 

with the free amino groups 

(iv) adsorption reaction of PAAA-NTA/PAAA-DA/PAAA-FA on the surface of the MNPs 
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(a) (b) 

  

(c) (d) 

Figure 2. Appearance of PBAAA (a), MNP@PAAA-NTA (b), MNP@PAAA-DA (c) and 

MNP@PAAA-FA (d) 

 Infrared Spectroscopy (FTIR) 

A comparison of the infrared spectra of MNP, PBAAA, and MNP@PAAA-NTA is shown 

in Figure 3. It can be noticed that the magnetite (Fe3O4) absorption band at 580 cm−1 decreases in 

intensity in the spectrum of MNP@PAAA-NTA, highlighting the coating of MNPs with the 

polymer. The significant reduction of the bands located at 1734 cm−1 (carboxyl) and 1800 cm−1 

(lactone) in the spectra of MNP@PAAA-NTA in comparison to the precursor PBAAA suggests 

that the NTA molecule has been attached to the polymer chain through the formation of an amide 

I bond (NH-C=O). Additionally, the FTIR spectra of MNP@PAAA-NTA shows an increase in 

the strength of the absorption band at 1635 cm−1 attributed to the amide group or to the negatively 

charged carboxyl group (Ganea, 2018; Ganea et al., 2020; Ganea et al., 2022b).  
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The same pattern was observed in the case of MNP@PAAA-DA, where the decrease in 

the intensity of the carboxyl and C=O absorption bands is an indicator of the amide formation via 

the lactone ring opening and the attachment of DA to the polymeric chain of PBAAA (Ganea, 

2018; Ganea et al., 2022b). 

In the FTIR spectrum of MNP@PAAA-FA the absorption band specific to the Fe-O bond 

appears to be split at 585 cm−1 and 631 cm−1. The bands at 1608 cm−1 and 1646 cm−1 attributed 

to the N-H bending, N-C=O group and C=O bond (Amide I) are proof of the covalent attachment 

of FA to the polymeric chain. The aromatic hydrocarbons, which are abundant in the functionalised 

polymer’s structure, exhibit absorption bands in the regions of 1400–1500 cm−1 and 1585–1610 

cm−1 as a result of the C-C stretching vibrations present in the aromatic ring. The absorption band 

at 1297 cm−1 is associated with the C-O stretching bond, the one at 1187 cm−1 with the C-N bond, 

while the ones between 3147-3300 cm−1 can be attributed to the O-H, N-H and C-H stretching 

vibrations in the aromatic ring (Ganea et al., 2021). 

 

Figure 3. FTIR spectra of MNP (blue line), PBAAA (black line) and MNP@PAAA-NTA (red 

line) measured between 400-4000 cm−1 (Ganea, 2018; Ganea et al., 2020; Ganea et al., 2022b) 

 Miscroscopic Analysis 

The magnetic nanostructures formed by the adsorption of PBAAA on the surface of the 

MNPs exhibit a core-shell architecture, with magnetite constituting the magnetic core and the 

functionalized PBAAA creating the organic shell. The magnetic nanostructures MNP@PAAA-

NTA exhibit a relatively spherical morphology, with an average particle size of approximately 12-

15 nm for MNPs, 16–22.2 nm for MNP@PAAA-NTA and MNP@PAAA-DA, and 20-27 nm for 
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MNP@PAAA-FA as depicted in Figures 4 and 5 (Ganea, 2018; Ganea et al., 2020; Ganea et al., 

2021; Ganea et al., 2022b). 

 
Figure 4. TEM images of MNP (a), MNP@PBAAA (b), MNP@PAAA-NTA (c), and 

MNP@PAAA-DA (d) measured at an acceleration voltage of 200 kV using a 10 µl drop of a 

sample suspension dried on a copper grid and coated with a thin carbon film (Ganea, 2018; 

Ganea et al., 2020; Ganea et al., 2022b) 

 

Figure 5. TEM images of MNP (a) and MNP@PAAA-FA (b) measured at an acceleration 

voltage of 200 kV using a 10 µl drop of a sample suspension dried on a copper grid and coated 

with a thin carbon film (Ganea et al., 2021) 

d) 
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 Magnetization Measurements 

The saturation magnetization of MNP, MNP@PAAA-NTA, MNP@PAAA-DA and 

MNP@PAAA-FA was assessed to evaluate its suitability for magnetic separation (Figure 6). The 

decrease from 84 emu g−1 for MNP to 61 emu g−1 for MNP@PAAA-NTA and 67 emu g−1 for 

MNP@PAAA-DA is attributed to the addition of the functionalized polymer shell on the magnetite 

surface. In the case of MNP@PAAA-FA, the shape of the curve shows that the novel material 

exhibits a decrease in the saturation magnetization (to 58.70 emu g−1) as a result of loading MNPs 

with the PAAA-FA coating, which increases the non-magnetic portion of the resultant 

nanomaterial (Figure 7). (Ganea, 2018; Ganea et al., 2020; Ganea et al., 2021; Ganea et al., 2022b). 

 

Figure 6. Magnetization vs. applied magnetic field for MNP (black line), MNP@PAAA-NTA 

(red line) and MNP@PAAA-DA (blue line) measured at room temperature (Ganea, 2018; 

Ganea et al., 2020; Ganea et al., 2022b) 

 

Figure 7. Magnetization vs. applied magnetic field for MNP (black line) and MNP@PAAA-FA 

(red line) measured at room temperature (Ganea et al., 2021) 
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3.1.2. Polymeric Nanostructures ZD and ZT 

 Brief Description 

Zein, the primary protein in corn endosperm, is abundant in proline and glutamine which 

contribute to its distinctive solubility profile. This is attributed to the amino acid sequence that 

contains more than half of the nonpolar units, such as proline, leucine, alanine, phenylalanine, 

isoleucine, valine, etc. In addition to its capacity to self-assemble into nanoparticles and its strong 

hydrophobic nature, zein is also biocompatible and biodegradable, being regarded as safe for 

human ingestion (Kacsó et al., 2018). Due to these characteristics, zein was successfully exploited 

in the development of novel polymeric nanostructures. These nanostructures have the aspect of a 

milky ivory solution as presented in Figure 8. The size, charge and functional groups of these new 

polymeric nanostructures recommend them for use in uptaking contaminants from wastewaters. 

