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RESUMO 

 

Água dura é um termo utilizado para se referir a água com elevados teores de Ca²⁺ e Mg²⁺. Em 

função principalmente da elevada capacidade de troca catiônica das zeólitas, esses materiais 

são amplamente utilizados como abrandadores de água. No entanto, restrições associadas à sua 

forma de pó, ou da forma compactada como pellets, fazem com que sua eficiência e reuso sejam 

comprometidos. Tais dificuldades podem ser superadas por meio da utilização de zeólitas 

apresentando estruturas hierarquizadas. O presente trabalho está centrado na obtenção de 

compósitos de zeólita NaA, com caráter magnético e não-magnético, e do biopolímero 

quitosana. A zeólita NaA foi sintetizada via rota hidrotérmica a partir de cinzas volantes 

oriundas da queima do carvão mineral, usadas como fonte principal de silício e alumínio. Os 

compósitos magnéticos e não magnéticos foram preparados por meio do gotejamento de 

solução de quitosana contendo a zeólita e/ou as partículas magnéticas, em solução coagulante 

básica. Os materiais obtidos foram caracterizados por meio das técnicas de difratometria de 

raios-X (DRX), espectroscopia de absorção na região do infravermelho (IV), microscopia de 

varredura eletrônica (MEV), análise termogravimétrica (TG) e magnetometria (VSM). Ensaios 

de abrandamento foram conduzidos por meio do contato de solução de Ca²⁺ 100 mg L⁻¹ com 

diferentes massas de zeólita NaA. A produção dos materiais foi bem-sucedida, os compósitos 

tiveram as características da zeólita NaA preservada e boa dispersão dos cristais na matriz 

polimérica, assim como apresentam boa capacidade de remoção de íons Ca²⁺ do meio aquoso 

juntamente à facilidade de recuperação do material. 

 

Palavras-chave: água dura; zeólita; quitosana; abrandamento. 



    

ABSTRACT 

 

Hard water is the denomination adopted to refer to the water with high Ca²⁺ and Mg²⁺ content. 

Due to the elevated cationic exchange capacity of zeolites, these materials are used as water 

softeners. However, restrains imposed from their powder form, and modified-packed form of 

pellets affects severely their efficiency in Ca²⁺ and Mg²⁺ capture. Such difficulty can be 

surpassed via the hierarchization of zeolitic structure. This work targets the production of 

magnetic and non-magnetic fly ash-based zeolite NaA composites using the biopolymer 

chitosan as matrix, and their application in water softening. The zeolite NaA was prepared using 

coal fly ashes as the main source of silicon and aluminum, via hydrothermal route synthesis. 

The magnetic and non-magnetic composites were prepared through the dripping of chitosan 

solution containing the zeolite NaA crystals, and/or magnetic particles from fly ashes into 

alkaline coagulant solution to obtain the beads The obtained materials were characterized using 

X-ray diffractometry (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), thermogravimetric analysis (TGA), and magnetometry (VSM). 

Water softening tests were performed by the contact of the materials with aliquots of Ca²⁺ 

solution at a concentration of 100 ppm. The characterization indicates the well succeeded 

synthesis of fly ash-based zeolite NaA, with the effective preparation of the composites. The 

softening tests showed the complete removal of Ca²⁺ from the aqueous media, confirming great 

potential of these material in water treatment. 

 

Keywords: hard water; fly ash-based zeolite; chitosan; water softening. 
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1  INTRODUCTION 

1.1  Water 

 Water is a remarkable, versatile substance, omnipresent in everything we produce, 

considered therefore the base of life.[1-3] Unfortunately, several anthropogenic environmental 

changes, including the expansion of urban areas, have transformed the demand for quality water 

in one of the greatest challenge of the modern society.[4-6] Although water is abundant on Earth, 

covering about 73% of its surface, only 3% of the hydrosphere is freshwater, occurring naturally 

in lakes, rivers, or underground.[7] Groundwater is the water that infiltrates into the ground 

through porous materials, filling pores and fractures, forming the aquifers.[8] It is one of the 

major freshwater suppliers worldwide, responsible for the drinking water access of nearly 33% 

of the world's population.[9; 10] Furthermore, different sectors such as industrial, agricultural, 

urbanization, food and energy security, environmental sustainability, and health are directly and 

highly dependent on water.[11] Thus, actions aiming at sustainable groundwater management 

have become extremely important. 

1.1.1  Mineral composition of water 

 The mineral composition of water changes according to its source, the lithology of 

its origin region, and the interactions within the aquifer between chemical constituents, soil, 

rock, and gases.[12; 13] The imprudent exploitation of groundwater affects hydrodynamic and 

hydro-geochemical conditions of the aquifers, which cause an increase in the dissolution of 

salts.[14; 15] 

 Hard water is an environmental problem in different countries around the globe,[16; 

17] and it depends on the concentration of dissolved cations, mainly calcium (Ca²⁺) and 

magnesium (Mg²⁺), in the medium.[18-20] The presence of calcium and magnesium ions 

dissolved in water is related to several problems such as corrosion and scaling.[21; 22] Table 1 

presents the classification of water in terms of calcium carbonate (CaCO₃) equivalent.[23; 24] 
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Table 1 – Classification of water according to its hardness in function of CaCO₃ equivalent. 

Classification of Water CaCO₃ / mg L⁻¹ 

Soft 0 – 50 

Moderately soft 50 – 100 

Slightly hard 100 – 150 

Moderately hard 150 – 200 

Hard 200 – 300 

Very hard > 300 
Source: Al-Hadidi, et al.[23] 

 Among the existent hard water treatment techniques, desalination is widely 

accepted as a viable technology of producing freshwater from saline water (seawater or 

underground brackish water) for drinking, agricultural, and industrial purposes,[25; 26] and has 

been practiced in over 150 countries around the world.[27] 

1.1.2  Hard water treatment 

 The process of reducing the hardness of water is called softening.[28] Considering 

the importance to ensure an environmentally sustainable drinking water production and 

distribution in a cost-effective manner,[29] several water softening technologies are available 

and they vary in terms of hardness reduction, water consumption, maintenance requirements, 

residue production, and costs.[30] Table 2 exhibits a few of the technologies adopted in water 

softening process with some of their advantages and disadvantages. 

 One of the main processes for water softening is reverse osmosis (RO), which is 

adopted in about 80% of the total desalination plants for its high selectivity.[31; 32] However, the 

RO technology This technology when applied in the desalination of brackish waters is limited 

by salt scaling that causes membrane fouling, reducing the permeate flux and the membrane 

lifespan.[33] but there are disadvantages on its use such as these ions can precipitate as 

carbonates on the surface of the membrane, causing the fouling phenomena, and consequently, 

the water permeation capacity declines, decreasing the membrane lifespan and increasing the 

water treatment costs.[32; 34; 35] 

 In order to mitigate this problem, auxiliary processes that can improve the 

desalination performance including water softening and salt removal as a viable steps in 

desalination process.[25; 29] To overcome the difficulties related to RO membranes, new 

materials are being explored to increase the efficiency and accessibility of desalination 

processes.[17; 36] 
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Table 2 – Advantages and disadvantages of the main water softening techniques. 

Softening method Advantages Disadvantages References 

Chemical precipitation 

• Environmental compatibility; 

• Convenient operation; 

• High efficiency treatment. 

• Waste production; 

• High equipment costs; 

• Demands plenty of chemical agents; 

• Production of large volume of sludge; 

• Electrode deactivation. 

[20; 37-40] 

Chemical reduction 

• Superior selectivity when compared to 

conventional technology; 

• Applicable in a wide range of 

temperatures; 

• Moderate costs. 

• Difficulty in operation control; 

• Possible catalyst fouling; 

• Sensitivity of the process to 

environmental conditions; 

• This process is limited due to the large 

amounts of waste sludge being 

produced; 

• High process cost; 

• Post-treatment needed. 

[41; 42] 

Flocculation 
• High efficiency; 

• Simple technique. 

• High costs; 

• Strict pH interval; 

• Temperature sensitivity; 

• Excessive sludge production. 

[43; 44] 

Ion exchange 

• Fast, simple and economic process; 

• Ca²⁺ selectivity; 

• Low operational cost. 

• High concentration of Na⁺; 

• Further contaminant treatment is 

required. 

[20; 25; 30; 45] 

Membrane softening • Highly effective method. 
• Membrane fouling; 

• Elevated operational costs. 
[20; 25; 46; 47] 

Source: The author (2022).
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1.2  Porous materials 

 Porous materials portray significant roles in our daily activities, being employed in 

important processes in many different fields including catalysis, separation, biomedicine, 

energy, insulation, and sensors.[48-50] Such versatility is result of  the presence of voids, or pores, 

within their structure. that provides them different properties.[51-53] Given that the performance 

of these materials can be affected by pore characteristics, for instance pore size and 

distribution,[49] the development of advanced porous materials with well-defined structures has 

become a subject of scientific research.[54; 55] 

 The International Union of Pure and Applied Chemistry (IUPAC) categorizes the 

porous materials in three groups based on their pore diameter: macropore, porous size bigger 

than 50 nm, mesopore, porous size between 2 – 50 nm, and micropore, porous size smaller than 

2 nm.[56; 57] The latter presents a subclassification, ultramicropores, to define materials with pore 

size smaller than 0.7 nm, and supermicropores for materials with pore size between 

0.7 – 2.0 nm. Figure 1 presents a schematic representation in which the pore size of the three 

porous groups is compared. 

Figure 1 – Schematic representation of pore size comparison: (a) synthetic porous materials with different classes 

of pore size, and (b) examples of structures with compatible dimensions of the porous materials. 

 
Source: The author (2022). 

