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resumo 
 

 

Uma vasta gama de poluentes emergentes, como fármacos e pesticidas, tem 
sido detetada em fontes de água, devido à ineficácia das tecnologias 
convencionais de tratamento de águas residuais em remover completamente 
estes compostos. Este facto é um motivo de grande preocupação devido aos 
potenciais efeitos nocivos para o meio ambiente e para a saúde humana. 
Nesse contexto, a procura por adsorventes amigos do ambiente, eficientes e 
de baixo custo levou a recentes desenvolvimentos de materiais à base de 
biopolímeros e a sua aplicação na descontaminação da água. Em particular, 
os nanocompósitos à base de polissacarídeos são materiais muito atrativos 
como nanoadsorventes por conterem grupos funcionais que fornecem 
afinidade para uma diversidade de poluentes. De forma a atuarem como 
nanoadsorventes eficientes, os biopolímeros devem ser facilmente separados 
das soluções tratadas. Do ponto de vista da química dos materiais, este 
objetivo pode ser alcançado através da ligação dos biopolímeros a suportes 
inorgânicos insolúveis em água, na forma de materiais híbridos orgânicos-
inorgânicos. Devido a fatores económicos e ambientais, o conceito de 
adsorventes recuperáveis e reutilizáveis tem ganho importância e, 
consequentemente, o uso de adsorventes magnéticos, nomeadamente 
nanopartículas magnéticas, tem despertado um crescente interesse. Os 
nanomateriais magnéticos são convenientes para a remoção de poluentes, 
pois possuem uma elevada área superficial específica que favorece a 
adsorção, e propriedades magnéticas que permitem uma fácil e rápida 
separação da água. A modificação da superfície das nanopartículas 
magnéticas com biopolímeros aumenta a sua capacidade de adsorção sem 
comprometer o baixo custo do material. No entanto, para se obter um elevado 
desempenho de adsorção, é essencial um desenho racional da superfície das 
nanopartículas. Além disso, os nanoadsorventes devem exibir elevada 
capacidade de adsorção e reutilização. Para enfrentar este desafio, esta tese 
explora nanomateriais híbridos magnéticos à base de biopolímeros. Assim, 
foram preparadas nanopartículas do tipo núcleo-coroa compostas por um 
núcleo de magnetite (~ 50 nm) uniformemente revestido por uma capa de 
biopolímero-sílica através de um procedimento sol-gel de uma etapa. A 
aplicabilidade da abordagem foi demonstrada com base em biopolímeros de 
diferente natureza química e caráter iónico, como polissacarídeos catiónicos 

(quitosano e derivados quaternários), aniónicos (-, -, -carragenano e ácido 
algínico) e proteínas naturais (gelatina). O desempenho das partículas na 
adsorção de uma série de poluentes emergentes, nomeadamente fármacos 
(diclofenac, naproxeno, cetoprofeno, sulfametoxazol, ciprofloxacina e 
tetracicilina) e pesticidas (glifosato) frequentemente detetados na água foi 
investigado em diversas condições operacionais. Em geral, estes 
nanoadsorventes magnéticos apresentam elevada capacidade de adsorção e 
reutilização, conforme pretendido originalmente. Embora sejam necessários 
mais estudos em águas reais complexas, os resultados indicam que estes 
nanoadsorventes magnéticos à base de biopolímeros estão entre os sistemas 
magnéticos mais eficazes para a remoção da água dos poluentes testados. 
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abstract 

 
A wide range of emerging pollutants, such as pharmaceuticals and pesticides, 
has been detected in water sources, due to the ineffectiveness of conventional 
wastewater treatment technologies to remove efficiently these compounds. 
This is a matter of great concern due to potential harmful effects on the 
environment and human health. In this context, the search for eco-friendly and 
low-cost efficient sorbents have prompted recent developments for biopolymer-
based materials and their use in water decontamination. In particular, 
polysaccharide-based nanocomposites are very attractive as nanosorbents 
owing to functional groups that provide affinity towards a wide diversity of 
pollutants. In order to act as efficient nanosorbents, the biopolymers should be 
easily separated from treated solutions. From a materials chemistry 
perspective, this may be achieved by grafting the biopolymers to inorganic 
water-insoluble supports, in the form of organic-inorganic hybrid materials. Due 
to economic and environmental factors, the concept of recoverable and 
reusable sorbents has gained importance, and subsequently, the use of 
magnetic sorbents, namely magnetic nanoparticles, has raised increasing 
interest. Magnetic nanomaterials are very convenient for removing pollutants 
because they combine large specific surface area that favors adsorption and 
magnetic features that allow easy and fast separation from water. The surface 
modification with biopolymers enhances the adsorptive capabilities of magnetic 
nanoparticles without compromising the low-cost. However, in order to attain 
high adsorptive performance, a rational design of the surface of the 
nanoparticles is essential. Furthermore, the nanosorbents should exhibit high 
adsorption capacity and reusability. To tackle this challenge, this thesis 
explores magnetic biopolymer-hybrid based nanomaterials. Core-shell 
composite nanoparticles comprising a core of magnetite (~50 nm), uniformly 
coated by a shell of biopolymer-siliceous material were prepared using a one-
step sol-gel based procedure. The applicability of the approach was 
demonstrated by invoking distinct chemical nature and ionic character of 
biopolymers, namely cationic (chitosan and quaternary derivatives) and anionic 

(-, -, -carrageenan and alginic acid) polysaccharides, and a natural protein 
(gelatin). The adsorptive performance of the particles towards a number of 
emerging pollutants, namely pharmaceuticals (diclofenac, naproxen, 
ketoprofen, sulfamethoxazole, ciprofloxacin and tetracycline) and pesticides 
(glyphosate) frequently detected in waters was investigated under several 
operational conditions. Overall, these magnetic nanosorbents showed high 
adsorption capacity and reusability, as originally intended. Although further 
research on complex real waters is still required, the results indicate that these 
biopolymer-based magnetic nanosorbents are among the most effective 
magnetic systems reported so far, to remove tested pollutants from water. 
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1.1. Motivation and context 

Over the last few decades, studies on wastewater characteristics have drawn attention to the 

environmental occurrence of a various newly identified compounds of anthropogenic origin [1–4]. 

The occurrence of such trace compounds (mostly organic), known as the “emerging pollutants”, and 

their harmful impact on both aquatic and terrestrial life forms and human health is now an issue of 

concern among the scientists, engineers, and the general public as well [1,5]. These contaminants are 

industrial in origin or originate from municipal (domestic), agricultural, hospital or laboratory 

wastewater [1,5–7]. In large part, the compounds in question are pharmaceuticals, hormones, 

disinfectants, surfactants, pesticides, dyes, paints, food additives, and personal care products [1,4,7]. 

Currently, there is a growing awareness of the impact of these contaminants on water and 

rivers. For example, extensive use of antibiotics and antimicrobial agents can result in the 

development of antimicrobial resistance genes and antimicrobial resistance bacteria, which reduces 

the therapeutic potential against human and animal bacteria pathogens [8,9]. These chemicals are 

considered emerging pollutants (EPs) because their discharge limits in the environment still remain 

unregulated or are in the process of regularization, and their impact on the environment and human 

health is still poorly understood [10–12]. The detection of significant concentrations of EPs in water 

has alerted the urgent need for environmental remediation solutions more effective in removing EPs 

than those currently used in wastewater treatment plants (WWTPs) [13,14].  

Due to the trend of urban development along with rapid population increase, wastewater 

treatment deserves increased attention. The greatest challenge is the adoption of cost-effective 

wastewater treatment technologies to better use of limited water resources. Desirably, these 

treatments should ensure compliance with all health and safety standards regarding the reuse of 

treated wastewater effluents. Indeed, increasing the reuse of treated wastewater is a top priority area 

for the European Commission in the frame of the new Circular Economy Action Plan [15]. This 

challenge brings into focus the need for alternative water treatment and pollutant remediation 

methods to complement or replace existing technologies. The 2030 Agenda for Sustainable 

Development Goals (SDG) includes a dedicated goal on water and sanitation (SDG 6) that sets out 

to “ensure availability and sustainable management of water and sanitation for all” [16]. The SDG 6 

expands the Millennium Development Goals focus on drinking water and sanitation to now cover 

the entire water cycle, including the management of water, wastewater and ecosystem resources [16]. 

With water at the very core of sustainable development, SDG 6 not only has strong linkages to all of 

the other SDGs, but it also underpins them and meeting SDG 6 would go a long way towards 

achieving much of the 2030 Agenda. The United Nations Sustainable Development Goals also offer 

a starting point for efforts to find sustainable solutions in the supply and consumption of 

pharmaceuticals at the global level: SDG 3 – Ensure healthy lives and promote well-being for all at 
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all ages, SDG 14 – Conserve and sustainably use the oceans, seas and marine resources for 

sustainable development, and SDG 15 – Protect, restore and promote sustainable use of terrestrial 

ecosystems, sustainably manage forests, combat desertification, and halt and reverse land 

degradation and halt biodiversity loss [16]. 

Due to economic and environmental factors, the concept of recoverable and reusable sorbents 

has gained importance. Subsequently, the use of magnetic sorbents, namely magnetic nanoparticles 

(MNPs), has raised increasing interest [17–21]. Owing to reduced size, nanomaterials possess large 

surface area to volume ratio available, which is a desirable feature for adsorptive applications. 

Nanomaterials having magnetic features are easily and quickly separated from treated water in the 

presence of an external magnetic field, which clearly represents an advantage in relation to non-

magnetic sorbents. Iron oxides nanoparticles are the most used in research to treat polluted water due 

to their low cost and moderate environmental impact [22,23]. Enhancement of adsorptive capacity 

of magnetic nanoparticles and selectivity towards target pollutants can be achieved via the chemical 

functionalization of the particles’ surfaces. 

The remarkable progress observed on the synthesis of nanomaterials with controlled 

properties and the search for eco-friendly and low-cost sorbents has prompted the development of 

new biopolymer-based materials and their use in water decontamination [24–27]. Polysaccharides 

are very attractive as sorbents owing to functional groups that provide affinity towards a wide 

diversity of pollutants [24,28]. Surface modification with biopolymers occurring in nature, provides 

to the particles surfaces novel functional groups that may confer affinity towards a wide diversity of 

pollutants [28,29]. A vast number of biopolymers are produced in the natural environment during the 

growth cycles of living organisms, like green plants, animals, bacteria, fungi and algae. Besides being 

available on a sustainable basis, biopolymers present the advantages of low cost, biodegradability 

and reduced toxicity [28,29]. In order to act as efficient biosorbents, the polysaccharides should be 

easily/quickly separated from treated solutions. From a materials chemistry perspective, this may be 

achieved by grafting the polysaccharides to inorganic water-insoluble supports in the form of 

organic-inorganic hybrid materials (bio-hybrids) [30–32]. However, the poor compatibility between 

biopolymers and inorganic phases often impairs the synthesis of homogeneous and robust bio-

hybrids [33]. 

Ideally, a sorbent for water remediation should fulfil the following requirements: specificity 

to target pollutants, high adsorptive performance, rapid adsorption, cost-effectiveness, 

environmentally non-toxic, reusability and easy separation from treated water. Low-toxicity and easy 

magnetic separation can be in principle met by the simple combination of biopolymers with magnetic 

iron oxides. However a rationale design of the surface of the MNPs is needed to attain specificity, 

high adsorption capacity and reusability. Advances in nanotechnology and in the field of colloidal 
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science have extended the ability to tailor the surface of magnetic nanoparticles and to tune their 

physical-chemical properties to suit specific applications [34,35]. Appropriate selection of the 

biopolymer and the route for surface modification of magnetic nanoparticles are crucial to obtain 

effective biosorbents that meet the above mentioned requirements. For example, covalent 

immobilization of the biopolymer onto the particles surface, either by crosslinking or grafting 

approach, might be necessary to ensure successful recycling and reuse of the biosorbents without 

significant loss of adsorption capacity. 

This context prompted the development of this thesis, exploring innovative synthetic 

strategies to prepare hybrid nanomaterials from biopolymers and unveil the mechanisms subjacent 

to the hybrid-network formation. Magnetic nanoparticles were coated with thin shells with bio-hybrid 

composition. The resulting nanomaterials were investigated as novel nanosorbents for the uptake of 

EPs from water, specifically pharmaceuticals and pesticides. Due to the nano-dimensions, high 

surface-to-volume ratio is expected, which, combined with magnetic features and chemical 

functionality, should make these nanosorbents very attractive compared to other biopolymer-based 

sorbents. 

 

 

1.2. Objectives of the thesis 

The global objective of this PhD thesis was the development of biopolymer/silica bio-hybrid 

magnetic nanomaterials aiming their application as nanosorbents for the removal of emerging 

pollutants, namely pharmaceuticals and pesticides, from water. The scientific activities were divided 

into six tasks according to the following specific aims: 

 

1. Synthesize and investigate the properties of new biopolymer/silica bio-hybrid materials with 

homogeneous chemical composition using distinct biopolymers, namely polysaccharides; 

 

2. Understand the role of the interactions at the biopolymer/inorganic interface that determine the 

mechanisms affecting the formation of the hybrid network; 

 

3. Prepare magnetic nanosorbents comprising magnetic iron oxide nanoparticles encapsulated within 

shells of bio-hybrid compositions using distinct biopolymers; 

 

4. Investigate the adsorption behavior of magnetic bio-hybrid nanosorbents for the uptake of 

emerging pollutants from water, specifically pharmaceuticals and pesticides; 
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5. Determine the best-operating conditions required to achieve the maximum removal of the 

pollutants using magnetic bio-hybrid nanosorbents and describe the adsorption mechanisms by the 

application of mathematical models; 

 

6. Investigate strategies for the regeneration and reusability of the magnetic bio-hybrid nanosorbents. 

 

 

1.3. Thesis outline 

The work presented in this thesis is divided into seven chapters, and the organization is as 

follows: 

 

Chapter 1: Introduction 

This introductory chapter provides a synopsis of the thesis topic and its key concepts, focusing on 

the motivation. Subsequently, the objectives of the thesis are also presented. The chapter ends by 

outlining the structure of the thesis and the resulting list of publications and communications. 

 

Chapter 2: Literature review 

The second chapter presents an overview of the state-of-the-art concerning the use of nanotechnology 

and nanomaterials in water purification. The occurrence and fate of pharmaceuticals and pesticides 

in water and, also, the legislation and water directives are reported, based on the available literature 

data. The methodologies of wastewater treatment implemented for the removal of these pollutants 

are also presented in this chapter. The strategies in the synthesis of organic-inorganic hybrid materials 

and magnetic nanoparticles are herein detailed. The performance of several magnetic biosorbents in 

removing of pharmaceuticals and pesticides from water is discussed in this chapter. Finally, this 

chapter ends with information regarding the fate of magnetic biosorbents. 

 

Chapter 3: Magnetic bio-hybrids prepared from cationic polysaccharides for the removal of 

pharmaceuticals from water 

Chapter 3 is divided into three sub-chapters related to the use of cationic polysaccharides, such as 

chitosan and derivatives, for the surface modification of magnetic nanoparticles and their application 

in the removal of pharmaceutical pollutants from water. The sub-chapter 3.1 is focused on the 

development of novel magnetic bio-hybrid nanosorbents composed of magnetite cores encapsulated 

within a siliceous network highly enriched in chitosan and the quaternary chitosan (N-(2-

hydroxy)propyl-3-trimethyl ammonium chitosan chloride - HTCC). In this work, the polysaccharides 

were modified with the alkoxysilane agent 3-isocyanatopropyl triethoxysilane (ICPTES) before 



Chapter 1 
 

7 

 

magnetite encapsulation. The magnetic bio-hybrids were tested in magnetically assisted removal of 

a non-steroidal anti-inflammatory drug (diclofenac) from water. The sub-chapter 3.2 describes 

magnetic bio-hybrid nanosorbents prepared from chitosan and the derivative N,N,N-

trimethylchitosan (TMC), in which the polysaccharides were chemically modified with alkoxysilyl 

groups using the alkoxysilane agent ICPTES, and tested for the magnetically assisted removal of the 

antibiotic sulfamethoxazole from aqueous solutions. Finally, the sub-chapter 3.3 is focused on the 

preparation of magnetic bio-hybrid nanosorbents based on quaternary chitosan (TMC) for the 

removal of three non-steroidal anti-inflammatory drugs (diclofenac, naproxen and ketoprofen) from 

aqueous solutions, including real water samples. In this last work, 3-glycidoxypropyl 

trimethoxysilane (GPTMS) was used as a coupling agent for the modification of the polysaccharide 

prior to magnetite functionalization.  

 

Chapter 4: Magnetic bio-hybrids prepared from anionic polysaccharides for the removal of 

antibiotics from water 

Chapter 4 is divided into two sub-chapters that describe the production of magnetic bio-hybrids 

nanosorbents based on anionic polysaccharides. Sub-chapter 4.1 describes the development of 

magnetic bio-hybrids based on -, -carrageenan and alginic acid and their application on the 

removal of the antibiotic ciprofloxacin from aqueous solutions. The alkoxysilane agent used to 

modify the polysaccharides was ICPTES. Sub-chapter 4.2 is focused on the preparation of magnetic 

bio-hybrids using three types of carrageenans (-, - and -), for the uptake of ciprofloxacin from 

aqueous solutions, including real wastewater samples. In this work, the polysaccharides were 

modified with the alkoxysilane agent GPTMS prior to magnetite functionalization. 

 

Chapter 5: Bio-hybrids from gelatin for the removal of antibiotics from water 

Chapter 5 constitutes the preparation of non-magnetic and magnetic bio-hybrids using two types of 

gelatin (A and B) and two distinct alkoxysilane agents (ICPTES and GPTMS). The effect of the type 

of gelatin and silane coupling agent on the size, composition and thermoresponsive behavior of the 

hybrid particles was investigated. The magnetic hybrids were preliminarily tested in the removal of 

several pharmaceutical pollutants (ciprofloxacin, tetracycline and sulfamethoxazole) from water.  

 

Chapter 6: Magnetic bio-hybrids for the uptake of pesticides from water 

Chapter 6 presents a study on the adsorption of a pesticide (the herbicide glyphosate) from water and 

real wastewater samples by magnetic bio-hybrid nanosorbents of quaternary chitosan (trimethyl 

chitosan) prepared in the sub-chapter 3.2. This work aims to fill the knowledge gaps on the adsorptive 

performance of the trimethyl chitosan magnetic nanosorbents in conditions more similar to those 
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found in real wastewater samples. In this chapter real environmental concentrations of the pesticide 

were tested in the adsorption performance to meet water quality standards.  

 

Chapter 7: Conclusions and final remarks 

Chapter 7 is dedicated to present the main conclusions and suggestions for future work. 
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Water is one of the major environmental stress issues as water resources are limited, and the 

population that depends on these constrained supplies is predictably growing [1]. With the fast 

development of industrialization and urbanization, toxic and harmful substances like organic dyes, 

heavy metals, pesticides and pharmaceutical compounds in wastewater enter the ecosystem to 

produce adverse effects, and ultimately endanger human health [2]. Despite constant technological 

developments, wastewater treatment plants still do not have the capability to remove all the 

contaminants present in the wastewaters and, unfortunately, end up in the water systems [3]. Thus, 

in view of this scenario, environmental remediation has become an urgent need to preserve ecological 

stability and public health. The development of effective, robust, and economical water and/or 

wastewater treatment technologies, which would allow the efficient removal of these pollutants from 

water, can promote a new page in environmental water treatment.  

Common polymer-based sorbents are challenging to separate from treated water, a limitation 

that has restrained their use. Nanomaterials with magnetic features appear as advantageous 

alternatives to these conventional biosorbents offering the advantage of fast and easy magnetically 

assisted separation [4,5]. Moreover, due to reduced dimensions, magnetic nanomaterials possess a 

large specific surface area favouring adsorption [6]. The surface modification with biopolymers 

enhances the adsorptive capabilities of magnetic nanoparticles without compromising the low-cost 

[7,8]. However, to attain high performance, a rational design of the surface of the magnetic 

biosorbents is essential.  

In this chapter is presented an overview of the most recent developments on magnetic 

biosorbents for water treatment. Primary attention is given to the chemical strategies used for the 

surface modification of magnetic nanoparticles with biopolymers aiming to obtain highly effective, 

robust and reusable biosorbents with magnetic properties. Two different strategies are distinguished, 

the in situ functionalization and the post-synthesis surface functionalization. The latter comprises 

two distinct stages, the synthesis of the magnetic nanoparticles and the surface functionalization, and 

allows better control of each stage individually. Surface functionalization can involve the simple 

coating of magnetic nanoparticles with biopolymers or the covalent attachment of the biopolymer 

chains to the surface. Overall covalent immobilization of the biopolymer onto the particles surface, 

either by crosslinking or grafting approach, is recommended to ensure successful recycling and reuse 

of the biosorbents without significant loss of adsorption capacity.  

Appropriate selection of the biopolymer and the route for surface modification of magnetic 

nanoparticles are crucial to obtain effective magnetic biosorbents optimized and specialized in the 

targeted pollutants. The performance of several magnetic biosorbents in the uptake of emerging 

pollutants, such as pharmaceuticals and pesticides, from water, is discussed in this chapter. 
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2.1. Nanotechnology and nanomaterials in water purification 

Interest in nanotechnology and nanoscale materials has grown recently, and their 

applications have attracted the attention of both the research and industrial communities in the 

chemical, environmental and medical sectors. Our environment is under constant pressure with the 

growing industrialization. Among the world’s top environmental problems, water scarcity has 

become the foremost issue facing the human race. In the coming decades, rapid growth in developing 

region will continue to intensify the clean water demand from domestic, agriculture, industry and 

hospitals [9,10]. Current infrastructures for wastewater treatment and the production of safe and 

readily available water are difficult to keep pace with the increasingly stringent regulation and 

growing demand for high quality water.  

Nanotechnology involves manipulating materials that have at least one dimension smaller 

than 100 nm (Figure 2.1), meaning close to the level of atoms and molecules [11,12]. Recent 

advances in the manipulation of nanomaterials have helped the application of nanotechnology in 

water and wastewater treatment. Given the nanometric size of these materials, the physical, chemical, 

mechanical and biological properties are different if compared with the bulk material. Nanomaterials 

can be fabricated with features such as high surface-to-volume ratio, surface reactivity, tunable pore 

volume and specific surface chemistry to provide electrostatic, hydrophilic or hydrophobic 

interactions with species present in the surrounding medium. All these features are beneficial for the 

application in water purification processes [4,5]. For example, nanomaterials usually have a high 

density of active sites per unit mass owing to their large specific surface area. In addition, 

nanomaterials exhibit greater surface free energy, resulting in enhanced surface reactivity [4,13].  

Taking advantage of these size-dependent effects, the current water and wastewater 

treatment process could be significantly improved by introducing nanomaterials into the system. 

Emerging pollutants that are generally found in industrial and municipal wastewater treatment plants 

cannot be easily eliminated through conventional treatment technologies [14]. Currently, research is 

in progress for the removal of these contaminants from polluted water, such as submerged membrane 

bioreactor [15], activated sludge treatment [16], photocatalytic oxidation [17], catalytic ozonation 

[18], adsorption [19], advanced oxidation process [20], nanofiltration [21], biological processes [22], 

reverse osmosis [23], etc. but they cannot be used effectively and economically to remove 

pharmaceutical pollutants from water effluents. Therefore, nanotechnologies are advantageous in 

treating wastewater since they eliminate contaminants and help in the recycling process to obtain 

purified water. This leads to reduction in labor, time, and expenditure to industry solving various 

environmental issues [24]. 
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 Figure 2.1. Examples of nanoparticles with relation to macro-, micro- and nanoscale. Liposomes 

(80-300 nm), silica/magnetic nanoparticles (10-300 nm), solid lipids nanoparticles/nanoemulsions 

(10-100 nm), polymeric nanoparticles (10-100 nm), dendrimers (1-10 nm), carbon materials (1-5 nm 

diameter) are examples of nanoparticles in the nanometer scale. Adapted from [12]. 

 

 

2.1.1. Occurrence and fate of pharmaceuticals and pesticides in water 

Over the last years, pharmaceuticals compounds and pesticides have been receiving 

increasing attention as potential active chemicals present in the environment [25]. Thus, 

contamination of water by pharmaceuticals and pesticides is becoming a global problem that requires 

an immediate solution. These compounds are considered emerging pollutants because they still 

remain unregulated or are currently undergoing a regularization process, although the directives and 

legal frameworks are not yet set-up. Pharmaceuticals and pesticides are continuously introduced into 

the environment and are prevalent at low concentrations [26], which can adversely affect water 

quality and potentially impact drinking water supplies, aquatic organisms and human health [14].  

The primary sources of pharmaceutical pollutants in the environment are pharmaceutical 

industries, hospitals, animal waste, research activities utilizing therapeutic compounds and discharge 

of expired medicine in the environment, as shown in Figure 2.2. Among various sources, hospitals 

are the major contributors to pharmaceuticals released in the environment [27]. Pharmaceuticals are 

widely used to prevent and treat diseases in human and as veterinary drugs. These biologically active 
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chemicals are regarded as emerging contaminants due to their persistence and potential deleterious 

effect on the aquatic ecosystem.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Source and entry pathway of pharmaceutical residues in the environment. The primary 

sources are research activities utilizing therapeutic compounds, pharmaceutical industries, hospitals, 

animal waste and expired medicine discharge. Direct discharge of treated effluent (containing 

pharmaceuticals) from wastewater treatment plants (WWTPs) contaminate surface and ground 

waters. Continuous introduction of pharmaceuticals in the anoxic sludge treatment process causes a 

reduction in gas production and reduce the denitrifying potential of the microbial community present 

in WWTPs [27]. 

 

 

Also, due to their continuous use, pesticides get into water bodies by leaching, sub-surface 

drainage, and run-off, rending the waters unfit for human consumption [28]. Figure 2.3 illustrates the 

routes and fate of discharged pesticides into the aqueous environment. Modern agriculture utilizes 

pesticides to increase productivity to an economically profitable level [29]. Rivers are also becoming 

highly polluted by industrial, agricultural, mining, and urban wastewaters, leading to increased levels 

of pesticides from agricultural and landscaping origins [29]. Nevertheless, the majority of pesticides 

are not readily biodegradable. Thus, they cannot be removed in conventional WWTPs, which employ 

only basic treatment methods [30]. Therefore, it is an emerging issue in environmental science and 

engineering to achieve an effective removal of pharmaceuticals and pesticides from wastewaters 

before their discharge.  
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Figure 2.3. Pathways of pesticides in the environment through the hydrological cycle. Due to their 

continuous use, pesticides get into water bodies by leaching, seepage, sub-surface drainage, and run-

off, rending the waters unfit for human consumption [28].  
 

 

Regarding the pharmaceutical compounds, the therapeutic groups most commonly detected 

in water are: i) analgesics and nonsteroidal anti-inflammatory drugs (paracetamol, acetylsalicylic 

acid, ibuprofen, diclofenac and naproxen); ii) antidepressants (benzodiazepines); iii) antiepileptics 

(carbamazepine); iv) beta-blockers (atenolol, propanolol, and metoprolol); v) antiulcer drugs and 

antihistamines (ranitidine and famotidine); vi) antibiotics (ciprofloxacin, tetracycline, 

sulfamethoxazole, macrolides, beta-lactams, penicillins, quinolones and imidazole derivatives); vii) 

other substances (cocaine, barbiturates, methadone, amphetamines, opiates, heroin, and other 

narcotics) [14,31–33]. The main characteristics of pharmaceuticals compounds, most of which have 

a molecular mass < 500 Da, makes them distinct from other conventional industrial chemical 

contaminants: i) most of them can form large and chemically complex molecules that vary widely in 

structure, molecular weight and functionality; ii) they are polar molecules with more than one 

ionizable group, and the degree of ionization and its properties depend on the pH of the aqueous 

medium; they can be lipophilic with moderate solubility in water; iii) some pharmaceuticals can 

persist in the environment for more than a year (e.g., erythromycin, cyclophosphamide, naproxen, 

and sulfamethoxazole), and others can persist for various years and become biologically active 

through accumulation (e.g., clofibric acid);  iv) after their administration, the pharmaceutical 

molecules are absorbed, distributed, and subject to metabolic reactions that can modify their chemical 

structure [14,34]. Unfortunately, as depicted in Table 2.1, some of these compounds are not 

completely removed by WWTPs, and their concentrations in water vary between 4.3 and 43000 ng/L 

[14,35–38].  
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Table 2.1. Maximum pharmaceuticals concentration (ng/L) detected in surface waters, including the 

type of pharmaceutical and substance detected [14].  

 

 

Type of pharmaceutical Substance detected Maximum Concentration (ng/L) 

Antibiotics  

Chloramphenicol 

Chlortetracycline 

Ciprofloxacin  

Lincomycin  

Norfloxacin 

Metronidazole 

Oxytetracycline  

Roxithromycin  

Sulfadimethoxine  

Sulfamethazine  

Sulfamethizole  

Sulfamethoxazole  

Tetracycline  

Trimethoprim  

Tylosin 

355 

690 

30 

730 

120 

43000 

340 

180 

60 

220 

130 

1900 

110 

710 

280 

Antacids  
Cimetidine  

Ranitidine  

580 

10 

Anti-inflammatories, 

analgesics and antipyretics 

Codeine  

Acetylsalicylic acid 

Diclofenac  

Aminopyrine  

Indomethacin  

Ketoprofen  

Naproxen  

Phenazone 

Ibuprofen  

Acetaminophen 

1000 

340 

1200 

340 

200 

120 

390 

950 

3400 

10000 

Antidiabetics Metformin 150 

Antiepileptics Carbamazepine 1100 

Antidepressants Fluoxetine 12 

Antiseptics Triclosan 150 

Bronchodilators 

Clenbuterol 

Fenoterol 

Salbutamol 

50 

61 

35 

β-blockers  

Betaxolol  

Bisoprolol  

Carazolol  

Metoprolol  

Propranolol  

Timolol 

28 

2900 

110 

2200 

590 

10 

Contraceptives 17α- Ethinylestradiol 4.3 
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Recent studies demonstrated that conventional treatment plants, mainly based on the use of 

biological treatments, are inadequate to effectively eliminate this type of organic compounds, due to 

their complex molecular structure and low concentrations in the water, and that the percentage of 

compound removed can be lower than 10% [31–33]. Thus, the occurrence of pharmaceuticals in the 

water resources and soil is ubiquitous. The continuously discharging of the incomplete treated 

wastewater to the environment might lead to adverse ecological effects because it may act 

unpredictably when mixed with other chemicals from the environment. Due to the high solubility of 

most pharmaceuticals, aquatic organisms are more susceptible to their effects [32,39]. Fishes are one 

of the most vulnerable aquatic species to the high concentration of pharmaceuticals. Some studies 

found that compounds such as diclofenac and 17α-ethinylestradiol might induce a structural 

disruption in the kidney and intestine and also may alter the expression genes, which are linked with 

the key process controlling metabolism [32,40]. The long term effects on fishes might affect the 

survival or their reproduction system. Furthermore, it was suggested that the effects of diclofenac on 

mammals, including humans, could be similar to those on fishes' organs [32,40]. 

Regarding to pesticides, several studies have been proven that these compounds are toxic 

substances to humans and the environment [41]. Agriculture is vital for human survival since this 

activity produces food, and population growth places an ever-increasing demand on food production 

supported by this activity [30]. Among the many intense processes related to agriculture, the use of 

chemicals to control pests and weeds, and enhance food production is a significant one. These 

pesticides affect the target organisms and affect the whole environment, including the atmosphere, 

soil, groundwater, and surface water, by flow, leaching, and pulverisation processes, thus 

contaminating the ecosystem [42]. Many types of pesticides can be classified according to their 

chemical structure, the plague (or target organism) affected, and the degree of risk to public health 

[30]. Pesticides include hundreds of different active ingredients, which differ in their chemical 

properties and thus in their environmental behavior, reaction to specific mitigation measures, and 

ecotoxicity [43]. The pesticide groups that presented the highest number of compounds detected in 

water are herbicides, fungicides, and insecticides, as shown in Table 2.2 [30]. The amounts of 

pesticides in various sources of water vary between 14 and 430000 ng/L [44]. For example, chronic 

exposure to herbicides like atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) which 

acts as a selective herbicide that inhibits photosynthesis in susceptible plants, causes cardiovascular 

problems, retinal degenerations, some muscles degeneration and cancer in human [29]. Among 

herbicides, oxyfluorfen inhibits protoporphyrinogen oxidase, leading to irreversible cell membrane 

damage. Human exposure to oxyfluorfen can cause problems in the liver and the blood count 

(anemia) [29]. Among the various challenges that face pesticide treatment from water is the influent 
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composition, the variability of the pesticides’ physical structures, and the pH of pesticides-

contaminated water, which ranges from very acidic to very alkaline [29].  

 

 

Table 2.2. Maximum pesticides concentration (ng/L) detected in surface waters, including the type 

of pesticide and substance detected [30,45].  

 

 

Type of pesticide Substance detected Maximum Concentration (ng/L) 

Herbicides 

Acetochlor 

Alachlor 

Atrazine 

Bentazone 

Desethyl atrazine 

Des-isopropyl atrazine 

Diuron 

Glyphosate 

Isoproturon 

Metolachlor 

Molinate 

Simazine 

Terbuthylazine 

Terbutryn 

677 

1400 

1726 

1769 

1250 

108 

22770 

430000 

847 

10500 

352 

263 

728 

4760 

Insecticides 

Acephate 

Acetamiprid 

Aldrin 

Chlorfenvinphos 

Chlorpyrifos 

Clothianidin 

Diazinon 

Dimethoate 

Fenitrothion 

Heptachlor 

Imidacloprid 

Malathion 

Methamidophos 

Omethoate 

Thiamethoxam 

1000 

36 

291 

14 

3100 

740 

24465 

61200 

1000 

2138 

1886 

1800 

230 

81 

914 

Fungicides 

Azoxystrobin 

Carbendazim 

Cyprodinil 

Imazalil 

Metalaxyl 

Metconazole 

Myclobutanil 

Propiconazole 

Pyraclostrobin 

Tebuconazole 

233 

2239 

380 

222 

5760 

72 

230 

810 

43 

480 
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2.1.2. Water legislation and guidelines 

International organizations and regulations dedicated considerable efforts to defining and 

characterizing emerging pollutants. “Emerging” refers to either new pollutants identified in aquatic 

media and organisms or to unique characteristics and impacts of compounds that are already present 

in the environment [46]. There are already some guidelines identifying certain substances that should 

be monitored to provide mitigation measures whenever necessary. For instance, several European 

guidelines have been published since the year 2000, when Directive 2000/60/EC was launched to 

establish a framework for Community action in water policy [47,48]. The European Union Water 

Framework Directive represented a huge improvement in the water protection policy, with the aim 

of achieving good ecological and chemical status of surface water. The European Union Water 

Framework Directive commits the European Union Commission to identify priority 

substances/group of substances with significant risk to or via the aquatic environment and to set 

European Union Environmental Quality Standards, defined as “the concentration of a particular 

pollutant or group of pollutants in water, sediment or biota which should not be exceeded in order to 

protect human health and the environment”, obtained from chronic toxicity data for annual average 

value and acute toxicity data for maximum allowable concentration [48].  

In 2001, the Decision 2455/2001/EC set the first list of 33 priority substances that must be 

monitored at Community level, some of them marked as priority hazardous substances, but the first 

list of Environmental Quality Standards for the 33 priority substances and 8 other certain pollutants, 

was only launched in Directive 2008/105/EC [49], which amended the European Union Water 

Framework Directive 2000/60/EC [48]. Five years after the first list of Environmental Quality 

Standards published in Directive 2008/105/EC, the Directive 2013/39/EU stated the need to develop 

new, cheaper and more cost-effective treatment technologies able to remove pharmaceuticals from 

wastewater [50,51]. The Directive 2013/39/EU defines a list of 45 priority substances grouped as 

single or classes of substances, which contains pesticides, industrial additives and by-products, 

pharmaceuticals, personal care products, steroid hormones, drugs of abuse, food additives, flame/fire 

retards, surfactants and others, and a set of 8 other certain pollutants with Environmental Quality 

Standards, totalizing 49 organic substances and 4 metals [48,50,51]. Moreover, this Directive 

proposed a first Watch List of substances for Union-wide monitoring in the field of water policy, 

which was then published in Decision 2015/495/EU of 20 March 2015 [48,52]. The Watch List 

contemplates 17 organic compounds defined as 10 substances/group of substances, so-called 

contaminants of emerging concern (CECs), aiming at gathering relevant monitoring data to support 

future decisions on their inclusion in the list of priority substances [48,51].  
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There are no Environmental Quality Standards defined for CECs; however, some authors 

proposed a prioritization evaluation system based on two indicators, the frequency of exceedance 

and the extent of exceedance of Predicted No-Effect Concentrations, which were applied to 500 

contaminants classified into six categories identified by the Working Group on Prioritization of 

NORMAN Association, based on the quality and quantity of the available data [48]. The Norman 

Network (2017) defined emerging pollutants as substances detected into the environment but 

currently not included in routine environmental monitoring programmes and which may be candidate 

for future legislation due to their adverse effects and/or persistency [46]. Almost 1000 substances, 

gathered in 16 classes (algal toxins, antifoaming and complexing agents, antioxidants, detergents, 

disinfection by-products, plasticizers, flame retardants, fragrances, gasoline additives, nanoparticles, 

perfluoroalkylated substances, personal care products, pharmaceuticals, pesticides, anticorrosives) 

are classified as emerging pollutants addressing their environmental and health effects and some of 

their sources [46,53].  

Updated and repealed by Decision 2018/840/EU, this watch list comprised 15 chemicals of 

emerging concern, including several antibiotics and non-steroidal anti-inflammatory drugs and 

steroid hormones, such as diclofenac, azithromycin, clarithromycin, erythromycin, amoxicillin, and 

ciprofloxacin [51,54]. There is now an updated watch list of substances (2020/1161/EU) relevant to 

surface waters, considered candidates for rating as priority substances and should therefore be 

included in monitoring programmes [55]. These also include the active pharmaceutical ingredients 

metaflumizone, venlafaxine (and its metabolite O-desmethylvenlafaxine), the antibiotics 

amoxicillin, ciprofloxacin, sulfamethoxazole and trimethoprim, as well as the antimycotics 

clotrimazole, fluconazole and miconazole [55]. Despite the inexistence of regulations for the 

allowable limits of pharmaceuticals in water, these directives show the increasing concern associated 

with this problem.  

 

 

2.1.3. Water treatments for the removal of pharmaceuticals and pesticides 

Traditional methods for environmental remediation involve different chemical and physical 

processes: 

Advanced oxidation processes (AOPs), which can oxidize pollutants by forming free 

radicals. The oxidation processes are effective to remove organic pollutants and emerging 

contaminants from wastewater, while are less efficient for inorganic pollutants, heavy metals, salts 

and minerals. There are many kinds of AOPs, such as wet air oxidation, supercritical water oxidation, 

Fenton reagent, photocatalytic oxidation, ultrasound oxidation, electrochemical oxidation and 

ozonation. The agents that are used for oxidation are typically hydrogen peroxide, ozone and 
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chlorine. The use of chlorine is still the most widespread conventional treatment for disinfecting 

drinking waters [14]. The main drawbacks of these methods are the toxicity of the agents, the high 

energy cost for the transport and production, and the conditions used for reactions which usually 

involve high temperatures and pressures [56,57]. Furthermore, the degradation of organic pollutants 

can lead to the formation of by-products, which may be more toxic than parental contaminants [58]. 

Coagulation adds chemical agents to wastewater, dispersed by rapid mixing, making stable 

pollutants into unstable and precipitable matters [59]. For advanced treatment of pharmaceutical 

wastewater, the challenge is how to squeeze and remove bound water around hydrophilic colloid. 

Inorganic metal salts and polymers are frequently used as flocculant. Meanwhile, it can improve the 

biodegradability of pharmaceutical wastewater [59]. 

Adsorption is an alternative method to remove both organic and inorganic pollutants. 

Activated porous materials and/or porous carbons are commonly employed for adsorption; these 

materials, however, exhibit pores clogging and are expensive to be regenerated. Besides, this 

approach does not eliminate contaminants and can generate hazardous wastes [60]. 

Filtration techniques remove contaminants from water through trapping into porous filters 

or by reverse osmosis. The process, however, depends on the size of contaminants and often, it is not 

effective to remove emerging contaminants. Fouling and generation of concentrated streams 

containing some contaminants are severe limitations; for these reasons, periodical washing is 

required to reuse the membrane. This method is energy-consuming because water has to be forced 

across the filter [61]. 

Biological treatments remove toxic organic compounds from water by using the metabolic 

processes of microorganisms. Unfortunately, the activity of the microorganisms is affected by several 

parameters, such as the water composition, environmental conditions, fouling of biofilters, etc. The 

large variability of the obtained results makes these treatments suitable only if they are applied in 

combination with other techniques [62]. 

In general, wastewater treatment plants (WWTPs) comprise a primary system of 

physicochemical treatments and a secondary system that consists of a biological reactor formed by 

activated sludge. These conventional plants have a limited capacity to remove pharmaceutical 

products from urban wastewaters since most of the compounds cannot be metabolized by 

microorganisms as source of carbon and may even inhibit the activity of the microorganisms or 

produce their bioaccumulation in the food chain. Although further research is required on this issue, 

it is known that conventional WWTPs do not remove all pharmaceuticals from wastewaters 

[14,57,63]. All these techniques present advantages and drawbacks. Among mentioned techniques, 

adsorption is very attractive for water treatment because of its easy operation, low cost and 
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availability of a wide range of sorbents [64,65]. Besides, adsorption can also be applied for the 

removal of soluble and insoluble organic, inorganic, and biological pollutants [5].  

 

2.1.4. Applications of nanomaterials in wastewater treatment  

Desirable nanomaterial properties for wastewater treatment include high surface area for 

adsorption and high reactivity toward photocatalysis. Good antimicrobial properties are crucial for 

disinfection and also to control biofouling [24]. Other properties are superparamagnetism for particle 

separation and adequate optical and electronic properties for pollutant detection to measure water 

quality [24]. Current water and wastewater treatment applications are listed below (Table 2.3) based 

on nanomaterial functions in unit operation processes. The adsorptive removal of pharmaceuticals 

and pesticides from water sources has been a research interest over the last two decades. Many studies 

have assessed the capability of adsorption processes in removing pharmaceuticals and pesticides 

from water [66]. Adsorption capacity is the maximum amount of solute adsorb onto a sorbent under 

equilibrium conditions [67]. Adsorption capacity depends upon many factors such as BET surface 

area, surface properties, type of solute, and pore structure. Chemical properties such as acidic or basic 

character, isoelectric point, and functional groups are influential factors. Other parameters include 

the size of the solute molecules, and types of interactions among species, whether physical or 

electrostatic [67]. 

 

 

Table 2.3. Overview of several nanotechnology applications, nanomaterials and their properties for 

water and wastewater treatment [68].  

 

 

Applications Examples of nanomaterials Properties 

Adsorption 

Activated carbon 

Silica-based nanomaterials 

Polymeric nanomaterials 

High specific surface and very good adsorption 

capacity. Used to remove organic and inorganic 

contaminants, and bacteria. 

Membrane 

process 

Ag 

TiO2 

Zeolites 

Magnetite 

Highly reliable and mostly automated process. 

Applied in all fields of water and waste 

treatments. 

Photocatalysis 
TiO2 

Fullerene derivatives 

Photocatalytic activity in UV and possibly 

visible light range, low human toxicity, high 

stability, and low cost. 

Disinfection 

and microbial 

control 

Ag 

TiO2 

Strong and wide-spectrum antimicrobial 

activity, low toxicity to humans, ease of use. 
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Carbonaceous sorbents are usually the researchers' first choice for the purification of water 

from harmful chemicals and metals [64,69]. Activated carbon is the dominantly studied sorbent for 

removing pharmaceuticals from water mainly due to its high surface area and easier availability in 

the market [70,71]. For commercial purposes, activated carbons are usually preferred due to their 

low cost. Mesoporous activated carbons might be more suitable for removing pharmaceutical 

compounds from water [67]. 

Silica-based sorbents have been applied for the removal of pharmaceuticals [19,72]. Their 

surfaces can be readily functionalized to create tailored surface chemistry [73]. In addition, 

mesoporous silica materials possess high specific surface areas, well-ordered pore structures with 

adjustable uniform mesopores, and large pore volumes. As a result of their enhanced surface and 

structural properties, silica-based materials have been extensively studied as sorbents in various 

environmental processes related to the removal of pollutants from water, including dyes, hazardous 

metals, and organic pollutants [19,72,74,75]. 

In the past decades, polymeric sorbents have been emerging as a potential alternative to 

activated carbon in terms of their vast surface area, mechanical rigidity, adjustable surface chemistry 

and pore size distribution [76–78]. To further improve the adsorption performance of a given 

polymeric sorbent toward a specific pollutant, surface modification has proved to be a practical 

approach because the functional groups bound to the polymeric matrices are expected to provide 

specific interaction with the target pollutants [79–81]. More recently, promising organic-inorganic 

hybrid polymers have been used for the removal of toxic species from wastewater [82,83]. In these 

compounds, the functional variation of organic materials is combined with the advantages of a 

thermally stable and robust inorganic phase, resulting in strong binding affinities toward selected 

pollutants [84,85]. Some fundamental aspects related to organic-inorganic hybrid nanomaterials will 

be addressed in the next section.  

 

 

2.2. Organic-inorganic hybrid nanomaterials  

Hybrid materials with organic-inorganic character represent a recent field of basic research. 

Hybrids offer prospects for many new applications in diverse fields due to its remarkable new 

properties and multifunctional nature. In the last two decades, the importance of reorienting chemical 

synthesis in the direction of more sustainable, less harmful and energy-consuming procedures, 

referred to as green chemistry, has been much emphasized and has contributed significantly to the 

development of hybrid materials [78,84]. The term “hybrid organic–inorganic” material designates 

inorganic building blocks in the colloidal domain (1–1000 nm) embedded in an organic matrix, 

typically polymeric [84,86].  
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Polymer/inorganic hybrid nanoparticles find their application in very diverse areas, including 

coatings [87–89], catalysis [90], optics [91,92] and biomedical applications [93,94]. Generally, the 

polymer component typically has structural functions. It may tune the mechanical features and 

processability of the final materials. In contrast, the inorganic component can introduce specific 

functionalities (catalytic activity, luminescence, magnetism, etc.) and/or reinforce the mechanical 

and thermal properties of the polymer [95]. The final properties of the hybrid nanoparticles are often 

not a simple addition of the properties of the independent component, but a unique result from 

synergetic effects. 

Depending on the nature and strength of the interactions between the dispersed inorganic 

phase and the organic matrix, hybrid materials can be categorized into two distinct classes [84,88,96]. 

In class I hybrid materials, organic and inorganic components additively exchange weak bonds 

(hydrogen, Van der Waals or electrostatic interactions) between the components (Figure 2.4a). In 

class II hybrid materials, the two phases are totally or partly linked together through strong chemical 

bonds characterized by a strong orbital overlap (covalent or iono-covalent bonds) (Figure 2.4b); iono-

covalent interactions are covalent bonds with a considerable ionic character often found, e.g., in 

binary or mixed metal oxides [83,84]. In class II hybrids, the strong interactions might be 

accompanied by weak interactions characteristic of class I hybrids [83,84]. Regardless of the types 

and applications and the nature of the interface between organic and inorganic components, a major 

feature concerns the chemical pathways used to design and tailor a given hybrid material, and that 

will be addressed in section 2.2.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Classification of hybrid materials (D = dispersed phase, M = matrix): a) Class I hybrid 

materials exhibit weak interactions between D and M. From top to bottom: H-bonding, electrostatic 

interactions, or Van der Waals (VdW) interactions; b) Class II hybrid materials are characterized by 

strong interactions (i.e., covalent and iono-covalent bonding). Adapted from [84]. 
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In an industrial context, hybrid organic-inorganic materials were developed in the middle of 

the last century. This concept of mixing organic and inorganic components, generally polymers, has 

been part of technologies since the 1940’s [97]. Some hybrid materials were already manufactured 

in various domains, such as paper, paints, silicones or metallo-organic molecules, allowing the 

modification of ceramics or glass [83].  

Over the last decade, the great progress observed on the synthesis of nanomaterials with 

controlled properties and the search for eco-friendly and low-cost sorbents have prompted the 

development of new biopolymer-based materials and their use in water decontamination [13,98]. 

Organic-inorganic particles can be prepared using many types of generally recognized as safe 

proteins and polysaccharides as the organic component, which enable the creation of systems with 

different functional attributes. A vast number of biopolymers are produced in the natural environment 

during the growth cycles of living organisms, like green plants, animals, bacteria, fungi and algae. 

These biopolymers bring a significant contribution to sustainable development to decrease the 

environmental impact. The selection of a biopolymer or combination of biopolymers depends on 

several factors: the desired physicochemical and functional properties of the particles (e.g., size, 

charge, polarity, loading capacity, permeability, degradability, and release profile) and the properties 

of the biopolymers (e.g., charge, polarity, and solubility). Polysaccharides are very attractive as 

sorbents due to functional groups that confer affinity towards a wide diversity of pollutants [98,99]. 

Like proteins, the functional properties of natural polysaccharides can be tuned by physical, 

chemical, or enzymatic modifications [99,100].  

Organic components can be introduced into an inorganic network using two different ways: 

as network modifiers (molecules), network formers (macromolecules) or functionalised 

macromonomers [101,102]. The most commonly used network modifiers or network formers are 

coupled to inorganic moieties through organo silicon alkoxides [83]. Some examples of functional 

organosilanes are listed in Table 2.4 [83]. The introduction of organic network formers into an 

inorganic network to obtain hybrid materials can be performed following two main strategies: i) 

using a pre-synthesized functional macromonomers that are compatibilized with the inorganic 

component either via chemical grafting (class II hybrid materials) or through embedding with a 

growing inorganic network in a common solvent (class I hybrid materials); ii) they can be generated 

in situ through photo or thermally induced polyadditions in the presence of a radical initiator, 

polycondensation, chemically or electrochemically promoted oxidative polymerization.  

Regarding the inorganic component, inorganic metal oxides and metal–oxo polymers are 

usually produced as amorphous networks, nanocrystalline networks or metal–oxo clusters via 

condensation of metal organic precursors (metal alkoxides, modified metal alkoxides) or metallic 

salts [83]. These inorganic polymerization reactions belong to the family of hydrolytic and non-
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hydrolytic sol-gel chemistry. Sol-gel polymerisation can be driven through hydrolysis reactions 

(addition of water to reactive precursors such as alkoxides, or chemical or thermal modification of 

the pH of aqueous solutions containing metallic salts) to form reactive M–OH species that condense 

through oxolation and/ or olation reactions yielding metal–oxo oligomers and polymers assembled 

via M–O–M and/or M–OH–M bridges [83]. Metal–oxo species can also be generated through 

thermal elimination of organic moieties wherein the respective departure creates M–O–M bridges. 

Ester elimination, ether elimination, and alkyl chloride elimination are well-known examples of 

leaving molecule that has been used to produce metal-oxides through thermally-induced non 

hydrolytic sol-gel chemistry [83].  

 

 

Table 2.4. Examples of network modifiers (molecules), network formers (macromolecules) and 

functionalised macromonomers [83].  
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 Figure 2.5 schematizes the traditional strategies employed to bond organic components 

labeled R (R = molecule, oligomer, biopolymer, etc.) using silane compounds.  M–OR bonds are not 

stable in a hydrolytic medium, and they are cleaved, yielding reactive M–OH groups that are the 

starting point of sol–gel polymerization. However, even if these bonds are not hydrolytically stable, 

upon drying and thermal treatment, they can back condense with the hydroxylated metal–oxo species 

located in their close vicinity [83]. 

Figure 2.5. Traditional strategies employed to bond organic components labeled R (R = molecule, 

oligomer, biopolymer, etc.) using silane compounds. Strategy A: direct coupling of F (organic 

functionality) and silicon (Si), resulting in hydrolytically stable Si-C bonds or hydrolysable Si-C. 

Strategy B: coupling of F with transition metals via M-O-Si bonds, in which the stability of the 

hybrid interface will depend on the stability of M-O-Si bond. Adapted from [103]. 

 

 

In the sol-gel synthesis conditions, two main conditions must be fulfilled: i) the chemical 

bonding should be made through Si–Csp3 links typically as in Si–CH2–CH2– (Figure 2.5a); ii) 

however such a bond becomes hydrolytically unstable if hydrogen atoms located in a and b positions 

of the metal center are substituted by highly electronegative atoms such as fluorine. This is the reason 

for which commercially available fluorinated silanes are fluoroalkylsilanes such as (RO)3–Si–CH2–

CH2–(CF2)n–CF3 but not (RO)3–Si–(CF2)n–CF3 [103]. For transition metal oxo-based hybrids (Figure 

2.5b) the grafting of organic moieties involves a stable organosilane ((RO)3–Si–CH2–CH2–R) linked 

to a transition metal alkoxide via an oxo M–O–Si bridge. The stability of the hybrid interface will 

depend on the stability of the M–O–Si bridge [103].   
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2.2.1. Strategies in the formation of organic-inorganic hybrid materials 

Following some literature reviews on applications of hybrid materials, the strategies to 

prepare organic-inorganic hybrids can be split into three main chemical paths that are illustrated in 

Figure 2.6 [78,83,84]: 

Strategy A: includes soft chemistry-based routes, including conventional sol-gel chemistry, 

the use of specific bridged and polyfunctional precursors, hydrothermal synthesis of coordination 

polymers such as MOFs (metal-organic frameworks). Conventional sol-gel pathways to hybrid 

networks are obtained through the hydrolysis of organically modified metal alkoxides or metal 

halides condensed with or without simple metallic alkoxides [83,85]. Sol-gel methods have typically 

involved tetraethyl orthosilicate (TEOS) as a principal network forming agent. The main reason for 

using TEOS is that the formation of robust networks with moderate reactivity and a high degree of 

control are obtained through simple variations in the synthesis conditions such as temperature, pH 

and additives [104,105]. Other reasons are the ease of incorporating organic molecules or moieties, 

such as biopolymers, due to the liquid-phase reactions that can subsequently be performed at low 

temperatures [104,105]. Strategy A includes two approaches (Figure 2.6): i) the use of bridged 

precursors such as bridged alkoxysilanes X3–Si–R’–SiX3 (R’ is an organic spacer, X = Cl, Br or –

OH), where the chemical tailoring of the organic bridge allows the improvement of supramolecular 

interactions yielding materials with a better degree of organization [83]; ii) the use of hydrothermal 

synthesis performed at moderates temperatures (20–200 ºC) in polar solvents.  

Strategy B: includes the hybridization of well-defined nanobuilding blocks (via assembling 

or intercalation or intercalation and dispersion), which are suitable methods to reach a better 

definition of the inorganic component. The use of highly pre-condensed species presents several 

advantages, such as lower reactivity towards hydrolysis or attack of nucleophilic moieties than metal 

alkoxides and the nanobuilding components are nanometric, monodispersed and show defined 

structures. The nanobuilding blocks can be capped with polymerizable ligands or connected through 

organic spacers, like polymers or functional dendrimers (Figure 2.6).  

Strategy C: includes procedures based on self-assembly of amphiphilic molecules or 

polymers coupled with sol-gel polymerization. A recent strategy consists of a templated growth (with 

surfactants) of mesoporous hybrids using bridged silsesquioxanes as precursors. This approach yields 

a new class of periodically organized mesoporous hybrid silicas with organic functionality within 

the walls. These nanoporous materials present a high degree of order with mesoporosity available 

for further organic functionalization through surface grafting reactions [83,106]. 
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Figure 2.6.  Schematic representation of the general chemical routes that can be used for the synthesis 

of organic-inorganic hybrids: strategies from molecular precursors including organo-

functional/bridged alkoxides through conventional sol-gel route and multifunctional ligands through 

solvo- or hydrothermal conditions; strategies from well-defined “nano-objects” by dispersion-

assembly nanobuilding blocks and intercalation chemistry; and templated-based strategies including 

self-assembly of amphiphilic molecules or polymers coupled with sol-gel polymerization  [83]. 

 

 

Some examples of several organic-inorganic hybrids are described below. Much work has 

been developed in the field of synthesis of organic-inorganic hybrids materials, with the organic 

component being polymeric and present to a significant extent. So far, most of these hybrid materials 

have been prepared using synthetic polymers instead of biopolymers [107,108]. Nevertheless, due to 

the poor compatibility of natural biopolymers with common silica precursors, the formation of 

biopolymers/silica hybrid materials is not a trivial task.  

For instance, Schchipunov [109] reviews distinct strategies for the physical entrapment of 

biopolymers in silica hybrid materials (class I hybrid materials) as well as the role of the biopolymers 

on sol-gel processing. Spirk et al. [110] describe thin films' preparation (5-70 nm) of chitosan-silane 

hybrid class I materials by combining sol-gel processing and spin coating. The alkoxysilane 

compounds are first hydrolyzed and condensate in a solution of ethanol and water in acidic conditions 
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and then added to an aqueous solution of chitosan (Figure 2.7). The resulting solutions are used for 

preparing hybrid films using spin coating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Schematic representation of the hydrolysis and condensation reactions of trialkoxysilanes 

followed by crosslinking of their silanol functionalities with OH-functions of chitosan. For clarity 

reasons, only the interaction of the primary condensation product with one repeating unit of one 

chitosan molecule is depicted, and the acetate counterions are omitted [110]. 

 

 

Silva et al. [96] described the preparation of chitosan/silica Class II hybrid materials in two 

steps. First, the polysaccharide chitosan reacts with 3-isocyanatopropyl triethoxysilane (ICPTES), an 

alkoxysilane containing isocyanate groups; in the second reaction step, the resulting compound 

follows hydrolysis and condensation with the addition of acetic acid and ethanol. After drying, this 

method yields a fine powder without specific morphology.  

Other biopolymers besides chitosan have been employed. For instance, Lippach et al. [111] 

prepared class II lignin/silica hybrid monoliths with improved mechanical and thermal properties 

compared with lignin. The method consisted of kraft lignin reaction with ICPTES or 3-

glycidyloxypropyltrimethoxysilane (GPTMS), both being functional organosilanes with the ability 

to react with OH groups from lignin to form covalent bonds, and bis(trimethoxysilyl)hexane as silica 

precursor. Chen et al. [112] have reported the preparation of monolithic siliceous hybrids based on 

sugar lactones with a reduced degree of shrinkage when compared with silica monoliths. The sol-gel 

precursor was first obtained by the covalent linkage between the sugar lactone and the alkoxysilane 

3-aminopropyltriethoxylsilane and the monoliths obtained by sol-gel process of the precursor. 

Researchers from the same group [113] prepared alkoxysilanes derived from sugar and sugar 
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alcohols, including glycerol, sorbitol, maltose and dextran, that were then hydrolyzed to prepare 

monolithic mesoporous silicas. 

Other researchers reported the preparation of colloidal particles of polysaccharide/silica 

hybrid materials using more complex methods that require the use of surfactants and/or emulsions. 

For instance, Weng et al. [114] described the preparation of cellulose derived silica hybrid particles 

with an average size larger than 10 micrometer. In the first step, a precursor is formed by a reaction 

between the cellulose, ICPTES and 3,5- dimethylphenylisocyanate (Figure 2.8). The surfactant 

sodium dodecylsulfate (SDS) was used to induce the formation of spherical particles with hybrid 

composition in sol-gel reaction. Segers et al. [115] successfully prepared submicrometer sized silica 

hybrid particles comprising synthetic polymers such as methyl methacrylate and styrene using oil-

in-water emulsions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8.  Schematic of the process to prepare hybrid cellulose silica spheres. Step 1: derivatization 

– cellulose reaction with 3,5-dimethylphenyl isocyanate and 3-isocyanatopropyl triethoxysilane. 

Step 2: cross-linking – reaction with tetraethyl orthosilicate (TEOS). Step 3: aging – reaction with 

the surfactant sodium dodecylsulfate (SDS) [114]. 

   

 

None of the above references has disclosed or suggested a method for preparing 

submicrometer sized discrete particles of polysaccharide/silica class II hybrid materials, without the 

need of using surfactants or emulsions to tailor the size and shape of the particles. Thus, the 
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construction of hierarchically structured hybrid materials follows integrative synthesis pathways 

where chemistry, physics and processing are strongly connected. 

 

 

2.3. Magnetic nanoparticles  

            Due to economic and environmental factors, the concept of recoverable and reusable sorbents 

has gained importance. Subsequently, the use of magnetic sorbents, namely magnetic nanoparticles 

(MNPs), has raised increasing interest [116,117]. Available texts refer the use of magnetism for water 

treatment as early as 1873 when A.T. Hay received the first US patent for a water treatment device 

that employed a magnetic field [118]. Since then, magnetism has been employed in various water 

treatment methods such as anti-scaling technique in boilers, pipelines in factories [119,120], 

coagulation [121,122] and biological processes [123]. The use of magnetism in adsorption processes 

is a relatively new concept and is gathering increasing attention from researchers.  

            Magnetic sorbents are a new class of sorbents where a substrate sorbent material is embedded 

with magnetic particles which can be metals or  metal oxides comprising Fe, Co, Mn, Ni and Cu 

[124,125]. Of particular interest among these nanomaterials are iron oxide magnetic nanoparticles 

(IONPs). These IONPs can be used directly as nanosorbents or as the core component of core-shell 

structures, where the IONPs function is magnetic separation, and the shell provides the desired 

functionality for pollutant adsorption [6].  

            The ferrite colloids, magnetite (Fe3O4) and maghemite (γ- Fe2O3), are the most widely used 

nanoparticles for wastewater treatment, having higher adsorption affinity and capacity and faster 

adsorption rate in comparison to many other sorbents [124,126]. These ferrite colloids are 

characterized by a spinel crystal structure with oxygen ions forming a close-packed cubic lattice and 

iron ions located at the interstices [127]. The magnetization of Fe3O4 arises from antiferromagnetic 

coupling between the Fe3+ ions in octahedral and tetrahedral interstices, leaving the magnetic 

moments of the Fe2+ ions (in octahedral positions) as responsible for the magnetization of the unit 

cell [127].  

          Magnetic iron oxide nanoparticles have a large surface-to-volume ratio and therefore possess 

high surface energies [126,128]. Moreover, the naked IONPs are easily oxidized in the air (especially 

magnetite, Fe3O4), generally resulting in loss of magnetism and iron leaching in an aqueous medium. 

Therefore, providing proper surface coating and developing some effective protection strategies to 

keep the stability of magnetic iron oxide nanoparticles is very important. These strategies comprise 

grafting or coating with organic molecules, including small organic molecules or surfactants, 

biopolymers, and biomolecules, or coating with an inorganic layer, such as silica, metal or nonmetal 
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elementary substance. The main synthesis pathways proposed for the preparation of Fe3O4 

nanoparticles (NPs) will be discussed in section 2.3.2.  

 

 

2.3.1. Magnetic properties 

            Based on the response of the intrinsic MNPs magnetic dipole and the net magnetization in 

the presence and absence of an externally applied magnetic field, MNPs can be classified into 

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic [129,130]. Figure 

2.9 shows the net magnetic dipole arrangement for each of these types of magnetic materials. A 

diamagnetic material does not exhibit magnetic dipoles in the absence of an external field but, in the 

presence of a magnetic field, has weak induced dipoles in the opposite direction to that of the external 

field. For paramagnetic materials, there are magnetic dipoles as illustrated in Figure 2.9, but these 

dipoles are aligned only upon application of an external magnetic field. For a ferromagnetic material, 

the magnetic dipoles always exist in the absence and presence of an external field and exhibit long-

range order. Macroscopically, such material displays a permanent magnetic moment. The difference 

in the source of the net magnetic moment can also be used to distinguish ferromagnetism from both 

ferrimagnetism and anti-ferromagnetism. In a ferrimagnetic material (like Fe3O4) there are always 

weaker magnetic dipoles aligned antiparallel to the adjacent, stronger dipoles in the absence of an 

external magnetic field. For an antiferromagnetic material (like Fe2O3), the adjacent dipoles are 

antiparallel in the absence of an external field and cancel each other.  

 

 

 

 

 

 

 

 

 

 

Figure 2.9.  Magnetic dipoles and behavior in the presence and absence of an external magnetic 

field. Based on the alignment and response of magnetic dipoles, materials are classified as 

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic. Adapted from [131].  
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The maximum magnetization possible is called saturation magnetization, and it arises when 

all the magnetic dipoles are aligned in an external magnetic field. Figure 2.10 shows a typical 

hysteresis magnetization curve for ferromagnetic nanoparticles where Ms corresponds to saturation 

magnetization, Mr the remanent magnetization (remaining induced magnetization after removal of 

the applied field) and Hc is the coercivity (the intensity of an external coercive field needed to reduce 

the magnetization to zero) [130,131]. In contrast to the hysteresis observed in the case of 

ferromagnetic nanoparticles (blue line), the response of superparamagnetic nanoparticles to an 

external field also follows a sigmoidal curve but, as expected, shows no hysteresis (purple line). The 

response of paramagnetic (green line) nanoparticles is also shown in Figure 2.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Magnetic behavior of different types of magnetic materials under the influence of an 

applied magnetic field, where Ms corresponds to saturation magnetization, Mr the remanent 

magnetization and Hc is the coercivity. Adapted from [124].  

             

 

             Since this PhD research focused on the preparing magnetite (Fe3O4) nanoparticles, the next 

topics will be related to this iron oxide. The magnetism of MNPs is size/volume and temperature 

dependent because this property arises from the collective interaction of atomic magnetic dipoles 

[130,131]. Magnetite nanoparticles exhibit unique size-dependent magnetic properties (Figure 2.11). 

Bulk magnetite is a ferrimagnetic material composed of multiple magnetic domains (Weiss domains). 

Magnetite particles become a single domain as the particle size decreases below ∼100 nm, where 

coercivity is maximized. When the particle size is smaller than ∼20 nm, the magnetization of 

magnetite nanoparticles is randomized by thermal energy so that they become superparamagnetic 

[132]. The decrease of the particle size from macroscopic to the nanoscale brings consequences in 
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terms of magnetic properties. Below a critical particle size (~25 nm for Fe3O4), it is energetically 

more favorable for magnetite particles to be composed by single magnetic domains and therefore 

exhibit superparamagnetic behavior. The magnetization curve of superparamagnetic nanoparticles 

does not show hysteresis loop which means that in the absence of an external magnetic field these 

particles have zero magnetization, no coercivity and less tendency to agglomerate, an important 

feature for adsorptive applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Size-dependent magnetic properties of iron oxide nanoparticles. Inset TEM images and 

magnetization curves of magnetic nanoparticles (M: magnetization; H: coercivity). Bulk magnetite 

is ferrimagnetic and multidomain magnetic structure. Magnetite particles become a single domain as 

the particle size decreases below ∼100 nm, where coercivity is maximized. When the particle size is 

smaller than ∼20 nm, the magnetization of magnetite nanoparticles is randomized by thermal energy 

so that they become superparamagnetic [132].  

              

 

            For magnetic separation applications, ferromagnetic particles are usually preferable over 

superparamagnetic nanoparticles because they show higher magnetophoretic response, thus leading 

to faster separations [117,124]. Most applications require the MNPs to be uniform in size, 

morphology, and well dispersed in a solvent. These properties are generally controlled by the 

preparation method. For this reason, many synthetic routes have been explored for the fabrication of 

the so called monodispersed colloids of magnetite nanoparticles. Several methods of synthesis of 

iron oxide NPs will be addressed in the next section. 
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2.3.2. Methods of synthesis of iron oxide nanoparticles 

             In the last decades, much research has been performed in the synthesis of iron oxide NPs, 

and many reports have described different synthesis approaches to produce shape-controlled, stable, 

biocompatible, and monodispersed iron oxide NPs [124,133–135]. The preparation methods used to 

prepare MNPs can be divided into the following three categories [124,126]:  

           i) Physical methods including size reduction to the nanometer range and dispersing in an 

aqueous medium using the classical colloidal routes; and condensation of the precursors from either 

a liquid or gaseous phase [136].   

          ii) Wet chemical preparation methods, or “bottom-up” synthesis procedures, such as sol-gel 

synthesis, oxidation method, chemical co-precipitation, hydrothermal reactions, flow injection 

synthesis, electrochemical and aerosol/vapor methods, sonochemical decomposition reactions, 

supercritical fluid method, and synthesis using nanoreactors [124,126].  

          iii) Microbial methods in which iron oxide NPs are formed in a biomineralization process.  