 
(a) 

 
(b) 

Figure 8. Images from the synthesis procedure of ZD and ZT nanoparticles (a) and their aspect 

after the completion of the preparation protocol (b) 
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 Infrared Spectroscopy (FTIR) 

The FTIR spectra of the two types of nanoparticles ZD and ZT developed and their 

constituents, zein, DMAB and Tween 80. The zein spectrum includes the signals from the 

polysaccharides in gluten at 1061 cm−1 and 1130 cm−1, the C=O stretching vibrations of the amide 

I band at 1651 cm−1, the N-H bending vibration and C-N stretching vibration of the amide II band 

at 1235 cm−1 and 1530 cm−1, and the O-H stretching band from carboxyl at 2930 cm−1 and 3360 

cm−1. The DMAB surfactant spectrum includes the bands typical for the C-N stretching vibration 

at 1100 cm−1 and the symmetric and asymmetric stretching and deformation vibrations of 

methylene at 1465 cm−1 and 2860 - 2918 cm−1, respectively. Tween 80 spectrum presents the 

asymmetric C-O stretching vibration band at 1065 cm−1, the H-O-H bending band at 1637 cm−1, 

the C=O stretching band 1731 cm−1, and the CH2 and O-H stretching vibrations bands at 2934 

cm−1, and 3460 cm−1, respectively. The FTIR spectra of the zein-based nanoparticles include 

signals both from zein and the surfactants used in the synthesis (sometimes with slight position 

shifts), demonstrating the successful completion of the preparation procedure.  

 

 Microscopic Analysis (TEM, SEM) 

The TEM analysis on the two types of zein-based nanoparticles revealed their spherical 

shape, with a similar size range (50-300 nm). ZD have a higher mean diameter than ZT (153 nm 

compared to 127 nm). SEM investigation showed that the zein has a relatively smooth surface, 

whereas ZD nanoparticles have pronounced cavities and ZT nanoparticles resemble a tree root 

network.  

 

3.1.3. Modified Chitosan CHIT-PAAA 

 Brief Description 

The current research also investigated the potential to obtain a novel eco-friendly material, 

insoluble in water and readily separable by filtration, via an uncatalyzed process involving the 

cleavage of the lactone rings in the PBAAA polymer chain with the free amino groups of the 

chitosan. The copolymerization process yield for the CHIT-PAAA copolymer was 83%, while the 

grafting yield was 140%. The novel copolymer has the aspect of a granulated magenta powder and 

includes in his chemical structure carboxyl, lactones, phenols and amino groups able to bind 
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pollutant molecules from the environment (Figure 9) (Ganea, 2018; Ganea et al., 2022a; Ganea et 

al., 2022c). 

 

Figure 9. Aspect of the newly synthesized CHIT-PAAA copolymer 

 

 Solid State Nuclear Magnetic Resonance Spectroscopy (ss-NMR) 

The NMR spectra were recorded in solid state, specifically as 13C ss-NMR and 15N ss-NMR 

spectra, due to the fact that CHIT-PAAA is solid and insoluble in water or organic solvents. As 

illustrated in Figure 10, the 15N ss-NMR spectrum of chitosan contains only one signal, while the 

final copolymer's spectrum contains two nitrogen atom signals. The peak at −374.4 ppm in the 

copolymer’s spectrum belongs to the -NH2 group of the chitosan chain, whereas the wide weaker 

peak at −259.5 ppm is ascribed to the newly formed amide bond (-NH-C=O), which emerges after 

the covalent attachment of chitosan to PBAAA through the opening of the lactone ring.(Ganea et 

al., 2022c) 
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Figure 10. The 15N ss-NMR spectra of the CHIT (red line) and CHIT-PAAA (blue line) 

(Ganea et al., 2022c) 

The 13C ss-NMR spectrum of the final copolymer exhibited substantial modifications in 

comparison to the initial materials (Figure 11). The attachment of chitosan to the PBAAA chain 

results in the absence of peaks about 50 ppm in the 13C ss-NMR spectra of copolymer CHIT-

PAAA, which are characteristic to the –CH in the lactone units from the 13C ss-NMR spectra of 

PBAAA (Ganea et al., 2022c).  

 

Figure 11. 13C ss-NMR spectra of PBAAA (black), CHIT (dark red) and CHIT-PAAA 

(blue). The asterisk indicates a sideband (Ganea et al., 2022c) 
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 Microscopic Analysis (SEM) 

Figure 12 illustrates the significant morphological changes appearing after the 

modification of CHIT with PBAAA: the copolymer has the aspect of cauliflower-like aggregates, 

whereas its constituents have an arboreal structure (PBAAA) or a uniformly folded surface 

(CHIT). Thus, the rough, uneven surface of CHIT-PAAA with numerous apertures, recommends 

it for applications as adsorbent material (Ganea, 2018; Ganea et al., 2022a; Ganea et al., 2022c). 

 

Figure 12. SEM images of PBAAA (a), CHIT (b) and PAAA-CHIT (c) measured at an 

acceleration voltage of 15-30 kV using a 10 µl drop of a sample suspension dried on a copper 

grid and coated with a thin carbon film (Ganea, 2018; Ganea et al., 2022a; Ganea et al., 2022c) 

 

3.1.4. Crosslinked Poly(benzofurane-co-arylacetic acid) PAAA-CL-XLD 

 Brief Description 

The presence of the lactone, carboxyl and hydroxy phenolic moieties in PBAAA facilitates 

extensive opportunities for derivatisation, including cross-linking with bifunctional reagents such 

as XLD. PBAAA can undergo crosslinking through the amide formation of the carboxyl and 

(b) (a) 

(c) 
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lactone groups. The lactone group is the more reactive moiety and is already ring-opened. The 

carboxyl function can also generate amides under reflux, although being less reactive. Therefore, 

PBAAA chains can cross-link between two lactone rings, two carboxyl groups, or a lactone ring 

and a carboxyl group. The amide moieties that result are identical regardless of the functional 

groups from which they are generated (Nan et al., 2024). The resulting material PAAA-CL-XLD 

has the aspect of a dusty-pink color solid powder (Figure 13). Three sub-samples were prepared 

by varying the mass ratio between the polymer and the crosslinking agent as presented in Table 4. 

 

Figure 13. Aspect of the newly synthesized polymer PAAA-CL-XLD  

Table 4. PAAA-CL-XLD samples prepared 

Sample PBAAA : XLD Ratio 

PAAA-CL_XLD_1 2 : 1 

PAAA-CL-XLD_2 1 : 1 

PAAA-CL-XLD_3 1 : 2 

 

 Solid State Nuclear Magnetic Resonance Spectroscopy (ss-NMR) 

Figure 14 illustrates the 13C ss-NMR spectrum of PAAA-CL-XLD, which exhibits a signal 

at 44 ppm associated with the carbon atom of -CH2-Ph- from the crosslinking agent XLD. 