 Nowadays, the syntheses of microporous materials can be carried out by means of 

a myriad of chemical and physicochemical strategies in order to obtain tailored materials, with 
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regular porosity, such as zeolites.[58] Zeolites are porous and crystalline aluminosilicates that 

either occur naturally or can be synthesized.[59] These materials have great potential as water 

softeners due to their unique properties like elevated porosity, high selectivity, high specific 

surface area, molecular sieving behavior, mechanical and thermal resistance, and ion exchange 

capacity.[60] 

1.3  Zeolites 

 In 1756, the Swedish mineralogist Axel Fredrik Cronstedt discovered the first 

zeolite mineral, stilbite.[61-66] Due to their intumescence when heated, Cronstedt gave the name 

zeolite to these materials, from the Greek ζέω (zéō), meaning "to boil" and λίθος (líthos), 

meaning "stone", therefore “boiling stone”.[61-63] 

 Zeolites are hydrated crystalline inorganic polymers constituted by TO₄ (T = Si or 

Al) tetrahedra linked to each other by the oxygen atoms, forming a three-dimensional 

framework.[67; 68] Due to the trivalence nature of aluminum ion, each AlO₄ tetrahedron present 

in the zeolitic framework produces a negative charge in the structure which is balanced by an 

extra-framework cation[63] to maintain the material charge neutrality.[64; 69] The generic 

chemical composition for the unit cell of zeolites is presented in Equation 1, and their generic 

structure is represented in Figure 2. 

Equation 1 – General empirical formula of zeolite unit cell.[63] 

𝑀 𝑦
𝑚

[(𝑆𝑖𝑂2)𝑥(𝐴𝑙𝑂2)𝑦] ∙ 𝑤𝐻2𝑂  

where M is the metallic — commonly alkaline (group 1) or alkaline earth (group 2) cations, 

although organic cations can be used — that counterbalances the negative charges in the zeolite 

structure, m is the cation charge, w is the number of water molecules contained in the unit cell, 

and x and y are the numbers of tetrahedra per unit cell and they depend on the zeolite type.[63; 

64] 



21 

 

Figure 2 – Generic chemical structure of zeolites in which it is possible to observe Si and Al tetrahedra 

intercalation. The presence of Al atoms in the center of tetrahedra creates areas of electronic density concentration, 

therefore the presence of compensation cations is required to obtain electronic neutrality. 

 
Source: The author (2022). 

1.3.1  Building units 

 The primary building units (PBUs) in zeolitic structure is considered to be the TO₄ 

tetrahedra (T = Al or Si),[62; 63] these PBUs when assembled generates the secondary building 

units (SBUs). The framework structure of zeolite contains intracrystalline channels, formed by 

the covalent oxides of Al and Si, that are occupied by cations and water molecules. [70; 71] 

Figure 3 – Representation of zeolite A unit cell. In orange the sodalite unit, in green the double 4-ring unit (D4R), 

and in blue the super cage formed by the assemble of eight sodalite units and twelve D4R units. 

 
Source: The author (2022). 

1.3.2  Syntheses of zeolitic materials 

 Although natural zeolites, such as clinoptilolite and chabazite, are widely adopted 

in environmental protection,[72] synthetic zeolites offer advantages when compared to them, 

once they tend to present higher crystallinity and homogeneous particle size distribution.[73] 

 Crystalline zeolites are can be synthesized via hydro/solvothermal methods under 

the appropriated conditions of time, temperature, type of mineralizing agent, source of silicon 

and aluminum, structure-directing agents (SDAs), etc.[74] Alternative routes of syntheses can 

include the integral or partial reuse of industrial waste, lowering the extraction of raw material 
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and the environmental liability deposited.[75] Environmental friendly syntheses of zeolites 

concerning a waste to resource strategy have been widely reported[76-78] using different sources 

of silicon and aluminum, such as rice husk ash,[79; 80] fly ashes,[81-84] kaolin,[85-87] diatomite,[88] 

sand and aluminum cans.[89] 

 Among the residues with economic and technological potential are the ones from 

thermoelectric plants, such as coal fly ash, which is a solid waste that is classified as a world-

class problem.[90] If the coal fly ash is randomly stacked, serious problems related to soil, water 

and atmosphere pollution. With these problems in mind, it is necessary to develop a strategy to 

obtain high value-added applications for this waste, for example, the coal fly ash can be used 

as a source of alumina and silica for the synthesis of geopolymers and zeolites.[90] 

1.3.3  Properties 

 The properties of zeolites make them attractive for various applications, such as 

water desalination and treatment,[25] catalysis,[67] molecular sieving,[91] and adsorption.[80; 91; 92]. 

Hence, the research on development of zeolitic materials aims the preparation of crystalline 

samples with well-defined characteristics according to their applications, some of the tailored 

characteristics are pore size, acidity, zeolite confinement effects, hydrothermal stability, and 

surface area.[68; 93] 

High porosity as well as high active surface area have led to development of zeolites for  

 Considering the water softening process, zeolitic materials are promising agents[94] 

due to their high porosity, high surface area, and the presence of extra-framework cations 

(Figure 2). These characteristics potentialize the ion exchange property of zeolite.[68] 

1.4  Hierarchical composites 

 The inherent microporosity of zeolites can result in limitations related to the 

diffusion of molecules and ions in active sites, what increases the difficulty of mass transfer in 

this type of material.[17; 67] The modification of the material by adding a second class of porosity 

can result in a distinctive structure, suitable to overcome limited access to active sites which 

helps to accelerate the diffusion,[95; 96] the combination of different degrees of porosity 

originating a hierarchical porous material is desirable to optimize the performance.[97] Different 

methods to introduce a secondary porosity have been reported,[97; 98] one strategy is to 

incorporate crystals of zeolite into a support, which can be inorganic, such as mineral fibers,[99; 

100] or organic, like cellulose,[101-103] and chitosan.[104-107] 
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 Biopolymeric materials are naturally occurring polymers that can be applied in 

different situations due to their unique properties, such as biodegradability, biocompatibility, 

non-toxicity, renewable and low price.[104; 108] 

Figure 4 – Schematic representation of a generic hierarchical composite consisting of zeolitic crystals (green cubes 

– reinforcement phase) supported by polymeric fibers (blue – matrix phase), the interaction existent between 

matrix and reinforcement phases is physical. 

 
Source: The author (2022). 

1.5  Chitosan 

 Chitosan is obtained via alkaline deacetylation of chitin, the second most common 

biopolymer found in crustaceans, insects, mollusks, and fungi,[109-111] and displays great 

advantages since it is a renewable, environmentally-safe, cost-effective, non-toxic, and 

biocompatible material.[112-115] Chitosan is a semi-crystalline, linear (1→4)-linked copolymer 

constituted by 2-amino-2-deoxy-β-D-glucopyranose and 2-acetamido-2-deoxy-β-D-

glucopyranose units,[111; 116-118] and its chemical structure is presented in Figure 5. 

Figure 5 – Representation of the chemical structure of chitosan consisting of β-1→4 linked D-glucosamine units 

(in red), and the N-acetyl-D-glucosamine unit (in blue). 

 
Source: The author (2022). 

 It is possible to observe in Figure 5 the presence of amino and hydroxyl groups in 

chitosan structure, which gives interesting properties to this material such as viscosity, 

solubility, swelling, and porosity,[113] making it suitable to a myriad of applications.[119] 
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 Chitosan gelling properties allow it to be shaped as films, nanofibers, nanoparticles, 

nanocapsules, membranes, scaffolds, and hydrogels, according to its use therefore, this polymer 

is a suitable candidate as a matrix in composites with zeolites.[113; 114] Although chitosan is a 

versatile material and presents great potential and advantages, it is a compound with low 

mechanical strength, low thermal stability,  and low porosity, therefore, modifications to 

improve chitosan properties are needed. Amongst the possible modification cross-linking is 

widely used,[120] and glutaraldehyde is one of the most used materials for this purpose, where it 

is used to obtain covalent cross-linked chitosan materials.[115] 

 Chemically cross-linked chitosan materials are based on the formation of an inter-

chain covalent bonds network and characterized by high mechanical stability 

Figure 6 – Representation of cross-linking reaction of glutaraldehyde and chitosan. 

 
Source: The author (2022). 

 In this context, this research aims to present a suitable method for the preparation 

of magnetic and non-magnetic chitosan-supported fly ash-based zeolite NaA composites and to 

evaluate their effectiveness on water softening process.  
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2  OBJECTIVES 

2.1  General objective 

 To produce composites of chitosan and zeolite NaA, synthesized from coal fly ashes 

as start material, and evaluate their capacity in Ca²⁺ removal from aqueous media. 

2.2  Specific objectives 

● To employ coal fly ashes as an alternative source of silicon for the efficient synthesis of 

zeolite NaA via hydrothermal route. 

● To develop porous and homogeneous chitosan/zeolite NaA beads; 

● To develop magnetic, porous, and homogeneous chitosan/zeolite NaA beads; 

● To assess the performance of the obtained materials in Ca²⁺ removal from aqueous 

media, considering the influence of contact time and mass of the cation exchangers. 
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3  EXPERIMENTAL 

 Zeolite NaA was prepared via hydrothermal synthesis, and it was used to produce 

chitosan-supported porous composites shaped as beads. The prepared materials were 

characterized by employing different techniques to assess their structural, spectroscopic, and 

morphological properties. These materials were applied for water softening processes, in which 

their performance was evaluated by considering zeolite mass in the sample. In this section, the 

experimental procedures are presented in detail. 