These methods are generally simple, versatile, and efficient control of the particle size and 

composition of the resulting material [126].  

            The most used chemical methods regarding the synthesis of colloidal magnetite nanoparticles 

are the co-precipitation method [137–139], the oxidative hydrolysis [140,141], the hydrothermal 

treatment [142–144] and the thermal decomposition of iron-containing molecular precursors [145–

147]. These methods will be described in detail below.  

 

Co-precipitation method 

           The most conventional method for obtaining Fe3O4 nanoparticles is by co-precipitation. This 

method consists of mixing ferric (Fe3+) and ferrous (Fe2+) ions in a 2:1 molar ratio in aqueous alkaline 

environment (pH 8–14) and a non-oxidizing atmosphere. The synthesis results in the immediate 

formation of a black precipitate of magnetite NPs according to the chemical reaction depicted in 

equation (2.1): 

 

𝐹𝑒2+ +  2𝐹𝑒3+  +  8𝑂𝐻− →  𝐹𝑒3 𝑂4 + 4𝐻2𝑂                                   (2.1) 

 

The size, shape, and composition of the magnetic iron oxides prepared using the co-precipitation 

method depend on the type of salts used (e.g., chlorides, perchlorates, sulfates, nitrates), the Fe3+/Fe2+ 

ratio, the reaction temperature, the pH value and ionic strength of the medium [116,128]. In 

particular, the pH and the ionic strength of the medium have preponderant effects on the 

thermodynamics of the reaction because they act in the protonation–deprotonation equilibrium of the 

hydroxylated groups at the surface of the new NPs [135]. For example, the nucleation of the Fe3O4 
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nucleus is easier when the solution pH is lower than 11, while the growth of the Fe3O4 nucleus is 

facilitated when the solution pH is higher than 11 [148]. The main advantage of the co-precipitation 

method is that a large amount of nanoparticles can be synthesized. Magnetic NPs prepared via co-

precipitation have a spherical shape, with a diameter ranging from 2 to 17 nm and are 

superparamagnetic [128,148]. However, this method does not provide tight control of the particle 

size and usually polydisperse size distribution is obtained. In some cases, the polydispersion can be 

greater than 20% [135]. Although the co-precipitation method is a successful and classical technique 

for synthesizing magnetic NPs with high saturation magnetization, more attention should be paid to 

overcome the shortcomings of this method, such as the broad particle size distribution of products 

and the use of a strong base in the reaction.  

 

Oxidative Hydrolysis   

          Another aqueous-based synthesis route to prepare magnetite NPs is the oxidative hydrolysis 

of iron (II) salts. This method was firstly reported by Sugimoto and Matijevic [149] and consists of 

partially oxidizing ferrous hydroxide suspensions with mild oxidizing agents, typically nitrate ions. 

In contrast with the co-precipitation method, oxidative hydrolysis can be used to prepare particles in 

a wide range of sizes, from nanometric up to dimensions as large as 1 micrometre [150]. The 

manipulation of the synthesis conditions, such as the ratio between the concentrations of the oxidant 

and the iron precursor and the initial pH, will define the nanoparticle size. As in the co-precipitation, 

this method does not provide tight control over the nanoparticles' size distribution. 

 

Hydrothermal treatment 

          Iron oxide NPs with controlled size and shape are technologically important due to the strong 

correlation between these parameters and magnetic properties. The microemulsion and thermal 

decomposition methods usually lead to complicated process or require relatively high temperatures. 

As an alternative, hydrothermal synthesis includes various wet-chemical technologies of 

crystallizing substance in a sealed container from high-temperature aqueous solutions (generally in 

the range from 130 to 250 ºC) at high vapour pressure (generally in the range from 0.3 to 4 MPa) 

[133]. This technique has also been used to grow dislocation-free single crystal particles, and grains 

formed in this process could have a better crystallinity than those from other processes. In the 

hydrothermal method, the synthesis is performed in aqueous media for several hours and in 

autoclaves [128]. The formation of ferrites can occur via the hydrolysis and oxidation of ferrous salts 

[151,152], or neutralization of mixed metal hydroxides [153,154]. The reactants are premixed before 

being transferred to the autoclave, to ensure complete solvation. The particle size is controlled mainly 

through the rate processes of nucleation and grain growth, which will depend upon the reaction 
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temperature. Possible advantages of the hydrothermal method over other types of crystal growth 

include creating crystalline phases that are not stable at the melting point [148]. This method is also 

particularly suitable for producing good-quality iron oxide nanocrystals while maintaining good 

control over their composition.  

 

Thermal decomposition 

          Another synthesis method used to produce iron oxide magnetic NPs with narrow particle size 

distribution and very uniform in shape is based on the thermal decomposition of metal precursors in 

the presence of high boiling point solvents [135]. Examples of precursors used include iron 

complexes such as iron cupferronate, iron pentacarbonyl and iron(III) acetylacetonate. Typical 

reaction temperatures are above 250º C [133]. To obtain monodisperse magnetic NPs, various 

organic molecules, including oleic acid, 1-octadecene, 1-tetradecene, and oleylamine, are often 

added in the reaction process as stabilizers [148]. The stabilizer can slow down the nucleation 

process, and it affects the adsorption of additives on the nuclei and the growing nanocrystals, which 

may inhibit the growth of the magnetic NPs, and favor the formation of small NPs. The as-obtained 

products are usually spherical NPs with sizes below 30 nm, and their size-distribution can only be 

controlled to a small extent [148]. Moreover, the thermal decomposition method is often used to 

prepare iron oxide with different shapes, such as nanocubes and nanospheres. Nevertheless, the 

decomposition method has two main disadvantages. The first is that the resulting particles are 

compatible only with organic media. For applications that require good dispersibility in the aqueous 

medium, as in the case of biomedical applications, an additional step for ligand exchange is needed. 

The second is the difficulty to produce large amounts of NPs (or at least equivalent to the amount 

obtained using the co-precipitation method) because it is difficult to maintain a uniform temperature 

profile in large reactors [135]. 

 

 

2.4. Surface modification of magnetic nanoparticles with biopolymers 

          Depending on the chemistry of the ligand molecules present at the surface of particles and the 

purpose of the final particles, different coating materials and methods can be chosen. For example, 

it may be necessary to add new coating layers, exchange the ligand, crosslink the coating or modify 

it with functional groups to provide particles’ stabilization and/or functionality. Most commonly 

species used for surface modification of MNPs include small organic molecules (e.g., citric acid) 

[155], inorganic materials (e.g., silica) [155] and natural/synthetic polymers (e.g., dextran, 

poly(ethylene glycol)) [156,157].  
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         Polysaccharides are one of the three types of biopolymers found in nature (polysaccharides, 

proteins and lipids). The abundance of polysaccharides in nature allied with the advances towards 

low cost and greener extraction/production processes has increased the interest in exploiting 

polysaccharide materials for a range of applications, including nanotechnology [158]. These 

biopolymers present favorable characteristics and biological properties that make them versatile 

materials to employ as coating materials of MNPs aiming several applications. Coating magnetic 

nanoparticles with biopolymers improves their stability against oxidation and provides functional 

groups to capture target pollutants from water [148,159,160]. Besides, biopolymers improve the 

colloidal stability of the magnetic nanoparticles in aqueous media and prevent the formation of 

magnetic aggregates, which otherwise could contribute to diminishing the available surface area and 

sorption capacity [117,133] (Figure 2.12). Colloidal stability is improved either due to steric 

shielding caused by biopolymer chains either due to electrostatic repulsions between charged 

moieties present in the biopolymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. a) Steric stabilization of MNPs coated with polymers: if two sterically stabilized cores 

approach each other, polymer brushes are confined, and this reduces the entropy of polymers and 

increases the osmotic pressure between MNPs leading to colloidal stability; and b) electrostatic 

stabilization of MNPs coated with polymers [159].  
          

 

           Polysaccharides are among the biopolymers most used for preparing magnetic biosorbents. A 

vast number of biopolymers are produced in the natural environment during the growth cycles of 

living organisms, like green plants, animals, bacteria, fungi and algae. Besides being available on a 

sustainable basis, biopolymers offer the advantages of low cost, biodegradability and reduced 

toxicity (Figure 2.13). Also, they naturally present a large number of functional groups in their 
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chains, which can serve as anchoring points onto MNPs and as reactive groups for modification 

[158]. Examples of polysaccharides commonly used to coat MNPs are alginate, carrageenan, 

cellulose and derivatives, chitosan, dextran, natural gum and starch (Table 2.5). Polysaccharides 

usually contain multiple hydroxyl groups. Some polysaccharides present neutral charge (cellulose, 

dextran and starch), but in some cases, they also have charged groups such as amine (chitosan), 

carboxylate (alginate and gum arabic) and ester sulfate (carrageenan). 

Figure 2.13. Examples of biopolymers of different classes, such as polysaccharides, proteins and 

lipids. Polysaccharides include cellulose, starch and alginate, among others. Collagen, fibrinogen 

and gelatin belong to the group of proteins and lipids include the free fatty acids. Biopolymers present 

several interesting environmentally friendly features such as low toxicity, versatility, 

biodegradability, biocompatibility, availability and they are rich in functional groups [7,161,162]. 

 

 

Table 2.5. Main characteristics (ionic character, source, functional groups) of the polysaccharides 

and derivatives commonly used for coating MNPs, in the context of water treatment applications 

indicating the target pollutants. 

Ionic 

character 
Polysaccharide Source 

Functional 

groups 
Target Pollutants Reference 

 

 

Neutral 

Cellulose 
Vascular 

plants 
–OH 

Heavy metal ions, 

resorcinol 
[163–165] 

Dextran 
Fermentation 

of sucrose 
–OH 

Aromatic 

hydrocarbons, 

arsenic 

[166,167] 

Starch Green plants –OH Copper, dyes [70,168] 

 

 

Anionic 

Alginate 
Cell walls of 

brown algae 
–OH, –COO- 

Sodium fluoride, 

strontium, dyes 
[169–171] 

Carrageenan 
Red 

seaweeds 
–OH, –OSO3

- 

Dyes, heavy metal 

pharmaceuticals, 

ions, herbicides  

[74,89,172,

173] 

Natural gum Trees –OH, –COO- 
Dyes, heavy metal 

ions 
[174] 

Cationic Chitosan 

Shells of 

shrimp/crusta

ceans 

–OH, –NH3
+ 

Dyes, heavy metal, 

pharmaceuticals, 

ions, oils 

[75,175–

177] 
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           Although an exhaustive description of the properties of these polysaccharides can be found in 

specific literature [178–181], it is worth mentioning for selected polysaccharides some properties of 

relevance for adsorption applications. Cellulose is the most abundant biopolymer and is an essential 

structural component of the primary cell wall of green plants. Its structure contains several hydroxyl 

groups that enable cellulose to be relatively stable [163]. However, the adsorption ability of 

unmodified cellulose is low. Cellulose can be chemically modified through several chemical 

processes to improve the adsorption capability [163,182,183]. Over the past years, cellulose and its 

modified forms have been developed as a new class of versatile sorbents for various pollutants 

removal from aqueous solution [184,185]. 

           Starch, the energetic reserve of the most part of green plants, is one of the most abundant 

polysaccharides in nature next to cellulose [186]. Starch comprises both amylose and amylopectin in 

a ratio of approximately 1:4; although this can vary between species. The solubility of starch depends 

mainly on the ratio of amylose to amylopectin, but generally, starch is insoluble in cold water [187]. 

Despite the progress on using starch as sorbent to remove water pollutants [188,189], these sorbents 

generally suffer from several drawbacks such as low adsorption capacity [190], complex separation 

process from treated water and poor reusability [191]. Therefore, the practical applications of starch-

based sorbents for the treatment of water pollutants are seriously restricted. To overcome this 

drawback, starch could be modified to enhance the adsorption process. For instance, Guo et al. [192] 

synthesized a crosslinked porous starch and found that its capacity to adsorb methylene blue (MB) 

was much higher than that of native starch. 

         Dextran is a complex and highly-branched polysaccharide that is produced by the enzymatic 

action of bacteria such as Leuconostoc mesenteroides on sucrose. As a result the main side groups 

are hydroxyls [193]. Dextran is soluble in water over an extensive range of concentrations with the 

ability to bind to metals and potentially reduce them in solution to form metallic nano- and 

microstructures. An advantage of dextran in sol-gel chemistry is that it is readily modified, for 

example, to produce anionic dextran sulfate or carboxymethyl-dextran where metal binding may be 

enhanced [193]. So far, oxidized dextran, amphiphilic starlike dextran, and aminated dextran coated 

MNPs have been developed [194–196].  

         Alginate is extracted mainly from brown seaweeds and can form hydrogels. Its structure 

contains abundant carboxylate groups that can interact with multivalent metal cations, namely with 

calcium ions to form the so-called “egg-box structure” through a sol-gel transition [197]. An aqueous 

solution of alginate is readily transformed into a hydrogel on addition of metallic divalent cations. 

Alginate has an affinity for metal ions, and the use of this biopolymer as a sorbent for the recovery 

of valuable metal ions and the removal of toxic metal ions has been studied [198,199]. 
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          Carrageenan (CRG) comprises a family of anionic sulphated linear polysaccharides extracted 

from red seaweeds. Carrageenan undergoes gelation in the presence of monovalent and divalent 

cations due to the formation of a double helical configuration and helix aggregation [200]. 

Carrageenan can be classified according to the degree of substitution of their hydroxyl groups. 

Variable degree of sulfation (between 15% and 40%) are identified by a Greek prefix. Its three 

principal varieties are κ-, -, and λ-CRG [201–203]. Kappa-carrageenan (κCRG) is approximately 

25 to 30 % substituted with ester sulfate groups, it is soluble in hot water and forms solutions with 

thixotropic characteristics [203]. The kappa structure is a linear polysaccharide with one ester sulfate 

group per two galactose molecules. It assumes a helical network that is strengthened in the presence 

of cations, namely potassium [201,203]. Iota-carrageenan (CRG) has the same properties (solubility 

in hot water), but the percentage of substitution with ester sulphate groups is about 28 to 30%. Like 

kappa, the iota-carrageenan structure is also a linear polysaccharide which assumes a helical 

conformation but with two ester sulphate groups per each two galactose molecules. Iota forms a soft 

elastic gel, especially in the presence of calcium ions, and the resulting gel strength is ionic strength 

dependent [203]. Lambda-carrageenan (λCRG) has three sulphate groups per each two galactose 

molecules, and conversely kappa and iota types, does not form helical structures. Lambda-

carrageenan has an ester sulfate content of about 32 to 39%. As a result of its structure, lambda is a 

non-gelling polysaccharide mainly used to thicken solutions. Kappa- and iota-carrageenan exhibit 

gelation in the presence of mono- and divalent cations, respectively. In contrast, lambda-carrageenan 

does not gel with either mono- or divalent cations and displays only viscous behavior. Gelation in 

lambda-carrageenan indeed is possible, but with trivalent ions [204]. The lambda form is also the 

only carrageenan that is cold-soluble without being in a sodium salt form [203]. Besides hydroxyl 

groups, carrageenan possesses anionic ester sulfate groups that can interact with cationic pollutants 

[89,172,173,205].  

          Gum arabic is a natural gum obtained from the stem or branches of trees. Typically, it is used 

as an emulsifier and colloidal stabilizer and as nutritional component in the food industry [206]. Gum 

arabic is a negatively charged, hydrophilic and with low toxicity branched complex polysaccharide 

existing as a mixture of calcium, magnesium, and potassium salts [207]. This biopolymer is highly 

soluble in water and displays properties that depend on its molecular characteristics such as 

molecular mass, degree of branching, protein content and the relative amount of uronic acids in its 

composition [208]. Gum arabic is especially attractive to coat magnetite nanoparticles because of its 

properties as stabilizer, hydrocolloid emulsifier and biocompatibility [209].  

         Chitosan is obtained by deacetylation of chitin, the most abundant natural polymer after 

cellulose. Its structure contains amine and hydroxyl groups that can interact with metal cations in 

neutral or alkaline conditions. The main parameters that influence all the chitosan properties are the 
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molecular weight and deacetylation degree [187]. Such parameters are determined by the conditions 

used in the chitosan preparation. Chitosan is insoluble in water as chitin; however, its solubilization 

can be obtained at acidic conditions. At low pH, the amino groups of chitosan are protonated, which 

increases the electrostatic repulsion among the chains allowing their solvation by water molecules. 

In an acidic environment, the protonated amine groups promote the sorption of anions [77,210,211]. 

Furthermore, chitosan can be chemically modified with distinct functionalities to improve the 

adsorption capacities and the mechanical and physical characteristics of the resulting sorbents 

[81,212,213]. 

 

 

2.4.1. Strategies for surface modification 

            The surface of MNPs, typically magnetic iron oxide nanocrystals containing surface hydroxyl 

groups, can react with different functional groups. Owing to this broad reactivity, there is a range of 

strategies for the surface modification of MNPs with biopolymers, which can be carried out either in 

situ during the MNPs synthesis, or using post-synthesis routes (i.e., ex situ) [116,159]. The main 

interactions that can be present in the adsorption mechanism of biopolymers onto MNPs are 

electrostatic interactions, hydrophobic interactions and hydrogen bonding [159,160]. As a result of 

the many strategies available for surface modification, several distinct structures of magnetic 

bionanocomposites can be obtained, including core-shell structure, multicores or matrix dispersed 

structure, shell-core-shell, and Janus-type hetero-structures [148,159] (Figure 2.14).  

          Core-shell structures (Figure 2.14a) are obtained when the magnetic core is encapsulated 

within the biopolymeric material that involves the whole particle. In particular, the core-shell can be 

called yolk-shell structure when the core is entrapped inside a hollow shell, with a core-void-shell 

configuration. In the inverse core-shell structure, the magnetic material coats the surface of the non-

magnetic functional material. Multicore structures (Figure 2.14b) include two distinct structures: 

mosaic or matrix-dispersed structure and shell-core. The mosaic structure comprises a shell layer 

made of biopolymer molecules coated to any uniform MNP, i.e., MNPs are dispersed in a continuous 

biopolymer matrix. In a shell-core structure, MNPs decorate the surface of a core particle of 

biopolymer. In shell-core-shell structures (Figure 2.14c), the location of MNPs is between the two 

biopolymeric materials. Magnetic Janus-type structures (Figure 2.14d) are hetero-structures where 

one of the spatial regions provides magnetic features while the other compartment provides distinct 

functionality. Magnetic biopolymer-based Janus structures were barely explored for water treatment 

purposes. Nevertheless, they offer huge potential for sensing applications, namely the possibility of 

combining distinct analytical functions in a single particle that otherwise would interfere with each 

other [214]. 
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 Figure 2.14. Distinct structures of magnetic bionanocomposites: a) core-shell structures include 

simple core-shell, yolk-shell and inverse core-shell structures; b) multicore structures include mosaic 

and shell-core structures; c) shell-core-shell structures; and d) Janus structures comprise several types 

of arrangements such as snowman, acorn, dumbbell, two hemispheres, half of raspberry and Janus 

structures [7].   

 

 

2.4.1.1. In situ surface functionalization  

           This is a one-pot synthesis strategy where both the synthesis of MNPs and their surface 

functionalization are carried out. The biopolymer and the precursor of MNPs are added 

simultaneously to the reaction mixture, and the coating process starts as soon as nucleation occurs, 

preventing further growth of the particles [159]. This method benefits from the ability of the 

biopolymer to interact with metal ions from the precursors of MNPs and MNPs surface. The metal 

ion-biopolymer interaction may occur through different modes, including complexation and 

hydrogen bonding [215]. Hence, owing to these interactions, the biopolymer can play a key role 

either in the nucleation or particle growth steps. For example, starch was employed to effectively 

control and tune the size of Fe3O4 nanoparticles prepared by oxidation-precipitation of ferrous 

hydroxide [76]. The size of the MNPs was tuned from 15 to 100 nm by changing the time of addition 

of a starch solution to the reaction mixture. Starch acted as a kinetic control agent that affected both 

the size, size distribution and aggregation state of the MNPs. Starch-coated Fe3O4 NPs were water 

dispersible, presenting good colloidal stability.  

         The in-situ MNPs synthesis is typically performed using wet chemical routes that require an 

aqueous environment and mild conditions of temperature, compatible with the presence of the 
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biopolymer. Among in situ strategies, the co-precipitation of ferric and ferrous ions under alkaline 

conditions is the most commonly used route to prepare biopolymer coated Fe3O4 nanoparticles 

[216,217]. Generally, nanocomposite structures obtained are core-shell structures or mosaic (matrix 

dispersed) structures [148,218]. Nevertheless, the morphology and the thickness of the polymer shell 

are difficult to control using this methodology. Owing to these limitations and even though the one-

step synthesis is less time-consuming, magnetic biosorbents prepared by in situ procedures have been 

less reported. Some recent examples are described below that illustrate the usefulness of in situ 

strategy for the functionalization of MNPs aiming for applications in the removal of pollutants from 

water.  

          Several examples could be found concerning biopolymer coated magnetic nanophases 

obtained by in situ co-precipitation that were subsequently modified in post-synthetic steps. In those 

systems, the biopolymer serves as a springboard for the addition of reactive groups aiming to improve 

the adsorption capacity. For instance, amino-acids and diethylenetriamine were grafted at the surface 

of chitosan-coated magnetite nanoparticles (size 10–50 nm) prepared via co-precipitation, using 

epichlorohydrin as crosslinker [219,220]. The materials showed a binding affinity for uranyl and 

Dy(III) ions present in aqueous solutions. The highest uranyl sorption capacity was obtained with 

diethylenetriamine functionalized sorbents, probably due to the increased density of reactive 

polyamine groups. 

          Magnetic iron oxide nanoparticles were prepared by co-precipitation of iron ions in the 

presence of chitosan, followed by the addition of the crosslinker glutaraldehyde to impart mechanical 

robustness to the biosorbent [221,222]. Small nanoparticles, with an average size of 5 nm [221] and 

50 nm [222] and narrow particle size distribution were obtained. The nanoparticles were 

homogeneously dispersed and embedded in the biopolymer matrix, leading to the formation of 

magnetic nanocomposites of undefined morphology. These biosorbents showed good adsorption of 

mercury species even in the presence of competitive cations [222]. In alternative to glutaraldehyde 

addition, more environmentally friendly crosslinking strategies are also being explored. For example, 

using in-situ co-precipitation κ-carrageenan coated magnetite nanoparticles with an average size of 

4 nm were prepared and then crosslinked with chitosan [205]. The electrostatic interactions between 

positively charged amine groups on chitosan and negatively charged sulfate groups on κ-carrageenan 

could produce stable complexes with an affinity for cationic dyes such as methylene blue. 

          Li et al. [223] prepared magnetic gelatin by in situ co-precipitation of magnetic iron oxide 

phases with an average size of 15 nm (Figure 2.15a). The gelatin was further cross-linked by 

transglutaminase to maintain its mechanical stability. After modification with a dicarboxylic acid, 

chitosan/polyethyleneimine (PEI) cationic copolymers were grafted on the surface of the MNPs, 

using carbodiimide chemistry, yielding a sheet structure with a mean diameter of 500 nm (Figure 
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2.15b). Grafting of PEI significantly increased the number of surface amino groups and the 

adsorption capacity of lead and cadmium cations from water, as well as the stability of the sorbent 

in strong alkaline or acidic conditions. 

Figure 2.15. Transmission electron microscopy (TEM) images of a) magnetic gelatin and b) 

chitosan/polyethyleneimine(PEI)-grafted magnetic gelatin. Magnetic gelatin was homogeneously 

dispersed with a mean diameter of 15 nm. After being grafted with chitosan/PEI cationic copolymers, 

the magnetic gelatin formed a monolayer sheet structure with a mean diameter of 500 nm [223].  

 

 

           Magnetic carboxymethylchitosan spherical composite particles with very uniform particle 

size have been prepared using a simple one-pot polyol method [224]. The average diameter was 

nearly 500 nm, and each submicrometer sized particle was a cluster formed by the aggregation of 

many small Fe3O4 nanocrystals with sizes of 10-15 nm (Figure 2.16). The resulting composite NPs 

possessed high magnetic content and surfaces functionalized with carboxylic moieties and were used 

for the rapid removal of heavy metal ions (Pb2+, Cu2+ and Zn2+) from aqueous solutions. 

          Among the several examples described above, no relevant literature has been found regarding 

magnetic biosorbents prepared in situ for the removal of pharmaceuticals from water.  

 

 

 

 

 

 

 

Figure 2.16. Scanning electron microscopy (SEM) images of carboxymethylchitosan magnetic 

nanoparticles at a) low and b) high resolution. c) High resolution transmission electron microscopy 

(HRTEM) image of carboxymethylchitosan magnetic nanoparticles. The particles exhibit a uniform 

size of approximately 500 nm. HRTEM image shows fringes at the edges of the particles [224].  

a) 

  a) b) 

   b) c) a) 
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2.4.1.2. Ex situ surface functionalization 

           Ex situ or post surface functionalization strategies are carried out using magnetic nanoparticles 

(MNPs) previously synthesized. The procedure is divided into two distinct stages, synthesis and 

surface modification, which allows better control of each stage individually. It can involve the simple 

coating of MNPs with biopolymers, physically or chemically crosslinked or the covalent attachment 

of the biopolymer chains to the surface of MNPs. The latter usually requires the use of a linker ligand 

such as functional alkoxysilanes. In this section, ex situ surface functionalization will be divided into: 

i) ionic crosslinking of biopolymer coating, ii) covalent crosslinking of biopolymer coating, iii) 

coating by complexation of polyelectrolytes, iv) grafting of biopolymers onto magnetic particles 

surface and v) bio-hybrid coatings.  

 

Ionic crosslinking of biopolymer coating 

            Several natural polyelectrolytes have the ability to undergo ionotropic gelation, i.e., to 

crosslink in the presence of counter ions to form hydrogels [225–227]. This ability combined with 

extrusion or emulsification techniques has been widely explored for the encapsulation of magnetic 

nanoparticles, to form magnetic composites particles with different size and shapes. Martínez-

Cabanas and co-workers [228] have prepared magnetic chitosan beads containing magnetic iron 

oxide nanoparticles. The MNPs were dispersed in an acidic solution of chitosan and dripped into an 

alkaline solution under stirring to promote the formation of the beads. The materials were effective 

in the removal of arsenic from water with short equilibrium times and good adsorption capacity.  

            Magnetic alginate core-shell type particles were fabricated using a method of electro-

coextrusion, and employed as an biosorbent for separation of fluoride from aqueous solution [169]. 

In this method, the solutions of alginate and Fe3O4 nanoparticles were injected simultaneously 

through a concentric nozzle using an electrostatic spinning machine and dropped into a solution of 

CaCl2 for alginate (Alg) crosslinking. The resulting particles comprised a core of aggregated Fe3O4 

nanoparticles coated by a shell of alginate. Because lanthanum (Lewis hard acid) shows a high 

chemical affinity to fluoride anions (Lewis hard base), the Ca2+ ions of the alginate were then 

replaced by La3+ ions, through cation exchange. The resulting particles were able to uptake F- ions 

from the solution owing to Lewis acid-based interactions (Figure 2.17). 
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Figure 2.17. A schematic diagram of the synthesis of the magnetic alginate core-shell particles 

(Fe3O4@Alg-La), adsorption of fluoride and magnetic separation process. The magnetic core-shell 

Fe3O4@Alg-La particles were prepared by electro-coextrusion and loading with lanthanum [169]. 

       

 

            In another study, magnetite nanoparticles were coated with κ-carrageenan and used as 

magnetic biosorbents for the removal of methylene blue (MB) from aqueous solutions [229]. Coating 

of MNPs (size around 12 nm) was obtained by simple dispersion of the nanoparticles in κ-

carrageenan solution, the addition of K+ ions to promote sol-gel transition by physical crosslinking, 

followed by particle separation. These biosorbents showed high methylene blue adsorption capacity 

due to electrostatic interaction of the cationic dye MB with the ester sulfate moieties of carrageenan. 

Nevertheless, marked loss of adsorption capacity after regeneration and reuse was observed for these 

biosorbents. This loss was ascribed to possible leaching of the external layer of κ-carrageenan 

molecules during adsorption/desorption stages, owing to lack of stability of the carrageenan layer 

that was physically adsorbed at the surface of MNPs. 

 

Covalent crosslinking of biopolymer coating 

            The mechanical and chemical stability of the biosorbent is a crucial aspect to consider, 

namely to ensure successful recycling and reuse of the biosorbents without loss of adsorption 

capacity. Covalent crosslinking is a versatile method to improve the robustness of the biosorbents. It 

results in the enhancement of the mechanical properties and insolubility of the biopolymer coating, 

as the chains are tied together by strong covalent linkages [230]. Some examples of covalently 

crosslinked magnetic biosorbents are described below. It is worth noting that glutaraldehyde is still 

one of the most frequently used crosslinkers, in spite of its known ecotoxicological issues [231,232]. 
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Alternative and much less toxic crosslinkers such as genipin [233,234] have been barely investigated 

for applications in water remediation [235,236]. 

           Magnetic crosslinked-chitosan microparticles were prepared using a reverse-phase suspension 

cross-linking technique [237]. The process encompassed the preparation of a water-in-oil emulsion, 

and the aqueous phase comprised an acidic solution of chitosan containing Fe3O4 nanoparticles (280 

nm in size) dispersed. Glutaraldehyde was added to crosslink the biopolymer, and the particles were 

gathered using a magnet. The microparticles were spherical in shape and polydisperse in size, with a 

mean diameter of 4.8 µm (Figure 2.18a). The cross-sectioned particles revealed a homogeneous 

distribution of Fe3O4 nanoparticles within the chitosan microspheres, indicating that the embedding 

process resulted in little Fe3O4 aggregation (Figure 2.18b). These biosorbents were tested for the 

removal of phosphorous from water.  

           Magnetic biosorbents of a quaternary chitosan, N-(2-hydroxyl)propyl-3-trimethyl ammonium 

chitosan chloride were prepared using a similar emulsion technique [238,239]. Overall, quaternary 

chitosan provides enhanced adsorption affinity towards anionic pollutants in comparison to 

unmodified chitosan. The biopolymer coating was covalently crosslinked using glutaraldehyde [239] 

or a combination of formaldehyde and glutaraldehyde [238]. Besides chitosan and chitosan 

derivatives, glutaraldehyde was also used to prepare magnetic biosorbents derived from other 

biopolymers such gum tragacanth [240].  

 

 

 

 

 

 

 

 

 

 
 

Figure 2.18. SEM images of a) magnetic chitosan microparticles with an average size of 280 nm and 

b) cross-sectioned magnetic chitosan microparticles. Inset image in image a) show a grainy surface 

[237]. 

 

Coating by complexation of polyelectrolytes 

         Coating of magnetic nanoparticles can also be performed by complexation of polyelectrolytes 

oppositely charged. Most of biopolymers are polyelectrolytes i.e., macromolecules that are either 

charged or, under suitable conditions, can become charged. Hence biopolymers can undergo 

  a) b) 
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complexation in the presence of other oppositely charged biopolymers [241] or synthetic 

polyelectrolytes [242]. The assembly of oppositely charged polyelectrolytes and MNPs is mainly 

governed by strong but reversible electrostatic interactions, as well as hydrogen bonds.  

       The layer-by-layer (LbL) assembly technique is a versatile and straightforward method for the 

fabrication of polymer-based coatings. It has been widely used to modify spherical and planar 

inorganic substrates [243]. This method involves the sequential adsorption of oppositely charged 

biopolymers onto the surface of the nanoparticles. The thickness of the polymer coating can be tuned 

by varying the number of layers deposited and the properties of the polymer solutions. Most of 

magnetic bionanocomposites prepared by LbL technique were developed envisaging biomedical 

application [241,242]. Nevertheless, examples of magnetic biosorbents for water treatments have 

been also reported [244,245]. For example, polyelectrolyte-coated magnetic composites were 

prepared by LbL self-assembly of chitosan and cysteine modified β-cyclodextrin on the surface of 

Fe3O4 nanoparticle-decorated attapulgite, and investigated for the adsorption of precious metal ions 

[245]. 

       Using a distinct approach, Liang et al. [244] have prepared magnetic chitosan/carrageenan 

ampholytic microspheres that showed highly efficient adsorption capacity towards both cationic and 

anionic dyes and heavy metal ions in wastewater. The microspheres were fabricated via 

emulsification procedure from the homogeneous chitosan/carrageenan solution in LiOH/KOH/urea 

aqueous system, showing homogeneous network structure. The ampholytic chitosan/carrageenan 

composite matrix played an important role in the adsorption of pollutants, and the Fe3O4 

nanoparticles uniformly embedded in the matrix afforded sensitive magnetic responsiveness. 

 

Grafting of biopolymers onto magnetic particles surface 

          Another strategy explored for the preparation of magnetic biosorbents is the grafting of the 

biopolymer to the surface of magnetic nanoparticles. The biopolymer can be directly grafted onto 

the surface of the iron oxide particle [79,80] or after surface functionalization with ligands such as 

functional alkoxysilanes that will subsequently link to the biopolymer [246,247]. This strategy might 

also involve the coating of MNPs with a thin layer of amorphous silica (SiO2). The method for the 

encapsulation with SiO2 shells is well established and consists of the hydrolysis of alkoxysilanes 

(e.g., TEOS) and subsequent condensation of silica oligomers in the presence of an acid or base 

catalyst. The amorphous SiO2 shells protect magnetic iron oxides from oxidation and ion leaching, 

and provide a suitable surface for further chemical modification aiming the grafting of the 

biopolymers onto its surface. For instance, carboxymethylated carrageenans were grafted onto the 

surface of amino-functionalized silica coated magnetite nanoparticles, via carbodiimide chemistry 
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[248]. The biosorbents showed good adsorption of methylene blue due to electrostatic interactions 

between the sulfonate groups of carrageenan and the dye.  

           Kim et al. prepared carboxymethyl chitosan-modified magnetic-cored dendrimers with 

enhanced adsorption capacity and magnetic properties [249]. Magnetite nanoparticles were first 

functionalized with amine groups using an amine-functionalized alkoxysilane. Amine terminated 

dendrimers were then built at the surface of the MNPs. Finally, carboxymethyl chitosan was grafted 

to the dendritic structure upon the reaction between –COOH and –NH2 groups, using the 

carbodiimide reaction. The resulting material contained carboxylic acid groups and amino groups as 

terminal sites and showed satisfactory adsorption capacity of both cationic and anionic organic dyes. 

 

 Bio-hybrid coatings 

          In alternative to the grafting of biopolymers at the surfaces of silica coated nanoparticles, the 

biopolymer can be introduced in the silica network, yielding an organic-inorganic hybrid material 

enriched in biopolymer, designated by bio-hybrid material. In the frame of the topic of this PhD 

work, a method for the encapsulation of Fe3O4 nanoparticles with bio-hybrid siliceous shells 

comprising a polysaccharide covalently grafted to the siliceous network was developed [74,89]. The 

encapsulation was performed through a one-step procedure, involving the hydrolysis and 

condensation of a mixture of TEOS and an alkoxysilane covalently bound to the biopolymer, in the 

presence of the magnetic particles and a base that acts as catalyst. Core-shell composite particles 

comprising a magnetic core of Fe3O4 uniformly coated by a thin shell of bio-hybrid siliceous material 

were obtained (Figure 2.19). This method was successfully used for the encapsulation using 

polysaccharides having distinct chemical nature and ionic character, namely κ-carrageenan 

[74,89,173], chitosan [75] and starch [173]. Compared to post-encapsulation grafting, this method 

allowed to obtain surfaces highly enriched with biopolymer functional groups. The resulting 

magnetic biosorbents were highly effective in the removal of the organic pollutants paraquat 

(pesticide), methylene blue (dye) and metoprolol tartrate (beta-blocker) from aqueous solutions 

[74,89,173]. Magnetic hybrid particles prepared from chitosan were tested for the uptake of non-

polar organic solvents from water [75]. 
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Figure 2.19. TEM images of a) Fe3O4 particles with an average size of 47 nm and b) Fe3O4 coated 

with κ-carrageenan hybrid siliceous shell with a shell thickness of 6 nm. The coating was performed 

through a one-step procedure, involving the hydrolysis and condensation of a mixture of TEOS and 

an alkoxysilane covalently bound to the κ-carrageenan [89]. 

 

 

2.5. Adsorptive applications of biopolymer-coated magnetic materials in the 

removal of pharmaceuticals and pesticides from water 

          This section reviews the recent literature concerning the application of magnetic biosorbents 

to remove pharmaceuticals and pesticides from water, taking into consideration adsorptive 

technologies. Table 2.6 provides an overview of several biopolymer-coated magnetic materials that 

have been successfully used for the removal of pharmaceuticals from water. Among the available 

biopolymers, chitosan is the most frequently used biopolymer for magnetic nanoparticles coatings. 

The chitosan covering provides them with free amino and hydroxyl groups that enable the possibility 

to bind to a diversity of chemical groups and ions, leading to many applications. In the field of water 

treatment, chitosan-coated magnetic particles have been widely used for the uptake of several 

pharmaceutical compounds from water, such as, anticonvulsants (carbamazepine) [250], antibiotics 

(erythromycin, ciprofloxacin, norfloxacin, tetracycline, tylosin, chloramphenicol, amoxicillin) [251–

262], nonsteroidal anti-inflammatory drugs (diclofenac) [253,259] and beta-blockers (atenolol) 

[262]. Chitosan has also been tested in magnetic biosorbents to remove pesticides, such as diazinon, 

phosalone and chlorpyrifos from aqueous media [263]. Several examples of adsorptive applications 

of biopolymer-coated magnetic materials in the removal of pharmaceuticals are presented below. 

Nevertheless, studies of surface modified magnetic nanomaterials using biopolymers for the 

adsorption of pesticides are still scarce.  

 

 

  a) b) 
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Table 2.6. Magnetic biosorbent materials employed in removal of pharmaceuticals from water and 

maximum adsorption capacity. 

*Value estimated using Langmuir isotherm; CNTs: carbon nanotubes. 

 

 

A novel magnetic chitosan-g-poly(2-acrylamide-2-methylpropanesulfonic acid) sorbent was 

prepared by grafting the 2-acrylamide2-methylpropanesulfonic acid onto the chitosan in the Fe3O4 

stabilized Pickering high internal phase emulsions and used for the adsorptive removal of tetracycline 

and chlorotetracycline [257]. The adsorption evaluation indicated that the sorbent possesses fast and 

high adsorption properties. The maximum adsorption capacities of the sorbent for tetracycline and 

chlorotetracycline reached 806 and 876 mg/g, respectively. In addition, this magnetic porous sorbent 

can be easily separated from aqueous solution and regenerated and used for the next cycle.  

Core-brushes shaped aromatic rings-functionalized chitosan/Fe3O4 composite particles have 

been employed to remove three pharmaceuticals (norfloxacin, tylosin and diclofenac sodium) from 

water [259]. The material exhibited a maximum adsorption capacity of 165, 134 and 151 mg/g for 

Magnetic biosorbent Pharmaceutical 
Adsorption 

capacity 
Reference 

Magnetic molecularly imprinted chitosan-

Fe3O4 
Carbamazepine 410 µmol/g [250] 

Magnetic imprinted chitosan-Fe3O4 Erythromycin 35 µmol/g* [251] 

Magnetic chitosan grafted graphene oxide Ciprofloxacin 282 mg/g* [252] 

Chitosan/γ-Fe2O3 Norfloxacin 6 mg/g [255] 

Magnetic macro-reticulated cross-linked 

chitosan 
Tetracycline 20 mg/g* [256] 

Chitosan/halloysite-Fe3O4 Tetracycline 38 mg/g* [261] 

Magnetic chitosan-g-poly(2-acrylamide-2-

methylpropanesulfonic acid) 

Tetracycline 

Chlorotetracycline 

806 mg/g 

876 mg/g 
[257] 

Magnetic CNTs-C@Fe-chitosan Tetracycline 104 mg/g* [258] 

Core-brushes shaped chitosan/Fe3O4 

Norfloxacin 

Tylosin 

Diclofenac 

165 mg/g 

134 mg/g 

151 mg/g 

[259] 

Magnetic molecularly imprinted polymer 

based on magnetic chitosan microspheres 
Chloramphenicol 52 µmol/g* [260] 

 

Fe3O4 coated chitosan clay composite 

 

Atenolol 

Ciprofloxacin 

Gemfibrozil 

15 mg/g* 

39 mg/g* 

24 mg/g* 

[262] 

Chitosan/Fe3O4 
Diclofenac 

Tetracycline 

196 mg/g* 

50 mg/g* 
[253] 

Fe3O4/activated carbon/chitosan 

Ciprofloxacin 

Erythromycin 

Amoxicillin 

90 mg/g* 

178 mg/g* 

526 mg/g* 

[254] 

Fe3O4@SiO2/SiκCarrageenan Metoprolol 477 mg/g* [89] 

Magnetic cellulose ionomer/layered double 

hydroxide 
Diclofenac 268 mg/g [264] 

Magnetic alginate-Fe3O4 hydrogel fiber  Ciprofloxacin 555 µg/g [265] 
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norfloxacin, tylosin and diclofenac sodium, respectively. The desired reusability of the particles was 

verified after six adsorption-desorption cycles.  

Another biopolymers explored for the preparation of magnetic biosorbents for the uptake of 

pharmaceuticals from water are carrageenan, cellulose and alginate [89,264,265]. For instance, our 

group explored the ability of hybrid magnetic biosorbents containing a siliceous shell with covalently 

liked κ-carrageenan for the uptake of metoprolol tartrate from water, a beta-blocker frequently 

detected in aquatic media [89]. The maximum observed metoprolol adsorption capacity of the 

magnetic biosorbents amounted to 447 mg/g, and the material could be recycled for 5 cycles.   

Magnetic cellulose ionomer/layered double hydroxide has been successfully used for the 

removal of diclofenac from water [264]. The material exhibited a maximum adsorption capacity of 

268 mg/g, with a good reuse capacity for 3 cycles. The pyridinium rings of cellulose ionomer 

provided several binding sites for the removal of diclofenac. Several adsorption mechanisms were 

proposed by the authors, including π-π interaction, hydrogen bonding as well as anion exchange and 

electrostatic interactions.  

Magnetic alginate-Fe3O4 hydrogel fibers have been used for the effective adsorption-based 

removal of the antibiotic ciprofloxacin from an aqueous medium [265]. The authors successfully 

prepared magnetic alginate-Fe3O4 hydrogel fibers of different size and diameter with the help of a 

simple laboratory micropipette and without the use of any sophisticated instruments. The material 

showed an adsorption capacity of 555 µg/g.  

Regarding the removal of pesticides from water, several studies have already been reported 

using biopolymeric or magnetic materials [266,267]. However, just a few studies were reported using 

biopolymer-coated magnetic materials to remove pesticides from water (Table 2.7). For instance, our 

group explored the ability of κ-carrageenan magnetic hybrid biosorbent for the uptake of the pesticide 

paraquat from water [173]. The material exhibited a maximum adsorption capacity of 257 mg/g. 

Good reusability of the particles was verified up to four adsorption-desorption cycles. 

Mixed hemimicelle sodium dodecyl sulfate (SDS)-coated magnetic chitosan nanoparticles 

were utilized as an efficacious sorbent for both removal and preconcentration of pesticides named 

diazinon, phosalone and chlorpyrifos [268]. In this study, the formation of mixed hemimicelles made 

up of SDS on the surface of the magnetic chitosan nanoparticles leads to solubilization and the 

retention of target analytes by strong hydrophobic and electro-static interactions. The material 

exhibited a maximum adsorption capacity of 15, 16 and 13 mg/g for the pesticides diazinon, 

phosalone and chlorpyrifos, respectively.  
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Table 2.7. Magnetic biosorbent materials employed in the removal of pesticides from water and 

maximum adsorption capacity. 

*Value estimated using Langmuir isotherm. 

 

 

            In another study a magnetite/chitosan/activated carbon composite was prepared and used as 

an efficient sorbent for removing the pesticide atrazine from aqueous solutions [263]. The composite 

was prepared via the co-precipitation of a FeSO4 and FeCl3 mixture, using activated carbon prepared 

from peanut shells, and chitosan. The adsorption experiments performed under the optimized 

conditions showed a maximum adsorption capacity of 62 mg/g with good reusability for 3 cycles. 

 In another work, magnetic sodium alginate/biosilicate nanocomposite has been used to 

adsorb the pesticide malathion from water [269]. The authors were successful in preparing magnetic 

material with high porosity that enhances the adsorption of malathion. The material exhibited a 

maximum adsorption capacity of 36 mg/g.  

 

 

2.6. Fate of magnetic biosorbents 

The effective recovery of nanosorbents used from treated water is essential to ensure the 

absence of nanosized particles in the purified water and in the waste streams of the treatment process 

[271]. The use of magnetic biosorbents presents clearly an advantage in comparison to non-magnetic 

biosorbents since magnetic nanoparticles can be simply and quickly separated from aqueous 

dispersions using high-gradient fields [272,273]. However, in the accidental case of release of the 

sorbents, the use of magnetic nanoparticles in water treatment may introduce unknown health effects 

to humans and other living organisms. The magnetic iron oxide nanoparticles' impact in terms of 

ecotoxicity and cytotoxicity have been investigated in the last years [116,274]. However, studies 

addressing the effect of the magnetite nanoparticles on plants are still scarce [275,276]. Also, few 

studies have addressed the effects of iron oxide nanoparticles on aquatic living organism [277,278]. 

Magnetic biosorbent Pesticide 
Adsorption 

capacity 
Reference 

Fe3O4@SiO2/SiκCarrageenan Paraquat 257 mg/g [173] 

Magnetic chitosan  

Diazinon  

Phosalone 

Chlorpyrifos 

15 mg/g* 

16 mg/g* 

13 mg/g* 

[268] 

Magnetite/chitosan/activated 

carbon  
Atrazine 62 mg/g [263] 

Sodium 

alginate/biosilicate/magnetite 
Malathion 36 mg/g* [269] 

β-Cyclodextrin polymers 

decorated with Fe3O4  

4-chlorophenoxyacetic acid 

2,3,4,6-tetrachlorophenol 

0.671 mmol/g* 

0.077 mmol/g* 
[270] 
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More attention has been devoted to potential human exposure and a large number of works 

investigates the cytotoxicity and genotoxicity of magnetic iron oxide nanoparticles [278–281]. 

Parameters such as the size, shape, surface coating and surface charge of the magnetic nanoparticles 

affect the interaction with cells and living organisms. Generally, neutral surfaces are the most 

biocompatible, whereas cationic surfaces, which have a higher affinity to phospholipid in cell 

membranes, are more likely to induce undesirable hemolysis [279]. 

Upon release of the magnetic biosorbent particles into the aquatic environment, their 

potential impact on the environment and human health will largely depend on the colloidal particle 

stability that is determined by particle surface charge. Environmental factors such as the pH, salinity 

and the presence of organic matter will also affect [274]. For example, humic acid, which is a major 

organic constituent of soil and aquatic environments, if present in high levels, is capable of coating 

Fe3O4 nanoparticles giving rise to particle zeta potential values similar to its own and, therefore, 

much more stable nanoparticle suspensions [282].  

Another concern is the fate of nanoparticles recovered after water treatment. Although 

magnetic biosorbents are reusable after adequate regeneration treatment, generally, after multiple 

cycles lose adsorptive abilities, generating solid waste that needs to be handled [283]. Most recently, 

alternative strategies for the effective utilization of pollutant loaded post-sorbents have been reported 

[284] and include applications in catalysis, as fertilizer or feed additives. For example, biochar 

decorated with magnetic nanophases developed for phosphate recovery, at its end-life improved plant 

growth and the application as fertilizer was proposed [285]. Nevertheless, before implementation of 

any post-sorption valorization strategy, it is critical to investigate the leaching behavior of captured 

pollutants following experimental protocols that characterize solid wastes as inert, non-hazardous or 

toxic [271]. 
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Abstract 

The occurrence of pharmaceuticals in the environment and the water cycle, even at trace levels, has 

been a matter of great discussion in the literature in the recent years. Despite the clinical relevance 

of diclofenac (DCF), several studies indicate that it is one of the most frequently detected non-

steroidal anti-inflammatory drugs in surface waters, with potential harmful impact on environment 

and human health. Herein, novel magnetic hybrid nanosorbents composed of magnetite cores 

encapsulated within a siliceous network highly enriched in a quaternary chitosan (HTCC) were 

successfully prepared and tested in magnetically assisted removal of diclofenac from aqueous 

solutions. The DCF adsorption by the produced core-shell nanoparticles was assessed based on 

several experimental parameters. It was found that under optimal conditions, the modelling of the 

equilibrium data was best fit with Langmuir and Toth models where the maximum adsorption 

capacity of DCF was 240.4 mg/g. These results indicate that these magnetic hybrid nanosorbents are 

among the most effective magnetic systems for the removal of this pharmaceutical from water. 

Through the strategy proposed in this work, novel hybrid magnetic nanoparticles containing a 

cationic surface charge in a broad pH range, from acidic to neutral pH values, is reported. Therefore, 

these materials may provide a new way of removing a wider class of other anionic contaminants 

from water. 

 

 

 

 

Keywords: quaternary chitosan; hybrids; magnetic nanoparticles; adsorption; diclofenac. 
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3.1.1. Introduction  

Contamination of water by vestigial pharmaceutical compounds is a global problem which 

requires an immediate solution. In particular, several reports have indicated that diclofenac (DCF) is 

one of the most commonly found pharmaceuticals in aquatic environments [1–3]. DCF is a non-

steroidal anti-inflammatory drug used to reduce swelling and relieve pain in conditions such as in 

acute injuries or arthritis [2,3]. The complete removal of DCF from water is generally not effective 

in conventional purification methods implemented on wastewater treatment plants (WWTPs) (only 

up to 21–40% removal), due to its poor degradation, high polarity and superior water solubility. The 

combination of these physicochemical properties in aqueous medium, may result in its environmental 

accumulation and consequently, in water contamination [3]. It is now accepted that, the presence of 

non-steroidal anti-inflammatory drugs in water, such as DCF, can adversely affect either human 

health or aquatic organisms. For example, several reports have described that even at low 

concentrations, the presence of DCF in drinking water supplies may result in gastrointestinal damage, 

platelet dysfunction and increased kidney and liver cytotoxicity in humans [3–5].  Consequently, due 

to its potential impact on environment and human health, it becomes increasingly important to 

develop innovative methods capable of removing DCF from aquatic environments using simple and 

straightforward strategies.   

Several methods have been employed to remove DCF from water, including oxidation [6,7], 

photocatalytic degradation [8,9], membrane filtration [10,11]  and adsorption [12,13]. Among these 

techniques, adsorption is an attractive and effective strategy given its simplicity of design and 

operation, low cost and efficiency [1,14]. Furthermore, adsorption processes coupled with magnetic 

separation methods, represent a new emerging alternative in water treatment for the removal of 

pharmaceutical compounds, due to its efficiency and ease of operation that do not require extensive 

training [15,16]. The development of magnetic sorbents with high affinity for DCF can be achieved 

using magnetic nanoparticles functionalized with biopolymers that confer high affinity towards those 

pollutants and whose magnetic properties allow fast magnetic separation from aqueous solution. 

In recent years, magnetic polymeric nanoparticles containing various functional groups, such 

as sulfonate (–SO3
-), carboxyl (–COOH), hydroxyl (–OH), and amine (–NH2) groups, have been used 

for the removal of contaminants from water [17–20]. A large number of the reported materials 

contain functional groups that result in a superior affinity for the removal of positive charged 

pollutants (e.g., heavy metal cations, cationic organic dyes and cationic pharmaceuticals/pesticides) 

[20–23]. To the best of our knowledge, very few attempts have been made for the preparation of 

magnetic hybrid materials containing cationic biopolymers intended for the uptake of negatively 

charged pollutants at pH values that mimic real environmental conditions [24]. To this end, this work 
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describes the preparation of novel magnetic hybrid nanosorbents comprising an iron oxide core 

encapsulated within a siliceous network containing a quaternary chitosan.  

Chitosan has attracted interest in the field of wastewater treatment, due to its low-cost, 

biodegradability, low toxicity and chemical functionality [16,25,26]. However, previous research has 

shown that prior modification of chitosan is required to achieve high adsorption capacity  [19]. In 

order to solve this limitation, the quaternary chitosan, N-(2-hydroxypropyl)-3-trimethylammonium 

chitosan chloride (HTCC) was introduced along the siliceous network to produce cationic hybrid 

multifunctional nanoparticles in a wide pH range. Basically, HTCC was obtained by introducing a 

quaternary ammonium salt on the primary amino group at the C2 position of the chitosan polymeric 

chain [27]. Recently our group proposed a one-step sol-gel method for the surface functionalization 

of iron oxide nanoparticles that led to sorbents enriched in polysaccharide molecules and their 

application in the removal of a wide variety of pollutants from water [19,20,22,23]. In the present 

work, this approach has been extended to a cationic polysaccharide by introducing HTCC along with 

the siliceous network, in order to improve the uptake of DCF from water. 

 

 

3.1.2. Experimental details 

 

3.1.2.1. Chemicals 

Ferrous sulfate heptahydrate (FeSO4.7H2O, >99%) and ethanol (CH3CH2OH, >99%) were 

obtained from Panreac. Chitosan (from shrimp shells, deacetylation degree ≥75%) was obtained from 

Sigma-Aldrich and used as received. Tetraethyl orthosilicate (Si(OC2H5)4, TEOS, >99%), potassium 

nitrate (KNO3, >99%), 3-isocyanatopropyl triethoxysilane ((C2H5O)3Si(CH2)3NCO, ICPTES, 95%) 

and glycidyltrimethylammonium chloride (C6H14ClNO, GTMAC, >90%) were purchased from 

Sigma–Aldrich. Ultra-pure water used was produced using a Milli-Q system with a 0.22 µm filter 

(Synergy equipment, Millipore). Ammonia solution (NH4OH, 25% NH3) was purchased from 

Riedel-de-Häen and potassium hydroxide (KOH, >86%) was purchased from Pronolab. N, N–

Dimethylformamide (HCON(CH3)2) was obtained from Carlo Erba Reagents. Methanol (CH3OH, 

>99%) was purchased from VWR and acetone (C3H6O, 100%) was purchased from AnalaR 

NORMAPUR. Acetic acid (glacial) (C2H4O2, 100%) was obtained from Merck KGaA. Diclofenac 

sodium (C14H10Cl2NNaO2) was purchased from Alfa Aesar. 
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3.1.2.2. Synthesis of N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride  

A quaternary chitosan, N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride 

(HTCC), was prepared following a methodology reported in the literature [27,28]. Briefly, 1 g of 

chitosan was dissolved in 250 mL of an aqueous solution of glacial acetic acid (1%). 

Glycidyltrimethylammonium chloride (GTMAC), in a GTMAC/chitosan molar ratio of 4:1, was 

added under an inert atmosphere of nitrogen (N2) and left under constant stirring (600 rpm). The 

reaction was performed at 65 °C for 24 h. After the reaction, the solution was poured into an 

acetone/ethanol (1/1, v/v) mixture. The precipitate was washed several times with ethanol and dried 

at 30 °C to yield a solid product.  

 

 

3.1.2.3. Determination of the molecular weight of the biopolymers 

The molecular weight of chitosan and HTCC samples were determined by viscosimetry. To 

determine the intrinsic viscosity of the chitosan and HTCC solutions, measurements of the flow time 

of the solvent and of the diluted solutions were carried out using a glass capillary viscometer (inner 

capillary diameter 0.8 mm). From a chitosan or HTCC solution (C0 = 65 mg/50 mL), using 0.3 M 

CH3CO2H/0.2 M CH3CO2Na as solvent, other three solutions were prepared with distinct 

concentrations (2C0/3; C0/2 and C0/3). The measurements were performed at 25.0 ± 1.0 ºC and five 

replicates were performed for each sample. The intrinsic viscosity was obtained by extrapolating the 

reduced viscosity (red) vs concentration data to zero concentration as defined below by equation 

(3.1.1): 

[] = (
red

)𝐶→0                                                                                (3.1.1) 

The viscosity molecular weight (Mv) was calculated based on Mark-Houwink-Sakurada 

equation (3.1.2), using the values for Mark-Houwink constants (K and a) from literature [29] taking 

into account the degree of deacetylation values of chitosan and solvent used in this method. 

[] = 𝐾𝑀𝑣
𝑎                                                                    (3.1.2) 

 

 

3.1.2.4. Synthesis of the HTCC alkoxysilane  

An alkoxysilane derivative of the HTCC (SiHTCC), was prepared using a procedure  

previously reported for distinct biopolymers [19,20,30]. The SiHTCC was generated by reaction 

between HTCC and the silane coupling agent ICPTES. The reaction was performed in a deprotonated 

solvent (N,N-dimethylformamide) and was monitored by FTIR spectroscopy until the characteristic 
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band of isocyanate groups at approximately 2274 cm–1 disappeared, indicating that all NCO groups 

have reacted under the conditions employed. Briefly, the SiHTCC was obtained by reaction of dry 

HTCC (1 g), dry dimethylformamide (13 mL) and ICPTES (1.3 mL). The reaction was performed at 

100 °C (373 K), under an inert atmosphere of dry nitrogen (N2) and left under constant stirring (500 

rpm) for 24 h. After cooling to room temperature, the compound was washed thoroughly with dry 

methanol and dry ethanol. The resulting powder was dried under a dynamic vacuum.  

 

 

3.1.2.5. Synthesis of magnetic hybrid nanoparticles  

The synthesis of magnetic nanoparticles coated with shells of a quaternary chitosan siliceous 

hybrid material (Fe3O4@SiO2/SiHTCC) was performed using a two-step approach. Initially, the 

magnetic core (comprising magnetite nanoparticles – Fe3O4) was synthesized by alkaline oxidative 

hydrolysis of an iron (II) salt (FeSO4.7H2O) under a N2 stream [31]. Secondly, the magnetite 

nanoparticles were encapsulated in amorphous silica shells by alkaline hydrolysis of a mixture of 

TEOS and SiHTCC. For the encapsulation, a suspension of Fe3O4 particles (40 mg) in 38 mL of 

ethanol was prepared and kept immersed in an ice bath, under sonication (horn Sonics, Vibracell). 

After 15 min of sonication, the ammonia (2.4 mL) and a mixture of TEOS (0.37 mL) and SiHTCC 

(0.3 g) were slowly added to the solution which was left for 2 h immersed in an ice bath, under 

sonication. Finally, the nanoparticles were collected magnetically using a NdFeB magnet, and 

washed thoroughly with ethanol. Then, the nanoparticles were left to dry by solvent evaporation.  

Additionally, two other systems have been prepared for comparative purposes: i) Fe3O4 

nanoparticles coated with amorphous silica shells (Fe3O4@SiO2) were prepared in the absence of 

SiHTCC, using TEOS (0.1 mL) as the only source of Si [20,31]; ii) Fe3O4 nanoparticles coated with 

siliceous hybrid shells of unmodified chitosan (Fe3O4@SiO2/SiChitosan) [19]. 

 

 

3.1.2.6. Synthesis of non-magnetic hybrid nanoparticles  

Non-magnetic hybrid particles (SiO2/SiHTCC) were prepared to complement the 

characterization of the magnetic hybrid particles using solid state NMR spectroscopy. The non-

magnetic hybrid particles of quaternary chitosan were prepared using a methodology previously 

reported for distinct biopolymers [19,20,30]. The SiHTCC precursor (0.3 g) and TEOS (0.406 mL) 

were mixed in an Erlenmeyer flask containing deionized water (0.9 mL), ethanol (8.5 mL) and 

ammonia solution (0.15 mL), under constant stirring (500 rpm). The reaction was performed over 24 

h, at room temperature. The resulting compound was washed five times with deionized water and 
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one time with dry ethanol, followed by centrifugation. Finally, the solvents were evaporated and the 

non-magnetic hybrid nanoparticles SiO2/SiHTCC were obtained. 

         For comparative purposes in NMR characterization, amorphous silica (SiO2) particles have also 

been prepared by using the Stöber method [32]. Briefly, deionized water (4.5 mL), ethanol (42.5 

mL), and ammonia solution (0.75 mL) were mixed in a flask containing the silica precursor (TEOS, 

2.25 mL) under constant stirring (250–300 rpm). The reaction was performed over 24 h at room 

temperature. The resulting particles were washed several times with deionized water and ethanol, 

followed by centrifugation. The solvents were evaporated, and SiO2 particles were obtained. 

 

 

3.1.2.7. Removal of diclofenac from water 

The ability of magnetic hybrid nanoparticles (Fe3O4@SiO2/SiHTCC) to uptake diclofenac 

from the water was investigated, performing several batch adsorption experiments. All the 

experiments were carried out on glass vials. Diclofenac sodium (DCF) stock solutions were prepared 

by dissolving an appropriate amount of DCF in ultra-pure water with pH previously adjusted to 6, 

overnight and in dark conditions. The aqueous solutions of DCF were freshly prepared before each 

experiment. For adsorption experiments performed at distinct pH, solutions of NaOH (0.01 M) and 

HCl (0.01 M) were used for pH adjustment. 

Precisely weighted amounts of the magnetic hybrid nanoparticles were added to a DCF 

solution of known concentration and the vials were then shaken using a vertical rotator at a constant 

speed (30 rpm), under isothermal conditions (25.0 ± 2.0 °C). This time was considered the starting 

point of the uptake experiment. For each experiment, the DCF solution was stirred continuously and 

aliquots were collected for analysis at different times. The magnetic hybrid nanoparticles were then 

separated magnetically from the medium using a NdFeB magnet. Diclofenac concentration in the 

supernatant was determined spectrophotometrically by monitoring the absorbance at 276 nm using a 

UV-VIS (ultraviolet-visible) spectrophotometer. Plotting the absorbance against DCF concentration, 

the calibration curve was given by the best data fit by a linear least square equation (Figure A1, 

Appendix A), that was used to convert the absorbance into DCF concentration, for all analyzed 

samples. 

The amount of DCF adsorbed onto the magnetic hybrid nanoparticles, i.e., the adsorption 

capacity, at time t (qt in mg/g) was derived from the mass balance between the initial DCF 

concentration (C0 in mg/L) and DCF concentration at time t (Ct in mg/L) in solution, as displayed by 

equation (3.1.3), where V (L) is the total volume of DCF solution and m, expressed in g, is the mass 

of magnetic hybrid nanoparticles.  
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𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                           (3.1.3) 

The removal capacity (R, expressed in %) was calculated using equation (3.1.4): 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                             (3.1.4) 

Control experiments without magnetic hybrid nanoparticles were also carried out to confirm that the 

loss of DCF through degradation or glass adsorption was negligible in the investigated time intervals. 

 

 

3.1.2.7.1. Effect of contact time 

The time profile of DCF adsorption was assessed in order to investigate the kinetics of 

adsorption. Typically, 20 mL of DCF solution, at a pre-defined concentration (40 and 100 mg/L) and 

pH= 6, was added to 10 mg (accurately weighted) of magnetic hybrid nanoparticles 

(Fe3O4@SiO2/SiHTCC). The mixture was shaken, and aliquots of 1 mL were collected along the 

time (during 5 h) at 25.0 ± 2.0 °C. After analysis of the supernatant by monitoring the absorbance at 

276 nm using a UV-VIS spectrophotometer, the amount of DCF adsorbed onto the particles at each 

time interval (qt, mg/g) was determined using equation (3.1.3) and plotted against time (t, min). 

 

 

3.1.2.7.2. Effect of pH 

To evaluate the influence of the pH and assess the pH values that favor DCF removal, DCF 

solutions (40 mg/L) within the pH range of 5 to 8 (5 mL each) were prepared and put in contact with 

2.5 mg of the magnetic hybrid nanoparticles (Fe3O4@SiO2/SiHTCC) for 5 h, at the conditions 

described in the previous section. After that time, an aliquot (1 mL) of the solution was taken and 

DCF concentration in the supernatant was determined spectrophotometrically by monitoring the 

absorbance at 276 nm. The effect of the pH was not investigated for pH lower than 5 due to low 

solubility of DCF at pH < 4. 

 

 

3.1.2.7.3. Equilibrium isotherm studies 

The equilibrium isotherms for the removal of DCF from water were obtained by dispersing 

ca. 2 mg (accurately weighted) of Fe3O4@SiO2/SiHTCC nanoparticles in 4 mL solutions containing 

different concentrations of DCF (40, 100, 170, 340, 510 and 670 mg/L) at pH= 6. The experiments 

were conducted for 5 h at 25.0 ± 2.0 °C. The amount of DCF adsorbed at equilibrium (qe, mg/g) was 
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assessed by UV–VIS spectroscopy and calculated using equation (3.1.3) for Ct = Ce, where Ce (mg/L) 

is the concentration of the solute at equilibrium. 

 

 

3.1.2.8. Instrumentation 

Fourier transform infrared (FTIR) spectra of the particles were measured in the solid state 

and the spectra of the materials were collected using a Bruker Optics Tensor 27 spectrometer coupled 

to a horizontal attenuated total reflectance (ATR) cell, using 256 scans at a resolution of 4 cm-1. The 

X-ray powder diffraction (XRD) data were collected using a PANalytical Empyrean X-ray 

diffractometer equipped with the Cu K monochromatic radiation source at 45 kV/40 mA. The 

specific surface area of the particles was assessed by nitrogen sorption measurements performed with 

a Gemini V2.0 surface analyzer (Micromeritics Instrument Corp.) at -196 °C and calculated using 

Brunauer-Emmett-Teller (BET) isotherm. Prior to N2 sorption measurements, the samples were 

degassed at 80°C under nitrogen flow overnight. The pore volume was evaluated from the adsorption 

amount using the Barret-Joyner-Halenda (BJH) method. Elemental analysis of carbon, nitrogen and 

hydrogen was obtained using a Leco Truspec-Micro CHNS 630-200-200. The morphology and size 

of the particles were analyzed by transmission electron microscopy (TEM), using a Hitachi H-9000 

TEM microscope operating at 300 kV and by scanning electron microscopy (SEM) using a Hitachi 

SU-70 instrument operated at 15 kV. Samples for TEM analysis were prepared by evaporating the 

diluted suspensions of the nanoparticles on a cooper grid coated with an amorphous carbon film. 

Samples for SEM analysis were prepared by placing an aliquot of a dilute suspension of particles in 

ethanol over a glass slide glued to the sample holder using double-sided carbon tape, and then coating 

the sample by carbon sputtering. The surface charge of the particles was assessed by zeta potential 

measurements performed in aqueous solutions of the particles, using a Zetasizer Nano ZS equipment 

from Malvern Instruments. The 13C cross-polarization (CP)/magic-angle spinning (MAS) nuclear 

magnetic resonance (NMR), 29Si MAS NMR and 29Si CP /MAS NMR spectra of the non-magnetic 

hybrid particles were recorded on a Bruker Avance III 400 MHz (9.4 T) spectrometer at 79.49 and 

100.61 MHz, respectively. 29Si MAS NMR spectra were recorded with 4.5 μs 1H 90° pulses, a recycle 

delay of 60 s, and at a spinning rate of 5 kHz. 13C CP/MAS NMR spectra were recorded with 3.65 

μs 1H 90° pulses, 1.5 ms contact time, a recycle delay of 5 s, and at a spinning rate of 9 kHz. Chemical 

shifts are quoted in ppm relative to tetramethylsilane (TMS). 1H NMR spectra of chitosans were 

recorded on Bruker AMX 300 spectrometer at 300.13 MHz. Deuterium oxide (D2O) and deuterium 

chloride (DCl) were used as solvents, the chemical shifts are expressed in δ (ppm) and the coupling 

constants (J) in hertz [Hz]. Diclofenac concentration was determined spectrophotometrically using a 

Jasco U-560 UV-VIS spectrophotometer. 
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3.1.3. Results and discussion 

 

3.1.3.1. Materials characterization  

The first step of this work involved the modification of chitosan primary amino groups with 

GTMAC in acidic aqueous medium to yield a highly charged cationic polysaccharide of 

homogeneous composition. The quaternary chitosan prepared, N-(2-hydroxypropyl)-3-

trimethylammonium chitosan chloride (HTCC), was a powder that readily dissolved in water at 

acidic (pH= 3), neutral (pH= 7), or basic (pH= 9) conditions owing to the presence of the positively 

charged quaternary ammonium groups. The average molecular weight of chitosan and HTCC was 

determined from intrinsic viscosity. Figure 3.1.1 shows a typical representation of reduced viscosity 

(red) as a function of the concentration of chitosan and HTCC, measured at 25.0 ± 2.0 ºC. In order 

to determine the intrinsic viscosity, a linear relation was fitted to the mean values of red by the least-

squares method. The intrinsic viscosity was obtained from the intercept of the line at C = 0 that was 

used in equation (3.1.2) to calculate the molecular weight (Mv) of chitosan and HTCC. The Mv of 

chitosan and HTCC were found to be 146 000 g/mol and 94 000 g/mol, respectively (Table A1, 

Appendix A). 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.1.1. Plotting of reduced viscosity (red) as a function of concentration of chitosan and HTCC 

samples at 25.0 ± 1.0 ºC (red = 690 mL/mg for chitosan and red = 490 mL/mg for HTCC).  