Additionally, a decrease was noticed in the signal ascribed to the carbon -CH- atoms from the 

lactone ring of the polymer chain, appearing only as a shoulder at 50 ppm in the PAAA-CL-XLD 

spectrum. The 110–180 ppm region is characterized by the signals of the carbon atoms in the 

benzene rings, carboxylic and ester atoms, and the newly formed amide groups. It is important to 

note that the signal at 111 ppm, characteristic for benzofuranone, decreased, while the strength of 

the signal increased at 116 ppm (Nan et al., 2024). 
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Figure 14. The 13C ss-NMR spectra of PBAAA (red line) and PAAA-CL-XLD (dark blue 

line). * indicates the sidebands (Nan et al., 2024) 

The 15N ss-NMR spectrum of XLD exhibited a signal at -370 ppm, which was significantly 

wider than the peak observed in the spectrum of PAAA-CL-XLD (Figure 15). Furthermore, this 

signal was moved to lower levels at −342 ppm (Nan et al., 2024). 

 

Figure 15. The 15N ss-NMR spectra of XLD (red line) and PAAA-CL-XLD (dark blue line) 

(Nan et al., 2024) 
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3.1.5. Modified Montmorillonite MMT-PBAAA-DA 

 Brief Description 

The thermal polycondensation of p-hydroxymandelic acid was conducted as part of our 

initiative to create novel polymers that contain many functional groups. The process of modifying 

montmorillonite MMT with PBAAA functionalized with dopamine involved three steps: the 

synthesis of the PBAAA polymer via the Friedel-Crafts alkylation, the chelating reaction of 

PBAAA on MMT; and the covalent linkage of DA on the PBAAA chain (Ganea, 2018; Ganea et 

al., 2023a; Ganea et al., 2023b). The mineral-based polymer has the aspect of a dark pink powder 

as shown in Figure 16. 

 

Figure 16. Appearance of the new mineral-based material MMT-PBAAA-DA 

 

 Thermogravimetric Analysis (TGA) 

Figure 17 displays the TGA thermograms of MMT, PBAAA, and MMT-PBAAA-DA 

measured from ambient temperature to 800 °C. The elimination of interlayer water between the 

silicate sheets of MMT counts for the 6% mass loss observed from around 40-122 °C. The 

interlayer cation influences both the total quantity of water discharged and the process's 

temperature. The loss of structural water due to the dehydroxylation of the MMT layers causes a 

4% weight loss between 200-800 °C. The TGA curve of the novel material MMT-PBAAA-DA 

exhibits a cumulative weight reduction of 21% in two phases: the first one between 40-90 °C (6% 

weight loss) and the second one from 350 °C to 800 °C (15% weight loss). This last value is 11% 

greater than MMT, serving as evidence for the PBAAA-DA coating (Ganea, 2018; Ganea et al., 

2023a; Ganea et al., 2023b). 
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Figure 17. TGA analysis of MMT (black line), PBAAA (blue line) and MMT-PBAAA-DA 

(red line) performed in air from 30 °C to 800 °C with a heating rate of 10 °C min−1 (Ganea, 2018; 

Ganea et al., 2023a; Ganea et al., 2023b) 

3.1.6. Composite Based on Banana Peel and Stone Dust (BPSD) 

 Brief Description 

This composite material promotes sustainability and circular economy since is prepared by 

combining two types of wastes widely spread in the environment as a result of the activities in the 

extractive and construction materials processing industry (stone dust) and food/daily consumption 

(banana peels). This material has the aspect of brown-coloured friable aggregates as presented in 

Figure 18. Due to its porous structure and the chemical properties of its components, this material 

has the ability to adsorb and retain various pollutants such as heavy metals or persistent organic 

compounds from the environment (Ganea & Nan, 2023b).  

 

Figure 18. Appearance of the stone dust SD (left) constituent and the synthesized composite 

BPSD (right) (Ganea & Nan, 2023b) 
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 Microscopic Analysis (SEM-EDX) 

The EDX elemental distribution of stone dust emphasizes the presence of K, Si, Al in a 

high proportion, Fe and O in a lower proportion, whereas the carbon atom is in a negligible amount 

(Figure 19). On the other hand, the elemental distribution of the resulting material BPSD indicates 

a larger proportion of the carbon atom. This distribution is mainly due to the complex mineralogical 

structure of the stone dust. 

Stone Dust BPSD Composite 
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Figure 19. EDX mapping of stone dust SD (left column) and the BPSD waste-based composite 

(right column) (Ganea & Nan, 2023b) 

 

3.1.7. Composite Based on Watermelon Rind and Coffee Grounds (WRCG) 

 Brief Description 

The sustainable composite WRCG was obtained by thermally treating the mixture of two 
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organic wastes (watermelon rind WR and coffee grounds CG) generated in large quantities from 

daily household consumption activities or from the food and HoReCa industry. The porous 

watermelon rinds are rich in organic compounds such as pectin, cellulose, proteins, carotenoids 

and citrulline, whereas coffee grounds contain numerous amino acids, polyphenols and 

polysaccharides in the structure. The heat treatment of the watermelon rinds and the coffee grounds 

used to obtain the new composite facilitated the activation of functional groups that promote the 

binding of contaminants from wastewater. The resulting material WRCG consists of small, porous, 

friable, brown coloured aggregates (Figure 20) (Ganea & Nan, 2024). 

 

Figure 20. Appearance of the WRCG composite (Ganea & Nan, 2024) 

 

 Microscopic Analysis (SEM-EDX) 

The EDX spectra of the watermelon rinds WR, coffee grounds CG and the resulting 

composites WRCG 1:1 and WRCG 4:1 can be seen in Figure 21. WRCG 1:1 composite includes 

in its structure C and O in a large proportion (68.8% and 30.3%, respectively) and K, Ca, Mg, Cu, 

Zn in smaller amounts (0.1-0.5%). In contrast, the elemental distribution of WRCG 4:1 composite 

shows a slightly higher input of the C atom (73.4%) and lower proportions of the other elements 

(O - 26.2%, K - 0.2%, Cu - 0.1%, Mg - 0.1%) (Ganea & Nan, 2024). 
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Figure 21. EDX spectra of WR (a), CG (b) and the waste-based composites WRCG 1:1 (c) and 

WRCG 4:1 (d) (Ganea & Nan, 2024) 

 

3.1.8. Composite Based on Watermelon Rind and Stone Dust (WRSD) 

 Brief Description 

WRSD is an environmentally-friendly composite obtained by combining stone dust SD (an 

inorganic waste generated in the extractive and construction materials industry) and watermelon 

rinds WR (organic waste resulting from daily consumption and food sector). The material has the 

aspect of brown and grey aggregates as presented in Figure 22. 