3.1  Reagents 

 Coal fly ash (FA) used in this study was supplied by the EDP group – Pecém II 

thermal power plant, located in São Gonçalo do Amarante, Ceará, Brazil. Chitosan (molecular 

weight = 1.29 × 10⁶ g mol⁻¹, degree of deacetylation = 76.0%) was supplied by Polymar. The 

samples were collected from the thermoelectric sleeve filter. The other reagents used are listed 

in Table 3. 

Table 3 – Reagents used in the preparation of the materials. 

Name Chemical formula Purity / % Supplier 

Glutaraldehyde C₅H₈O₂ 25.0 Vetec 

Acetic acid C₂H₄CO₂ ≥ 99.7 Synth 

Calcium chloride CaCl₂ ≥ 96.0 Vetec 

Ethanol CH₃CH₂OH ≥ 95.0 Neon 

Propanone C₃H₆O ≥ 99.5 Dinâmica 

Magnesium chloride 

hexahydrate 
MgCl₂·6H₂O 99 – 102 Vetec 

Methanol CH₄O ≥ 99.8 Êxodo Científica 

Sodium aluminate NaAlO₂ 40 – 45 Sigma-Aldrich 

Sodium hydroxide NaOH ≥ 97.0 Neon 

Source: The author (2022). 
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3.2  Fly ash treatment 

 FA underwent a sequence of treatments to remove impurities, following the 

methodology described by Amoni, et al.[121] First, FA had the granulometry homogenized using 

a 200 mesh sieve (74 μm). Then, 150.0 g of FA was transferred to a 2 L beaker containing 1.5 L 

of distilled water. The mixture was stirred mechanically for 1 h at room temperature (30 ℃), 

and then kept under static condition for 24 h. 

 As a result, three fractions were identified: the light fraction (LF), which was 

concentrated on the mixture surface, the fraction containing water soluble salts (WSS) was 

obtained after the evaporation of the aqueous phase, and the heavy fraction (HF), deposited on 

the bottom. HF underwent a treatment, consisting of magnetic separation, which gave rise to 

two other fractions: the magnetic fraction (MF) and the non-magnetic fraction (NMF). The 

experimental sequence is depicted in Figure 7. 

Figure 7 – Flowchart describing the fly ashes (FA) treatment, forming different fractions: water-soluble salts 

(WSS), light fraction (LF), and heavy fraction (HF). The magnetic extraction of HF produces the magnetic fraction 

(MF) and the non-magnetic fraction (NMF). 

 
Source: The author (2022). 

3.3  Synthesis of fly ash-based zeolite NaA 

 The synthesis of fly ash-based zeolite NaA (ZA) was carried out using the NMF as 

silicon source and as the main aluminum source. A hydrothermal route, based on the procedure 

described by Hui and Chao[81], was used. 
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Figure 8 – Schematic representation of the procedure to synthesize zeolite NaA using the fly ash non-magnetic 

fraction as the source of silicon. 

 
Source: The author (2022). 

 The extraction of Si and Al was performed in a closed flat-bottom flask, where 

10.0 g of NMF sample was added to 65.5 mL of NaOH 4.3 mol L⁻¹. The mixture was heated at 

90 ℃ in glycerin bath for 1 h under magnetic stirring (2,000 rpm). Then, the mixture was 

vacuum filtered, and to the supernatant, containing the extracted Si and Al, 1.34 g of NaAlO₂ 

was added, followed by the addition of NaOH 4.3 mol L⁻¹ to a final volume of 65.5 mL. The 

reactional mixture formed a thick white gel, with molar composition consistent with the one 

commonly employed for the synthesis of the zeolite 4A, as indicated in Equation 2 – Batch molar 

composition for zeolite 4A synthesis [122]. 

Equation 2 – Batch molar composition for zeolite 4A synthesis [122]. 

3,165 𝑁𝑎2𝑂: 𝐴𝑙2𝑂3: 1,926𝑆𝑖𝑂2: 128𝐻2𝑂 

 The gel was transferred to a Teflon-lined reactor (Figure 9a) and attached to a 

stainless-steel autoclave (Figure 9b) and heated to 90 ℃ for 4 h. After cooling, the mixture was 

vacuum filtered and the solid was washed with distilled water until pH = 8.0, and then oven-

dried at 90 ℃, overnight. The granulometry was standardized in 200 mesh (74 µm). 

Figure 9 – Photographs of (a) the Teflon-lined reactor used in the hydrothermal synthesis of zeolite NaA and (b) 

the stainless-steel autoclave. 

 
Source: The author (2022). 
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 The synthetic route of zeolite NaA from FA as alternative source of Si and Al is 

shown in the flowchart in Figure 10. 

Figure 10 – Flowchart of the fly ash-based zeolite NaA (ZA) synthesized from the non-magnetic fraction of fly 

ashes (NMF) as the only source of silicon. 

 
Source: The author (2022). 

3.4  Chitosan materials 

3.4.1  Chitosan purification 

 Chitosan was purified following the methodology described by Nasti et al. [123] with 

adaptation. 5.00 g of chitosan powder was dissolved in 400.0 mL of CH3COOH 1.0% (v/v), in 

a 600 mL beaker, using a mechanical stirrer for 24 h. Then, the solution was heated to 95 ℃ 

for 15 min, for precipitation of impurities. The mixture was centrifuged for 5 min at 3,500 rpm 

and the supernatant collected. Chitosan was precipitated by pH adjustment to 9.0, with NaOH 

1.0 mol L⁻¹. 

 Finally, the purified chitosan was washed with distilled water until pH = 7.0 and 

the solvent was exchanged by propanone. The chitosan was air-dried, macerated, and then 

stored in desiccator. The chitosan purification procedure is schematized in the flowchart 

presented in Figure 11. 
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Figure 11 – Flowchart of chitosan purification procedure. 

 
Source: The author (2022). 

3.4.2  Preparation of pure chitosan beads (CSB) 

 The production of chitosan beads followed the methodology of Song, et al.[124] with 

adaptation. In a 250 mL beaker, 3.003 g of purified chitosan (CS) was dissolved in 100.0 mL 

of CH₃COOH 1.0% (v/v) using mechanical stirring for 24 h, at room temperature (32 ℃), 

originating a solution of chitosan 3.0% (m/v). Then, the solution was added dropwise using a 

peristaltic pump Micronal B332, Tygon tube and a needle 18G, into a coagulant solution of 

NaOH 1.0 mol L⁻¹ containing MeOH (1:1, in volume) under stirring. The beads of pure chitosan 

were kept under static conditions for 24 h at room temperature (32 ℃) and then were washed 

with distilled water until pH = 7.0. Finally, the beads were freeze-dried (CSB) and stored in 

desiccator.  

3.4.3  Preparation of cross-linked chitosan beads (CCSB) 

 Beads of cross-linked CS with GA were prepared according to the methodology of 

Monteiro, with adaptation[125]. Initially, CS solution 3.0% (m/v) was prepared by the dissolution 

of the compound in CH3COOH 1.0% (v/v) using mechanical stirring for 24 h, at room 

temperature (32 ℃). Then, the solution was dripped into the gelation solution of NaOH 

1.0 mol L⁻¹ and MeOH (1:1 in volume) under stirring. The spheres were kept under static 

conditions for 24 h at room temperature (32 ℃), drained, and cross-linked with GA 3.0% (m/v) 
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in in water for 1.0 h at room temperature (32 ℃) and then washed with distilled water until 

pH = 7.0. Finally, the obtained beads (CCSB), were freeze-dried and stored in desiccator.  

Figure 12 – Flowchart describing the procedures performed to obtain the chitosan beads. 

 
Source: The author (2022). 

3.4.4  Preparation of chitosan-supported zeolite composites 

 The chitosan-supported composites were obtained via gelation of chitosan when it 

was dripped in an alkaline solution of NaOH, following the methodology of Monteiro[125]. 

Firstly, a solution of 3% (m/v) of chitosan in CH₃COOH 1% (m/v) was prepared, and, with a 

two-paddle mechanical stirrer, crystals of zeolite NaA were dispersed in it. The mixture was 

then dripped into an alkaline solution of NaOH 1.0 mol L⁻¹ containing MeOH (1:1 in volume) 

under stirring. After the beads’ formation, they were maintained under stable conditions for 

24 h at room temperature (30 ℃). Then, the beads were drained, cross-linked with 

glutaraldehyde, washed with distilled water until pH = 7.0, and freeze-dried. 

 The preparation of the magnetic composites followed a similar procedure, with the 

addition of the magnetic particles from the MF to the dispersion of zeolite in chitosan solution. 

The beads preparation occurred with the dripping of the mixture into a gelling solution, 

followed by crosslinking and freeze-drying. 
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 Figure 13 illustrates the main procedures for the preparation of the magnetic and 

non-magnetic composites as a flowchart. The quantities used in the procedures are depicted in 

Table 4. 

Figure 13 – Flowchart describing the main procedures of the composites manufacturing. 

 

Source: The author (2022). 

 

Table 4 – Quantities utilized for the preparation of the composites. 

Composite 

Volume of 

CS 3% (m/v) / 

mL 

Mass of ZA / 

g 

Mass of MF / 

g 

Mass ratio 

CS:ZA:MF 

CCSB-ZA1 100.0 0.750 - 4:1:0 

CCSB-ZA2 100.0 1.500 - 2:1:0 

MCCSB-ZA1 100.0 1.500 0.500 6:3:1 

MCCSB-ZA2 100.0 1.500 1.000 6:3:2 

Source: The author (2022). 
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3.5  Characterization 

 A comprehensive characterization of the obtained materials was conducted by 

employing different techniques, including X-ray fluorescence, X-ray diffractometry, Fourier-

transform infrared spectroscopy, thermogravimetric analysis, magnetometry, and scanning 

electronic microscopy. 

