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"Water is life's matter and matrix, 

 mother and medium.  

There is no life without water." 

Albert Szent-Györgyi 

 

1. INTRODUCTION 

Water is a vital natural resource, as it is a prerequisite for life, and its properties make it a 

key basic component of production in various industrial sectors. Water in sufficient quality and 

quantity is an important raw material and as such its production is an important task.  

In global scale it is estimated that 80% of wastewater is released to the environment without 

adequate treatment (UNESCO, 2017). Moreover, The United Nations' (UN) World Water Report 

2017 highlights new and rapidly expanding pollutants that represent a clear knowledge and 

research gap. Such pollutants include the family of organic (pharmaceutical residues, pesticides, 

paints) and inorganic (heavy metals, cyanides) micropollutants.  

Micropollutants are pollutants that are found in the environment at very low concentrations (μg/l, 

ng/l). The long-term effects of micropollutants on humans and the environment are not yet known 

and proven. It is therefore essential to carry out research that will help us understand the dynamics 

of these pollutants, their impact on the environment and on the organism, and to develop methods 

to remove them from wastewater. As there is a lack of regulation of new pollutants, appropriate 

studies need to be carried out in order to set up regulations (Afsane Chavoshani et al., 2020). 

Humanity has used materials since ancient times that are capable of staining other 

materials, initially working with natural colors of animal and vegetable origin. However, 

nowadays the modern textile industry uses synthetic dyes to color their products producing 

wastewater containing organic matter with strong color (Salleh et al., 2011). It is reported that over 

50,000 tons of dye, containing hazardous, carcinogenic mutagenic substances that can damage life 

(aquatic, human and vegetal), are discharged via effluent into the environment annually (Tan et 

al., 2008). Textile industries wastewaters have complex composition, their exposure to nature in 

large quantities involve complicated cleaning technologies, especially if the contaminants are at 

low concentrations, generally these treatments are associated with high costs, therefore their 

practical application impossible. 

Inorganic micropollutants include heavy metals. In recent years, there have been growing 

ecological and global public health concerns about metal pollution in the environment. Cadmium, 

perhaps one of the most toxic heavy metals, is a major concern due to its high mobility, 

bioaccumulation and high solubility, which makes it crucial to remove from the industrial 
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wastewaters (Bashir et al., 2018). They accumulate and persist in nature and cannot biodegrade, 

causing serious damage to the water system and then posing a threat to living organisms through 

the food chain (Z. Zhang et al., 2021). 

The main problem is that wastewater treatment plants cannot fully remove these substances 

with the technology currently used, so they can leach into surface water and end up in drinking 

water, which is then returned to the body. Adequate removal requires very expensive investments. 

At the same time, the situation is complicated by the fact that certain treatment technologies can 

lead to the formation of even more hazardous substances (metabolites) than the original ones. 

1.1. Objectives 

This dissertation is based on six research (one of which is under review) and one review paper of 

internationally accepted scientific articles with impact factor, as well as a university note. The 

main idea and topic of all these papers is the removal of organic, synthetically produced dyes and 

cadmium micropollutants from water by environmentally friendly bioremediation techniques. In 

our research, adsorption techniques were used to remove emerging contaminants. Household and 

industrial waste and, in the case of cadmium, cosmetic clay were used as adsorbents.  

The first aim of this thesis was to develop an alternative remediation method for the 

removal of inorganic and organic micropollutants and to determinate the optimal dye removal 

conditions.  

In order to achieve these goals, the following objectives were conducted: 

• We have chosen adsorption as a simple and inexpensive water cleaning process. The 

technique requires no special parameters for efficient operation, it is an effective method for 

the removal of several pollutants, organic matter and a wide range of possible adsorbents are 

available.  

• Nowadays many alternative adsorbents are analyzed to replace the commonly used activated 

carbon. In the 2. Literature overview section, we will present possible adsorbent materials, 

moreover, the requirements for the efficient adsorbents are also listed. Based on these criteria 

we used using various adsorbent materials, for the removal of organic dyes powdered, 

calcined and alginate embedded eggshell, brewery’s yeast, while, for the removal of Cd2+ 

Aslavital cosmetic clay. 

• Several model contaminants indicator and textile model dyes and Cd2+ micropollutants were 

selected which may represent the major categories of water polluter types. 

• In order to achieve the optimal experimental conditions, the effect of several influential 

parameters were studied.  
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• Moreover, we provide up-to-date information on the adsorption of dyes from aqueous 

solutions, while we summarize and compare our results with articles from the last five years 

(2017–2021).  

• Based on our findings and reviewed articles, general trends were drawn regarding the effects 

of initial dye concentration, pH, adsorbent dosage, particle size and temperature. 

Another focal aim of the thesis is the characterization of adsorbents (eggshell, brewery’s yeast, 

Aslavital cosmetic clay) and contaminants using known and practical analytical methods.  

• For the determination of contaminants concentration determination UV-Vis 

spectrophotometer (dye concentrations) and flame atomic absorption spectrophotometer 

(Cd2+ concentration) were used.  

• The morphology and elemental composition of the adsorbent materials and dyes were also 

analyzed.  

• The structure of the eggshell thin section was studied using a wide range of microscopes: 

stereomicroscope, polarization microscope, scanning electron microscope and EDS 

measurements were also performed on each layer.  

• Scanning electron microscopy (SEM) images of eggshell (thin section, powdered, calcined), 

ACC clay and brewery’s yeast was made before and after adsorption together with elemental 

distribution EDS analyses.  

• The determination of functional groups, surface chemistry was done for powdered/calcined 

eggshell and RBV-5R dye, moreover Aslavital cosmetic clay and Cd2+ removal. For this 

purpose, Raman microspectroscopic and Fourier transform infrared spectroscopy data were 

analyzed in OriginPro 8.5 software. 

• The thermal stability and textural property of powdered eggshell was carried out using a 

DTA-TG differential heat analyzer. Moreover, total surface area (St), pore volume (Vp) and 

pore radius (Rm) of eggshell were also determined. 