 

Figure 22. The appearance of WRSD waste-based composite 
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 Microscopic Analysis (SEM-EDX) 

The EDX spectra indicate that WRSD 1:1 composite includes in its structure O in a high 

proportion (51.6%) and C in a lower amount (31%) (Figure 26). In contrast, WRSD 4:1 composite 

has C in a higher content (47.8%) and less O (42%), reflecting the different compositions used in 

their synthesis. The composites contain also other elements in lower proportions such as: Si (8.5% 

in the case of WRSD 1:1 and 5.2% in WRSD 4:1), Al (3.2% in WRSD 1:1 and 1.8% in WRSD 

4:1), Na (1.6% in WRSD 1:1 and 0.9% in WRSD 4:1), Fe (1.3% in WRSD 1:1 and 0.6% in 

WRSD 4:1), Mg (1.1% in WRSD 1:1 and 0.7% in WRSD 4:1). 

 

Figure 23. The EDX spectra of WR (a), SD (b) and the waste-based composites WRSD 1:1 (c) 

and WRSD 4:1 (d) 

 

3.2. Batch Adsorption Experiments  

This sub-chapter presents the results of the adsorption tests conducted on the four categories 

of materials previously synthesized and characterized.  
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3.2.1. Experiments on Stock Solutions  

3.2.1.1. Magnetic Nanostructures MNP@PAAA-NTA 

The following results of the batch adsorption experiments on MNP@PAAA-NTA have 

been previously published in the scientific literature (Ganea et al., 2021). MNP@PAAA-NTA's 

removal efficiency and sorption capacity were examined in relation to two distinct beginning heavy 

metal concentrations (40 mg L−1 and 100 mg L−1). Figure 24a illustrates the adsorption efficiency 

for Cu (pH = 4.24), Zn (pH = 4.77) and Mn (pH = 4.83) stock solutions. At higher metal 

concentrations, the removal efficiency displays a decreasing trend: Cu (5.00% at 40 mg L−1 and 

0.16% at 100 mg L−1), Zn (40.22% at 40 mg L−1 and 1.17% at 100 mg L−1), and Mn (2.18% at 40 

mg L−1 and 1.34% at 100 mg L−1). The sorption capacity of MNP@PAAA-NTA determined in the 

batch studies on stock solutions are displayed in Figure 24b, emphasising the following metal 

affinity: Zn > Mn > Cu. The sorption capacity tendency exhibits a similar decrease as the initial 

concentrations increase:Cu (0.11 mg g−1 at 40 mg L−1 and 0.01 mg g−1 at 100 mg L−1) and Zn (0.81 

mg g−1 at 40 mg L−1 and 0.06 mg g−1 at 100 mg L−1). Conversely, the adsorption capacity of 

MNP@PAAA-NTA for Mn experienced a slight increase from 0.04 mg g−1 at 40 mg L−1 to 0.07 

mg g−1 at 100 mg L−1. It is anticipated that the relatively low removal efficiencies and sorption 

capacities, can be enhanced by reducing the pH and utilizing a higher dosage of the sorbent 

MNP@PAAA-NTA.  

  

(a) (b) 

Figure 24. The effect of initial metal concentration on (a) the adsorption efficiency and (b) 

sorption capacity of MNP@PAAA-NTA. (Ganea et al., 2020).  
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3.2.1.2. Magnetic Nanostructures MNP@PAAA-DA 

MNP@PAAA-DA magnetic nanostructures were tested for the adsorption of Cu, Mn and 

Zn at different concentrations in stock solutions. Overall, the efficiency of MNP@PAAA-DA was 

relatively low, except at 40 mg L−1 when it reached the maximum of 62.26% (Figure 25). As it 

can be seen in, at low and medium concentrations (10−60 mg L−1), the newly synthesized material 

presented higher removal efficiencies and sorption capacities for Cu (14.75−62.26% and 0.11−2.04 

mg g−1) as compared to the other metals investigated (1.74−28.09% and 0.014–0.032 mg g−1 for 

Mn; 1.77−20.89% and 0.01−0.14 mg g−1 for Zn). However, at higher concentrations (80 mg L−1 

and 100 mg L−1), the magnetic nanostructures registered a slightly better adsorption efficiency and 

sorption capacity for Mn (24.90−28.09 mg L−1 and 1−1.4 mg g−1, respectively). 

  

Cu 

(a) (d) 

  
Mn 

(b) (e) 
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Zn 

(c) (f) 

Figure 25. The effect of contact time on the Cu, Mn and Zn removal efficiency (a–c) and 

sorption capacity (d–f) of MNP@PAAA-DA 

3.2.1.3. Magnetic Nanostructures MNP@PAAA-FA 

The following results regarding the adsorption experiments on these new magnetic 

nanostructures were previously reported in the literature (Ganea et al., 2021). The adsorption 

capacity/removal efficacy of MNP@PAAA-FA was examined in relation to the initial crystal 

violet concentrations (Figure 26). The initial dye concentrations from 0.45–500 mg L−1 resulted in 

extremely high removal efficiencies (82.29%–92.44%). However, these efficiencies experienced a 

linear decline to 38.91% at 200 mg L−1 and were approaching the saturation limit at 500 mg L−1 

(12.11%).  
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Figure 26. Effect of initial CV concentrations (0.45–500 mg L−1) on the removal efficiency (a) 

and adsorption capacity (b) of MNP@PAAA-FA determined by UV-VIS spectroscopy at a 

spectral resolution of 1 nm and 591 nm wavelength (Ganea et al., 2021). 

The reusability of MNP@PAAA-FA was also investigated. Figure 27 illustrates the 

exceptional CV adsorption efficiency of MNP@PAAA-FA upon completion of 10 cycles of 

adsorption-desorption. The removal efficiency experienced a gradual decline from 100% to 

97.63% during the initial five cycles, ultimately settling at a minimum of 88.74% following the 

tenth regeneration stage. 

 

Figure 27. Reusability of MNP@PAAA-FA after conducting 10 cycles of adsorption-desorption 

(Ganea et al., 2021). 

3.2.1.4. Polymeric Nanostructures ZD and ZT 

 

Preliminary metal adsorption studies were conducted on ZD, ZT and zein. Other 

investigations are undergoing in order to completely characterize the sorption behaviour of these 
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polymeric nanostructures for heavy metals. As it can be noticed in Figure 28, zein had the highest 

adsorption efficiencies (90% and 35%, respectively) at 5 and 25 mg L−1 Fe, while at 50 mg−1 Fe 

ZT and zein performed the best, reaching an efficiency of 50%. ZT recorded Fe retention 

efficiencies of over 60% at concentrations of 75 and 100 mg−1 Fe, while ZD had 40% efficiency.  