3.5.1  X-ray fluorescence (XRF) 

 XRF measurements were performed at the X-ray Laboratory (LRX) at the 

Department of Physics of the Federal University of Ceará (UFC), using a wavelength-dispersive 

X-ray (WDX) spectrometer Rigaku ZSX mini II, operating at 40 kV and 1.2 mA, with Pd tube. 

3.5.2  X-ray powder diffractometry (XRD) 

 XRD measurements were performed in a Rigaku DMAXB diffractometer, with 

Bragg-Brentano geometry from LRX – UFC. The samples were prepared on a zero-background 

Si sample holder, and the X-ray diffractograms were obtained in the scan range of 2θ between 

5 and 100°, with scan rate of 0.02° min⁻¹, using Cu tube (Kα₁ = 0.15406 nm and 

Kα₂ = 0.154439 nm) at 40 kV and 30 mA. The crystalline phases identification was executed 

using the software X-PertHighScore (PANalytical) and the patterns were obtained using the 

Inorganic Crystal Structure Database (ICSD). 

3.5.3  Fourier-transform infrared spectroscopy (FTIR) 

 FTIR analyses were performed in a Shimadzu IRTracer-100 equipment from 

Analytical Center of the Chemistry Graduate Program – UFC. The samples were dispersed in 

KBr pellets and analyzed in the scan range between 4000 and 400 cm⁻¹. 

3.5.4  Scanning electron microscopy (SEM) 

 SEM analyses were performed using a Quanta 450 FEG-FEI microscope, with 

electronic beam acceleration voltage of 20.0 kV, and secondary electron and X-ray dispersive 

energy detectors. The non-magnetic samples were previously prepared on carbon tape, while 

the magnetic sample were prepared using silver glue, over aluminum stubs, coated with a 1 – 

5 nm layer of gold in argon atmosphere and under vacuum, using a Quorum Q15DT ES 

equipment. The analyses were conducted at the Analytical Central of the UFC. 
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3.5.5  Thermogravimetric analysis (TGA) 

Thermogravimetric analyses were performed by using a NETZSCH STA 449F3 

equipment from the Foundry and Advanced Materials Laboratory from Metallurgic and 

Materials Engineering Department of the UFC. The analyses were performed putting the 

samples (5 mg) in an alumina pan and submitting them to heating from 30 to 600 ℃ under 

synthetic air atmosphere (50 mL min⁻¹) at a heating rate of 10 ℃ min⁻¹. 

3.5.6  Vibrating Sample Magnetometry (VSM) 

 Static magnetization curves were recorded in a vibrating sample magnetometer of 

the Magnetic Nanostructures and Semiconductors Group (GNMS) of the Department of 

Theoretical and Experimental Physics (DFTE) of the Federal University of Rio Grande do 

Norte (UFRN). The magnetization curves (MxH) were obtained at room temperature under a 

magnetic field between -30 and 30 kOe. 

3.6  Water softening tests 

 The performance of the obtained materials for water softening was assessed by 

putting them in contact with aliquots of hard water (Ca²⁺ 100 ppm) under different conditions 

of zeolite mass, to determine the optimum mass of adsorbent. The water softening tests were 

performed varying the adsorbate mass, from 10 to 100 mg of fly ash-based zeolite NaA. 
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4  RESULTS AND DISCUSSION 

 Here, we present the wide characterization of the prepared materials, confirming 

the efficiency of the employed methods and the performance of the zeolite-containing 

composites in the softening process of hard water. 

4.1  X-ray fluorescence (XRF) 

 The XRF analyses were performed aiming to determine the chemical composition 

of non-magnetic and magnetic fractions extracted from coal fly ash. The oxide composition of 

NMF and MF samples are listed in Table 5. 

Table 5 – X-ray fluorescence analyses results for the non-magnetic fraction (NMF) and the magnetic fraction (MF) 

obtained from the fly ashes (FA) treatment. 

Oxide 
Concentration (% m/m) 

NMF MF 

MgO - 1.76 

Al₂O₃ 19.09 14.16 

SiO₂ 57.27 47.02 

SO₃  0.14 

K₂O 3.43 2.26 

CaO 6.40 4.71 

TiO₂ 1.68 2.25 

MnO - 0.46 

V₂O₅ 0.21 - 

Fe₂O₃ 11.53 26.82 

ZnO 0.06 0.06 

SeO₂ - 0.05 

SrO 0.33 0.30 
Source: The author (2022). 

 

 The results for the elemental analyses of fly ashes fractions, NMF and MF, revealed 

that silicon (Si), aluminum (Al), and iron (Fe) oxides are the major constituents of FA. It is also 

possible to observe in Table 5 that the concentration of iron oxide (Fe₂O₃) in the NMF sample 

is significantly minor than in the MF, indicating the efficiency of magnetic separation in the 

removal of Fe. The high concentration of Si and Al indicates the potential to use FA as starting 

materials in the syntheses of zeolitic materials,[126] and, considering the lower concentration of 

iron oxide, NMF is the most appropriate fraction for this purpose, once iron can interfere in the 

synthesis process.[127; 128] 
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4.2  X-ray powder diffractometry (XRD) 

 The XRD analyses were executed in order to obtain information about the 

crystallinity of the obtained materials, as well as the crystalline phases that constitute them. 

4.2.1  Starting materials 

 The XRD patterns for the samples of purified chitosan, non-magnetic and magnetic 

fractions extracted from FA are showed in the diffractograms of Figure 14. 

Figure 14 – XRD patterns for the starting materials samples: (a) chitosan – CS powder, (b) non-magnetic fraction 

of FA – NMF and (c) magnetic fraction of FA – MF. The image indicates the semicrystalline structure of CS and 

the presence of well-formed crystalline phases in NMF and MF samples. 

 

 
Source: The author (2022). 

 The X-ray powder diffractogram for the CS sample (Figure 14a) presents two broad 

peaks at 11.1 and 20.5°, indicating the semicrystalline nature of the sample. Taking into 

consideration the chitosan structure, represented in Figure 5, an amorphous behavior was 

already expected as result of its low order, and the semi-crystallinity is caused by the 

organization of fibrillar structures due to intra and intermolecular hydrogen bonds [129-134]. 

 The XRD pattern for the sample of NMF (Figure 14b) shows the presence of 

intense, narrow peaks from two crystalline phases identified as α-quartz – SiO₂ (ICSD 34636) 
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and mullite – Al₆Si₂O₁₃ (ICSD 66448). The two peaks with higher relative intensity at 20.8 and 

26.61° correspond to the α-quartz phase, and indicate a higher concentration of this phase in 

comparison with the mullite phase.[135] The identified phases are in accord with the XRF results 

in Table 5, once the latter indicated silica and alumina as the major composition of NMF and 

indicate the potential of this fraction of FA as starting material in the synthesis of zeolites. 

 The XRD pattern for the MF sample (Figure 14c) presents three crystalline phases: 

hematite (ICSD 66756), magnetite (ICSD 82435) and α-quartz (ICSD 89278). The sample 

presents narrow peaks, and it is mainly composed by iron oxides, with the most intense peak at 

33.22° compatible with the hematite phase. It is also possible to observe the characteristic peaks 

of magnetite and α-quartz phases, at 35.58 and 26.58°, respectively. 

4.2.2  Chitosan materials 

 Figure 15 presents the XRD patterns for the samples of chitosan-based materials. 

Figure 15 – XRD results of the chitosan-based beads samples. (a) purified chitosan – CS powder, (b) pure chitosan 

beads – CSB, and (c) cross-linked chitosan beads – CCSB. 

 
Source: The author (2022). 

 Figure 15b is the XRD pattern referent to the sample CSB, which is the freeze-dried 

bead of pure chitosan, and it presents two broad peaks with low intensity at 11.3 and 20.5°, 

matching the XRD pattern of CS powder (Figure 15a) as it was expected given that the 

composition was not altered. In Figure 15c, it is presented the XRD pattern for the CCSB 
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sample, as expected the amorphous behavior was maintained after the crosslinking of CS with 

GA due to low order of the structure (Figure 6). As a result of inter and intramolecular 

interactions, the semicrystalline nature of chitosan was preserved, originating two broad peaks 

at 11.7 and 20.5° in the XRD pattern. 

4.2.3  Zeolite NaA 

 Figure 16 portrays the X-ray powder diffractograms for the samples of NMF 

(Figure 16a), and synthesized zeolite NaA from coal fly ashes (Figure 16b). 

Figure 16 – X-ray powder diffractograms for the (a) non-magnetic fraction of FA – NMF and (b) fly ash-based 

zeolite NaA – ZA. The presence of characteristic peaks of zeolite LTA structure indicates the successful synthesis 

of this material using the NMF as source of SiO₂. 

 
Source: The author (2022). 

 The XRD pattern for the sample of fly ash-based zeolite NaA shows narrow and 

intense peaks attributed to only one crystalline phase corresponding to zeolite LTA structure 

(ICSD 26911), with characteristic peaks at 7.22, 10.20, 12.48, and 16.14°, which corresponds 

to the expected product of the hydrothermal synthetic route, indicating the successful synthesis 

of the zeolite NaA. 

4.2.4  Composites 

 The X-ray powder diffractograms for the non-magnetic composites are presented 

in Figure 17. 
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Figure 17 – XRD results for the samples: (a) cross-linked chitosan beads – CCSB, (b) cross-linked chitosan-

supported zeolite NaA beads with CS:ZA mass ratio of 4:1 – CCSB-ZA1, (c) cross-linked chitosan-supported 

zeolite NaA beads with CS:ZA mass ratio of 2:1 – CCSB-ZA2, and (d) fly ash-based zeolite NaA – ZA. 