 

 

The structures of the unmodified chitosan and HTCC were further characterized by using 1H 

NMR spectroscopy. The 1H NMR spectrum of chitosan (Figure 3.1.2a) shows the following 
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characteristic resonances: 4.7 ppm (H1), 4.0–3.5 ppm (H3, H4, H5, H6), 3.1 ppm (H2) and at 2.4 ppm 

assigned to the methyl protons of the acetyl group [27,33–35]. As evidence of the successful 

modification, a very strong peak appears at 3.2 ppm, which is assigned to the N,N,N-trimethyl 

protons of the HTCC (Figure 3.1.2b). The chemical shifts of the remaining resonances assigned to 

the protons in the quaternary chain, are in agreement with the literature [27,33–36]. The degree of 

quaternization (DQ) of HTCC was calculated using equation (3.1.5) based on the ratio of the integral 

value of the relevant peak of HTCC (𝐼𝑁+(𝐶𝐻3)3
) relative to the integral values of the chitosan polymer 

chain (𝐼𝐻2−6
) [37]. Therefore, the DQ of HTCC was found to be 24.2%.  

𝐷𝑄 =
𝐼𝐶𝐻3/9

𝐼𝐻2−6
/6

× 100                                           (3.1.5) 

Figure 3.1.2. 1H NMR spectra and chemical structures of a) pristine chitosan (in DCl) and b) HTCC 

(in D2O). The 1H NMR spectrum of pristine chitosan shows resonances at 4.7 ppm (H1), 4.0–3.5 ppm 

(H3, H4, H5, H6), 3.1 ppm (H2) and at 2.4 ppm assigned to the methyl protons of the acetyl group. The 
1H NMR spectrum of HTCC shows a new resonance at 3.4 ppm, which is assigned to the N,N,N-

trimethyl protons of the HTCC.  

  

 

An alkoxysilane derivative of HTCC (SiHTCC), was prepared by reacting the alkoxysilane 

agent ICPTES and HTCC. In this reaction both hydroxyl and primary and secondary amine groups 

of HTCC can react with the isocyanate groups (−NCO) of the silane coupling agent ICPTES, to yield 

urethane (−NHCOO−) and urea (−NRCONH−) covalent bonds as illustrated in (Figure 3.1.3). 
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Figure 3.1.3. Schematics of the reaction between the hydroxyl and/or amine groups of HTCC with 

the isocyanate groups of ICPTES to obtain the precursor SiHTCC (*target reactive sites for 

isocyanate groups). The primary and secondary amine groups of HTCC can react with the isocyanate 

groups (−NCO) of ICPTES, to yield urethane (−NHCOO−) and urea (−NRCONH−) covalent bonds. 

 

 

The SiHTCC was used to encapsulate the magnetic nanoparticles with hybrid siliceous shells 

containing HTCC as the organic component. First, the magnetite nanoparticles (Fe3O4) were 

synthesized by hydrolytic oxidation of Fe(II) in alkaline medium [31]. The Fe3O4 particles were 

spheroidal with an average size of 54 ± 9 nm, as indicated by transmission electron microscopy 

(TEM) (Figure 3.1.4a), and the powder XRD patterns of these particles matched the typical 

diffraction patterns of magnetite (Figure A2, Appendix A). For the encapsulation, a mixture of 

tetraethyl orthosilicate (TEOS) and SiHTCC, underwent hydrolysis and condensation in the presence 

of Fe3O4 particles. Coated hybrid particles (Fe3O4@SiO2/SiHTCC) also exhibit spheroidal shape with 

larger average size (90 ± 5 nm) due to the formation of amorphous shells surrounding the magnetic 

core, as seen by TEM (Figure 3.1.4b). For comparative purposes, Fe3O4 particles coated with 

amorphous silica shells (Fe3O4@SiO2) [31] and coated with shells of a siliceous hybrid material 

prepared from pristine chitosan (Fe3O4@SiO2/SiChitosan) [19] were prepared and both systems 

exhibited core-shell morphology (Figure 3.1.4c and d, respectively). 
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Figure 3.1.4. TEM images of a) Fe3O4, b) Fe3O4@SiO2/SiHTCC, c) Fe3O4@SiO2 and d) 

Fe3O4@SiO2/SiChitosan particles. 

 

 

The surface characteristics (specific surface area and pore volume) were determined by N2 

sorption/desorption isotherms (Table 3.1.1). The BET surface area decreased from 52.7 m2/g in Fe3O4 

to 5.25 m2/g in Fe3O4@SiO2/SiHTCC, 35.8 m2/g in Fe3O4@SiO2 and 34.1 m2/g in 

Fe3O4@SiO2/SiChitosan particles, which is consistent with an increase of the particle size due to the 

formation of the hybrid shell. The pore volume is low, indicating that overall these are non-porous 

materials. Elemental microanalysis results are shown in Table 3.1.1. While Fe3O4 and Fe3O4@SiO2 

particles show negligible carbon content (< 0.1−0.2 wt%), the Fe3O4@SiO2/SiHTCC and 

Fe3O4@SiO2/SiChitosan particles exhibit high carbon content (28.3−32.8 wt%) and a relative high 

amount of nitrogen (5.2 wt%), which is consistent with the formation of hybrid shells containing a 

significant amount of quaternary chitosan and unmodified chitosan.  
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Table 3.1.1. Compositional and morphological properties of as-synthesized materials: elemental 

analysis, particle diameter, BET surface area and pore volume.  

Sample C (%)a
 H (%)a

 N (%)a
 D (nm)b

 
SBET 

 (m2/g)c
 

Vp 

 (cm3/g)c
 

HTCC 37.5 6.9 6.6 - - - 

SiHTCC 38.8 6.7 7.1 - - - 

Fe3O4 0.06 0.16 0.01 54 ± 9 52.7 0.090 

Fe3O4@SiO2/SiHTCC 28.3 5.3 5.2 90 ± 5 5.25 0.006 

Fe3O4@SiO2 0.22 0.37 0.01 66 ± 8 35.8 0.075 

Fe3O4@SiO2/SiChitosan 32.8 5.6 5.2 68 ± 6 34.1 0.050 
a Carbon, hydrogen and nitrogen content measured by elemental microanalysis; 

b
 Particle diameter assessed 

by TEM; 
c BET surface area (SBET) and pore volume (Vp) assessed by N2 sorption. 

 

 

The chemical composition of the materials was assessed by ATR-FTIR spectroscopy (Figure 

3.1.5) and the diagnosis vibrational bands were assigned as depicted in Table A2 (Appendix A). As 

shown in Figure 3.1.5a, the main absorption bands of chitosan were the band at 1144 cm−1 that is 

attributed to the asymmetric stretching of the C–O–C bridge, and the broad band between 1065 cm−1 

and 1027 cm−1 is ascribed to skeletal vibrations with possible C–O stretching [19,38]. The broad 

band centred at ca. 3398 cm−1 is due to O–H and N–H stretching vibrations and the bands at ca. 2873 

cm−1 are ascribed to aliphatic C–H stretching vibrations of the polymer backbone [19,38]. The 

characteristic bands of chitosan at 1640 cm−1 and 1594 cm−1 were primarily ascribed to C=O 

stretching (amide I) and N–H bending (amide II) vibrations, respectively [19,38]. At 1420 cm-1 and 

1375 cm-1 the spectrum shows less intense bands ascribed to –CH2 and –CH bending vibration, 

respectively [39]. In comparison with pristine chitosan, several noticeable changes occurred in the 

spectrum of the HTCC (Figure 3.1.5b). A new band corresponding to the C–H bending of 

trimethylammonium group appears at 1415 cm−1, and confirms the presence of the quaternary 

ammonium salt in the HTCC [36,40], in agreement with 1H NMR results. The band at 1380 cm−1 

also became sharper, which might be ascribed to an increased content of methyl groups [36,40]. All 

these vibrational bands of pristine chitosan and quaternary chitosan are also observed in the ATR-

FTIR spectra of SiHTCC and coated Fe3O4@SiO2/SiHTCC particles (Figure 3.1.5c and e, 

respectively). Moreover, the occurrence of new vibrational bands typical of urethane and urea groups 

suggests the formation of covalent linkages between ICPTES and HTCC. Thus, in the SiHTCC 

spectrum (Figure 3.1.5c), new bands appear at 1714 cm-1 (hydrogen-bonded C=O in urethane) 

[30,38], 1450 cm-1 (N–C–N asymmetric stretching) as expected for urea moieties [19,38], and the 

band at 954 cm-1 (Si–O–Et stretching) [19,30]. Furthermore, the band shift observed for the C=O 

bending mode (1640-1656 cm-1) provides evidence for the formation of urethane groups in the 

SiHTCC and in the hybrid particles [19,20,30]. The FTIR spectrum of bare magnetite (Figure 3.1.5d) 
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shows a strong band centred around 536 cm−1 ascribed to the stretching vibration of the Fe–O bond 

in Fe3O4 [31]. Although shifted, this band is also observed at 574 cm−1 in the FTIR spectrum of the 

coated particles (Figure 3.1.5e). In addition, a new band appears in the spectrum of 

Fe3O4@SiO2/SiHTCC particles at 447 cm-1, ascribed to the deformation vibration of –O–Si–O– in 

the siliceous network. Thus, FTIR spectra indicate that magnetite particles are coated with shells of 

a hybrid material comprising the quaternary chitosan and a siliceous network covalently linked. For 

comparative purposes, the FTIR spectra of Fe3O4@SiO2 and Fe3O4@SiO2/SiChitosan particles are 

shown in Figure A3 (Appendix A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.5. ATR-FTIR spectra of a) chitosan, b) HTCC, c) SiHTCC, d) Fe3O4 and e) 

Fe3O4@SiO2/SiHTCC materials. 

 

 

Further insight into the structure of the hybrid shells was provided by solid-state NMR 

spectroscopy analysis of non-magnetic hybrid materials (SiO2/SiHTCC) with identical composition, 

prepared in the absence of Fe3O4 particles (FTIR spectrum and SEM image are shown in Figure A4, 

Appendix A). Figure 3.1.6a displays the 13C cross-polarization (CP)/magic-angle spinning (MAS) 

NMR spectra for HTCC and the SiO2/SiHTCC hybrid, and the corresponding chemical-shift 

assignments are listed in Table A3 (Appendix A). When compared to the spectrum of the HTCC, the 

spectrum of SiO2/SiHTCC hybrid shows new signals at δ = 10, 33, 44 and 160 ppm. The peaks at 

10, 33 and 44 ppm are ascribed to the C10, C9 and C8 carbon atoms of the Si-bonded propyl chain, 

respectively (Figure 3.1.6d) [30,41,42]. Moreover, the signal at δ = 160 ppm (C7) that is assigned to 

the carbon in urethane [38,43,44] and urea bonds [38] confirms the formation of covalent linkages 
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between the HTCC and the siliceous network. Urea should be preferentially formed because the 

isocyanate groups react faster with amine groups than with hydroxyl groups [19,38]. According to 

the FTIR spectra (Figure 3.1.5), both urethane and urea linkages are formed but based on these 

results, we could not gain insight into the preferable substitution sites in the quaternary chitosan 

molecule. Note that Figure 3.1.6d is merely illustrative of the covalent linkage between the siliceous 

network and the quaternary chitosan. The resonances between δ = 50 and 110 ppm have been 

attributed to the carbon atoms of the quaternary chitosan (C1–C6 and Ca–Cd), while the resonances at 

23 and 174 ppm, both marked with an asterisk in Figure 3.1.6a, are ascribed respectively to the 

methyl and carbonyl carbons of the remaining acetyl groups of HTCC [45–47]. Specifically, the 

peaks at δ = 54, 61, 69 and 55 ppm belong to Ca, Cb, Cc and Cd in the quaternary ammonium groups, 

respectively [45,47].  

The solid state 29Si NMR spectroscopy was used to clarify the structure of the hybrid 

particles. The 29Si MAS NMR and 29Si CP/MAS NMR spectra of SiO2/SiHTCC hybrid particles are 

shown in Figure 3.1.6 (b and c, respectively). For comparison, the 29Si NMR spectra of SiO2 particles 

prepared using the same methodology but in the absence of SiHTCC (FTIR spectrum and SEM image 

are shown in the Figure A5, Appendix A) were also included in Figure 3.1.6. The silicon sites are 

labelled according to the usual NMR spectroscopy notation: Qn represents Si atoms quaternary 

oxygen linked, that is, bond to (4–n) OH groups [41,48,49]. Hence, Q4 symbolizes the internal 

siloxane type Si atoms in Si(OSi)4, whereas Q2 and Q3 represent the surface Si atoms bound to the 

hydroxyl groups in Si(OSi)2(OH)2 and Si(OSi)3OH, respectively [41,48,49]. According to the 

literature, the resonances at ca. δ = -91, -101 and -110 ppm are normally assigned to Q2, Q3 and Q4 

sites, respectively [31,49]. The fraction of silanol groups ((Q2+Q3)/Q4) calculated from the 29Si MAS 

NMR spectra was 0.51 in SiO2 particles and decreased to 0.44 in the SiO2/SiHTCC hybrid (Table 

A3, Appendix A). The decrease in the number of surface hydroxyl groups provides evidence for the 

covalent bonding of the precursor SiHTCC on the surface of the siliceous hybrid particles. 

Furthermore, the 29Si CP/MAS NMR spectrum of SiO2/SiHTCC particles (Figure 3.1.6c) shows three 

resonances at approximately δ = -48.6, -57.5 and -66.5 ppm, that when compared with literature 

values [50,51], can be ascribed to the T1, T2 and T3 sites in which n denotes the number of   ̶Si  ̶O  ̶ 

bonds linked to the Si site Tn. Hence, T1, T2, and T3 represent the Si sites in RSi(OSi)(OH)2, 

RSi(OSi)2OH, and RSi(OSi)3, respectively [R = –(CH2)3–NHCOO–HTCC] and further confirm the 

covalent bonding of HTCC to the siliceous network. 



Chapter 3.1 
_______________________________________________________________________________________ 

93 

 

Figure 3.1.6. a) 13C CP/MAS NMR spectra of quaternary chitosan (HTCC) and SiO2/SiHTCC hybrid 

particles; b) 29Si MAS NMR spectra and c) 29Si CP/MAS NMR spectra of SiO2 and SiO2/SiHTCC 

hybrid particles; and d) schematic representation of a SiO2/SiHTCC hybrid showing the labelling of 

Si sites according to NMR spectroscopy notation (for simplicity, acetyl groups are not represented). 
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3.1.3.2. Surface charge of the nanoparticles 

Zeta potential measurements were carried out to assess the surface charge of the 

nanoparticles. The zeta potential of Fe3O4@SiO2/SiHTCC nanoparticles (Figure 3.1.7) ranges from 

positive values between pH= 2 (+45.1 ± 2.6 mV) and pH= 7 (+10.2 ± 1.0 mV) to negative values 

between pH= 8 (-11.4 ± 0.2 mV) and pH= 9 (-28.8 ± 1.3 mV). The isoelectric point of these 

nanoparticles, which were prepared with quaternary chitosan, is near 7.5. In contrast, magnetic 

hybrid nanoparticles prepared from pristine chitosan (Fe3O4@SiO2/SiChitosan) and silica coated 

nanoparticles (Fe3O4@SiO2), which were prepared for comparison purposes, displayed positive 

charge only in very strong acidic conditions (pH < 2.5). These differences are consistent with the 

presence of quaternary ammonium groups at the surface of Fe3O4@SiO2/SiHTCC particles and, in 

principle, indicate the great potential of these particles for interacting electrostatically with anionic 

contaminants from water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.7. Zeta potential values (mV) of Fe3O4@SiO2/SiHTCC, Fe3O4@SiO2 and 

Fe3O4@SiO2/SiChitosan particles for distinct pH values from 2 to 9. Error bars correspond to 

standard deviations obtained from two replicates. 

 

 

3.1.3.3. Removal of diclofenac from water 

 

3.1.3.3.1. Effect of pH  

The capacity of Fe3O4@SiO2/SiHTCC particles for the adsorption of DCF as a function of 

pH is shown in Figure 3.1.8. The influence of this parameter was assessed in the pH range 5–8 for a 

contact time of 5 h. The decrease of DCF concentration in the presence of the magnetic quaternary 
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chitosan hybrid particles (Fe3O4@SiO2/SiHTCC) was ascribed to adsorption phenomena. Overall, 

the adsorption capacity increased for lower pH values (5 and 6), following the surface charge trend, 

i.e., surfaces more positively charged adsorb more DCF. At pH= 5 and 6, the surface of the 

Fe3O4@SiO2/SiHTCC particles are more positively charged (+31.5 and +21.2 mV, respectively) than 

at pH= 7 and 8 (+10.2 and -11.4 mV, respectively) and DCF will be mainly in the form of anions 

(pKa= 4.15). The highest DCF removal was achieved at pH= 6, and therefore the kinetics and 

equilibrium studies were carried out at this pH value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.8. Effect of solution pH (from 5 to 8) on the adsorption of diclofenac (DCF) using 

Fe3O4@SiO2/SiHTCC particles, for an initial DCF concentration of 40 mg/L and contact time of 5 

h. 

 

 

3.1.3.3.2. Effect of contact time and diclofenac concentration 

Figure 3.1.9a and b shows the time profile of the DCF uptake of Fe3O4@SiO2/SiHTCC 

particles for variable initial concentrations of DCF (40 and 100 mg/L), at 25 °C and pH= 6, calculated 

from UV-VIS spectroscopy data (Figure A6, Appendix A). Control experiments carried out in 

parallel in the absence of sorbent particles under the same conditions of pH and contact time have 

shown negligible losses of DCF (Figure A7, Appendix A). Regardless of the initial DCF 

concentration, Fe3O4@SiO2/SiHTCC particles showed fast sorption, reaching the maximum DCF 

adsorption after 30 min. Afterwards, the DCF adsorption slightly decreased and stabilized after 300 

min (5 h) of contact time. The adsorption capacity increased with increasing initial DCF 

concentration (Figure 3.1.9a). These results suggest that initial DCF concentration most likely 

provides the driving force needed to overcome the mass transfer resistance of DCF molecules from 
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the aqueous medium to the magnetic hybrid sorbent. The maximum DCF removal (Figure 3.1.9b) 

was ca. 60 % for initial DCF concentration of 40 mg/L. Conversely, in similar conditions, the DCF 

uptake was almost negligible when using Fe3O4@SiO2 particles (ca. 1 % removal and qmax= 1.1 mg/g) 

or Fe3O4@SiO2/SiChitosan particles (ca. 4 % removal and qmax= 2.8 mg/g), which confirms the 

relevance of quaternary chitosan as a surface modifier for the capture of DCF molecules from water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.9. Time profile of a) adsorption capacity and b) removal percentage of diclofenac (DCF) 

at variable DCF initial concentration (40 and 100 mg/L, pH= 6, contact time of 300 min/5 h) using 

the particles Fe3O4@SiO2/SiHTCC and comparison with Fe3O4@SiO2 and Fe3O4@SiO2/SiChitosan 

particles. 

 

 

 

a) 

b) 
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3.1.3.3.3. Equilibrium isotherms 

The equilibrium adsorption experiments were carried out by varying the initial concentration 

of DCF from 40 mg/L to 670 mg/L, at pH= 6, and the results are presented in Figure 3.1.10. Isotherm 

studies were accomplished for Fe3O4@SiO2/SiHTCC hybrid particles, based on the equilibrium 

adsorption amount (qe, mg/g) of DCF as a function of equilibrium concentration of DCF (Ce, mg/L). 

Several isotherm equations were fit to data, namely the Langmuir [52] and Freundlich [53] isotherms, 

which are two-parameter isotherms, and to Sips [54] and Toth [55] isotherm for liquid-phase 

adsorption, which are three-parameter isotherms (Table A4, Appendix A). Non-linear forms of the 

isotherm equations were fit to data, using the curve fitting tool of OriginLab. The goodness of the 

fitting was evaluated based on the analysis of the coefficient of determination (R2) and Chi-square 

test value (χ2), (Table A4, Appendix A). The model parameters and goodness of the fittings are 

depicted in Table 3.1.2.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1.10. Isotherm data for the equilibrium adsorption of diclofenac (DCF) on the 

Fe3O4@SiO2/SiHTCC particles and model fitting with Langmuir, Freundlich, Sips and Toth isotherm 

models (initial concentration of DCF ranging from 40 to 670 mg/L, at pH= 6, equilibrium contact 

time of 5 h). 

 

 

The Langmuir adsorption isotherm applies to systems where the adsorption of the solute 

occurs as a monolayer on a surface containing a finite number of identical sites. The adsorption must 

be uniform with no transmigration of sorbate in the surface plane [52,56]. The Freundlich isotherm 

assumes that the adsorption occurs on a heterogeneous surface, resulting in adsorption sites of 

varying energy [53,56]. Since this model is based on an exponential equation, it assumes that the 
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concentration of sorbate on the sorbent surface increases with the increase of sorbate concentration. 

In general terms, this model assumes that the adsorption can occur based on multiple layers [53,56]. 

The Sips isotherm model, also known as the Langmuir-Freundlich isotherm, combines the 

characteristics of both Langmuir and Freundlich isotherms [54,56]. This model predicts the 

monolayer adsorption capacity at high solute concentrations as in the Langmuir model, whereas at 

low solute concentrations, it reduces to Freundlich model. Toth isotherm was developed to improve 

the fitting of the Langmuir isotherm to experimental data [54,56]. It assumes site heterogeneity on 

the sorbent and that most sites have adsorption energy lower than the maximum adsorption energy 

[55,56]. 

Based on R2 and 2 values, the two-parameter model that best fits the equilibrium data is the 

Langmuir isotherm (R2= 0.9834) which assumes monolayer adsorption on a homogeneous surface 

[52,56]. The monolayer adsorption capacity predicted by this model was 240.4 mg/g. Based on fitting 

indicators, the Sips (R2= 0.9861) isotherm is the three-parameter model that best describes the 

experimental isotherm data. The goodness of the fitting accomplished by the three-parameter models 

was very similar.  

 

 

Table 3.1.2. Equilibrium model parameters obtained from model fitting with Langmuir, Freundlich, 

Sips and Toth isotherm models to experimental sorption data of Fe3O4@SiO2/SiHTCC, together with 

the goodness of the fittings. 

 

 

3.1.3.3.4. Adsorption mechanism 

Unveiling the adsorption mechanism is a relevant aspect, not only to understand the 

fundamentals of the adsorption but aiming commercial applications for these adsorption 

technologies. Previous studies have reported that the adsorption of DCF might be due to hydrogen 

bonding, hydrophobic, - Van der Waals and/or electrostatic interactions, depending on the 

Isotherm Model Parameters  Goodness of fit 

Langmuir 
 qm (mg/g) KL (L/mg)  R2 2 

240.4 0.0054  0.9834 96.50 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) n  R2 2 

9.776 0.4666  0.9806 112.92 

Sips 
KS (mg/g).(L/mg)s  𝒂S (L/mg)s βs R2 2 

0.0116 0.01088 0.7635 0.9861 100.91 

Toth 
KT (mg/g) 

413.7 

𝒂T (L/mg) 

12.76 

t 

0.5084 

R2 2 

0.9851 108.50 
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sorbents surface nature and pH environment [12,13,57,58]. The adsorption capacity at pH values 

lower than the pKa of DCF (pKa = 4.00) is expected to be smaller than at pH 5–7, because DCF will 

be mainly in the form of neutral molecules (–COOH). Thus, electrostatic interactions with charged 

sorbent particles are less likely to occur. Increasing the pH from 5 to 6, the adsorption capacity 

reached a maximum due to DCF in the form of anions (–COO-) at pH > pKa and decreased at pH > 

7. The zeta potential of the magnetic hybrid particles (Fe3O4@SiO2/SiHTCC) (Figure 3.1.7) showed 

that there was a positive surface charge on Fe3O4@SiO2/SiHTCC particles over a wide pH range, 

between 2 and 7, but the positive charge decreased at pH > 7. This is also consistent with the decrease 

of the adsorption capacity for a pH superior to 6 (Figure 3.1.8) because of the less positive surface 

charge of the nanoparticles from 7 to 8. These results suggested that the electrostatic interactions 

between the anionic pharmaceutical and the   ̶N+(CH3)3 groups of Fe3O4@SiO2/SiHTCC particles 

could be the main driving forces for the adsorption process. Hence, on the basis of the above results, 

a possible adsorption mechanism of the DCF adsorption onto the surface of Fe3O4@SiO2/SiHTCC 

particles is schematically illustrated in Figure 3.1.11. 

 

 

Figure 3.1.11. Schematic illustration of the adsorption mechanism of diclofenac (DCF) onto 

Fe3O4@SiO2/SiHTCC particles, showing the electrostatic interactions between the anionic 

carboxylate groups (–COO-) of DCF at pH= 6 and the cationic trimethylammonium groups (  ̶

N+(CH3)3) of the Fe3O4@SiO2/SiHTCC particles.  
 

 

3.1.3.3.5. Comparison with other sorbents 

For comparison with other sorbents, Table 3.1.3 summarizes reported data for other materials 

in removing DCF from water. The maximum DCF adsorption capacity of Fe3O4@SiO2/SiHTCC 

particles was 240.4 mg/g (maximum adsorption capacity estimated by the Langmuir equation), which 

is considerably higher than those of other sorbents, except for some non-magnetic materials, such as 

graphene oxide [59], metal-organic framework [12], polymeric particles [60]. The high adsorption 
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capacity and the easy separation from solution are features that make Fe3O4@SiO2/SiHTCC particles 

very attractive magnetic nanosorbents for the effective removal of diclofenac from water. 

 

 

Table 3.1.3. Comparison of the maximum diclofenac adsorption capacity (qmax, mg/g) and optimum 

pH of sorption using several sorbents reported in the literature. 

*Maximum Langmuir adsorption capacity; CTAB: Cetyl trimethylammonium bromide.  

 

 

3.1.4. Conclusions 

New magnetic hybrid nanosorbents composed of magnetite cores encapsulated in a siliceous 

network containing a quaternary chitosan (HTCC) have been successfully prepared using a facile 

one-step strategy. The resulting magnetic hybrid nanosorbents were explored under several 

operational conditions providing insightful information regarding their performance in removing an 

anionic pharmaceutical from water. Using DCF as a model molecule, the maximum DCF adsorption 

capacity of these magnetic hybrid nanosorbents was found to be 240.4 mg/g under optimal 

operational conditions, placing this material among one of the best magnetic systems for the removal 

of this pharmaceutical from water. Using the unmodified chitosan as a reference, the results presented 

in this work indicate that the improved uptake efficiency of DCF may be attributed to the presence 

of quaternary ammonium groups that are characteristic of the modified form of chitosan (HTCC). 

Therefore, these magnetic quaternary chitosan hybrid nanosorbents offer new possibilities for the 

purification of water contaminated with anionic pharmaceuticals, namely by applying magnetic-

assisted cleaning technologies. 

 

 

 

Sorbent pH qmax (mg/g) Reference 

Fe3O4@SiO2/SiHTCC 6 240.4* This work 

Graphene oxide 7 500.0* [59] 

Metal-organic framework 5 400.0* [12] 

Cationic polymeric particles 6-7 334.2 [60] 

Magnetic cellulose ionomer 9 268.0 [15] 

Molecular imprinted polymer 7 170.0 [61] 

Chitosan-based magnetic composite 6 103.0 [16] 

Activated carbon from cocoa shell 7-8 63.4 [62] 

Zeolitic-CTAB 7 60.5* [63] 

Activated carbon from cocoa pod husk 7 5.53 [5] 
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Abstract 

The presence of several organic contaminants in the environment and aquatic compartments has been 

a matter of great concern in recent years. To tackle this problem, new sustainable and cost-effective 

technologies are needed. Herein, the preparation of magnetic nanosorbents from trimethyl chitosan 

(TMC), which is a quaternary chitosan scarcely studied for environmental applications, is described. 

Core@shell nanoparticles comprising a core of magnetite (Fe3O4) coated with TMC/siloxane hybrid 

shells (Fe3O4@SiO2/SiTMC) were successfully prepared using a simple one-step coating procedure. 

Adsorption tests were conducted to investigate the potential of the coated nanoparticles for the 

magnetically assisted removal of the antibiotic sulfamethoxazole (SMX) from aqueous solutions. It 

was found that TMC-based particles provide higher SMX adsorption capacity than the counterparts 

prepared using pristine chitosan. Therefore, the type of chemical modification introduced in the 

chitosan type precursors used in the surface coatings has a dominant effect on the sorption efficiency 

of the respective final coated magnetic particles. 

 

 

 

 

Keywords: trimethyl chitosan; magnetic nanoparticles; core@shell; hybrid coating; water 

treatment; adsorption; sulfamethoxazole. 
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3.2.1. Introduction  

Emerging pollutants encompass a vast number of organic compounds, such as 

pharmaceuticals, that in the last years have accumulated in aquatic compartments due to continuous 

and uncontrolled discharge of such substances into the environment [1,2]. The antibiotic 

sulfamethoxazole (SMX) is among the pollutants detected in water sources [1,3,4]. 

Sulfamethoxazole is a broad-spectrum antibiotic for human and veterinary use that belongs to 

sulfonamide group, and has been identified as a persistent pollutant [5]. Based on its consumption, 

discharge, persistence and toxic properties, SMX has been considered by several scientists as an 

antibiotic of particular concern for aquatic environments [4].  

Most wastewater treatment plants (WWTPs) are not efficient in the removal of emerging 

pollutants [6–8]. The median SMX removal rate in WWTPs worldwide, considering 190 removal 

rates reported, is about 49 % [9]. Given the limitations of conventional treatments used in WWTPs, 

novel, sustainable and effective technologies are in high demand. Several methods have been 

proposed for the removal of SMX from water [10], including advanced oxidation processes [11], 

biological treatment [12], membrane separation [13] and adsorption [14]. Among these methods, 

adsorption is very attractive because of its simplicity of implementation, cost-effectiveness, and less 

production of toxic intermediates. However, in order to achieve highly effective adsorptive 

separation, sorbent materials with high capacity, chemical selectivity and fast rate of adsorption must 

be used. This is a challenge and it has boosted the development of new sorbents. Several materials 

have been proposed for the uptake of sulfamethoxazole from contaminated water through adsorptive 

methods [15–19]. These sorbents present several drawbacks, including low adsorption capacity 

[15,17], the use of hazardous compounds for aquatic life [20,21], the need of expensive components 

[18,19], and elaborated synthetic procedures with several steps [19]. Thus, novel sorbent materials 

are needed.  

Magnetic nanosorbents with core-shell structure are amongst the most interesting 

alternatives given the concomitant large surface area and magnetic features that allow magnetically 

assisted separation technologies. Magnetic separation can be done using low magnetic field gradient 

[22], providing an attractive and cost-effective method for practical operation. Magnetic iron oxides 

such as magnetite (Fe3O4) are suitable as core material owing to convenient magnetic properties, low 

toxicity and price, and facile preparation [23–26]. Coating of Fe3O4 is desirable to prevent its 

oxidation and consequent iron ions leaching and reduction of magnetization. Bare magnetite particles 

show modest adsorption towards sulfonamide antibiotics [27]. Thus, coating of Fe3O4 is necessary 

to provide specific functionalities that can be selective for pollutants uptake and enhance sorption 

performance. The composition of the coating determines the sorbents surface chemistry 

characteristics, such as acidity/basicity and charge, that could impose decisive influence on the 
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sorption capacity and mechanism. The search for eco-friendly and low-cost sorbents has prompted 

the interest for new biopolymer-based nanomaterials and their use in water decontamination [28]. In 

this context, our group has explored the promising ability of several magnetic biopolymer-siloxane 

hybrid nanomaterials for the uptake of a wide variety of pollutants from water [29–32].  

Chitosan is among the biopolymers of interest for water treatment purposes owing to its low-

cost, biodegradability, low toxicity and chemical functionality [33]. However, unmodified chitosan 

shows little adsorption of SMX and appropriate chitosan modification is required to achieve high 

adsorption capacity. With this end in view, chitosan modified with immobilized metal cations has 

been reported for the adsorption of SMX [34] or to enhance the interaction with other sulfonamide 

antibiotics [35]. N,N,N-trimethylchitosan (TMC) is a quaternary derivative of the polysaccharide 

chitosan that has received considerable attention in biomedical applications, namely as an absorption 

enhancer in drug delivery [36,37]. TMC, as most chitosans and derivatives, present low toxicity [38]. 

In TMC a positive charge is introduced by quaternization of the amino group of chitosan. Owing to 

cationic groups, TMC provides an opportunity for the development of novel sorbent compositions 

with the ability to interact with negatively charged pollutants that are present at common pH values 

found in real waters. This is a clear advantage when compared with unmodified chitosan that displays 

a positive charge only in acidic conditions. Furthermore, TMC shows enhanced antimicrobial activity 

than original chitosan [39]. Nevertheless, to the best of our knowledge, TMC was barely explored 

for the development of sorbents for environmental applications, and the number of studies reported 

in this field is scarce [40–42]. 

In this work, the coating of magnetite nanoparticles with TMC-siloxane hybrid materials was 

investigated. Furthermore, the potential application of the resulting core@shell type nanoparticles as 

magnetic nanosorbents for the removal of SMX from water through batch adsorption tests was 

explored.  

 

 

3.2.2. Experimental details 

 

3.2.2.1. Chemicals  

Chitosan (from shrimp shells, deacetylation degree ≥75%), tetraethyl orthosilicate 

(Si(OC2H5)4, TEOS, >99%), potassium nitrate (KNO3, >99%) and 3-isocyanatopropyl 

triethoxysilane ((C2H5O)3Si(CH2)3NCO, ICPTES, 95%) were purchased from Sigma–Aldrich. 

Trimethyl chitosan (TMC) was obtained from Henan Tianfu Chemical Co., Ltd. Potassium hydroxide 

(KOH, >86%) was purchased from PronoLab. Sulfamethoxazole (C10H11N3O3S) was obtained from 
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Fluka Chemie. Ethanol (CH3CH2OH, >99%) and ferrous sulfate heptahydrate (FeSO4.7H2O, >99%) 

were obtained from Panreac. N, N–Dimethylformamide (HCON(CH3)2) was obtained from Carlo 

Erba Reagents. Ammonia solution (25% NH3) was purchased from Riedel-de-Häen and methanol 

(CH3OH, >99%) was purchased from VWR International. Ultra-pure water used was produced using 

a Milli-Q system with a 0.22 µm filter (Synergy equipment, Millipore). All chemicals were used 

without any further treatment. 

 

 

3.2.2.2. Synthesis of the magnetic core  

The magnetic core (magnetite – Fe3O4) was prepared by oxidative hydrolysis of iron(II) 

sulphate heptahydrate (FeSO4.7H2O) in alkaline medium, under a N2 stream, as reported in the 

literature [43]. First, ultra-pure water was deoxygenated with N2 under vigorous stirring for two 

hours. Then, 25 mL of deoxygenated water was added to 250 mL round flask and 1.90 g and 1.52 g 

of KOH and KNO3, respectively, were added. The mixture was heated at 60˚C with bubbling N2 and 

mechanically stirred at 500 rpm. After salt dissolution, 25 mL of an aqueous solution containing 4.75 

g of FeSO4.7H2O was added drop-by-drop and the stirring was increased to 700 rpm. The solution 

was left to react for 30 minutes. Then, the round flask was transferred to a hot oil bath (90 ºC) and 

left with no stirring for four hours, under N2. The resulting black powder was washed several times 

with deoxygenated water and ethanol. Finally, the particles were dried at room temperature.  

 

 

3.2.2.3. Coating of the magnetic nanoparticles 

The coating of the magnetic cores was performed using two distinct chitosans: trimethyl 

chitosan (TMC) and pristine chitosan. The coating was performed using a sol-gel method, and 

consisted in the hydrolytic co-condensation of a mixture of TEOS with a precursor (SiTMC or 

SiChitosan) comprising the biopolymer chemically modified with alkoxysilyl groups, carried on in 

the presence of the magnetic nanoparticles. Briefly, these precursors were generated by reaction 

between the polysaccharide (1 g) TMC or chitosan, dry N,N-dimethylformamide (13 mL), and the 

alkoxysilane coupling agent ICPTES (1.3 mL) [30,32,44]. The reaction was performed under an inert 

atmosphere of dry nitrogen (N2), at 100 °C (373 K), and left under constant stirring for 24 h. After 

cooling at room temperature, the precursors were washed with dry ethanol and dry methanol. Finally, 

the volatiles were removed under a dynamic vacuum to yield a solid product (SiTMC and 

SiChitosan). For the coatings, a suspension of Fe3O4 nanoparticles (40 mg) in 38 mL of ethanol was 

prepared and kept immersed in an ice bath, under sonication (horn Sonics, Vibracell). After 15 min, 
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the ammonia (2.4 mL) and a mixture of TEOS (0.406 mL) and precursor SiTMC or SiChitosan (0.4 

g) were slowly added to the solution, that was left for 2 h immersed in an ice bath, under sonication. 

The resulting particles were collected magnetically using a NdFeB magnet, and washed thoroughly 

with ethanol. Finally, the particles were left to dry by solvent evaporation and two distinct chitosan 

coated magnetic nanoparticles were obtained (Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan).  

 

 

3.2.2.4. Removal of sulfamethoxazole from water 

Batch adsorption tests were performed to investigate the suitability of the coated magnetic 

nanoparticles (Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan) for the uptake of 

sulfamethoxazole (SMX) from water. SMX stock solutions were prepared by dissolving an 

appropriate amount of the compound in ultra-pure water and stirring overnight in dark conditions. 

Solutions with an initial SMX concentration of 40 and 80 mg/L were prepared by diluting the stock 

SMX solution, and the experiments were conducted at an initial pH of 5. For adsorption experiments 

performed at distinct pH values (4, 5, 6, 7, 8 and 9), solutions of NaOH (0.1 M) and HCl (0.1 M) 

were used for pH adjustment. The effect of these pH values was tested at an initial SMX 

concentration of 40 mg/L for 24 h. The aqueous solutions of SMX were freshly prepared before each 

experiment. 

Batch adsorption experiments were carried out by adding precisely weighted amounts of 

each coated magnetic nanoparticles to a SMX aqueous solution of known concentration on glass 

vials and shaken using a vertical rotator at a constant rotation speed (30 rpm), under isothermal 

conditions (25.0 ± 1.0 °C), for 24 h. The sorbent dosage tested was 0.5 mg/mL in all the experiments. 

Aliquots were collected for analysis at different times, and the coated magnetic particles were 

separated magnetically using a NdFeB magnet. The removal efficiency of SMX was assessed by 

measuring the amount of SMX that remained in the solution after being in contact with the coated 

magnetic particles. Sulfamethoxazole concentration in the supernatant was determined 

spectrophotometrically by monitoring the absorbance at 265 nm, respectively, in a UV-VIS 

(ultraviolet-visible) spectrophotometer. Plotting the absorbance against SMX concentration, the 

calibration curve was given by the best data fit by a linear least square equation (Figure B1, Appendix 

B), that was used to convert the absorbance into SMX concentration, for all analyzed samples. 

The amount of SMX adsorbed per mass unit of particles, at time t, (qt in mg/g) was estimated 

from the mass balance between its initial concentration (C0 in mg/L) and the concentration at time t 

(Ct in mg/L) in solution, as displayed by equation (3.2.1), where V (L) is the total volume of SMX 

solution and m, expressed in g, is the dry weight of the coated magnetic nanoparticles.  
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𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                              (3.2.1) 

The removal capacity (R, expressed in %) was calculated from equation (3.2.2): 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                                            (3.2.2) 

Control uptake experiments, i.e., in the absence of sorbent particles, were also carried out in parallel 

under the same conditions to confirm if SMX losses were negligible.  

Equilibrium isotherms for the removal of SMX from aqueous solutions were obtained by 

using SMX solutions with different concentrations (20, 40, 70, 90, 140, 160, 180 and 195 mg/L), at 

pH= 5 and 25.0 ± 1.0 °C for 24 h. The amount of SMX adsorbed at equilibrium (qe, mg/g) was 

assessed by UV–VIS spectroscopy and calculated using equation (3.2.1) for Ct = Ce, where Ce (mg/L) 

is the concentration of the solute at equilibrium. To assess the chemical stability of the coated 

magnetic nanoparticles in aqueous medium, 2.5 mg of particles were dispersed in 5 mL of deionized 

water at pH= 5 and left stirring for 8 h. Afterwards, the particles were separated magnetically, and 

the supernatant was analyzed using AAS for Fe content.  

In order to investigate the reusability of the coated magnetic nanoparticles, 10 mg of particles 

were loaded with SMX using 20 mL of an aqueous solution at a concentration of 80 mg/L, pH= 5 

for 24 h. For desorption, the SMX-loaded particles were collected, rinsed three times with 20 mL 

ethanol, magnetically separated and dried. After SMX desorption, the particles were reused in 

consecutive adsorption/desorption experiments, and the process was repeated four times. 

 

 

3.2.2.5. Instrumentation 

1H NMR spectra were recorded on Bruker AMX 300 spectrometer at 300.13 MHz. 

Deuterium oxide (D2O), deuterium chloride (DCl) and deuterated chloroform (CDCl3) were used as 

solvents; the chemical shifts are expressed in δ (ppm) and the coupling constants (J) in hertz [Hz]. 

The morphology and size of the particles were analyzed by transmission electron microscopy (TEM), 

using a Hitachi H-9000 TEM microscope operating at 300 kV. Samples for TEM analysis were 

prepared by evaporating the diluted suspensions of the nanoparticles on a copper grid coated with an 

amorphous carbon film (Agar Scientific, UK). The particle diameter and the thickness of the siliceous 

shell were measured by analysing of the electron micrographs using ImageJ software (version 1.8.0, 

https://imagej.nih.gov). At least 50 nanoparticles were measured for each sample. Fourier transform 

infrared (FTIR) spectra of the particles were measured in the solid state, and the spectra of the 

materials were collected using a Bruker Optics Tensor 27 spectrometer coupled to a horizontal 

attenuated total reflectance (ATR) cell, using 256 scans at a resolution of 4 cm−1. The X-ray powder 

diffraction (XRD) data were collected using a PANalytical Empyrean X-ray diffractometer equipped 
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with the Cu K monochromatic radiation source at 45 kV/40 mA. The specific surface area of the 

particles was assessed by nitrogen adsorption measurements at -196 °C performed with a Gemini 

V2.0 surface analyzer (Micromeritics Instrument Corp.) and calculated using Brunauer-Emmett-

Teller (BET) isotherm. Prior to N2 sorption measurements, the samples were degassed at 80 °C under 

nitrogen flow overnight. The pore volume was evaluated from the adsorption amount using the 

Barret-Joyner-Halenda (BJH) method. Elemental analysis of carbon, nitrogen and hydrogen was 

obtained using a Leco Truspec-Micro CHNS 630-200-200. Thermogravimetric analysis (TGA) was 

performed using a TGA 50 Shimadzu equipment. Samples were heated from 25 ºC to 900 ºC at 10 

ºC/min, in air. The surface charge of the nanoparticles was given by zeta potential that was 

determined through electrophoretic light scattering performed in aqueous solutions of the particles, 

in a Zetasizer Nano ZS equipment from Malvern Instruments. A Perkin Elmer Analyst 100 apparatus 

was employed for the iron quantification in solution using atomic absorption spectrophotometry 

(AAS). Sulfamethoxazole concentrations were determined spectrophotometrically by using quartz 

cells in a GBC Cintra-303 UV-VIS spectrophotometer. 

 

 

3.2.3. Results and discussion 

 

3.2.3.1. Characterization of chitosan polymers 

In this work, magnetic Fe3O4 nanoparticles have been coated with hybrid siliceous shells 

enriched in trimethyl chitosan (TMC), which is a quaternary chitosan of interest for biomedical and 

environmental applications. The coating process followed a one-step procedure, comprising the 

hydrolysis and condensation of a mixture tetraethyl orthosilicate (TEOS) and an alkoxysilane 

derivative of TMC (SiTMC), carried on in the presence of the magnetic particles (Figure 3.2.1). 

As previously reported, this synthetic approach allows the coating of Fe3O4 particles with 

siliceous shells enriched with neutral and anionic polysaccharides [31,32]. More recently, we 

succeeded in applying this methodology to the coating of magnetic nanoparticles with chitosan, 

which is a cationic polysaccharide [44]. Herein, besides TMC, pristine chitosan was also used for 

comparison effects. These two polysaccharides have similar backbone structure but differ in 

chemical functionality, as evidenced by 1H NMR spectroscopy results (Figure 3.2.2). The 1H NMR 

spectrum of chitosan (Figure 3.2.2a) shows the proton resonances of the glycopyranose unit [45]: H1 

at 4.8 ppm, H2 at 3.2 ppm and H3–H6 at 4.0–3.5 ppm. The protons from acetyl group appear at 2.4 

ppm. Overall, these resonances were visible in the spectrum of TMC. In the 1H NMR spectrum of 

TMC (Figure 3.2.2b) a new resonance appeared at 3.4 ppm that is ascribed to the methyl group at 
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the N,N,N-trimethylated site [46–49]. The resonance at 3.1 ppm also suggests dimethylation of TMC 

[50] that was further confirmed by the appearance of a new resonance at 46.8 ppm in the 13C NMR 

spectrum (Figure B2, Appendix B).  

 

 

Figure 3.2.1. Figure illustrating a) the coating of Fe3O4 nanoparticles with siliceous shells enriched 

in TMC and chitosan modified with ICPTES and using the silica precursor TEOS to obtain 

Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles; b) Chemical route to obtain an 

alkoxysilane derivative of TMC (SiTMC) from the reaction between TMC and ICPTES. 
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Figure 3.2.2. 1H NMR spectra and chemical structures of a) pristine chitosan (in DCl) and b) TMC 

(in D2O). The 1H NMR spectrum of chitosan shows the proton resonances of H1 at 4.8 ppm, H2 at 

3.2 ppm and H3–H6 at 4.0–3.5 ppm and the protons from the acetyl group at 2.4 ppm. The 1H NMR 

spectrum TMC shows a new resonance at 3.4 ppm that is ascribed to the methyl group at the N,N,N-

trimethylated site and the resonance at 3.1 ppm that suggests dimethylation of TMC.  

 

 

The degree of quaternization of TMC was 15.3% and was calculated from 1H NMR data 

using the equation (3.2.3), where DQ (%) is the quaternization degree as a percentage, 𝐼𝑁+(𝐶𝐻3)3
  is 

the integral of the trimethylated amine peak, and 𝐼𝐻2−6
 is the integral of the chitosan polymer chain.   

 

𝐷𝑄 =
𝐼𝐶𝐻3/9

𝐼𝐻2−6/6
× 100                                       (3.2.3)  

 

The alkoxysilane derivative of TMC (SiTMC), was prepared by reacting an alkoxysilane 

with isocyanate functionality (ICPTES) with the polymer TMC (Figure 3.2.1b). The isocyanate 

groups can react with hydrogen labile groups, such as amine and hydroxyl groups, present in TMC. 

Note that the degree of quaternization of TMC was 15.3 %, indicating the presence of primary amines 

in the structure of TMC that could react with isocyanate to form urea type covalent bonds. In the 1H 

NMR spectrum of SiTMC (Figure B3, Appendix B) novel resonances could be ascribed to –NH– in 

urethane (5.3 ppm in CDCl3) and –CH3 from ethoxy groups (1.0 ppm in CDCl3) that confirm the 

reaction between TMC and ICPTES [51]. 
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3.2.3.2. Characterization of Fe3O4 coated particles 

Magnetite nanoparticles (Fe3O4) were synthesized by oxidative hydrolysis of Fe(II) in 

alkaline conditions [43]. The synthesis yielded a black precipitate that could be isolated by magnetic 

separation. The powder X-ray diffraction (XRD) patterns of the prepared particles (Figure B4, 

Appendix B) matched well the diffraction patterns reported for magnetite (JCPDS file No. 19-0629, 

space group Fd3m) [52], and confirm that Fe3O4 is the main crystalline phase present in its 

composition. The transmission electron microscopy (TEM) images indicate that Fe3O4 particles were 

spheroidal in shape with an average size of 54 ± 9 nm (Figure 3.2.3a). After hydrolysis and 

condensation of a mixture of alkoxysilane derivative of the biopolymer with TEOS, performed in the 

presence of Fe3O4 particles, the particles appear uniformly coated with amorphous shells (Figures 

3.2.3b and c). The thickness of the coatings, determined from TEM images, was 26 ± 3 nm for TMC 

particles and 14 ± 2 nm for chitosan particles, respectively. It is clear that this approach yields thicker 

coatings when quaternary chitosan is involved, in comparison with pristine chitosan. The coated 

particles were magnetic and were quickly separated from the solution using a bench magnet (Figure 

B5, Appendix B). In our previous studies with identical Fe3O4 nanoparticles, we have confirmed that 

these are ferrimagnetic with saturation magnetization and coercivity values of 84 emu/g and 100 Oe, 

respectively [43]. In coated particles, the magnetization saturation is expected to decrease owing to 

the diamagnetic siliceous shell [43]. Nevertheless, the coated particles still exhibit magnetic 

characteristics that make them suitable for magnetically assisted separation. 

 

Figure 3.2.3. TEM images of neat and surface modified particles: a) Fe3O4, b) Fe3O4@SiO2/SiTMC 

and c) Fe3O4@SiO2/SiChitosan. 
 

 

The specific surface area (SBET) and the pore volume (Vp) of the particles was assessed by 

N2 sorption/desorption measurements. The coated particles have a similar specific surface area of 7 

m2/g (Table 3.2.1) and low total porosity (< 0.01 cm3/g), indicating that the coating has no relevant 
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porosity. The BET specific surface areas (SBET) of the bare magnetite and coated nanoparticles, were 

compared with the theoretical specific surface areas (S), making use of the [S=6/(D × ρ)] relationship, 

where D is diameter and ρ is particle density. The particle density was taken as 5.2 g/cm3, for bare 

magnetite. For coated magnetite particles, it was assumed that the density of the coating was the 

density of amorphous SiO2 (2.2 g/cm3), and the theoretical surface area was estimated from equation 

(3.2.4): 

 

S =
6𝐷2

2 


2

(𝐷2
3 − 𝐷1

3 ) + 
1

𝐷1
3 

 (3.2.4) 

where D1 and ρ1 is the diameter and density of core particle (magnetite), respectively, D2 is the total 

diameter of the coated particle, and ρ2 is the density of shell materials. Coated magnetite particles 

show similar S values (22.7–23.8 m2/g) to bare magnetite (21.4 m2/g) (Table B1, Appendix). This is 

explained by a combined influence of the increase of particle diameter and decrease of particle 

density, these parameters having opposite effects on the resulting specific surface area. The BET 

specific surface areas were of the same order of magnitude as the geometric specific surface area 

values but consistently lower. This difference was more marked in coated particles and might suggest 

to some extent the formation of coated particles containing several cores inside. Nevertheless, 

multicore particles were not detected in TEM micrographs. 

The presence of the chitosans in the coated particles was confirmed by elemental 

microanalysis (Table 3.2.1). Uncoated magnetite shows a negligible carbon amount. In contrast, 

coated particles show important carbon (28 wt%) and nitrogen content (5 wt%) that is coming from 

the organic (biopolymer) component (Table B2, Appendix B). These results confirm that the coatings 

prepared from TMC and pristine chitosan are enriched in biopolymer, which is in line with previous 

observations [30]. The biopolymer content estimated from the elemental analysis was 76 wt% and 

72 wt%, respectively for TMC and chitosan-based particles. 

 

 

Table 3.2.1. Compositional and morphological properties of uncoated and coated Fe3O4 particles: 

elemental analysis, particle diameter, BET surface area and pore volume. 

a
 Carbon, hydrogen and nitrogen content measured by elemental microanalysis; 

b
 Particle diameter assessed 

by TEM; 
c BET surface area (SBET) and pore volume (Vp) assessed by N2 sorption. 

 

Sample C (%)a H (%)a N (%)a D (nm)b 
SBET  

(m2/g)c 

Vp  

(cm3/g)c 

Fe3O4 0.06 0.16 0.01 54 ± 9 13.6 0.027 

Fe3O4@SiO2/SiTMC 28.6 5.3 5.1 98 ± 11 7.03 0.007 

Fe3O4@SiO2/SiChitosan 28.5 5.8 5.3 68 ± 11 7.74 0.007 
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FTIR spectroscopy of the coated materials was performed to assess the composition of the 

particles’ coating. The spectrum of magnetite (Figure 3.2.4a) shows a strong band centred around 

530 cm−1 that is ascribed to the Fe–O stretching vibration in the Fe3O4 lattice [43]. A similar band is 

also visible in the spectra of the subsequent coated particles, with a shift of around 27 cm-1 to higher 

wavenumbers (Figures 3.2.4b and c). The bands centred in the range 770–790 cm-1 and 443 cm-1 can 

be ascribed to symmetric Si–O–Si stretching and O–Si–O deformation modes of amorphous SiO2, 

respectively [53,54] and indicates the formation of a polysiloxane network in the coatings (Figures 

3.2.4b and c). The broad and intense band centred at 1057–1076 cm-1 results from overlapped 

vibrational contributions of the silica and the chitosan polymers [44]. Also, the broad band at 3350 

cm-1 can be ascribed to O–H stretching, either from chitosans or silanol groups from silica. In the 

spectra of the coated particles (Figures 3.2.4b and c) two new bands appear in the range of 1633–

1639 cm-1 and 1556–1567 cm-1 that could suggest the presence of chitosan polymers. The former can 

be ascribed to C=O stretching (amide I) in chitosans [55] or to C=O stretching mode in urethane 

groups [56,57]. The latter is ascribed to C=O stretching in urea groups [56,57]. Both urethane and 

urea bonds are expected to be formed in the alkoxysilane derivative of the chitosans, used in this 

coating process, as depicted in Figure 3.2.1b. These bands confirm that the chitosan and TMC are 

covalently linked to the siloxane network, which is important to avoid polymer leaching from the 

coatings.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4. ATR-FTIR spectra of a) Fe3O4, b) Fe3O4@SiO2/SiTMC and c) 

Fe3O4@SiO2/SiChitosan particles. 

 

 

Further insight into the nature of the coatings was provided by thermogravimetric analysis 

(TGA) of non-magnetic biopolymer-siloxane materials of composition identical to the magnetic 
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particles’ coatings. The non-magnetic materials were prepared by employing the chemical route 

applied in the coating procedure but, in this case, in the absence of Fe3O4 nanoparticles. The TGA 

analysis (Figure 3.2.5a) provided complementary information regarding the composition and thermal 

properties of the coatings. The TGA curves of the non-magnetic biopolymer-siloxane materials 

(SiO2/SiTMC and SiO2/SiChitosan) exhibit two main stages of weight loss. The first one occurs in 

the 50-140°C range due to loss of adsorbed water. Siliceous materials prepared from TMC showed 

more weight loss at this stage (13–14 %) than those prepared from pristine chitosan (6 %). A similar 

trend was observed in the TGA of the original polymers, chitosan and TMC, and of the coated 

particles, and it is due to enhanced hydrophilicity of the chitosan subjected to quaternization [58]. 

The second stage of weight loss takes place from 230 to 400 °C, and it is due to carbohydrate-

backbone fragmentation, including the deacetylation of chitosan and the decomposition of 

substituted site [59]. This stage begins at lower temperatures for TMC, showing that this quaternary 

derivative is less thermal stable than the unmodified chitosan [50]. In the siloxane material prepared 

from TMC this decomposition stage starts at higher temperatures than in the polymer component, 

thus indicating better thermal stability due to the formation of the polysiloxane network. This is 

further confirmed by the displacement of the peak temperature in derivative thermogravimetry 

(DTG) to higher temperatures and the decrease of peak area (Figure 3.2.5b). Conversely, the 

SiO2/SiChitosan started to decompose at lower temperature than chitosan (210 vs 230°C). 

Nevertheless, the maximum decomposition rate temperature is higher in the SiO2/SiChitosan 

material (312 vs 303°C). At 900 °C, the non-magnetic materials show more residue mass, ca. 15–17 

wt.% more than in the corresponding polymer counterpart, which is in agreement with the presence 

of a siliceous inorganic component in the hybrid material. Regarding coated magnetic particles it can 

be observed that the incorporation of the magnetic core has opposite effect on the thermal stability 

of TMC and chitosan-based materials. Thus, the second stage of weight loss starts at lower 

temperature for Fe3O4@SiO2/SiTMC, and at higher temperature for Fe3O4@SiO2/SiChitosan, when 

compared to the non-magnetic counterparts. This distinct effect is in agreement with the complexity 

of the mechanism of polymer thermal decomposition in magnetic nanocomposites, as observed in 

previous studies. For example, several works report the decrease in the initial decomposition 

temperature of dextran coated magnetite or in chitosan/magnetite nanocomposites, compared to the 

respective polymer component.  This effect was ascribed to the catalytic action of magnetite on the 

thermal decomposition of the polymer [60,61]. However, the enhancement of the thermal stability of 

chitosan and other polymers owing to the incorporation of magnetite nanoparticles has also been 

described [62,63].  
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Figure 3.2.5. Curves of a) TGA and b) DTG of TMC, chitosan, SiO2/SiTMC, SiO2/SiChitosan, bare 

Fe3O4 and the coated magnetic particles Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan.  

 

 

The distinct surface composition of the coated magnetic particles was further confirmed by 

differences in the surface charge of the nanoparticles (Figure 3.2.6). The surface charge was assessed 

by zeta potential measurements at variable pH. Bare magnetite (Fe3O4) present an isoelectric point 

(IEP) at ca. 4.5 that is relatively below the usual IEP values reported for magnetite [64] and can 

indicate oxidation of the particles’ surface [65]. Nevertheless, the IEP value here obtained is in 

agreement with values reported for bare Fe3O4 nanoparticles prepared by oxidative hydrolysis [66] 

and co-precipitation methods [67]. At lower pH values, the surface is positively charged, while at 

higher pH values, the overall charge of the surface is negative. The isoelectric point shifts to high 

values in the particles coated with siliceous shells of TMC (~ 6). This shift can be ascribed to cationic 

b) 

a) 
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trimethylammonium groups present on the particles’ surface. In contrast, the particles coated with 

chitosan siliceous shells show much lower IEP (~ 2.5). This value is similar to IEP of amorphous 

silica coated particles as observed in previous studies [44] and it is consistent with the reaction of 

primary amine groups of chitosan with ICPTES to form urea groups. 

  

 

 

 

 

 

 

 

 

 

Figure 3.2.6. Zeta potential values (mV) of bare magnetite and coated particles for distinct pH values 

from 2 to 9. Error bars correspond to standard deviations obtained from two replicates. 

 

 

3.2.3.3. Removal of sulfamethoxazole from water 

 

3.2.3.3.1. Effect of pH 

The influence of pH on the SMX adsorption was investigated in the range of 4–9 for 24 h 

contact time, and the results are included in Figure 3.2.7. The pH affected the surface charge of the 

magnetic particles and determined the species of SMX in the solution. Figure 3.2.7 shows that at 

pH= 5 enhances the SMX removal efficiency and capacity for TMC-based magnetic particles, and 

therefore the kinetics and equilibrium studies were carried out at this pH value. Sulfamethoxazole is 

an amphoteric compound and exists in the environment as cation, neutral molecule and anion, 

depending on the pH, due to the protonation of the aromatic amine (–NH3
+, pKa= 1.7) and the 

deprotonation of the sulfonamide group (–SO2NH–, pKa= 5.7) [68]. The speciation curves of SMX 

calculated with the pKa values are depicted in Figure 3.2.7. At pH= 5, SMX neutral species are 

dominant. Previous studies demonstrated the relevance of H-bonding interactions between neutral 

sulfonamide groups and the amine and hydroxyl groups from the sorbents’ surface in the SMX 

adsorption [69,70]. These chemical groups are present in chitosan and quaternary derivatives. 

However, the highest SMX adsorption capacity was achieved using Fe3O4@SiO2/SiTMC particles. 
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This indicates that the sorption mechanism may involve other pathways. Indeed, the NMR analysis 

of TMC revealed also dimethylated groups (–N(CH3)2), that were absent in pristine chitosan. These 

groups are hydrophobic and may complement SMX adsorption through hydrophobic interactions 

[71,72]. Nevertheless, because the SMX sorption capacity of chitosan-based particles was much 

lower, we can assume that quaternary amine groups of TMC play a relevant role in the sorption of 

SMX. Note that at pH= 5, near 20% of SMX molecules are in the anionic form and thus could interact 

electrostatically with trimethylammonium groups of the sorbent particles [73]. In alkaline conditions, 

the SMX adsorption dramatically decreases, most likely due to electrostatic repulsion between 

anionic SMX molecules and the sorbents’ surface, that is negatively charged at these pH values. 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 3.2.7. Effect of pH of the medium (from 4 to 9) on the adsorption of sulfamethoxazole (SMX) 

using Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles, for an initial SMX concentration 

of 40 mg/L and 24 h contact time; and SMX speciation (SMX-, SMX0 and SMX+) as a function of 

pH in aqueous solution [68]. 

 

 

3.2.3.3.2. Kinetic studies and effect of initial sulfamethoxazole concentration 

The effects of contact time and initial SMX concentration on the adsorption of SMX by the 

coated magnetic particles were studied to gain further insight into the adsorption process. Control 

experiments carried out in parallel in the absence of sorbent particles under the same conditions of 

pH and contact time have shown negligible losses of SMX (Figure B6, Appendix B). Figure 3.2.8 

shows the time profile of SMX removal using Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan 

sorbents, for variable initial SMX concentration of 40 and 80 mg/L, at pH= 5. As seen in Figure 

3.2.8a, increasing the initial SMX concentration from 40 to 80 mg/L, the adsorption capacity (qt) 

increases from 11.1 to 27.1 mg/g for Fe3O4@SiO2/SiTMC and 3.6 to 13.6 mg/g for 
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Fe3O4@SiO2/SiChitosan. The removal of SMX increased with increasing initial SMX concentration, 

and for all the cases, a rapid adsorption took place at the beginning (Figure 3.2.8b), i.e., for short 

contact times (ca. 15 min) between the sorbent and the solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.8. Time profile of a) adsorption capacity of sulfamethoxazole (SMX) and the 

corresponding kinetic model fitting using pseudo-first and pseudo-second order equations; and b) 

removal percentage of SMX at variable SMX initial concentration (40 and 80 mg/L, at pH= 5 and 

contact time of 24 h/1440 min) using Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles.  

 

 

Aiming to understand the sorption mechanism between the sorbents and SMX, the time 

profile data were analyzed using two kinetic models that are commonly used in the study of solid-

liquid adsorption processes: the pseudo-first order equation [74] and the pseudo-second order 

equation [75]. These two models assume that the adsorption is the rate-limiting step, rather than the 

diffusion of solute molecules. The kinetic parameters and the evaluation of the goodness of the fits, 

obtained by non-linear regression analysis, are reported in Tables B3 and B4 (Appendix B), and the 

b) 

a) 
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kinetic fittings are shown in Figure 3.2.8a. The non-linear form of the kinetic equations was fit to 

data (Table B5, Appendix B), using the curve fitting tool of GraphPad Prism version 7. The goodness 

of the fit was determined based on the coefficient of determination (R2) and the Chi-square test value 

(2), (Table B5, Appendix B). Both kinetic models described well the experimental data, with R2 

values ranging from 0.981 to 0.998. This suggests that SMX molecules’ adsorption is the rate-

limiting step and that the interaction is of chemical nature. Furthermore, both kinetic models provided 

a good prediction of qt values (Table B3 and B4, Appendix B).  

 

 

3.2.3.3.3. Equilibrium isotherms 

The equilibrium concentration data were obtained from batch adsorption of SMX onto the 

systems Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan for initial concentrations ranging from 

20 to 195 mg/L (Figure 3.2.9). To further elucidate the interactions between the sorbents and the 

sorbate SMX, the sorption data were correlated with Langmuir [76] and Freundlich [77] isotherms 

models, which are two-parameter isotherms, and Sips [78] isotherm, which is a three-parameter 

isotherm (Table B5, Appendix B). The obtained isotherm model parameters are listed in Table 3.2.2. 

The non-linear form of the isotherms equations was fit to data, using the curve fitting tool of 

GraphPad Prism version 7. The goodness of the fit was determined based on the coefficient of 

determination (R2) and the Chi-square test value (2), (Table B5, Appendix B). Based on the fitting 

indicators, the two-parameter isotherm model that best fits the experimental data for both systems is 

the Langmuir isotherm. The monolayer adsorption capacity predicted by this model was 597.9 and 

24.1 mg/g, for Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles, respectively. This model 

assumes that the adsorption process is most likely to occur by forming of a monolayer on a 

homogeneous surface [76,79], instead of the possible multilayer formation in the Freundlich model. 

Although the Langmuir model provides satisfactory data fitting, this model overestimated the 

maximum adsorption capacity (qmax) of the system Fe3O4@SiO2/SiTMC and consequently, it is not 

suitable to predict the experimental data. Actually, the experimental qmax value of TMC coated 

particles was 42.6 mg/g, while the Langmuir model predicted a value of 597.9 mg/g. Overall, the 

Sips isotherm is the model that provides higher R2
 and lower 2 values, thus being the model that 

best describes the experimental isotherm data for both systems. The Sips isotherm combines the 

Langmuir and Freundlich isotherm models. These results indicate that Fe3O4@SiO2/SiTMC particles 

adsorb around 42.6 mg/g of SMX in short contact times, being very effective sorbents compared to 

other magnetic sorbents reported in the past [15,17]. Considering the economic applicability of the 

nanosorbents for the removal of SMX, the equilibrium time is one of the most important parameters 
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affecting the design of new sorbents. The fast adsorption ability suggests that TMC-based magnetic 

particles would be a potential sorbent for the removal of SMX from water. Moreover, these materials 

are eco-friendly alternatives to sorbents prepared with components considered toxic to aquatic life 

[21]. 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.2.9. Isotherm data for the equilibrium adsorption of sulfamethoxazole (SMX) on 

Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles, and model fitting with Langmuir, 

Freundlich and Sips isotherm models (initial concentration of SMX ranging from 20 to 195 mg/L, at 

pH= 5, equilibrium contact time of 24 h). 

 

 

Table 3.2.2. Equilibrium model parameters obtained from model fitting with Langmuir, Freundlich 

and Sips isotherm models to experimental sorption data of Fe3O4@SiO2/SiTMC and 

Fe3O4@SiO2/SiChitosan, together with the goodness of the fittings. 

Isotherm Model Parameters 
Goodness of 

fit 

Langmuir qm (mg/g) KL (L/mg) R2 2 

Fe3O4@SiO2/SiTMC 597.9 0.0004 0.9796 7.123 

Fe3O4@SiO2/SiChitosan 24.1 0.0080 0.8799 4.221 

Freundlich KF (mg(1-1/n).L(1/n)/g) n R2 2 

Fe3O4@SiO2/SiTMC 0.3582 1.3241 0.9788 7.417 

Fe3O4@SiO2/SiChitosan 0.1105 1.247 0.7225 9.759 

Sips Ks (mg/g).(L/mg)s  𝒂S (L/mg)s S R2 2 

Fe3O4@SiO2/SiTMC 0.0001 63.1 0.5306 0.9911 3.614 

Fe3O4@SiO2/SiChitosan 0.00001 14.32 0.3500 0.9259 3.057 
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3.2.3.3.4. Sorbent stability, regeneration and reuse 

The TGA curves of the dried particles before and after SMX adsorption were similar, with 

small differences at the first weight loss stage owing to a higher moisture content of the particles 

after adsorption experiments (Figure B7, Appendix B). In addition, the residue mass at 900 °C was 

identical, before and after SMX adsorption. These results indicate that there is no relevant polymer 

leaching from the particles during the adsorption tests. Elemental microanalysis results (Table B6, 

Appendix B) are in agreement with these observations, since after adsorption there was no decrease 

in the carbon content of the particles. Conversely, a slight increase in the carbon and nitrogen content 

was observed, which can be ascribed to the adsorbed SMX molecules. To get further insight into the 

chemical stability of the nanoparticles in aqueous medium, the amount of iron leached from these 

particles at pH= 5 was quantified using AAS. The amount of Fe leached was below the detection 

limit, which was 19 g/L, which indicates that the leaching of Fe ions from the magnetic core is 

negligible. Hence, the nanoparticles display good chemical stability under the conditions chosen for 

the SMX uptake experiments, which is provided by the hybrid shell containing biopolymer 

covalently linked to the siliceous network. 