• Aslavital cosmetic clay crystalline structure was investigated with X-ray powder diffraction 

(XRD). 

Analytical instrumental studies help in the knowledge of the adsorption mechanism, as the 

measurements provide insight into the chemical, physical and surface properties of the adsorbent 

and the contaminant. To further understand the adsorption mechanisms, beside the large-scale 

instrumental results, mathematical models were carried out. 

• With the help of equilibrium data, the specific parameters of isotherm models were 

calculated. 
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• In case of dye removal process the linearized Langmuir, Freundlich, Dubinin-Radushkevich 

and Temkin models were used. On the other hand, in case of Cd2+ adsorption, beside the 

linear versions, non-linear regression analyses of the two-parameter Langmuir, Freundlich 

and Temkin as well as the three-parameter Toth, Khan, Liu Redlich-Peterson and Radke-

Prausnitz isotherm models were analyzed using OriginPro 8.5 software. 

• Pseudo first- and second order kinetic models were calculated from equilibrium data and the 

linear regression coefficients were compared. 

• As diffusion can take part during the contaminant removal process from wastewaters, intra-

particle and film diffusion were determined. 

 

1.2. Memory structure 

The present study consists of five big chapters: introduction, literature overview, materials and 

methods, results and discussions, and lastly conclusions. Moreover, the new scientific results are 

highlighted at the end of the thesis (Figure 1). 

 

Figure 1. Memory structure of the thesis. 
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2. LITERATURE OVERVIEW 

2.1. Water resources, water quality 

Over the centuries, human ambition and the desire for comfort have brought with them the 

degradation of the natural environment. This has led to a deterioration in air quality, over-

exploitation of soils and their barrenness through inappropriate management, and left our natural 

waters heavily polluted—a problem that needs to be solved (Tiyasha et al., 2020, pp. 2000–2020). 

Between 2000 and 2020, the global population increased from 6.1 billion to 7.8 billion people. 

During this period, 2 billion people gained access to safely managed drinking water services, and 

the number of people lacking safely managed services decreased by 342 million (© World Health 

Organization (WHO) and the United Nations Children’s Fund (UNICEF) 2021, 2021). The rapid 

population growth is leading to agricultural and industrial overproduction, with a concomitant 

decline in water quality and a reduction in quantity as well. According to the 2015 World Water 

Development Report, the demand for water around the world will increase by 55% over the next 

15 years, indicating that the Earth’s current water supplies can cover only 60% of our future needs 

by 2030 (Alice Park, 2015). 

One of the causes of the freshwater crisis, which is slowly unfolding worldwide, is the presence 

of various natural or man-made contaminants (Dutta et al., 2021). As a result of the development 

of human civilization, the pollution caused by the release and/or use of a wide range of chemicals 

has reached serious proportions. Global anthropogenic pollution has led to the accumulation of a 

wide range of organic xenobiotic compounds that have adverse effects on human health and intact 

ecosystems. Xenobiotics are compounds that do not exist as natural products or may contain 

structural elements that cannot be synthesized biochemically (de Oliveira et al., 2020). Pesticides, 

pharmaceuticals, heavy metals, oils, detergents, industrial chemicals and dyes can reduce the water 

quality. 

Water pollution occurs when harmful substances - often chemicals or micro-organisms - 

contaminate a stream, river, lake, ocean, aquifer or other body of water, degrading the water quality 

and making it toxic to human consumption, natural life processes or the environment. 

Water is uniquely vulnerable to pollution because it is known as a "universal solvent" and can 

dissolve more substances than any other process on earth; thus, water is potentially hazardous if 

unnatural substances are introduced into it. Toxic substances from farms, cities and factories can 

easily dissolve and mix with it, causing water pollution. It can be considered a dilute solution, a 

suspension containing dissolved gases, salts, colloidal or macroscopic suspended pollutants, 

micro-organisms or sediments. In our natural waters, contaminants often occur as a result of 
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various natural and anthropogenic activities. The concept of water quality can be interpreted in 

several ways: from a legal and scientific point of view, it is understood as the property or capacity 

of the water body to possess all the properties that allow it to be used beneficially. 

2.2. Synthetic dye micropollutants 

2.2.1. Definition of Dyestuff 

Dyestuffs are hydro or oil-soluble, colored organic chemical compounds that are usually dissolved 

in water and bound to surfaces or fabrics to impart color to textiles. The majority of dyes are 

complex organic molecules that are designed to bind strongly to the polymer molecules that make 

up the textile fiber, and must be able to withstand a wide range of external effects (Benkhaya et 

al., 2020; Chequer et al., 2013; Mazharul Islam Kiron, 2021). 

In his book “Synthetic dyes”, Gurdeep R. Chatwal (Gurdeep R. Chatwal, 2009) defines dyes as 

colored organic compounds or mixtures used to color paper, cloth, plastics and leather. The dye 

substrate must be resistant to washing and stable to light. It is important to note that not all colored 

materials are dyes, as a dye must be fixed to the material to give it a permanent color (Gurdeep R. 

Chatwal, 2009). 

According to the internationally accepted convention of Colour Index International, dyes are 

defined as intensely colored or fluorescent organic substances that impart color to a substrate by 

selective light absorption. These substances dissolve and/or undergo a process that destroys, if not 

permanently, the crystal structure by adsorption, mechanical action, ionic or chemical bonding (© 

Society of Dyers and Colourists & AATCC, 2018). 