 
Source: The author (2022). 

 Figure 17 exhibits the XRD patterns for the non-magnetic composites and their 

components. The XRD pattern of CCSB-ZA1 sample (Figure 17b) presents a single, broad peak 

at 11.64°, consistent with the peak observed in the diffractogram of its matrix (Figure 17a). The 

non-existence of zeolitic peaks for this sample is a consequence of the low concentration of 

crystals of zeolite dispersed in the composite. 

 Although the CCSB-ZA2 XRD pattern (Figure 17c) shows the amorphous behavior 

from its chitosan matrix, it also displays peaks at 7.5, 10.6, 12.6, 14.3, 16.4, 20.3, 20.5, 21.9, 

24.5, 27.6, 30.4, and 34.6°, which are consistent with the zeolite NaA structure (ICSD 10288), 

confirming the effective preparation of the composites. Notwithstanding, the peaks observed in 

Figure 17c are broader and exhibits lower intensity when compared with the pure zeolite NaA 

XRD pattern in Figure 17d, the decrease in the crystallinity and peak intensity of the zeolite 

NaA is a consequence of the introduction of chitosan polymeric chain.[136] 

 The XRD results for the magnetic composites are showed in Figure 18. 
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Figure 18: XRD results for the samples: (a) cross-linked chitosan beads – CCSB, (b) fly ash-based zeolite NaA – 

ZA, (c) magnetic cross-linked chitosan-supported zeolite NaA beads with CS:ZA:MF mass ratio of 6:3:1 – 

MCCSB-ZA1, (d) magnetic cross-linked chitosan-supported zeolite NaA beads with CS:ZA:MF mass ratio of 

6:3:2 – MCCSB-ZA2, and (e) magnetic fraction of fly ash – MF. 

 
Source: The author (2022). 

 Similarly to the non-magnetic composite CCSB-ZA2 diffractogram (Figure 17c), 

the XRD patterns of the magnetic composites (Figure 18c-d), present lower intensity and 

crystallinity when compared to the diffractograms of ZA (Figure 18b) and MF (Figure 18e) 

samples, being a consequence of the introduction of chitosan matrix during the preparation of 

the composites.[136] The characteristic peaks of zeolite NaA are easily observed at 7.7, 10.6, 

12.9, 14.3° in both composites. While the peaks at 30.4, 35.9, 43.9° are consistent with the 

magnetite phase from MF added in the composites.[137] The effective preparation of the magnetic 

composites was performed, and, as expected, the XRD pattern of MCCSB-ZA2 presents the 

peaks of magnetite with higher relative intensity, when compared to the sample of MCCSB-

ZA1, due to the higher concentration of MF in the composite. 
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4.3  Fourier-transform infrared spectroscopy (FTIR) 

4.3.1  Starting materials 

 The obtained FTIR spectra for the samples of purified chitosan powder, non-

magnetic and magnetic fractions of fly ashes are displayed in Figure 19. 

Figure 19 – FTIR spectra for the starting materials samples: (a) purified chitosan – CS powder; (b) non-magnetic 

fraction – NMF, and (c) magnetic fraction – MF. 

 
Source: The author (2022). 

 The CS powder infrared spectrum, Figure 19a, presents characteristic bands of 

chitosan structure (Figure 5). The major band located in the region between 3700 and 

3000 cm⁻¹, with maximum at 3430 cm⁻¹, corresponds to the overlapped stretching vibrations of 

amino and hydroxyl groups.[138-140] The bands at 2919 and 2862 cm⁻¹ are attributed to the 

asymmetric stretching of CH₃ and CH₂ groups in chitosan chain.[141-143] The band at 1657 cm⁻¹ 

corresponds to stretching vibrations of amide groups present in chitosan structure.[143; 144] while 

the band at 1573 cm⁻¹ is result of stretching vibration of N–H bond.[142; 143] The bands at 1382 

and 1260 cm⁻¹ are related to C–N axial deformations of amide and amine functions.[143-145] And 

the bands between 1154 and 897 cm⁻¹ are characteristic of polysaccharide structure.[141; 143] The 

observed bands match the expected bands for the chitosan structure identified in the CS powder 

XRD pattern in Figure 14a. 
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 Figure 19b presents the NMF FTIR spectrum with three well defined bands, being 

in consonance with the identified crystalline phases, α-quartz and mullite, in the XRD pattern 

in Figure 14b. The bands at 1062 and 778 cm⁻¹ corresponds respectively to the asymmetric and 

symmetric stretching of T–O bonds (T = Si or Al), while the band at 461 cm⁻¹ corresponds to 

deformation of O–T–O bonds.[146] 

 The MF spectrum presents bands at 1062 and 783 cm⁻¹ related to the asymmetric 

and symmetric stretching of T–O bond.[147-150] The band at 568 cm⁻¹ is attributed to vibrations 

of Fe–O from magnetite.[82; 143] And the band at 462 cm⁻¹ corresponds to the deformation of O–

T–O.[82] This result is consistent with the XRD pattern in Figure 14c that identifies α-quartz, 

magnetite and hematite as the components of MF. 

 The wavenumber attributions of the infrared absorption bands for the starting 

materials are available in the Table 6. 
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Table 6 – Attribution of infrared absorption bands to their respective wavenumber for the starting materials samples. 

Identification of absorption bands 
Wavenumber (cm⁻¹) 

CS NMF MF References 

ν (NH₂) in primary amines and ν (OH) in pyranose ring 3426  - [105; 130; 138-143] 

δ (C–H) 2919  - [105; 130; 138-143] 

ν (C–H) in pyranose ring 2862  - [138-143] 

β–1→4 glycosidic linkage 897, 1071  - [130; 139; 141; 143] 

ν (C–O) in NHCOCH₃ group 1657  - [130; 138-144] 

δ (N–H) 1573  - [130; 138-143] 

δs (CH₂) in CH₂OH group 1417  - [105; 130; 138-143] 

δas (C–N) 1382  - [130; 138-140] 

δas (CH₃) 1319  - [138; 140-143] 

ν (C–N) amide band 1260  - [138; 140-145] 

νas (C–O–C) (glycosidic linkage) 1154  - [130; 138; 140-145] 

ν(C–O) in CH₂OH group 1072  - [105; 130; 138-141; 143] 

νas T–O (T = Si or Al) - 1062 1062 [82; 87; 91; 92; 107; 147-150] 

νs T–O (T = Si or Al) - 778 783 [82; 87; 91; 92; 148-151] 

νas (Fe–O) - - 568 [82; 143; 152] 

δ (O–T–O) - 458 462 [82] 

Source: The author (2022).
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4.3.2  Chitosan materials 

 The obtained FTIR spectra for the chitosan-based materials are exhibited in Figure 

20. 

Figure 20 – FTIR spectra for the chitosan-based materials. (a) purified chitosan – CS powder, (b) freeze-dried 

chitosan beads – CSB, and (c) Glutaraldehyde cross-linked chitosan beads – CCSB. 

 
Source: The author (2022). 

 The spectrum of BCS sample (Figure 20 – FTIR spectra for the chitosan-based 

materials. (a) purified chitosan – CS powder, (b) freeze-dried chitosan beads – CSB, and (c) 

Glutaraldehyde cross-linked chitosan beads – CCSB.Figure 20b) has the same behavior as the 

spectrum for the CCSB sample (Figure 20c), and exhibits the same bands seen for the sample 

of purified chitosan (Figure 20a). Thus, it is possible to observe the maintenance of chitosan 

bands after the cross-linking with glutaraldehyde. The preservation of CS crystalline and 

spectroscopic characteristics indicates the integrity of the polymer chain, and therefore the 

potential of its use as the matrix in zeolitic composites. 

4.3.3  Fly ash-based zeolite 

 Figure 21 presents the obtained FTIR spectrum for the zeolite NaA synthesized 

using the NMF as the main source of silicon and aluminum. 
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Figure 21 – FTIR spectra for the samples of (a) fly ash-based zeolite NaA – ZA, (b) non-magnetic fraction – NMF. 

 
Source: The author (2022). 

 In the ZA spectrum presented in Figure 21a, it is possible to observe the presence 

of characteristic bands of the zeolitic structure, being in accord with the crystalline phase 

identified in Figure 16b. The bands at 3420 and 1649 cm⁻¹ correspond to the stretching and 

deformation of O–H bond from the water molecules, and therefore indicate its presence [147-149]. 

The bands at 1005 and 668 cm⁻¹ correspond to asymmetric and symmetric stretching of T–O 

bond (T = Si, Al) [147-149]. The stretching and deformation vibrations of the double 4-ring (D4R) 

structure are represented by bands at 554 and 466 cm⁻¹.[153; 154] 

 The wavenumber attributions of the infrared absorption bands for the samples of 

NMF and ZA are available in the Table 7. 
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Table 7 – Wavenumber attribution to their respective infrared absorption bands for the samples of NMF and ZA. 

Identification of absorption bands 
Wavenumber (cm⁻¹) 

NMF ZA References 

ν (O–H) in H₂O  - 3420 [92; 147; 149] 

δ (O–H) in H₂O - 1649 [87; 92; 148; 149; 153] 

νas T–O (T = Si or Al) 1062 1005 [82; 87; 91; 92; 107; 147-149] 

νs T–O (T = Si or Al) 778 668 [82; 87; 91; 92; 148-151]  

ν D4R (external vibration) - 554 [87; 91; 147-149; 154] 

δ (TO₄) D4R (internal vibration) - 466 [87; 91; 92; 147; 148; 153] 

δ (O–T–O) 458 - [82] 

Source: The author (2022). 