 

(a) 

 

(b) 
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(c) 

Figure 28. Effect of contact time on the Fe removal efficiency of zein (a) and ZD (b) and ZT (c) 

nanostructures 

3.2.1.5. Modified Chitosan CHIT-PAAA 

The next results on the adsorption experiments performed with CHIT-PAAA were 

previously reported in the scientific literature (Ganea et al., 2022c). The initial phase of the 

experiments on stock solutions involved the impact examination of the contact time and the initial 

concentrations of Pb and Cd on the adsorption efficiency/sorption capacity of CHIT-PAAA. Pb 

demonstrated extremely high removal efficiency (90.63–96.07%) over a range of metal 

concentrations between 10 and 60 mg L−1, as shown in Figure 29a. However, a declining trend 

(76.71–84.60%) is observed at high values (80–100 mg L−1). Cd exhibited superior adsorption 

efficiencies (62.20%–68.60%) at lower concentrations compared to those achieved at higher 

values. As anticipated, the sorption capacity increased in proportionally with the metal 

concentration, with maximum values of 153.42 mg g−1 and 102.26 mg g−1 for Pb and Cd at 100 mg 

L−1, respectively (Figure 29b). 
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Figure 29. Removal efficiency (a) and sorption capacity (b) of CHIT-PAAA on Pb and Cd stock 

solutions (Ganea et al., 2022c) 

The impact of contact time on the development of Pb and Cd adsorption onto CHIT-PAAA 

is depicted in Figure 30. Fast adsorption was observed in the initial hour of interaction with the 

novel material for both metals that were examined. After 45 minutes of contact time for Pb and 60 

minutes for Cd, the maximum adsorption efficiency was recorded, and equilibrium was then 

achieved.  

  

Pb 

(a) (c) 
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Cd 

(b) (d) 

Figure 30. The effect of contact time on Pb and Cd removal efficiencies (a,b) and sorption 

capacities (c,d) of CHIT-PAAA (Ganea et al., 2022c). 

Figure 31 displays the ANN architectures created for the adsorption models of both Pb and 

Cd onto CHIT-PAAA. The Levenberg–Marquardt algorithm was identified as the best appropriate 

method for modelling the adsorption processes of both metals. The algorithm selection was 

determined by identifying the highest R² values and the lowest MSEs (R² = 0.999 and MSE = 8.88 

x 10⁻² for Pb, R² = 0.999 and MSE = 7.89 x 10⁻² for Cd). It was determined that the optimal number 

of concealed neurones was 5 for Pb sorption and 6 in the case of Cd sorption. The anticipated ANN 

outcomes closely aligned with the experimental data, indicating a strong fit and a low MSE. 

  
(a) (b) 

Figure 31. ANN architectures for Pb (a) and Cd (b) adsorption modelling onto CHIT-PAAA 

(Ganea et al., 2022c) 
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3.2.1.6. Crosslinked Poly(benzofurane-co-arylacetic acid) PAAA-CL-XLD 

Preliminary sorption studies have been performed on the adsorption of tartrazine from stock 

solutions with PAAA-CL-XLD, however additional experiments are ongoing in order to establish 

the complete adsorption mechanism of this new material, especially by including the data also for 

PAAA-CL-XLD_1. The analysis on the data presented in Figures 32 and 33 indicates that the 

adsorption efficiencies and capacities are higher for PAAA-CL-XLD_2 than for PAAA-CL-

XLD_3, most likely due to the inverse proportionality relationship between the particle size of the 

material and the specific surface area available to retain contaminants. In general, it can be noticed 

that at concentrations above 300 mg L−1, the adsorption efficiency starts to decrease significantly. 

Also, it can be observed that no significant influence of contact time on dye adsorption is 

highlighted between 0.5–10 mg L−1. However, for both materials, a gradual improvement in the 

tartrazine adsorption efficiency and sorption capacity is evidenced after increasing contact time at 

concentrations above 100 mg L−1. 

 

Figure 32. Effect of contact time on tartrazine removal efficiency (a) and sorption capacity (b) of 

PAAA-CL-XLD_2 
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Figure 33. Effect of contact time on tartrazine removal efficiency (a) and sorption capacity (b) of 

PAAA-CL-XLD_3 

 

3.2.1.7. Modified Montmorillonite MMT-PBAAA-DA 

The following findings regarding the adsorption experiments performed on MMT-

PBAAA-DA were previously published in (Ganea et al., 2023a). Figure 34 demonstrates that 

MMT-PBAAA-DA had remarkable efficacy in eliminating heavy metals from aqueous solutions. 

The new material exhibited high adsorption efficiencies for Cu, Pb, Cr, and Cd (90–100%) and 

intermediate efficiency for Mn, Ni, Zn, and Fe (69–87%). The best results were achieved for Pb 

(99.36% at 40 mg L−1 and 98.63% at 100 mg L−1), whereas the minimal removal percentages were 

seen for Fe (69.94% at 40 mg L−1 and 64.83% at 100 mg L−1). This fact is further emphasized by 

the values obtained for the sorption capacities. Consequently, the affinity of MMT-PBAAA-DA 

for heavy metals may be ranked as follows: Pb > Cr > Cd > Cu > Zn > Ni > Mn > Fe. 
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Ci = 40 mg L−1 

(a) (b) 

  
Ci = 100 mg L−1 

(c) (d) 

Figure 34. MMT-PBAAA-DA adsorption efficiency (a,c) and sorption capacity (b,d) at         40 

mg L−1 and 100 mg L−1 concentration of heavy metals. (Ganea et al., 2023a) 

Pb was selected for further equilibrium and kinetic experiments due to its superior 

adsorption efficiency on stock solutions. The Pb adsorption mechanism onto MMT-PBAAA-DA 

conformed well to both the Langmuir and Freundlich models. The adjusted correlation coefficient 

(Adj. R2) and the difference between the estimated (qe) and experimental (qe1, qe2) quantities of Pb 

adsorbed indicate that the pseudo-first-order kinetic model inadequately represents the adsorption 

process. Conversely, the pseudo-second-order kinetics more accurately aligns with the Pb sorption 

experimental data, emphasizing a direct connection between the site occupancy rate and the square 

of the number of free sites. 
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3.2.1.8. Composite Based on Banana Peel and Stone Dust (BPSD) 

Preliminary tartrazine adsorption experiments were conducted on BPSD composite. 

However, additional tests are ongoing to completely characterize the sorption behaviour of this 

new material. Based on the preliminary adsorption tests carried out so far, it is observed that the 

adsorption efficiency and sorption capacity increase with the growth in the initial tartrazine 

concentration for both materials investigated (the simple stone dust SD and the new composite 

BPSD) (Figures 35 and 36). However, the organic food waste composite material BPSD recorded 

a better removal efficiency than stone dust, achieving to adsorb up to three times the amount of 

tartrazine compared to its primary constituent SD.  