Dyes are usually large aromatic molecules, often with many rings linked together. An aromatic 

ring structure linked to a side chain in the dye molecule structure is necessary for resonance and 

hence for the transfer of color (IARC Working Group on the Evaluation of Carcinogenic Risk to 

Humans, 2010). The resonance structures responsible for color are those that cause the shifting or 

appearance of absorption bands in the visible spectrum of light. In the synthesis of a dye, the 

correlation of chemical structure and color is achieved by a chromogen-chromophore-auxochrome 

combination. Three essential groups can be found in a dye molecule: the chromophore, 

auxochrome and matrix (Benkhaya et al., 2020). Thus, dyes are organic colorants that contain at 

least one unsaturated compound (chromophores) and one functional group (auxochromes). The 

chromophore present in the structure may be an aromatic structure containing benzene, 

naphthalene, or anthracene rings. The chromophore group responsible for the color formation is 

represented by the following radicals: azo (-N=N-); carbonyl (=C=O); carbon (=C=C=C=); 

carbon-nitrogen (>C=NH or -CH=N-); nitroso (-NO or N-OH); nitro (-NO or =NO-OH); and 
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sulfur (>C=S, and other carbon-sulfur groups). These, in combination with a chromogen, form the 

basis for the chemical classification of dyes. Since the chromogen-chromophore structure is often 

insufficient to provide adequate solubility and thus the dye cannot adhere to the fiber of the 

material, auxochromes are required. Auxochromes enhance the color of the dye. Auxochromes, 

also known as binding affinity groups, can be amine (-NHX2), hydroxyl (-OH), carboxyl groups 

(-COOH), aldehydes (-CHO), sulfonic acid (-SO3H) or their derivatives (Berradi et al., 2019; El-

Sikaily et al., 2012; Gürses et al., 2016; Mahapatra, 2016). 

2.2.2. Brief History of Dye Usage 

The word dye is from Middle English “deie” and from Old English “dag” and “dah”. The first 

known use of the word dye was before the 12th century (Letha Malan Oelz, 2018). 

Human eyes can see more than one million colors, all of which can be found in our natural habitats. 

These wonderful and unique colors attract humans’ attention from the surroundings, and everyday 

tools were made to mimic these colors. Archeological excavations prove that the art of dying can 

be dated back to the appearance of human civilization. Figure 2 contains a timeline, based on the 

detailed historical overview of Susan C. Druding (unfortunately, the literature data has been lost, 

so its references are missing), where some important historical milestones regarding dyestuffs are 

represented (Druding, 1982; Nawab et al., 2016). 

 

Figure 2. Historical timeline of dye usage, invention and interesting facts. 
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Without wishing to be exhaustive, we would like to mention a few interesting facts, as a detailed 

list can be found in the literature. According to these data, colored garments of cloth and traces of 

madder dye were found in the ruins of the Indus Valley Civilization dated between 2,600 and 1,900 

BC. Moreover, the first written record about dyestuff usage was found in China during this period 

(Mansour, 2013). Another interesting investigation showed that the cave paintings of “El Castillo” 

in Spain were painted about 40,000 years ago. Probably the oldest colored flax fiber dated around 

34,000 BC was found in the Republic of Georgia (in a prehistoric cave) (Md. Imran Hossain, 

2021). Several mentions are made between 715 and 55 BC, from the Roman Empire, where wool 

dyeing appeared as a craft, and purple has been used for dyeing their clothing, like robes. After the 

conquest of Susa in 333 BC (the capital of Persia), Alexander the Great mentions that he found 

purple cloths in the royal treasury (dating from 541 BC) (Druding, 1982; Letha Malan Oelz, 2018; 

Nawab et al., 2016). The 5,000 talents of purple cloth colored with mucus (yellowish material from 

sea snail’s tiny gland near its neck) today is worth about $68 million (Kassinger, 2003). 

Jumping ahead in time, the 12th century saw the establishment of several painters’ guilds in 

Europe’s major cities (e.g., London in 1188). In Florence, in the middle of the century, there were 

more than 200 registered painters, clothiers and tailors. Several rulers took measures to protect 

merchants and quality (Druding, 1982). 

At the beginning of the 15th century, Cennino Cennini (Padua, Italy) published his treatise, the 

Method of Painting Cloths by Means of Moulds, in which he described the method of printing 

cloth. The first European book on painting, Mariegola Dell’Arte de Tentori, was published in Italy 

in 1429. From 1507 onwards, several European countries (France, the Netherlands and Germany) 

began to grow dye plants on an industrial scale (Druding, 1982). 

Prior to the industrial revolution, to the middle of the 19th century, all dyestuff was made from 

natural sources: plants, animals, and minerals. The small quantities of the main components of 

dyes, the long distances involved, and the weather conditions were the economic disadvantages of 

using natural dyes. For this reason, there was a need to be able to produce commonly used dyes 

quickly and easily by synthetic means in any region, thus making the product cheaper, and 

transport and trade more reliable. Literature records suggest that the substitution and thus 

production of naturally occurring indigo and madder dyes posed difficulties for chemists of the 

time (Kassinger, 2003). 

The root of the Rubia tinctorum plant, most commonly cultivated in Turkey, was used to extract 

cadherin, whose coloring principle is alizarin. In a complicated process, it was mixed with 

aluminum to form an insoluble red metal complex, bright red in color, with cellulose fibers. 
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Indigo, also a plant dye (Indigofera tinctoria), was the most important natural blue dye. In ancient 

times, the flowering indigo plant was cut and fermented in wooden vats underwater for 10–15 h. 

A yellow solution was obtained, from which the raw indigo was released as blue flakes in the air. 

The leaves of the plant are rich in indoxyl, and after fermentation, free indoxyl is released, which 

is rapidly oxidized in air to the desired color, and is insoluble in water (Kassinger, 2003). 

Therefore, the discovery and development of synthetic dyes are closely intertwined with the 

development of organic chemistry and the industrial, economic, and social demands of the 19th 

century. There were a lot of attempts to produce synthetic dyes; however, these were not successful 

due to their poor lightfastness. The discoverer and pioneer of synthetic dyes is said to be William 

Henry Perkin. On Easter 1856, while studying the production of artificial quinine for the treatment 

of malaria (oxidized dichromate), he isolated a small amount of purple dye. He named the dye 

‘mauve’, which soon became a favorite of the royal family, and a new industry was launched 

(Hunger, 2002). Until the beginning of the twentieth century, the dye industry continued to 

flourish, with many different types of dyes being produced, making it essential to classify, record 

and catalogue them. In 1924, the first edition of the Color Index was published, listing over 1200 

organic and synthetic dyes. 