The ability of Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan to be regenerated and 

reused in SMX adsorption was assessed by running four consecutive adsorption/desorption cycles. 

The results presented in Figure 3.2.10 show that these sorbents can be reused in the removal of 

sulfamethoxazole. Nevertheless, overall there is a gradual decrease in SMX adsorption in 

consecutive cycles that is more marked in chitosan derived particles. For both particles, the 

adsorption capacity decreased about 20% after the first desorption step. At the 4th cycle, the 

adsorption capacity in TMC particles decreased to half, while in chitosan particles, a more noticeable 

decrease to about 15 % of the initial adsorption capacity is visible. The results show that TMC based 

particles can be recycled for SMX adsorption using ethanol, but further efforts must be done to 

enhance the adsorption capacity in consecutive cycles. 
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Figure 3.2.10. The ratio between the adsorption capacity (q) and the adsorption capacity after first 

use (q1) for Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan particles in four consecutive 

adsorption/desorption cycles (SMX concentration of 80 mg/L, at pH= 5 and contact time of 24 h). 

 

 

3.2.4. Conclusions 

Magnetite nanoparticles uniformly coated with biopolymer-siloxane hybrid shells of 

chitosan and its quaternary derivative (TMC) were successfully prepared through a simple single-

step coating procedure. The structural and morphological characterization indicated core@shell type 

morphology, with shells enriched in the biopolymer component. Among the coated particles 

prepared, the Fe3O4@SiO2/SiTMC particles showed the greatest performance for the removal of 

sulfamethoxazole (SMX) from water. The observed adsorptive properties of TMC-based particles 

can be ascribed to a combined adsorption mechanism that involves electrostatic interactions and 

hydrophobic interactions between SMX and the trimethylated and dimethylated sites of TMC at 

sorbents surface. The Fe3O4@SiO2/SiTMC particles have shown a greater adsorption capacity 

towards SMX when compared to other magnetic sorbents previously reported. These findings 

demonstrate the Fe3O4@SiO2/SiTMC particles’ potential for the uptake of the antibiotic SMX from 

water, taking advantage of adsorptive and magnetic properties in a single material. Further studies 

are in progress to assess the full adsorptive performance of these sorbents in real water samples using 

different operational conditions and better understand the sorption mechanism. 
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Abstract 

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most common pharmaceuticals used 

worldwide. They are widely detected in natural waters due to their persistence in wastewater 

treatment, and their removal is desirable in wastewater management. As a contribution to tackle this 

challenge, this study describes magnetic nanosorbents based on magnetite, amorphous silica and a 

quaternary chitosan for the effective magnetically assisted removal of three NSAIDs (diclofenac, 

naproxen and ketoprofen) from water. The chemical structure of the prepared materials was assessed 

using FTIR spectroscopy and solid-state 29Si and 13C NMR spectroscopy and confirmed the 

encapsulation of Fe3O4 nanoparticles with a hybrid siliceous material enriched in trimethyl chitosan. 

The effect of the initial NSAID concentration, pH and contact time in the adsorption behavior was 

investigated. The kinetics of adsorption was well predicted using the pseudo-second order kinetic 

model, indicating a chemisorption mechanism. The maximum adsorption capacity estimated from 

Langmuir model was 188.5 mg/g (0.5925 mmol/g), 438.1 mg/g (1.7371 mmol/g) and 221.5 mg/g 

(0.8710 mmol/g) for diclofenac, naproxen and ketoprofen, respectively. These adsorption capacities 

are higher than those of most reported sorbents, indicating the potential of these magnetic 

nanosorbents for the removal of the selected NSAIDs using low-energy magnetically assisted 

separation. 

 

 

 

 

Keywords: trimethyl chitosan; magnetic nanoparticles; non-steroidal anti-inflammatory drugs; 

water treatment; adsorption. 
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3.3.1. Introduction  

Water pollution is one of the most critical environmental problems that the world urgently 

needs to address since clean water is vital for every living organism [1]. There has been an increasing 

interest in emerging contaminants, such as pharmaceutically active compounds [2]. In the European 

Union (EU), about 3000 different substances are used for human medication purposes that are highly 

persistent in the environment and are of toxicological concern [3]. These chemicals are considered 

emerging pollutants because their discharge limits in the environment still remain unregulated or are 

in the process of regularization [4,5]. The non-steroidal anti-inflammatory drugs (NSAIDs) are 

among the most frequently used pharmaceuticals and are included in the watch list of compounds in 

the EU related to the top 10 persistent pollutants [6]. NSAIDs encompass an extensive range of 

pharmaceuticals used to treat pain and inflammation in different arthritic and post-operative 

situations [6,7]. Among the NSAIDs, diclofenac (DCF), naproxen (NAP) and ketoprofen (KET) are 

recurrently detected in the environment as trace contaminants [1,8,9]. NSAIDs undergo several 

processes during wastewater treatment, but they are not entirely removed from water using 

conventional procedures [6,10]. This contributes to the occurrence of high levels of NSAIDs in 

aquatic environments, reaching values as high as μg/L concentration at multiple locations worldwide 

[6,11]. 

Several treatment methods such as activated carbon filtration, reverse osmosis, flocculation, 

ozonation and advanced technologies including membrane bioreactors and advanced oxidation 

processes, have been proposed to remove pharmaceuticals from wastewater [9,12–15]. The 

application of most of these methods is limited by complex processes, high-energy consumption and 

consequently high costs. In the search for greener and more sustainable removal processes, of easy 

operation and affordable cost,  polysaccharides offer several advantages as promising candidates for 

adsorption processes because they are biopolymers naturally available, biodegradable and relatively 

low-cost [16]. Furthermore, they contain numerous functional groups in their structure that can 

interact with pollutants dissolved in water. However, polysaccharide-based sorbents are challenging 

to separate from treated water, a limitation that has restrained their use [17]. In order to improve the 

adsorption properties and overcome these drawbacks, some efforts have been undertaken to develop 

organic-inorganic hybrids by grafting the polysaccharides to water-insoluble substrates [18–21]. 

Because of the mild conditions provided by sol-gel chemistry, this route is highly attractive for 

incorporating biopolymers [22]. These methods employ functional alkoxysilanes as linkers between 

the siliceous shells and the biopolymer, for obtaining hybrid materials in which such phases are 

strongly linked. Typically these silane coupling agents have a functional group selected to react with 

the biopolymer, and hydrolyzable alkoxy groups that form covalent bonds with the siliceous 

component [23–26]. 
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Chitosan is a natural amino-polysaccharide derived from chitin, which is one of the most 

abundant biopolymers in Nature [27]. The existence of primary amine and hydroxyl groups in its 

structure allows for chemical modifications, improving their solubility and providing reactive groups 

for covalent bonding to an inorganic substrate, such as amorphous silica [28]. For example, chitosan 

was chemically modified into multi-functional sorbents to accomplish certain requirements for 

specific applications [29]; N,N,N-Trimethyl chitosan (TMC), a quaternary hydrophilic derivative of 

chitosan, has attracted considerable attention because it contains quaternary ammonium moieties (–

N+(CH3)3) in its backbone [30,31]. The cationic nature is very appealing and led to the development 

of novel sorbents with the ability to interact with negatively charged pollutants [30]. 

In the past few years, colloidal magnetic nanoparticles have been proposed as sorbents for 

water treatment applications due to their magnetic features, large surface area and facile water 

dispersibility [16,32]. These magnetic nanoparticles can be applied to remove contaminants from 

water provided they have been surface modified with an adequate coating, which can be either 

inorganic or organic in nature [16]. The enhancement of the adsorptive capacity of magnetic 

nanoparticles and improved selectivity towards target pollutants can be achieved by chemical 

functionalization of the particles’ surfaces with biopolymers. 

This research aimed to explore a new chemical route for the surface modification of colloidal 

magnetic nanoparticles, in which siliceous shells of trimethyl chitosan (TMC) have been modified 

with an epoxide functionalized silane coupling agent. These new magnetic nanosorbents were 

investigated for the adsorptive removal of three selected NSAIDs (diclofenac, naproxen and 

ketoprofen) from water. Additionally, the kinetics and the equilibrium of the adsorption process was 

studied to understand the adsorption behavior and mechanism involved. The magnetic nanosorbent 

was applied in complex water samples to assess the interference of matrix components in the removal 

of NSAIDs.   

 

 

3.3.2. Experimental details 

 

3.3.2.1. Chemicals 

Diclofenac sodium salt (C14H10Cl2NNaO2) was supplied from Alfa Aesar. Naproxen sodium 

(C14H13NaO3, 98-100%) and ketoprofen (C16H14O3, >98%) were obtained from Sigma-Aldrich. 

Trimethyl chitosan was supplied from Henan Tianfu Chemical Co., Ltd. (China) and used as received 

(degree of quaternization - 15.3%). Ferrous sulfate heptahydrate (FeSO4.7H2O, >99%) and ethanol 

(CH3CH2OH, >99%) were obtained from Panreac. 3-(Glycidyloxypropyl)trimethoxysilane 
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(GPTMS, C9H20O5Si, >98%), tetraethyl orthosilicate (TEOS, Si(OC2H5)4, >99%) and potassium 

nitrate (KNO3, >99%) were supplied from Sigma–Aldrich. Methanol (CH3OH, >99%) was 

purchased from VWR. N,N-dimethylformamide (HCON(CH3)2, >99%) was purchased from Carlo 

Erba Reagents. Potassium hydroxide (KOH, >86%) was purchased from LabChem. Ammonia 

solution (NH4OH, 25%) was purchased from Riedel-de-Häen. Ultra-pure water used was produced 

using a Milli-Q system with a 0.22 µm filter (Synergy equipment, Millipore).  

 

  

3.3.2.2. Derivatization of the quaternary chitosan 

Trimethyl chitosan (TMC) was modified by reaction with the alkoxysilane coupling agent 

GPTMS [20,21,33]. Hence, TMC (1 g) previously dried at 30 ºC for 24 h was added to a mixture of 

dry N,N-dimethylformamide (13 mL) and GPTMS (5.2 mmol, 1.24 mL). The reaction was carried 

out at 100 °C, under a dry nitrogen atmosphere, with stirring at 500 rpm over 24 h. The obtained 

material, hereafter named TMC/GPTMS, was washed several times with dry methanol and dry 

ethanol and finally dried at room temperature. 

 

 

3.3.2.3. Synthesis of magnetic nanosorbents 

The preparation of quaternary chitosan magnetic nanosorbent (Fe3O4@SiO2/TMC/GPTMS) 

was carried out using a two-step method. The first step was the synthesis of the magnetic core by 

oxidative hydrolysis of iron Fe2SO4.7H2O in alkaline conditions, to obtain magnetite nanoparticles 

(Fe3O4) [34]. The second step comprised the coating of the magnetic core using a sol-gel method, by 

adding a mixture of the silica precursor (TEOS) with the derivatized chitosan (TMC/GPTMS). 

Briefly, for the coating, a suspension of Fe3O4 nanoparticles (40 mg) dispersed in 38 mL of ethanol 

was prepared and kept immersed in an ice bath under sonication (horn Sonics, Vibracell) for 15 min. 

Next, the ammonia solution (2.4 mL), TEOS (0.406 mL) and TMC/GPTMS (0.3 g) were slowly 

added, and the reaction was kept for 2 h under sonication in an ice bath. After the reaction, the 

resulting magnetic biosorbent was collected by magnetic separation using a NdFeB magnet, and 

washed six times with ethanol. The particles were dried at room temperature, and the quaternary 

chitosan magnetic nanosorbent (Fe3O4@SiO2/TMC/GPTMS) was obtained. 

            

 

3.3.2.4. Synthesis of non-magnetic quaternary chitosan particles  
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           Non-magnetic quaternary chitosan particles (SiO2/TMC/GPTMS) were also prepared by 

employing a similar method but in the absence of Fe3O4 nanoparticles. The non-magnetic particles 

were obtained by adding 0.3 g of TMC/GPTMS and 0.406 mL of TEOS to a mixture of 0.9 mL of 

deionized water, 8.5 mL of ethanol and 0.15 mL of ammonia solution [35,36]. The reaction was kept 

at room temperature and under stirring (500 rpm) for 24 h. Then, the particles were washed five times 

with deionized water and one time with dry ethanol, followed by centrifugation (10 min at 13.300 

rpm). Finally, the precipitate was dried, and the non-magnetic quaternary chitosan particles 

(SiO2/TMC/GPTMS) were obtained. For complementary studies using solid state NMR 

spectroscopy, amorphous SiO2 particles were also prepared by using the Stöber method [37]. Briefly, 

4.5 mL of deionized water, 42.5 mL of ethanol, and 0.75 mL of ammonia solution were mixed with 

the 2.25 mL of TEOS at room temperature (25 ºC) under constant stirring (250–300 rpm). The 

reaction was performed over 24 h, and the resulting SiO2 particles were washed thoroughly with 

deionized water and ethanol, followed by centrifugation. The solvents were evaporated, and 

amorphous SiO2 particles were obtained. 

 

 

3.3.2.5. Batch adsorption experiments 

Aqueous solution of diclofenac sodium (DCF), naproxen sodium (NAP) and ketoprofen 

(KET) with the required concentrations were prepared using ultra-pure water. The DCF, NAP and 

KET concentrations were determined spectrophotometrically, measuring the maximum absorbance 

at 276, 230 and 260 nm, respectively. The calibration curves were obtained from the analysis of the 

spectra obtained at distinct NSAID concentration: DCF (0.12–12.0 mg/L), NAP (0.12–3.0 mg/L) and 

KET (0.12–12.0 mg/L) DCF (0.12–12.0 mg/L), NAP (0.12–3.0 mg/L) and KET (0.12–12.0 mg/L) 

(Figure C1, Appendix C). The structures and characteristics of NSAIDs are shown in Table C1, 

Appendix C. For batch adsorption experiments, an exact amount of the magnetic nanosorbent (0.5 

mg/mL dosage) was added to solutions with known DCF, NAP and KET concentration. The NSAIDs 

solutions containing the magnetic nanosorbent were continuously stirred over a certain time (5 h) at 

room temperature (25.0 ° ± 1.0 ºC) in dark conditions. After adsorption for a pre-determined contact 

time, the nanosorbent was magnetically separated using a NdFeB magnet, and the concentration of 

NSAIDs in the supernatant was assessed by UV-VIS (ultraviolet-visible) spectroscopy. The 

percentage of removal of each NSAIDs was calculated using equation (3.3.1), where C0 is the initial 

concentration (mg/L) and Ct is the final concentration (mg/L) after defined contact time. 

R (%)  =
(𝐶0−𝐶𝑡)

𝐶0
× 100                                                         (3.3.1) 



Chapter 3.3 
_______________________________________________________________________________________ 

 

137 

 

The amount of DCF, NAP and KET adsorbed onto the magnetic nanosorbent can be expressed by 

the adsorption capacity, at time t (qt, mg/g) and was calculated using the initial DCF, NAP and KET 

concentration (C0, mg/L) and concentration at time t (Ct, mg/L) in solution, as displayed by equation 

(3.3.2), where V (L) is the total volume of solution and m (g), is the mass of the magnetic nanosorbent. 

𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                                                       (3.3.2) 

Blank experiments without particles were also carried out to assess if the loss of DCF, NAP and KET 

in solution through degradation or glass adsorption was negligible along the time. 

 

 

3.3.2.5.1. Effect of pH on the removal of NSAIDs 

DCF, NAP and KET solutions (50 mg/L) with distinct pH values (5, 6, 7, 8 and 9) were 

prepared by adjusting the pH with an appropriate amount of NaOH (0.01 M) or HCl (0.01M). The 

adsorption experiments were then conducted using 0.5 mg/mL of sorbent in each case. The mixtures 

were shaken continuously at 30 rpm for 5 h, to ensure that the adsorption equilibrium was achieved. 

Then, the magnetic nanosorbent was separated magnetically from the solution, and DCF, NAP and 

KET concentrations in the supernatant were assessed by UV-VIS spectrophotometry.  

 

 

3.3.2.5.2. Kinetics and equilibrium adsorption studies 

For the kinetics studies, solutions of DCF, NAP and KET with different concentrations (10, 

50 and 100 mg/L) were prepared, and the pH was adjusted to 5. An appropriate amount of the 

magnetic nanosorbent was added to the mixture (0.5 mg/mL), and the adsorption process was 

conducted. The mixtures were shaken, and aliquots of 1 mL were collected along the time (during 5 

h) at room temperature (25.0 ° ± 1.0 ºC). After analysing the supernatant, the amount of DCF, NAP 

and KET adsorbed onto the magnetic nanosorbent at each time (qt, mg/g) was determined using 

equation (3.3.2). Equilibrium adsorption studies were performed by dispersing 0.5 mg/mL of 

magnetic nanosorbent in DCF, NAP and KET aqueous solutions with distinct initial concentrations 

(ranging from 5 to 350 mg/L) at pH= 5. The experiments were conducted for 5 h at room temperature 

(25.0 ° ± 1.0 ºC). The amount of DCF, NAP and KET adsorbed at equilibrium (qe, mg/g) was assessed 

by UV–Vis spectroscopy and calculated using equation (3.3.2) for Ct = Ce, where Ce (mg/L) is the 

concentration of DCF, NAP and KET at equilibrium. 
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3.3.2.5.3. Removal of NSAIDs from different water matrices 

Two types of water samples i.e., ultra-pure water and bottled water were employed in the 

adsorption experiments to assess the matrix effects towards the removal of NSAIDs. Ultra-pure water 

was obtained from the Synergy equipment from Millipore with a 0.22 μm filter. Bottled water 

Serrana was purchased from a local store. Bottled water Serrana is commercialized in Portugal, being 

derived from Serra do Caramulo, Portugal. Calibration curves for the quantification of DCF, NAP 

and KET using UV-VIS spectroscopy were obtained in ultra-pure water and bottled water (Figure 

C1, Appendix C). For the adsorption experiments, the waters were spiked with DCF, NAP and KET, 

at two different concentrations (5 and 10 mg/L) and then treated with the Fe3O4@SiO2/TMC/GPTMS 

particles using a fixed sorbent dosage of 0.5 mg/mL. At the equilibrium time (5 h), the percentage of 

removal of DCF, NAP and KET was calculated using equation (3.3.1).  

 

 

3.3.2.5.4. Regeneration and reusability of the magnetic nanosorbents 

For the regeneration studies, 0.5 mg/mL of Fe3O4@SiO2/TMC/GPTMS particles were 

loaded with DCF, NAP and KET using an initial concentration of 50 mg/L at pH= 5, during 5 h. 

After the adsorption, the magnetic nanosorbent was magnetically collected from the solution and 

rinsed four times with 20 mL of ethanol and twice with 20 mL of deionized water, and then dried. 

To investigate the reusability of the sorbent, after desorption, the particles were reused in consecutive 

adsorption/desorption experiments. The process was repeated three times, and the adsorption 

capacity and removal efficiency were calculated using equation (3.3.1) and (3.3.2), respectively. 

 

 

3.3.2.6. Instrumentation 

The X-ray powder diffraction (XRD) data were collected using a PANalytical Empyrean X-

ray diffractometer equipped with the Cu K monochromatic radiation source at 45 kV/40 mA. The 

transmission electron microscopy (TEM) was performed using a Hitachi H-9000 TEM microscope 

carried out at an accelerating voltage of 300 kV. A drop (10 L) of a diluted suspension of the 

particles in ethanol was placed on a copper grid with a lacey amorphous carbon film and left to dry 

before TEM analysis. The scanning electron microscopy (SEM) was performed using a Hitachi SU-

70 instrument at 15 kV. For SEM analysis, the samples were prepared by placing an aliquot of a 

dilute suspension of particles in ethanol on a glass slide, which was glued to the sample holder using 

double-sided carbon tape and then coated with carbon. Fourier transform infrared (FTIR) spectra of 

the materials were acquired over the range 4000–450 cm-1 using a Bruker Optics Tensor 27 
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spectrometer coupled to a horizontal attenuated total reflectance (ATR) cell. The samples were 

placed on the ATR crystal, and 256 scans were acquired at 4 cm-1 resolution. The elemental analysis 

of carbon, hydrogen, nitrogen and sulfur was performed using a Leco Truspec-Micro CHNS 630-

200-200. The specific surface area of the particles was assessed by nitrogen adsorption/desorption 

measurements using a Gemini V2.0 Micromeritics instrument. The specific surface area was 

determined using the Brunauer–Emmett–Teller (BET) equation for relative pressures (P/P0) up to 

0.3. Before analysis, the materials were degassed at 80 °C/1.5 bar under nitrogen flow overnight. The 

pore volume was evaluated from the adsorption amount using the Barret–Joyner–Halenda (BJH). 

The surface charge of the colloidal nanoparticles was assessed by zeta potential measurements in a 

Zetasizer Nano ZS instrument (Malvern Instruments) that uses a HeNe laser operating at 633 nm and 

a scattering detector at 173°. The measurements were performed in aqueous suspensions of the 

particles using a disposable folded capillary cell. The magnetic measurements were performed using 

the Quantum Design SQUID (superconducting quantum interference device) MPMS3 both in VSM 

(vibrating sample magnetometer) and DC (direct current) modes, as a function of the applied 

magnetic field (from +50 to -50 kOe) at 300 K. To estimate the Fe3O4 content, 2 mg of magnetic 

particles were digested in 6 mL of hydrochloride acid (37%). Then, the resulted solutions were 

analyzed using atomic absorption spectrophotometry (AAS) to assess the Fe content in a Perkin 

Elmer Analyst 100 apparatus. The 13C cross-polarization (CP)/ magic-angle spinning (MAS) nuclear 

magnetic resonance (NMR) and 29Si MAS/CP MAS NMR spectra were recorded on a Bruker Avance 

III 400 MHz (9.4 T) spectrometer at 79.49 and 100.61 MHz, respectively. 13C CP/MAS NMR spectra 

were acquired with 3.65 μs 1H 90° pulses, 1.5 ms contact time, a recycle delay of 5 s, and at a 

spinning rate of 9 kHz. 29Si MAS NMR spectra were recorded with 4.5 μs 1H 90° pulses, a recycle 

delay of 60 s, and at a spinning rate of 5 kHz. The chemical shifts are quoted in ppm relative to 

tetramethylsilane (TMS). The concentration of the NSAIDs was determined spectrophotometrically 

using a Jasco U-560 UV-VIS spectrophotometer.   

 

 

3.3.3. Results and discussion 

 

3.3.3.1. Materials characterization  

The powder X-ray diffraction (XRD) pattern of the particles used as cores (Figure 3.3.1a), 

along with the labelling of the respective Miller indices, indicates the presence of magnetite (Fe3O4) 

with cubic inverse spinel structure (JCPDS file No. 19–0629) [38]. A similar XRD pattern was 

observed for the Fe3O4@SiO2/TMC/GPTMS particles, confirming that after surface modification, 
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the composition of the core of the particles was maintained as Fe3O4. The XRD of the 

Fe3O4@SiO2/TMC/GPTMS particles also shows a broad peak around 23º that is characteristic of 

short-range order in amorphous SiO2, in agreement with the presence of the siliceous network coating 

the magnetic cores [39].  

Figure 3.3.1. a) Powder XRD patterns of Fe3O4 and Fe3O4@SiO2/TMC/GPTMS particles with the 

labelling of the respective Miller indices; b) ATR-FTIR spectra of TMC, GPTMS, TMC/GPTMS, 

Fe3O4 and Fe3O4@SiO2/TMC/GPTMS materials; and TEM images of c) Fe3O4 and d) 

Fe3O4@SiO2/TMC/GPTMS particles. 

 

 

The FTIR spectrum of the Fe3O4 particles (Figure 3.3.1b), shows the characteristic band at 

529 cm-1 assigned to the Fe–O stretching vibration [40]. This band is also visible at 559 cm-1 in the 

spectrum of Fe3O4@SiO2/TMC/GPTMS particles, although it is shifted to higher wavenumbers. The 

FTIR analysis of the coated particles is challenging due to overlapping of the main vibrational bands 

of both TMC and the siliceous network. The FTIR spectrum of TMC shows bands at approximately 

3316 cm-1 attributed to –OH bonds, at 2891 cm-1 ascribed to asymmetrical stretching of C–H bonds, 

and the peaks at 1627 and 1523 cm-1 belong to C–O stretching (amide I) and N–H bending (amide 

II) vibrations, respectively [41]. Moreover, the band at 1416 cm-1 is assigned to the characteristic 
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absorption of N–CH3 groups in TMC [42]. Also, the intense bands between 1000–1200 cm−1 are 

ascribed to C–O vibrations due to the polysaccharide backbone [33].  

In the preparation of TMC/GPTMS, both hydroxyl and amine groups of TMC can react with 

the epoxide groups of the alkoxysilane GPTMS, to yield ether (−CH2OCH2−) and secondary amine 

(−CHNHCH2−) covalent bonds, respectively (Figure 3.3.2). In the FTIR spectrum of GPTMS 

(Figure 3.3.1b) the band at 1460 cm-1 is associated with the deformation vibrational mode of the 

methylene groups of the propyl unit [43,44]. The band at 1252 cm−1 is due to the epoxide ring 

stretching vibration, and the band at 1188 cm−1 is ascribed to the C−H deformation mode of the 

Si−O−CH3 [43–45]. The C−O stretching vibration of the epoxide ring can be observed at 912 cm−1 

and the bands at 1075 cm−1, 815 cm−1 and 779 cm−1 correspond to the stretching and bending 

vibrations of the Si−O−C bonds of GPTMS [43,44,46]. In the TMC/GPTMS spectrum, the absence 

of the band of the epoxide ring could be an evidence for epoxide ring opening upon reaction with 

TMC [47–49]. The amide bands of TMC are retained and appear shifted to higher wavenumbers 

(1627–1648 and 1585 cm-1 for C=O and N-H bending, respectively). This may be attributed to 

changes in the H-bonding network in the TMC/GPTMS. Although the FTIR results are not 

conclusive to clearly discern the mechanism for the reaction between TMC and GPTMS, the results 

suggest the formation of covalent bonding. The FTIR spectrum of Fe3O4@SiO2/TMC/GPTMS 

particles also displays the vibrational bands expected for a material comprising a siliceous network. 

This inorganic phase gives FTIR bands at 795 cm-1 and 446 cm-1 that can be ascribed to symmetric 

Si–O–Si stretching and O–Si–O deformation modes of amorphous silica, respectively [21,33]. 

Moreover, the presence of a broad band centred at 1047 cm-1 can result from overlapped vibrational 

contributions of the trimethyl chitosan and amorphous silica [21,33].  

The resulting particles were composed of magnetite spheroidal core (56 ± 11 nm), coated by 

amorphous shells with an irregular surface (Figure 3.3.1c, d). The thickness of the shells was around 

37 ± 6 nm. The XRD, FTIR results and the TEM images confirm the encapsulation of the Fe3O4 

particles. Note that the TEM image provided is representative of the sample, always showing denser 

nanoparticles (magnetite) surrounded by a material with lower image contrast (biopolymer/silica 

material), resulting in small aggregates with several magnetic cores. Furthermore, it was observed in 

sub-chapter 3.2 that individualized core@shell nanoparticles with well-defined morphology are 

obtained when ICPTES is involved, while small aggregates containing multiple cores are formed 

when GPTMS is used in identical conditions. The ICPTES seems to be more adequate to produce 

uniform core@shell magnetic hybrid nanoparticles. 
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Figure 3.3.2. Schematic representation of the reaction between the hydroxyl (−OH) and/or amine 

(−NH2) groups of N,N,N-Trimethyl chitosan (TMC) with the epoxide groups of 3-

(Glycidyloxypropyl)trimethoxysilane (GPTMS). The reactive target sites are indicated with *. 

 

 

The BET specific surface area decreased from 27.4 m2/g in Fe3O4 to 13.6 m2/g in 

Fe3O4@SiO2/TMC/GPTMS particles (Table 3.3.1), which is consistent with an increase of the 

average particle size due to the formation of the outer hybrid shells. Table 3.3.1 shows the elemental 

microanalysis results of the prepared materials. As expected, the Fe3O4 particles reveal negligible 

carbon (< 0.2%) and nitrogen (< 0.04%) contents, while the Fe3O4@SiO2/TMC/GPTMS particles 

have a carbon content of 30 wt% and a relevant nitrogen amount (5.9 wt%), confirming the 

incorporation of the organic (TMC) component in the final particles.  

 

 

Table 3.3.1. Compositional and morphological properties of the materials: elemental analysis, 

particle diameter, BET surface area and pore volume. 

Sample 
C 

(%)a
 

H 

(%)a
 

N 

(%)a
 

D (nm)b
 SBET 

(m2/g)c
 

Vp 

(cm3/g)c
 core shell 

TMC 32.8 5.6 5.9 - - - - 

TMC/GPTMS 35.8 6.8 6.8 - - - - 

Fe3O4 0.2 0.06 0.04 56 ± 11 - 27.4 0.066 

Fe3O4@SiO2/TMC/GPTMS 30.3 5.7 5.9 56 ± 11 37 ± 6 13.6 0.014 

a Carbon, hydrogen and nitrogen content measured by elemental microanalysis; 
b
 Particle diameter assessed 

by TEM; 
c
 BET surface area (SBET) and pore volume (Vp) assessed by N2 sorption. 
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The magnetic hysteresis loops of bare Fe3O4 and Fe3O4@SiO2/TMC/GPTMS particles are 

shown in Figure 3.3.3. Both particles exhibited small hysteresis loops characterised by low coercivity 

and remanence, as indicated by the expanded view of the low-field region of magnetization. The 

values of saturation magnetization (Ms, in emu/gsample and emu/gFe3O4), remanent magnetisation 

(Mr, in emu/gFe3O4), and coercivity (Hc, in Oe) are listed in Table C2, Appendix C. The Fe3O4 

particles exhibited a magnetization hysteresis loop at room temperature with a saturation 

magnetization of 83 emu/g, which is close to values reported in the literature for spherical magnetite 

of similar size (50 nm) [50]. The value of Ms for Fe3O4@SiO2/TMC/GPTMS normalised with respect 

to the Fe3O4 content was 72 emu/gFe3O4, which make these particles suitable for magnetically 

assisted separation by applying an external magnetic field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3. a) Magnetization of Fe3O4 (Ms= 83 emu/g) and Fe3O4@SiO2/TMC/GPTMS (Ms= 72 

emu/gFe3O4) particles, as a function of the magnetic field measured at 300 K and b) Expanded view 

of the low-field region of magnetization.  
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 Solid-state NMR spectroscopy analysis of the non-magnetic quaternary chitosan particles 

(SiO2/TMC/GPTMS) was performed to inquire about the shells’ chemical nature of the 

Fe3O4@SiO2/TMC/GPTMS particles. A brief characterization of SiO2/TMC/GPTMS particles by 

SEM and FTIR spectroscopy is included in Figure C2 (Appendix C). Figure 3.3.4a shows the 13C 

CP/MAS NMR spectra for TMC and SiO2/TMC/GPTMS particles, and the corresponding chemical-

shift assignments are listed in Table C3 (Appendix C). The 13C NMR spectrum of TMC shows the 

following features: = 24.3 ppm attributed to the carbon atom of the methyl moieties of the acetyl 

groups; = 54.8 ppm correspondent to the carbon of methyl groups in N,N-dimethylated site; = 55.2 

ppm attributed to the carbon of methyl groups in N,N,N-trimethylated site; = 57.8 ppm two 

overlapped signals are observed and assigned to carbon C6 and C2; = 71.2 ppm, corresponding to 

the carbon of methyl groups in O-methylated site; = 74.7 ppm due the carbons C5 and C3; = 81.1 

ppm corresponding to the carbon C4; = 99.7 ppm corresponding to carbon atom C1 and finally = 

173.8 ppm that corresponds to carbon of carbonyl of acetyl group [51,52]. The 13C NMR spectrum 

of SiO2/TMC/GPTMS shows the resonances associated with the carbons of GPTMS that are 

overlapped with the NMR peaks assigned to the carbon atoms of TMC and that have been observed 

in the range δ= 22.8–173.8 ppm. The methoxy groups (Si–O–CH3) associated with GPTMS are 

usually identified by a 13C resonance at = 50 ppm. However, this resonance is absent, suggesting 

that the hydrolysis of GPTMS to form silanol groups proceeded to completion [24]. The signals of 

the carbon atoms Ca and Cb of the Si-bonded propyl chain linked to GPTMS at = 22.8 ppm, are 

overlapped with the signal of the carbon of the methyl moieties of the acetyl groups, which were 

attributed to the reaction of epoxide ring with the primary amine of TMC (–NH2) to form a secondary 

amine [25]. Due to many different C–O species, the spectrum is saturated with resonances in the 

range 50–120 ppm, making difficult the assignment of the resonances of Cc, Cd, Ce and Cf in this 

region. Nevertheless, the literature concerning the reaction of different biopolymers with GPTMS, 

suggests that the resonances of the carbons Cc, Cd, Ce, and Cf might be assigned in this region [53–

55].  
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Figure 3.3.4. a) 13C CP/MAS NMR spectra of TMC and SiO2/TMC/GPTMS hybrid particles; b) 29Si 

MAS NMR spectra and c) 29Si CP/MAS NMR spectra of SiO2 and SiO2/TMC/GPTMS particles; and 

d) schematic representation of SiO2/TMC/GPTMS particles with labelling of Si sites according to 

NMR spectroscopy notation (acetyl groups are not represented in the TMC molecule). 
  

 

 29Si NMR spectroscopy was used to provide further insight into the structure of hybrid 

materials. The 29Si MAS NMR and 29Si CP/MAS NMR spectra of the non-magnetic 

SiO2/TMC/GPTMS particles are shown in Figure 3.3.4b and c, respectively. For comparison, the 

NMR spectra of amorphous SiO2 particles prepared using the same approach but in the absence of 

TMC (SEM and FTIR results were included in Figure C2, Appendix C) were also included in Figure 

3.3.4b and c. The nomenclature Qn is used to describe silica species where the silicon atom is bonded 

by n bridging oxygens and (4 – n) non-bridging oxygens. Therefore, Q4 symbolizes the internal 

siloxane type Si atoms in Si(OSi)4, while Q2 and Q3 represent the surface Si atoms bound to the 

hydroxyl groups in Si(OSi)2(OH)2 and Si(OSi)3OH, respectively (Figure 3.3.4d) [56]. In the spectrum 

of SiO2/TMC/GPTMS, the resonances at  -91.9, -101.2 and -111.3 ppm are assigned respectively to 

Q2, Q3 and Q4 Si sites, in accordance with the literature (Figure 3.3.3b) [56]. The degree of 
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condensation can be calculated using the fraction of silanol groups ((Q2+Q3)/Q4) obtained from the 

29Si MAS NMR spectra, and was found to be 0.52 in SiO2 particles and decreased to 0.48 in the 

SiO2/TMC/GPTMS particles (Table C3, Appendix C). This result provides evidence for the covalent 

bonding of the precursor TMC/GPTMS with the surface of the particles [36]. The amount of T 

species indicates the degree of cross-linking between GPTMS and the silica network. Tn is used to 

describe a silicon atom bound to carbon with n bridging oxygens with (3 - n) non-bridging oxygens 

[25]. Therefore, a higher value of n in T and Q species indicates a more connected silica network, in 

which a silica network containing only T3 and Q4 structures represents a fully condensed network. 

From the 29Si CP/MAS NMR spectra (Figure 3.3.4c) it is possible to observe that the Q3 and Q4 

structures were the dominant Q species in the SiO2/TMC/GPTMS particles with no Q1 species 

detected, implying a highly condensed silica network [25,56]. Moreover, the 29Si CP/MAS NMR 

spectrum of SiO2/TMC/GPTMS particles shows two resonances at approximately δ = -57.6 and -

64.2 ppm, that when compared with literature values can be ascribed to the T2 and T3 sites [57]. Also, 

the absence of T1 species indicates that the alkoxy portion of the GPTMS molecules underwent a 

high degree of condensation [25]. These results suggest that the silicon nuclei are primarily present 

in RSi(OSi)2OH and RSi(OSi)3 environments and further confirm the covalent bonding of 

TMC/GPTMS to the siliceous network.  

 

 

3.3.3.2. Adsorption studies 

 

3.3.3.2.1. Influence of pH and adsorption mechanism 

The pH of the solution plays an important role in the adsorption process and interactions at 

the sorbent-sorbate interface. It influences the surface chemistry of the sorbent and the speciation of 

the solutions. The pKa range of the three targeted NSAIDs is between 4.00 and 4.45 (pKa DCF = 

4.00; pKa NAP = 4.19; pKa KET = 4.45) [7], as shown in Figure 3.3.5a, b and c. The selected 

NSAIDs are classified as weak acid compounds, and thus the pH will affect their chemical speciation 

in solution. At pH < pKa, the NSAIDs are mainly protonated (neutral), while at pH > pKa the 

NSAIDs are deprotonated (negatively charged). Measurement of zeta potential values of the 

Fe3O4@SiO2/TMC/GPTMS particles as a function of pH was also performed to assess the surface 

charge of the sorbent (Figure 3.3.5d). The isoelectric point (IEP) is the pH in which the net charge 

on the sorbent surface is zero and it was found to be between pH= 8 and 9, which means that at pH 

< pHIEP the surface is positively charged (Figure 3.3.5d) and can interact electrostatically with 

deprotonated NSAIDs species. At pH values not higher than 8 the particles present positive zeta 
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potentials due to the contribution of cationic trimethylammonium groups (−N+(CH3)3) from TMC 

present at the particles' surface. Adsorption of DCF, NAP and KET showed identical pH-dependent 

patterns (Figure 3.3.5d). This indicates that these NSAIDs may undergo the same type of interactions 

with the surface of Fe3O4@SiO2/TMC/GPTMS particles. As shown in Figure 3.3.5d, a high 

adsorption capacity was observed at pH= 5 for DCF, NAP and KET, and then the subsequent 

adsorption experiments were performed at this pH. At this pH the particles are positively charged, 

and the NSAIDs are mainly in the deprotonated form, which promotes the electrostatic interactions 

and increase the adsorption capacity [58]. When the pH increases from 5 to 9, the adsorption capacity 

(qt) decreases for all the NSAIDs tested most likely because the surface charge of the nanoparticles 

also decreases. At pH= 9 the NSAIDs and the surface of the particles are negatively charged, and 

repulsive forces can occur. However, the particles still adsorb NSAIDs, indicating that electrostatic 

interactions are not the only mechanism that governs the adsorption at this pH. 

 

Figure 3.3.5. Speciation of a) diclofenac (DCF), b) naproxen (NAP) and c) ketoprofen (KET) as a 

function of pH in aqueous solution and d) Effect of pH of the medium (from 5 to 9) on the adsorption 

of DCF, NAP and KET (50 mg/L, 5 h contact time, sorbent dose 0.5 mg/mL) using 

Fe3O4@SiO2/TMC/GPTMS particles and zeta potential measurements of 

Fe3O4@SiO2/TMC/GPTMS particles. Error bars correspond to standard deviations obtained from 

two replicates. 
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 There are several possible mechanisms for the adsorption of NSAIDs onto the 

Fe3O4@SiO2/TMC/GPTMS particles: (i) electrostatic interactions between the cationic 

trimethylammonium groups from TMC and the carboxylate groups of the NSAIDs molecules 

[59,60]; (ii) H-bonding interactions among the NSAIDs (carboxyl, amine, and ester groups) with the 

hydroxyl groups of trimethyl chitosan [60,61]; and (iii) hydrophobic interactions in which the 

hydrophobic dimethylated groups (−N(CH3)2) of trimethyl chitosan can capture the NSAID 

molecules [61–63]. Previous studies have explained the adsorption of NSAIDs on other sorbents on 

the basis of hydrogen bonding [61,62]. Taking into account the results in Figure 3.3.5d, at pH= 9 the 

adsorption capacity of each NSAID towards Fe3O4@SiO2/TMC/GPTMS particles decreased in the 

order DCF > NAP > KET. The extent of the interaction through hydrogen bonding has been well 

explained based on two factors: differences in the chemical structures of each NSAIDs and the 

interactions between each functional group present in the NSAIDs [62,64]. As can be seen by the 

molecular structures of DCF, NAP and KET (Table C1, Appendix C), these molecules showed three 

bonding sites each. Hydrogen bonding increases as the accessibility of the available sites for 

interaction increases in each NSAID molecule. Furthermore, among the NSAIDs tested DCF 

presents a higher affinity towards sorbent particles, most likely because it contains both H-donor 

(amine) and H-acceptor (oxygen containing) functional groups that can establish H-bonds with 

Fe3O4@SiO2/TMC/GPTMS particles [62]. In the case of NAP, the oxygen of the methoxy group 

may lead to more hydrogen bonding than the keto- group in KET [62].  

 

 

3.3.3.2.2. Influence of contact time and initial NSAIDs concentration 

The influence of contact time on the adsorption of DCF, NAP and KET at variable initial 

concentration is shown in Figure 3.3.6. The adsorption process was rapid in the first half-hour due to 

the presence of a high number of available surface sorption sites. The number of existing available 

sites decreases and the adsorption sites become saturated for longer contact times. The equilibrium 

was achieved in 30 min for the lowest concentration tested. To ensure that the equilibrium was 

reached regardless of the NSAID concentration, the adsorption time was extended up to 5 h. The 

adsorption capacity increased with the increase of NSAIDs initial concentration. 

 The affinity of the NSAIDs compounds towards the magnetic nanosorbents was different 

and followed the trend DCF > NAP > KET. More specifically the maximum experimental adsorption 

capacity reached was 100.3 mg/g (0.3153 mmol/g), 78.4 mg/g (0.3108 mmol/g) and 63.7 mg/g 

(0.2505 mmol/g) for DCF, NAP and KET, respectively, for an initial concentration of 100 mg/L. The 

maximum NSAIDs removal (Figure C3, Appendix C), was ca. 80%, 60% and 42% of DCF, NAP 

and KET, respectively, for an initial concentration of 10 mg/L. These adsorption experiments were 
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performed at pH= 5, and the surface of the particles is positively charged at this pH. As shown in the 

Figure 3.3.5a, b and c, at pH= 5, the NSAID that has a higher fraction of negative species is DCF 

(90.8% DCF-, 87.4% NAP-, and 78.9% KET-) which promotes the electrostatic interactions and 

increase the adsorption capacity. Furthermore, as mentioned above, more prominent H-bonding 

between DCF and particles surface may contribute to increase adsorption. Blank experiments without 

magnetic particles were carried out in parallel, and no relevant losses of DCF, NAP and KET (< 2%) 

were detected along the time (Figure C4, Appendix C). This is evidence that the decrease of the 

NSAIDs concentrations in the presence of the trimethyl chitosan magnetic sorbent was ascribed to 

adsorption phenomena. Moreover, the removal of the NSAIDs with bare Fe3O4 particles (Figure C5, 

Appendix C) was minimal (< 3%, qmax= 2.7 mg/g), which confirms the relevance of the TMC as a 

surface modifier for the removal of NSAIDs from water. 

 

 

3.3.3.2.3. Kinetic studies 

The experimental adsorption data were analyzed using the most common kinetic models to 

understand the nature of the adsorption process: the pseudo-first-order [65], the pseudo-second order 

[66] and the Elovich models [67]. The non-linear form of the kinetic equations (Table C4, Appendix 

C) was fit to the data. The goodness of the fit was determined based on the coefficient of 

determination (R2) and the Chi-square test value (χ2) (Table C4, Appendix C). The kinetic parameters 

and the evaluation of the goodness of the fits, obtained by non-linear regression analysis, are reported 

in Table C5 (Appendix C), and the kinetic fittings are shown in Figure 3.3.6. Overall, the pseudo-

second order equation provided a good fitting for all the NSAIDs (R2 between 0.9849 and 0.9994 

and low χ2 value) supporting the chemisorption mechanism. Moreover, the values of qt obtained from 

the pseudo-second order model are closer to the experimental results than the qt values predicted 

from the pseudo-first order and Elovich models. The pseudo-second order model assumes that the 

adsorption rate is reaction-controlled [68]. Thus, these results suggest that the adsorption rate can be 

controlled by the electrostatic interactions between the cationic groups of trimethyl chitosan with the 

anionic DCF, NAP and KET molecules [66]. Similar observations have been reported regarding the 

kinetic profile of NSAIDs adsorption for other materials [69–71]. 
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Figure 3.3.6. Time profile of adsorption capacity of a) diclofenac, b) naproxen and c) ketoprofen 

using the Fe3O4@SiO2/TMC/GPTMS particles, at variable initial concentrations (10, 50 and 100 

mg/L, at pH= 5, contact time of 300 min/5 h) and the corresponding kinetic model fitting using 

pseudo-first order, pseudo-second order and Elovich kinetic models. 

a) 

b) 

c) 
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3.3.3.2.4. Equilibrium isotherms 

The equilibrium adsorption capacity of DCF, NAP and KET (qe, mg/g) as a function of the 

liquid-phase equilibrium concentration of DCF, NAP and KET (Ce, mg/L), is depicted in Figure 

3.3.7. In accordance with Giles et al. (1960), isotherms can be divided into four main groups in terms 

of shape: L, S, H and C [72]. The isotherm data obtained for all NSAIDs are L-type (Langmuir), 

which is characterized by an initial concave region relative to the concentration axis (Figure 3.3.7). 

The equilibrium data were analyzed using the isotherm models of Langmuir [73] and Freundlich 

[74], which are two-parameter isotherms, and the Sips model [75], which is a three-parameter 

isotherm (Table C4, Appendix C). The fitted model parameters are depicted in Table C6 (Appendix 

C). Based on the values of R2 (0.9820–0.9940) and χ2, it can be concluded that overall, Sips isotherm 

provided a good fitting of the experimental equilibrium data for DCF, NAP and KET.  

The Langmuir isotherm is one of the most used adsorption isotherm models, and it supposes 

monolayer coverage of NSAIDs over a homogeneous sorbent surface. The Langmuir monolayer 

maximum adsorption capacity calculated was 188.5 mg/g (0.5925 mmol/g), 438.1 mg/g (1.7371 

mmol/g) and 221.5 mg/g (0.8710 mmol/g) for DCF, NAP and KET, respectively. The Freundlich 

isotherm is an empirical model which assumes the existence of heterogeneous adsorption sites on the 

surface of the sorbent. Moreover, the Freundlich constant KF is related to the affinity of the NSAIDs 

to the Fe3O4@SiO2/TMC/GPTMS particles. Thus, a high KF value for DCF (KF= 12.5) suggests 

higher affinity when compared to NAP (KF= 5.3) and KET (KF= 4.8). The Sips (or Langmuir-

Freundlich) isotherm is a combination of Langmuir and Freundlich isotherms. At low sorbate 

concentration, the Sips equation reduces to a Freundlich isotherm, while at high sorbate 

concentrations, it predicts the sorption capacity of a monolayer, characteristic of the Langmuir 

isotherm [71]. The Sips isotherm equation is characterized by the dimensionless heterogeneity factor 

(S), which varies from 1, in a homogeneous surface, to S < 1, in a heterogeneous surface [76]. For 

Fe3O4@SiO2/TMC/GPTMS particles, the results showed that S was smaller than 1 for DCF, NAP 

and KET, which indicates heterogeneous surfaces in these sorbents. 

For further understanding of the adsorption process, Langmuir isotherm parameters can be 

used to predict the affinity between the NSAIDs and sorbent particles using a dimensionless constant 

called separation factor or equilibrium parameter (RL), which is expressed by the following equation 

(3.3.3) [77]: 

                               (3.3.3) 

                             

where KL (L/mg) is the Langmuir constant, and C0 (mg/L) is the initial sorbate concentration. The 

value of RL shows if the adsorption process is favorable or not as follows: RL = 0, the adsorption 

R
L
=

1

1+KLC0
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process is irreversible, and this occurs if KL is very large, indicating very strong adsorption; 0 < RL 

< 1, the adsorption is favorable and this is the standard case; RL = 1, indicates that the adsorption 

isotherm is a straight line, so is called linear adsorption; for RL > 1, the adsorption is unfavorable, 

meaning that desorption happens [70,78]. Figure 3.3.7d shows the calculated RL values versus the 

initial concentrations of DCF, NAP and KET. All the RL values were between 0 and 1, indicating 

that the adsorption of DCF, NAP and KET over the Fe3O4@SiO2/TMC/GPTMS particles is favorable 

at the conditions studied. Also, lower RL values at higher initial DCF, NAP and KET concentrations 

indicate that adsorption was more favorable at higher sorbate concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.7. Isotherm data for the equilibrium adsorption of a) diclofenac (DCF), b) naproxen 

(NAP) and c) ketoprofen (KET) on the Fe3O4@SiO2/TMC/GPTMS particles and model fitting with 

Langmuir, Freundlich and Sips isotherm models (initial concentration ranging from 5 to 325 mg/L 

for DCF, 5 to 300 mg/L for NAP and 5 to 350 mg/L for KET, at pH= 5, equilibrium contact time of 

5 h); and d) Equilibrium parameter (RL) values for DCF, NAP and KET as a function of initial sorbate 

concentration. 
 

 

d) c) 

b) a) 
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3.3.3.2.5. Removal of NSAIDs from real waters  

The performance of the Fe3O4@SiO2/TMC/GPTMS particles in the adsorption of selected 

NSAIDs was evaluated in bottled water samples to assess the matrix effect and investigate the field 

applicability of the adsorption process. Preliminary analyses confirmed that none of these drugs were 

present in the tested matrix samples. The drinking water was sourced from a local store, and the 

chemical composition is shown in Table C7, Appendix C. For the field application, the bottled water 

samples were spiked with 5 and 10 mg/L of NSAIDs. The adsorption was performed under the 

optimal conditions, and the remaining NSAIDs concentration was determined using a UV-VIS 

spectrophotometer. The removal efficiencies of the adsorption process of DCF, NAP and KET in 

ultra-pure water and spiked bottled water are shown in Figure 3.3.8. The results reveal that the 

removal efficiency decreases when the complexity of the water matrix increases, possibly due to the 

competition from the dissolved organic and inorganic components in the water, as reported in the 

literature [71,79]. As can be seen, DCF was preferentially adsorbed (11.4–18.9%) onto the surface 

of the particles in bottled water, over NAP (7.4–9.9%) and KET (3.3–5.1%), in agreement with the 

results obtained in ultra-pure water. Note that, in the spiked bottled water samples, the removal also 

increases with increasing NSAIDs concentration from 5 to 10 mg/L.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.8. Removal of diclofenac, naproxen and ketoprofen (5 and 10 mg/L) by 

Fe3O4@SiO2/TMC/GPTMS particles from ultra-pure water and spiked bottled water samples 

(contact time of 5 h, sorbent dose of 0.5 mg/mL). Error bars correspond to standard deviations 

obtained from two replicates. 

 

 

Non-steroidal anti-inflammatory drugs are among the pharmaceuticals most highly 

refractory to treatment in conventional wastewater treatment plants (WWTPs). In particular, DCF, 
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NAP and KET are NSAIDs often found in municipal WWTPs, and sometimes at high concentrations 

of up to 5164 μg/L (DCF), 33.900 μg/L (NAP) and 1620 μg/L (KET) [2]. In many countries, the 

removal efficiency for NSAIDs in WWTPs has been investigated [2,80–82]. For example, in a 

municipal sewage treatment system located in Sweden, a removal efficiency of 94% for NAP was 

reported [80]. However, in the same study, DCF was not removed during the wastewater treatment 

process [80]. In Germany, the removal efficiency for DCF and NAP in WWTPs was 18% and 88%, 

respectively [81]. In WWTPs located in Finland, the removal efficiencies were in the ranges of 9–

60% and 55–98% for DCF and NAP, respectively [82]. All these studies show the incomplete 

removal of NSAIDs from WWTPs. As a consequence, such compounds have also been detected in 

river water samples from Spain [83]. Moreover, the occurrence of NSAIDs in WWTPs effluents, 

surface water and drinking water samples in Europe demands a detailed screening of such 

compounds on a worldwide scale. The results indicate that Fe3O4@SiO2/TMC/GPTMS particles are 

not very effective in avoiding the interference of the matrix components of water in the adsorption 

of NSAIDs. Nonetheless, the experimental results remain promising, confirming that 

Fe3O4@SiO2/TMC/GPTMS particles may have potential application in the adsorption of DCF, NAP 

and KET of real waters, since the WWTPs are not efficient in the total removal of these contaminants 

[2,82]. 

 

 

3.3.3.2.6. Regeneration and reusability  

The reusability of the magnetic nanosorbent was investigated to assess the resilience of the 

synthesized materials and aim to save on water treatment costs. Several cycles of 

adsorption/desorption were accomplished (Figure 3.3.9). Ethanol was used to promote the desorption 

of the NSAIDs and regenerate the sorbent particles. Several methods have been reported for the 

regeneration of chitosan-based sorbents, including thermal and chemical regeneration [84]. Ethanol 

is among the most common organic solvents used for chemical regeneration; others are methanol 

and acetic acid, and inorganic solvents such as NaOH, HNO3, H2SO4 and HCl [84–86]. Emerging 

pollutants are highly soluble in alcohols due to the presence of hydroxyl groups [85]. The method of 

regeneration used in this work (ethanol and deionized water) revealed to be efficient in some previous 

studies for the desorption of different organic contaminants [64,69]. Furthermore, in the last chapter 

(3.2), it was seen that ethanol promoted the desorption of sulfamethoxazole from hybrid sorbents 

prepared from TMC and ICPTES. Herein, the results showed that after 3 cycles the particles lose the 

sorption ability and present residual removal efficiency (Figure 3.3.9a and b, respectively). As shown 

in Figure 3.3.9b, the removal efficiency decreased 87% (DCF), 65% (NAP) and 75% (KET) after 

the first cycle and 97% (DCF), 97% (NAP) and 99% (KET) after three cycles, which clearly indicates 
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that the conditions tested failed in the sorbent regeneration for the reuse in the DCF, NAP and KET 

removal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.9. a) Adsorption capacity and b) removal efficiency of diclofenac, naproxen and 

ketoprofen using Fe3O4@SiO2/TMC/GPTMS particles in three sequential adsorption/desorption 

cycles (initial concentration: 50 mg/L, pH= 5, contact time 5 h, sorbent dose: 0.5 mg/mL). 
 

 

The decrease of the removal efficiency in three consecutive cycles may be attributed to 

several reasons: absence of desorption or incomplete desorption of DCF, NAP and KET during the 

regeneration process using deionized water and ethanol to elute the DCF, NAP and KET molecules 

adsorbed at the particles’ surface; changes either on the chemical composition or morphology of the 

Fe3O4@SiO2/TMC/GPTMS particles after the regeneration process; or to the loss of adsorption sites 

during the desorption step. Taking into account these results, desorption of DCF, NAP and KET from 
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DCF, NAP and KET-loaded particles was monitored by UV–VIS analysis of the supernatant after 

last rinsed with deionized water (Figure C6, Appendix C). Diclofenac, naproxen and ketoprofen were 

detected in the supernatant in the following order DCF < KET < NAP. These results suggest 

incomplete desorption of NSAIDs adsorbed and may be an explanation for the poor regeneration of 

the particles after the first adsorption/desorption cycle.  

 

 

3.3.3.2.7. Comparison with other sorbents 

The efficiency of the proposed particles for the removal of DCF, NAP and KET was 

compared with other sorbents reported in the literature. The maximum adsorption capacity of DCF, 

NAP and KET was 188.5 mg/g (0.5925 mmol/g), 438.1 mg/g (1.7371 mmol/g) and 221.5 mg/g 

(0.8710 mmol/g), respectively. As can be seen in table 3.3.2, the particles here developed are very 

effective in the removal of the selected NSAIDs and present maximum adsorption capacity higher 

than most of the reported sorbents. In addition, these particles offer the advantage of fast separation 

and recovery from water using low-energy magnetic separation. Hence, these results demonstrate the 

potential of the proposed particles for removing NSAIDs from water. 

 

 

Table 3.3.2. Comparison of the maximum adsorption capacity (qmax) of several sorbents reported in 

the literature for the removal of diclofenac, naproxen and ketoprofen, indicating the equilibrium time 

and optimum pH of sorption. 

Sorbent qmax (mg/g) NSAIDs 
Equilibrium 

time (min) 
pH Reference 

Fe3O4@SiO2/TMC/GPTMS 

188.5* Diclofenac 

30-60 min 5 

This work 

438.1* Naproxen This work 

221.5* Ketoprofen This work 

Fe3O4@SiO2/SiHTCC 240.4* Diclofenac 30-300 min 6 

[21] 

(Sub-chapter 

3.1) 

Chitosan-modified waste tire crumb 

rubber 

17.0 Diclofenac 
120 min 6 [71] 

2.3 Naproxen 

Green copper nanosorbent 
33.9* Diclofenac 

60 min 4.5 [87] 
36.0* Naproxen 

Activated biochar 
372* Diclofenac 

n.a 7 [88] 
290* Naproxen 

Poly(4-vinylpyridine)-functionalized 

magnetic Al-MOF 
31.6* Naproxen 120 min 4.7 [89] 

Silica-magnetic/Graphene oxide 31.1 Naproxen 60 min 5 [90] 

Carbon-based Magnetic sorbent 87.7* Naproxen 150 min 5 [91] 

Activated carbon from apricot waste 106.3* Naproxen 20 min 5.8 [92] 

Biopolymer electrospun nanofibres 
125.0* Diclofenac 

30 min 5.5 [93] 
111.1* Ketoprofen 
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 * Maximum Langmuir adsorption capacity; **Maximum Sips adsorption capacity; n.a: not available; HTCC: 

N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride; MOF: Metal organic framework. 

 

 

3.3.4. Conclusions 

We have reported here studies on batch mode for the adsorption three selected NSAIDs 

frequently detected in aquatic media, using new magnetic nanosorbents based on trimethyl chitosan. 

The resulting nanosorbents removed efficiently diclofenac, naproxen and ketoprofen from water, 

denoting high adsorption capacity. This improved efficiency is related to the high affinity of 

functional groups from trimethyl chitosan, used here as surface modifier, to NSAIDs molecules, 

along with reduced particle dimensions and high surface-to-volume ratio. It was observed that the 

affinity of the NSAIDs compounds towards the magnetic particles followed the trend DCF > NAP > 

KET. In bottled water, although the removal is less when compared with ultra-pure water, the 

successful removal of the NSAIDs was more evident, increasing the concentration of the NSAIDs. 

These results indicated that the removal efficiency was strongly affected by the water matrix 

components. The particles exhibited a poor recycling performance with residual removal efficiency 

after 3 cycles, indicating that the conditions tested failed in the sorbent regeneration and reuse in 

DCF, NAP and KET removal. Future studies should focus on using other regeneration solvents to 

improve the regeneration of the magnetic nanosorbents. Therefore, this magnetic nanosorbent based 

on quaternary chitosan offer new possibilities for the purification of water contaminated with 

diclofenac, naproxen and ketoprofen by applying magnetic-assisted cleaning technologies. Future 

perspectives for integrating these new nanosorbents in adsorption technologies are promising namely 

due to their effectiveness as compared to other materials described in the literature. 
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Abstract 

Water contamination with antibiotics is a serious environmental threat. Ciprofloxacin (CIP) is one 

of the most frequently detected antibiotics in water. Herein, silica-based magnetic nanosorbents 

prepared using three seaweed polysaccharides, alginic acid, κ- and λ-carrageenan, were developed 

and evaluated in the removal of ciprofloxacin from water. The nanosorbents were firstly 

characterized in detail to assess their morphology and composition. A systematic investigation was 

conducted to study the adsorption performance towards CIP, by varying the initial pH, contact time 

and initial CIP concentration. The maximum adsorption capacity was 463.7, 426.6 and 961.2 mg/g 

for particles prepared from alginic acid, κ- and λ-carrageenan, respectively. These high values 

indicate that these materials are among the most effective sorbents reported so far for the removal of 

CIP from water. The kinetic data were consistent with the pseudo-second order model. The CIP 

adsorption on λ-carrageenan particles followed a cooperative process with sigmoidal isotherm that 

was described by the Dubinin-Radushkevich model. The high charge density of λ-carrageenan and 

the propensity of CIP molecules to self-aggregate may explain the cooperative nature of CIP 

adsorption. The sorbents were easily regenerated in mild conditions and could be reused in CIP 

removal up to 4 times without a significant loss of adsorptive properties. 

 

 

 

Keywords: seaweed polysaccharides; magnetite particles; adsorption; ciprofloxacin. 

 

Note: The maximum adsorption capacity obtained using the particles prepared with λ-carrageenan has been corrected and 

is different from the value presented in the article. 
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4.1.1. Introduction  

Antibiotics are one of the most important groups of pharmaceutical compounds that are 

widely used in the treatment of diseases and prevention of infections [1,2]. The antibiotics are 

frequently not totally metabolized by humans and animals and are continuously discharged to the 

aquatic environment. This poses several risks to human health as it can trigger the growth of 

antibiotic resistant bacteria [1]. Ciprofloxacin (CIP) is an antibiotic of the fluoroquinolones group 

that is extensively used to treat bacterial infections in humans and animals. CIP is only partially 

removed from water in common wastewater treatment plants (WWTPs); therefore, even the treated 

effluents contain relevant concentrations of antibiotic [2]. High CIP concentrations in the aquatic 

environment have been detected when compared to other antibiotics [3]. Recently it was found that 

CIP is the most widespread antibiotic in sea water of Antarctic, being detected in concentrations in 

the ng/L range [4]. Hence CIP concentration in effluents from drug production plants can be as high 

as 31 mg/L in some developing countries, which is potentially harmful to human health and 

ecosystems [5]. Therefore, to prevent its environmental impact, it is crucial to develop effective and 

low-cost technologies for the removal of CIP from water and wastewater.  

Several methods have been proposed for the removal of CIP from water, including oxidation 

[6], biodegradation [7], photodegradation [8], electrocoagulation [9] and adsorption [10,11]. 

Compared to other techniques, adsorption has shown to be a promising technology for CIP removal, 

owing to the reasonable adsorptive efficiency offered, relatively low-cost, profitability and ease of 

operation [12]. Several different sorbents, including graphene [13], activated carbon [14], 

montmorillonite [15], carbon nanotubes [16] and biomass-based sorbents [17,18] have been tested 

in the uptake of CIP from water. Among the latter, polysaccharides are very attractive as sorbents 

because they are inexpensive and eco-friendly and contain functional groups with a high affinity 

towards a wide diversity of pollutants [19]. Ideally, a sorbent for water remediation should fulfil the 

following requirements: specificity to target pollutants, high adsorptive performance, rapid 

adsorption, cost-effective, environmentally non-toxic, reusability and easy separation from treated 

water. However, sorbents that accomplish these requirements are still scarce in number [19]. The 

development of novel chemical strategies for the surface modification of nanomaterials with 

biopolymers aiming the development of sorbents with specificity, high adsorption capacity and 

reusability is needed and it is one of the aims of this work. 

Due to economic and environmental factors, the concept of recoverable and reusable sorbents 

has gained importance. Nevertheless, common polymer-based sorbents are difficult to separate from 

treated water, a limitation that has restrained their use. This limitation can be overcome with magnetic 

sorbents, and consequently, the use of magnetic nanoparticles such as magnetic iron oxides in the 

development of novel sorbents has raised increasing interest [20,21]. Magnetic sorbents can be 
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magnetically separated, and the large specific surface area of magnetic nanoparticles favors the 

adsorption processes [19,22]. The surface modification of magnetic nanoparticles with biopolymers 

such as seaweed polysaccharides provides functional groups that enhance the adsorptive performance 

without compromising the low-cost of the resulting sorbent material [22]. After the adsorption 

process is finished in adsorption-based technologies, filtration and/or centrifugation applications are 

carried out to remove the sorbate loaded sorbent from the solution. These applications are time-

consuming and require extra cost [23]. Filtration methods lead to filter blockages due to surface 

fouling [24]. It is possible to solve these problems by employing magnetic separation technology. In 

addition, this technology provides on-line separation [25,26]. 

Alginate and carrageenan are some of the most important seaweed anionic polysaccharides 

[27,28]. Alginate is a linear polysaccharide extracted from brown seaweeds that refers to the divalent 

salt form of alginic acid. Alginate backbone is composed by mannuronic acid (M) and guluronic acid 

(G) residues, that are arranged irregularly in blocks to form MM, GM/MG, and GG sequences [29]. 

The alginic acid contains hydroxyl and carboxylic acid moieties at both blocks, that can be 

chemically modified to impute novel properties [30–32]. Carrageenan comprises a family of anionic 

sulfated linear polysaccharides extracted from red seaweeds, that besides hydroxyl groups, possess 

anionic ester sulfate groups in their structure [33]. Carrageenan can be classified according to the 

sulfation degree. -carrageenan contains one ester sulfate group per disaccharide unit, which 

corresponds to ca. 20 wt% sulfate content [33] while -carrageenan contains three ester sulfate 

groups per disaccharide unit, corresponding to ca. 32-39% sulfate content [33]. Owing to their 

physical-chemical properties, carrageenan and alginate find application as thickeners, gelling agents 

and stabilizers for food and cosmetic applications [34]. Carrageenan and alginate have been less 

investigated for adsorptive purposes when compared with other polysaccharides (e.g., chitosan) but 

are particularly attractive because allow chemical functionalization of magnetic nanoparticles, thus 

conferring carboxylate and ester sulfate groups for further interaction with several pollutants in 

water. 

In this work, three seaweed polysaccharides (alginic acid, - and -carrageenan) were used 

to modify the surface of magnetite (Fe3O4) nanoparticles aiming at the development of magnetic 

nanosorbents for CIP removal. The surface was modified using a one-step coating method that allows 

the encapsulation of the magnetic core with siliceous shells highly enriched in polysaccharide [35–

37]. To fully assess the performance of these materials in the adsorptive removal of CIP from water, 

a set of adsorption experiments was conducted in distinct operational conditions. The regeneration 

and reusability of the sorbent particles were also investigated. 
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4.1.2. Experimental details 

 

4.1.2.1. Chemicals 

Tetraethyl orthosilicate (Si(OC2H5)4, TEOS, >99%), 3-isocyanatopropyl triethoxysilane 

((C2H5O)3Si(CH2)3NCO, ICPTES, 95%), potassium nitrate (KNO3, >99%), ferrous sulfate 

heptahydrate (FeSO4·7H2O, >99%), tributylamine (C12H27N, TBA, >99%), alginic acid from brown 

algae (A7003, MW 240000 g/mol), -carrageenan (22048, MW 300000 g/mol) and λ-carrageenan 

(22049, MW 500000 g/mol) were purchased from Sigma–Aldrich. N, N – Dimethylformamide 

(HCON(CH3)2, >99%) and ethanol (CH3CH2OH, >99%) were obtained from Carlo Erba Reagents. 

Methanol (CH3OH) (>99%) and ammonia solution (25% NH3) were purchased from VWR. 

Potassium hydroxide (KOH, >86%) was purchased from LabChem. Ultra-pure water used was 

produced using a Milli-Q system with a 0.22 µm filter (Synergy equipment, Millipore). Spectra/Por® 

6 MWCO 3,5kD dialysis membrane was received from Spectrum Labs. Ciprofloxacin hydrochloride 

monohydrate (C17H18FN3O3·HCl·H2O, 99.0%) was purchased from Sigma-Aldrich.  
 