 
(a) 

 

(b) 

Figure 35. Effect of contact time on the tartrazine removal efficiency (a) and sorption capacity 

(b) of stone dust 
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Figure 36. Effect of contact time on the tartrazine removal efficiency (a) and sorption capacity 

(b) of the newly synthesized composite BPSD 

The lowest adsorption efficiencies were observed at a 1 mg L−1 concentration of tartrazine 

(16–18% for the banana peel-based composite and 5.7–6.5% for stone dust). At the initial 

concentration of 10 mg L−1 tartrazine, the BPSD composite had an adsorption efficiency three 

times higher than that of SD (73.4–76.7% for the food waste material compared to 25.6–29.3% for 

the dust). In contrast, at 100 mg L−1 tartrazine, the difference is almost double, with the composite 

registering an adsorption efficiency of 99.53% compared to stone dust, which retained only 49.06% 

of the dye present in solution. The influence of contact time on the tartrazine adsorption efficiency 

and sorption capacity of BPSD and SD revealed no significant variations, with the maximum peak 

efficiency attained after only 10–20 min, indicating a very fast retention rate of the examined dye. 

 
(a) 

 
(b) 
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3.2.1.9. Composites Based on Watermelon Rind, Coffee Grounds (WRCG) and Stone Dust 

(WRSD) 

The watermelon-based composites WRCG and WRSD were the last ones to be 

synthesised, therefore only preliminary adsorption tests were performed so far. Additional ongoing 

laboratory experiments will soon provide a more comprehensive view on the crystal violet sorption 

mechanism of these waste-based composites. From the preliminary adsorption tests performed, it 

was observed that the sorption efficiency and capacity increase with the increment in the initial 

crystal violet concentration for both investigated composite materials (Figures 37 and 38). 

Overall, the composite material based on organic food residues WRCG has higher adsorption 

efficiencies than the one with the inorganic stone dust waste WRSD. Both composites recorded 

maximum sorption efficiencies (100% efficiency) at low concentrations of 0.5 mg L−1, 1 mg L−1, 

and 10 mg L−1 of crystal violet. The smallest values of the removal efficiencies were observed at 

500 mg L−1 concentration of crystal violet (WRCG having between 33.3–91.04% efficacy and 

WRSD between 8.8–33%). The adsorption capacity of the composite materials ranged from 0.150-

135.6 mg g−1 in the case of WRCG and from 0.150-50.2 mg g−1 for WRSD. It is noteworthy that 

after 90 minutes of contact, no significant changes in the adsorption efficiency of WRCG are 

observed. On the other hand, in the case of WRSD an upward trend is observed even after 180 

minutes of contact. Thus, it can be stated that both composite materials can be successfully applied 

in crystal violet decontamination at low concentrations (< 10 mg L−1), recording maximum 

adsorption efficiencies very quickly, after only 5 minutes of contact. 

 

(a) 
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(b) 

Figure 37. The effect of contact time on the crystal violet removal efficiency (a) and sorption 

capacity (b) of WRCG composite 

 
(a) 

 
(b) 

Figure 38. The effect of contact time on the crystal violet removal efficiency (a) and sorption 

capacity (b) of WRSD composite 
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3.2.2. Adsorption Experiments on Real-Life Water Samples Collected 

3.2.2.1. Magnetic Nanostructures MNP@PAAA-NTA 

Figure 39 displays the results of the synthesized material MNP@PAAA-NTA efficiency 

in removing different heavy metals from P1 and P2 water samples collected from Roșia Montană 

area. It can be noticed that for P1 water sample (pH – 2.80), MNP@PAAA-NTA had good 

selectivity for Pb (60.99%), Cd (66.87%), Ni (29.29%), Fe (27.43%) and Cu (20.73%). On the 

other hand, all removal efficiencies were higher in the case of P2 water sample (pH – 2.52). Here, 

MNP@PAAA-NTA had high to very high efficiencies for Cr (100%), Cd (100%), Cu (98.36%), 

Fe (89.69%) and Sr (86.71%), but also for Mn (72.72%), Co (60.58%), Zn (51.84%), Al (31.35%) 

and Ni (26.68%). This demonstrates a better adsorption if the concentrations of metal ions that 

interfere in the sample are lower (Ganea et al., 2020). 

 

Figure 39. Adsorption efficiency of MNP@PAAA-NTA after performing tests on Roșia water 

samples were measured in 4 replicates (Ganea et al., 2020).  

Comparing the content of heavy metals with the maximum permissible limits (MPL) of the 

Vth class of quality for surface waters (Romanian Ministerial Order 161/2006) – MPL-SW, it can 

be stated that both water samples exceed the allowed values in the case of Zn (8.300 mg L-1 for P1 

and 2.431 mg L-1 for P2 compared to the MPL-SW of 1 mg L-1), Cu (0.375 mg L-1 for P1 and 0.238 

mg L-1 for P2 compared to MPL-SW), Mn (57.28 mg L-1 for P1 and 32.28 mg L-1 for P2 compared 

to MPL-SW of 1 mg L-1), Fe (109.26 mg L-1 for P1 and 49.38 mg L-1 compared to MPL-SW of 2 

mg L-1), and Ni (0.25 mg L-1 for P1 and 0.12 mg L-1 for P2 compared to MPL-SW of 0.1 mg L-1). 
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Moreover, exceeding of the MPLs is noted also for Cd and Co (0.03 mg L-1 and 0.17 mg L-1 

compared to MPL-SW of 0.005 mg L-1 and 0.1 mg L-1, respectively) in the case of P1 water sample. 

After performing the adsorption experiments, the metal contents were again compared with the 

MPLs. Although the concentrations decreased for all the investigated metal ions, the values still 

exceeded the regulatory exposure levels for surface waters in the case of Cu, Co, Zn, Mn, Fe, Ni, 

Cd (measured in P1 water sample) and of Zn, Mn and Fe (measured in P2 water sample). On the 

other hand, concentrations that complied with the regulatory exposure levels for metals in surface 

waters were obtained for Cu after applying MNP@PAAA-NTA on P2 water sample, reflecting 

the successful water treatment with our new material. Nevertheless, it is important to point out that 

significant changes occurred in the case of P2 water sample for Mn (decreasing from 32.28 mg L-

1 to 8.806 mg L-1) and Fe (decreasing from 49.38 mg L-1 to 5.087 mg L-1), after applying the new 

magnetic nanomaterial (Ganea et al., 2020). 