4.3.4  Composites 

 FTIR spectra for the non-magnetic composites are presented in Figure 22. 

Figure 22 – FTIR spectra for the samples of (a) cross-linked chitosan beads – CCSB, (b) cross-linked chitosan-

supported zeolite NaA beads with CS:ZA mass ratio of 4:1 – CCSB-ZA1, (c) cross-linked chitosan-supported 

zeolite NaA beads with CS:ZA mass ratio of 2:1 – CCSB-ZA2, and (d) fly ash-base zeolite NaA – ZA. . 

 
Source: The author (2022). 

 Figure 22b-c present the composites’ FTIR spectra, and both present the same 

shape, corresponding to the resultant interaction of their components: chitosan and zeolite. 

 The FTIR spectra of CCSB-ZA1 (Figure 22b) and CCSB-ZA2 (Figure 22c) samples 

present a broad band at 1029 cm⁻¹ attributed to the overlapping of asymmetric vibration of TO₄ 
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tetrahedra from ZA,[87; 91; 92; 105; 107; 147-150] and C–O stretching, from CS.[105; 130; 138-141; 143] It is 

also possible to observe discrete bands at 668, 554, and 466cm⁻¹, corresponding to vibrations 

related to D4R structure of the zeolite NaA.[82; 87; 91; 92; 147-151; 154] 

 The broad band with maximum at 3438 cm⁻¹ is attributed to stretching vibrations 

of amino and hydroxyl groups from CS,[105; 130; 138-143] and the hydroxyl groups from hydration 

water in ZA crystals.[92; 147; 149] The band at 1660 cm⁻¹, with higher relative intensity than the 

one observed in the CS spectra, was attributed to water of hydration in the zeolitic sample.[92; 

147; 149] 

 The information extracted from the bands present in the FTIR spectra combined to 

the XRD patterns in Figure 17 indicate the successful preparation of zeolite NaA supported by 

chitosan composites. 

 The wavenumber attributions of the infrared absorption bands for the non-magnetic 

composites’ samples are available in Table 8. 
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Table 8 – Attribution of infrared absorption bands to their respective wavenumber for the samples of CCSB, CCSB-ZA1, CCSB-ZA2, and ZA. 

Identification of absorption bands 
Wavenumber (cm⁻¹) 

CCSB CCSB-ZA1 CCSB-ZA2 ZA References 

ν (NH₂) in primary amines and ν (OH) in pyranose ring 3428 3438 3438 - [105; 130; 138-143] 

δ (C–H) 2918 2919 2919 - [105; 130; 138-143] 

ν (C–H) in pyranose ring 2876 2881 2889 - [138-143] 

β–1→4 glycosidic linkage 897, 1071 898, 1028 801, 1028 - [130; 139; 141; 143] 

ν (C–O) in NHCOCH₃ group 1661 1661 1661 - [130; 138-144] 

δ (N–H) 1573 1571 1571 - [130; 138-143] 

δs (CH₂) in CH₂OH group 1417 1418 1415 - [105; 130; 138-143] 

δas (C–N) 1375 1383 1383 - [130; 138-140] 

δas (CH₃) 1319 1317 1317 - [138; 140-143] 

ν (C–N) amide band 1255 1260 1260 - [138; 140-145] 

νas (C–O–C) (glycosidic linkage) 1160 1155 1152 - [130; 138; 140-145] 

ν(C–O) in CH₂OH group 1085 1066 1066 - [105; 130; 138-141; 143] 

νas T–O (T = Si or Al) - 1028 1028 1005 [82; 87; 91; 92; 107; 147-150] 

νs T–O (T = Si or Al) - 666 663 668 [82; 87; 91; 92; 148-151] 

δ (O–H) in H₂O - 1661 1661 1649 [87; 92; 148; 149; 153] 

ν (O–H) in H₂O - 3438 3438 3420 [92; 147; 149] 

ν D4R (external vibration) - 560 560 554 [87; 91; 147-149; 154] 

δ (TO₄) D4R (internal vibration) - 459 460 466 [87; 91; 92; 147; 148; 153] 

Source: The author (2022).
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 The FTIR spectra for the magnetic composites and their components are available 

in Figure 23. 

Figure 23 – FTIR spectra for the samples: (a) cross-linked chitosan beads – CCSB, (b) magnetic cross-linked 

chitosan-supported zeolite NaA beads with CS:ZA:MF mass ratio of 6:3:1 – MCCSB-ZA1, (c) magnetic cross-

linked chitosan-supported zeolite NaA beads with CS:ZA:MF mass ratio of 6:3:2 – MCCSB-ZA2, (d) fly ash-

based zeolite NaA – ZA, and (e) magnetic fraction of fly ash – MF. 

 
Source: The author (2022). 

 The FTIR spectra for the magnetic chitosan-supported zeolite NaA composites, 

Figure 23b-c, show significant differences from the spectra of their starting materials. The band 

at 3434 cm⁻¹ corresponds to both hydroxyl groups stretching vibrations of hydration water 

found in the zeolitic structure,[92; 147; 149] and stretching vibrations of amino and hydroxyl groups 

present in CS,[105; 130; 138-141; 143] The bands at 2919 and 2876 cm⁻¹ are related to the asymmetric 

stretching of CH₃ and CH₂ groups in chitosan,[105; 130; 138-143] while the bands at 1660 and 

1565 cm⁻¹ are caused by stretching vibrations of amide groups,[130; 138-144] and N–H stretching 

vibration of CS, respectively.[130; 138-143] The bands at 1379 and 1250 cm⁻¹ are attributed to C–

N the axial deformations of amide and amine functions.[130; 138-145] Both of the composite spectra 

present a broad band in the region between 1200 and 900 cm⁻¹, with maximum at 1003 cm⁻¹, 

this interval comprises bands related to vibrations of polysaccharide structure[130; 139; 141; 143] 

from CS matrix, and symmetric and asymmetric stretching vibrations of T–O bond presented 
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in ZA crystalline structure and in quartz phase of MF,[87; 91; 92; 105; 107; 147-150] the deformation 

observed is a result of overlapped vibration from the composites components. 

 Both composites present bands at 558 cm⁻¹, which correspond to Fe–O 

asymmetrical stretching, confirming the presence of MF fraction in the samples, overlapped 

with external vibration from D4R from ZA crystals. The band at 466 cm⁻¹ is related to the 

overlapped deformation vibration from O–T–O present in the quartz phase of MF, with internal 

vibration from TO₄ tetrahedra from D4R from ZA. Bands at 1006 and 712 cm⁻¹ are related to 

symmetric stretching occurred at T–O. The FTIR spectra indicate the presence of all the 

components added during the preparation of the composites and indicate the successful 

preparation of these materials. 

 The wavenumber attributions of the infrared absorption bands for the samples of 

magnetic composites are available in Table 9. 
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Table 9 – Attribution of wavenumber to the infrared absorption bands observed for the samples of CCSB, MCCSB-ZA1, MCCSB-ZA2, ZA, and MF. 

Identification of absorption bands 
Wavenumber (cm⁻¹) 

CS MCCSB-ZA1 MCCSB-ZA2 ZA MF References 

ν (NH₂) in primary amines and ν (OH) in pyranose ring 3415 3434 3434 - - [105; 130; 138-143] 

δ (C–H) 2918 2919 2919 - - [105; 130; 138-143] 

ν (C–H) in pyranose ring 2877 2876 2876 - - [138-143] 

β–1→4 glycosidic linkage 897, 1071 889, 1073 889, 1073 - - [130; 139; 141; 143] 

ν (C–O) in NHCOCH₃ group 1659 1660 1660 - - [130; 138-144] 

δ (N–H) 1573 1565 1565 - - [130; 138-143] 

δs (CH₂) in CH₂OH group 1417 1434 1434 - - [105; 130; 138-143] 

δas (C–N) 1382 1379 1379 - - [130; 138-140] 

δas (CH₃) 1319 1250 1250 - - [138; 140-143] 

ν (C–N) amide band 1260 1268 1268 - - [138; 140-145] 

νas (C–O–C) (glycosidic linkage) 1154 1164 1164 - - [130; 138; 140-145] 

ν(C–O) in  CH₂OH group 1039 1003 1003 - - [105; 130; 138-141; 143] 

νas T–O (T = Si or Al) - 1006 1006 1005 1062 [82; 87; 91; 92; 107; 147-150] 

νs T–O (T = Si or Al) - 668 668 668 783 [82; 87; 91; 92; 148-151] 

νas (Fe–O) - 558 558 - 568 [82; 143; 152] 

δ (O–T–O) - 466 466 - 462 [82] 

δ (O–H) in H₂O - 1660 1660 1649 - [87; 92; 148; 149; 153] 

ν (O–H) in H₂O - 3434 3434 3420 - [92; 147; 149] 

ν D4R (external vibration)  554 554 554 - [87; 91; 147-149; 154] 

δ (TO₄) D4R (internal vibration)  466 466 466 - [87; 91; 92; 147; 148; 153] 

Source: The author (2022).
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4.4  Scanning electron microscopy (SEM) 

4.4.1  Magnetic fraction 

 Scanning electron micrographs of the particles that constitutes the MF obtained 

from coal fly ashes are shown in Figure 24. 

Figure 24 – Scanning electron micrographs of magnetic fraction (MF). 

 
Source: The author (2022). 

 The SEM images of the magnetic fraction show spherical particles, characteristic 

of fly ash,[155] consisting of aluminosilicate and magnetite.[156] In Figure 24a-b, it is possible to 

observe the heterogeneous size distribution of MF particles.[157] In Figure 24c-d, it is possible 

to observe the rough features of the particles surfaces,[158] these irregularities are result of the 

presence of iron oxide crystals, hematite and magnetite,[159] consistent with the XRF results 

(Table 5), XRD pattern (Figure 14c) and FTIR result (Figure 19c). 