 

4.1.2.2. Synthesis of magnetic nanosorbents 

The preparation of magnetic nanosorbents comprised two distinct stages, an approach that 

allows better control of each synthetic step individually [35,37]. The first stage consisted on the 

synthesis of the magnetic core (magnetite − Fe3O4) by oxidative hydrolysis of FeSO4·7H2O under a 

N2 stream [38]. The Fe3O4 encapsulation was performed through a one-step procedure, involving the 

hydrolysis and condensation of a mixture of TEOS and the silicon alkoxide derivative of the 

polysaccharides (SiTBA-ALG, SiCRG or SiCRG). These latter were obtained by reaction of the 

polysaccharides (TBA-ALG, -carrageenan or -carrageenan) with the silane coupling agent 3-

isocyanatopropyl triethoxysilane (ICPTES) [35,37].  

Prior to the derivatization of the alginic acid, this was modified with tributylamine (TBA) to 

block the carboxylic acid moieties using a procedure adapted from the literature [39]. Briefly, alginic 

acid (3 g) was dispersed in deionized water (100 mL) and reacted with TBA, a low molecular weight 

amine, under controlled-pH conditions to obtain a homogenous solution of tributylammonium 

alginate (TBA-ALG). Aqueous TBA was added dropwise with continuous stirring until the 

biopolymer was fully dissolved, and the pH was adjusted to values between 7.0 and 8.0. The resulting 

solution was dialyzed using a Spectra/Por® 6 MWCO 3,5kD dialysis membrane against ultra-pure 
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water in a 5 L beaker for 72 h, by replacing the water twice each 24 h and freeze-dried to yield white 

TBA-ALG powder. 

The biopolymers-derivative silicon alkoxide were obtained by reaction of the polysaccharide 

(TBA-ALG, - or -carrageenan) with ICPTES following a procedure that was previously reported 

[2–6]. Briefly, the polysaccharides (1 g) were previously dried, and the reaction with ICPTES (1.3 

mL) was performed in dry dimethylformamide (13 mL). The reaction was performed at 100 °C (373 

K) in dry nitrogen (N2) atmosphere to prevent the hydrolysis of ICPTES and parallel reactions 

involving isocyanate groups, and left under constant stirring for 24 h. The reaction was monitored 

by FTIR spectroscopy until the characteristic band of isocyanate groups at approximately 2274 cm−1 

disappear. After cooling at room temperature, the compound was washed with dry methanol and dry 

ethanol. Finally, the volatiles were removed under a dynamic vacuum to yield three different solid 

samples (SiTBA-ALG, SiCRG and SiCRG). 

For the encapsulation of the magnetic core, a suspension of Fe3O4 nanoparticles (40 mg) in 

38 mL of ethanol was prepared and kept immersed in an ice bath under sonication (horn Sonics, 

Vibracell). After 15 min, the ammonia (2.4 mL), a mixture of TEOS (0.406 mL) and the biopolymer 

silicon alkoxide (0.4 g) were slowly added to the solution, which was left for 2 h under sonication. 

The reaction was performed in an ice bath to prevent overheating caused by sonication. Afterwards, 

the resulting particles (Fe3O4@SiO2/SiTBA-ALG, Fe3O4@SiO2/SiCRG and 

Fe3O4@SiO2/SiCRG) were collected magnetically using a NdFeB magnet and washed thoroughly 

with ethanol. Finally, the particles were left to dry by solvent evaporation. 

 

 

4.1.2.3. Removal of ciprofloxacin from water 

The capacity of the magnetic nanosorbents to adsorb ciprofloxacin (CIP) was evaluated 

through batch adsorption experiments carried out on glass containers. CIP solutions were prepared 

daily by diluting the corresponding stock solution in ultra-pure water to the desired initial 

concentration. CIP stock solutions were prepared by dissolving an appropriate amount of CIP in 

ultra-pure water with pH previously adjusted to 5, stirring overnight and in dark conditions. For 

adsorption experiments performed at distinct pH, solutions of NaOH (0.1 M) and HCl (0.1 M) were 

used for pH adjustment. Precisely weighted amounts of each magnetic nanosorbents were added to 

a CIP aqueous solution of known concentration prepared with ultra-pure water and shaken using a 

vertical rotator at a constant rotation speed (30 rpm), under isothermal conditions (25.0 ± 1.0 °C), 

for 24 h. Aliquots were collected for analysis at different times, and the magnetic nanosorbents were 

separated magnetically using a NdFeB magnet. The concentration of ciprofloxacin in the supernatant 
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was determined spectrophotometrically by monitoring the absorbance at 273 nm using a UV-VIS 

(ultraviolet-visible) spectrophotometer. Plotting the absorbance against CIP concentration, the 

calibration curve was given by the best data linear fit (Figure D1, Appendix D), which was used to 

convert the absorbance into ciprofloxacin concentration, for all analyzed samples. The adsorption 

capacity at time t, (qt in mg/g) was estimated from the mass balance between CIP initial concentration 

(C0 in mg/L) and the concentration at time t (Ct in mg/L) in solution, as displayed by equation (4.1.1), 

where V (L) is the total volume of solution and m, expressed in g, is the dry weight of the magnetic 

nanosorbents.  

𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                                                              (4.1.1) 

The removal capacity (R, expressed in %) was calculated from equation (4.1.2): 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                                                                    (4.1.2) 

 

 

4.1.2.3.1. Effect of contact time 

The time profile of CIP adsorption was assessed in order to investigate the kinetics of 

adsorption. Typically, 5 mg of seaweed polysaccharide-based magnetic nanosorbents (accurately 

weighted) was added to 10 mL of CIP solution (50, 100 and 200 mg/L) with pH previously adjusted 

to 5. The mixture was shaken, and aliquots of 1 mL were collected along the time (during 24 h), at 

25.0 ± 2.0 °C. The amount of CIP adsorbed onto the magnetic nanosorbents at each time interval (qt, 

mg/g) was determined using equation (4.1.1) and plotted against time (t, min). 

 

 

4.1.2.3.2. Equilibrium isotherms experiments 

Equilibrium isotherms for the removal of CIP from water were obtained by dispersing ca. 

1.5 mg (accurately weighted) of magnetic nanosorbents in 3 mL solution with different CIP 

concentrations (from 50 to 1200 mg/L) at pH= 5. The experiments were conducted for 24 h at 25.0 

ºC ± 2.0 °C. The amount of CIP adsorbed at equilibrium (qe, mg/g) was assessed by UV–VIS 

spectroscopy and calculated using equation (4.1.1) for Ct = Ce, where Ce (mg/L) is the concentration 

of the sorbate at equilibrium.  
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4.1.2.3.3. Regeneration and reusability 

For the regeneration, 5 mg of magnetic nanosorbents were loaded with CIP using 10 mL of 

solution at a concentration of 50 mg/L for Fe3O4@SiO2/SiTBA-ALG and Fe3O4@SiO2/SiCRG, and 

200 mg/L for Fe3O4@SiO2/SiCRG particles, at pH= 5 for 24 h. The CIP-loaded particles were 

collected, rinsed with 10 mL KCl (1 M), and magnetically separated. This procedure was repeated 

four times until no CIP was detected in the UV-VIS spectrum of the supernatant. Then, the magnetic 

nanosorbents were rinsed two times with deionized water, one time with ethanol and magnetically 

separated. To investigate the reusability, the magnetic nanosorbents after desorption were reused in 

adsorption experiments and the process was repeated four times. 

 

 

4.1.2.4. Instrumentation 

1H NMR spectrum of TBA-ALG was recorded on Bruker AMX 300 spectrometer at 300.13 

MHz. Deuterium oxide (D2O) was used as a solvent and the chemical shifts (δ) were expressed in 

ppm and the coupling constants (J) in hertz [Hz]. The freeze-drying was performed in a Scanvac 

CoolSafe freeze drier at -105ºC. The elemental analysis of carbon, nitrogen, hydrogen and sulfur was 

obtained using a Leco Truspec-Micro CHNS 630-200-200. The X-ray powder diffraction (XRD) 

data were collected using a PANalytical Empyrean X-ray diffractometer equipped with the Cu K 

monochromatic radiation source at 45 kV/40 mA. The specific surface area of the particles was 

assessed by N2 adsorption isotherm measurements performed with a Gemini V2.0 Micromeritics 

instruments at -196ºC. The specific surface area was determined using the Brunauer-Emmett-Teller 

(BET) equation for relative pressures (P/P0) up to 0.3. Prior to BET measurements, the samples were 

degassed at 80 ºC/1.5 bar under nitrogen flow overnight. Fourier transform infrared (FTIR) spectra 

of the dried particles were collected using a Bruker Optics Tensor 27 spectrometer coupled to a 

horizontal attenuated total reflectance (ATR) cell, using 256 scans at a resolution of 4 cm-1. 

Transmission electron microscopy (TEM) images were obtained using a JEOL 2200FS microscope 

equipped with Oxford EDX (energy-dispersive X-ray spectroscopy) detector and in-column Omega 

filter, operated at 200 kV. A drop of the obtained diluted suspensions of the nanoparticles was placed 

onto the surface of a copper grid coated with an amorphous carbon film (Agar Scientific) and left to 

dry in the air. After being completely dried, all the samples were immediately kept in a vacuum box 

until the TEM microscope examination. The magnetic measurements were performed using the 

Quantum Design SQUID (superconducting quantum interference device) MPMS3 both in VSM 

(vibrating sample magnetometer) and DC (direct current) modes, as a function of the applied 

magnetic field (from +50 to -50 kOe), at 300 K. To estimate the Fe3O4 content of the coated particles, 
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10 mg of particles were digested in 20 mL of hydrochloride acid (37%). Afterwards, the solutions 

were analyzed using Atomic Absorption spectrophotometry (AAS) for Fe content in a Perkin Elmer 

Analyst 100 apparatus. The surface charge of the nanoparticles was assessed by zeta potential 

measurements through electrophoretic light scattering performed using a Zetasizer Nano ZS 

instrument equipped with a HeNe laser operating at 633 nm and a scattering detector at 173 degrees, 

from Malvern Instruments. The measurements were performed in aqueous suspensions of the 

particles using a disposable folded capillary cell. The batch adsorption experiments were performed 

using a Grant Bio PTR-25 360º Vertical Mini Rotator at a constant rotation speed (30 rpm). 

Ciprofloxacin concentration was determined spectrophotometrically using quartz cells and a GBC 

Cintra-303 UV-VIS spectrophotometer and using deionized water as the reference. 

 

 

4.1.3. Results and discussion 

 

4.1.3.1. Materials characterization 

The seaweed polysaccharides, alginic acid, -carrageenan and -carrageenan were firstly 

chemically modified to incorporate silicon alkoxide moieties in their structure. The polysaccharide 

derivatives (SiTBA-ALG, SiCRG and SiCRG) were prepared by reacting with the silane coupling 

agent ICPTES in a polar aprotic solvent. In this reaction, the isocyanate groups of ICPTES can react 

with labile hydrogen containing groups, i.e., with hydroxyl and carboxylic acid groups present in 

these biopolymers. The latter are more reactive towards NCO groups [40]. Thus, in the case of alginic 

acid, it is expectable that −NCO groups will preferentially react with −COOH groups, to form amide 

(−NRCO−) covalent bonds. However, carboxylic groups often play a crucial role in adsorptive 

processes [41] and therefore, their presence in the final sorbent material is highly desirable. Aiming 

to prevent the formation of amide linkages, the alginic acid was firstly modified with tributylamine 

(TBA), whose cationic species can interact with carboxylic acid moieties and hinder their 

participation in further reactions. The modified polymer TBA-ALG was characterized by 1H NMR 

spectroscopy. The proton NMR spectrum (Figure 4.1.1) shows the typical proton resonances of the 

guluronate (G) and mannuronate (M) units of alginic acid between 3.5 and 5 ppm: the anomeric 

protons of G-1, G-5 and M-1 appeared at the range of 4.4–5.0 ppm, while other signals at 3.6–4.1 

ppm are assigned to the protons of G-2, G-3, G-4, M-2, M-3, M-4, and M-5 [41–43]. As evidence of 

the successful modification, four new signals ascribed to butyl protons on TBA appeared at 1.16 ppm 

(H1), 1.37 ppm (H2), 1.65 ppm (H3) and 3.12 ppm (H4), as reported in the literature [42,44].  
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Figure 4.1.1. 1H NMR spectrum and chemical structure of tributylamine-alginic acid (TBA-ALG) 

in D2O. The inset image shows the 1H NMR spectrum of alginic acid (ALG) in D2O, with the proton 

resonances of the guluronate (G) and mannuronate (M) units of ALG. The 1H NMR spectrum of 

TBA-ALG shows four new signals ascribed to butyl protons on TBA (H1, H2, H3 and H4).  

 

 

The reaction of the modified alginic acid (TBA-ALG), - and -carrageenan with the silane 

ICPTES is illustrated in Figure 4.1.2. Based on previous studies [45,46], under the reactive conditions 

used the hydroxyl groups of the polysaccharides react with the isocyanate groups of ICPTES, to yield 

urethane (−NHCOO−) covalent bonds. As expected, the modification of the alginic acid with the 

hydrophobic amine TBA, enhanced its solubility in the aprotic solvent DMF, which will favor the 

reaction with ICPTES [31].  

The next step consisted of synthesising of magnetic cores and their encapsulation in hybrid 

siliceous shells containing the seaweed polysaccharides. The magnetic core was first synthesized by 

hydrolytic oxidation of Fe(II) in alkaline medium [38]. The X-ray diffraction (XRD) patterns of the 

resulting particles (Figure D2, Appendix D) matched the diffraction pattern of magnetite (Fe3O4) 

(JCPDS file No. 19-0629). The siliceous-biopolymer shell around the Fe3O4 core was obtained 

through a one-step approach, involving the hydrolysis and condensation of a mixture containing 

magnetite particles, the silica precursor tetraethyl orthosilicate (TEOS), and the polysaccharides 

derivatives (SiTBA-ALG, SiCRG or SiCRG). A complete characterization of the particles was 
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performed by assessing their morphological, chemical, and surface properties. The resulting particles 

were composed of magnetite (Fe3O4) spherical shaped particles (50 ± 8 nm, Figure 4.1.3a), coated 

with siliceous shells enriched in functional groups derived from biopolymers. Indeed, the TEM 

images of such Fe3O4 coated particles show spheroidal nanoparticles coated by shells. The coating 

thickness of the particles is about 15 ± 2 nm for Fe3O4@SiO2/SiTBA-ALG (Figure 4.1.3b), 7 ± 1 nm 

for Fe3O4@SiO2/SiCRG (Figure 4.1.3c) and 23 ± 3 nm for Fe3O4@SiO2/SiCRG (Figure 4.1.3d).  

Figure 4.1.2. Schematics of the reaction between a) the hydroxyl groups of TBA-ALG with the 

isocyanate groups of ICPTES to obtain the alginate-derivative silicon alkoxide (SiTBA-ALG) and 

b) the hydroxyl groups of -carrageenan (CRG) or -carrageenan (CRG) with the isocyanate 

groups of ICPTES to obtain SiCRG and SiCRG, respectively (* target reactive sites for isocyanate 

groups). 
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Figure 4.1.3. TEM images of bare and coated particles: a) Fe3O4, b) Fe3O4@SiO2/SiTBA-ALG, c) 

Fe3O4@SiO2/SiCRG and d) Fe3O4@SiO2/SiCRG. 

 

 

The BET specific surface area decreased from 34.4 m2/g in Fe3O4 to 16.1 m2/g in 

Fe3O4@SiO2/SiTBA-ALG, 24.7 m2/g in Fe3O4@SiO2/SiCRG and 26.3 m2/g in 

Fe3O4@SiO2/SiCRG (Table 4.1.1), which is consistent with an increase of the particle size due to 

the formation of the shell. Table 4.1.1 shows elemental microanalysis results of the prepared 

materials. While the Fe3O4 particles show negligible carbon content (< 0.1%), the coated particles 

exhibit carbon content between 18 and 25 wt. %, which indicates the incorporation of the biopolymer 

in the shell. In addition, the nitrogen content in Fe3O4@SiO2/SiTBA-ALG particles was 5.1 wt. %, 

which is in agreement with the modification with TBA. The sulfur content of Fe3O4@SiO2/SiCRG 

and Fe3O4@SiO2/SiCRG particles is ascribed to the ester sulfate groups present in - and -

carrageenan. Fe3O4@SiO2/SiCRG particles showed higher sulphur content (4.1 vs 2.6 wt %) owing 

to high sulfation degree of -carrageenan. 
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Table 4.1.1. Compositional and morphological properties of the materials: elemental analysis, 

particle diameter and BET surface area.  

Sample C (%)
a
 H (%)

a
 N (%)

a
 S (%)

a
 

D (nm)
b
 SBET 

(m2/g)c Core Shell 

Alginic acid 38.1 4.7 0.15 - - - - 

TBA-ALG 49.6 7.7 2.9 - - - - 

-carrageenan 28.5 4.8 0.02 2.6 - - - 

-carrageenan 28.3 5.0 0.09 4.1 - - - 

SiTBA-ALG 37.6 5.9 5.2 - - - - 

SiCRG 30.3 4.2 0.9 4.6 - - - 

SiCRG 23.0 4.1 0.2 5.9 - - - 

Fe3O4 0.2 0.6 0.01 - 50 ± 8 - 34.4 

Fe3O4@SiO2/ SiTBA-ALG 24.7 4.7 5.1 - 51 ± 6 15 ± 2 16.1 

Fe3O4@SiO2/ SiCRG 21.6 3.4 0.4 2.6 50 ± 5 7 ± 1 24.7 

Fe3O4@SiO2/ SiCRG 17.8 3.6 0.3 4.1 50 ± 4 23 ± 3 26.3 
a 

Carbon, hydrogen, nitrogen and sulfur content measured by elemental microanalysis; 
b
 Particle diameter 

assessed by TEM; 
c BET specific surface area (SBET) assessed by N2 sorption. 

 

 

The chemical composition of all the materials was assessed by ATR-FTIR spectroscopy 

(Figure 4.1.4 and Figure 4.1.5). The alginic acid spectrum (Figure 4.1.4a) shows a broad band 

centered at 3426 cm-1 assigned to hydrogen bonded O–H stretching vibrations, the weak signal at 

2928 cm-1 due to C–H stretching vibrations, and the asymmetric stretching of carboxylate O–C–O 

vibration at 1632 cm-1 [31,47]. The carbonyl group was detected in the carboxylic acid ester form in 

alginic acid C=O at 1725 cm-1, and carboxylate anion form (COO-) at 1632 cm-1 [48]. The 1075 and 

1023 cm-1 bands are assigned to C–O and C–C stretching vibrations of pyranose ring and C–O–C 

glycosidic bonds [48]. The fingerprint, or anomeric, region (950–750 cm-1) is the most discussed in 

carbohydrates [47]. The spectrum shows a band at 926 cm-1, which was assigned to the C–O 

stretching vibration of uronic acid residues, and one at 877 cm-1 ascribed to the C1–H deformation 

vibration of -mannuronic acid residues. The band at 799 cm-1 is characteristic of mannuronic acid 

residues [47,48]. In comparison with the spectrum of the initial alginic acid, in the spectrum of TBA-

ALG (Figure 4.1.4b) there was a shift of the band assigned to the carboxylic acid at 1742 cm-1 and 

loss of intensity of the band ascribed to the carboxylate anion at 1601 cm-1. The stretching and 

bending vibrations of alkyl groups were appeared at 2963–2875 cm−1and 1460–1382 cm−1, 

respectively [30,39]. All these vibrational bands are typical of TBA-ALG and have also been 

observed in the FTIR spectrum of the modified polymer SiTBA-ALG (Figure 4.1.4c). Note that the 

FTIR spectrum of SiTBA-ALG shows two novel bands at 1774 cm-1 and 1558 cm−1 that are ascribed 

to the vibration of hydrogen-bonded C=O in urethane [45,49,50] and to the N–H bending modes 

coupling to C–N stretching [45,51], which provides evidence for the covalent linkage between TBA-
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ALG and ICPTES through urethane and amide groups, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.4. ATR-FTIR spectra of a) alginic acid, b) TBA-ALG, c) SiTBA-ALG, d) -carrageenan, 

e) SiCRG, f) -carrageenan and g) SiCRG. 

 

 

FTIR spectra of -carrageenan (Figure 4.1.4d), -carrageenan (Figure 4.1.4f) and the 

carrageenans-derivative silicon alkoxides, SiCRG (Figure 4.1.4e) and SiCRG (Figure 4.1.4g), 

showed a number of bands in the anomeric region characteristic of the type of carrageenan and the 

degree of sulphation [48]. Thus, -carrageenan showed adsorption bands due to C–O and C–OH 

vibrations in the region 1065–1036 cm-1, a characteristic band at 848 cm-1 that corresponded to the 

(1-3)-D-galactose C–O–S stretching vibration, and a broad band at 1223 cm-1 that corresponds to 

the S–O asymmetric stretching of the ester sulfate groups of -carrageenan [30,45,52]. The FTIR 

spectrum of -carrageenan differs from -carrageenan by having a disulfated (1-4)-D-galactose 

residue at 838–813 cm-1 and no 4-sulphate in the (1-3)-D-galactose residue [53,54]. Instead of 4-

sulphate ester groups, -carrageenan contains variable amounts of 2-sulphate ester groups, and 

presents high sulphate content as indicated by the band at 838 cm−1 [53,54]. All these vibrational 

bands are typical of - and -carrageenan and have also been observed in the FTIR spectra of 

SiCRG and SiCRG. In the spectrum of SiCRG, the band at 1705 cm-1 can be ascribed to the 

stretching vibration of hydrogen-bonded C=O in urethane, which provides evidence for the covalent 

linkage between -carrageenan and ICPTES [45]. Moreover, additional evidence comprises the band 

at 1544 cm-1 due to the N–H bending modes coupled to C–N stretching [45,51], and the band at 970 
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cm-1 that can be ascribed to the asymmetric Si–O–Et stretching mode [45,55]. The SiCRG spectrum 

was similar to the unmodified -carrageenan. The absence of the vibrational band typical of 

isocyanate groups at approximately 2274 cm-1 indicates that all NCO groups have reacted under 

conditions employed.  

The FTIR spectra of bare magnetite and coated particles is shown in Figure 4.1.5. The FTIR 

spectrum  of the Fe3O4 core (Figure 4.1.5a) shows a strong and large band at 525 cm-1, which can be 

assigned to the Fe–O stretching vibration [56]. This band is also visible in the spectra of coated 

particles, although it is shifted to higher wavenumbers. The coated particles show the characteristic 

bands assigned to the organic counterpart (Figure 4.1.4). Thus, carrageenan-based particles showed 

absorption bands at 838–842 cm-1 owing to C–O–S stretching vibration in sulphate ester groups and 

a shoulder at 1209–1215 cm-1 ascribed to the S–O asymmetric stretching vibration [54]. Alginate 

derived particles show a band at 794 cm-1 that is characteristic of mannuronic acid residues [48]. 

Other vibrational bands of the polysaccharides overlap with the bands of the siliceous network. 

Namely intense bands appear in the spectra of coated particles due to the O–Si–O deformation and 

the asymmetric Si–O–Si stretching vibration modes of amorphous SiO2 in the region 454–436 cm−1, 

and at 1041–1050 cm−1 respectively, and that are in line with the formation of a coating comprising 

a siliceous network [36,45,46]. Furthermore, the bands at 1675 cm-1 (–C=O) and 1602 cm-1 (–NH) 

in alginate based particles, indicate the formation of covalent bonds between the polysaccharide and 

the siliceous network through urethane groups [39].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.5. ATR-FTIR spectra of a) Fe3O4, b) Fe3O4@SiO2/SiTBA-ALG, c) Fe3O4@SiO2/SiCRG 

and d) Fe3O4@SiO2/SiCRG particles. 
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The field dependence magnetization of Fe3O4 and coated particles was measured at 300K 

(Figure 4.1.6). The parameters coercivity (Hc), remanent magnetization (Mr) and saturation 

magnetization (Ms) obtained from the magnetization curves are listed in Table D1 (Appendix D). 

All the magnetic samples exhibited small hysteresis loops characterized by low coercivity and 

remanence. The Ms was 83 emu/g for bare magnetite, which is close to values reported in the 

literature (Ms= 90 emu/g) for spherical magnetite of similar size [57]. After coating, the 

magnetization saturation dramatically decreases to values in the range 9–11 emu/gsample, owing to the 

mass contribution of the siliceous shell. Nevertheless, the coated particles still exhibit magnetic 

characteristics that make them suitable for magnetically assisted separation. Noteworthy, the 

saturation magnetization of coated particles normalized with respect to the Fe3O4 content was still 

high, ranging from 79 to 86 emu/gFe3O4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.6. Magnetization of Fe3O4 (Ms= 83 emu/g), Fe3O4@SiO2/SiTBA-ALG (Ms= 76 

emu/gFe3O4), Fe3O4@SiO2/SiCRG (Ms= 86 emu/gFe3O4) and Fe3O4@SiO2/SiCRG (Ms= 82 

emu/gFe3O4) particles, as a function of the applied magnetic field, measured at 300 K. The inset is 

an expanded view of the low-field region of magnetization.   

 

 

Determination of zeta potential was carried out to assess the surface charge of the particles. 

The isoelectric point of bare Fe3O4 was 4.5 and shifted towards lower pH values (pH~3) in 

Fe3O4@SiO2/SiTBA-ALG particles which is in line with the pKa of the –COOH groups of alginate 

(3.4–4.4) [58] (Figure 4.1.7a). The surface of the particles Fe3O4@SiO2/SiCRG and 

Fe3O4@SiO2/SiCRG was negatively charged along the pH range tested (2 to 9). The highly negative 
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zeta potential values are explained by the presence of ionized ester sulfate groups (pKa= 2, [59]) of 

- and -carrageenan available at the surface of the particles. Moreover, a greater negative value of 

the zeta potential was obtained for Fe3O4@SiO2/SiCRG particles, which is in agreement with high 

sulfate content in -carrageenan. 

 

 

4.1.3.2. Removal of ciprofloxacin from water 

 

4.1.3.2.1. Effect of pH  

The influence of pH on the CIP adsorption was investigated in the range of 2–9 for 24 h 

contact time, and the results are included in Figure 4.1.7b. The carrageenan derived sorbents present 

maximum adsorption at pH= 3 that gradually decreases as the pH increases. However, under the 

operational conditions used, the adsorptive performance of -carrageenan-based sorbents was much 

better than in -carrageenan sorbents. For example, at pH= 3 the CIP removal was close to 95 % 

when using Fe3O4@SiO2/SiCRG particles and decreased to values around 20 % with 

Fe3O4@SiO2/SiCRG sorbents. Alginate-based sorbent particles show CIP removal between 75 and 

85 % in the pH range 3–6, with a maximum at pH= 5 (85 %). At pH values above 6, the CIP removal 

markedly decreased for both -carrageenan and alginate-based sorbent particles. Similarly, a 

noticeable decrease in CIP removal is observed at pH < 3, being much more marked in alginate-

based sorbents. Note that ciprofloxacin is present in the form of distinct ionic species (cationic, 

zwitterionic or anionic) within this pH range (Figure D3, Appendix D) which will in principle 

influence the interaction with the sorbents’ surface and affect the adsorption capacity. Thus, at pH  

6, CIP is mainly in the cationic form due to protonation of the amine groups and can be attracted 

electrostatically by the negatively charged surface of the sorbents. Below pH= 3, the surface charge 

of the alginate sorbents is positive (Figure 4.1.7a) and thus less prone to interact with cationic CIP 

molecules via electrostatic interactions, which explains the marked decrease of CIP removal at these 

pH values. The adsorption capacity decreases for pH values above 6, as the amount of CIP species 

with anionic carboxylate groups becomes more relevant. These results stress the important role of 

the electrostatic interactions between CIP species and ionized ester sulfate and carboxylate groups 

of the sorbents on the sorption mechanism [60,61]. 
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Figure 4.1.7. a) Zeta potential values (mV) of Fe3O4, Fe3O4@SiO2/SiTBA-ALG, 

Fe3O4@SiO2/SiCRG and Fe3O4@SiO2/SiCRG particles; b) Effect of pH of the medium (from 2 

to 9) on the removal of ciprofloxacin using Fe3O4@SiO2/SiTBA-ALG, Fe3O4@SiO2/SiCRG and 

Fe3O4@SiO2/SiCRG particles (initial CIP concentration of 50 mg/L, 24 h of contact time). 
 

 

4.1.3.2.2. Effect of contact time and initial ciprofloxacin concentration 

The time dependence of CIP adsorption onto the particles was studied to determine the time 

required to reach the equilibrium sorption. Figure 4.1.8 shows the time profile of adsorption capacity 

for variable initial CIP concentration at pH= 5. Regardless of the initial CIP concentration, 

carrageenan-based particles showed fast sorption reaching the maximum adsorption after 30 min 

(Figure 4.1.8b and c). In opposition, the Fe3O4@SiO2/SiTBA-ALG particles (Figure 4.1.8a) showed 

a slower sorption profile reaching the plateau after 5 h (300 min) for the lowest concentrations tested 

and requiring more extended periods (24 h, 1440 min) for more concentrated solutions (Figure D4, 

Appendix D).  



Chapter 4.1 
_____________________________________________________________________________________ 

 

 

183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.8. Time profile of adsorption capacity of ciprofloxacin (CIP) at variable CIP initial 

concentration (50, 100 and 200 mg/L, at pH=5, for 1440 min/24 h) using the particles a) 

Fe3O4@SiO2/SiTBA-ALG, b) Fe3O4@SiO2/SiCRG and c) Fe3O4@SiO2/SiCRG, and the 

corresponding kinetic model fitting using pseudo-first order, pseudo-second order and Elovich 

kinetic models. 
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The adsorption capacity at the plateau gradually increased with initial CIP concentration for 

all materials. These results indicate that the initial CIP concentration most likely provides the driving 

force needed to overcome the mass transfer resistance of CIP molecules from the aqueous solution 

to the magnetic particles. The maximum CIP removal (Figure 4.1.9) was ca. 88% and 90% for an 

initial CIP concentration of 50 mg/L using Fe3O4@SiO2/SiTBA-ALG and Fe3O4@SiO2/SiCRG 

particles, respectively, and ca. 30% for initial CIP concentration of 200 mg/L using 

Fe3O4@SiO2/SiCRG particles. In contrast, the CIP removal using bare Fe3O4 particles (Figure D5, 

Appendix D) was very small (ca. 6% and qmax= 5.4 mg/g), which confirms the relevance of the 

seaweed polysaccharides as effective surface modifiers for the uptake of CIP molecules from water.  

 

 

4.1.3.2.3. Kinetic studies 

Solid-liquid adsorption is the process of adsorption of species (sorbate) present in liquid 

phase onto the surface of a solid material (sorbent). The formation of a molecular layer of the sorbate 

on the sorbent's surface involves several steps with different rates: bulk diffusion, film diffusion, 

intra-particle diffusion and finally, physical or chemical adsorption onto the surface [62]. Bulk 

diffusion occurs initially, when the sorbate species migrate from the bulk solution to the solid-liquid 

interface. This is followed by film diffusion that consists on the sorbate diffusion across the liquid 

film surrounding the solid to the surface of the sorbent. Afterwards, intra-particle diffusion takes 

place when the sorbate diffuses in the liquid within the pores. Finally, the sorbate reacts with the 

active sites of the sorbents’ surface through chemical or physical sorption. Aiming to understand the 

sorption mechanism, the time profile data were analyzed using three different kinetic models that are 

commonly used in the study of solid-liquid adsorption processes: the pseudo-first order equation 

[63], the pseudo-second order equation [64] and the Elovich kinetic model [65]. All these models 

consider that the interaction of the sorbate with the active sites of the sorbent is the slowest process  

[62,66]. The adsorption kinetic data was further analyzed using the Boyd’s model [67,68] in order to 

determine if film diffusion or intra-particle diffusion phenomena could be the rate-controlling step 

of CIP adsorption (equations in Table D2, Appendix D). The kinetic parameters and the evaluation 

of the goodness of the fits, obtained by non-linear regression analysis, are reported in Tables D3, D4 

and D5 (Appendix D), and the kinetic fittings are shown in Figure 4.1.8 and Figure 4.1.10. The 

kinetic equations in the non-linear form were fit to data, using the curve fitting tool of GraphPad 

Prism version 7. The goodness of the fit was determined based on the coefficient of determination 

(R2) and the Chi-square test value (2), (equations in Table D2, Appendix D).  
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Figure 4.1.9. Time profile of removal percentage of ciprofloxacin (CIP) at variable CIP initial 

concentration (50, 100 and 200 mg/L, at pH= 5) using the particles a) Fe3O4@SiO2/SiTBA-ALG, b) 

Fe3O4@SiO2/SiCRG and c) Fe3O4@SiO2/SiCRG, for 1440 min (24 h). 
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Overall the pseudo-second order fitting provided a good fitting (R2 between 0.9451 and 

0.9914 and low 2 value), indicating a good agreement with the experimental data and supporting 

the chemisorption mechanism. In literature, similar results were reported for the adsorption kinetics 

of various pollutants onto carrageenan nanocomposites [26,69], functionalized silicas [70,71], 

activated carbons [72,73], carbon nanotubes [26], and clays [74]. The Boyd’s plot linearity was 

analyzed (Table D6, Appendix D). If the plot produces a straight line passing through the origin, the 

intraparticle diffusion is the adsorption rate-controlling step [75]. However, for the three sorbents 

studied, the plots do not pass through the origin (Figure 4.1.10), which indicates that the limiting rate 

step is the film diffusion or the reaction of CIP molecules with sorbents surface. These results suggest 

that the overall adsorption process may be jointly controlled by film diffusion and chemisorption of 

CIP molecules onto the sorbents surface particles. Ciprofloxacin can interact with different sites 

available on the particles’ surface, and the adsorption capacity is proportional to the number of active 

sites [76]. Thus, in this case, the adsorption rate can be controlled by the electrostatic interactions 

between the anionic functional groups of biopolymers with the cationic ciprofloxacin molecules. 

Similar observations have been reported regarding this type of kinetic profile of ciprofloxacin 

adsorption for other materials [13,77]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.10. Boyd plot (Bt) for ciprofloxacin adsorption onto the particles a) Fe3O4@SiO2/SiTBA-

ALG, b) Fe3O4@SiO2/SiCRG and c) Fe3O4@SiO2/SiCRG.  

a) 

c) b) 
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4.1.3.2.4. Equilibrium isotherms 

The equilibrium adsorption amount of CIP (qe, mg/g) as a function of liquid-phase 

equilibrium concentration of CIP (Ce, mg/L) at pH= 5 is depicted in Figure 4.1.11. The shape of the 

resulting curves was markedly different. The isotherm of the sorbents prepared from alginate (Figure 

4.1.11a) and -carrageenan (Figure 4.1.11b) was an L-type curve, concave to the Ce axis, with a very 

well-defined plateau at high sorbate concentration. Conversely, the isotherm of -carrageenan-based 

sorbent particles (Figure 4.1.11c) was S-shape with one inflection point. This sigmoidal shape 

indicates that the affinity of the sorbate to the sorbent surface increases with increasing coverage, 

which usually is own to competitive adsorption in systems with multiple sorbates [78] or to 

cooperative adsorption phenomena [73]. The cooperative binding of CIP molecules to -carrageenan 

is a possible explanation. Previously it was found that the binding of the amphiphilic cationic drug 

doxazosin to carrageenans is cooperative in nature [79]. The cooperative binding constant was much 

higher for -carrageenan that for -carrageenan, owing to higher charge density of -carrageenan. 

The authors described the cooperativeness as a result of the initial strong electrostatic attraction 

between the drug and carrageenans and the subsequent self-association of doxazosin molecules in 

the vicinity of carrageenan chains. At pH= 5 CIP molecules are protonated and are electrostatically 

attracted by anionic ester sulfate groups of -carrageenan. Additionally, CIP molecules, owing to 

planar shape and hydrophobic character have propensity to self-aggregate and to form clusters [80]. 

Hence an identical cooperative mechanism may be expected for the interaction between protonated 

CIP molecules and -carrageenan at particles surface. 

The equilibrium data were analyzed using several isotherm models: the Langmuir [81] and 

Freundlich [82] isotherms, which are two-parameter isotherms commonly used, and the Dubinin-

Radushkevich model [83] that has been successfully used to describe sigmoidal isotherms [73] 

(equations in Table D2, Appendix D). Based on the analysis of R2 values (Tables D7-D9, Appendix 

D), the model that best fits the equilibrium data for Fe3O4@SiO2/SiTBA-ALG and 

Fe3O4@SiO2/SiCRG is the Langmuir isotherm (R2= 0.9774 and R2= 0.9871, respectively). This 

model assumes the formation of a monolayer in an energetically homogeneous surface [81,84], in 

opposition to the possible formation of multilayer assumed in the Freundlich model. These results 

indicate homogeneous surfaces in these sorbents and that maximum adsorption capacity is reached 

with one complete monomolecular layer of coverage of CIP species [85,86]. The monolayer capacity 

predicted by this model was 463.7 mg/g for Fe3O4@SiO2/SiTBA-ALG and 426.6 mg/g for 

Fe3O4@SiO2/SiCRG particles, which were very close (relative error < 7.9%) to the experimental 

values obtained.  
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Figure 4.1.11. Isotherm data for the equilibrium adsorption of ciprofloxacin (CIP) on the a) 

Fe3O4@SiO2/SiTBA-ALG, b) Fe3O4@SiO2/SiCRG and c) Fe3O4@SiO2/SiCRG particles, and 

model fitting with Langmuir, Freundlich and Dubinin-Radushkevich isotherm models (initial 

concentration of CIP ranging from 50 to 1200 mg/L, at pH= 5, equilibrium contact time of 24 h). 
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Based on the analysis of the determination coefficient (Table D9, Appendix D), the Dubinin-

Radushkevich isotherm provided a reasonable fit of the data for Fe3O4@SiO2/SiCRG sorbents (R2= 

0.9694). In contrast, both Langmuir and Freundlich isotherms yielded poor correlations (R2< 0.85). 

The Dubinin-Radushkevich (D-R) isotherm model is applied to express adsorption mechanism with 

Gaussian energy distribution onto heterogeneous surfaces. It is usually applied to differentiate 

between the physical and chemical adsorption of metal ions [87,88]. The Dubinin-Radushkevich 

constant (KDR) is related to the adsorption energy (E) (Equation 4.1.3) [87], which can elucidate the 

nature of the adsorption process. Generally the adsorption can be physical in nature (E < 8 kJ/mol), 

dominated by ion-exchange reversible mechanism (8< E <16 kJ/mol) or based on chemical 

interactions (E > 16 kJ/mol) [11,89]. 

𝐸 =
1

√2𝐾𝐷𝑅
                                             (4.1.3) 

The E value for CIP adsorption on Fe3O4@SiO2/SiCRG sorbents was 10.83 kJ/mol at 298 K, which 

indicates that the ion exchange mechanism is prevalent [83,90]. An identical mechanism has been 

reported for CIP adsorption on other materials, such as montmorillonite [15] and magnetic 

multifunctional resins [11]. This result suggests that protonated CIP molecules are exchanged with 

ester sulfate counterions in -carrageenan in the adsorption process. In contrast, the application of 

the Dubinin-Radushkevich equation to the sorption data of the sorbents Fe3O4@SiO2/SiTBA-ALG 

(R2= 0.9522) and Fe3O4@SiO2/SiCRG (R2= 0.9496) yielded very high E values (101 kJ/mol and 

110 kJ/mol, respectively) that are indicative of chemisorption involving for example electrostatic 

interactions [91,92]. 

 

 

4.1.3.2.5. Adsorption mechanism 

In order to investigate the nature of the interaction between the surface of the particles and 

CIP molecules, FTIR spectra of the sorbents after CIP adsorption were acquired (Figure 4.1.12). 

Prior to FTIR analysis, the particles were kept at 30º C overnight for dehydration. The CIP spectrum 

shows bands at 1700 and 1624 cm-1 that are due to symmetric stretching of carbonyl group (C=O) 

of carboxylic acid (COOH) and ketone C=O stretching, respectively, while the bands at 1495 cm-1 

and 1450 cm-1 can be ascribed to C–N stretching and protonation of amine group in piperazinyl 

moiety, respectively [93]. The presence of CIP at the surface of the -carrageenan particles after 

sorption experiments can be confirmed by the appearance of well-defined bands at 1708 cm-1 and 

1624 cm-1 (Figure 4.1.12c). Further evidence of the presence of CIP is the appearance of the bands 

in the region of 1495 and 1457 cm-1. In the sorbents prepared from alginic acid and -carrageenan 
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these bands are less visible and appear as small shoulders (Figure 4.1.12a and b), which is in 

agreement with the lower maximum adsorption capacity of these sorbents when compared to the -

carrageenan particles. Noteworthy, the S–O stretching band of - and -carrageenan at 1215–1209 

cm-1 shifts to lower wavenumbers (1208–1202 cm-1) after CIP sorption. The shift of the S–O band 

could be ascribed to the electrostatic interaction between sulphonate groups of carrageenan and 

protonated amine groups of CIP. The shift of the (1-3)-D-galactose C–O–S stretch band of - and 

-carrageenan from 842–838 cm-1 to 838–828 cm-1 after CIP sorption is also consistent with a 

sorption mechanism involving sulphonate groups. 

 

Figure 4.1.12. FTIR spectra of the particles before and after ciprofloxacin (CIP) adsorption: a) 

Fe3O4@SiO2/SiTBA-ALG (50 mg/L of CIP), b) Fe3O4@SiO2/SiCRG (50 mg/L of CIP) and c) 

Fe3O4@SiO2/SiCRG (200 mg/L of CIP) particles, at pH= 5 for 24 h.  

 

 

In the alginic acid based particles, spectral changes owing to CIP adsorption are less evident. 

This can be because the stretching bands of carboxylic acid moieties that typically interact with 
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cationic species [94] overlap with vibrational bands of the urethane group. Nevertheless, the band 

ascribed to the C–O stretching in uronic acids shifts from 951 cm-1 to 910 cm-1 after CIP adsorption. 

An identical behavior has been observed following the electrostatic interaction of alginate with 

certain metal cations [94], thus supporting possible CIP adsorption via electrostatic interaction. Yet, 

the sorption mechanism may involve other pathways, such as hydrogen bonding formation between 

the CIP molecules and hydroxyl groups of the biopolymers [95]. 

 

 

4.1.3.2.6. Regeneration and reusability 

Adsorption/desorption experiments have been carried out to assess the reuse of the magnetic 

nanosorbents in CIP adsorption. The regeneration capacity of the materials was investigated by 

running four consecutive adsorption/desorption cycles (Figure 4.1.13). For desorption, the sorbent 

particles were treated with KCl (1 M) aqueous solution, as on basis of our previous studies [46,96] 

this could decrease the stability of complexes formed between polyelectrolytes such as carrageenan 

and several organic molecules. Desorption of CIP from CIP loaded particles was monitored by UV–

VIS analysis of the supernatant solution (Figure D6, Appendix D). CIP was detected in a higher 

concentration in the supernatant of the first rinsing. This indicates that K+ cations promoted CIP’s 

desorption from Fe3O4@SiO2/SiTBA-ALG, Fe3O4@SiO2/SiCRG and Fe3O4@SiO2/SiCRG 

particles. CIP concentration in the supernatant decreased with the increasing number of rinsing steps, 

and no CIP was detected at the last stage and after rinsing with deionized water. The results presented 

in Figure 4.1.13 show that these sorbents could be reused in the removal of ciprofloxacin. 

Nevertheless, overall, there is a slight and gradual decrease in CIP adsorption in consecutive cycles. 

The sorption capacity of the sorbents derived from alginate and -carrageenan was 99–96 mg/g in 

the first cycle and decreased to 97–90 mg/g (less than 5 % decrease) after 4 cycles. In the sorbents 

prepared from -carrageenan, the decrease in CIP adsorption was more noticeable after the first 

regeneration step (from 133 to 106 mg/g) but kept high (101 mg/g) after four cycles. The decrease 

observed in the adsorption capacity may be attributed to incomplete desorption of CIP from the 

surface of the sorbents or any structural or chemical changes in the biopolymer caused by the 

interaction with K+ ions, which can reduce the availability of ester sulfate and carboxylate groups to 

interact with CIP molecules. However, the FTIR spectra of the sorbent particles after 4 cycles did 

not reveal changes in the chemical composition of particles’ surface (Figure D7, Appendix D). 
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Figure 4.1.13. The ratio between the adsorption capacity (q) of ciprofloxacin (CIP) and the 

adsorption capacity after first use (q1) for Fe3O4@SiO2/SiTBA-ALG, Fe3O4@SiO2/SiCRG and 

Fe3O4@SiO2/SiCRG particles in four consecutive adsorption/desorption cycles (CIP concentration 

of 50 mg/L for Fe3O4@SiO2/SiTBA-ALG and Fe3O4@SiO2/SiCRG, and 200 mg/L for 

Fe3O4@SiO2/SiCRG particles, at pH= 5 and contact time of 24 h). 
 

 

4.1.3.2.7. Comparison with other sorbents  

The maximum adsorption capacity was 463.7 mg/g, 426.6 mg/g and 961.2 mg/g for the 

particles prepared from alginic acid, - and -carrageenan, respectively. The outstanding adsorption 

capacity of -carrageenan based sorbents can be ascribed to the cooperative adsorption mechanism 

between CIP molecules and sulfonate groups of -carrageenan, described above. Table 4.1.2 

summarizes the CIP adsorption capacity reported for various sorbents. It can be seen that the particles 

here developed are very effective in the uptake of ciprofloxacin and present higher maximum 

adsorption capacity than most of the reported sorbents. In addition, these particles can be easily 

separated from the treated water using an external magnet after the adsorption process. Indeed, the 

maximum CIP adsorption capacity previously reported for magnetic sorbents was around 283 mg/g 

[97], which is markedly lower than the values achieved in this work. Besides, the sorbent particles 

here developed could be regenerated and reused at least for four cycles. Hence, these nanosorbents 

are promising magnetic materials for the removal of ciprofloxacin from water. Noteworthy, the 

Fe3O4@SiO2/SiCRG particles are among the best sorbents for CIP reported so far, showing a 

maximum adsorption capacity of 961.2 mg/g. This exceptional sorption capacity was achieved at 

high sorbate concentrations (Figure 4.1.9c). Thus, these sorbents could be of interest in the treatment 

of wastewaters discharged from drug production units in developing countries, wherein a high 

concentration of CIP was detected [5]. 
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Table 4.1.2. Comparison of the maximum CIP adsorption capacity (qmax) and optimum pH of 

sorption using several sorbents reported in the literature. 

Sorbent pH qmax (mg/g) Reference 

Fe3O4@SiO2/SiTBA-ALG 5 463.7* This work 

Fe3O4@SiO2/SiCRG 5 426.6* This work 

Fe3O4@SiO2/SiCRG 5 961.2** This work 

Hollow Co3S4 7 471.7 [98] 

Ordered mesoporous carbon 6 362* [10] 

Magnetic GO/NTA nanocomposite 9 282.0* [99] 

Porous graphene hydrogel 8 235.6* [13] 

Graphene 5 322.6* [100] 

Magnetic chalcogenide composite 6 181.6 [101] 

Magnetic mesoporous carbon nanocomposite 7 74.7* [102] 

MOF/Fe3O4 8 63.2* [103] 

Graphene oxide/Sodium alginate 2 86.2* [104] 

Nickel/Alginate microparticles 7 135.1 [17] 

Chitosan/biochar hydrogel beads 3 80.2* [18] 

Magnetic chitosan/Graphene Oxide 5 282.9* [97] 

Graphene oxide/calcium alginate 6 66.2* [105] 

*Maximum Langmuir adsorption capacity; **Maximum Dubinin-Radushkevich adsorption capacity; 

DGO/NTA-graphene oxide/nitrilotriacetic acid; MOF-metal organic framework. 

 

 

4.1.4. Conclusions 

Magnetic nanosorbents have been prepared using three different seaweed polysaccharides: 

alginic acid, - and -carrageenan. These sorbents comprise magnetite nanoparticles encapsulated in 

shells of a siliceous material highly enriched in the polysaccharides and display distinct surface 

chemistry. The ability of these sorbents to remove ciprofloxacin from aqueous solutions was 

explored under several operational conditions. The results indicate that these magnetic nanosorbents 

present high adsorption capacity and are among the best sorbents reported so far for ciprofloxacin 

removal. The CIP sorption in the sorbents prepared from alginic-acid and -carrageenan can be 

explained mainly due to the electrostatic interactions between CIP and the anionic groups of the 

polysaccharides, and it is well described by the Langmuir isotherm. The CIP adsorption on sorbent 

particles prepared from -carrageenan is a cooperative process, well described by the Dubinin-

Radushkevich isotherm. The high charge density of -carrageenan and the propensity of CIP 

molecules to self-aggregate may explain the cooperative adsorption of CIP molecules. The findings 

of this work indicate that alginic acid, - and -carrageenan-based magnetic nanosorbents are 

effective materials for the uptake of ciprofloxacin from water and put in perspective their use in more 

complex matrices. 
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Abstract 

Ciprofloxacin (CIP) is a synthetic antibiotic, widely used to treat bacterial infectious disease in 

humans and animals, that has been detected in the environment due to inefficiency of wastewater 

treatment plants to remove it from water. Since the presence of vestigial CIP in natural waters is 

potential harmful for humans and other living organisms, it is important to develop technologies for 

its removal. The present work describes the efficient removal of CIP from aqueous samples using 

magnetic nanosorbents prepared using three anionic polysaccharides, κ-, - and λ-carrageenan and 

an alkoxysilane agent that contains a reactive epoxide ring. The adsorption kinetics followed the 

pseudo-second order and Elovich model. The experimental adsorption results showed that the 

maximum adsorption capacity (qmax) was 878.3, 969.3 and 865.1 mg/g for κ-, - and λ-carrageenan 

magnetic sorbents, respectively. Both Sips and Dubinin-Radushkevich models well described the 

equilibrium sorption data. The results suggest that in the adsorption protonated CIP molecules are 

exchanged with ester sulfate counterions of the polysaccharides -, - and λ-carrageenan present at 

the particles’ surface. The magnetic siliceous hybrid sorbents could be reused after regeneration and 

have maintained their ability towards CIP removal up to four cycles. Furthermore, the sorbent 

particles removed CIP in real wastewater and the removal efficiency enhanced with the increasing 

of the sorbent dose.  

 

 

 

 

Keywords: carrageenan; hybrids; magnetite nanoparticles; water treatment; adsorption; 

ciprofloxacin. 
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4.2.1. Introduction  

Antibiotics in the environment are emerging pollutants with the potential to spread antibiotic 

resistance, which poses a severe public health concern [1]. Various studies have confirmed many 

medicinal substances in several environmental compartments: surface waters, soil, sediment and 

groundwater [2–4]. Ciprofloxacin (CIP), a synthetic third-generation fluoroquinolone, is widely used 

as a broad-spectrum antibiotic against bacterial infections affecting both humans and animals [5]. 

Due to their extensive use, CIP is released into the environment, likely via wastewater discharges, 

and is frequently detected in various aquatic environments [5,6]. Discharges of partially treated or 

untreated effluents from the pharmaceutical industry, hospitals and domestic sewage are the major 

sources of antibiotics [7]. Several studies have reported concentrations of CIP in surface water and 

wastewater effluents in the ng/L to mg/L range [8,9]. The wastewaters discharged in hospitals and 

pharmaceutical industries are of particular concern due to the high levels of CIP contamination, up 

to 150 g/L and 31 mg/L, respectively [8,9]. Ciprofloxacin is considered a high-risk emerging 

contaminant to the environment because it presents a high solubility, persistence, acute and chronic 

toxicity [5,10]. The presence of CIP in wastewaters is known to cause hazardous effects on the 

ecosystem even at low concentration, and therefore, its removal from wastewater is mandatory 

[5,10]. Consequently, it is essential to develop sustainable methods for removing CIP from water in 

order to prevent public health risks and to mitigate the overall development of antibiotic resistance. 

A variety of water treatment technologies have been reported for the removal of 

pharmaceutical compounds involving biodegradation [11], photolysis [12], membrane treatments 

[13], electro-chemical approaches [14] and adsorption [15]. Adsorption is a promising technique for 

water decontamination due to the affordable cost, higher performance and convenience in use 

[16,17]. The sorbent is a key component of the adsorption technology that determines its efficacy for 

a target pollutant. In an attempt to find effective sorbents, several materials have been investigated 

for CIP adsorption namely activated carbon [18], carbon nanotubes [19], graphene oxide [20], 

aluminum [21], iron oxides [22], montmorillonite [23], kaolinite [24], birnessite [25] and 

polysaccharides [26].  

Among the polysaccharides, carrageenan has attracted attention due to its wide range of 

applications in the food industry, such as thickening, gelling, stabilizing agents and pharmaceutical, 

cosmetics, printing and textile industries [27]. Carrageenan is one of the seaweed-derived 

biopolymers obtained by extraction from red (Rhodophyta) seaweed [27]. Carrageenan comprises a 

family of linear sulfated polysaccharides, among which the most common are Kappa (κ), Iota (ι) and 

Lambda (λ) carrageenan. These polysaccharides differ in the sulfate substitution pattern and 3,6-

anhydrogalactose content, which affects the gel-forming properties [28]. Hence, κ-carrageenan has 
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one anionic sulfonate group per disaccharide unit, and ι- and λ -carrageenans have two and three 

sulfonate groups per disaccharide unit, respectively [27]. 

Apart from the conventional uses of carrageenan alone, hybrid systems of carrageenan with 

various natural substrates have been reported to be good candidates for the adsorption of 

pharmaceutical contaminants from water [26,29–31]. Sol-gel derived hybrid materials, where 

interpenetrating organic polymers and inorganic components are covalently bonded, have shown 

promise as sorbents [32–34]. Silicon alkoxide coupling agents have been essential in preparing such 

hybrid materials to enhance the compatibility between the inorganic and organic components. These 

coupling agents contain a specific functional group that reacts with the organic component forming 

strong covalent bonds, and alkoxide groups that hidrolyze and condensate to form a siliceous network 

[35]. Furthermore, the separation of the sorbent/pollutant system from the treated solution is a critical 

aspect to take into account in the design of sorbents. Thus, the development of sorbents with high 

affinity to CIP that can be quickly and easily separated from water is highly desirable. This can be 

achieved using magnetic nanoparticles with functionalized surfaces that confer high affinity towards 

the pollutant molecules and whose magnetic features enable fast magnetic separation from the treated 

water [17,36,37]. 

The present research aims to produce magnetite nanoparticles coated with -, - and -

carrageenan-based hybrid siliceous shells and to investigate the application of the resulting materials 

as magnetic sorbents for the removal of CIP from ultra-pure water and wastewater samples. The 

surface of the magnetic nanocore was modified using a one-step sol-gel method and the epoxide 

functionalized 3-glycidoxypropyl trimethoxysilane (GPTMS) as a coupling agent, that led to 

magnetic sorbents enriched in polysaccharide molecules. 

 

 

4.2.2. Experimental details 

 

4.2.2.1. Chemicals 

Ultra-pure water used was produced using a Milli-Q system with a 0.22 µm filter (Synergy 

equipment, Millipore). The polysaccharides -, - and -carrageenan were acquired from Fluka. 

Ferrous sulfate heptahydrate (FeSO4·7H2O, >99%), potassium nitrate (KNO3, >99%), tetraethyl 

orthosilicate (Si(OC2H5)4, TEOS, >99%) and 3-(Glycidyloxypropyl)trimethoxysilane (C9H20O5Si, 

GPTMS, >98%) were purchased from Sigma–Aldrich. Ammonia solution (25% NH3) and methanol 

(CH3OH, >99%) were purchased from VWR. Potassium hydroxide (KOH, >86%) was purchased 

from LabChem. Ethanol (CH3CH2OH, >99%) and N,N-dimethylformamide (HCON(CH3)2, >99%) 
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were obtained from Carlo Erba Reagents. Ciprofloxacin hydrochloride monohydrate 

(C17H18FN3O3·HCl·H2O, 99.0%) was acquired from Sigma-Aldrich. 

 

 

4.2.2.2. Modification of -, - and -carrageenan with GPTMS 

Three common types of carrageenan polysaccharide (-, - and -carrageenan) were 

modified by reaction with the alkoxysilane coupling agent 3-(glycidyloxypropyl)trimethoxysilane 

(GPTMS) [26,31]. Typically the dry carrageenan (1 g) was dispersed in dry N,N-dimethylformamide 

(13 mL) and GPTMS (5.2 mmol, 1.24 mL) was added. The reaction was performed in nitrogen (N2) 

atmosphere at 100 °C (373 K), under solvent reflux conditions, and left under constant stirring (500 

rpm) for 24 hours. After cooling to room temperature, the solid was recovered and washed thoroughly 

with dry methanol and dry ethanol to eliminate the reaction solvent. The resulting powders were 

dried at room temperature. Three different derivatized polymers were obtained, hereafter designated 

-CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS. 

 

 

4.2.2.3. Synthesis of magnetic hybrid particles with -, -, and -carrageenan 

The magnetic particles coated with hybrids of -, -, and -carrageenan and GPTMS were 

prepared in two steps. Firstly, the magnetic core consisting of magnetite nanoparticles (Fe3O4) were 

synthesized by oxidative hydrolysis of iron (II) salt (Fe2SO4.7H2O), in alkaline conditions, under N2 

stream [38]. Secondly, the coating process consisted of the hydrolytic co-condensation of a mixture 

of TEOS with the modified polymers -CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS, 

performed in the presence of the magnetic cores. Briefly, a suspension of Fe3O4 nanoparticles (40 

mg) dispersed in 38 mL of ethanol was prepared and kept immersed in an ice bath under sonication 

(horn Sonics, Vibracell) for 15 min. Then, the ammonia (2.4 mL), TEOS (0.406 mL) and the 

carrageenan derivative (0.3 g) were slowly added, and the mixture was left for 2 h immersed in an 

ice bath, under sonication. After the reaction, the resulting particles were collected by magnetic 

separation using a NdFeB magnet and washed thoroughly with ethanol. Finally, the magnetic 

particles were left to dry at room temperature. Three distinct magnetic hybrid particle samples were 

obtained, Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-

CRG/GPTMS. 
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4.2.2.4. Synthesis of non-magnetic -, -, and -carrageenan/silica hybrid particles 

The non-magnetic hybrid particles were obtained by hydrolysis and condensation of a 

mixture of the modified carrageenan (-CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS) with 

TEOS in a homogeneous alcoholic medium containing water and using a base as a catalyst. Briefly, 

the modified carrageenan (0.3 g) and TEOS (0.406 mL) were mixed in an Erlenmeyer flask 

containing deionized water (0.9 mL). Then, ethanol (8.5 mL) and ammonia solution (0.15 mL) were 

added to the mixture, under constant stirring (250 rpm), for 24 hours at room temperature. After the 

reaction, the materials were washed five times with deionized water and one time with ethanol, 

followed by centrifugation. Finally, the solvents were evaporated, and three non-magnetic hybrid 

particles were obtained (SiO2/-CRG/GPTMS, SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS). 

For comparative purposes, SiO2 particles have also been prepared by using the Stöber method [39]. 

 

 

4.2.2.5. Removal of ciprofloxacin from water  

Batch adsorption experiments were performed to investigate the suitability of the magnetic 

hybrid particles coated with -, -, and -carrageenan (Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-

CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS) for the uptake of ciprofloxacin (CIP) from water. 

CIP stock solutions were prepared by dissolving an appropriate amount of the compound in ultra-

pure water and stirring overnight in dark conditions. CIP solutions were freshly prepared before each 

experiment by diluting the corresponding stock solution in ultra-pure water to a specific initial 

concentration. The pH of the solutions was adjusted to the desired value using HCl (0.01 M) or NaOH 

(0.01 M) solutions.  

Batch experiments were carried out by adding a precisely weighted amount of each magnetic 

hybrid particles to a CIP solution of known concentration on glass vials and shaken using a vertical 

rotator at a constant rotation speed (30 rpm), under isothermal conditions (25.0 ± 2.0 °C). For each 

adsorption experiment, the CIP solution was stirred continuously, and aliquots were collected for 

analysis at different times. Then, the magnetic hybrid particles were separated magnetically from the 

solution using a NdFeB magnet. The removal efficiency of CIP was assessed by measuring the 

amount of CIP that remained in the solution after being in contact with the magnetic hybrid particles. 

The CIP concentration in the supernatant was determined spectrophotometrically by monitoring the 

absorbance at 273 nm, in a UV-VIS (ultraviolet-visible) spectrophotometer. Plotting the absorbance 

against CIP concentration, the calibration curve was given by the best data linear fitting (Figure E1, 

Appendix E), that was used to convert the absorbance into CIP concentration.  The adsorption 

capacity at time t, (qt in mg/g) was estimated from the mass balance between CIP initial concentration 
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(C0 in mg/L) and the concentration at time t (Ct in mg/L) in solution, as displayed by Equation (4.2.1), 

where V (L) is the total volume of solution and m, expressed in g, is the dry weight of the magnetic 

hybrid sorbents. 

𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                                                     (4.2.1) 

The removal efficiency (R, expressed in %) was calculated from Equation (4.2.2): 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                                                         (4.2.2) 

 

 

4.2.2.5.1. Effect of pH 

The performance of the magnetic hybrid particles for removing CIP from ultra-pure water 

was studied at distinct pH values (5, 6, 7 and 8) by adjusting the solution pH with HCl (0.01 M) or 

NaOH (0.01 M) solutions. The effect of these pH values was tested at an initial CIP concentration of 

60 mg/L, using a fixed sorbent dose of 0.5 mg/mL. The contact time was 24 h, to ensure that the 

sorption equilibrium was reached. Afterwards, the magnetic hybrid particles were separated 

magnetically using a NdFeB magnet. The remaining concentration of CIP in the solution was 

determined spectrophotometrically by monitoring the maximum absorbance at 273 nm. 

 

 

4.2.2.5.2. Effect of contact time and initial ciprofloxacin concentration 

The CIP adsorption time profile was assessed to investigate the kinetics of adsorption. 

Solutions with initial CIP concentrations of 100 and 200 mg/L were prepared by diluting the stock 

CIP solution in ultra-pure water, and the batch experiments were conducted at an initial pH of 5. The 

sorbent dose tested was 0.5 mg/mL in all the kinetic experiments. The mixture was shaken, and 

aliquots were collected along the time (during 3 h), at 25.0 ± 2.0 °C. After analysis of the supernatant 

in a UV-VIS spectrophotometer, the amount of CIP adsorbed onto the magnetic hybrid particles at 

each time interval (qt, mg/g) was determined using Equation (4.2.1) and plotted against time (t, min). 

 

 

4.2.2.5.3. Equilibrium adsorption isotherms 

Equilibrium adsorption isotherms for the removal of CIP from ultra-pure water were 

obtained by using CIP solutions with different concentrations (from 40 to 1100 mg/L) and using a 

fixed sorbent dose of 0.5 mg/mL. The equilibrium adsorption experiments were conducted at pH= 5 
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and 25.0 ± 2.0 °C for 24 h. The amount of CIP adsorbed at equilibrium (qe, mg/g) was determined 

and calculated using Equation (4.2.1) for Ct = Ce, where Ce (mg/L) is the concentration of CIP at 

equilibrium. 

 

 

4.2.2.5.4. Regeneration and reuse of the magnetic hybrid particles 

To further investigate the regeneration and reusability of the Fe3O4@SiO2/-CRG/GPTMS, 

Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles, the sorbent dosage tested 

was 0.5 mg/mL in all the recycling cycles. The magnetic hybrid particles were loaded with CIP in a 

solution at a concentration of 100 mg/L for 24 h, at pH= 5. The CIP-loaded magnetic hybrid particles 

were collected, rinsed four times with 10 mL KCl (1 M), twice with 10 mL distilled water, one time 

with 10 mL ethanol and magnetically separated from the solution. Then, the magnetic hybrid 

particles were dried at 30 ºC prior to reuse. After regeneration, the magnetic hybrid particles were 

reused in adsorption experiments, and this process was repeated four times.  

 

 

4.2.2.5.5. Application in the removal of ciprofloxacin in wastewater samples 

A wastewater sample was used in this work and was sampled from one of the Aveiro's 

sewage treatment plants, after secondary treatment, corresponding to the final effluent. The 

wastewater sample was filtered thoroughly through filter paper (0.45 μm) before analysis (pH and 

conductivity results are shown in Table E1, Appendix E). The wastewater sample was spiked with 

CIP at an initial concentration of 5 mg/L and the pH was adjusting to 5. Selected sorbent doses of 

the magnetic hybrid particles (0.5, 1.0, 2.5 and 5.0 mg/mL) were added to the spiked CIP solution, 

and the mixtures were shaken for 24 h. Then, the magnetic hybrid particles were magnetically 

separated from the solution, and the remaining concentration of CIP in the treated water was analyzed 

by UV–VIS spectrophotometry at 273 nm (Figure E2, Appendix E).  Plotting the absorbance against 

CIP concentration, the calibration curve was given by the best data fit by a linear least square equation 

(Figure E2, Appendix E), used to convert the absorbance into CIP concentration in the wastewater. 

 

 

4.2.2.6. Instrumentation  

Fourier transform infrared (FTIR) spectra of the particles were measured in the solid state. 

The spectra of the materials were collected using a Bruker Optics Tensor 27 spectrometer coupled to 
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a horizontal attenuated total reflectance (ATR) cell, using 256 scans at a resolution of 4 cm-1. The X-

ray powder diffraction (XRD) data were collected using a PANalytical Empyrean X-ray 

diffractometer equipped with the Cu K monochromatic radiation source at 45 kV/40 mA. The 

elemental analysis of carbon, nitrogen, hydrogen, and sulfur was obtained using a Leco Truspec-

Micro CHNS 630-200-200. The specific surface area of the particles was assessed by nitrogen 

sorption experiments, performed with a Gemini V2.0 surface analyser (Micromeritics Instrument 

Corp.) at -196 °C. Before the measurements, the samples were degassed at 80 °C under nitrogen flow 

overnight. The specific surface area was calculated using Brunauer–Emmett–Teller (BET) isotherm. 

The pore volume was evaluated from the adsorbed branch using the Barret–Joyner–Halenda (BJH) 

method. The morphology and size of the particles were analyzed by scanning electron microscopy 

(SEM) using a Hitachi SU-70 instrument operated at an accelerating voltage of 15 kV and by 

transmission electron microscopy (TEM), using a Hitachi H-9000 TEM microscope operating at 300 

kV. Samples for SEM analysis have been prepared by placing a drop of a dilute suspension of the 

particles in ethanol over a glass slide glued to the sample holder using double-sided carbon tape and 

then coating the sample by carbon sputtering. Samples for TEM analysis were prepared by 

evaporating the diluted suspensions of the nanoparticles on a copper grid coated with an amorphous 

carbon film. Thermogravimetric analysis (TGA) of the materials was performed by using a TGA 50 

instrument from Shimadzu. Samples were heated from 25 to 900 °C at 10 °C min–1 under a nitrogen 

atmosphere. The 13C CP (cross-polarization)/MAS (magic-angle spinning) NMR (nuclear magnetic 

resonance) and 29Si MAS NMR spectra were recorded on a Bruker Avance III 400 MHz (9.4 T) 

spectrometer at 79.49 and 100.61 MHz, respectively. 29Si MAS NMR spectra were recorded with 4.5 

μs 1H 90 ° pulses, a recycle delay of 60 s, and at a spinning rate of 5 kHz. 13C CP/MAS NMR spectra 

were recorded with 3.65 μs 1H 90 ° pulses, 1.5 ms contact time, a recycle delay of 5 s, and a spinning 

rate of 9 kHz. Chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). The surface 

charge of the particles was assessed by zeta potential measurements performed in aqueous solutions 

of the particles, using a Zetasizer Nano ZS equipment from Malvern Instruments. The concentration 

of ciprofloxacin was determined spectrophotometrically using a Jasco U-560 UV-VIS 

spectrophotometer.   
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4.2.3. Results and Discussion 

 

4.2.3.1. Materials characterization 

The first step of this work consisted of synthesizing magnetite nanoparticles and their 

encapsulation in hybrid siliceous shells containing three types of carrageenans that vary in the degree 

of sulfation: -, -, and -carrageenan. The powder XRD patterns of the inorganic core showed the 

six characteristic X-ray diffraction peaks for Fe3O4 (2θ = 18.5º, 30.1°, 35.5°, 43.3°, 53.6°, 57.1°, and 

62.7°) ascribed to the reflections (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0), thus 

matching the reported diffraction pattern of magnetite (JCPDS file No. 19-0629, [40]) and 

confirming this iron oxide as the main crystalline phase present in the powdered samples (Figure E3, 

Appendix E). The Fe3O4 particles were then encapsulated through a one-step procedure by using 

either -, -, or -carrageenan/SiO2 shells. This method involved the hydrolysis and condensation of 

a mixture of tetraethyl orthosilicate (TEOS) and one of the modified polymers (-CRG/GPTMS, -

CRG/GPTMS and -CRG/GPTMS), in the presence of the magnetic nanoparticles. Further insight 

into the structure and composition of the hybrid shells was obtained from the analysis of non-

magnetic hybrid particles obtained by the hydrolysis and condensation of TEOS with the modified 

polymers.  