 

3.2.2.2. Modified Chitosan CHIT-PAAA 

Adsorption assays were performed on the collected-contaminated water samples after 

establishing the initial metal composition. Roșia Montană water samples registered significant 

amounts of Fe (11.48-460.81 mg L-1), Mn (26.34-185.22 mg L-1), Cu (0.06-1.55 mg L-1) and Ni 

(0.24-0.89 mg L-1), while Novăț-Borșa samples were rich in Fe (35.21-70.2 mg L-1), Zn (1.77-50 

mg L-1), Cu (0.11- 0.94 mg L-1) and Pb (0.01-0.40 mg L-1). Each mining area had its specific metal 

composition profile as a result of the local geology and geochemistry, however, Roșia Montană 

water samples recorded higher metal concentrations as compared to Novăț-Borșa samples (Ganea 

et al., 2022c). On the other hand, excellent removal efficiencies (100%) were obtained for Ni, Pb, 

Cd and Cu in water samples collected from both locations (Figure 40). This fact indicates a better 

adsorption performance of CHIT-PAAA at low metal concentrations. Nonetheless, very good 

adsorption efficiencies were also determined for Fe (up to 95%) in Roșia Montană water samples 

and Zn (up to 85%) in Novăț-Borșa samples (Ganea et al., 2022c). 
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(a) (b) 

  

(c) (d) 

Figure 40. CHIT-PAAA removal efficiencies for heavy metals in water samples from Roșia 

Montană (a,b) and Novăț-Borșa (c,d) Mining Areas, Romania (Ganea et al., 2022c). 

 

3.2.2.3. Modified Montmorillonite MMT-PBAAA-DA 

Figure 41 displays the heavy metals concentrations determined in the metal-contaminated 

water samples and the results on the removal efficiency of the synthesized material on these 

samples. After comparing the heavy metal concentrations measured in the two samples with the 

regulatory exposure levels (Cu 0.1 mg L–1, Zn 1 mg L–1, Mn 1 mg L–1, Fe 2 mg L–1, Ni 0.1 mg L–

1, Pb 0.25 mg L–1, Cr 0.05 mg L–1 and Cd 0.005 mg L–1) for the fifth class of quality in surface 

waters (Romanian Ministerial Order 161/2006), exceeding of the limits was noticed in the case of 

Cu (0.586 mg L–1 for AMD1 and 0.15 mg L–1 for AMD2), Zn (4.133 mg L–1 for AMD1 and 0.262 

mg L–1 for AMD2), Mn (51.9 mg L–1 for AMD1 and 5.301 mg L–1 for AMD2), Fe (48.61 mg L–1 
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for AMD1 and 4.119 mg L–1 for AMD2) and Cd (0.062 mg L–1 for AMD1 and 0.035 mg L–1 for 

AMD2). Moreover, Ni determined in AMD1 sample (0.535 mg L–1) also exceeded the allowed 

limits (Ganea et al., 2023a).  

 

Figure 41.  (a) Heavy metal concentrations in the water samples from Roșia Montană and (b) 

MMT-PBAAA-DA adsorption efficiency on the real contaminated samples. (Ganea et al., 

2023a) 

MMT-PBAAA-DA exhibited high adsorption for Cr (100%), Cd (100%), Cu (77–79%) 

and Fe (96 %) (Figure152b). The material performances were generally better for AMD2 than 

AMD1, most probably due to the lower metal concentrations registered. After performing the 

adsorption experiments, the concentrations for Cd in AMD1 and Cu, Zn and Cd in AMD2 

decreased below the maximum permissible limits, highlighting the good impact this material can 

have on water quality (Ganea et al., 2023a).  
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4. CONCLUSIONS 

The present thesis focused on the development, synthesis, and performance evaluation of 

novel materials designed for the adsorption of contaminants, particularly heavy metals and organic 

dyes, from aqueous solutions. The primary objective of this work was to explore four distinct 

categories of materials, each synthesized through “green chemistry” methods, to investigate their 

chemical, structural and morphological properties and to assess their effectiveness in removing 

pollutants from contaminated aqueous solutions with the aim of providing sustainable alternatives 

to traditional water treatment solutions. The materials included in this research are: eco-innovative 

nanostructures (magnetic nanostructures MNP@PAAA-NTA, MNP@PAAA-DA, 

MNP@PAAA-FA and polymeric nanostructures ZD and ZT), sustainable biopolymers (modified 

chitosan CHIT-PAAA and crosslinked poly(benzofurane-co-arylacetic acid PAAA-CL-XLD), 

environmentally-friendly mineral composites (modified montmorillonite MMT-PBAAA-DA) and 

circular waste-based composites (based on banana peel and stone dust (BPSD), watermelon rind 

and coffee grounds (WRCG) and watermelon rind and stone dust (WRSD)). The synthesized 

hybrid materials were characterized by various techniques, including TEM-SEM-EDX, TGA, 

DLS, VSM, XRPD, XPS, ss-NMR, BET, DLS and Zeta Potential Analysis, which confirmed their 

chemical, structural and morphological properties, providing essential information about their 

potential effectiveness as adsorbents. The diversity of functional groups and the simple separation 

through filtration, centrifugation or external magnetic fields recommends these new cost-effective, 

and sustainable materials for applications in wastewater decontamination. The various functional 

groups (hydroxyl, carboxyl, amine, lactones, phenols, etc.) identified through the characterization 

methods applied, provide many opportunities to link or immobilize contaminants. 

These hybrid materials were assessed in regard to their potential to adsorb heavy metals and 

synthetic organic dyes from aqueous solutions. The effect of different parameters such as initial 

contaminant concentration, pH and contact time on the adsorption efficiency of the materials were 

analysed to characterize the sorption behaviour of the materials. Experimental adsorption records 

were investigated employing different isotherm models (Langmuir, Freundlich, Temkin, Dubinin-

Radushkevich, Khan, Redlich-Peterson, Sips, Khan, Toth and Koble-Corrigan) in both linear and 

nonlinear regression and four kinetic models (Pseudo-first order, Pseudo-second order kinetics, 

Weber-Morris Intra-particle Diffusion and Elovich). Furthermore, 3D adsorption rate models and 
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artificial neural networks (ANNs) were also generated to characterize the adsorption process. In 

the end, several materials were also tested for heavy metals adsorption from metal-contaminated 

surface waters collected from two former mining areas in Romania. 