 The irregularities observed on the surface of the spheres have asymmetrical shape 

and correspond to the iron oxides, identified as hematite and magnetite with the XRD analyses. 

These particles are originated by the transformations suffered during the fusion and melting of 
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the coal components during its burn, as the iron components condense over the surface of the 

silicate cenospheres.[160; 161] 

4.4.2  Non-magnetic fraction 

 Figure 25 exhibits the SEM images for the sample of NMF extracted from coal fly 

ash. 

Figure 25 – SEM images of the NMF sample obtained from the coal fly ash treatment. (b) cenosphere, with 

approximately 30 μm of diameter, filled with smaller particles, exposing the hollow feature of these particles 

 
Source: The author (2022). 

 Similar to the MF, the NMF presents heterogeneous size distribution of particles, 

as it can be seen in Figure 25a.[161] Unlike the MF particles, the NMF spheres present uniform 

surfaces, as it can be perceived in Figure 25b, it is also noticed the hollow feature of these 

aluminosilicate particles, characteristic of the FA cenospheres[162] produced as a consequence 

of the expansion of the gases during the burning of the mineral coal.[163] The sample’s 

morphology indicates the effective magnetic separation, with uniform composition, matching 

the results of XRF (Table 5), XRD (Figure 14b) and FTIR (Figure 19b) analyses. 

4.4.3  Chitosan materials 

 The SEM images for the samples of pure chitosan, pure chitosan beads, and 

crosslinked chitosan beads in Figure 26, it is easily seen the diverse morphologies of each 

produced sample. 
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Figure 26 – Scanning electron micrographs for the chitosan-based materials: (a-b) purified chitosan powder – CS 

powder, (c-d) pure chitosan beads – CSB and (e-f) cross-linked chitosan beads – CCSB. 

 
Source: The author (2022). 

 Figure 26 presents the diverse morphologies of the prepared chitosan-based 

materials. It is possible to recognize the homogeneous surface of CS powder grains (Figure 

26a-b), the low porosity and rugosity of this material.[164; 165] In contrast with the morphology 

of CS powder, the CSB sample exhibits beads with diameter of approximately 1 mm (Figure 

26c), homogeneous surface[165] and cavities (Figure 26d) that indicate the macroporous nature 

of this material.[166] 
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 The SEM images of the CCSB sample present a bead with 1 mm diameter (Figure 

26e), it also presents interconnected cavities (Figure 26e-f), characteristic of interest in the 

production of hierarchical porous composites.[165-167] 

4.4.4  Fly ash-based zeolite NaA 

 The SEM images of the synthesized zeolite NaA employing the non-magnetic 

fraction of coal fly ash are available in Figure 27. 

Figure 27 – SEM images of fly ash-based zeolite NaA. 

 
Source: The author (2022). 

 The SEM analysis of the synthesized sample of zeolite NaA using the NMF as 

source of silicon and aluminum revealed the expected morphology for the materal. Figure 27a 

shows the homogeneous size distribution of zeolite NaA crystals, in Figure 27b it can be 

observed that the material is composed of cubic crystals, very different from the spheroidal 

particles of NMF in Figure 25. The cubic crystalline habit with chamfered edges is 

characteristic of zeolite LTA as expected from the samples’ XRD pattern (Figure 16b).[121; 163] 

The SEM images show results compatible with the other characterization results, indicating the 

successful synthesis of zeolite NaA using the NMF of FA as starting material. 

4.4.5  Non-magnetic composites 

 Figure 28 presents the SEM images for the sample of CCSB-ZA2, porous 

hierarchical composite prepared via the dispersion of zeolite NaA crystals in chitosan matrix. 



56 

 

Figure 28 – SEM images of chitosan-supported zeolite NaA with mass ratio of 2:1 – CCSB-ZA2. 

 
Source: The author (2022). 

 Figure 28a shows a CCSB-ZA1 bead with 1 mm diameter, similar to the CCSB 

bead in Figure 26e, it is easily observed the interconnected cavities of chitosan matrix.[166] In 

Figure 28b, it is possible to see the dispersion of cubic crystals in the polymeric matrix, 

indicating a good distribution of zeolite in the composite. Figure 28c shows the zeolite NaA 

crystals on the surface of chitosan, indicating the interconnectivity between the porous of the 

composite components, which is a desirable feature for the composite. It is also possible to 

observe that some zeolite crystals are covered by a layer of chitosan, indicating the crystals are 

supported by physical interactions between the polymer and zeolite.[168] 

4.5  Thermogravimetric analyses (TGA) 

 The curves resulted from the thermogravimetric analyses for the samples of pure 

chitosan beads, fly ash-based zeolite NaA, and the magnetic fraction of fly ash are presented in 

Figure 29. 
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Figure 29 – TGA results for the samples of starting materials: (a) CSB, (b) MF, and (c) zeolite NaA. 

 
Source: The author (2022). 

 CSB shows a mass loss of 11.81% in the temperature range of 30.0 to 222.4 ℃, 

with a maximum degradation temperature at 71.9 ℃, corresponding to the evaporation of 

adsorbed water present in the sample.[169; 170] A second step in the TGA curve occurs between 

222.4 ℃ and 414.8 ℃, and it is related to the oxidative decomposition of the polymeric chain 

of chitosan, including the dehydration of the saccharide rings, depolymerization and 

decomposition of acetylated and deacetylated units of the polymer with vaporization of volatile 

compounds, CSB sample presented a mass loss of 44.59% with a maximum degradation 

temperature at 287.5 ℃. Finally, a third degradation event can be observed between 414.8 and 

600.0 ℃, with maximum peak at 533.4 ℃, corresponding to the residual cross-linked 

degradation of chitosan,[171-173] the mass loss associated to this phenomenon is 43.60%. The 

residual mass of CSB for this analysis was of 0.95% at 600.0 ℃. 

 For the ZA sample, it is observed only one step in the TGA curve, from 30.0 to 

304.1 ℃, with a mass loss of 17.96%, corresponding to the evaporation of water molecules 

present in the sample.[174-176] At 600.0 ℃, the zeolite sample showed a residual mass of 80.73%, 

indicating its thermal stability at the heating rate employed. 

 For the sample of MF, no thermodegradative events were observed. 
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4.5.1  Chitosan materials 

 Figure 30 shows the thermograms for the samples of pure chitosan beads and the 

glutaraldehyde cross-linked chitosan beads. 

Figure 30 – TGA curves for the samples of pure chitosan beads (CSB), and chitosan beads cross-linked with 

glutaraldehyde (CCSB). 

 
Source: The author (2022). 

 The curves resulted from the thermogravimetric analyses of the samples of CSB 

and the CCSB in Figure 30 present the same shape, and they indicate the occurrence of three 

degradation events for both materials. 

 CCSB presents 15.40% of mass loss at the temperature range of 30.0 – 195.6 ℃, 

with a maximum degradation at 80.8 ℃. Similarly, to the sample of CSB, this step corresponds 

to the evaporation of adsorbed water in sample. The second degradation event occurs in the 

temperature range between 195.6 ℃ to 433.5 ℃ and it is related to the oxidative decomposition 

of the polymeric chain of chitosan, including the dehydration of the saccharide rings, 

depolymerization and decomposition of acetylated and deacetylated units of the polymer with 

vaporization of volatile compounds, the sample presented a mass loss of 38.42% with a 

maximum peak of degradation at 276 ℃.[177] The last step of the TGA curve can be observed 

from 433.5 to 600.0 ℃, with a maximum peak at 545.4 ℃, representing the residual cross-

linked degradation of chitosan,[171-173] the mass loss associated to this phenomenon is 46.13%. 

 The CCSB sample presented a residual mass of 1.40 %, slightly higher than the 

residual mass of CSB at the same parameters. Therefore, the cross-linking had showed effect 

in the thermo stability of the chitosan polymeric chain. 

4.5.2  Composites 

 Figure 31 illustrates the thermograms for the samples of glutaraldehyde cross-

linked chitosan beads, zeolite NaA and the non-magnetic composites. 
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Figure 31 – TGA curves for the samples of the chitosan beads crosslinked with glutaraldehyde (CCSB), zeolite 

NaA (ZA), and the non-magnetic composites. 

 
Source: The author (2022). 

 The thermodegradative curves for the non-magnetic composites are similar to the 

CCSB thermodegradative curve, three distinguished events of degradation. The first one, 

related to the desorption of water from chitosan and zeolite which constitute the composites,[178] 

is observed in the temperature range of 30.0 – 169.7 ℃ for the CCSB-ZA1 sample and 30.0 – 

161.8 ℃ for the CCSB-ZA2 sample, with mass losses of 11.33% and 11.58%, respectively. 

 The second mass loss region in the temperature ranges of 169.7 – 380.9 ℃ and 

161.8 – 372.6 ℃ for the CCSB-ZA1 and CCSB-ZA2, respectively, correspond to the 

degradation of the matrix polymeric chains. In general, the presence of zeolite 4A crystals 

dispersed in chitosan barely affected the thermal stability of CS.[179] 

 After the second stage of degradation, the composites went under a third step of 

degradation, corresponding to the further oxidation of the materials, in the temperature ranges 

of 380.9 to 600.0 ℃ for the sample of CCSB-ZA1 and 372.6 to 600.0 ℃ for the CCSB-ZA2.[180] 

When the char temperature reached 600 ℃ the residual masses of the composites was 14.98% 

for the CCSB-ZA1 and 14.59% for the CCSB-ZA2, indicating the complete burn of the polymer 

matrix and the zeolite being the residue.[181] 
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 Figure 32 exhibits the thermograms for the samples of ZA, MF and the magnetic 

chitosan-supported composites. 