The morphological characteristics of the magnetic hybrid particles and the non-magnetic 

hybrid particles were assessed by TEM and SEM, as depicted in Figure 4.2.1 and 4.2.2, respectively. 

The TEM image of bare Fe3O4 particles shows spheroidal nanoparticles with an average size of 56 ± 

11 nm (Figure 4.2.1a). TEM images of Fe3O4 coated particles show spheroidal nanoparticles 

uniformly coated by a shell. The shell thickness was about 18 ± 2 nm for Fe3O4@SiO2/-

CRG/GPTMS (Figure 4.2.1b), 16 ± 2 nm for Fe3O4@SiO2/-CRG/GPTMS (Figure 4.2.1c) and 16 ± 

5 nm for Fe3O4@SiO2/-CRG/GPTMS (Figure 4.2.1d) particles. Note that a similar thickness was 

observed for the bio-hybrid shell regardless the biopolymer used. Conversely, the SEM analysis of 

the non-magnetic hybrid particles have revealed a well-defined spheroidal morphology markedly 

different average particle sizes depending on the type of carrageenan (Figure 4.2.2). Indeed, the 

average size was 187 ± 15 nm, 670 ±250 nm and 1101 ± 101 nm for the non-magnetic hybrid particles 

prepared with -, -, and -carrageenan, respectively (Table 4.2.1). The results suggest that the 

average particle size increases with the degree of sulfation of the carrageenan. 
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Figure 4.2.1. TEM images of a) bare Fe3O4, b) Fe3O4@SiO2/-CRG/GPTMS, c) Fe3O4@SiO2/-

CRG/GPTMS and d) Fe3O4@SiO2/-CRG/GPTMS particles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.2. SEM images of the non-magnetic hybrid particles: SiO2/-CRG/GPTMS (a and b), 

SiO2/-CRG/GPTMS (c and d) and SiO2/-CRG/GPTMS (e and f).  
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Table 4.2.1. Compositional and morphological properties of the carrageenan materials: elemental 

analysis, particle diameter, BET surface area and pore volume. 

a
 Carbon, hydrogen, nitrogen and sulfur content measured by elemental microanalysis; 

b 
Particle diameter 

assessed by SEM; c 
BET surface area (SBET) and pore volume assessed by N2 sorption. 

 

 

The surface characteristics (specific surface area and pore volume) of the materials were 

determined by N2 adsorption/desorption isotherms (Table 4.2.1). The BET surface area decreased 

from 27.4 m2/g in Fe3O4 to 6.1, 6.3 and 9.0 m2/g in Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-

CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles, respectively, which is consistent with an 

increase of the particle size due to the formation of the hybrid shell. The pore volume is low, 

indicating that overall these are non-porous materials. Elemental microanalysis of the magnetic and 

non-magnetic hybrid particles (Table 4.2.1) indicates the presence of sulfur, which originates in the 

sulfate groups of carrageenan that forms the coating. Furthermore, while bare Fe3O4 particles show 

negligible carbon content (< 0.2%), the magnetic hybrids have carbon content of about 13-23 wt% 

due to the presence of the carrageenans, similar to the carbon content of the non-magnetic hybrid 

particles. 

The chemical composition of the materials prepared was assessed by ATR-FTIR 

spectroscopy (Figure 4.2.3). FTIR spectra of -, -, and -carrageenan and the carrageenan-derivative 

Si alkoxides, -CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS (Figure 4.2.3a), showed a 

number of bands in the anomeric region characteristic of the type of carrageenan and the degree of 

sulphation [41]. Briefly, -carrageenan showed absorption bands due to C–O and C–OH vibrations 

in the region 1065–1036 cm-1, a characteristic band at 841 cm-1 that corresponds to the (1-3)-D-

galactose C–O–S stretching vibration, a relatively strong band at approximately 930 cm−1 indicating 

the presence of 3,6-anhydro-D-galactose and a broad band at 1226 cm-1 that corresponds to the S–O 

asymmetric stretching of the ester sulfate groups (Figure 4.2.3a) [42]. The FTIR spectrum of -

carrageenan also shows the bands at approximately 930 and 841 cm−1, with the same intensity pattern 

Sample 
C 

(%)a 

H 

(%)a 

N 

(%)a 

S 

(%)a 

D (nm)b SBET 

(m2/g)c 

Vp 

(cm3/g)c core shell 

-carrageenan 28.5 4.9 0.03 2.6 - - - - 

-carrageenan 23.0 4.2 0.01 5.1 - - - - 

-carrageenan 28.3 5.0 0.09 4.1 - - - - 

Fe3O4 0.2 0.06 0.04 - 56 ± 11 - 27.4 0.066 

Fe3O4@SiO2/-CRG/GPTMS 23.2 3.7 0.27 3.3 56 ± 11 18 ± 2 6.1 0.006 

Fe3O4@SiO2/-CRG/GPTMS 13.0 2.1 0.2 3.2 56 ± 11 16 ± 2 6.3 0.005 

Fe3O4@SiO2/-CRG/GPTMS 15.5 2.6 0.3 3.9 56 ± 11 16 ± 5 9.0 0.015 

SiO2/-CRG/GPTMS 21.3 3.4 0.9 2.9 187 ±15 - 4.6 0.006 

SiO2/-CRG/GPTMS 11.7 2.3 0.06 2.1 670 ± 250 - 3.4 0.002 

SiO2/-CRG/GPTMS 13.2 2.1 0.17 2.5 1101 ± 101 - 2.3 0.003 
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as in -carrageenan. However, an additional well-defined feature is visible in the spectrum, around 

805 cm−1, indicating the presence of sulphate ester in the 2-position of the anhydro-D-galactose 

residues, a characteristic band of the -carrageenan [43]. The FTIR spectrum of -carrageenan 

contains variable amounts of 2-sulphate ester groups, and presents high sulphate content as indicated 

by the broad band at 838–820 cm−1 [44]. All these vibrational bands are typical of -, -, and -

carrageenan and have also been observed in the FTIR spectra of -CRG/GPTMS, -CRG/GPTMS 

and -CRG/GPTMS.  

             

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.3. ATR-FTIR spectra of carrageenan materials: a) -CRG, -CRG/GPTMS, -CRG, -

CRG/GPTMS, -CRG, -CRG/GPTMS and b) SiO2/-CRG/GPTMS, SiO2/-CRG/GPTMS, 

SiO2/-CRG/GPTMS, Fe3O4, Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS, 

Fe3O4@SiO2/-CRG/GPTMS particles. 

b) 

a) 



Chapter 4.2 
_____________________________________________________________________________________ 

 

212 

 

            The FTIR spectrum of bare magnetite shows a strong band centred at 528 cm-1 ascribed to 

the stretching vibration of the Fe–O bond in Fe3O4 (Figure 4.2.3b) [38]. This band is also observed 

in the FTIR spectra of the coated magnetic hybrid particles although shifted to higher wavenumbers. 

The FTIR spectra of the magnetic and non-magnetic hybrid particles (Figure 4.2.3b) also display the 

vibrational bands expected for a material comprising the polysaccharide and a siliceous network, and 

thus confirm the organic–inorganic hybrid nature of the materials. The strong band at 436 cm-1, 

ascribed to the O–Si–O deformation, corroborates the formation of a siliceous network in both 

magnetic and non-magnetic hybrid particles [31]. Despite overlapping with vibrational bands from 

the carrageenans, the bands assigned to amorphous silica are observed at 794 cm-1 and 1041 cm-1 due 

respectively to symmetric and asymmetric Si–O–Si stretching modes and, at 946 cm-1 due to Si–OH 

stretching mode [45]. 

               The TGA of -, -, and -carrageenan-based materials are shown in Figure 4.2.4. The 

magnetic and non-magnetic hybrid particles showed higher thermal stability than the pristine 

polysaccharides, which is expected due to the presence of the inorganic component. Figure 4.2.4 also 

shows a similar thermal profile for all polysaccharide based particles, namely the occurrence of three 

main stages of weight loss. The first stage of weight loss occurred in the temperature range of 60–

150°C. This is due to the evaporation of adsorbed water molecules H-bonded to –OH groups of the 

galactose units along the polymer chain [46]. The weight losses at this stage for all pristine 

carrageenan, magnetic and non-magnetic hybrid particles were 11–13%, 5–11% and 7–8%, 

respectively. In the second stage, the pristine carrageenans, magnetic and non-magnetic hybrid 

particles achieved total weight losses of 20–50%, 30–43% and 13–23% at 180–270°C, 220–430°C, 

and 220–260 °C, respectively. This stage was due to the decomposition of carrageenan 

polysaccharide chains, ascribed to carbohydrate-backbone fragmentation and sulfur dioxide release 

[47]. This thermolysis stage started at higher temperature for the magnetic and non-magnetic hybrids 

derived from - and -carrageenan, as compared to the corresponding biopolymer, thus indicating 

better thermal stability due to the formation of the polysiloxane network. Further decomposition 

occurred afterwards, in a third stage. In the magnetic hybrids the onset temperature of the third 

decomposition stage markedly increased ( 50ºC) in comparison to non-magnetic hybrids. This 

effect is in agreement with the complexity of the mechanism of polymer thermal decomposition in 

silica and magnetic particles, as observed in previous studies [46,48–51]. At 900 °C, the residue of 

-, -, and -carrageenan was 20, 25 and 18 wt.%, respectively. At the same temperature, the 

magnetic and non-magnetic particles show a higher residue mass, ca. 36–68 wt.% and 42–55 wt.%, 

respectively, more than in the corresponding polymer counterpart, which is in agreement with the 

presence of a magnetic and siliceous inorganic components in the hybrid material. 
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Figure 4.2.4. Thermogravimetric (TGA) analysis of carrageenan materials, performed under 

nitrogen atmosphere at heating rate of 20 ºC/min. 

 

 

             Further insight into the structure of the magnetic hybrid shells was provided by solid-state 

NMR spectroscopy analysis of non-magnetic hybrid particles, which were prepared in the absence 

of Fe3O4 nanoparticles but with a similar chemical composition as the shells. Figure 4.2.5 displays 

the 13C cross-polarization (CP)/magic-angle spinning (MAS) NMR spectra for -, -, and -

carrageenan and for the SiO2/-CRG/GPTMS, SiO2/-CRG/GPTMS, SiO2/-CRG/GPTMS 

particles; the corresponding chemical-shift assignments are listed in Table E2, Appendix E. The 13C 

NMR spectra of the non-magnetic hybrid particles revealed resonances characteristic of the 

polysaccharide and GPTMS. As the spectra are very saturated with resonances in the range 60–105 

ppm due to many different C–O environments, it was difficult to assign the resonances in this region. 

When compared to the polysaccharide, the spectra of the non-magnetic hybrid particles shows new 

signals between 22 and 37 ppm, that are ascribed to the Ca and Cb carbon atoms of the Si-bonded 

propyl chain linked to GPTMS, as reported in the literature [52,53]. The broad resonances between 

δ = 60 and 105 ppm have been attributed to the carbon atoms of κ-, -, and -carrageenan (C1–C6 and 

C1’–C6’) [54,55]. In Figure 4.2.5, the schematic representation showing the C sites labelling is merely 

illustrative of the covalent linkage between the siliceous network and the polysaccharide 

carrageenan. Based on these results, we could not discern the preferable substitution sites in the 

carrageenan molecules. The chemical shifts of κ-, -, and -carrageenan are given in Table E2, 

Appendix E. It should be noted that these assignments are close to the literature values [54–56]. The 

influence of sulphate groups is illustrated by the 13C NMR spectrum of -carrageenan (Figure 4.2.5b), 

which compared to κ-carrageenan (Figure 4.2.5a) has one more sulphate on the C2’ carbon [55] 
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(Figure E4, Appendix E). Moreover, the -carrageenan spectrum contains a very characteristic signal 

at 74.5 ppm attributed to C4. This signal is absent in the spectra of other red algae polysaccharides 

[55], which is interpreted as the result of specific interaction between two sulphate groups belonging 

to adjacent mono-saccharide residues in the -carrageenan [55]. The resulting 13C NMR spectrum of 

-carrageenan (Figure 4.2.5c) is composed of very broad signals, rather than clearly defined signals 

[54,55]. Several anomeric carbons observed in the range of 103–93 ppm, demonstrate absence of a 

single repeating unit in -carrageenan. The spectrum of -carrageenan showed anomeric signals at 

102.5/101.9 attributed to C1 of -galactose 2-sulfate linked to reductor -anhydrogalactose [54–56] 

and C1 of ß-galactose 2-sulfate linked to -3,6 anhydro-galactose [56], as illustrated in Figure E4, 

Appendix E.  

Solid state 29Si NMR spectroscopy was used to clarify the structure of the non-magnetic 

hybrid particles. The 29Si MAS NMR and 29Si CP/MAS NMR spectra of SiO2/-CRG/GPTMS, 

SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS particles are shown in Figure 4.2.6 (a and b, 

respectively). For comparison, the NMR spectra of amorphous SiO2 particles prepared using the 

same methodology [39,47] but in the absence of -CRG/GPTMS, -CRG/GPTMS and -

CRG/GPTMS were also included in Figure 4.2.6. The silicon sites are labelled in Figure 4.2.5 

according to the usual NMR spectroscopy notation: Qn represents Si atoms quaternary oxygen linked, 

i.e., bound to (4-n) OH groups [47,57,58]. Hence, Q4 symbolize the internal siloxane type Si atoms 

in Si(OSi)4, whereas Q2 and Q3 represents the surface Si atoms bound to the hydroxyl groups in 

Si(OSi)2(OH)2 and Si(OSi)3OH, respectively [47,57,58]. According to the literature, the resonances 

at δ = -94, -102 and -111 ppm are normally assigned to Q2, Q3 and Q4 sites, respectively (Figure 

4.2.6a) [38,58]. The fraction of silanol groups ((Q2+Q3)/Q4) calculated from the 29Si MAS NMR 

spectra was 0.52 in the SiO2 particles and decreased to 0.49, 0.37 and 0.50 in the SiO2/-

CRG/GPTMS, SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS particles, respectively (Table E3, 

Appendix E). The decrease in the number of surface hydroxyl groups provides evidence for the 

covalent bonding of -CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS on the surface of the 

siliceous hybrid particles. Furthermore, the 29Si CP/MAS NMR spectra of non-magnetic hybrid 

particles (Figure 4.2.6b) show four resonances at approximately δ = -37.2, -44.6, -54.3, and -65.3 

ppm, which, compared to literature values, can be ascribed to the Si sites in T0, T1, T2, and T3, in 

which n denotes the number of –Si–O– bonds linked to the Si site Tn [59,60]. Thus, T1, T2, and T3 

represent the Si sites in RSi(OSi)(OH)2, RSi(OSi)2OH, and RSi(OSi)3, respectively [R= –

(CH2)3OCH2(CHOH)CH2O–carrageenan] and further confirm the covalent bonding of carrageenan 

molecules to the siliceous network. The presence of T0 [RSi(OH)3] indicates that the hydrolysis of 

the three alkoxy groups of the -CRG/GPTMS, -CRG/GPTMS and -CRG/GPTMS can occur 
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during the sol-gel reaction.  These signals were more pronounced in the spectrum of SiO2/-

CRG/GPTMS than SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.5. 13C CP/MAS NMR spectra (left) and schematic representation (right) showing the 

labelling of C and Si sites according to NMR spectroscopy notation of a) SiO2/-CRG/GPTMS, b) 

SiO2/-CRG/GPTMS and c) SiO2/-CRG/GPTMS particles. 
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Figure 4.2.6. a) 29Si MAS NMR spectra and b) 29Si CP/MAS NMR spectra of SiO2, SiO2/-

CRG/GPTMS, SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS particles. 

 

 

4.2.3.2. Removal of ciprofloxacin using the magnetic hybrid particles 

 

4.2.3.2.1. Effect of pH 

The pH of the solution has an impact on the adsorption process, and it is considered as an 

imperative factor that highly impacted on the chemistry of solution. The effect of the pH on the 

ability of Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-

CRG/GPTMS particles to adsorb ciprofloxacin was examined at pH values ranging between 5 and 

8. Ciprofloxacin is an amphoteric molecule because it contains a carboxylic acid group (pKa1= 5.9) 

and a secondary amine group (pKa2= 8.3) [61]. At pH < 5.9, CIP exists in the form of cationic species, 

while at the neutral pH it exists as a zwitterions, and the anionic form is the dominant species at 

b) 

a) 
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higher pH. From the results in Figure 4.2.7a, it was noticed that the adsorption capacity of CIP using 

the magnetic hybrid particles gradually decreased as the pH increased from 5 to 8.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.7. a) Effect of pH of the medium (from 5 to 8) on the adsorption of ciprofloxacin (CIP), 

for an initial CIP concentration of 60 mg/L, 24h contact time; b) Zeta potential values (mV) of 

Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS 

particles for distinct pH values from 3 to 9. Error bars correspond to standard deviations obtained 

from two replicates.  

 

 

The removal percentage of CIP also decreased when the pH increased from 5 to 8 (Figure 

E5, Appendix E). As shown in Figure 4.2.7b, the particles present negatively charged surfaces 

between pH= 3 and 9; the observed high negative zeta potential values are explained by the presence 

of ionized ester sulfate groups of κ-, - and λ-carrageenan at the surface of the particles [62]. Hence, 

the adsorption at pH= 5 can be ascribed mainly to electrostatic attraction between cationic 

ciprofloxacin species with protonated amine groups and the negative surface charge of 

b) 

a) 
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Fe3O4@SiO2/-CRG/GPTMS (-43.1 mV), Fe3O4@SiO2/-CRG/GPTMS (-34.8 mV) and 

Fe3O4@SiO2/-CRG/GPTMS (-39.1 mV) particles. This means that an increase on pH causes the 

fraction of cationic CIP species to decrease and therefore the adsorption capacity decreases. 

Interestingly, the adsorption capacity of the materials followed the trend -CRG > -CRG > -CRG, 

regardless the pH investigated. 

 

 

4.2.3.2.2. Effect of contact time and initial ciprofloxacin concentration 

To evaluate the feasibility of Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS 

and Fe3O4@SiO2/-CRG/GPTMS particles for the removal of CIP from water, changes in the 

concentration of CIP was monitored over time in batch experiments at optimum pH conditions. 

Figure 4.2.8 shows the time profile of the CIP uptake using Fe3O4@SiO2/-CRG/GPTMS, 

Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles for two initial 

concentrations of CIP (100 and 200 mg/L) during 180 min, at pH= 5, calculated from UV–VIS 

spectroscopy data (Figure E6, Appendix E). Regardless of the initial CIP concentration, the particles 

showed fast adsorption, reaching the maximum CIP adsorption after 60 min. Afterwards, the CIP 

adsorption slightly decreased and stabilized after 180 min (3 h) of contact time. The amount of CIP 

removed by the particles increased almost linearly with the increase in CIP concentration (Figure 

4.2.8), suggesting that the CIP adsorption capacity by Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-

CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles was not exhausted in the CIP 

concentration tested. The removal percentage of CIP using Fe3O4@SiO2/-CRG/GPTMS (50%), 

Fe3O4@SiO2/-CRG/GPTMS (20 %) particles remained the same regardless of the initial CIP. 

However, the removal percentage of CIP using -CRG-based particles was declined steadily as CIP 

concentration increased (35 % for 100 mg/L of CIP and 20 % for 200 mg/L of CIP) (Figure E7, 

Appendix E). These results suggest that the application of the particles for CIP removal might be 

most efficient at low concentrations (< 30 mg/L), which are most typical of natural aquatic 

environments where dilution is prevalent [63]. 

 

 

4.2.3.2.3. Kinetic studies 

The knowledge of the kinetics of CIP removal is important namely for modelling and design 

effective water treatment processes. The kinetics of CIP adsorption onto the three types of magnetic 

hybrid particles were fitted by pseudo-first order [64], pseudo-second order [65] and Elovich [66] 
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models (Table E4, Appendix E). The kinetic parameters and the evaluation of the goodness of fits 

are reported in Table E5, E6 and E7 (Appendix E) and the kinetic fitting curves are shown in Figure 

4.2.8. The goodness of the fit was assessed through the coefficient of determination (R2) and the Chi-

square test value (2) (Table E4, Appendix E). The R2 and agreement between the experimental data 

(qe, exp) and the calculated values (qe, cal) indicate that the adsorption of CIP best follows a pseudo-

second order kinetic model for Fe3O4@SiO2/-CRG/GPTMS particles and Elovich model for 

Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles. The pseudo-second order 

adsorption kinetics indicated that chemisorption dominates the process and is in agreement with other 

adsorption studies regarding pharmaceuticals [67,68]. The Elovich model takes into account that the 

solid surface is energetically heterogeneous and that adsorption occurs predominantly by 

chemisorption [69]. The parameter  describes the initial adsorption rate (with higher values 

inferring greater chemisorption), while  is an indicator of desorption. As shown in Table E5, E6 and 

E7 (Appendix E) the low values of  indicate effective interactions between CIP and the sorbents. 

By comparing the  values, it may be inferred that chemisorption of CIP was more significant for 

Fe3O4@SiO2/-CRG/GPTMS (higher  values) than for Fe3O4@SiO2/-CRG/GPTMS and 

Fe3O4@SiO2/-CRG/GPTMS particles. These observations may, in part, explain the removal 

performances observed (i.e., higher removal efficiency) (Figure E7, Appendix E) for Fe3O4@SiO2/-

CRG/GPTMS particles.  
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Figure 4.2.8. Time profile of adsorption capacity of ciprofloxacin (CIP) at variable CIP initial 

concentration (100 and 200 mg/L, at pH= 5 for 180 min/3 h) using the particles a) Fe3O4@SiO2/-

CRG/GPTMS, b) Fe3O4@SiO2/-CRG/GPTMS and c) Fe3O4@SiO2/-CRG/GPTMS, and the 

corresponding kinetic model fitting using pseudo-first order, pseudo-second order and Elovich 

kinetic models. 

c) 

a) 

b) 
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4.2.3.2.4. Equilibrium isotherms  

The equilibrium adsorption isotherms of CIP by magnetic hybrid particles were studied by 

fitting the following models to data: Langmuir [70] and Freundlich [71] isotherms, which are two-

parameter isotherms, Sips isotherm [71], which are three-parameter isotherm, and Dubinin–

Radushkevich isotherm [72], that has been successfully used to describe sigmoidal isotherms 

(equations in Table E4, Appendix E). The simulated curves and all the isotherms parameters were 

summarized in Figure 4.2.9 and Table E8, E9 and E10, Appendix E. Figure 4.2.9 showed that the 

equilibrium adsorption capacity (qe) of Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS 

and Fe3O4@SiO2/-CRG/GPTMS particles increased with the initial concentrations (C0) of CIP. 

Based on fitting indicators, the two-parameter isotherm model that best fits the experimental data for 

all systems is the Langmuir isotherm. However, the coefficient of determination (R2) values obtained 

for the Langmuir adsorption isotherm model were relatively low, ranging from 0.965 to 0.889, 

indicating poor data fitting. Furthermore, the Langmuir model failed in predicting the maximum 

adsorption capacity (qmax) of the sorbent. The experimental qmax value of Fe3O4@SiO2/-

CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles was 878.3, 

969.3 and 865.1 mg/g, respectively, while the Langmuir model predicted a value of 2014.4, 2802.7 

and 2764.7 mg/g, respectively. Thus, the Langmuir isotherm model overestimated the maximum 

adsorption capacity of the particles, and consequently it is not suitable to predict the experimental 

data.  

The adsorption capacity for CIP was higher than many other sorbents [10], which suggested 

that the magnetic hybrid particles synthesized in this study had a broad spectrum of adsorption 

performance for CIP. Overall, the Sips and Dubinin–Radushkevich isotherms are the models that 

provide higher R2 (> 0.990), thus being the models that best describe the experimental isotherm data 

for the particles. The Sips isotherm combines the Langmuir and Freundlich isotherm models [71], 

while Dubinin–Radushkevich isotherm is applied to deduce the heterogeneity of the apparent 

adsorption energy on the adsorption site [72]. As the mean free energy expresses the energy for 

taking out a molecule from its location in the adsorption space to the infinity, the Dubinin–

Radushkevich isotherm model was usually valuable to distinguish the physical and chemical 

adsorption of metal ions and pesticide ions  [73–75] with its mean free energy, E (kJ/mol) per 

molecule of adsorbate can be determined by the Equation (4.2.3), where KDR is the Dubinin-

Radushkevich constant. 

𝐸 =
1

√2𝐾𝐷𝑅
                                                           (4.2.3) 
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Figure 4.2.9. Isotherm data for the equilibrium adsorption of ciprofloxacin (CIP) on the a) 

Fe3O4@SiO2/-CRG/GPTMS, b) Fe3O4@SiO2/-CRG/GPTMS and c) Fe3O4@SiO2/-

CRG/GPTMS particles, and model fitting with Langmuir, Freundlich, Sips and Dubinin-

Radushkevich isotherm models (initial concentration of CIP ranging from 40 to 1100 mg/L, at pH= 

5, equilibrium contact time of 24 h). 

a) 

b) 

c) 
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When the adsorption energy E is less than 8 kJ/mol, it is indicative of physisorption (physical 

attachment of CIP molecule to the particles’ surface); if E is between 8 and 16 kJ/mol, the process is 

dominated by chemical ion-exchange mechanism and if the value of E is greater than 16 kJ/mol the 

process is dominated by chemical particle diffusion [26,76]. The value of E obtained in this work is 

15.2, 10.9 and 10.7 kJ/mol for Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and 

Fe3O4@SiO2/-CRG/GPTMS particles, respectively. These E values for CIP adsorption on the 

sorbents indicate that the chemical ion-exchange mechanism is prevalent, similar to previous studies 

for CIP adsorption on other materials [26,77]. These results suggest that in the adsorption process, 

protonated CIP molecules are exchanged with ester sulfate counterions in the polysaccharides -, - 

and λ-carrageenan.  

  

 

4.2.3.2.5. Regeneration and reusability 

From a practical point of view, the regeneration and reusability of the sorbents are important 

features to take into account for their technological application. Based on the mechanism analysis 

for the CIP adsorption process, the regeneration of Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-

CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles was performed by using KCl (1 M) 

[26,31,78]. Desorption of CIP from CIP-loaded particles was monitored by UV–VIS analysis of the 

supernatant solution (Figure E8, Appendix E). The CIP concentration in the supernatant decreased 

with the increasing number of rinsing steps, and no CIP was detected in the supernatant of the last 

rinsing. This indicates that K+ ions promoted the desorption of CIP from the magnetic hybrid 

particles. The adsorption-desorption cycles were repeated four times. As shown in Figure 4.2.10, the 

recycled particles have maintained their ability toward ciprofloxacin removal in all recycling steps. 

For all the particles, the adsorption capacity decreased less than 10 % after the first desorption step. 

At the 4th cycle, the adsorption capacity in Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-

CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles decreased nearly 15%, 19% and 13% 

relative to the initial adsorption capacity. The results further confirm that electrostatic interaction 

was the key driving force for CIP uptake. The regeneration experiments demonstrated that the as-

designed magnetic hybrid particles possess acceptable reusability.  
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Figure 4.2.10. The ratio between the adsorption capacity (q) of ciprofloxacin and the adsorption 

capacity after first use (q1) for Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and 

Fe3O4@SiO2/-CRG/GPTMS particles in four consecutive adsorption/desorption cycles (CIP 

concentration of 100 mg/L, at pH= 5 and contact time of 24 h). 

 

 

4.2.3.2.6. Removal of ciprofloxacin from wastewater samples 

Generally, a large number of inorganic salts and organic matter (e.g., humic acids) exist in 

the water ecosystem. In order to preliminary assess the performance of the magnetic hybrid sorbents 

for CIP present in a more complex matrix, a wastewater sample was spiked with 5 mg/L of CIP, and 

the pH was adjusted to 5. Figure 4.2.11 shows the percentage removal of CIP from ultra-pure water 

and wastewater samples. For all the magnetic hybrid particles, the percentage removal of CIP from 

wastewater was lower than in ultra-pure water. However, by increasing the sorbent dose from 0.5 to 

5.0 mg/mL, the removal of CIP also increased in ultra-pure water and wastewater, which is an 

indication that the magnetic hybrid sorbents are still viable in these conditions. The decrease of CIP 

removal in real wastewater is expected and might be due to interference of natural organic matter 

and ions present in wastewater that compete with CIP for getting adsorbed. The UV-VIS spectrum 

of the raw wastewater showed a maximum absorbance of 0.261 at 273 nm (Figure E9, Appendix E), 

that indicates the presence of different organic compounds in real wastewater. Furthermore, the 

reduction of the maximum absorbance of real wastewater over treatment with Fe3O4@SiO2/-

CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles (Figure 

E10, Appendix E) confirmed the removal of CIP. Similar effects were observed when CIP was 

removed from river water using cellulose nanofibers and γ-Al2O3 nanoparticles [79,80]. 
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Figure 4.2.11. Removal efficiency of CIP from a) ultra-pure water and b) wastewater spiked with 

CIP (5 mg/L, at pH= 5 for 24 h) using several sorbent doses (0.5, 1.0, 2.5 and 5.0 mg/mL) of 

Fe3O4@SiO2/-CRG/GPTMS, Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS 

particles. 

 

 

4.2.4. Conclusions 

           In the present work, magnetic hybrid nanosorbents of κ-, - and λ-carrageenan were 

successfully prepared using a facile one-step method for the surface modification of magnetite 

nanoparticles. The resulting magnetic particles removed efficiently ciprofloxacin from ultra-pure 

water and wastewater samples. The maximum ciprofloxacin adsorption capacity of these magnetic 

sorbents was found to be superior to 865 mg/g in ultra-pure water, placing this material among one 

of the best magnetic systems for the removal of this pharmaceutical from water. It is suggested that 

the improved efficiency obtained is related to the high affinity of sulfonate groups from κ-, - and λ-

carrageenan, used here as surface modifiers, to ciprofloxacin molecules, along with reduced 

nanoparticle dimensions and high surface-to-volume ratio. The magnetic sorbents exhibited a good 

a) 

b) 
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recycling performance up to 4 cycles, providing evidence for the cost-effectiveness of the method. 

The removal efficiency of CIP from wastewater was lower than in ultra-pure water. However, the 

results also show that increasing the sorbent dosage, the removal efficiency also increases for both 

systems (ultra-pure water and wastewater), suggesting that after several sequential adsorption 

treatments, it is possible to achieve a significant removal of CIP from real water. Overall, the results 

obtained here allow us to anticipate that the proposed sorbents have an excellent potential for 

removing ciprofloxacin in environmental water samples.  
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A versatile synthetic route towards gelatin-silica hybrids and 

magnetic composite colloidal nanoparticles 

 

 

 

 

 

Abstract 

Herein, a versatile synthetic route for the preparation of nearly monodispersed spherical gelatin-silica 

hybrid nanoparticles was reported. These hybrids have been synthesized by means of a non-emulsion 

sol-gel method involving the base-catalyzed hydrolysis and condensation of gelatin modified with 

different functional coupling agents. The method is effective for preparing hybrids of both gelatin 

type A and B, and the alkoxysilane coupling agents 3-isocyanatopropyl triethoxysilane (ICPTES) 

and 3-glycidoxypropyltrimethoxysilane (GPTMS). The ensuing gelatin-silica hybrid nanoparticles 

are spherical and uniform in morphology, with average sizes between 100 and 120 nm. The ICPTES 

seems to be more adequate to produce uniform nanospheres with narrow size distribution regardless 

of the type of gelatin, while the use of GPTMS increases the roughness of the particles’ surface. The 

hybrids are thermosensitive in the temperature range 25 – 70 °C, undergoing reversible volume 

transitions in response to thermal stimuli, which is of great relevance for biomedical applications 

such as thermally controlled drug-delivery systems. The synthetic approach was successfully 

employed to coat magnetic iron oxide nanoparticles with thin shells of few nanometers of hybrid 

composition to obtain hybrid nanoparticles with magnetic features. As a proof of concept, the 

magnetic hybrid particles were tested for the magnetically assisted removal of the antibiotics 

ciprofloxacin (CIP), tetracycline (TC) and sulfamethoxazole (SMX) from aqueous solutions. It was 

found that these hybrids showed a higher affinity to remove CIP from water, when compared to TC 

and SMX. However, the adsorptive performance of the magnetic hybrids towards these antibiotics 

was low compared with other sorbents reported in the literature. 

  

 

 

 

Keywords: gelatin; silica hybrids; magnetic particles; thermoresponsive materials; water treatment; 

adsorption; antibiotics. 
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5.1.1. Introduction  

Hybrid materials are of great interest due to their remarkable properties and multifunctional 

nature arising from their organic and inorganic components, which can provide versatile platforms 

for several applications [1–3]. The diverse range of hybrid materials compositions and properties are 

ascribed, in part, to the intimate mixing of organic and inorganic phases and interactions at the 

nanoscale that in certain cases are promoted by covalent bonds between both components [4]. Among 

these materials, polymer-based silica hybrids are recognized as promising materials due to their 

unique properties with high potential for several applications [5–7]. These materials synergistically 

combine the reactivity of the polymer functional groups and the structural robustness of the inorganic 

moiety [8]. Additionally, the inorganic phase can modify the mechanical and thermal properties of 

the polymer matrix and vice versa [9,10]. 

The sol-gel process and adapted methods have been used extensively to prepare polymer-

silica hybrid materials [9,11]. Typically, the process involves hydrolysis and condensation reactions 

of silicon alkoxide precursors in the presence of the polymers [9,10,12]. Nevertheless, due to the low 

compatibility between polymers and common silica precursors, the formation of hybrid materials is 

usually trickier. The polymer-silica hybrids obtained can be heterogeneous and without well-defined 

particle morphology, constraining the potential application of these materials [10,13,14]. Functional 

alkoxysilane coupling agents are essential to obtain homogeneous hybrids by improving the 

interaction between the components at the interfacial level [15]. The silane coupling agents 

(X(CH2)nSiR3) have two distinct functional groups. The hydrolyzable alcoxy groups (R) undergo 

hydrolysis and subsequent bonding to the inorganic component [16–20]. The organic functional 

group (X) is selected for reactivity or compatibility with the organic component. In particular, silane 

coupling agents bearing isocyanate and epoxide functionalities are of interest for preparing polymer-

based hybrids because these functional groups react with groups (e.g., hydroxyl, amine) that are 

abundant in the backbone of several polymers to form covalent bonds. 

The use of biopolymers as the organic component of hybrid materials has experienced 

remarkable growth due to their attractive properties such as biocompatibility, biodegradability, low 

cost, and availability [21,22]. Gelatin is a natural biopolymer protein with desirable properties such 

as adhesiveness, plasticity, good biocompatibility and low cost [23]. Gelatin is obtained either by 

partial acid (gelatin type A) or alkaline hydrolysis (gelatin type B) of animal collagen found in skins, 

cartilage, bones, and tendons [24]. The chemical structure of gelatin is described by a linear sequence 

of amino acids in which the predominant are glycine (Gly), proline (Pro) and hydroxyproline (Hyp) 

[23]. The abundance of functional groups, such as amine and carboxylic acid groups, offers an 

advantage for chemical modification and preparation of novel materials. Furthermore, gelatin 

originates thermosensitive hydrogels due to the coil-helix conformational transition of gelatin chains 
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[25]. Thermosensitive polymeric materials are of utmost interest for several applications such as 

smart bioactive surfaces, drug delivery, tissue engineering, selective bio-separation systems and 

enzyme recycling [26,27]. However, gelatin presents several drawbacks due to its swelling 

performance, mechanical and low thermal properties [28]. These could be overpassed by reinforcing 

gelatin with inorganic materials, such as silica or magnetic nanoparticles, to improve the mechanical 

strength, permeability, thermal and chemical stability of the final materials [29,30]. For example, 

magnetic particles in hybrid systems can bring magnetic features that allow magnetically assisted 

separation that is advantageous in several applications, such as drug delivery, biomedical 

applications and water treatment [31–36]. Water is a vital constituent of the ecosystem on the Earth 

and an essential component of life. The quality of our water resources is deteriorating day by day 

due to the continuous addition of undesirable chemicals in them. Among various water pollutants, 

traces of pharmaceutical compounds in water are hazardous [35,36]. These pollutants are very 

harmful as some can disturb enzymatic, hormonal and genetic systems of human beings [37]. 

Therefore, removing these pharmaceuticals in water is crucial and essential before supplying water 

to the community. 

Gelatin-silica nanocomposites have been mostly prepared in the form of fibers, coatings, 

monoliths and microspheres using the sol-gel method [11,38–42] and combinations thereof, such as 

thermally induced phase separation [43], electrospinning [44], solution blow spinning [45] and 

emulsification [46]. However, the preparation of gelatin-silica hybrids using methods involving no 

surfactants have been much less investigated [41,47]. The present work reported a new synthetic 

route for preparing gelatin-silica hybrid nanoparticles with spheroidal morphology and uniform 

particle size, using a non-emulsion sol-gel based method. The effect of the type of gelatin and silane 

coupling agent on the size, composition and thermoresponsive behavior of the hybrid particles was 

investigated. The strategy was used to coat Fe3O4 nanoparticles to obtain gelatin-silica hybrid 

core@shell nanoparticles with magnetic features. Furthermore, the potential application of the 

magnetic gelatin-silica hybrid nanoparticles as magnetic nanosorbents for the removal of 

pharmaceutical pollutants from water through preliminary adsorption tests was explored. 

 

 

5.1.2. Experimental details 

 

5.1.2.1. Chemicals 

All commercially available chemicals employed here were of reagent grade and were used 

without further purification. Gelatin from porcine skin, Gel-A (type A), and gelatin from bovine skin, 
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Gel-B (type B), were obtained from Sigma-Aldrich. Potassium hydroxide (KOH, >86%) was 

purchased from LabChem. 3-isocyanatopropyl triethoxysilane ((C2H5O)3Si(CH2)3NCO, ICPTES, 

95%), 3-(Glycidyloxypropyl)trimethoxysilane ((CH3O)3Si(CH2)3OCH2-CHCH2O, GPTMS, >98%), 

tetraethyl orthosilicate (Si(OC2H5)4, TEOS, >99%), ferrous sulfate heptahydrate (FeSO4·7H2O, 

>99%) and potassium nitrate (KNO3, >99%) were purchased from Sigma–Aldrich. Ethanol 

(CH3CH2OH, >99%) and N, N – Dimethylformamide (HCON(CH3)2, >99%) were obtained from 

Carlo Erba Reagents. Ammonia solution (25% NH3) and methanol (CH3OH) (>99%) were purchased 

from VWR. Ultra-pure water used was produced using a Milli-Q system with a 0.22 µm filter 

(Synergy equipment, Millipore). Ciprofloxacin hydrochloride monohydrate 

(C17H18FN3O3·HCl·H2O, 99.0%) and tetracycline hydrochloride (C22H24N2O8·HCl, 95%) were 

purchased from Sigma-Aldrich. Sulfamethoxazole (C10H11N3O3S) was obtained from Fluka Chemie.  

 

 

5.1.2.2. Functionalization of gelatin with alkoxysilanes 

Two different types of gelatin (Gel-A and Gel-B) were functionalized with two alkoxysilane 

coupling agents, 3-Isocyanatopropyltriethoxysilane (ICPTES) and 3-(glycidoxypropyl) 

trimethoxysilane (GPTMS), following a procedure that was previously reported for other 

biopolymers [8,13,48]. Briefly, Gel-A/ICPTES, Gel-B/ICPTES, Gel-A/GPTMS and Gel-B/GPTMS 

(hereafter generally designated as precursors) were obtained by reaction of dry gelatin (Gel-A or Gel-

B, 1 g), dry dimethylformamide (13 mL), and the alkoxysilane coupling agent ICPTES (5.2 mmol) 

or GPTMS (5.2 mmol). The reactions were performed at 100 °C (373 K), under an inert atmosphere 

of dry nitrogen (N2) and left under constant stirring (400 rpm) for 24 h. After cooling at room 

temperature, all the precursors were washed several times with dry methanol and dry ethanol. Finally, 

the volatiles were removed under a dynamic vacuum to yield four different solid samples. 

 

 

5.1.2.3. Synthesis of gelatin-silica hybrid nanoparticles 

The precursors Gel-A/ICPTES, Gel-B/ICPTES, Gel-A/GPTMS and Gel-B/GPTMS were 

used to prepare the hybrid nanoparticles SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, SiO2/Gel-

A/GPTMS and SiO2/Gel-B/GPTMS, respectively. A mixture of the precursor (0.3 g) and TEOS 

(0.406 mL) was added to an Erlenmeyer flask containing deionized water (0.9 mL), ethanol (8.5 mL) 

and ammonia solution (0.15 mL), under constant stirring (300 rpm), for 24 h at room temperature. 

The resulting hybrid nanoparticles were washed five times with deionized water and one time with 

dry ethanol, followed by centrifugation. Finally, the solvents were evaporated, and the four different 
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gelatin-silica hybrid nanoparticles were obtained. For comparative purposes, SiO2 particles were 

prepared using the same methodology but in the absence of the precursor.  

 

 

5.1.2.4. Synthesis of magnetic hybrid core@shell nanoparticles 

The synthesis of magnetic hybrid nanoparticles (Fe3O4@SiO2/Gel-A/ICPTES, 

Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and Fe3O4@SiO2/Gel-B/GPTMS) is 

divided into two distinct steps [49]. In the first step, the synthesis of the magnetic core (Fe3O4) was 

performed by alkaline hydrolysis of FeSO4·7H2O under an inert atmosphere of N2 [50]. The second 

step consists of the magnetic core encapsulation in amorphous siliceous shells by alkaline hydrolysis 

and condensation of a mixture of TEOS and the precursor obtained in section 5.1.2.2. Gel-A/ICPTES, 

Gel-B/ICPTES, Gel-A/GPTMS and Gel-B/GPTMS were used as precursors to prepare 

Fe3O4@SiO2/Gel-A/ICPTES, Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and 

Fe3O4@SiO2/Gel-B/GPTMS, respectively. For this procedure, an ethanol suspension (38 mL) of 

Fe3O4 nanoparticles (40 mg) was prepared for sonication (500 Watt Ultrasonic Processor, Sonics, 

Vibra-Cell) and kept immersed in an ice bath to prevent overheating caused by the sonication. After 

10 min, the ammonia solution (2.4 mL), a mixture of TEOS (0.406 mL) and the precursor (0.3 g) 

were slowly added to the solution, which was left for 2 h under sonication. The resulting magnetic 

hybrid nanoparticles were collected magnetically using a NdFeB magnet, and washed thoroughly 

with ethanol. Finally, the particles were left to dry by solvent evaporation and storage properly.  

 

 

5.1.2.5. Thermosensitivity studies 

To investigate the thermosensitivity of the gelatin-silica hybrids the average hydrodynamic 

diameter of the non-magnetic materials was measured at variable temperature, using dynamic light 

scattering (DLS) technique. The samples for DLS were prepared by adding 1 mg of the particles to 

2 mL of ultra-pure water, 24 h before the measurements to ensure the maximum homogeneity of the 

suspensions. Before the DLS analysis, the suspensions were sonicated in an ultrasonic bath for 10 

min. The measurements were performed firstly at 25 ºC, and then the temperature was increased 

consecutively to 30, 35, 40, 50, 60 and 70 ºC. Afterwards, the temperature was decreased, and DLS 

measurements were performed at the same temperature values in descending order. The average 

hydrodynamic diameter of the particles considered was the Z-average (nm) values obtained with the 

Zetasizer software (version 7.11). The results presented in this study represent the average values 

from three measurements for each temperature consisting of 50 individual runs. 
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5.1.2.6. Preliminary adsorption tests 

Preliminary batch adsorption tests were performed to investigate the suitability of the 

magnetic hybrid core@shell nanoparticles for removing three pharmaceutical pollutants from water: 

ciprofloxacin (CIP), tetracycline (TC) and sulfamethoxazole (SMX). Stock solutions of CIP, TC and 

SMX were prepared by dissolving an appropriate amount of the compound in ultra-pure water and 

stirring overnight in dark conditions at 30 ºC. The aqueous solutions of each pharmaceutical were 

freshly prepared before each experiment. Precisely weighted amounts of magnetic hybrids were 

added to a CIP, TC and SMX aqueous solution of known concentration (50 mg/L) at pH= 5 on glass 

vials and shaken for 24 h using a vertical rotator at a constant rotation speed (30 rpm), under 

isothermal conditions (25.0 ± 1.0 °C). The sorbent dosage tested was 0.5 mg/mL. Aliquots were 

collected for analysis, and the magnetic hybrids were separated magnetically using a NdFeB magnet. 

The efficiency in removing CIP, TC and SMX was assessed by measuring the amount of each 

pharmaceutical that remained in the solution after being in contact with the magnetic particles. The 

concentration of CIP, TC and SMX in the supernatant was determined spectrophotometrically by 

monitoring the absorbance at 273, 361 and 265 nm, respectively, in a UV-VIS (ultraviolet-visible) 

spectrophotometer. The calibration curves were given by the best data fit by a linear least square 

equation of the plot of the absorbance against concentration (Figure F1, Appendix F). The calibration 

curves were used to convert the absorbance into concentration, for all analyzed samples. The removal 

capacity (R, expressed in %) was calculated using equation (5.1.1),  

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                                           (5.1.1) 

where C0 (mg/L) is the initial CIP, TC and SMX concentration and Ct (mg/L) is the CIP, TC and 

SMX concentration at time t in solution. The adsorption capacity at time t (qt, mg/g) was estimated 

from the mass balance between C0 and Ct in solution, as displayed by equation (5.1.2),  

𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                                             (5.1.2) 

where V (L) is the total volume of solution and m (g), is the dry weight of the magnetic hybrids. 

 

 

5.1.2.7. Instrumentation 

The 13C CP (cross-polarization)/MAS (magic-angle spinning) NMR (nuclear magnetic 

resonance) and 29Si MAS/CP MAS NMR spectra were recorded on a Bruker Avance III 400 MHz 

(9.4 T) spectrometer at 79.49 and 100.61 MHz, respectively. 29Si MAS NMR spectra were recorded 

with 4.5 μs 1H 90° pulses, a recycle delay of 60 s, and at a spinning rate of 5 kHz. 13C CP/MAS NMR 

spectra were recorded with 3.65 μs 1H 90° pulses, 1.5 ms contact time, a recycle delay of 5 s, and a 
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spinning rate of 9 kHz. Chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). The 

specific surface area of the particles was assessed by nitrogen sorption measurements performed with 

a Gemini V2.0 Micromeritics instrument and calculated using Brunauer–Emmett–Teller (BET) 

isotherm. The pore volume was evaluated from the adsorption branch using the Barret–Joyner–

Halenda (BJH) method. The elemental analysis of carbon, nitrogen, hydrogen and sulfur was 

obtained using a Leco Truspec-Micro CHNS 630-200-200 equipment. Fourier transform infrared 

(FTIR) spectra of the particles were measured in the solid state. The spectra of the materials were 

collected using a Bruker Optics Tensor 27 spectrometer coupled to a horizontal attenuated total 

reflectance (ATR) cell, using 256 scans at a resolution of 4 cm-1. The morphology and size of the 

particles were analyzed by transmission electron microscopy (TEM), using a Hitachi H-9000 TEM 

microscope operating at 300 kV and by scanning electron microscopy (SEM) using a Hitachi SU-70 

instrument operated at 15 kV. For TEM, a drop of a diluted suspension of the particles in ethanol 

was placed onto the surface of a copper grid with a lacey amorphous carbon film (Agar Scientific) 

and left to dry in air. The dried grids were kept in a vacuum box till being examined under the TEM 

microscope. Samples for SEM analysis were prepared by placing an aliquot of a dilute suspension 

of particles in ethanol over a glass slide glued to the sample holder using double-sided carbon tape, 

and then coating the sample by carbon sputtering. Thermogravimetric analysis (TGA) was performed 

using TGA 50 Shimadzu equipment. Samples were heated from 25 ºC to 900 ºC at 10 ºC/min, in air. 

Zeta potential measurements assessed the surface charge of the particles through electrophoretic light 

scattering performed using a Zetasizer Nano ZS instrument equipped with a HeNe laser operating at 

633 nm and a scattering detector at 173°, from Malvern Instruments. The measurements were 

performed in aqueous suspensions of the particles using a disposable folded capillary cell. Dynamic 

Light Scattering (DLS) measurements were carried out on a Zetasizer Nano ZS instrument, equipped 

with the same laser mentioned before (wavelength 633 nm) as a light source, as a function of 

temperature. DLS measurements were performed in aqueous solutions of the particles. At each DLS 

measurement, the samples were equilibrated for 120s, and the temperature increment was 2 ºC/min. 

Three measurements consisting of 50 consecutive runs of a duration of 10 seconds were performed 

for each sample at a specific temperature. Atomic force microscopy (AFM) measurements were 

performed in a combined Raman-AFM-SNOM (scanning near-field optical microscopy) confocal 

microscope WITec alpha300 RAS+ (WITec, Ulm, Germany), in tapping mode [AC (alternating 

current)-AFM] and were carried out using a tip-cantilever silicon reflex-coated with a spring constant 

of k = 42 N/m and 285 kHz of resonance frequency. The scanning image was 2 m x 2 m (512 

points per line x 512 lines per image) with a scan speed of 1s/line (the same retrace speed). For AFM, 

a drop of the obtained diluted ethanol suspensions of the particles was placed onto the surface of a 

cover glass size 22 mm x 22 mm and left to dry in air. The concentration of pharmaceuticals in 
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aqueous solutions was determined spectrophotometrically using quartz cells in a GBC Cintra-303 

UV-VIS spectrophotometer. 

 

 

5.1.3. Results and Discussion 

 

5.1.3.1. Characterization of gelatin-silica hybrid nanoparticles 

Gelatin-silica hybrid nanoparticles were synthesized through the hydrolytic co-condensation 

of a mixture of the precursors (modified gelatin) obtained from two different types of gelatin (Gel-A 

or Gel-B) and two alkoxysilane coupling agents, 3-Isocyanatopropyltriethoxysilane (ICPTES) or 3-

(glycidoxypropyl) trimethoxysilane (GPTMS), and the silica precursor (TEOS). In the preparation 

of the precursors (Gel-A/ICPTES, Gel-B/ICPTES, Gel-A/GPTMS, Gel-B/GPTMS), the hydroxyl, 

carboxylic and amine groups of gelatin react with the isocyanate and epoxide groups of ICPTES and 

GPTMS, respectively (Figure F2, Appendix F). Then a mixture of the precursor and TEOS 

underwent ammonia catalyzed hydrolytic condensation in an alcoholic medium to generate four 

distinct gelatin-silica hybrids (SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, SiO2/Gel-A/GPTMS and 

SiO2/Gel-B/GPTMS). The chemical identity of these materials was firstly assessed by ATR-FTIR 

spectroscopy (Figure 5.1.1). The FTIR spectra of ICPTES and GPTMS were presented in Figure F3 

(Appendix F) for comparison purposes. In the case of GPTMS (Figure F3, Appendix F), the bands 

at 1460, 1229 and 820 cm-1 are attributed to the –CH2, epoxy ring stretching and Si–C, respectively 

[51]. The strong bands at 1188 and 1075 cm−1 correspond to the vibration of CH2 in epoxide ring and 

propyl chains, respectively [52]. Also, the band at 1075 cm-1 is due to the stretching vibration of 

methoxy groups directly bonded to silicon atom (Si–O–CH3) [53–55]. The bands ascribed to the 

epoxide ring were not observed after reaction with gelatin which indicates ring-opening [56]. Also, 

the absence of the vibrational band typical of isocyanate groups at approximately 2274 cm–1 (Figure 

F3, Appendix F) indicates that all NCO groups have reacted with gelatin under the conditions 

employed. The FTIR spectra of gelatin A and gelatin B (Figure 5.1.1), showed vibration bands at 

3283 cm−1 for N–H stretching coupled with hydrogen bonding, 3086 cm−1 for alkenyl C–H stretching, 

2963 cm−1 for CH2 asymmetrical stretching, 1632 cm−1 for C=O stretching/hydrogen bonding 

coupled with COO− stretching, 1533 cm−1 for N–H bending coupled with CN stretching, 1449 cm−1 

for CH2 bending, 1233 cm−1 for NH bending, and 1080 cm−1 for C–O stretching [52,57,58]. In the 

spectra of the precursors prepared with ICPTES (Figure 5.1.1a), the occurrence of a new vibrational 

band typical of urethane groups suggests the formation of covalent linkages between isocyanate from 

ICPTES and hydroxyl groups of Gel-A and Gel-B. Thus, in the Gel-A/ICPTES and Gel-B/ICPTES 
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spectra, a new band appears at 1715 cm−1 (hydrogen-bonded C=O in urethane) [8,14,48]. The 

formation of urea and amide linkages due to the reaction of ICPTES with other nucleophilic groups 

of gelatin is likely to occur. However, this could not be confirmed by FTIR analysis because the 

respective IR bands are overlapped by gelatin vibrational bands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1.  ATR-FTIR spectra of precursors and gelatin-silica hybrids prepared with a) ICPTES 

and b) GPTMS.  

 

 

In the case of the precursors prepared with the coupling agent GPTMS (Figure 5.1.1b), the 

bands at 1085-1031 cm−1 are ascribed to Si–O–C indicating the presence of GPTMS in the precursor 

[52]. In the spectra of the gelatin-silica hybrids (Figure 5.1.1b), the band at 951 cm-1 can be ascribed 

to the asymmetric stretching mode of Si–O–Et and Si–O–Me [8,14]. The asymmetric Si–O–Si 

stretching and O–Si–O deformation modes of amorphous SiO2 are located respectively at 1055 cm−1 
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and 439-434 cm−1, which is in agreement with the formation of a siliceous network in the hybrid 

particles [8].  

Elemental microanalysis confirmed that SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, 

SiO2/Gel-A/GPTMS and SiO2/Gel-B/GPTMS materials contain a substantial amount of carbon (ca. 

30-36%) and nitrogen (ca. 9-11%), consistent with the presence of gelatin in the final siliceous hybrid 

materials (Table 5.1.1). N2 sorption/desorption isotherms allowed the characterization of the specific 

surface area (SBET) and pore volume (Vp) of these materials (Table 5.1.1).  

 

 

Table 5.1.1. Compositional and morphological properties of gelatin materials: elemental analysis, 

particle diameter, BET surface area and pore volume. 

Sample C (%)a H (%)a N (%)a D (nm)b 
SBET 

(m2/g)c
 

Vp 

(cm3/g)c 

Gelatin A 39.4 5.5 15.1 - - - 

Gelatin B 43.1 5.7 15.7 - - - 

Gel-A/ICPTES 32.8 4.8 11.3 - - - 

Gel-B/ICPTES 39.5 5.4 13.9 - - - 

Gel-A/GPTMS 44.3 5.8 12.4 - - - 

Gel-B/GPTMS 43.6 5.6 12.8 - - - 

SiO2/Gel-A/ICPTES 30.5 4.6 10.6 100 ± 10 7.1 0.035 

SiO2/Gel-B/ICPTES 33.8 4.9 11.5 120 ± 15 2.7 0.006 

SiO2/Gel-A/GPTMS 34.7 4.8 9.9 115 ± 22 7.5 0.015 

SiO2/Gel-B/GPTMS 36.0 4.9 10.8 109 ± 20 7.1 0.030 
a
 Carbon, hydrogen and nitrogen content measured by elemental microanalysis; 

b Particle diameter assessed by 

SEM; 
c BET surface area (SBET) and pore volume (Vp) assessed by N2 sorption. 

 

 

The morphological characteristics of the gelatin-silica hybrid nanoparticles were 

investigated by SEM analysis. The gelatin hybrid particles prepared using ICPTES (SiO2/Gel-

A/ICPTES and SiO2/Gel-B/ICPTES, Figure 5.1.2a and b, respectively) are spherical and nearly-

monodispersed, with an average particle size of 100 and 120 nm respectively, and show a smooth 

surface. The SEM images of these hybrid particles show a similar morphology to that observed for 

amorphous SiO2 prepared in the same conditions but in the absence of the precursors (Figure F4, 

Appendix F). In the case of the hybrids prepared with GPTMS (Figure 5.1.2c and d), the SEM images 

revealed that the particles have a less defined spherical shape, with an average particle size of 115 

nm (SiO2/Gel-A/GPTMS) and 109 nm (SiO2/Gel-B/GPTMS). Noteworthy, the alkoxysilane 

coupling agent GPTMS has a significant effect on the surface texture of the SiO2 particles by 

changing their smoothness and leading to granular surfaces. A similar effect was reported for gelatin 

hybrid nanoparticles prepared with GPTMS using a distinct synthesis route [47]. Hence, these 
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observations indicate that the ICPTES is more adequate to produce morphological uniform hybrid 

SiO2 spheres, while the GPTMS promotes rough particles’ surfaces.  

 

Figure 5.1.2.  SEM images of non-magnetic gelatin bio-hybrids: a) SiO2/Gel-A/ICPTES, b) 

SiO2/Gel-B/ICPTES, c) SiO2/Gel-A/GPTMS and d) SiO2/Gel-B/GPTMS. 

 

 

Solid-state NMR spectra were examined to clarify the structure and chemical composition 

of the gelatin-silica hybrids. Figures 5.1.3a and b display the 13C cross-polarization (CP)/magic-angle 

spinning (MAS) NMR spectra for gelatin A, B and the respective silica hybrids. Assignment of 

resonances of amino acid residues of gelatin were made based on 13C chemical shifts for amino acids 

reported in the literature [59,60], and the corresponding chemical shift assignments are listed in Table 

F1, Appendix F. The broad resonances between δ= 16–70 ppm and δ= 156–180 ppm have been 

attributed to the carbons atoms of gelatin [60]. As shown in Figure 5.1.3a and b, the most intense 

peak between δ= 16-70 ppm is assigned to glycine (Gly) at 42.7 ppm, that is the most abundant amino 

acid in gelatin [61]. Also, the resonances of proline (Pro), glutamic acid (Glu), alanine (Ala), and 

hydroxyproline (Hyp) can be assigned, as shown in Table F1 (Appendix F) [59,60]. In the 13C spectra 

of gelatin A and B, the small peaks observed at 120–140 ppm are assigned to aromatic carbons, and 

the peak at δ= 156.8 ppm is ascribed to arginine (Arg) [60]. The carbonyl region from 163 to 184 



Chapter 5.1 
______________________________________________________________________________________ 

245 

 

ppm show peaks of the carbonyl and carboxylic carbons of amino acid residues of gelatin. Compared 

to that of unmodified gelatin, the spectra of the hybrids synthesized using ICPTES (Figure 5.1.3a) 

show new signals at δ= 159.7 and 9.7 ppm. The peak at δ= 159.7 ppm ascribed to the Ca (Figure 

5.1.3c), is assigned to the carbon in urethane and urea groups [8,62,63] formed by the reaction of 

isocyanate from ICPTES with gelatin functional groups, and confirms the covalent linkage between 

gelatin and the siliceous network in the hybrid particles. The peak at δ= 9.7 ppm is ascribed to the 

Cd carbon atom of the Si–bonded propyl chain (Figure 5.1.3c) [8,64]. The resonances assigned to Cb 

(δ= 42.7 ppm) and Cc (24.4 ppm) carbons atoms of the Si–bonded propyl chain are overlapped with 

the carbons ascribed to Gly and Hyp/Glu amino acids of unmodified gelatin, respectively. The 

spectra of the hybrids synthesized using GPTMS (Figure 5.1.3b), show new signals at δ= 73.5, 51.8 

and 8.7 ppm. The peaks at δ= 73.5 and 8.7 ppm are ascribed to the Cd’ and Cf’ carbon atoms of the 

Si–bonded methoxy chain from GPTMS (Figure 5.1.3c) [65]. Furthermore, the peak at δ= 51.8 ppm 

(Cb’) that is assigned to the carbon atom of hydroxyl group of GPTMS confirms that the epoxide ring 

opens upon reaction with the nucleophilic groups of the gelatin [65,66]. Based on these results, we 

could not identify the nucleophilic groups of gelatin that preferentially react with the epoxide ring. 

For example, the formation of carboxylic esters due to the reaction with carboxylic acid groups is 

expected to originate a signal that overlaps the resonance peak of the gelatin amide carbons [67]. The 

resonances ascribed to Ce’ (δ= 24.5 ppm), Ca’ (δ= 68.5 ppm) and Cc’ (δ= 70.4 ppm) carbons atoms of 

the Si–bonded methoxy chain from GPTMS are overlapped with some of the resonances of the 

carbons ascribed to the amino acids of gelatin. All the 13C NMR peaks typical of gelatin have also 

been observed in the 13C NMR spectra of SiO2/Gel-A/ICPTES, SiO2/gel-B/ICPTES, SiO2/Gel-

A/GPTMS and SiO2/gel-B/GPTMS hybrid particles. The number of free hydroxyl and carboxylic 

acid groups that are present in gelatin are much less compared to the free amine groups, and for this 

reason, it can be assumed that the reaction occurs between amine and isocyanate groups of gelatin 

and ICPTES, respectively, leading to urea linkages [68]. Hence, the epoxide ring on the GPTMS 

reacts mostly with the amine groups of gelatin [56]. 
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Figure 5.1.3. a) 13C CP/MAS NMR spectra of gelatin A, gelatin B, SiO2/Gel-A/ICPTES, SiO2/Gel-

B/ICPTES; b) 13C CP/MAS NMR spectra of gelatin A, gelatin B, SiO2/Gel-A/GPTMS and SiO2/Gel-

B/GPTMS; and c) schematic representation of the covalent bond formed between ICPTES or 

GPTMS with primary amine groups of arginine from gelatin (* reactive target sites for isocyanate 

and epoxide groups). For simplicity, the two silane coupling agents appear in the same molecule of 

gelatin.  
 

 

The 29Si MAS NMR and 29Si CP/MAS NMR spectra of the gelatin-silica hybrid are shown 

in Figures 5.1.4a and b, respectively. The schematic representation of the hybrids showing the 

labelling of Si sites according to NMR spectroscopy notation are shown in Figure 5.1.4c. For 

comparison purposes, the NMR spectrum of SiO2 particles prepared using the same methodology but 

in the absence of the precursors were also included. The silicon sites are labelled according to the 

usual NMR spectroscopy notation: Qn represents Si atoms quaternary oxygen linked, that is, bond to 

(4 – n) OH groups [69,70]. The chemical shifts ranging from -90.6 ppm to -111.5 ppm in SiO2 were 

assigned to geminated silanols Q2 (Si(OSi)2(OH)2), isolated silanols Q3 (Si(OSi)3(OH)) and siloxane 

bridges Q4 (Si(OSi)4), respectively, in accordance with the literature [70]. The fraction of silanol 
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groups [(Q2 + Q3)/Q4] calculated from the 29Si MAS NMR spectra was 0.50 in SiO2 particles and 

decreased to 0.48, 0.41, 0.47 and 0.43 in the SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, SiO2/Gel-

A/GPTMS and SiO2/Gel-B/GPTMS hybrids, respectively (Table F2, Appendix F). The decrease in 

the number of silanol groups provides evidence for the covalent bonding of precursors on the surface 

of the gelatin-silica hybrid materials. The 29Si MAS NMR spectra (Figure 5.1.4a) show that the Q3 

and Q4 structures are the dominant Q species in all hybrids, with the almost absence of Q2 species 

detected, implying a highly condensed silica network [71]. Furthermore, the 29Si CP/MAS NMR 

spectra of the hybrids (Figure 5.1.4b) clearly show three resonances at δ= -49.1 -58.8 and -66.1 ppm, 

which compared with literature values [72] can be ascribed to the silicon sites in T1, T2 and T3, in 

which n corresponds to the number of –Si–O bonds linked to Si site in Tn. Hence, T1, T2, and T3 

represent the Si sites in RSi(OSi)(OH)2, RSi(OSi)2OH, and RSi(OSi)3, respectively [R = ICPTES–

gelatin or GPTMS–gelatin] and further confirm the covalent bonding of both types of gelatin to the 

siliceous network. Moreover, the absence of T0 species indicates that the silica portion of the hybrids 

underwent a high degree of condensation. Therefore, the above NMR spectra demonstrates that 

ICPTES and GPTMS were successfully used to promote covalent bonding between the organic 

gelatin molecules and the inorganic silicate network.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.4. a) 29Si MAS NMR spectra and b) 29Si CP/MAS NMR spectra of SiO2 and SiO2/Gel-

A/ICPTES, SiO2/Gel-B/ICPTES, SiO2/Gel-A/GPTMS and SiO2/Gel-B/GPTMS; and c) Schematic 

representation of the gelatin-silica hybrid nanoparticle showing the labelling of Si sites according to 

NMR spectroscopy notation. 
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Atomic force microscopy (AFM) was used in tapping mode to assess the roughness [73] of 

the film formed by the agglomerate of the gelatin-silica hybrid nanoparticles following deposition 

and drying on glass slides. The 3D AFM topography images are shown in Figure 5.1.5. The average 

surface roughness values Rms (root mean square) for the hybrid particles are shown in Table F3 

(Appendix F). The Rms values for GPTMS based hybrids were between 37 and 52 nm, while for the 

hybrids prepared with ICPTES, Rms values were lower, between 32 and 35 nm. These results show 

that the self-organized layer of GPTMS based hybrid nanoparticles has a rougher surface than the 

layer formed with ICPTES based hybrid particles. A cross-section was recorded to verify the size of 

the hybrid nanoparticles (Figure F5, Appendix F), and the size distribution was 98  3 nm, 115  18 

nm, 121  19 nm and 101  19 nm for SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, SiO2/Gel-

A/GPTMS and SiO2/Gel-B/GPTMS particles, respectively. These values agree with the diameter 

values obtained by the SEM images (Figure 5.1.2). 

Figure 5.1.5. AFM 3D topography images (2 m x 2 m) of a) SiO2/Gel-A/ICPTES, b) SiO2/Gel-

B/ICPTES, c) SiO2/Gel-A/GPTMS and d) SiO2/Gel-B/GPTMS particles. 

 

 

5.1.3.2. Temperature response of gelatin-silica hybrid nanoparticles 

            It is expectable temperature-induced volume variation for gelatin-silica hybrids because 

gelatin is a thermosensitive polymer. DLS measurements (Figure 5.1.6) were used to assess the 

hydrodynamic diameter (Dh) of gelatin-silica hybrid nanoparticles dispersed in ultra-pure water when 
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subjected to heating and cooling cycles, ranging between 25 ºC – 70 ºC and reverse. For all samples 

tested, the average hydrodynamic diameter increased by increasing the temperature, and decreased 

when the temperature dropped from 70 ºC to 25 ºC. This means that all the hybrids reported in this 

research display temperature-responsive behavior. Also, the polydispersity index increased with 

temperature (Table F4, Appendix F). Overall, the Dh values at the heating cycle were higher than 

when decreasing the temperature, leading to a hysteresis loop. The hysteresis was more marked for 

hybrid particles prepared from gelatin B. In contrast, the hybrids SiO2/Gel-A/ICPTES did not present 

hysteresis. Importantly, no marked differences were observed in the size and morphology of the dried 

hybrid particles after the heating-cooling cycles, regardless the hybrid composition and the 

temperature to which they were subjected (Table F5 and Figure F6, Appendix F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.6. Average hydrodynamic diameter (nm) assessed by dynamic light scattering (DLS) as 

a function of increasing (closed symbols) and decreasing (open symbols) temperature between 25º 

to 70 ºC for the non-magnetic gelatin-silica hybrid nanoparticles dispersed in ultra-pure water. The 

error bars indicate the standard deviation between three measurements.  
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            The changes of the hydrodynamic diameters measured by DLS can be attributed to the 

swelling of the gelatin-silica hybrid nanoparticles with increased temperature, as reported for distinct 

chemically crosslinked gelatin nanoparticles [74]. When temperature increases, gelatin chains can 

uncoil in water by the formation of flexible, random single coils. Owing to the chemical crosslinking 

with the silane coupling agents, the dissolution of the gelatin is inhibited and the polymer network 

swells. Upon cooling, hydrogen bonding and Van der Waals interactions occur, and gelatin chains 

tend to recover the collagen triple helices that act as junction zones and trigger the sol-gel transition 

[75]. At higher temperature, in the heating stage, it is expectable that some non-crosslinked free 

gelatin chains can dissolve and escape. This could explain why, for a specific temperature, the Dh 

values were lower at the cooling stage. Similar behavior was reported for gelatin nanoparticles 

crosslinked with glutaraldehyde [74]. 