It was reported that in 2014, more than 1.5 million tons of dyes were produced worldwide, out of 

which 50% were used by the textile industry (Elkady et al., 2011; Forgács et al., 2004). According 

to an article published in 2016, over 50,000 tons of different synthetic dyes were annually produced 

and approximately up to 10% were mixed with water bodies (Asif Tahir et al., 2016). 

Up to date statistics show that the global dyes market size was valued at USD 33.2 billion in 2021. 

The Colour Index™ contains 27,000 individual products under 13,000 generic names and 

properties (“Global Dyes & Pigments Market Size Report, 2021-2028,” 2021, pp. 2021–2028; 

Market Data Forecast ltd, 2021). It is projected that the revenue generated by the manufacture of 

dyes and pigments in Romania will amount to approximately $65.1 million by 2023 (Statista 

Research Department, 2019). 

2.2.3. Classification of Dyes 

As the quantity and variety of dyes has increased throughout history, it has become essential to 

classify them. There are several different classifications, based on their structure, source, color, 

solubility and application methods. Basically, the most common classification is based on their 

chemical structure and application (Bhardwaj and Bharadvaja, 2021). Figure S1. combines the 

grouping by ionic nature (particle charge upon dissolution in aqueous medium) with the 

application. Accordingly, we can speak of non-ionic and ionic dyes; the latter being cationic and 
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anionic in nature. They are classified according to the method of application as reactive, direct and 

acid (anionic dyes), basic (cationic dyes), or disperse and vat (non-ionic dyes) (Gürses et al., 2016; 

Yagub et al., 2014). 

2.2.3.1. Reactive Dyes 

Reactive dyes make it possible to obtain a high wet strength compared to the less expensive direct 

dyes. However, their use is not always possible because of the difficulty in obtaining good unison. 

Another characteristic is that the chlorine-fastness is slightly lower than that of vat dyes, as is its 

light fastness under extreme conditions (Benkhaya et al., 2017). It has been reported that the 

reactive dyes are the only textile colorants that form a covalent bond with the substrate/textile 

fiber, usually cotton, during the application process under the influence of alkaline pH and heat 

(Demirbas, 2009; Farouk and Gaffer, 2013; Katheresan et al., 2018). Reactive dyes contain 

reactive groups such as vinyl-sulfone, chlorotriazine, trichloro pyrimidine, and difluoro-chloro 

pyrimidine, that covalently bond with the fiber during the dyeing process (Labanda et al., 2009; 

Prol, 2019). Adsorption results show that since reactive dyes are soluble in aqueous medium and 

have a greater negative charge density, the adsorption process was related to electrical attraction 

between anionic dyes and positively charged surfaces of adsorbent (Prol, 2019; Rachakornkij et 

al., 2004). Initially, these dyes were designed for cellulose fibers, but nowadays they are used for 

cotton, wool and poly-amide fabrics; moreover some fiber-reactive dyes for protein and polyamide 

fibers are also commercially available (Raval et al., 2017). With about 1150 entries in Color Index 

and ever rising volumes, the importance of reactive dyes in the global coloration business cannot 

be overemphasized. An equally well-known entrenched position is enjoyed by the chlorotriazines 

and vinyl-sulphones in the reactive system space, despite the introduction of at least one new 

reactive group every year from 1956 until 1971, except 1969 (Bhate et al., 2017; Paul Rys and 

Heinrich Zollinger, 1989). It is estimated that losses of 1–2% occur during the manufacturing 

process of dyes, while up to 1–10% of dyes are released back into the environment during use. For 

reactive dyes, the estimated loss is around 4%. (Forgács et al., 2004; Li et al., 2019). According to 

other sources after the colorization process, approximately 10–50% of the initial dye load remains 

unused (Easton, 1995; Vijayaraghavan et al., 2009; Rápó et al., 2020a). Reactive dyes are said to 

be the most problematic among other dyes, as they tend to pass through conventional treatment 

systems unaffected, therefore their removal is a difficult task (Lazaridis et al., 2003; Rachakornkij 

et al., 2004). 
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2.2.3.2. Direct Dyes 

Direct dye is still the most widely applied in the dying and printing processes of the textile industry 

(Hassaan et al., 2017). Direct dyes are water-soluble and anionic in nature, and they contribute 

17% share in the textile industry, having wide utility in printing and dyeing cotton, viscose, silk, 

wool and leather (Garg et al., 2019; Horng and Huang, 1993; Irshad et al., 2021). Although these 

dyes are water-soluble anionic dyes, they cannot be classified as acid dyes because the acid groups 

are not the means of attachment to the fiber. Since these dyes do not require any kind of fixing, 

they are called direct dyes (Raval et al., 2017). The major chromophore types are as follows: azo, 

stilbene, phthalocyanine, dioxazine, formazan, anthraquinone, quinolone and thiazole. Direct dyes 

are known to be easy to use, with a wide range of colors and shades, but have a low resistance to 

washing; this is what drives them out of the market compared to reactive dyes (Benkhaya et al., 

2017; Burkinshaw, 1995; Burkinshaw and Salihu, 2019). 

2.2.3.3. Acid Dyes 

Acid dyes, as their name implies, contain one or more acidic functions (SO3H and COOH) in their 

molecules (Benkhaya et al., 2020). They have excellent chemical and photochemical stability, 

which is why their industrial effluents have a complex composition, poor biodegradability and 

high tinctorial value (Patil et al., 2011; Wu et al., 2020; Yao et al., 2018). This makes them difficult 

to remove by conventional methods. Their degradation products or metabolites can be potentially 

mutagenic or carcinogenic and can damage aquatic ecosystems. The use of water-soluble acid 

dyes, in particular sulphonic acid dyes, is very widespread due to their bright color and high 

solubility (Benkhaya et al., 2020; Dai et al., 2018; Wu et al., 2020). Acid dyes account for about 

30% to 40% of total dye consumption. They are used in textiles, printing and dyeing, paper, leather, 

food, cosmetics, pharmaceutical and other industries for dyeing, e.g., nylon, wool, silk and 

modified acrylic (Benkhaya et al., 2020). The dye molecules are structurally very different and 

often contain some metal complexes. The defining characteristic of the group is the presence of 

sulphonated groups, which ensure water solubility, and azo-chromophore systems (the most 

important group), anthraquinone, triphenylmethane or copper phthalocyanine (Benkhaya et al., 

2017; Prol, 2019; Raval et al., 2017). 