Figure 32 – TGA curves for the magnetic composites. 

 
Source: The author (2022). 

 The TGA curves for the magnetic composites present three well distinguished 

thermodegradative events. The first degradation event happens in the temperature range of 

30.0 – 193.0 ℃ for the MCCSB-ZA1 and 30.0 – 197.9 ℃ for the MCCSB-ZA2, with mass 

losses of 12.60 and 10.91%, respectively, corresponding to the evaporation of moisture in the 

samples.[182; 183] The major loss of mass for both material happens in the second step of TGA 

curve which takes place between 193.0 and 398.4 ℃ for MCCSB-ZA1 and 197.9 and 379.9 ℃ 

for MCCSB-ZA2. This event is related to the decomposition of chitosan chain from the matrix 

of the composite.[184; 185] The last step happens in the temperature range of 398.4 – 600 ℃ for 

MCCSB-ZA1, and 379.9 – 600 ℃ for MCCSB-ZA2, with mass losses of 25.85 and 22.84%, 

respectively. The magnetic composites present higher quantities of residues, indicates the 

reinforcement of these composites, MF and ZA, are highly stable when exposed to elevated 

temperatures, which was already expected from their individual TGA results (Figure 29). 

 The TGA information of all the analyzed samples is displayed in Table 10. 
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Table 10 – Thermal events for the analyzed samples. 

Sample 
Ste

p 

Temperature 

range (℃) 

Peak 

temperature 

(℃) 

Mass loss (%) 
Residual 

Mass (%) 

CSB 

I 30.0 – 222.4 71.9 11.81 

0.0 II 222.4 – 414.8 287.5 44.59 

III 414.8 – 600.0 533.4 43.60 

CCSB 

I 30.0 – 209.8 80.8 13.98 

1.40 II 209.8 – 402.5 276.0 38.42 

III 402.5 – 600.0 545.4 46.13 

ZA I 30.0 – 304.1 149.3 17.69 80.5 

CCSB-ZA1 

I 30.0 – 169.7 82.74 11.33 

14.77 II 169.7 – 380.9 257.2 50.41 

III 380.9 – 600.0 431.2 23.67 

CCSB-ZA2 

I 30.0 – 161.8 74.9 11.58 

15.25 II 161.8 – 372.6 254.0 49.33 

III 372.6 – 600.0 434.9 23.94 

MCCSB-ZA1 

I 30.0 – 193.0 80.8 12.60 

33.20 II 193.0 – 398.4 279.8 28.53 

III 398.4 – 600.0 500.4 25.85 

MCCSB-ZA2 

I 30.0 – 197.9 88.6 10.91 

42.39 II 197.9 – 379.9 279.4 24.00 

III 379.9 – 600.0 502.0 22.84 

Source: The author (2022). 

4.6  Vibrating sample magnetometry (VSM) 

 The VSM measures the magnetic moment of the entire sample as a function of 

applied magnetic field, as well as other information such as coercivity, switching fields, and 

their distribution.[186] The analyses of VSM were performed in order to determine the variation 

of the magnetization of the samples in function of the concentration of MF in the composites. 

 The curves of magnetization versus magnetic field for the applied samples of 

CCSB, ZA, and MF are illustrated in Figure 33. 
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Figure 33 – Magnetization curve for the samples of cross-linked chitosan beads (CCSB), fly ash-based zeolite 

NaA (ZA), and magnetic fraction from fly ashes (MF). 

 
Source: The author (2022). 

 As expected, Figure 33 – Magnetization curve for the samples of cross-linked 

chitosan beads (CCSB), fly ash-based zeolite NaA (ZA), and magnetic fraction from fly ashes 

(MF).only the MF sample magnetization curve in Figure 33 presents a hysteresis character due 

to the presence of ferromagnetic components.[187]  

 Considering the magnetic behavior of chitosan and zeolite, the expected behavior 

of the CCSB-ZA2 beads is similar as it is seen in Figure 34. 

Figure 34 – Magnetization curves for the samples of CCSB, ZA, and CCSB-ZA2. 

 
Source: The author (2022). 

 The magnetization curves for the magnetic composites MCCSB-ZA1 and MCCSB-

ZA2 are available in Figure 35. 



63 

 

Figure 35 – Magnetization curves for the MF, CCSB-ZA2, MCCSB-ZA1, and MCCSB-ZA2. 

 
Source: The author (2022). 

 The magnetization curves for the magnetic composites show similar tendencies 

when exposed to a magnetic field, but the magnetic response reduces with the reduction of MF 

concentration in the composites. 

 Table 11 displays the values obtained in the magnetic analysis for all of the analyzed 

samples. 

Table 11 – Magnetization values of the samples obtained by the VSM analyses at room temperature. 

Sample Ms (emu g⁻¹) hc (Oe) Mr (emu g⁻¹) 

CCSB 0 0 0 

CCSB-ZA2 0 0 0 

ZA 0 0 0 

MCCSB-ZA1 2.39 95.0 0.475 

MCCSB-ZA2 4.39 102.7 0.266 

MF 28.0 126.5 3.69 
Source: The author (2022). 

 In Table 11, it is possible to observe the variation of saturation magnetization in 

function of the concentration of MF present in the magnetic.[188] 

4.7  Water softening tests 

 First, to evaluate the capability of Ca²⁺removal from aqueous media, two samples 

of CCSB were put in contact with an aqueous solution of 110 ppm Ca²⁺ for 1 h. The Ca²⁺ 

removal results showed no considerable removal of the ions from water, which means that 
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chitosan does not present significant removal of calcium cations, which was expected once the 

chitosan have only presents weak interactions with these ions.[21] Therefore, the chitosan will 

mainly act as support for the zeolite in the composites for process of water softening. 

 By considering the characterization results, the selected samples to perform the 

water softening tests were: ZA, CCSB-ZA1, CCSB-ZA2, and MCCSB-ZA2. The mass effect 

was studied varying the ZA mass in the samples from 10 to 100 mg The obtained results of Ca²⁺ 

to removal from the samples of hard water are available in Figure 36. 

Figure 36 – Water softening results for (a) zeolite NaA, (b) CCSB-ZA1, (c) CCSB-ZA2, and (d) MCCSB-ZA2. 

 
Source: The author (2022). 

 The percentual values of Ca²⁺ removal obtained for the applied materials are 

depicted in Table 12 
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Table 12 – Results of Ca²⁺ removal from the solution after the water softening tests varying the mass of zeolite in 

the sample. 

Mass of Zeolite 

in the sample / 

mg 

Ca²⁺ removal / % 

ZA CCSB-ZA1 CCSB-ZA2 MCCSB-ZA2 

0 0 0 0 0 

10 21.3±11.4 33.1 10.6±1.4 70,3±4.9 

20 87.6 40.5±4,9 19.4 73.9±4.9 

30 100 18.3±4.9 39.1 77.7 

50 100 96.3±4.9 58.7 100 

75 100 100 88.3 100 

100 100 88.8 98.1 100 
Source: The author (2022). 

 Although the ZA sample presented, in Figure 36a, the expected behavior of 

removing completely the calcium cations with minor quantity of material used, a few aspects 

are of interest. It is easily seen in Figure 36 the best softening performance is of the pure zeolite 

NaA sample, once zeolite in its powder presents more active sites available thanks to its higher 

surface area for ion exchange than its composites.[16; 189; 190] 

 As expected, the composites presented intermediary behavior in the cation removal 

once the concentration of zeolite crystals is reduced because they are dispersed in a polymer. 

Hence, a higher quantity of zeolite is necessary to achieve to remove completely the hardness. 

The addition of the MF did not bring any negative interference in the water softening process, 

and it accomplished the goal of facilitating the removal of the material from the medium. 

Table 13 – Values of optimum mass for each sample tested in the water softening tests. 

Sample Optimum mass of zeolite / mg Ca²⁺ removal / % 

ZA 30 100 

MCCSB-ZA2 50 100 

CCSB-ZA1 50 96 

MCCSB-ZA2 100 100 

Source: The author (2022). 

 From the results of optimum mass of zeolite in Table 13, the MCCSB-ZA2 sample 

showed the necessity of a higher quantity when compared to the other composites, which can 

be an indicator of agglomerates or the formation of thicker chitosan layers covering the crystals 

that can difficult the access of the ions of interest to the active sites. 

 The water softening tests using the composites showed great potential of these 

materials in the removal of hardness of water, with complete exchange of calcium ions for 

sodium ions.  
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5  CONCLUSIONS 

 Zeolite NaA was successfully synthesized via hydrothermal route from coal fly ash 

as the main source of silicon and aluminum. This compound was dispersed in an organic matrix 

of chitosan, previously purified and widely characterized via XRD and SEM. The composite 

materials showed effective performance in the removal of Ca²⁺ from aqueous solution.  The 

incorporation of magnetic particles, extracted from fly ash, gave the composites magnetic 

properties that enabled them to be easily separated from the aqueous media, after the softening 

processes.  

 XRD analyses attested the efficiency in the syntheses and also the stability of the 

crystalline materials when dispersed in the morganic matrix. SEM results showed that the 

prepared beads have spherical shape, with interconnected porosity, and zeolite crystals 

homogeneously dispersed in the fibrillar structure of chitosan. 

 The use of fly ash, a residual product, both as raw material for zeolite synthesis and 

as a source of magnetic particles, made possible the preparation of low-cost composites together 

with chitosan, a natural and abundant polymer. The results presented here indicate that the 

composites present enormous potential to be applied in large scale processes of water softening. 
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