 

 

5.1.3.3. Magnetic hybrid core@shell nanoparticles 

The procedure above was adapted for coating magnetic iron oxide nanoparticles with silica 

shells of hybrid composition. The magnetic hybrids (Fe3O4@SiO2/Gel-A/ICPTES, 

Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and Fe3O4@SiO2/Gel-B/GPTMS) were 

prepared through the encapsulation of magnetic cores, with siliceous shells containing gelatin 

covalently grafted to the network. The magnetic cores were composed of magnetite (Fe3O4) 

synthesized by hydrolytic oxidation of Fe(II) in alkaline medium [50]. The XRD diffractogram of 

the synthesized Fe3O4 particles (Figure F7, Appendix F) matched the typical diffraction pattern of 

magnetite [76], confirming this iron oxide as the main crystalline phase of the particles. As previously 

reported, these spheroidal particles are ferrimagnetic and exhibit small magnetization hysteresis 

loops characterized by low coercivity and remanence, with a saturation magnetization of 83 emu/g 

[77,78]. The transmission electron microscopy (TEM) image of the Fe3O4 particles is shown in 

(Figure F8, Appendix F). The encapsulation of the Fe3O4 particles with gelatin-silica shells was then 

performed using a one-step procedure in the presence of ethanolic suspensions of magnetite 

nanoparticles, under sonication. The TEM images show spheroidal Fe3O4 particles with an average 

size of 56 ± 11 nm, homogeneously coated by amorphous shells (Figure 5.1.7). The thickness of the 

shells is 27 ± 3 nm for Fe3O4@SiO2/Gel-A/ICPTES, 23 ± 2 nm for Fe3O4@SiO2/Gel-B/ICPTES, 13 

± 1 nm for Fe3O4@SiO2/Gel-A/GPTMS and 29 ± 4 nm for Fe3O4@SiO2/Gel-B/GPTMS particles 

(Table 5.1.2). Furthermore, it was observed that shells with a smoother surface are obtained when 

ICPTES is involved, while rougher shells are formed when GPTMS is used. This result is in 

agreement with the SEM images (Figure 5.1.2) of the gelatin-silica hybrids.  
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Figure 5.1.7. TEM images of magnetic gelatin-silica hybrid nanoparticles: a) Fe3O4@SiO2/Gel-

A/ICPTES, b) Fe3O4@SiO2/Gel-B/ICPTES, c) Fe3O4@SiO2/Gel-A/GPTMS and d) 

Fe3O4@SiO2/Gel-B/GPTMS. 

 

 

The results of the elemental microanalysis of the magnetic hybrids are shown in Table 5.1.2. 

While bare Fe3O4 particles show negligible carbon and nitrogen amounts, the magnetic hybrids have 

a carbon content of 22–29 wt% and a substantial nitrogen amount (7-8 wt%), which confirms the 

presence of the organic (gelatin) coating in the final materials.  

The specific surface area (Table 5.1.2) of all the magnetic hybrids decreases from 34.4 m2/g 

in Fe3O4 to 7.1, 28.0, 12.7 and 6.9 m2/g in Fe3O4@SiO2/Gel-A/ICPTES, Fe3O4@SiO2/Gel-

B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and Fe3O4@SiO2/Gel-B/GPTMS, respectively. This is 

consistent with an increase in particle size due to the formation of the hybrid shell. The total porosity 

also decreased from 0.066 cm3g-1 in Fe3O4 to < 0.014 cm3g-1. The use of different coupling agents 

had no effect in the porosity volume of the magnetic hybrids that, overall, present low porosity. 
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Table 5.1.2. Compositional and morphological properties of magnetic hybrid nanoparticles: 

elemental analysis, particle diameter, BET surface area and pore volume. 

a
 Carbon, hydrogen and nitrogen content measured by elemental microanalysis; 

b Particle diameter assessed by 

SEM; 
c
 BET surface area (SBET) and pore volume (Vp) assessed by N2 sorption. 

 

 

FTIR spectroscopy of the magnetic gelatin-silica hybrid nanoparticles was performed to 

assess their chemical composition. As shown in Figure 5.1.8, the spectrum of Fe3O4 particles (Figure 

5.1.8a) showed a typical band at 523 cm-1 due to the stretching of Fe–O bond [50]. In the spectra of 

the magnetic hybrids (Figure 5.1.8b-e), a similar band is also present at higher wavenumbers (557–

568 cm-1) ascribed to magnetite. The prominent characteristic bands of gelatin were also observed: 

the C=O stretching for amide-I at 1632-1651 cm-1and the N–H deformation for the amide-II at 1528–

1538 cm-1 [58]. The silica-related bands are also clearly shown, including the Si–O–Si asymmetric 

stretching vibration at 1050-1055 cm-1, symmetric stretching of Si–O–Si at 793-798 cm-1 and O–Si–

O deformation mode of amorphous SiO2 at 434–439 cm-1 [8]. These FTIR results indicate that the 

magnetic hybrids have typical spectra of a magnetic siloxane-derived organic-inorganic hybrids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.8.  ATR-FTIR spectra of a) Fe3O4, b) Fe3O4@SiO2/Gel-A/ICPTES, c) Fe3O4@SiO2/Gel-

B/ICPTES, d) Fe3O4@SiO2/Gel-A/GPTMS and e) Fe3O4@SiO2/Gel-B/GPTMS particles.  

Sample 
C 

(%)
a
 

H 

(%)
a
 

N 

(%)
a
 

D (nm)
b
 SBET 

(m2/g)
c
 

Vp 

(cm3/g)c core shell 

Fe3O4 0.2 0.06 0.04 56 ± 11 - 34.4 0.066 

Fe3O4@SiO2/Gel-A/ICPTES 23.8 3.8 8.3 56 ± 11 27 ± 3 7.1 0.013 

Fe3O4@SiO2/Gel-B/ICPTES 22.9 3.4 8.1 56 ± 11 23 ± 2 28.0 0.014 

Fe3O4@SiO2/Gel-A/GPTMS 25.5 3.8 7.3 56 ± 11 13 ±1 12.7 0.014 

Fe3O4@SiO2/Gel-B/GPTMS 29.9 4.2 8.2 56 ± 11 29 ± 4 6.9 0.008 
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The thermogravimetric analysis (TGA) of gelatin A (Figure 5.1.9a) and B (Figure 5.1.9b), 

show three thermal steps of weight loss. The first one (40–150 ºC) with 12-14% weight loss, 

corresponds to release of adsorbed water [79]. A second weight loss occurred, 63% and 64% for 

gelatin A and gelatin B, respectively, and was caused by the decomposition of amino acids fragments 

of easy degradation, essentially proline [79]. The last stage occurs at temperatures above 400 ºC and 

is due to the elimination of amino acids of difficult degradation, mainly glycine [79,80]. At 850 °C, 

unmodified gelatin A and B lose about 98-99% of the total mass. 

The TGA curve of the SiO2/Gel-A/ICPTES and SiO2/Gel-B/ICPTES (Figure 5.1.9a and b) 

showed similar trends, where there is 48–49% weight loss from 250 °C to 600 °C, due to the 

degradation of the gelatin backbone. The last decomposition stage reaches a maximum at 850 °C 

with a 61% and 64% of total weight loss for SiO2/Gel-A/ICPTES and SiO2/Gel-B/ICPTES hybrids, 

respectively, which is in agreement with the presence of a siliceous component. The use of GPTMS 

instead of ICPTES seems to delay ( 20 ºC) the beginning of the second stage (270 ºC–500 ºC) of 

weight loss of the hybrids to higher temperatures. Moreover, at 900 ºC the hybrids SiO2/Gel-

A/GPTMS and SiO2/Gel-B/GPTMS showed a weight loss of 79% and 74%, respectively, indicating 

higher thermal decomposition than in the ICPTES-based hybrids. This result is in agreement with a 

high carbon content detected by elemental microanalysis (Table 5.1.1) in the GPTMS hybrids. As 

expected, the incorporation of the siliceous network through the reaction of TEOS and the coupling 

agents, resulted in a considerable improvement of the thermal stability of the gelatin-silica hybrids 

in comparison with unmodified gelatin. 

Regarding the magnetic materials, the TGA curves (Figure 5.1.9a and b) show that the 

incorporation of a Fe3O4 core increases the starting temperature of the second stage of weight loss 

when compared to the non-magnetic hybrids. Although there are studies reporting a catalytic role for 

magnetite in the thermal decomposition of polymers [81,82], our results are in agreement with other 

works describing an enhancement of the polymer thermal stability owing to the incorporation of 

magnetite nanoparticles [83,84]. The distinct effect of the magnetite nanoparticles on the thermal 

decomposition of polymers in nanocomposites evidences the complexity of the subjacent 

mechanism. For comparison purposes, TGA curve of bare magnetite is included in Figure F9 

(Appendix F) and shows that the weight loss at 900 ºC is less than 1%, demonstrating the thermal 

stability of bare Fe3O4. In general, the weight losses in the magnetic gelatin-silica hybrids are lower 

than in the non-magnetic components due to the contribution of the Fe3O4 core. Also, TGA curves 

indicate that less water has been adsorbed in the magnetic hybrids.  
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Figure 5.1.9. Thermogravimetric (TGA) curves of a) gelatin A, SiO2/Gel-A/ICPTES, SiO2/Gel-

A/GPTMS, Fe3O4@SiO2/Gel-A/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and b) gelatin B, SiO2/Gel-

B/ICPTES, SiO2/Gel-B/GPTMS, Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-B/GPTMS, 

performed in nitrogen atmosphere at heating rate of 20 ºC/min. 
 

 

5.1.3.4. Surface charge of non-magnetic and magnetic gelatin-silica hybrid 

nanoparticles 

The surface charge of the non-magnetic and magnetic gelatin-silica hybrids was assessed 

through zeta potential measurements (Figure 5.1.10). Zeta potential is an important index to foresee 

the colloidal stability of the gelatin-hybrid nanoparticles and predict possible interactions with the 

surrounding environment. Gelatin is an amphoteric protein, meaning that it has both positive and 

negative charges in the polymer chains, depending on the pH of the solution. Gelatin type A and type 

B differ on the type of treatment used to extract it from collagen, via acid and basic hydrolysis, 
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respectively [85]. The isoelectric point (IEP) of gelatin A is higher than that of gelatin B, because a 

milder acidic medium does not remove the amide nitrogen of glutamine and asparagine amino acids; 

therefore, the resulting gelatin’s IEP might be as high as 9.4 [23]. Nevertheless, an alkaline treatment 

can hydrolyse glutamine and asparagine to glutamate and aspartate, respectively. As such, the 

alkaline process results in the loss of amide groups, and gelatin B has a greater content in carboxylic 

acid groups, making it negatively charged and lowering its IEP to 4.5-6.0 [86]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.10.  Zeta potential values (mV) of a) SiO2/Gel-A/ICPTES, SiO2/Gel-B/ICPTES, 

SiO2/Gel-A/GPTMS and SiO2/Gel-B/GPTMS particles; and b) Fe3O4, Fe3O4@SiO2/Gel-A/ICPTES, 

Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and Fe3O4@SiO2/Gel-B/GPTMS 

particles, for distinct pH values from 2 to 9. 
 

 

           The reaction of the amine and carboxylic groups of gelatin with the silane coupling agents has 

a marked effect on the IEP of the resulting materials. The gelatin-silica hybrid nanoparticles 

displayed positive charge only in very strong acidic conditions (pH < 2–3) with zeta potential values 
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ranging from +31.5 to +6.5 mV, and negative charge at pH > 3–3.5 with zeta potential values ranging 

from -2.7 to -29.8 mV (Figure 5.1.10a). The IEP of the gelatin-silica hybrids was 2.6–3.2 for the 

hybrids prepared using gelatin A and 3.6–3.7 for the hybrids prepared with gelatin B. Regarding the 

magnetic hybrids, the IEP of unmodified Fe3O4 nanoparticles (Figure 5.1.10b) was 4.9 and shifted 

towards lower values in the magnetic hybrids prepared using gelatin A (pH ~ 2) and gelatin B (pH ~ 

3.5), which is in line with the results obtained for the non-magnetic gelatin hybrids (Figure 5.1.10a). 

Furthermore, at pH between 5 and 8, the magnetic hybrids show markedly negative zeta potential 

values (-24.6 to -44.4 mV) that are indicative of colloidal stability in these conditions. 

 

 

5.1.3.5. Adsorption performance towards pharmaceutical pollutants in water  

The magnetic gelatin-silica hybrid nanoparticles were tested as nanosorbents for the removal 

of pharmaceutical pollutants from water. Selected pharmaceuticals were three antibiotics: 

ciprofloxacin (CIP), tetracycline (TC) and sulfamethoxazole (SMX), which are antibiotics often 

detected in surface waters. Preliminary batch adsorption tests were conducted for long contact time 

(24 h) to ensure the equilibrium between the particles and the aqueous medium, at pH= 5. Figure 

5.1.11 shows the results of the adsorption capacity (qt, mg/g) of the magnetic gelatin-silica hybrid 

nanoparticles. In a first attempted, the hybrids were tested in the removal of CIP (50 mg/L) from 

ultra-pure water. As shown in Figure 5.1.11a, the magnetic hybrids prepared using ICPTES showed 

better adsorption capacity and removal efficiency (15.4/19.5 mg/g and 20.7/22.9% for gelatin A and 

B based materials, respectively) than the magnetic hybrids prepared with GPTMS (4.5/5.8 mg/g and 

2.7/4.7%). As shown in Figure 5.1.10b, at pH= 5 the Fe3O4@SiO2/Gel-A/ICPTES and 

Fe3O4@SiO2/Gel-B/ICPTES have a more negative surface charge (-39.3 and -34.1 mV, 

respectively), when compared to Fe3O4@SiO2/Gel-A/GPTMS and Fe3O4@SiO2/Gel-B/GPTMS (-

28.3 and -25.8 mV, respectively). At pH= 5 CIP is mainly in the cationic form due to protonation of 

the amine groups and can be attracted electrostatically by the negatively charged surface of the 

magnetic gelatin-silica hybrids. Regarding these results, the magnetic systems with a better 

performance were selected to test the removal of other pharmaceutical pollutants. In this sense, the 

Fe3O4@SiO2/Gel-A/ICPTES and Fe3O4@SiO2/Gel-B/ICPTES particles were used for the uptake of 

TC and SMX from ultra-pure water (Figure 5.1.11b). For the three antibiotics tested, the adsorptive 

performance followed the trend Fe3O4@SiO2/Gel-B/ICPTES > Fe3O4@SiO2/Gel-A/ICPTES. 

Moreover, the Fe3O4@SiO2/Gel-A/ICPTES and Fe3O4@SiO2/Gel-B/ICPTES particles showed a 

higher affinity to remove CIP, followed by TC and SMX. These results could be explained by the 

differences between the pKa of the antibiotics.  
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Figure 5.1.11. a) Adsorption capacity of ciprofloxacin (50 mg/L, pH= 5, contact time: 24 h) using 

Fe3O4@SiO2/Gel-A/ICPTES, Fe3O4@SiO2/Gel-B/ICPTES, Fe3O4@SiO2/Gel-A/GPTMS and 

Fe3O4@SiO2/Gel-B/GPTMS particles; b) Adsorption capacity of ciprofloxacin, tetracycline and 

sulfamethoxazole (50 mg/L, pH= 5, contact time: 24 h) using Fe3O4@SiO2/Gel-A/ICPTES and 

Fe3O4@SiO2/Gel-B/ICPTES particles. 

             

 

Ciprofloxacin has amphoteric properties and exists mainly in three different forms: at low 

pH in cation form, at a pH between the pKa1= 5.9 (carboxylic acid group) and pKa2= 8.9 (secondary 

amine group) predominantly in zwitterion form, and at high pH in anion form (Figure 5.1.12) [87]. 

Tetracycline has three chemically distinct functional groups: tricarbonyl (pKa1= 3.3), phenolic 

diketone (pKa2= 7.7) and dimethylamine cation (pKa3= 9.7) (Figure 5.1.12) [88]. At pH below 3.3, 

TC exists as a cation due to the protonation of dimethylammonium group. At pH between pH 3.3 

and 7.7, TC exists as a zwitterion, due to the loss of a proton from the phenolic diketone moiety. At 

pH greater than 7.7, a monovalent anion, or a divalent anion, from the loss of protons from the 

tricarbonyl system and phenolic diketone moiety will prevail [89,90]. Thus, at pH= 5 TC is in the 

zwitterion form. Sulfamethoxazole is an amphoteric compound, which exists mainly in three 
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different forms due to the protonation of the aromatic amine (pKa1= 1.7) and the deprotonation of 

sulfonamide group (pKa2= 5.7) (Figure 5.1.12) [91]. At pH= 5, CIP is mainly in the cationic form, 

TC is in the zwitterion form, and SMX neutral species are dominant. Thus, CIP can be attracted 

electrostatically by the negatively charged surface of the magnetic hybrid particles. These results 

indicate that, in the conditions investigated here, the magnetic gelatin-silica hybrid nanoparticles 

prepared with gelatin B and ICPTES have superior adsorption capacity towards CIP, TC and SMX, 

when compared to the other magnetic hybrids. However, the adsorptive performance of this magnetic 

material towards these pharmaceuticals is low when compared with other sorbents reported in the 

literature [92].  

 

Figure 5.1.12. Molecular structure and pH-dependent speciation of the antibiotics a) ciprofloxacin, 

b) tetracycline and c) sulfamethoxazole (Adapted from [78,91,93]). 
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5.1.4. Conclusions 

Gelatin-silica hybrid nanoparticles ( 100 nm) with a spherical shape and nearly 

monodispersed were synthesized using both gelatin types A and B. The synthetic strategy reported 

here does not require surfactants as templates, which is a great advantage for producing silica based 

hybrids. The prepared hybrids demonstrated the reversible volume phase transition to thermal stimuli 

and may offer a promising tool as a stimuli-responsive drug carrier. The application of the method 

in the surface modification of Fe3O4 nanoparticles with gelatin hybrid siliceous shells is also 

described. The magnetic gelatin-silica hybrid nanoparticles were tested in the removal of three 

antibiotics frequently detected in water resources. The results indicated that the adsorptive 

performance of the magnetic hybrids towards the antibiotics ciprofloxacin, tetracycline and 

sulfamethoxazole was low compared with other sorbents reported in the literature.  The resulting 

magnetic hybrids can undergo magnetically assisted separation that is advantageous in several 

applications. The various functionalities identified in the hybrid materials described in this work 

allow us to put in perspective the future application of thermosensitive colloids with magnetic and 

swelling reversible behavior. Moreover, a deeper understanding of the mechanisms underlying such 

behavior will allow to explore not only the colloids but also collective properties that might result 

from the assembly of the particles onto solid materials.  
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On the efficient removal, regeneration and reuse of quaternary 

chitosan magnetite nanosorbents for glyphosate herbicide in 

water 

 

 

 

 

 

Abstract 

In this study, magnetic nanosorbents consisting of magnetite (Fe3O4) cores coated with trimethyl 

chitosan (TMC)-silica hybrid shells were synthesized using a one-step coating procedure, and their 

application in the adsorptive removal of glyphosate (GLY) from artificial (ultra-pure) and real water 

(wastewater) samples was investigated. In synthetic laboratory samples, the magnetic nanosorbents 

decreased realistic environmental concentrations of GLY to values that are below the maximum 

permissible value (0.1 g/L) defined by the European Directive of Drinking Water. In spiked 

wastewater samples, the nanosorbents at a dose of 2.5 mg/mL removed 76.8% of the GLY (initial 

concentration of 3.0 g/L), demonstrating the potential application of these nanosorbents in aqueous 

matrices of complex nature. The adsorption performance towards GLY was assessed by varying the 

operational conditions in ultra-pure water, including initial GLY concentration, pH, contact time and 

sorbent dose. The magnetic nanosorbent showed fast adsorption of GLY, with the maximum 

adsorption being reached within 60 min contact time attaining a maximum of 97 % removal for the 

GLY concentrations tested. The kinetic data were consistent with the pseudo-first order model. The 

equilibrium sorption data was better described by Sips model. The magnetic nanosorbents could be 

reused after regeneration and the removal of GLY remained above 80% after 4 adsorption-desorption 

cycles. These results indicate that assisted magnetic water remediation using recyclable TMC 

surface-modified nanosorbents is an efficient process for eliminating of glyphosate from ultra-pure 

water and real wastewater to meet water quality standards. 

 

 

 

 

Keywords: glyphosate; trimethyl chitosan; magnetic nanosorbents; adsorption; water quality 

standards.
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6.1.1. Introduction  

           Glyphosate, GLY, is an organophosphorus herbicide commonly used for agricultural and non-

agriculture purposes. The extensive and misuse of herbicide formulations has resulted in the 

environmental accumulation and contamination of water resources [1–4]. Although the toxicological 

impact of glyphosate is still not clear, there has been a great concern due to adverse effects on the 

environment and humans via water and soil contamination [5–9]. Indeed, the European Union 

approved its use just until December 2022, subject to further evaluations [10]. Glyphosate 

contamination of waters has been detected, and procedures are required for its efficient removal. 

Although the permitted drinking water levels for glyphosate are not established, the European Union 

limits to 0.1 μg/L for any herbicide [11,12]. It is quite challenging to reach these levels in wastewater 

treatment plants (WWTPs) using conventional sorbents because they are not efficient in the removal 

of this pollutant. For example, a study reported recently showed that the relative contribution of 

WWTP effluents for the GLY concentration in the river Meuse (The Netherlands) is above 29 % 

[13]. Several treatment techniques have been reported for the efficient removal of GLY from water, 

including biological treatments [14], advanced oxidation processes [15], membrane separation [16] 

and adsorption [17]. Among these methods, adsorption is a promising technique for the removal of 

pollutants due to the advantages of simplicity of design, convenience in use, high separation 

efficiency, economy and flexibility [18,19]. However, there are no highly effective and low-cost 

sorbents to remove GLY from water, which makes this research topic of paramount relevance. 

Several other materials have been investigated for the adsorption of glyphosate from contaminated 

waters [20–22]. The interactions at the interfaces between the surface of the solid sorbent and the 

components of the water system govern the performance of the adsorption process [23]. The surface 

modification with polymers with chemical moieties envisaging interaction with target species offer 

great design flexibility [23]. In particular, the use of sorbents based on polysaccharides extracted 

from renewable resources has been investigated as a cost-effective option due to their availability, 

low-cost of production, and their adsorption properties owing to the abundance of functional groups 

in their backbone [24–26].  

          Chitosan is a polysaccharide derived from the deacetylation of chitin which is the most 

abundant natural polymer after cellulose. Due to the presence of both amino and hydroxyl groups, 

chitosan can easily interact with target organic pollutants, in water remediation applications [27,28]. 

Also, these groups allow further chemical modification to achieve high adsorption capacity [29,30]. 

In this sense, chitosan derivatives used as sorbents have attracted considerable attention in recent 

years [31–36]. For example, N,N,N-trimethylchitosan (TMC) is one of the most important chitosan 

derivatives, with a positive charge on its backbone, which is appealing for adsorption of anionic 

water pollutants [37–40]. TMC has been little explored in the development of sorbents for water 



Chapter 6.1 
______________________________________________________________________________________ 

270 

 

treatment applications, and the number of studies reported in this field is scarce [39–41], which 

highlights the novelty of this work. On the other hand, TMC is highly soluble in water, making it 

difficult to separate from the liquid environment via conventional separation methods, including 

filtration and centrifugation, after pollutant adsorption. This limitation can be overcome by coupling 

to TMC magnetic cores, which provides several advantages to the final material for water treatment 

processes [42,43]. Nanosized magnetic cores offer exceptional features such as large surface area 

and magnetic response-ability that allow effective separation and easy collection of sorbents from 

aqueous media by applying an external magnetic field. The magnetic separation can be done using 

relatively low magnetic fields, which provides a cost-effective and attractive process [44,45]. 

Magnetite (Fe3O4) nanoparticles have been widely utilized in the preparation of sorbents 

[29,30,41,46]. Besides convenient magnetic properties, Fe3O4 nanoparticles are of facile preparation 

and present low toxicity and price [47,48]. 

          In this study, magnetic nanosorbents consisting of magnetite (Fe3O4) cores coated with TMC-

silica hybrid shells are synthesized, and their application in the uptake of glyphosate from water was 

investigated. Furthermore, the surface modification of Fe3O4 nanoparticles with TMC limits their 

oxidation, extending the shelf-life, and providing quaternary ammonium moieties that enhance the 

adsorptive performance [49]. It is worth mentioning that the majority of the studies in the literature 

regarding the adsorption of glyphosate from water, were carried out using synthetic aqueous 

solutions with concentrations at ppm levels, which are much higher than the typical concentrations 

of glyphosate found in real effluents [20–22,50]. This happens because glyphosate analysis at low 

levels in environmental water samples is not a trivial task due to its zwitterionic behavior, low 

volatility, and the absence of chromophore groups, that could improve the detection [51]. Currently, 

liquid chromatography (LC) coupled with tandem mass spectrometry (LC-MS/MS) is considered the 

most suitable technique for the analysis of glyphosate because it is highly selective and sensitive 

[52,53]. There is the need to study the performance of the sorbents in the removal of GLY in 

conditions more similar to those found in the real effluents, which is one of the aims of our work. 

Herein, we have investigated the capability of the TMC-based magnetic nanosorbents to decrease 

the glyphosate concentration in water at industrial and environmental realistic conditions (ppb 

levels). The quantification of glyphosate in water was monitored by using LC-MS/MS. Several 

adsorption parameters were investigated, and the suitability of different kinetic models and 

adsorption equilibrium models were assessed. The regeneration and reuse of the nanosorbents were 

also evaluated.  
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6.1.2. Experimental details 

 

6.1.2.1. Chemicals 

Glyphosate (C3H8NO5P, >98%), potassium nitrate (KNO3, >99%), tetraethyl orthosilicate 

(TEOS, Si(OC2H5)4, >99%), and (3-isocyanatopropyl)triethoxysilane (ICPTES, 

(C2H5O)3Si(CH2)3NCO, 95%) were obtained from Sigma–Aldrich. Ethanol (CH3CH2OH, >99%) and 

ferrous sulfate heptahydrate (FeSO4.7H2O, >99%) were supplied by Panreac. N,N–

Dimethylformamide (HCON(CH3)2) was purchased from Carlo Erba Reagents, and potassium 

hydroxide (KOH, >86%) was purchased from Pronolab. Trimethyl chitosan (TMC) was acquired 

from Henan Tianfu Chemical Co., Ltd (China). The degree of quaternization of TMC was 15.3%. 

Methanol (CH3OH, >99%) and ammonia solution (NH4OH, 25%) were purchased from VWR. Ultra-

pure water used was produced using a Milli-Q system with a 0.22 µm filter (Synergy equipment, 

Millipore).  

 

 

6.1.2.2. Synthesis of trimethyl chitosan magnetic nanosorbents 

The TMC magnetic nanosorbents were prepared using a two-step approach. Firstly, the 

synthesis of the magnetic core (magnetite - Fe3O4) was performed by oxidative hydrolysis of 

FeSO4.7H2O in alkaline medium [54]. Then, the encapsulation of Fe3O4 involved the hydrolysis and 

condensation of a mixture of a silica precursor, TEOS, and a silicon alkoxide derivative of trimethyl 

chitosan (SiTMC). The silicon alkoxide derivative was obtained by reaction of the trimethyl chitosan 

with the silane coupling agent ICPTES following a procedure previously reported by us [41,55]. 

Briefly, the trimethyl chitosan (1 g) was dried at 40 ºC, and the reaction with ICPTES (1.3 mL) was 

performed using dry dimethylformamide (13 mL) as the solvent. The reaction was carried out under 

dry nitrogen (N2) atmosphere, kept under stirring for 24 h at 100 °C (373 K), to prevent the hydrolysis 

of ICPTES. The reaction was monitored by FTIR spectroscopy and was considered complete when 

the diagnosis band of the isocyanate groups at 2274 cm−1 was no longer observed. After cooling 

down at room temperature, the collected powders were washed thoroughly with dry methanol and 

dry ethanol. The volatiles remaining in the sample were eliminated under a dynamic vacuum to obtain 

pure trimethyl chitosan-derivative Si alkoxide (SiTMC). For the encapsulation of the magnetic core, 

a mixture of ethanol (38 mL) and magnetite nanoparticles (40 mg) was sonicated (horn Sonics, 

Vibracell) and kept immersed in an ice bath to prevent overheating during sonication. Then, after 15 

min, a mixture of TEOS (0.406 mL), SiTMC (0.4 g) and ammonia (2.4 mL) was added to the reaction, 

and then the mixture was kept immersed in an ice bath, under sonication, over 2 h. The resulting 
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nanoparticles were separated magnetically from the solution using a NdFeB magnet and thoroughly 

washed with ethanol. Finally, the Fe3O4@SiO2/SiTMC nanoparticles were dried by solvent 

evaporation. For comparative studies envisaged in this study, Fe3O4 nanoparticles were 

functionalized with amorphous SiO2 shells using the Stöber method [54], which were then washed 

with deionized water and ethanol and left to dry. 

 

 

6.1.2.3. Adsorption experiments in ultra-pure water and wastewater 

              The performance of the magnetic nanosorbents to uptake glyphosate (GLY) from water was 

investigated, performing several batch adsorption experiments. GLY solutions were prepared daily 

by diluting the corresponding stock solution in ultra-pure water to the desired concentration. The pH 

of the solution was adjusted using 0.01 M HCl or 0.01 M NaOH solutions. The adsorption 

experiments were performed similarly using real wastewater samples. The wastewater was sampled 

from one of the Aveiro's sewage treatment plants, after secondary treatment, corresponding to the 

final effluent. The wastewater sample was filtered thoroughly through filter paper (0.45 μm) before 

analysis (results are shown in Table G1, Appendix G). The adsorption experiments were performed 

on glass vials. Accurately weighed amounts of the magnetic nanosorbents were added to a GLY 

solution of a specific concentration. The suspension was placed in a vertical rotator and shaken at a 

constant rotation (30 rpm), at 25.0 ± 2.0 °C. For monitoring GLY concentration, aliquots of solution 

were collected for analysis at pre-defined time intervals, followed by magnetic separation of 

nanosorbents. Glyphosate concentration in the supernatant was determined using liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), and the analysis was performed by a 

certified external laboratory (Eurofins Hydrologie Est, Maxéville, France). All the glyphosate 

solutions were stored overnight in a freezer (-4 °C), i.e., in dark conditions, before shipment to 

Eurofins. All the adsorption experiments were performed in duplicate to assure reproducibility.  

              The adsorption capacity at a particular time t, (qt, mg/g) was calculated using equation 

(6.1.1), where C0 and Ct (mg/L) are the GLY concentration in solution at time t= 0 and t, respectively, 

V (L) is the initial volume of solution and m (g), is the mass of the magnetic nanosorbent.  

𝑞𝑡 = (𝐶0 − 𝐶𝑡) ×
𝑉

𝑚
                                               (6.1.1) 

The results were also evaluated in terms of removal percentage (R) obtained using equation (6.1.2): 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100                                                    (6.1.2) 

Furthermore, control adsorption experiments were performed by running blank experiments without 

the magnetic nanosorbents. 
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6.1.2.3.1. Effect of pH and sorbent dosage 

Aiming to determine whether the pH was influencing the ability to remove GLY by the 

nanosorbents, GLY solutions (0.6 mg/L) with distinct pH values (5, 6, 7 and 8) were freshly prepared, 

and the sorption experiments were performed at a sorbent dosage of 0.5 mg/mL. The effect of sorbent 

dosage was investigated at pH= 5 for an initial GLY concentration of 0.3 mg/L at variable sorbent 

dosage (0.01, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0 and 8.0 mg/mL of Fe3O4@SiO2/SiTMC). The contact 

time was 3 h, that was enough to reach the sorption equilibrium. Afterwards, the magnetic 

nanosorbents were separated magnetically, and GLY concentration in the supernatant was assessed. 

 

 

6.1.2.3.2. Effect of contact time 

Aiming to assess the adsorption time profile, the kinetics of adsorption were investigated. 

Solutions with initial GLY concentrations of 0.07 and 0.3 mg/L were prepared by diluting the stock 

GLY solution, and the experiments were performed at an initial pH of 5. The sorbent dosage tested 

was 0.5 mg/mL and the experiment was run for 3 h. The amount of GLY adsorbed onto the magnetic 

nanosorbents (qt, mg/g) was determined using equation (6.1.1) and plotted against time (t, min). 

 

 

6.1.2.3.3. Equilibrium isotherms experiments 

The adsorption isotherms for the removal of GLY were carried out by varying the sorbent 

dosage using a fixed initial GLY concentration of 0.3 mg/L, at pH= 5. The sorbent dosages tested 

were 0.01, 0.05, 0.1, 0.25, 0.5, 1.0 and 2.5 mg/mL and the dispersions were shaken for 3 h. The 

amount of GLY adsorbed at equilibrium (qe, mg/g) was determined using equation (6.1.1) for Ct = 

Ce, where Ce (mg/L) is the concentration of GLY at equilibrium.  

 

 

6.1.2.3.4. Regeneration and reusability 

To further investigate the regeneration and reusability, the magnetic nanosorbents (0.5 

mg/mL dosage) were loaded with GLY (0.3 mg/L) for 3 h. The GLY-loaded magnetic nanosorbents 

were separated magnetically, washed three times with ethanol (20 mL) and twice with deionized 

water (20 mL), and dried. The regenerated nanosorbents were then reused in adsorption-desorption 

cycles, that were repeated four times. 
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6.1.2.4. Instrumentation  

The morphology and diameter of the particles were analyzed by transmission electron 

microscopy (TEM) carried out at 300 kV, in a Hitachi H-9000 microscope. Few micro-droplets of 

diluted suspensions of the particles in ethanol were placed on a copper grid coated with an amorphous 

carbon film and allow to dry before TEM analysis. The crystal phase of the magnetic core was 

identified by powder X-ray diffraction using a Rigaku Geigerflex Dmax-C diffractometer (Rigaku, 

Tokyo, Japan) equipped with Cu Kα (I = 1.540598 Å) radiation source. The data were acquired from 

10 to 65° (2θ) with a step size of 0.026° and 350 s step time. The coating of the magnetic core was 

verified using a Bruker Optics Tensor 27 Fourier transform infrared (FTIR) spectrometer coupled to 

a horizontal attenuated total reflectance (ATR) cell. The spectra collected were composed of 256 

scans at a resolution of 4 cm−1. Nitrogen physisorption measurements were performed to assess the 

specific surface area of the nanosorbents, with a Gemini V2.0 surface analyzer (Micromeritics 

Instrument Corp.) at -196 °C. Before the analysis, the samples were degassed at 80 °C under N2 flow 

overnight. The specific surface area was calculated from the N2 sorption data using the Brunauer-

Emmett-Teller (BET) isotherm equation. Elemental analysis of carbon, nitrogen and hydrogen was 

carried out using a Leco Truspec-Micro CHNS 630-200-200 instrument. Zeta potential 

measurements were performed in aqueous suspensions of the particles, using a Zetasizer Nano ZS 

equipment (Malvern Instruments), to determine the surface charge of the nanosorbents. The magnetic 

analyses were performed using the Quantum Design SQUID (superconducting quantum interference 

device) MPMS3, as a function of the applied magnetic field at 300 K. To estimate the Fe3O4 content 

of the nanosorbents, 2 mg of nanosorbents were digested in 6 mL of hydrochloride acid (37 %). Then, 

the resulted solutions were analysed using atomic absorption spectrophotometry (AAS) to assess the 

Fe content in a Perkin Elmer Analyst 100 apparatus. X-ray photoelectron spectroscopy (XPS) 

spectrums were acquired in an Ultra High Vacuum (UHV) system with a base pressure of 2x10–10 

mbar. The system is equipped with a hemispherical electron energy analyzer (SPECS Phoibos 150), 

a delay-line detector and a monochromatic AlKα (1486.74 eV) X-ray source. High-resolution spectra 

were recorded at normal emission take-off angle and with a pass-energy of 35 eV, which provides 

an overall instrumental peak broadening of 0.6 eV. The concentration of glyphosate was determined 

by liquid chromatography-tandem mass spectrometry (LC-MS/MS) with a limit of quantification of 

0.02 g/L by a certified external laboratory (Eurofins). 
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6.1.3. Results and Discussion 

 

6.1.3.1. Characterization of the nanosorbents 

We have recently described the synthesis of TMC functionalized magnetite nanoparticles 

(Fe3O4@SiO2/SiTMC) together with detailed characterization by Soares et al. [41] (sub-chapter 3.2). 

Briefly, these nanosorbents are composed by magnetite cores (Fe3O4) (Figure G1, XRD in Appendix 

G) with an average size of 56 ± 11 nm (Figure 6.1.1a) encapsulated within shells of a hybrid siliceous 

material enriched in TMC, with a thickness of 42 ± 3 nm (Figure 6.1.1b). For comparative purposes, 

silica-coated magnetite (Fe3O4@SiO2) particles are also shown in Figure 6.1.1c, as composed of 

spheroidal particles uniformly coated by a thin shell of 9 ± 1 nm. As expected, while the Fe3O4 cores 

and Fe3O4@SiO2 particles show insignificant carbon (< 0.2%) and nitrogen (< 0.1%) contents (Table 

G2, Appendix G), the Fe3O4@SiO2/SiTMC nanosorbents exhibit carbon and nitrogen content of 29.2 

% and 5.8 % that are ascribed to the TMC present in the siliceous shell. Also, the BET specific 

surface area decreased from 27.4 m2/g in Fe3O4 to 4.1 m2/g in Fe3O4@SiO2/SiTMC (Table G2, 

Appendix G), in agreement with the increase of the particle size after coating. ATR-FTIR 

spectroscopy was performed to confirm the chemical composition of the prepared materials (Figure 

6.1.1d). The FTIR spectrum of the magnetic core shows a broad and intense band located at 530 cm-

1, which is ascribed to the stretching vibration of Fe–O in the Fe3O4 lattice [54]. After coating, a new 

band appears at higher wavenumbers (560 cm-1) due to the formation of Fe–O–Si bond [56]. It is 

inferred that the siliceous shell is linked to the surface of Fe3O4 nanoparticles. The appearance of 

characteristic bands assigned to TMC and siliceous counterparts (Table 6.1.1), confirm the organic-

inorganic hybrid nature of the shell. The spectra of the precursor SiTMC and Fe3O4@SiO2/SiTMC 

nanoparticles exhibit bands that can be ascribed to C=O vibration in urethane and urea groups. These 

bonds are expected to be formed in the synthesis of SiTMC due to the reaction of TMC with ICPTES, 

as depicted in Figure G2a (Appendix G). The appearance of urethane and urea FTIR bands confirms 

that the TMC is covalently linked to the siloxane network (Figure G2b, Appendix G).  
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Figure 6.1.1. a) TEM images of Fe3O4, b) Fe3O4@SiO2/SiTMC and c) Fe3O4@SiO2 particles; d) 

ATR-FTIR spectra of TMC, SiTMC, Fe3O4, Fe3O4@SiO2/SiTMC and Fe3O4@SiO2 particles. 

 

 

 

Table 6.1.1. Selected vibrational bands of the materials investigated in this work and respective 

assignment [41,57,58]. 

: deformation vibration; ν: stretching vibration; νa: asymmetric stretching vibration; νs: symmetric stretching 

vibration; (vs): very strong; (s): strong; (m): medium; (vw): very weak. 

Assignment TMC SiTMC Fe3O4 Fe3O4@SiO2/SiTMC Fe3O4@SiO2 

(O–Si–O) - - - 441 (s) 436 (s) 

ν(Fe–O) - - 530 (vs) - - 

ν(Fe–O–Si) - - - 560 (vs) 559 (vs) 

νs(Si–O–Si) - - - 789 (m) 789 (m) 

C-O 1028 (vs) 1026 (vs) - - - 

νa(Si–O–Si) - - - 1046 (vs) 1046 (vs) 

C–O–C 1059 (vs) 1057 (vs) - 1046 (vs) 1046 (vs) 

N–CH3 1416 (vw) 1416 (vw) - - - 

N–H (amide II) 1523 (s) 1523 (s) - - - 

C=O (amide I) 1627 (s) 1637 (s) - - - 

C=O (urea) - 1523 (s) - 1555 (vw) - 

C=O (urethane) - 1637 (s) - 1639 (m) - 

ν(C–H) 2891 (m) 2880 (m) - 2873 (vw) - 

ν(O–H) 3316 (m) 3300 (m) - 3311 (m) - 
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Figure 6.1.2a shows that at the selecting working pH range (from 5 to 8) the surfaces of 

Fe3O4 and Fe3O4@SiO2 particles are negatively charged and, at pH= 5, the zeta potential is -3.8 and 

-19.2 mV, respectively. In contrast, the point of zero charge of Fe3O4@SiO2/SiTMC was around 5.8, 

and the surface of the particles was positively charged at pH= 5 (+13.1 mV). This result confirms 

that cationic trimethylammonium groups of TMC are present on the particles' surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.2. a) Zeta potential values (mV) of Fe3O4, Fe3O4@SiO2/SiTMC and Fe3O4@SiO2 

particles; b) Magnetization curves of Fe3O4 (Ms= 83 emu/g) and Fe3O4@SiO2/SiTMC (Ms= 82 

emu/gFe3O4) particles, as a function of the magnetic field measured at 300 K (the inset is an expanded 

view of the low-field region of magnetization). 

 

 

Both Fe3O4 and Fe3O4@SiO2/SiTMC particles show magnetic hysteresis (Figure 6.1.2b), as 

expected for ferrimagnetic magnetite nanoparticles with size over the blocking radius at 300K [59]. 

These particles exhibited small hysteresis loops characterized by low coercivity and remanence, as 

indicated by the expanded view of the low-field region of magnetization. The values of remanent 

b) 

a) 
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magnetization (Mr), saturation magnetization (Ms) and coercivity (Hc) are listed in Table G3, 

Appendix G. The saturation magnetization (Ms) for bare Fe3O4 was 83 emu/g, which is similar to 

values reported in the literature (90–92 emu/g) for spherical Fe3O4 nanoparticles of the same size (50 

nm) [60]. For coated particles, the value of Ms decreased to 10 emu/gsample what can be ascribed to 

the hybrid shell's mass contribution. Yet the Ms value of Fe3O4@SiO2/SiTMC sorbents was 

sufficiently high to make these particles suitable to be magnetically separated from the solution. 

Noteworthy, the Ms value of Fe3O4@SiO2/SiTMC particles normalized with respect to the Fe3O4 

content was 82 emu/gFe3O4, which is similar to the Ms value measured for bare Fe3O4 nanoparticles. 

This shows that the coating does not significantly degrade the magnetic properties of the magnetite 

core. 

 

 

6.1.3.2. Removal of glyphosate from water 

 

6.1.3.2.1. Effect of pH  

The effect of the pH of the solution is a crucial parameter in wastewater treatment to set the 

optimal experimental conditions for pollutant removal. The removal ability of the 

Fe3O4@SiO2/SiTMC nanosorbents for the uptake of GLY as a function of the pH is shown in Figure 

6.1.3. The influence of pH was performed in the range 5–8 for a contact time of 3 h. Increasing the 

pH from 5 to 8, the removal of glyphosate by Fe3O4@SiO2/SiTMC slightly decreased from 96.4 % 

to 86.2 %, in agreement with the variation of the surface charge, i.e., surfaces more positively charged 

adsorb more GLY. In an aqueous solution, GLY exists as a series of zwitterions and, as such, their 

relative abundance depends on solution pH, by considering the following dissociation constants pK1= 

2.0, pK2= 2.6, pK3= 5.6 and pK4= 10.6 (Figure 6.1.4) [61]. At pH < 5.6, GLY occurs mainly with 

two deprotonated hydroxyl groups in the carboxylate and phosphate moieties and one protonated 

amine group, while at pH > 5.6 the amine group is deprotonated. Thus, as the pH increased from 5 

to 8, the GLY molecules became more negatively charged and the surface of the 

Fe3O4@SiO2/SiTMC particles became less positively charged (Figure 6.1.2a), decreasing the 

electrostatic attraction that could contribute to adsorption. The highest value of GLY removal was 

achieved at pH= 5. Subsequently, the studies of kinetics and equilibrium sorption were performed at 

this pH value. Nevertheless, it should be noted that the nanosorbents have shown good removal 

percentages within the pH range 5–8 (Figure 6.1.3).  
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Figure 6.1.3. Effect of pH of the medium (from 5 to 8) on GLY adsorption by Fe3O4@SiO2/SiTMC 

(0.6 mg/L GLY, 3 h contact time). 

 

 

6.1.3.2.2. Adsorption mechanism  

 
Previous studies indicate that distinct types of interactions might contribute glyphosate 

adsorption on solid substrates, namely Van der Waals interactions, π–π interactions, hydrogen 

bonding and electrostatic interactions with the sorbent [62]. Glyphosate is a weak acid containing 

amine, carboxylate, and phosphonate functional groups in its structure [63]. As the pH decreases, the 

protonation of glyphosate (L3−) proceeds in one of the oxygen atoms of the phosphonate group 

(HL2−), followed by amine group nitrogen atom (H2L−), and finally in the oxygen atom of the 

carboxylate group (H3L) (Figure 6.1.4) [63]. When the pH increased from 5 to 8, the dominant GLY 

specie was HL2−. The surface of Fe3O4@SiO2/SiTMC was positively charged at pH= 5 and negatively 

charged at higher pH (Figure 6.1.2a). Thus, electrostatic interactions between the deprotonated forms 

of GLY and the –N+(CH3)3 groups of the TMC are more likely to occur at pH= 5, when nanosorbent 

surface is positively charged (Figure 6.1.5a). Nevertheless, since the removal of glyphosate was > 

85 % at pH= 8, this suggests that the adsorption mechanism may encompass other possibilities 

besides electrostatic interactions. In an attempt to go further insight into the mechanism of GLY 

adsorption, the sorbent particles were analysed by FTIR spectroscopy before and after adsorption at 

pH= 5 and 8 (initial GLY concentration of 50 ppm). However, the FTIR spectra showed minor 

differences (Figure 6.1.5b). At both pH values, small shifts to lower frequencies were observed in 

the ranges 1639–1627 cm-1 and 1046–1039 cm-1 that can be ascribed to contributions of carboxylate 

(νa C–O) and phosphonate (ν P–O) vibrations of the glyphosate molecules adsorbed [64,65]. 
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Figure 6.1.4. a) Molecular structures of glyphosate at different pH’s; b) speciation of glyphosate as 

a function of pH, where F is the fraction of glyphosate (Adapted from [61,66]). 
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Figure 6.1.5. a) Schematic illustration of glyphosate species adsorbed onto Fe3O4@SiO2/SiTMC 

particles dispersed in water at pH= 5; b) ATR-FTIR spectra of dried Fe3O4@SiO2/SiTMC particles 

after GLY adsorption at pH= 5 and pH=8 (C0= 50 ppm GLY, 3 h contact time). 

 

 

Through 13C NMR analysis, it was found that TMC contains groups (–N(CH3)2) in its 

backbone (Figure G3, Appendix G). Since dimethylated groups are hydrophobic, they may contribute 

to GLY adsorption through hydrophobic interactions [67,68].  

X-ray photoelectron spectroscopy (XPS) was employed to examine the changes of binding 

energies of different atomic environments on the surface of Fe3O4@SiO2/SiTMC particles before and 

after GLY adsorption at pH= 5 and 8, for elucidation of the adsorption mechanism. Survey XPS 

spectra are presented in Figure G4 (Appendix G), while high-resolution spectra for C1s, N1s, O1s 

and Si2p are shown in Figure 6.1.6, and their assignments in Table G4 (Appendix G). As shown in 

Figure 6.1.6a, the C1s signal of the Fe3O4@SiO2/SiTMC particles before GLY adsorption was 

decomposed in four peaks at binding energies of 284.80, 285.87, 287.44 and 289.22 eV, which were 

assigned to (C–C/C–H), (C–N), (C–O/C–OH/C–N–C=O) and (O–C=O), respectively [69–71]. After 

GLY adsorption at pH= 5 and 8 (Figure 6.1.6b and c), in the C1s spectra was observed the decrease 

in binding energy, due to the interaction between GLY and the particles [72].  
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Figure 6.1.6. High-resolution XPS spectra of C1s (a, b, c), N1s (d, e, f), O1s (g, h, i) and Si2p (j, k, 

l) for Fe3O4@SiO2/SiTMC before and after GLY adsorption at pH= 5 and 8, with peak deconvolution 

and assignment. 

 

 

The high-resolution spectra in the region of the N1s envelopes are shown for the 

Fe3O4@SiO2/SiTMC particles before and after GLY adsorption in Figure 6.1.6d, e and f, and contain 

contributions from several different specific environments making their deconvolution difficult and 

uncertain. The N1s envelope for the Fe3O4@SiO2/SiTMC particles before adsorption (Figure 6.1.6d) 

contains contributions from primary amine (–NH2) at 402.15 eV, amide (–NHCOCH3) at 403.52 eV, 
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tertiary amine (–N(CH3)2) and quaternary ammonium (–N+(CH3)3) at 405.17 eV groups [73]. 

Moreover, the N1s envelope after GLY adsorption at pH= 5 and 8 (Figure 6.1.6e and f), contain a 

new intense peak that corresponds to GLY deprotonated amine group (–NH) at 401.55 eV (for pH= 

5) and 401.04 eV (for pH= 8) that can result from the interaction between the particles and GLY 

[64]. After GLY adsorption, the N1s peaks shifted to lower binding energy, around 1 eV and 2 eV, 

at pH= 5 and 8 respectively. It is known that changes in the nitrogen protonation in the adsorbed 

GLY affects the N1s binding energy by around 2 eV. Also the binding energy could change due to 

side interactions such as hydrogen bonds between the carboxyl, phosphonic, and amino group of 

GLY and Fe3O4@SiO2/SiTMC particles [74,75]. This type of interactions could explain the binding 

energy variation observed after GLY adsorption at pH= 8. Moreover, the O1s region of 

Fe3O4@SiO2/SiTMC particles (Figure 6.1.6g) contains peaks assigned to C=O (532.75 eV) and C–

O/C–Si (535.39 eV), as reported in previous studies [76]. The O1s binding energy changes to lower 

binding energies after GLY adsorption (Figure 6.1.6h and i).  The Si2p peaks could be fitted with 

three peaks between 102.96 and 106.55 eV (Figure 6.1.6ck, j and l). The deconvoluted silicon peak 

located at the lowest binding energy is assigned to –O–Si–C–, the second peak is attributed to the 

hydroxyl bound silicon atom –O–Si–OH, and the peak higher binding energy is ascribed to –O–Si–

O–  groups [77].  

 

 

6.1.3.2.3. Effect of sorbent dosage  

The amount of sorbent used is a crucial parameter that influences the ability of a sorbent to 

capture the sorbate [78]. Aiming to evaluate the effect of the sorbent dose on GLY adsorption, several 

experiments were carried out at pH= 5 and by varying the amount of sorbent from 0.01 to 2.5 mg/mL, 

while the GLY initial concentration was kept constant (0.004 and 0.3 mg/L, ultra-pure water). Figure 

6.1.7a shows that the GLY removal percentage increases with the amount of sorbent until a plateau 

is achieved, probably as a result of the introduction of more binding active sites for adsorption and 

because more surface area is available. For dosages not lower than 0.25 mg/mL, the 

Fe3O4@SiO2/SiTMC nanosorbents display good performance (96–98%) in the removal of GLY, 

regardless of its initial concentration. The concentrations for GLY remaining after extraction with 

various Fe3O4@SiO2/SiTMC doses are shown in Figure 6.1.7b. As expected, as the sorbent dose 

increased, the concentration of GLY remaining after adsorption decreased. Importantly, for the 

starting GLY concentration of 0.004 mg/L that is a realistic environmental concentration [79], at 1.0 

mg/mL of Fe3O4@SiO2/SiTMC nanosorbents or higher sorbent dosages, the concentration of 

remaining glyphosate was below the maximum permissible value (0.1 g/L) of the European 

Drinking Water Directive [11]. Furthermore, the results also show that for a higher GLY 
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concentration (0.3 mg/L), concentrations below 0.1 g/L are achieved after two sequential adsorption 

treatments at a sorbent dosage of 2.5 mg/mL. 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.7. a) Effect of the sorbent dosage in the uptake of GLY (0.004 and 0.3 mg/L GLY, pH= 

5, 3 h contact time); b) Three-dimensional (3D) bar plot for the concentrations of GLY (mg/L) 

remaining in the treated water solutions after adsorption with several Fe3O4@SiO2/SiTMC doses 

(0.01, 0.05, 0.1, 0.25, 0.5, 1.0 and 2.5 mg/mL). 
 

 

6.1.3.2.4. Adsorption in real water 

To assess the preliminary applicability of the nanosorbents in more realistic conditions, the 

adsorption experiments were performed by using wastewater samples spiked with GLY (0.003 

mg/L). Figure 6.1.8 shows the GLY percentage removal in spiked ultra-pure water and wastewater, 
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using sorbent doses of 0.1, 1.0 and 2.5 mg/mL. The adsorption process resulted in about 88–99% 

removal of GLY in ultra-pure water using the sorbent doses of 0.1, 1.0 and 2.5 mg/mL. In wastewater, 

the efficiency of GLY decreased in relation to ultra-pure water but could be considerably improved 

by increasing the sorbent dose. In real wastewater, the presence of natural organic matter, ions and 

other inorganic and organic contaminants might affect the adsorption process. The decrease of GLY 

adsorption in the presence of other components such as humic and fluvic acids and chloride and 

phosphate anions has been reported for other sorbent materials [20,80,81]. Our preliminary results 

indicate that chloride concentrations up to 1 mM moderately reduce the GLY removal (10% 

reduction, Table G5, Appendix G). Above this concentration, the interference is more marked. 

Nevertheless, for real spiked wastewater samples with 2.5 mg/mL Fe3O4@SiO2/SiTMC 

nanoparticles, 76.8% of the GLY was removed, demonstrating the potential application of these 

nanosorbents in water matrices of complex nature.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.8. Removal of GLY from spiked ultra-pure and real wastewater using 

Fe3O4@SiO2/SiTMC nanosorbents in sorbent doses of 0.1, 1.0 and 2.5 mg/mL (0.003 mg/L GLY, 

pH= 5, 24 h contact time).  

 

 

6.1.3.2.5. Kinetics and effect of initial glyphosate concentration 

                  The effect of contact time and initial GLY concentration on the adsorption onto 

Fe3O4@SiO2/SiTMC nanosorbents were studied to go further insight into the adsorption mechanism 

in ultra-pure water (Figure 6.1.9). Control experiments performed without nanosorbent particles and 

under the same operational conditions, have shown negligible GLY concentration variation (Figure 

G5, Appendix G). Figure 6.1.9a shows the time profile of the GLY removal of Fe3O4@SiO2/SiTMC 

nanosorbents when varying the initial GLY concentration (0.3 and 0.07 mg/L), at pH= 5. Adsorption 
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of GLY gradually increases upon prolonging the contact time until adsorption equilibrium is reached. 

The nanosorbent showed fast adsorption of GLY, with the maximum adsorption achieved after 60 

min contact time, attaining a maximum of 97 % removal for the concentrations tested. Longer 

equilibrium times have been reported for the adsorption of GLY from water using other sorbents 

[62,82]. Furthermore, glyphosate removal using silica-coated magnetite (Fe3O4@SiO2) particles 

(Figure G6, Appendix G) was lower than 20 %, which stands out the importance of TMC as a surface 

modifier aiming the uptake of GLY from water. 

 

Figure 6.1.9. a) Removal percentage of GLY at variable GLY initial concentration (0.3 and 0.07 

mg/L); b) time profile of adsorption capacity of GLY using the Fe3O4@SiO2/SiTMC particles (pH= 

5, 0.5 mg/mL sorbent dosage and 180 min/3 h contact time) and the corresponding kinetic model 

fitting using pseudo-first order, pseudo-second order and Elovich models; c) Fitting of the 

intraparticle diffusion model and d) Boyd plot (Bt) for GLY adsorption. 

 

 

The process of the adsorption of a sorbate on the surface of a sorbent comprises distinct steps: 

bulk, film and intra-particle diffusion, and physical or chemical adsorption onto the surface. In order 

to identify the rate-limiting step and the adsorption mechanism, five kinetic models were fitted to the 

experimental data: the pseudo-first order [83], pseudo-second order [84], Elovich [85], intraparticle 
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diffusion [86] and Boyd [87] models (equations in Table G6, Appendix G). The kinetic parameters 

are displayed in Table 6.1.2 and the fitting curves are shown in Figures 6.1.9b, c and d. The goodness 

of the fit was evaluated through the analysis of the coefficient of determination (R2) and the Chi-

square test value (2) (equations in Table G6, Appendix G). Overall, the pseudo-first order model 

provided the highest values of the coefficient of determination (R2> 0.997) and the lowest values of 

the Chi-square value (2). Thus, the pseudo-first order equation describes well the adsorption curve 

of glyphosate on Fe3O4@SiO2/SiTMC. This model assumes that the reaction of the sorbate at the 

active sites on the sorbents surface is the rate-limiting step. The coefficient of determination value 

of the pseudo-second order kinetic equation is slightly lower than the pseudo-first order, and using 

the Elovich model the coefficient of determination was not satisfactory. 

 

 

Table 6.1.2. Kinetic parameters obtained from pseudo-first and -second order, Elovich, intraparticle 

diffusion and Boyd models and evaluation of its fittings for an initial GLY concentration (C0) of 0.07 

and 0.3 mg/L, using Fe3O4@SiO2/SiTMC particles. 

 

 

The intraparticle diffusion model was used to elucidate the adsorption behavior of GLY on 

the nanosorbents. For the adsorption process exclusively dominated by intraparticle diffusion, the 

plot of qt versus t0.5 gives straight lines. However, if two or more steps govern the adsorption process, 

the plot may exhibit multiple lines. Figure 6.1.9c shows two linear regions that confirm that multiple 

Kinetic Model C0=0.07 mg/L C0=0.3 mg/L 

 

Pseudo-first order 

 

R2 (2) 0.9975 (7.07x10-6) 0.9991 (6.14x10-5) 

k1 (min-1) 0.3229 0.2613 

qe (mg/g) 0.1194 0.6114 

 

Pseudo-second order 

 

R2 (2) 0.9964 (1.00x10-5) 0.9966 (2.51x10-4) 

k2 (g/mg.min-1) 5.965 0.8054 

qe (mg/g) 0.1236 0.6396 

Elovich 

R2 (2) 0.9883 (3.34x10-5) 0.9745 (1.75x10-3) 

 (mg/g.min-1) 5206.56 115.41 

 (mg/g.min-1) 148.07 19.32 

Intraparticle diffusion 

R2 (2) 0.9366  0.9567 

kid1 (mg/g.min0.5) 0.0313 0.1541 

C1 (mg/g) 0.0077 0.031 

R2 (2) 0.9202  0.9999 

kid2 (mg/g.min0.5) 0.0009 0.0002 

C2 (mg/g) 0.1118 0.6137 

Boyd R2 0.32741 0.78227 
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stages influence the adsorption. The first stage involves a diffusion effect of the boundary layer. This 

means that GLY molecules moved to the outer surface of the nanosorbents by means of film diffusion 

at a fast rate. The second stage suggests a gradual adsorption with the dominance of intraparticle 

diffusion. This suggests that the adsorption process can involve intraparticle diffusion, but not as the 

only rate-controlling step [88,89]. C is the intercept and is related to the thickness of the boundary 

layer. When the value of C is higher, the boundary layer effect increases [90]. The fact that the data 

do not intercept at the origin (C ≠ 0) can be indicative of some degree of boundary layer control. This 

is an evidence that the intraparticle diffusion is not the only rate-limiting step, but also several steps 

may control the rate of adsorption and can occur simultaneously [91,92]. Finally, Boyd's plot linearity 

was analyzed. It is well accepted that if the plot originates a straight line passing through the origin, 

the intraparticle diffusion is the rate-controlling step. If the plot is linear but does not pass through 

the origin, the external mass transfer is the limiting rate step [93]. The plots lines were not linear 

(Figure 6.1.9d), which further indicates that several steps controlled the adsorption process. 

 
 

6.1.3.2.6. Equilibrium isotherms 

              The adsorption equilibrium isotherm experiments were carried out to get further insight into 

the interaction sorbent-sorbate and quantify the equilibrium adsorption capacity (qe, mg/g). The 

following isotherm models were applied: Langmuir [94] and Freundlich [95] isotherms, which are 

two-parameter isotherms commonly used and Sips [96] which is a three-parameter isotherm 

(Equations in Table G6, Appendix G). Based on the analysis of R2 and 2 values (Table 6.1.3) the 

model that best fits the equilibrium data (Figure 6.1.10) is the Sips isotherm (R2 = 0.9969, 2= 0.007). 

Sips model combines the characteristics of both Langmuir and Freundlich isotherms. The Sips model 

approaches the monolayer capacity at high sorbate concentrations as in the Langmuir model, while 

at low sorbate concentrations, it reduces to Freundlich model. The Sips isotherm model exponent 

(S) was smaller than 1 (0.52) which indicates that the Fe3O4@SiO2/SiTMC surface is heterogeneous, 

i.e., with binding sites that are energetically distinct. This surface heterogeneity will be favorable for 

the adsorption of glyphosate onto the particles [97].  
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Table 6.1.3. Equilibrium model parameters obtained from model fitting with Langmuir, Freundlich 

and Sips isotherm models to experimental sorption data of Fe3O4@SiO2/SiTMC, together with the 

goodness of the fittings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.10. Isotherm data for the equilibrium adsorption of GLY by Fe3O4@SiO2/SiTMC 

particles, and model fitting with Langmuir, Freundlich and Sips isotherm models (0.3 mg/L GLY, 

pH= 5, sorbent dosages 0.01, 0.05, 0.1, 0.25, 0.5, 1.0 and 2.5 mg/mL, 3 h contact time). 

 

 

Table 6.1.4 show the maximum adsorption capacity (qmax) of other GLY sorbents described 

in the literature. The qmax of Fe3O4@SiO2/SiTMC particles was higher than the value found for 

activated carbon and biochar but lower than for other sorbents. The comparison of the values should 

be done carefully and consider that the operational conditions employed are different. For example, 

the initial GLY concentrations tested in this work are much lower than the range of concentrations 

used in previous studies, making this work closer to what happens in a real environment. 

 

Isotherm Model Parameters Goodness of fit 

Langmuir 
qL (mg/g) KL (L/mg) R2 2 

3.78 22.25 0.9541 0.086 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) n R2 2 

6.51 2.18 0.8466 0.287 

Sips 
Ks (mg/g).(L/mg)s  𝒂S (L/mg)s S R2 2 

1048.9 3.04 0.5223 0.9969 0.007 
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Table 6.1.4. Comparison of the maximum adsorption capacity (qmax) of GLY, concentrations tested, 

time to achieve the equilibrium and percentage of removal using other sorbents reported in the 

literature. 

*Maximum Langmuir adsorption capacity; n.a – not available.  

 

 

6.1.3.2.7. Regeneration and reusability 

The regeneration and reusability of sorbents are of uttermost relevance for practical 

applicability, namely to ensure environmental and economic viability. Figure 6.1.11 shows the 

removal efficiency of Fe3O4@SiO2/SiTMC after 4 consecutive adsorption-desorption cycles. The 

nanosorbents were washed with ethanol and deionized water for GLY desorption. This method of 

regeneration revealed to be efficient in our previous studies with distinct contaminants [41]. Various 

regeneration methods have been employed for pollutant desorption, including thermal and chemical 

regeneration [101]. The most common chemicals used for desorption are NaOH, HNO3, H2SO4 and 

HCl, and the organic solvents methanol, ethanol and acetic acid [101–103]. Ethanol is classified as 

an environmentally preferable green solvent because it is available by fermenting renewable sources, 

including sugars starches, and lignocellulosics [104]. Furthermore, in comparison with other 

solvents, ethanol is a relatively low-cost solvent [104]. GLY concentration of the final aqueous 

solution used to rinse the Fe3O4@SiO2/SiTMC nanosorbents was monitored, and no significant 

amount of GLY was detected. The regeneration results show that the nanosorbents could be reused 

in the removal of GLY. The removal efficiency decreased slightly (ca. 0.3 %) after the first cycle 

and less than 15 % after four cycles, which clearly indicates the nanosorbents described here have 

the ability for regeneration and reuse in GLY removal, without significant loss of efficiency (> 80 % 

at the fourth cycle). The gradual decrease of the removal efficiency in the consecutive cycles may be 

attributed to incomplete desorption of GLY during regeneration, to the loss of adsorption sites during 

the desorption stage [80] or changes either on the chemical composition or morphology of the 

nanosorbents. We further examined the nanostructure of the sorbents after 4 cycles and found no 

Sorbent qmax (mg/g) 

Glyphosate 

concentrations  

tested (mg/L) 

Equilibrium  

time (min) 

Removal 

(%) 
Reference 

Fe3O4@SiO2/SiTMC 3.78* 0.07 – 0.6 60 97 – 98 This work 

Activated carbon/Biochar 1.05* / 1.16* 0.2 – 50 1440 / 900 98 – 100 [82] 

Metal laden waste 6.0* 5 - 100 1680 26 - 94 [98] 

Magnetite 6.7* 10 120 n.a [99] 

Chitosan and Chitosan-

alginate membranes 
10.8* / 8.7* 5 – 35 150 n.a [100] 

Graphene/MnFe2O4 33.4* 5 – 80 480 97 [81] 

Reduced Graphene 

oxide/Fe3O4 
65.4* 40 – 140 480 44 – 86 [21] 

Biochar 123.0* 4 – 100 90 min 73 – 82 [62] 
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significant morphological variations when compared to the as-synthesized materials (Figure G7, 

Appendix G). The magnetic cores were spheroidal with a shell of 38 ± 6 nm thickness after the third 

regeneration cycle, similar to the shell of the as-synthesized nanosorbents (42 ± 3 nm). Furthermore, 

the infrared spectroscopy analysis of the reused materials did not show significant changes in the 

chemical composition of the particles' surface (Figure G8, Appendix G). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1.11. Removal efficiency of GLY using Fe3O4@SiO2/SiTMC particles in four sequential 

adsorption/desorption cycles (0.3 mg/L GLY, sorbent dose= 0.5 mg/mL, pH= 5, 3h contact time). 

 

 

6.1.4. Conclusions 

The potential of trimethyl chitosan magnetic hybrid particles for the uptake of glyphosate 

from ultra-pure water and a real wastewater sample was investigated in this study. Herein we have 

described magnetic nanosorbents that are effective to decrease realistic environmental concentrations 

of glyphosate to values that are below the maximum permissible value, either in ultra-pure water or, 

by increasing the amount of sorbent, in real wastewater. The recyclability results indicated that the 

nanosorbent exhibited a good recycling performance after 4 cycles, indicating the cost-effectiveness 

of the method. The regeneration was performed using ethanol, a greener desorbent compared to other 

organic solvents. Yet, the authors envision finding more environmentally friendly and efficient 

regeneration processes. In real spiked wastewater samples, the magnetic nanoparticles removed 

76.8% of the glyphosate, demonstrating the potential application of these particles in water matrices 

of complex nature. Finally, with these results, we believe that the magnetic remediation using these 

magnetic hybrid nanoparticles strongly suggests the possibility to obtain treated waters with 

glyphosate values that meet the quality standards. 
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7. Conclusions and final remarks 
 

This thesis focused on developing biopolymer/silica bio-hybrid magnetic nanomaterials 

aiming at their application as nanosorbents to remove emerging pollutants from water. The 

application of biopolymer-based magnetic nanoparticles as sorbents for magnetic separation in water 

treatment has emerged as an exciting alternative to conventional sorbents. These magnetic 

biosorbents offer clear advantages due to their potential eco-compatibility, magnetic behavior, and 

affinity for a variety of pollutants. Hence, the most recent developments on organic-inorganic hybrid 

materials derived from polysaccharides extracted from renewable resources and the application of 

magnetic biosorbents for the uptake of emerging pollutants, such as pharmaceuticals and pesticides 

from water were reviewed in Chapter 2. The most relevant strategies for the surface chemical 

modifications to adjust the affinity/specificity toward different pollutants have been reviewed and 

summarized. The research reported in the literature regarding the adsorptive performance of the 

materials in real water samples of diverse composition and from different sources is still limited and 

more studies are needed. 