The batch adsorption experiments on the magnetic nanostructures MNP@PAAA-NTA 

showed showed good efficiency in removing Cr (100%), Cd (100%), Cu (98.36%), Fe (89.7%), Sr 

(86.71%), Mn (72.72%), Co (60.58%), Zn (51.84%) from real-life contaminated water samples, 

thus exhibiting good performances in metal ions water decontamination which is making it suitable 

for applications in water and wastewater treatment. It was also demonstrated that the heavy metals 

removal efficiency and sorption capacity decreased at higher metal concentrations (Ganea et al., 

2020. MNP@PAAA-DA exhibited different behaviour based on the metal adsorbed and the initial 

concentration of the pollutant: Cu (14.75−62.26%), Mn (1.74−28.09%) and Zn (1.77−20.89%). It 

was noticed that adsorption occurs in the first 30 min, after which no important modifications 

intervene. The pH experiments showed an increasing trend in the adsorption capacity in alkaline 

environments, as a result of the negative surface charge appearing due to the deprotonation of 

hydroxyl groups on the magnetite. In the case of MNP@PAAA-FA, maximum crystal violet 

removal efficiency (92.75%) was obtained after only 30 min, indicating that adsorption occurs very 

fast on this material, equilibrium being reached after 180 min of contact. The adsorption capacity 

is linearly proportional to the initial crystal violet concentration, reaching a maximum of 25.12 mg 

g−1 at 125 mg L−1, Therefore, we can conclude that the complex structure of these magnetic 

nanostructures can interconnect and retain the dye molecules through several types of interactions, 

such as electrostatic, π–π stacking interaction, etc., playing an essential role in the adsorption 

mechanism. The reusability of MNP@PAAA-FA was also investigated, exceptional dye removal 

efficiency (88.74%) being still observed upon completion of 10 cycles of adsorption-desorption 

(Ganea et al., 2021). The preliminary metal sorption studies conducted on the zein-based 

nanostructures ZD and ZT demonstrated that there were no significant differences in the efficiency 

obtained after 5 min and 4 h of contact time. The Fe sorption tests suggest that these polymeric 

nanostructures exhibit inferior removal efficiencies at low concentrations compared to their 

primary constituent, zein.  ZT recorded retention efficiencies of more than 60% at concentrations 

of 75 and 100 mg−1 Fe, while ZD had 40% efficiency. The chitosan-based composite material 

(CHIT-PAAA) exhibited excellent performance in the removal of heavy metals. Successful results 

were achieved regarding in retaining Pb (96.07%-100%), Cd (76.71%-100%), Fe (95%), Zn (85%), 
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Ni (100%), Cu (100%) from both batch solutions and contaminated mining water samples. 

Maximum adsorption was reached fast, after only 45 minutes of contact time for Pb and 60 minutes 

for Cd. The 3D, equilibrium and kinetic models suggest that the sorption capacity of CHIT-PAAA 

is directly dependent on the contact time and initial metal concentrations, and chemisorption is the 

rate-limiting process. Similar results were generated with the neural network architectures 

developed, highlighting a high level of trust in the ANN models for both Pb and Cd adsorption. 

The recyclability of the copolymer in 7 adsorption-desorption cycles showed that the removal 

efficiency decreased from 97.18% to 89% for Pb and from 70% to 58% for Cd (Ganea et al., 

2022c). The preliminary tartrazine sorption tests on the crosslinked polymer PAAA-CL-XLD 

indicated that the adsorption efficiencies and capacities are higher for PAAA-CL-XLD_2 than for 

PAAA-CL-XLD_3, most likely due to the inverse proportionality relationship between the particle 

size of the material and the specific surface area available to retain contaminants. No significant 

influence of contact time on the dye adsorption efficiency and sorption capacity of this material 

was noticed between 0.5–10 mg L−1 initial concentration of tartrazine. The modified 

montmorillonite MMT-PBAAA-DA exhibited remarkable efficacy in eliminating heavy metals 

from aqueous solutions. The new material exhibited high adsorption efficiencies for Cu, Pb, Cr, 

and Cd (90–100%) and medium efficiency for Mn, Ni, Zn, and Fe (69–87%). The best results were 

achieved for Pb (99.36% at 40 mg L−1 and 98.63% at 100 mg L−1), while minimal removal 

percentages were seen for Fe (69.94% at 40 mg L−1 and 64.83% at 100 mg L−1). This hybrid 

material presented good removal performances also on the metal-contaminated surface water 

samples collected from Roșia Montană area (up to 100%), with selectivity especially for Cr, Cd, 

Cu, Zn and Fe. The changes in the physicochemical parameters were also significant, highlighting 

the high increase in the pH values of the investigated water samples, fitting them between the 

maximum permissible limits established in the Romanian legislation for surface waters. The 

composite based on banana peel and stone dust BPSD recorded a better removal efficiency 

(99.53%) than stone dust (29.3%), achieving a dye retention three times higher compared to the 

amount of tartrazine adsorbed by its primary constituent SD. The influence of contact time on the 

tartrazine adsorption efficiency and sorption capacity of BPSD and SD revealed no significant 

variations, with the maximum peak efficiency attained after only 10–20 min, indicating a very fast 

retention rate of the examined dye. In general, the watermelon-based composite WRCG recorded 

higher crystal violet adsorption efficiencies than the inorganic stone dust waste WRSD. However, 
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at low crystal violet concentrations (0.5 mg L−1-10 mg L−1) both composites registered maximum 

sorption efficiencies (100%) very quickly, after only 5 min of contact. 

The findings from the equilibrium studies show that each material has a different behaviour. 

The adsorption mechanism of MNP@PAAA-DA is described by the Freundlich model, whereas 

for MNP@PAAA-FA, Khan isotherm most accurately represents the adsorption. In the case of 

CHIT-PAAA, Sips and Koble-Corrigan isotherms fit the best, while for MMT-PBAAA-DA the 

experimental data exhibited a better fit to the Langmuir isotherm (Ganea et al., 2023a). The kinetics 

investigation showed that in general, the pseudo-second-order model was found more appropriate 

for the characterization of the contaminants adsorption processes onto all synthesized materials, 

defining chemisorption as the rate-limiting step and indicating a proportionality between the 

occupation rate of the adsorption sites and the square number of available sites. 

While these results are promising, several areas remain to be optimized and expanded for 

further research. Future studies could focus on enhancing the adsorption capacity and selectivity 

of these materials by modifying their surface chemistry or incorporating additional functional 

groups to target specific contaminants. Moreover, the scalability of the synthesis methods should 

be investigated to ensure that these materials can be produced at a large scale for industrial 

applications. Finally, exploring the reintegration of the used adsorbents into other economic sectors 

could offer a circular economy solution by reusing the materials after they have adsorbed 

contaminants. One potential application is in the construction field, where adsorbents can be 

repurposed as building materials into the production of walls or bitumen for road construction. 

Additionally, another interesting avenue for future research lies in agriculture, where adsorbents 

that have accumulated essential metals (such as zinc, copper, or manganese) during the adsorption 

process could be used as fertilizers, being critical for plant growth. These applications could greatly 

enhance the environmental sustainability and economic feasibility of the hybrid materials, making 

them not only effective adsorbents but also valuable resources for other industries. 

Overall, the current thesis presents significant contributions to the field of water remediation, 

specifically in the development of novel sustainable hybrid materials designed for the adsorption 

of contaminants such as heavy metals and organic dyes from aqueous solutions. This work 

contributes to the development of sustainable solutions through green chemistry methods for the 

protection of water resources, supporting efforts to achieve global sustainability goals and ensuring 

cleaner water for future generations. 
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