2.2.3.4. Cationic-Basic Dyes 

Basic dyes belong to the group of cationic dyes because they form a colored cationic salt in 

aqueous solution. Later, these cationic salts react with the anionic surface of the substrate (acrylic, 

paper and nylon). The resulting cations are electrostatically attracted to the negatively charged 

substrates (Kyzas et al., 2013). 
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The cationic functional groups (-NR3+ or =NR2+) are usually acid-soluble amino and substituted 

amino compounds. They would bind to the fiber by forming ionic bonds with its anionic groups 

(Raval et al., 2017). 

In a literature study, it is recorded that this class of dyes is readily visible even at very low 

concentrations. This property contributes to the reduced efficiency of natural biological self-

cleansing by blocking the penetration of sunlight, thus reducing photosynthetic activity. Basic dyes 

are highly resistant to degradation due to the number of aromatic rings associated with their 

resonance capacity, and their complex and large structure, which makes them durable and stable 

in the environment (Bayram and Ayranci, 2010, p. 7; Benvenuti et al., 2019; Morais da Silva et 

al., 2020; Vikrant et al., 2018). 

2.2.3.5. Disperse Dyes 

Disperse dyes are water-insoluble dyes; their structure is small and non-ionic with attached polar 

functional groups, such as -NO2 and -CN. They are applied to hydrophobic fibers from an aqueous 

dispersion (Raval et al., 2017). They are mainly used for the dyeing of polyesters because they can 

interact with the polyester chains by forming dispersed particles. Disperse dyes are employed on 

cellulose acetate, nylon, acrylic fibers and cellulose fibers. The main classes are benzodifuranone, 

nitro, styryl, azo and anthraquinone groups (Kausar et al., 2018). Disperse dyes have a low 

solubility in water, therefore they must be applied with a dispersing aid, and are mainly used for 

acetate or polyester fiber (Liu et al., 2019, pp. 3-). From a chemical point of view, more than 50% 

of disperse dyes are simple azo compounds, about 25% are anthraquinones, and the rest are 

methine, nitro or naphthoquinone dyes (Chavan, 2011). Disperse dyes are also described as 

“sublimation” inks, as the ink molecules “sublimate” or change directly from solid to gas due to 

the application of heat, skipping any liquid state entirely (Cie, 2015). The majority of disperse 

dyes are based on azo structures; however, violet and blue colors are often obtained from 

anthraquinone derivatives (Benkhaya et al., 2020; Clark, 2011; Shamey, 2009). Disperse dye 

particles, due to their nano size, can keep better stability, especially in high temperature dyeing 

processes (Y. Qin et al., 2020). 

2.2.3.6. Vat Dyes 

Vat dyes are the main sources of pollution in the wastewater of textile and other industrial 

effluents, and they are widely used in dyeing cellulosic cotton fabrics (Qayyum et al., 2020). These 

types of dyes are water-insoluble. Their main application is for cellulosic fiber, notably cotton 

dying (Prol, 2019). Vat dyes are characterized by excellent color fastness, washability and 

chlorine-bleachable colored fibers (Benkhaya et al., 2020; Božič and Kokol, 2008). The 
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disadvantage of their application is that, as they are practically insoluble in water and thus have no 

affinity for cellulosic fibers, they are difficult to use (reduction and oxidation mechanisms) (Zhang 

et al., 2000). In conventional tank dyeing processes, the dye is reduced in alkaline medium with 

strong reducing agents, from which the most important is sodium dithionite (Na2S2O4) (Balan and 

Monteiro, 2001; Chaari et al., 2021). 

Nirav P. Raval et al. (Raval et al., 2017) made a detailed classification in their article, where the 

dyes are grouped based on: 

• source of materials/origin (natural–substantive and adjective–synthetic); 

• method of application to the substrate (acid, basic, direct, mordant, reactive, disperse, 

solvent, sulfur); 

• their chemical structure (azo, nitro, indigoid, cyanine, xanthene, quinione-imine, acridine, 

oxazine, anthraquinone, phthalein, triphenylmethane, nitroso, diarylmethane); and 

• the electronic origins of color (donor–acceptor chromogens, polyene chromogens, n→π2 

chromogens, cyanine type chromogens) (Benkhaya et al., 2020; Prol, 2019; Raval et al., 

2017).  

2.3. Heavy metals 

As a result of anthropogenic (industrial, agricultural) activities (mining, extracting, use of 

fertilizers) and (partly) geochemical natural processes (volcanic eruptions), pollution with heavy 

metals has increased in natural water bodies (Mikhailenko et al., 2020). Heavy metal sources from 

natural and anthropogenic activities are shown in Figure S2. 

Cadmium is a naturally occurring element of the heavy metal family that is present in the Earth’s 

crust at concentrations of approximately 0–11 mg/kg as a natural constituent of rocks (Zhao et al., 

2020). Research has estimated that soils that are not directly contaminated by cadmium 

contamination may contain cadmium at concentrations of 0.06–1.1 mg/kg (Zhao et al., 2020). 

Cadmium pollution is known to be of great concern because of its high bioaccumulation and non-

biodegrading properties (Long et al., 2021). Cadmium in drinking water should not exceed the 

limit value of 0.003 mg/L as recommended by the World Health Organization (World Health 

Organization, 2019). Moreover, from industrial, mining, and other activities, the discharged 

concentration should be lower than 2 mg/L (Basu et al., 2017). Exceeding these values poses 

severe health effects by causing cadmium poisoning and itai-itai disease with bone degradation, 

which can negatively affect blood pressure and even cause cancer (Peng et al., 2020). Cadmium 

also has a negative effect on plant development, reducing seed germination, growth and plant 
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biomass, affecting photosynthetic activity, evapotranspiration rate, stomatal conductance, 

electrolyte leakage and relative water content (El Rasafi et al., 2020; S. Qin et al., 2020). 