The magnetic nanosorbents composed of magnetite cores functionalized with 

biopolymer/siliceous shells with distinct surface chemistry developed in the frame of this PhD thesis 

were fully characterized and tested in the removal of several emerging pollutants from water, namely 

pharmaceuticals (Chapter 3, 4 and 5) and pesticides (Chapter 6). This thesis investigates a chemical 

approach for the surface modification of magnetic nanoparticles with biopolymers that is still 

relatively unexplored and allows to obtain sorbents with specificity, high adsorption capacity and 

reusability. Various biopolymers were selected, taking into account the distinct chemical nature and 

ionic character of the biopolymer.  

Chapter 3 focused on using the cationic polysaccharides, chitosan and quaternary derivatives 

to prepare magnetic bio-hybrid nanosorbents with a positive surface charge in a wide pH range. The 

magnetic nanosorbents prepared in this thesis using quaternary chitosan showed an excellent 

adsorption performance towards anionic pharmaceutical pollutants, including non-steroidal anti-

inflammatory drugs (NSAIDs) (sub-chapter 3.1 and 3.3) and antibiotics (sub-chapter 3.2). In sub-

chapter 3.1, magnetic nanosorbents with the quaternary chitosan HTCC were prepared and 

characterized in detail and then used as nanosorbents to remove diclofenac (DCF) from water with 

high performance. The maximum adsorption capacity of these nanosorbents was found to be 240.4 

mg/g, placing this material among one of the best magnetic systems to remove DCF from water. In 

sub-chapter 3.2, the preparation of magnetic nanosorbents using isocyanate functionalized coupling 

agent (ICPTES) and the polysaccharide trimethyl chitosan (TMC) to remove the antibiotic 

sulfamethoxazole (SMX) from aqueous solution was described. The maximum SMX adsorption 

capacity of the magnetic nanosorbents was moderate (42.6 mg/g) but achieved in very short contact 
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times (ca. 15 min), which is essential for the cost-effectiveness of the treatment. As mentioned in this 

chapter, other materials were reported for the removal of SMX. Some of them show good adsorption 

capacity, but present several shortcomings such as the need of expensive components, elaborated 

synthetic procedures with several steps and the use of surfactants that can be hazardous. Overall, the 

magnetic bio-hybrid nanosorbents presented in this sub-chapter have shown a greater adsorption 

capacity towards SMX when compared to other magnetic sorbents previously reported. In sub-

chapter 3.3, a different silane coupling agent was used (GPTMS), containing epoxide instead of 

isocyanate groups. The magnetic bio-hybrids were prepared using the quaternary chitosan TMC and 

applied to remove three NSAIDs, diclofenac (DCF), naproxen (NAP) and ketoprofen (KET) from 

water efficiently. The maximum DCF, NAP and KET adsorption capacity of these magnetic 

nanosorbents was 188.5, 438.1 and 221.5 mg/g, respectively. The evaluation of the adsorptive 

performance in real environment waters and the regeneration of the sorbents were tested but need to 

be improved. Overall, the Chapter 3 aimed to fill the knowledge gap on the use of cationic 

polysaccharides to prepare magnetic nanosorbents positively charged to increase the affinity towards 

anionic emerging pollutants in water. 

Chapter 4 focused on the use of anionic polysaccharides, namely seaweed polysaccharides 

such as alginic acid, -, - and -carrageenan, as surface modifiers of magnetite nanoparticles to 

obtain magnetic nanosorbents highly enriched in anionic functional groups at the surface. The sub-

chapter 4.1 describes the preparation and characterization of new magnetic nanosorbents from three 

polysaccharides (alginic acid, - and -carrageenan) using the silane coupling agent ICPTES. The 

adsorptive removal of ciprofloxacin (CIP) antibiotic from water was evaluated. The maximum 

adsorption capacity was found to be 463.7, 426.6 and 961.2 mg/g for alginic acid, - and -

carrageenan, respectively. These high values indicate that these materials are among the most 

effective sorbents reported so far for the removal of CIP from water. Furthermore, these sorbents 

could be regenerated in mild conditions and reused in CIP removal. In the sub-chapter 4.2 magnetic 

nanosorbents were prepared using three types of carrageenan (-, - and -) and the epoxide 

functionalized silane coupling agent (GPTMS). The materials were tested in the uptake of CIP from 

ultra-pure water and real wastewater water samples. The maximum adsorption capacity in ultra-pure 

water was 878.3, 969.3, and 865.1 mg/g for -,  and -carrageenan, respectively. The regeneration 

and reusability up to four cycles without marked loss of adsorption capacity was also confirmed. 

Moreover, tests performed in real wastewater revealed that by increasing the sorbents dose, the 

removal of CIP also increased.  

Having confirmed that the encapsulation method here developed works with 

polysaccharides, the next step was to explore the same synthetic approach using gelatin as an 

alternative polymer component (Chapter 5). Non-magnetic and magnetic bio-hybrid nanoparticles 



Chapter 7 
______________________________________________________________________________________ 

303 

 

were prepared using two different types of gelatin (A and B) and two distinct alkoxysilanes with 

epoxide and isocyanate functionality that were used as coupling agents to obtain organic/inorganic 

hybrids covalently linked. The adsorptive performance of the magnetic hybrids towards the 

antibiotics ciprofloxacin, tetracycline and sulfamethoxazole was low compared with other sorbents 

reported in the literature. Nevertheless, the non-magnetic hybrids were thermo-sensitive in the 

temperature range 25 – 70 °C, undergoing reversible volume transitions in response to thermal 

stimuli. This result is of great relevance and allow us to prospective biomedical applications for these 

materials, such as in thermally controlled drug-delivery systems.  

Looking for the need to study the performance of the magnetic bio-hybrids in the removal of 

EPs in conditions more similar to those found in real effluents, TMC-based nanosorbents (the same 

type of particles described in the sub-chapter 3.2) were employed in the removal of the pesticide 

glyphosate (GLY) at very low concentrations in synthetic laboratory water (ultra-pure) and real water 

(wastewater) samples (Chapter 6). In synthetic laboratory samples, these nanosorbents decreased 

realistic environmental concentrations of GLY to values that are below the maximum permissible 

value (0.1 g/L) defined by the European Directive of Drinking Water. In real spiked wastewater 

samples, the magnetic nanoparticles removed 76.8% of the GLY, demonstrating the potential 

application of these particles in water matrices of complex nature. Finally, these results showed that 

the magnetic remediation using these magnetic bio-hybrid nanosorbents strongly suggests the 

possibility to obtain treated waters with GLY values that meet the quality standards. 

Table 7.1 shows a summary of the all the magnetic bio-hybrid nanosorbents prepared within 

the scope of this thesis, as well as the target emerging pollutant for each system.  
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Table 7.1. Summary of the magnetic bio-hybrid nanosorbents prepared and the target pollutant for 

their application in water treatment.  

HTCC: N-(2-hydroxy)propyl-3-trimethyl ammonium chitosan chloride, TMC: trimethyl chitosan; ICPTES: 3-

isocyanatopropyltriethoxysilane, GPTMS: (3-glycidyloxypropyl)trimethoxysilane. 
 

 

These results demonstrated that the main objectives proposed for this thesis were achieved. 

From a broadened perspective, the results herein obtained allow to conclude that magnetic bio-hybrid 

nanosorbents composed of magnetite cores encapsulated in a siliceous network containing 

biopolymers have been successfully prepared using a simple single-step coating procedure. 

Moreover, the strategy proposed here allows for the design of sorbents that are in principle 

environmentally friendly and with tunable surface chemistry and charge; the surface functional 

groups can be customized according to the characteristics of the target pollutants to enhance the 

adsorption affinity of the magnetic nanosorbents. The magnetic bio-hybrid nanosorbents are effective 

in the removal of several emerging pollutants from water, namely pharmaceuticals and pesticides, 

with high adsorption capacity, reusability and applicability in real water samples. Therefore, these 

magnetic nanosorbents offer new possibilities for the purification of contaminated water by applying 

magnetic-assisted cleaning technologies. Overall, this work provides a solid basis for exploiting 

strategies using magnetic bio-hybrid nanomaterials as nanosorbents for water remediation 

concerning the removal of pharmaceutical pollutants and pesticides from water, aiming to improve 

the health status of the water consumers and reduce the environmental impact of treated effluents. 

As such, it also contributes for the valorization of biopolymers from renewable resources, such as 

algae that grows profusely along the Portugal coasts, raising awareness for the possible applications 

of these seaweeds and boosting its commercial interest. Indeed, a general output of the research 

Sub-

chapter 

Type of 

biopolymer  

Selected 

biopolymer 
Alkoxysilane 

Magnetic bio-hybrid 

nanosorbent 

Target emerging 

pollutant 

3.1 
Cationic 

polysaccharide 

Chitosan  

HTCC 
ICPTES 

Fe3O4@SiO2/SiChitosan 

Fe3O4@SiO2/SiHTCC 
Diclofenac 

3.2 
Cationic 

polysaccharide 

Chitosan 

TMC 
ICPTES 

Fe3O4@SiO2/SiChitosan 

Fe3O4@SiO2/SiTMC 
Sulfamethoxazole 

3.3 
Cationic 

polysaccharide 

Chitosan 

TMC 
GPTMS Fe3O4@SiO2/TMC/GPTMS 

Diclofenac 

Naproxen 

Ketoprofen 

4.1 
Anionic 

polysaccharide 

Alginic acid 

-carrageenan 

-carrageenan 

ICPTES 

Fe3O4@SiO2/SiTBA-ALG 

Fe3O4@SiO2/SiCRG 

Fe3O4@SiO2/SiCRG 

Ciprofloxacin 

4.2  
Anionic 

polysaccharide 

-carrageenan 

-carragenan 

-carrageenan 

GPTMS 

Fe3O4@SiO2/CRG/GPTMS 

Fe3O4@SiO2/CRG/GPTMS 

Fe3O4@SiO2/CRG/GPTMS 

Ciprofloxacin 

5.1 Natural protein 
Gelatin A 

Gelatin B 

ICPTES 

GPTMS 

Fe3O4@SiO2/Gel-A/ICPTES 

Fe3O4@SiO2/Gel-B/ICPTES 

Fe3O4@SiO2/Gel-A/GPTMS 

Fe3O4@SiO2/Gel-A/GPTMS 

Ciprofloxacin 

Tetracycline 

Sulfamethoxazole 

6.1 
Cationic 

polysaccharide 
TMC ICPTES Fe3O4@SiO2/SiTMC Glyphosate 
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reported in this thesis, is the consistent production of distinct magnetic bio-hybrid nanosorbents that 

in certain situations show adsorptive efficiencies that compete with conventional materials, with the 

great advantage of the ability for magnetic separation. As future work and taking advantage of the 

results achieved and discussed above, it would be interesting to:  

- Investigate the adsorptive performance of the nanosorbents in the presence of mixtures 

of pollutants in water; 

- Explore the potential of using physical mixtures of positively and negatively charged 

magnetic nanosorbents for the removal of several pollutants from water; 

- Assess the influence of other relevant parameters that could affect the adsorption 

process, such as the temperature; 

- Perform more studies to investigate the adsorption performance at very low 

concentrations of the pollutants mimicking what happens in the real environment; 

- Evaluate the adsorptive performance in real environmental waters with complex matrix 

composition; 

- Evaluate the ecotoxicity of the magnetic bio-hybrid nanosorbent in the pristine form and 

after adsorption of the contaminants because they can accidentally reach the aquatic and 

terrestrial ecosystems, being essential to acknowledge if they are safe to use; 

- Study the application of the nanosorbents in the treatment of large water volumes and in 

continuous treatment systems. This would also imply studies for the scale-up of the 

production of these nanosorbents; 

- Evaluate the environmental performance of the water treatment process using magnetic 

bio-hybrid nanosorbents (e.g., based on life cycle assessment) and compare with 

conventional water treatment processes; 

- Conduct a techno-economic analysis to estimate the feasibility of the technology of water 

treatment using magnetic bio-hybrid nanosorbents. 
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Appendix A  
 

Supporting information of sub-chapter 3.1 

 

A1. Diclofenac 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Calibration curve for sodium diclofenac and chemical structure, providing linear relation 

between the absorbance and the concentration of diclofenac within the range 0.12–20.0 mg/L. 

 

 

A2. Materials characterization 

 

Table A1. Intrinsic viscosity and molecular weight of chitosan and HTCC determined by viscosimetry 

at 25 ºC. 

 

 

 

 

 

 

 

Sample [] (mL/mg) Mv (g/mol) 

Chitosan 690.0 146 000 

HTCC 493.5 94 000 
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Figure A2. XRD diffractogram of Fe3O4 particles. 
 

 

Table A2. Selected infrared bands for the materials prepared and respective assignments. 

vs – very strong; s – strong; m– medium; vw – very weak. 

 – stretching vibration; a – asymmetric stretching vibration;  – bending vibration. 

 

 

 

Assignment Chitosan HTCC SiHTCC Fe3O4 Fe3O4@SiO2/SiHTCC 

(O–Si–O) ̶ ̶ ̶ ̶ 447 (s) 

ν(Fe–O) ̶ ̶ ̶ 536 (vs) 574 (vs) 

Si–O–Et ̶ ̶ 954 (s) ̶ ̶ 

C–O, C–
OH 

1027-1065 (vs) 1027-1067 (vs) 1058 (vs) ̶ ̶ 

νa(C–O–C) 1144 (vw) 1144 (vw) 1157 (vw) ̶ 1072 (vs) 

(C–H) 1375 (s) 1380 (s) ̶ ̶ ̶ 

(CH2) 1420 (vw) – – – – 

(C–H) in 

–N+(CH3)3  
̶ 1415 (vw) ̶ ̶ ̶ 

a(N–C–N) ̶ ̶ 1450 (vw) ̶ ̶ 

Amide I 1640 (s) 1648 (s) ̶ ̶ ̶ 

Amide II 1594 (s) 1556 (s) ̶ ̶ ̶ 

ν(C=O) 

urea 
̶ ̶ 1556 (s) ̶ 1562 (vw) 

ν(C=O) 

urethane 
̶ ̶ 1656-1714 (s) ̶ 1650 (vw) 

ν(C–H) 2873 (m) 2874 (m) 2904 (m) ̶ ̶ 

ν(O–H) 3398 (s) 3323 (s) 3363 (s) ̶ 3336 (vw) 
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Figure A3. ATR-FTIR spectra of a) Fe3O4@SiO2 and b) Fe3O4@SiO2/SiChitosan particles. 

 Figure A4. a) ATR-FTIR spectra and b) SEM image of SiO2/SiHTCC particles. 

Figure A5. a) ATR-FTIR spectra and b) SEM image of SiO2 particles. 
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Table A3. 13C CP/MAS, 29Si MAS and 29Si CP/MAS NMR chemical shifts for HTCC, SiO2/SiHTCC 

hybrid and SiO2 particles and quantification of the 29Si Qn resonances. 

 

 

A3. Uptake of diclofenac 

 

 

 

 

 

 

 

 

 

 

Figure A6. UV-VIS spectra of the supernatant along contact time, for an initial DCF concentration of 

40 mg/L. The maximum absorption of DCF is at 276 nm. 

13C CP/MAS 29Si MAS 29Si CP/MAS 

 HTCC SiO2/SiHTCC  SiO2 SiO2/SiHTCC  SiO2 SiO2/SiHTCC 

C1 105.1 104.3 Q2 
-92.3      

(5.9%) 

-91.7 

(2.6%) 
Q2 -91.7 -90.3 

C2 C6 57.8 57.7 Q3 
-101.9 

(27.7%) 

-101.2 

(28.4%) 
Q3 -101.2 -100.5 

C3 C5 75.2 75.2 Q4 
-110.1 

(66.4%) 

-110.8 

(69.0%) 
Q4 -110.8 -110.2 

C4 84.1 83.8 T1 – -45.7 T1 – -48.6 

C7 – 160.4 T2 – -57.6 T2 – -57.5 

C8 – 44.2 T3 – -64.1 T3 – -66.5 

C9 – 33.5       

C10 – 10.3       

Ca Cd 54.8 54.8       

Cb 61.4 61.4       

Cc 69.8 71.1       
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Figure A7. Variation of DCF concentration on control experiments performed in absence of sorbent 

particles to assess the loss of DCF caused by other phenomena than adsorption on sorbents. 

 
 

 

 

Table A4. Non-linear equations of isotherm models and equations of the goodness of the fittings. 

 

Isotherm model Non-linear equation Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚 (mg/g) – monolayer adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Sips qe =
𝐾SCe

βS

1+𝑎SCe
βS

                                                 

KS (mg/g).(L/mg)s –  related to the median 

binding affinity  

βS –  heterogeneity factor (0 < S < 1) 

𝑎𝑆 (L/mg)s – total number of binding sites   

Ce (mg/L) – concentration at equilibrium 

Toth qe =
KTCe

(𝑎T+ 𝐶𝑒
𝑡)

1/t                                                         

KT (mg/g) – Toth constant 

𝑎T (L/mg) – Toth constant 

1
t ⁄  – Toth isotherm model exponent (0 < 1 t ⁄  < 1) 

t –  time (min) 

𝐶𝑒
𝑡 –  concentration at equilibrium 

Goodness of the 

fittings 
Equation  Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                
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Appendix B  
 

Supporting information of sub-chapter 3.2 

 

B1. Sulfamethoxazole 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1. Calibration curve for sulfamethoxazole and chemical structure, providing linear relation 

between the absorbance and the concentration of sulfamethoxazole within the range 0.12–12.0 mg/L. 

 

 

B2. Materials characterization 

 

 

 

 

 

 

 

 

 

 

 

Figure B2. 13C NMR spectrum of TMC (in D2O). 
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Figure B3. 1H NMR spectra of a) TMC and b) SiTMC (in CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B4. Powder XRD pattern of magnetite particles (Fe3O4). 

 

 

 

 

 

 

 

 

 

 

 

Figure B5. Magnetic separation of the sorbents particles from the medium using a NdFeB magnet: a) 

particles in aqueous solution, b) after 30 seconds of magnetic separation and c) after 60 seconds of 

magnetic separation. 

 

−CH3 

from 

ethoxy 

groups 
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Table B1. BET surface area (SBET) and theoretical surface area estimated (S). 

 

 

 

 

 

 

 

Table B2. Elemental microanalysis of pristine chitosan and TMC. 

 

 

 

 

 

 

 

B3. Uptake of sulfamethoxazole 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B6. Variation of SMX concentration on control experiments performed in absence of sorbent 

particles to assess the loss of SMX caused by other phenomena than adsorption on sorbents. 

 

 

 

Table B3. Kinetic parameters estimated from pseudo 1st order and pseudo 2nd order models and 

evaluation of its fittings, for Fe3O4@SiO2/SiTMC particles. 

Sample SBET (m2/g) S (m2/g) 

Fe3O4 13.6 21.4 

Fe3O4@SiO2/SiTMC 7.03 22.7 

Fe3O4@SiO2/SiChitosan 7.74 23.8 

Sample C (%) H (%) N (%) 

TMC 36.8 6.3 6.1 

Chitosan 39.7 6.5 7.3 

 Pseudo 1st order Pseudo 2nd order 

C0 (mg/L) R2 (2) k1 (min-1) qe (mg/g) R2 (2) k2 (g/mg.min-1) qe (mg/g) qe exp (mg/g) 

40 
0.9813 

(0.1875) 
2.0903 10.97 

0.9883 

(0.1441) 
0.4973 11.07 11.14 

80 
0.9968 

(0.0786) 
3.2478 26.92 

0.9975 

(0.0601) 
0.7209 26.99 27.55 
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Table B4. Kinetic parameters estimated from pseudo 1st order and pseudo 2nd order models and 

evaluation of its fittings, for Fe3O4@SiO2/SiChitosan particles. 

 

 

 

Table B5. Non-linear equations of kinetic and isotherm models and equations of the goodness of the 

fittings. 

 

 

 Pseudo 1st order Pseudo 2nd order 

C0 (mg/L) R2 (2) k1 (min-1) qe (mg/g) R2 (2) k2 (g/mg.min-1) qe (mg/g) 
qe exp 

(mg.g-1) 

40 
0.9998 

(0.0008) 
0.8527 4.42 

0.9862 

(0.0705) 
0.3428 4.49 3.65 

80 
0.9934 

(0.0809) 
1.9722 13.51 

0.9974 

(0.04323) 
0.3971 13.61 13.63 

Kinetic model Non-linear equations Constants/parameters 

Pseudo-first 

order 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

k1 (min-1) – pseudo-first order rate constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at equilibrium 

Pseudo-second 

order 
qt =

k2qe
2t

1 + k2qet
 

k2 (g/mg.min-1) – pseudo-second order rate 

constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at equilibrium 

Isotherm model Non-linear equations Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚 (mg/g) – monolayer adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Sips qe =
𝐾SCe

βS

1+𝑎SCe
βS

                                                 

KS (mg/g).(L/mg)s –  related to the median binding 

affinity  

βS –  heterogeneity factor (0 < S < 1) 

𝑎𝑆 (L/mg)s – total number of binding sites   

Ce (mg/L) – concentration at equilibrium 

Goodness of 

the fittings 
Equations Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                
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Figure B7. TGA curves of Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan dried particles before 

and after SMX adsorption tests (C0= 80 mg/L, contact time 8 h). 
 

 

Table B6. Elemental microanalysis of Fe3O4@SiO2/SiTMC and Fe3O4@SiO2/SiChitosan dried 

particles before and after SMX adsorption tests (C0= 80 mg/L, contact time 8 h). 

Sample C (%) H (%) N (%) 

Fe3O4@SiO2/SiTMC before adsorption 28.6 5.3 5.1 

Fe3O4@SiO2/SiTMC after adsorption 31.6 5.1 5.8 

Fe3O4@SiO2/SiChitosan before adsorption 28.5 5.8 5.3 

Fe3O4@SiO2/SiChitosan after adsorption 33.8 5.3 5.6 
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Appendix C  
 

Supporting information of sub-chapter 3.3 

 

C1. NSAIDs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1. Calibration curves for diclofenac (0.12–12.0 mg/L), naproxen (0.12–3.0 mg/L) and 

ketoprofen (0.12–12.0 mg/L) in a), b) and c) ultra-pure water and d), e) and f) bottled water, providing 

linear relation between the absorbance and the concentration. 
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Table C1. Selected characteristics and structures of NSAIDs (doi:10.1016/j.jece.2019.103142). 

Compound Diclofenac sodium Naproxen sodium Ketoprofen 

 

 

Molecular 

structure 

   

Chemical formula C14H11Cl2NNaO2 C14H13NaO3 C16H14O3 

Molecular weight 318.13 g/mol 252.24 g/mol 254.28 g/mol 

pKa 4.00 4.19 4.45 

 (max) 276 nm 230 nm 260 nm 

 

C2. Materials characterization 

 

Table C2. Magnetic parameters of Fe3O4 and Fe3O4@SiO2/TMC/GPTMS particles, at 300K. 

 

 

 

 

 

 

 

 

 

 

Figure C2. SEM images of a) SiO2/TMC/GPTMS and c) SiO2 particles and ATR-FTIR spectra of b) 

SiO2/TMC/GPTMS and d) SiO2 particles. 

Particles 
Ms 

(emu/gsample) 

Ms 

(emu/gFe3O4) 

Mr 

(emu/gFe3O4) 
Hc (Oe) 

Fe3O4 81 83 7.1 ± 60 

Fe3O4@SiO2/TMC/GPTMS 8 72 5.6 -56 and +75 



Appendices 
________________________________________________________________________________________ 

 

321 

 

Table C3. 13C CP/MAS, 29Si MAS and 29Si CP/MAS NMR chemical shifts for TMC, 

SiO2/TMC/GPTMS and SiO2 particles and quantification of the 29Si Qn resonances. 

 

C3. Uptake of NSAIDs 

 

 

 

 

 

 

 

 

Figure C3. Time profile of removal percentage of a) diclofenac, b) naproxen and c) ketoprofen at 

variable initial concentration (10, 50 and 100 mg/L) using the Fe3O4@SiO2/TMC/GPTMS particles, for 

5 h (300 min). 

13C CP/MAS 29Si MAS 29Si CP/MAS 

 TMC SiO2/TMC/GPTMS  SiO2 SiO2/TMC/GPTMS  SiO2 SiO2/TMC/GPTMS 

C1 99.7 104.1 Q2 
-94.4 

(1.0%) 

-91.9 

(3.0%) 
Q2 -91.2 -91.6 

C2 C6 57.8 61.1 Q3 
-102.2 

(33.4%) 

-101.2 

(29.7%) 
Q3 -101.3 -101.5 

C3 C5 74.7 74.8 Q4 
-111.3 

(65.4%) 

-111.3 

(68.1%) 
Q4 -111.3 -111.3 

C4 81.1 83.7    T2 – -57.6 

Acetyl 

groups 

24.3/ 

173.8 

22.8/ 

173.8 
   T3 – -64.2 

N(CH3)2 54.8 54.8       

N+(CH3)3 55.2 57.1       

Ca Cb – 22.8       

Cc Cd Ce – 74.8       

Cf – 61.1       
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Figure C4. Variation of diclofenac, naproxen and ketoprofen concentration on control experiments 

performed in absence of sorbent particles to assess the loss of diclofenac, naproxen and ketoprofen 

caused by other phenomena than adsorption on sorbents. 

Figure C5. a) Time profile of removal percentage and b) adsorption capacity of diclofenac, naproxen 

and ketoprofen at 50 mg/L using Fe3O4 particles, for 5 h (300 min) at pH= 5. 

 
Table C4. Non-linear equations of kinetic and isotherm models and equations of the goodness of the 

fittings. 

Kinetic model Non-linear equations Constants/parameters 

Pseudo-first 

order 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

k1 (min-1) – pseudo-first order rate constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at equilibrium 

Pseudo-

second order 
qt =

k2qe
2t

1 + k2qet
 

k2 (g/mg.min-1) – pseudo-second order rate 

constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at equilibrium 



Appendices 
________________________________________________________________________________________ 

 

323 

 

 

 

Table C5. Kinetic parameters estimated from pseudo-first and -second order and Elovich models and 

evaluation of its fittings for diclofenac, naproxen and ketoprofen, using Fe3O4@SiO2/TMC/GPTMS 

particles. 

Elovich 𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)                                                  

α (mg/g.min-1) – initial adsorption rate 

β (mg/g.min-1) – desorption constant 

t (min) – time 

Isotherm 

model 
Non-linear equations Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚 (mg/g) – monolayer adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Sips qe =
𝐾SCe

βS

1+𝑎SCe
βS

                                                 

KS (mg/g).(L/mg)s –  related to the median binding 

affinity  

βS –  heterogeneity factor (0 < S < 1) 

𝑎𝑆 (L/mg)s – total number of binding sites   

Ce (mg/L) – concentration at equilibrium 

Goodness of 

the fittings 
Equations Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                

 Diclofenac Naproxen Ketoprofen 

Kinetic Model 
C0= 10 

mg/L 

C0= 50 

mg/L 

C0= 100 

mg/L 

C0= 10 

mg/L 

C0= 50 

mg/L 

C0= 100 

mg/L 

C0= 10 

mg/L 

C0= 50 

mg/L 

C0= 

100 

mg/L 

 

Pseudo-

first 

order 

R2 (2) 
0.9808 

(0.39) 

0.9807 

(10.55) 

0.9636 

(41.42) 

0.9876 

(0.39) 

0.9553 

(9.26) 

0.9519 

(30.46) 

0.9865 

(0.13) 

0.9542 

(6.50) 

0.9619 

(16.31) 

k1 (min-1) 0.3759 0.3327 0.3296 0.3693 0.481 0.5366 0.6097 0.3905 0.6268 

qe (mg/g) 13.21 67.21 96.70 16.37 42.06 73.37 9.23 34.37 60.83 

Pseudo-

second 

order 

R2 (2) 
0.9959 

(0.08) 

0.9972 

(1.52) 

0.9951 

(5.56) 

0.9973 

(0.08) 

0.9849 

(3.11) 

0.9864 

(8.58) 

0.9994 

(0.01) 

0.9919 

(1.14) 

0.9899 

(4.31) 

k2 (g/mg.min-

1) 
0.0491 0.0082 0.0054 0.038 0.0205 0.012 0.1283 0.018 0.0180 

qe (mg/g) 13.74 70.16 101.28 17.03 43.63 76.46 9.52 35.99 63.08 

Elovich 

R2 (2) 
0.9487 

(1.06) 

0.9473 

(28.87) 

0.9630 

(42.14) 

0.9405 

(1.69) 

0.9666 

(6.90) 

0.9915 

(5.37) 

0.9786 

(0.20) 

0.9770 

(3.25) 

0.9863 

(5.86) 

  

(mg.g-1.min-1) 
9030.67 12175.50 10169.49 9063.83 212566.6 132269.08 326202.1 7907.84 

177557.

1 

 

(mg.g-1.min-1) 
1.02 0.1795 0.1180 0.8101 0.3678 0.1935 2.15 0.3535 0.2820 
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Table C6. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/TMC/GPTMS for the removal of DCF, NAP and KET, together with the goodness of the 

fitting. 

 

 

 

 

Table C7. Chemical composition of bottled water Serrana purchased from a local store. 

 

 

 

 

 

 

 

                                                                                                                                                                                                     

 

 

 

 

 

 

 

 

 

 

 

 

Isotherm Model Parameters  Goodness of fit 

Langmuir  qL (mg/g) KL (L/mg) R2 2 

DCF 188.57 0.01515 0.9845 50.41 

NAP 438.15 0.00421 0.9692 126.8 

KET 221.57 0.00667 0.9858 50.79 

Freundlich KF (mg(1-1/n).L(1/n)/g) n R2 2 

DCF 12.52 2.18 0.9610 126.89 

NAP 5.34 1.46 0.9833 68.6 

KET 4.82 1.64 0.9628 133.64 

Sips 𝑎s (L/mg)s Ks (mg/g).(L/mg)s βs R2 2 

DCF 178.26 0.01373 0.9643 0.9858 57.44 

NAP 402.98 0.0000045 0.68504 0.9820 68.6 

KET 275.54 0.0013 0.65295 0.9944 22.91 

Chemical Composition Bottled water Serrana 

pH 5.7 ± 0.4 

SiO2 13.7 ± 2.6 mg/L 

Dissolved mineral salts 49.0 ± 7.0 mg/L 

Cl- 8.6 ± 1.5 mg/L 

HCO3
- 13.8 ± 4.4 mg/L 

NO3
-  1.2 ± 0.5 mg/L 

Na+ 7.0 ± 0.9 mg/L 

Mg2+ 2.1 ± 0.4 mg/L 

Ca2+ 0.9 ± 0.4 mg/L 
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Figure C6. UV-VIS spectra of aqueous solution used to rinse the Fe3O4@SiO2/TMC/GPTMS particles. 

For comparison purposes, UV-VIS spectra of a) diclofenac, b) naproxen and c) ketoprofen aqueous 

solution were also included (dilution factor of 5 for DCF and KET, and 20 for NAP).  
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Appendix D  
 

Supporting information of sub-chapter 4.1 

 

D1. Ciprofloxacin  

 

 

 

 

 

 

 

 

Figure D1. Calibration curve and chemical structure of ciprofloxacin, providing linear relation between 

the absorbance and the concentration of ciprofloxacin within the range 0.12–10.0 mg/L. 

 

 

D2. Materials Preparation and Characterization 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D2. XRD diffractogram of Fe3O4 particles. 
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Table D1. Magnetic parameter of Fe3O4 and coated particles, at 300K. 

 

 

 

D3. Uptake of ciprofloxacin 

 

Figure D3.  Speciation of ciprofloxacin as a function of pH (Adapted from 

doi:10.1016/j.jcis.2015.08.050 and doi:10.1155/2015/148423).  

 

 

 

 

 

 

Material 
Ms 

(emu/gsample) 

Ms 

(emu/gFe3O4) 

Mr 

(emu/gFe3O4) 
Hc (Oe) 

Fe3O4 81 83 7 ± 60 

Fe3O4@SiO2/SiTBA-ALG 11 79 9 ± 80 

Fe3O4@SiO2/SiCRG 11 86 8 -60 and -4 

Fe3O4@SiO2/SiCRG 9 82 8 -70 and +60 
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Figure D4. Time profile of adsorption capacity of CIP for Fe3O4@SiO2/SiTBA-ALG particles, tested 

at variable initial CIP concentrations (50, 100 and 200 mg/L), for 48 h (2880 min). 

 

 

 

Figure D5. a) Time profile of removal percentage and b) adsorption capacity of CIP at 50 mg/L using 

Fe3O4 particles, for 24 h (1440 min). 
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Table D2. Non-linear equations of kinetic and isotherm models and equations of the goodness of the 

fittings. 

 

Kinetic model Non-linear equations Constants/parameters 

Pseudo-first 

order 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

k1 (min-1) – pseudo-first order rate constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Pseudo-second 

order 
qt =

k2qe
2t

1 + k2qet
 

k2 (g/mg.min-1) – pseudo-second order rate 

constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Elovich 𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)                                                  

α (mg/g.min-1) – initial adsorption rate 

β (mg/g.min-1) – desorption constant 

t (min) – time 

Boyd 

𝐵𝑡 = −0.4977 − ln(1 −
𝑞𝑡

𝑞𝑒
)  

 

B = 2 
𝐷𝑖

𝑟2                                       

𝑞𝑡 (mg/g) – amount adsorbed at time t 

𝑞𝑒 (mg/g) – amount adsorbed at time 

equilibrium 

𝑡 (min) – time 

Di – effective diffusion coefficient of the 

adsorbate 

r – radius of the sorbent particles assumed 

to be spherical 

Isotherm 

model 
Non-linear equations Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚 (mg/g) – maximum adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Dubinin–

Radushkevich 

qe = 𝑞𝐷𝑅exp(−𝐾𝐷𝑅(RTln(1 +
1

𝐶⁄
𝑒

)2))                                                                   

KDR (mol2/kJ2) – Dubinin-Radushkevich 

constant related to the mean free energy of 

adsorption 

R – universal gas constant (8.314 J/molK) 

T (K) – the absolute temperature 

q𝐷𝑅 (mg/g) – theoretical saturation capacity 

Ce (mg/L) – concentration at equilibrium 

Goodness of 

the fittings 
Equations Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                
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Table D3. Kinetic parameters estimated from pseudo 1st order, pseudo 2nd order and Elovich models 

and evaluation of its fittings for an initial CIP concentration (C0) of 50, 100 and 200 mg/L, for 

Fe3O4@SiO2/SiTBA-ALG particles. 

 

 

Table D4. Kinetic parameters estimated from pseudo 1st order, pseudo 2nd order and Elovich models 

and evaluation of its fittings for an initial CIP concentration (C0) of 50, 100 and 200 mg/L, for 

Fe3O4@SiO2/SiCRG particles. 

 

 

Table D5. Kinetic parameters estimated from pseudo 1st order, pseudo 2nd order and Elovich models 

and evaluation of its fittings for an initial CIP concentration (C0) of 50, 100, 200 and 600 mg/L, for 

Fe3O4@SiO2/SiCRG particles. 

  

 

 

 

 

 Pseudo 1st order Pseudo 2nd order Elovich model  

C0 

(mg/L) 

R2 

(2) 

k1 

(min-1) 

qe 

(mg/g) 

R2 

(2) 

k2 

(g/mg.min-1) 

qe 

(mg/g) 

R2 

(2) 

α 

(mg/g.mi

n-1) 

β 

(mg/g.mi

n-1) 

qe exp 

(mg/g) 

50 
0.9551 

(8.893) 
0.0293 100.9 

0.9740 

(6.768) 
0.0004 108.1 

0.9318 
(10.96) 57.43 0.0785 104.8 

100 
0.9492 

(14.93) 
0.0235 156.7 

0.9782 

(9.782) 
0.0002 170.2 

0.9332 

(17.13) 66.66 0.0496 168.3 

200 
0.8990 

(38.56) 
0.0128 295.3 

0.9451 

(28.42) 
0.00004 335.7 

0.8809 
(41.89) 91.23 0.0279 342.6 

 Pseudo 1st order Pseudo 2nd order Elovich model 
 

C0 

(mg/L) 

R2 

(2) 

k1 

(min-1) 

qe 

(mg/g) 

R2 

(2) 

k2 

(g/mg.min-1) 

qe 

(mg/g) 

R2 

(2) 

α 

(mg/g.min-

1) 

β 

(mg/g.min-

1) 

qe exp 

(mg/g) 

50 
0.9610 

(6.186) 
0.8599 84.7 

0.9810 

(4.314) 
0.0130 87.9 

0.7669 

(15.13) 
1569 0.1159 88.2 

100 
0.9303 

(17.22) 
0.3068 168.2 

0.9786 

(9.534) 
0.0029 174.9 

0.8761 

(22.96) 
937.1 0.0521 178.2 

200 
0.9552 

(23.98) 
0.2730 289.0 

0.9896 

(11.53) 
0.0015 300.9 

0.8765 

(39.81) 
1391 0.0299 303.9 

 Pseudo 1st order Pseudo 2nd order Elovich model 
 

C0 

(mg/L) 

R2 

(2) 

k1 

(min-1) 

qe 

(mg/g) 

R2 

(2) 

k2 

(g/mg.min-1) 

qe 

(mg/g) 

R2 

(2) 

α 

(mg/g.min-

1) 

β 

(mg/g.min-

1) 

qe exp 
(mg/g) 

50 
0.9861 

(0.6296) 
0.2375 11.6 

0.9719 

(0.8929) 
0.0622 11.7 

0.7745 

(2.531) 
53.8 0.7908 11.3 

100 
0.9926 

(1.51) 
0.1218 38.57 

0.9914 

(1.627) 
0.0101 39.4 

0.8827 

(6.02) 
119.2 0.2246 41.1 

200 
0.9770 

(7.667) 
0.0934 110.8 

0.9819 

(6.801) 
0.0022 114.1 

0.9205 

(14.26) 
283 0.07648 123.5 

600 
0.9138 

(63.93) 
1.261 582.5 

0.9533 

(47.05) 
0.0027 602.9 

0.8918 

(71.6) 
31898 0.0184 629.9 
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Table D6. Goodness of linear fittings using the Boyd’s kinetic model for an initial CIP concentration 

(C0) of 50, 100, 200 mg/L using Fe3O4@SiO2/SiTBA-ALG, Fe3O4@SiO2/SiCRG and 

Fe3O4@SiO2/SiCRG particles.  

 

 

Table D7. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/SiTBA-ALG, together with the goodness of the fittings. 

Isotherm Model Parameters Goodness of fit 

Langmuir 
 qL (mg/g) KL (L/mg) R2 2 

463.7 0.0298 0.9774 24.81 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) 1/n R2 2 

103.4 0.2301 0.9385 40.96 

Dubinin-Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

418.8 0.000049 0.9522 36.13 

 

Table D8. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/SiCRG, together with the goodness of the fittings. 

Isotherm Model Parameters Goodness of fit 

Langmuir 
 qL (mg/g) KL (L/mg) R2 2 

426.6 0.05074 0.9871 17.86 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) 1/n R2 2 

131.0 0.1831 0.8732 56.29 

Dubinin-Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

399.4 0.000041 0.9496 35.51 

 

Table D9. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/SiCRG, together with the goodness of the fittings. 

Isotherm Model Parameters Goodness of fit 

Langmuir 
 qL (mg/g) KL (L/mg) R2 2 

1858 0.001606 0.8570 133.1 

Freundlich 
KF (mg(1-1/n).L(1/n)./g) 1/n R2 2 

10.02 0.7087 0.8162 150.9 

Dubinin-Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

961.2 0.004256 0.9694 61.51 

 Fe3O4@SiO2/SiTBA-ALG Fe3O4@SiO2/SiCRG Fe3O4@SiO2/SiCRG 

C0 (mg/L) R2 R2 R2 

50 0.9970 0.9841 0.3676 

100 0.9933  0.9922 0.7706 

200 0.9719  0.9391 0.6987 
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Figure D6. UV-VIS spectra of aqueous solution used to rinse the a) Fe3O4@SiO2/SiTBA-ALG, b) 

Fe3O4@SiO2/SiCRG and c) Fe3O4@SiO2/SiCRG nanoparticles. For comparison purposes, UV-VIS 

spectrum of ciprofloxacin aqueous solution was also included. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D7. FTIR spectra of the particles after 4 cycles and comparison with the FTIR spectra of the 

particles as synthesized. 
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Appendix E  
 

Supporting information of sub-chapter 4.2 

 

E1. Calibration curve of ciprofloxacin in ultra-pure water and wastewater 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E1. a)  UV-VIS spectra of ciprofloxacin with different concentrations in ultra-pure water and 

b) Calibration curve of ciprofloxacin in ultra-pure water, providing linear relation between the 

absorbance and the concentration of ciprofloxacin within the range 0.12–10.0 mg/L. 

a) 

b) 
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E2. Wastewater and spiked wastewater with ciprofloxacin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E2. a)  UV-VIS spectra of ciprofloxacin with different concentrations in spiked wastewater 

samples and b) Calibration curve of ciprofloxacin in spiked industrial wastewater, providing linear 

relation between the absorbance and the concentration of ciprofloxacin within the range 1.0–7.0 mg/L. 

 

 Table E1. pH and conductivity values for ultra-pure and real wastewater samples.  

 

 

 

 

Sample pH Conductivity (mS/cm) 

Ultra-pure water 6.63 ± 0.16 0.0045 ± 0.00002 

Raw wastewater 8.13 ± 0.14 3.15 ± 0.02 

a) 

b) 
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E3. Materials characterization 

 

 

 

 

 

 

 

 

 

 

Figure E3. XRD diffractogram pattern of Fe3O4 particles. 

 

 

Table E2. 13C CP/MAS chemical shifts for -carrageenan, -carrageenan, -carrageenan, SiO2/-

CRG/GPTMS, SiO2/-CRG/GPTMS and SiO2/-CRG/GPTMS particles. 

 

 

 

 

 

 

 -CRG SiO2/-CRG/GPTMS -CRG SiO2/-CRG/GPTMS -CRG SiO2/-CRG/GPTMS 

C1/C1’ 105.9/94.8 105.6/94.8 104.9/91.3 104.9/91.3 102.5/92.8 102.5/92.8 

C2/C2’ 69.2/69.2 69.2/69.2 69.2/69.2 69.2/77.3 76.8/75.1 76.8/75.1 

C3/C3’ 79.7/79.7 79.7/79.7 78.4/78.4 78.4/78.4 75.1/69.3 75.1/69.2 

C4/C4’ 76.8/79.7 76.8/79.7 74.5/78.4 74.5/78.4 69.3/76.8 69.2/76.8 

C5/C5’ 76.8/76.8 76.8/76.8 77.1/78.4 77.3/78.4 75.1/69.3 75.1/69.2 

C6/C6’ 61.9/69.2 61.9/69.2 61.9/69.2 61.9/69.2 62.1/69.3 61.7/69.2 

Ca – 31.7 – 22.2 – 22.6 

Cb – 37.2 – 25.1 – 25.4 

Cc, Cd, Ce – 69.2/69.2/69.2 – 69.2/69.2/69.2 – 69.2/69.2/69.2 

Cf – 61.9 – 61.9 – 61.7 
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Figure E4. Structural formula of -, - and -carrageenan showing: -carrageenan with one sulfate 

group at C4 of the -D-galactose, ι-carrageenan with one sulfate group at C4 of the -D-galactose and 

one sulfate group at C2 of the -3,6-anhydro-D-galactose, and -carrageenan with one sulfate group at 

C2 of the -D-galactose and two sulfate groups at C2 and C6 of the -D-galactose (Adapted from 

doi:10.2903/j.efsa.2018.5238). 

 

 

Table E3. 29Si MAS and 29Si CP/MAS NMR chemical shifts for SiO2 and SiO2/-CRG/GPTMS, SiO2/-

CRG/GPTMS and SiO2/-CRG/GPTMS particles.  

 

29Si MAS 

 SiO2 SiO2/-CRG/GPTMS SiO2/-CRG/GPTMS SiO2/-CRG/GPTMS 

Q2 -94.4 (1.0%) -94.1 (2.6%) -94.6 (1.2%) -94.5 (5.3%) 

Q3 -102.2 (33.4%) -101.5 (32.0%) -101.3 (26.3%) -101.3 (29.8%) 

Q4 -111.3 (65.4%) -111.5 (69.5%) -110.9 (72.6%) -111.3 (70.1%) 

29Si CP/MAS 

Q2 -91.2 -91.2 -91.1 -91.5 

Q3 -101.3 -101.2 -101.2 -100.9 

Q4 -111.3 -110.4 -110.5 -110.4 

T0 - -37.1 -37.3 -36.7 

T1 - -46.2 -45.1 -44.6 

T2 - -56.7 -56.5 -54.1 

T3 - -65.1 -65.7 -65.1 
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E4. Removal of CIP  

 

 

 

 

 

 

 

 

Figure E5. Removal percentage of CIP in function of pH using the Fe3O4@SiO2/-CRG/GPTMS, 

Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles for initial CIP concentration 

of 60 mg/L and 24 h of contact time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E6. UV-VIS spectra of the supernatant along contact time (180 min) with a) Fe3O4@SiO2/-

CRG/GPTMS, b) Fe3O4@SiO2/-CRG/GPTMS and c) Fe3O4@SiO2/-CRG/GPTMS particles, for an 

initial CIP concentration of 100 mg/L. The maximum absorption of CIP is at 273 nm. 

a) b) 

c) 
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Figure E7. Time profile of removal percentage of CIP at variable CIP initial concentration (100 and 

200 mg/L) using the particles a) Fe3O4@SiO2/-CRG/GPTMS, b) Fe3O4@SiO2/-CRG/GPTMS and c) 

Fe3O4@SiO2/-CRG/GPTMS, for 3 h (180 min). 

 

a) 

b) 

c) 
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Table E4. Non-linear equations of kinetic and isotherm models and equations of the goodness of the 

fittings. 

 

 

Kinetic model Non-linear equations Constants/parameters 

Pseudo-first 

order 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

k1 (min-1) – pseudo-first order rate constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Pseudo-second 

order 
qt =

k2qe
2t

1 + k2qet
 

k2 (g/mg.min-1) – pseudo-second order rate 

constant 

t (min) – time 

q𝑒 (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Elovich 𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)                                                  

α (mg/g.min-1) – initial adsorption rate 

β (mg/g.min-1) – desorption constant 

t (min) – time 

Isotherm 

model 
Non-linear equations Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚 (mg/g) – maximum adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Sips qe =
𝐾SCe

βS

1+𝑎SCe
βS

                                                 

KS (mg/g).(L/mg)s –  related to the median 

binding affinity  

βS –  heterogeneity factor (0 < S < 1) 

𝑎𝑆 (L/mg)s – total number of binding sites   

Ce (mg/L) – concentration at equilibrium 

Dubinin–

Radushkevich 

qe = 𝑞𝐷𝑅exp(−𝐾𝐷𝑅(RTln(1 +
1

𝐶⁄
𝑒

)2))                                                                   

KDR (mol2/kJ2) – Dubinin-Radushkevich 

constant related to the mean free energy of 

adsorption 

R – universal gas constant (8.314 J/molK) 

T (K) – the absolute temperature 

q𝐷𝑅 (mg/g) – theoretical saturation capacity 

Ce (mg/L) – concentration at equilibrium 

Goodness of 

the fittings 
Equations Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                



Appendices 
________________________________________________________________________________________ 

 

340 

 

Table E5. Kinetic parameters estimated from pseudo-first order, pseudo-second order and Elovich 

models and evaluation of its fittings for an initial GLY concentration (C0) of 100 and 200 mg/L, for 

Fe3O4@SiO2/-CRG/GPTMS particles. 

 

 

 

 

 

 

Table E6. Kinetic parameters estimated from pseudo-first order, pseudo-second order and Elovich 

models and evaluation of its fittings for an initial GLY concentration (C0) of 100 and 200 mg/L, for 

Fe3O4@SiO2/-CRG/GPTMS particles. 

 

 

 

 

 

 

Table E7. Kinetic parameters estimated from pseudo-first order, pseudo-second order and Elovich 

models and evaluation of its fittings for an initial GLY concentration (C0) of 100 and 200 mg/L, for 

Fe3O4@SiO2/-CRG/GPTMS particles. 

 

 

 

 

 

Kinetic Model C0=100 mg/L C0=200 mg/L 

Pseudo-First order 

R2 (2) 0.9925 (12.28) 0.9983 (9.98) 

k1 (min-1) 1.63 1.71 

qe (mg/g) 106.8 206.2 

Pseudo-Second order 

R2 (2) 0.9976 (3.92) 0.9989 (6.25) 

k2 (g/mg.min-1) 0.03 0.02 

qe (mg/g) 108.5 208.6 

Elovich 

R2 (2) 0.9922 (10.9) 0.9907 (56.08) 

 (mg/g.min-1) 5.02x109 3.08x1012 

 (mg/g.min-1) 0.2309 0.1491 

Kinetic Model C0=100 mg/L C0=200 mg/L 

Pseudo-First order 

R2 (2) 0.8932 (25.89) 0.9170 (100.57) 

k1 (min-1) 0.40 1.63 

qe (mg/g) 36.7 88.1 

Pseudo-Second order 

R2 (2) 0.9434 (13.72) 0.9395 (73.26) 

k2 (min-1) 0.01 0.03 

qe (mg/g) 39.1 90.5 

Elovich 

R2 (2) 0.9843 (3.80) 0.9849 (18.21) 

 (mg/g.min-1) 182.06 366094.5 

 (mg/g.min-1) 0.2045 0.1649 

Kinetic Model C0=100 mg/L C0=200 mg/L 

Pseudo-First order 

R2 (2) 0.9483 (12.42) 0.9930 (21.60) 

k1 (min-1) 0.985 1.87 

qe (mg/g) 39.1 147.3 

Pseudo-Second order 

R2 (2) 0.9785 (5.17) 0.9962 (11.80) 

k2 (min-1) 0.03 0.03 

qe (mg/g) 40.7 149.1 

Elovich 

R2 (2) 0.9945 (1.30) 0.9961 (12.05) 

 (mg/g.min-1) 7869.1 1.14x1012 

 (mg/g.min-1) 0.2932 0.2031 
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Table E8. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/-CRG/GPTMS particles, together with the goodness of the fittings. 

 

 

Table E9. Equilibrium model parameters obtained from model fitting to experimental sorption data of 

Fe3O4@SiO2/-CRG/GPTMS particles, together with the goodness of the fittings. 

 

 

Table E10. Equilibrium model parameters obtained from model fitting to experimental sorption data 

of Fe3O4@SiO2/-CRG/GPTMS particles, together with the goodness of the fittings. 

 

 

 

Isotherm Model Parameters Goodness of fit 

Langmuir 
qL (mg/g) KL (L/mg) R2 2 

2014.4 0.0013 0.9657 62.7 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) n R2 2 

5.79 1.27 0.9460 78.7 

Sips 
𝒂S (L/mg)s Ks (mg/g).(L/mg)s S R2 2 

5318.9 0.00003 0.50 0.9965 21.2 

Dubinin-

Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

849.3 0.002167 0.9735 55.2 

Isotherm Model Parameters Goodness of fit 

Langmuir 
qL (mg/g) KL (L/mg) R2 2 

2802.7 0.0009 0.8893 145.4 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) n R2 2 

4.25 1.16 0.8661 160.0 

Sips 
𝒂S (L/mg)s Ks (mg/g).(L/mg)s S R2 2 

3.4x107 0.0000000008 0.25 0.9954 22.4 

Dubinin-

Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

1050.6 0.004224 0.9904 42.8 

Isotherm Model Parameters Goodness of fit 

Langmuir 
qL (mg/g) KL (L/mg) R2 2 

2764.7 0.0008 0.9042 114.8 

Freundlich 
KF (mg(1-1/n).L(1/n)/g) n R2 2 

3.54 1.14 0.8837 126.4 

Sips 
𝒂S (L/mg)s Ks (mg/g).(L/mg)s S R2 2 

1.5x106 0.00000002 0.30 0.9969 21.2 

Dubinin-

Radushkevich 
qDR (mg/g) KDR (mol2/kJ2) R2 2 

949.8 0.004367 0.9912 34.8 
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Figure E8. UV-VIS spectra of aqueous solution used to rinse the a) Fe3O4@SiO2/-CRG/GPTMS, b) 

Fe3O4@SiO2/-CRG/GPTMS and c) Fe3O4@SiO2/-CRG/GPTMS particles. For comparison purposes, 

UV-VIS spectra of ciprofloxacin aqueous solution and KCl were also included. 

  

E5. Removal of CIP from wastewater  

 

 

 

 

 

 

 

Figure E9. UV-VIS spectrum of raw wastewater. 

c) 

a) b) 



Appendices 
________________________________________________________________________________________ 

 

343 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E10. UV-VIS spectra of the supernatant after CIP removal from ultra-pure water (a, b, and c) 

and wastewater (d, e, and f) using several sorbent doses of Fe3O4@SiO2/-CRG/GPTMS, 

Fe3O4@SiO2/-CRG/GPTMS and Fe3O4@SiO2/-CRG/GPTMS particles. 

 

 

 

c) f) 

d) a) 

e) b) 
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Appendix F  
 

Supporting information of sub-chapter 5.1 

 

F1. Calibration curves 
 

 

 

Figure F1. Calibration curves and chemical structures of a) ciprofloxacin (0.12–10.0 mg/L), b) 

tetracycline (0.12–20.0 mg/L) and c) sulfamethoxazole (0.12–12.0 mg/L), providing linear relation 

between the absorbance and the concentration.  
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F2. Materials characterization 

 

Figure S2. Scheme of a) the reaction between the isocyanate group of the ICPTES and the hydroxyl, 

amine and carboxylic acid groups present in gelatin (R’) to yield urethane, urea and amide bonds, 

respectively; and b) reaction between the glycidyl group of GPTMS and the hydroxyl, amine and 

carboxylic acid groups present in gelatin (R’) to yield ether, secondary amine with OH group and 

carboxylic ester, respectively. 
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Figure F3. ATR-FTIR spectra of a) ICPTES and b) GPTMS. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F4. SEM image of amorphous SiO2 particles (average size of 101 ± 12 nm). 

 

 

Table F1. 13C CP/MAS NMR chemical shifts for gelatin and gelatin-silica hybrids. 

Assignment 
Gelatin 

A and B 

SiO2/Gel-

A/ICPTES 

SiO2/Gel-

B/ICPTES 

SiO2/Gel-

A/GPTMS 

SiO2/Gel-

B/GPTMS 

Methyl carbons 16.9 17.9 17.9 17.9 16.8 

Pro, Glu 24.9  24.4 24.4 23.9 24.5 

Pro, Glu 29.5 29.5 29.5 29.5 29.5 

Hyp 38.1 36.6 36.1 37.6 38.2 

Gly 42.7 42.2 42.7 42.2 42.7 

Ala, Pro 47.3 47.2 47.2 47.6 47.3 

Hyp, Glu 54.3 52.3 52.3 52.4 54.3 
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Hyp, Pro 59.4 58.9 58.9 59.2 59.4 

Hyp 70.5 70.1 70.1 70.8 70.4 

Aromatic carbons 120-140 123-141 123-141 123-141 123-141 

Arg 156.8 156.6 156.6 156.8 157.1 

Amide carbons 172.8 172.8 172.8 172.7 173.3 

Carboxylate carbons 180.4 180.4 180.9 180.1 180.9 

Ca  or Ca’ - 159.7 159.7 69.7 68.5 

Cb  or Cb’ - 42.7 42.7 51.8 51.8 

Cc  or Cc’ - 24.4 24.4 70.8 70.4 

Cd  or Cd’ - 9.7 9.7 74.1 73.5 

Ce’ - - - 23.9 24.5 

Cf’ - - - 9.2 8.7 

Pro- proline; Glu- glutamic acid; Hyp- hydroxyproline; Gly- glycine; Ala- alanine; Arg- arginine. 

 

 

Table F2. 29Si MAS and 29Si CP/MAS NMR chemical shifts for SiO2 particles gelatin-silica hybrids, 

and quantification of the 29Si Qn resonances. 

 

 

 

 

Table F3. The average surface roughness (Rms) values of the substrate coated with the gelatin-silica 

hybrid nanoparticles. 

*Roughness parameter assessed by AFM (average of three roughness measurements of 2x2 m topographic 

images) 
 

29Si MAS 

Qn SiO2 
SiO2/Gel-

A/ICPTES 

SiO2/Gel-

B/ICPTES 

SiO2/Gel-

A/GPTMS 

SiO2/Gel-

B/GPTMS 

Q2 
-93.6 

(3.0%) 

-92.1 

(3.3%) 

-93.1 

(2.1%) 

-93.0 

(3.1%) 

-92.9 

(2.1%) 

Q3 
-102.2 

(30. 2%) 

-101.6 

(26.5) 

-102.1 

(26.9%) 

-101.8 

(27.9%) 

-101.9 

(27.1%) 

Q4 
-111.5 

(66.8%) 

-111.2 

(70.2) 

-111.5 

(71.0%) 

-111.4 

(69.1%) 

-110.9 

(70.9%) 

29Si CP/MAS 

Q2 -90.6 -91.5 -91.7 -91.5 -91.6 

Q3 -101.3 -101.3 -101.6 -101.5 -101.4 

Q4 -111.2 -110.8 -111.3 -111.1 -110.5 

T1 - -49.1 -49.1 -48.6 - 

T2 - -59.1 -59.1 -58.6 -58.6 

T3 - -66.1 -66.3 -66.9 -66.8 

Hybrid Rms (nm)* 

SiO2/Gel-A/ICPTES 35.3 ± 7.4 

SiO2/Gel-B/ICPTES 32.4 ± 17.0 

SiO2/Gel-A/GPTMS 52.7 ± 8.6 

SiO2/Gel-B/GPTMS 37.6 ± 4.7 
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Figure F5. Atomic force microscope (AFM) topography images 2 m x 2 m (left) of a) SiO2/Gel-

A/ICPTES, b) SiO2/Gel-B/ICPTES, c) SiO2/Gel-A/GPTMS and d) SiO2/Gel-B/GPTMS particles. The 

diagonal blue line is used to obtain a random roughness profile on the surface and the roughness profile 

corresponding to the diagonal line is shown on the cross section graphs (right).  
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F3. Thermoresponsive studies 
 

Table F4. Average diameter (nm) obtained from the SEM images of the aqueous hybrid particle 

suspensions after increasing (to 70 ºC) and decreasing (to 25 ºC) the temperature. 

 

 

Table F5. Polydispersity index obtained from DLS measurements of the aqueous hybrid particle 

suspensions after increasing (to 70 ºC) and decreasing (to 25 ºC) the temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Average Diameter (nm) 

25 ºC 70 ºC 25 ºC 

SiO2/Gel-A/ICPTES 100.9 ± 9.7 107.5 ± 9.6 86.6 ± 7.2 

SiO2/Gel-B/ICPTES 120.4 ± 14.7 121.1 ± 12.1 119.5 ± 10.8 

SiO2/Gel-A/GPTMS 115.8 ± 22.3 123.2 ± 11.5 116 ± 13.1 

SiO2/Gel-B/GPTMS 100.2 ± 9.4 101.1 ± 11.5 100.2 ± 9.6 

 Polydispersity index 

25 ºC 70 ºC 25 ºC 

SiO2/Gel-A/ICPTES 0.50 ± 0.14 0.66 ± 0.12 0.34 ± 0.01 

SiO2/Gel-B/ICPTES 0.56 ± 0.09 0.88 ± 0.07 0.73 ± 0.07 

SiO2/Gel-A/GPTMS 0.66 ± 0.12 0.82 ± 0.07 0.50 ± 0.02 

SiO2/Gel-B/GPTMS 0.69 ± 0.21 0.90 ± 0.10 0.71 ± 0.23 
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F4. Magnetic hybrid nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

Figure F7. XRD diffractogram of magnetite particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F8. TEM image of magnetite particles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F9. TGA curve of bare magnetite. 
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Appendix G  
 

Supporting information of sub-chapter 6.1 

 

G1. Wastewater sample 

 

Table G1. pH and conductivity values for ultra-pure and real wastewater samples.  

 

 

 

 

G2. Materials characterization 

 

 

 

 

 

 

 

 

 

Figure G1. XRD patterns of Fe3O4 and Fe3O4@SiO2/SiTMC particles. The powder X-ray diffraction 

(XRD) patterns of Fe3O4 particles matched the diffraction pattern of magnetite (JCPDS file No. 19–

0629). 

 

Table G2. Compositional and morphological properties of as-synthesized materials. 

Sample C (%)a H (%)a N (%)a 
D (nm)b SBET 

(m2 g-1)c core shell 

TMC 32.8 5.6 5.9 - - - 

SiTMC 35.8 5.8 6.5 - - - 

Fe3O4 0.2 0.06 0.04 56 ± 11 - 27.4 

Fe3O4@SiO2/ SiTMC 29.2 5.2 5.8 56 ± 11 42 ± 3 4.1 

Fe3O4@SiO2 0.2 0.4 0.1 56 ± 11 9 ± 1 29.3 
a Carbon, hydrogen and nitrogen content measured by elemental microanalysis; b Particle diameter assessed by 

TEM; c BET surface area (SBET) assessed by N2 sorption. 

 

Sample pH Conductivity (mS/cm) 

Ultra-pure water 6.63 ± 0.16 0.0045 ± 0.00002 

Real wastewater 8.13 ± 0.14 3.15 ± 0.02 
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Figure G2. Scheme illustrating a) chemical route to obtain an alkoxysilane derivative of trimethyl 

chitosan (SiTMC) from reaction between TMC and ICPTES, and b) coating of Fe3O4 nanoparticles 

with siliceous shells enriched in TMC. 

 

 

 

 
Table G3. Magnetic parameter of Fe3O4 and Fe3O4@SiO2/SiTMC particles, at 300K. 

 

 

 

 

 

 

 

 

Sample 
Ms 

(emu/gsample) 

Ms 

(emu/gFe3O4) 

Mr 

(emu/gFe3O4) 
Hc (Oe) 

Fe3O4 81 83 7.1 ± 60 

Fe3O4@SiO2/SiTMC 10 82 7.9 -71 and +82 

b) 

a) 
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Figure G3. 13C NMR of TMC (in D2O). 

 

 

G3. Removal of Glyphosate   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G4. XPS spectra (survey) for Fe3O4@SiO2/SiTMC particles, and Fe3O4@SiO/SiTMC after 

GLY adsorption at pH= 5 and 8.  
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Table G4. Results and assignments of XPS spectral bands for Fe3O4@SiO2/SiTMC before adsorption 

and after GLY adsorption at pH= 5 and pH= 8. 

Element Assignments 

Binding energy (eV) 

Fe3O4@SiO2/SiTMC 
After GLY 

adsorption pH=5 

After GLY 

adsorption pH=8 

C 1s 

C–C/C–H  284.80 284.80 284.80 

C–N 285.87 286.33 286.62 

C–O/C–OH/C–N–

C=O 
287.44 287.66 287.37 

O–C=O 289.22 288.73 288.44 

N 1s 

–NH2
+ 402.15 404.15 403.52 

–NHCOCH3 403.58 404.15 403.52 

–N(CH3)2 405.17 405.57 404.78 

–N+(CH3)3 405.17 405.57 404.78 

–NH - 401.55 401.04 

O 1s 
C=O 532.75 532.59 532.48 

C–O/Si–O 535.39 534.80 534.12 

Si 2p 

 

O–Si–C 104.06 104.12 102.96 

O–Si–OH 105.58 104.85 103.66 

O–Si–O 106.55 106.14 105.17 

 

 

Table G5.  Influence of NaCl concentration on the removal of glyphosate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G5. Variation of glyphosate concentration on control experiments performed in the absence of 

sorbent particles to assess the loss of GLY caused by other phenomena than adsorption on sorbents. 

NaCl (mM) Conductivity (mS/cm) Removal of glyphosate (%) 

0 0.004 96.1 

1 2.5 85.9 

10 4.0 11.6 
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Figure G6. Removal percentage of GLY at 0.3 mg/L using Fe3O4@SiO2 particles, for 3 h (180 min). 
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 Table G6. Non-linear equations of kinetic and isotherm models and equations of the goodness of the 

fittings. 

Kinetic model Non-linear equations Constants/parameters 

Pseudo-first 

order 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

k1 (min-1) – pseudo-first order rate constant 

t (min) – time 

q𝑒  (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Pseudo-second 

order 
qt =

k2qe
2t

1 + k2qet
 

k2 (g/mg.min-1) – pseudo-second order rate constant 

t (min) – time 

q𝑒  (mg/g) – amount of sorbate adsorbed at 

equilibrium 

Elovich 𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)                                                  

α (mg/g.min-1) – initial adsorption rate 

β (mg/g.min-1) – desorption constant 

t (min) – time 

Intraparticle 

diffusion 
qt =  kid  × t0.5 + C                                                         

kid (mg/g.min0.5) – internal particle diffusion  

qt (mg/g) – adsorption capacity 

t (min) – time 

C – thickness of the boundary layer  

Boyd  
𝐵𝑡 = −0.4977 − ln(1 −

𝑞𝑡

𝑞𝑒
)      

       B = 2 
𝐷𝑖

𝑟2                   

𝑞𝑡 (mg/g) – amount adsorbed at time t 

𝑞𝑒 (mg/g) – amount adsorbed at time equilibrium 

𝑡 (min) – time 

Di – effective diffusion coefficient of the adsorbate 

r – radius of the sorbent particles assumed to be 

spherical 

Isotherm 

model 
Non-linear equations Constants/parameters 

Langmuir  qe =
q𝑚KLCe

1 + KLCe

 

KL (L/mg) – Langmuir constant 

q𝑚  (mg/g) – maximum adsorption capacity 

Ce (mg/L) – concentration at equilibrium 

Freundlich qe = KFCe
1

n⁄
                                             

KF (mg(1-1/n).L(1/n)/g) – Freundlich constant  

1
n ⁄ –  heterogeneity factor (0 < 1 n ⁄ < 1) 

Ce (mg/L) – concentration at equilibrium 

Sips qe =
𝐾SCe

βS

1+𝑎SCe
βS

                                                 

KS (mg/g).(L/mg)s –  related to the median binding 

affinity  

βS –  heterogeneity factor (0 < S < 1) 

𝑎𝑆 (L/mg)s – total number of binding sites   

Ce (mg/L) – concentration at equilibrium 

Dubinin–

Radushkevich 

qe = 𝑞𝐷𝑅exp(−𝐾𝐷𝑅(RTln(1 +
1

𝐶⁄
𝑒

)2))                                                                   

KDR (mol2/kJ2) – Dubinin-Radushkevich constant in 

related to the mean free energy of adsorption 

R – universal gas constant (8.314 J/molK) 

T (K) – the absolute temperature 

q𝐷𝑅  (mg/g) – theoretical saturation capacity 

Ce (mg/L) – concentration at equilibrium 

Goodness of 

the fittings 
Equations Constants/parameters 

Coefficient of 

determination 
R2 = 1 −

∑ (𝑦
𝑖

− �̂�
𝑖
)

2𝑛
𝑖=1

∑ (𝑦
𝑖

− �̅�)
2𝑛

𝑖=1

 
yi – experimental predicted values 

ŷi – model predicted values 

�̅� – mean of the experimental data  

n – sample size Chi-square  χ2 = ∑
(𝑦𝑖−�̂�𝑖)2

�̂�𝑖

𝑛
𝑖=1                                                                
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Figure G7. TEM image of Fe3O4@SiO2/SiTMC nanosorbents after the third adsorption/desorption 

cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G8. FTIR spectra of a) Fe3O4@SiO2/SiTMC nanosorbents before adsorption, b) after 1 cycle, 

c) after 2, d) after 3, e) after 4 adsorption/desorption cycles. 

 

 

 

 

 

 

 