Romania has a long history of mining and non-ferrous metallurgy (Emil Cardos et al., 2007). As 

a result, heavy metals can accumulate in many areas, contaminating water and soil. It is estimated 

that 18% of Romanian population is at risk of serious pollution (Bora et al., 2020). A study has 

investigated heavy metal soil contamination in 34 counties of Romania (near schools and 

kindergartens). Their results showed that cadmium levels in the soil were 0–0.86 mg/kg 

(Moldoveanu, 2014). The cadmium content of Romanian soils and water bodies, as well as of 

various crop plants and fungi, has been studied in recent years (Calmuc et al., 2021; Iordache et 

al., 2016; Radu and Lacatusu, 2008; Tóth et al., 2016; Triebskorn et al., 2008; Zugravu et al., 

2009). 

A survey was carried out near the Baia Mare mining and metallurgical complex, where soil 

samples and grapes (Vitis vinifera L.) were collected, and their concentrations of heavy metals 

determined. Cadmium in soil was detected in two areas, with an average of 15.84 mg/kg Cd in the 

Baia Mare area and 26.84 mg/kg Cd in the Baia Sprie area. Examining the Cd content of different 

vine species in these areas, it was found that the roots of Feteasca regala from Baia Mare and 

Feteasca alba from Baia Sprie contained the highest levels of cadmium (7.09 ± 0.83 mg/kg and 

3.07 ± 0.12 mg/kg, respectively). The cadmium content of the wine samples analyzed (0.02–0.06 

mg/L Cd) exceeds the permitted limit (0.01 mg/L) (Bora et al., 2020). 

Heavy metal pollution in water, sediment and fish meat was studied in Natura 2000 site “Buhuşi-

Bacău-Bereşti”. The maximum concentration for water samples approved by the World Health 

Organization was exceeded in all studied areas with the measured cadmium concentration, 0.0521 

mg/L, exceeding 10.42 times the permitted maximum value. In the case of fish samples, the Cd 

concentration in gills was 0.911 mg/kg and in the muscle reached 0.522 mg/kg, however, the 

maximum accepted concentration in the EU is 0.05 mg/kg (Bontas et al., 2020). 

In addition to the study of the cadmium content of certain plant foods and waters, it is essential to 

investigate the Cd removal from soil and water. 

2.4. Water cleaning  

As one of the most important environmental challenges of our time is to ensure that the 

Earth's population has access to sufficient water of appropriate quality and quantity. The supply 

of drinking water is a major social and economic problem. The task of industrial waterworks is to 

convert raw water from the environment (surface water and groundwater) into drinking water and 

to produce it in compliance with the required standards. Since raw water may contain large 
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quantities of inorganic ions, dissolved organic matter, agricultural and industrial waste, it is not 

suitable for direct consumption. The quality of the water, both at the point of production and at the 

point of delivery to the consumer, and in particular the latter, must meet the quality standards laid 

down by the authorities. In the course of water treatment and purification, raw water extracted 

from nature is subjected to a series of technologies to make it fit for consumption. The principle 

of the technology is that successive operations gradually remove coarse sediments and impurities 

of a smaller particle size, which are then dissolved in the water. 

 

Figure 3. The process of drinking water production (Vectors for the flow chart are from 

dreamstime.com) 

The general structure of drinking water production follows the steps: 

• coarse filtration using grids to remove larger impurities, 

• aeration to remove oxygen, manganese, iron and methane, 

• separation to remove colloidal particles and precipitation of volatile substances, 

• filtration using various filter media to remove suspended solids, 

• disinfection using different methods (e.g. chlorination, ozonation), 

• adsorption, most often using activated carbon, 

• disinfection. 

A close look at the schematic scheme of drinking water production shows that adsorption 

plays a very important role in the process, where unpleasant tastes, colors, odors, toxic organic 

compounds, heavy metals can be easily removed. 
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2.4.1. Dye Removing Methods, Technologies 

The sources of dye contaminants in freshwater can be the textile, pharmaceutical, food leather, 

paint and varnishing industry effluents. Other sources are households, and moreover the untreated 

or partially treated effluents from wastewater treatment plants (Dutta et al., 2021). According to 

the literature, five major industries are known to be responsible for the presence of dye effluents 

in the environment: the textile industry (54%), the dyeing industry (21%), paper and pulp industry 

(10%), tannery and paint industry (8%), and the dye manufacturing industry (7%) (De Gisi et al., 

2016; Katheresan et al., 2018). 

After the dyeing process of textiles, the resulting dye-concentrated wastewater is often discharged 

into nature at high pH and temperatures without any treatment. The oxygen transfer mechanism 

and the self-purification process of environmental water bodies will get disturbed by this 

phenomenon (Bouabidi et al., 2018; Kant, 2011; Katheresan et al., 2018). Wastewater from the 

paint industry is a difficult effluent to treat, not only because of its high biological and chemical 

oxygen demand, high suspended solids content and other hazardous substances, but also because 

of the aesthetic harm it causes to the visual appearance (Ishak et al., 2020; Peck Kah Yeow et al., 

2020). These substances are often of synthetic origin and have a complex aromatic molecular 

structure, which increases their chemical and microbiological stability, hence their difficult 

removal from water. The introduction of dyes into the water system causes a number of health and 

environmental problems: 

• Dyes increases the water turbidity; 

• Dyes have a major impact on the photosynthetic activity of the aquatic environment because 

they block the penetration of light into the water, thus inhibiting the growth of algae, which are 

not only important for oxygen production but are a pillar of the food chain; 

• Most of the dyes are carcinogenic (bladder, kidney, liver), mutagenic and toxic to living 

organisms; 

• They can cause allergic reactions: skin, eye, mucous membrane irritation, dermatitis, 

respiratory problems; and 

• They cause harm to aquatic environment, and may be toxic to aquatic organisms due to their 

aromatic, heavy metal and chlorine content (Dutta et al., 2021; Jadhav and Jadhav, 2021; 

Sachidhanandham and Periyasamy, 2020). 

The presence of dyes in natural waters has not received attention in the last 30 years and has only 

recently become part of environmental legislation. As per this law, dye utilizing industries have to 

ensure wastewater released from their factories abide by the International Dye Industry 

Wastewater Discharge Quality Standards that were adopted from the Zero Discharge of Hazardous 
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Chemicals Programme (ZDHC) (Katheresan et al., 2018; ZDHC: Zero Discharge of Hazardous 

Chemicals, 2016). 

Dye removal methods have been summarized in review articles by many authors (Beulah and 

Muthukumaran, 2020; Bhatia et al., 2017; Donkadokula et al., 2020; Hessel et al., 2007; Ihsanullah 

et al., 2020; Katheresan et al., 2018; Madhav et al., 2018; Mashkoor and Nasar, 2021; Pavithra et 

al., 2019; Samsami et al., 2020; Selvaraj et al., 2021; Singh and Singh, 2017; Slama et al., 2021; 

Yaseen and Scholz, 2019; Zhou et al., 2019). The importance of removing dyes is driven by a 

number of factors; they are harmful to health, often mutagenic and carcinogenic, inhibit 

photosynthetic activity in the aqueous medium, and even at very low levels (< 1 ppm) are highly 

visible and undesirable in water bodies, with color being the most obvious parameter affecting 

water quality (Chikri et al., 2020; Crini, 2006). Hessel C. et al. described the percentage of non-

fixed dye that may be discharged in the effluent as a function of dye classes from EPA and OECD 

legislation (Katheresan et al., 2018). 

Throughout recent years, numerous investigations have been made to find the ideal technology for 

dye wastewater purification. Even though a high range of methods have been studied in the past 

30 years, only several are truly being implemented by the concerning industries these days due to 

the limitations they possess (Katheresan et al., 2018).  

As it appears in the review articles referred to above, dye remediation technologies can be divided 

into three main categories: physical, chemical, and biological methods. As a summary, Figure 4  

contains some of the used methods, and their advantages and disadvantages (Samsami et al., 2020). 
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Figure 4. Dye removing methods and their advantages/disadvantages (Samsami et al., 2020). 

 

Review articles exclusively analyze and compare paint removal methods. Often, published studies 

are used to illustrate the effectiveness of the methods presented. In these studies, several methods 

are classified into the three main categories of paint removal (Beulah and Muthukumaran, 2020; 

Bhatia et al., 2017; Katheresan et al., 2018; Madhav et al., 2018; Samsami et al., 2020). Physical 

dye removing techniques can be: adsorption, membrane separation, reverse osmosis, ion exchange, 

ultrasonic mineralization, nano-remediation and photo-Fenton processes. Chemical methods are: 

catalytic reduction, coagulation/flocculation, electrochemical reduction, photolysis/photochemical 

reduction, advance oxidation processes, ultraviolet irradiation ozonation, clay minerals and 

zeolites. Biological methods can be divided to phytoremediation and microbial remediation 

(bacterial, algae, fungi, mycoremediation, enzyme degradation and phycoremediation) (Bhardwaj 

and Bharadvaja, 2021; Katheresan et al., 2018; Semeraro et al., 2017). 

2.4.2. Cadmium Removing Methods 

In addition to the study of the cadmium content of certain plant foods and waters, it is essential to 

investigate the Cd removal from soil and water. Many physical and chemical methods have been 

used to remove heavy metals from soils and wastewaters (Gul et al., 2021; Haider et al., 2021; 

Hamid et al., 2020; Hou et al., 2020; Riaz et al., 2021; Rosca et al., 2021; Y. Zhang et al., 2021; 
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X. Zhao et al., 2021). A comprehensive and critical review as its title suggests was written by Naef 

A.A. Qasem et al., where the authors enlisted a high range of heavy metal removal techniques 

from wastewaters (Qasem et al., 2021). They classify the discussed methods into five types: 

adsorption-, membrane-, chemical-, electric- and photocatalytic-based remediation treatments 

(Figure 5). 

 

Figure 5. Heavy metal removal techniques from wastewaters (Edited and adapted based on 

(Crystal Quest© Water Filters, 2021; Gao and Meng, 2021; Qasem et al., 2021; Zaimee et al., 

2021)). 

2.5. General Aspects of Adsorption Process 

2.5.1. Definition and used terms 

The term adsorption was first used in 1881 by the German physicist Heinrich Kayser (M 

and Choudhary, 2017). The past decade has seen a boom in environmental adsorption studies on 

the adsorptive removal of pollutants from the aqueous phase. It is preferred over other methods 

because of its relatively simple design, operation, cost effectiveness, and energy efficiency (Tan 

and Hameed, 2017). 

It is a mass transfer process in which a substance (adsorbate) moves from a gas or liquid phase to 

form a surface monomolecular layer on a solid or liquid condensed phase (substrate, the 

adsorbent). It usually involves the molecules, atoms or even ions of a gas, liquid or solid in a 

dissolved state that are attached to the surface. In practice, adsorption is performed as an operation, 
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either in batch or continuous mode, in a column packed with porous sorbents (Abebe et al., 2018). 

Figure 6 (adapted without any change from (Tran et al., 2017)) contains the most important, basic 

terms regarding the adsorption process that are often wrongly used in the literature. 

 

Figure 6. Some basic terms used in adsorption technology (Figure from (Tran et al., 2017). 

 

Adsorption is often confused by the term absorption. The difference between absorption and 

adsorption is that in absorption the molecules penetrate a three-dimensional matrix, while in 

adsorption the molecules attach to a two-dimensional matrix (Al-Ghouti and Da’ana, 2020; Qi et 

al., 2017; Sims et al., 2019). The process is usually reversible (the reverse process is called 

desorption), so that sorption is responsible not only for the extraction of substances but also for 

their release. 

2.5.3. Types of adsorption 

Adsorption can occur due to physical forces or chemical bonds, primarily as a result of 

surface energy. In general, partially exposed surface particles tend to attract other particles into 

position. There are several ways of classifying adsorption, and Figure 7 provides a classification 

based on the nature of the bond (physical or chemical bonds) formed between the adsorbent and 

the pollutant, describing its characteristics (Kamaya Parashar, 2015; Ruthven, 1984; Terry and 

Noble, 2004). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/science-and-technology
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Figure 7. Types of adsorption bonds and nature of adsorption. 

 

Since adsorption phenomena occur in many natural, biological, physical and chemical systems, 

people tend to apply it in industrial processes and take advantage of its benefits. It is increasingly 

used for purification or separation purposes; it is also a wastewater treatment technique for the 

removal of a wide range of compounds from industrial wastewater due its low cost and easy 

operation (Al-Ghouti and Da’ana, 2020; Guo and Wang, 2019). Adsorption is most commonly 

performed to remove low concentrations of non-degradable organic compounds from 

groundwater, drinking water production, process water, or as tertiary treatment, for example after 

biological water purification (EMIS, 2020). 

In summary, adsorption, surface enrichment, refers to the binding of atoms, ions and molecules on 

the active centers of a solid surface (surface binding). 

In most cases, the method does not require unnecessary energy input; the removal rate often 

depends on the kinetic equilibrium and is determined by the surface characteristics and 

composition of the adsorbent. The progress of adsorption depends largely on the affinity of the 

adsorbent, its ability to react with the pollutant and the adsorption mechanism between the sorbent 

and the functional groups of the pollutant. The end point of the adsorption process is considered 

to be the concentration value at which equilibrium stability between the solid and liquid phase 

volumes is reached (Tonk Szende and Rápó Eszter, 2020). 
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2.5.4. Possible Adsorbents 

A wide range of review articles (Afroze and Sen, 2018; Aruna et al., 2021; Bulgariu et al., 

2019; Homaeigohar, 2020; Hynes et al., 2020; Kyzas et al., 2018, 2017; Lai et al., 2019; Mashkoor 

and Nasar, 2021; Mok et al., 2020; Nasar and Mashkoor, 2019; Nayeri and Mousavi, 2020; Pai et 

al., 2021) discuss the use, classification, effectiveness and properties of different adsorbents as 

they are some of the key influencing factors of the process. The characteristics through the 

advantages and limitations of most adsorbents are also reviewed. This is due to the fact that in 

recent years, researchers have focused their attention on the use of new, alternative, cost-effective, 

environmentally friendly, green adsorbents to replace the commonly used activated carbon (Zhou 

et al., 2019). Since adsorption processes are required to have high removal efficiency even at trace 

levels, it is crucial to investigate and develop new adsorbents with better properties, i.e., low cost 

and easily accessible. The adsorbents may be collected from agricultural or animal waste, or 

industrial by-products. All adsorbents, by their intrinsic nature, have functional groups that play 

the key role in adsorption; therefore, the type of the adsorbent is a key factor in the waste removal 

process (Chakraborty et al., 2020). Each adsorbent has its own characteristics, such as porosity, 

pore structure, adsorbent surface area, and structural specificity (Pourhakkak et al., 2021).  

A high range of adsorbents have been studied to remediate dye contaminated waters: clays (Brião 

et al., 2018; Ngulube et al., 2017; Wang et al., 2019), chitosan (Lipatova et al., 2018; Murcia-

Salvador et al., 2019), cyclodextrin (Pellicer et al., 2017, 2019; Vahedi et al., 2017), eggshell (Rápó 

et al., 2018, 2019, 2020a, 2020c), orange peel (Ahmed et al., 2020), fluorene-based covalent 

triazine framework (Mokhtari et al., 2020), cellulose (Maleš et al., 2020), wool (Khamis et al., 

2020), shrimp (Doan et al., 2020), rice bran hydrogel beads (Hong et al., 2021), coccine (Pham et 

al., 2021), seeds (Alghamdi and El Mannoubi, 2021; Mansouri et al., 2021). 

Up until now, different materials have been used for the removal of Cd2+, such as brewery yeast 

(Tonk et al., 2015), barley husks (Osasona et al., 2018), brewed tea waste (Çelebi et al., 2020), 

nanocomposites (He et al., 2020; Zhao et al., 2019), eggshell (Tonk et al., 2017; Zadeh et al., 

2018), sunflower (Jain et al., 2013), peanut shell (Villar da Gama et al., 2018), sugarcane bagasse 

(Harripersadth et al., 2020), different clay materials (Cornelia et al., 2009; Es-sahbany et al., 2021; 

Ghorbel-Abid et al., 2010; Rao and Kashifuddin, 2016; Samad et al., 2020; Zhou et al., 2020), and 

minerals like montmorillonite, kaolinite, illite, zeolite, diatomite, vermiculite (Y. Zhao et al., 

2021). 

With the increase in the number of adsorbents used, their classification and sorting has become 

indispensable. The different types of adsorbents can be classified in several ways; however, the 

most common ones are listed below (Crini et al., 2019): 
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• natural materials: sawdust, wood, fuller’s earth or bauxite; 

• natural materials treated to develop their structures and properties: activated carbons, activated 

alumina or silica gel; 

• manufactured materials: polymeric resins, zeolites or alumino-silicates; 

• agricultural solid wastes and industrial by-products: date pits, fly ash or red mud; 

• biosorbents: chitosan, fungi or bacterial biomass. 

 

Another classification is based on their origin: 

• Natural adsorbents include carbon, clays, clays minerals, zeolites and ores. These natural 

materials are often relatively inexpensive, abundant, plentiful and readily available; 

• Synthetic adsorbents are adsorbents produced from agricultural products and wastes, household 

wastes, industrial wastes, sewage sludges and polymer adsorbents. 

We can distinguish five main categories of novel adsorbents (Zhou et al., 2019): (i) clay/zeolites 

and composites; (ii) biosorbents; (iii) agricultural solid wastes; (iv) industrial by-products and their 

composites; (v) miscellaneous adsorbents. Biosorbents further include chitosan, cyclodextrin, 

biomass and their composites. Agricultural solid wastes, as adsorbents, include sawdust, bark and 

other materials like cotton fiber, coffee/tea residues, rice husk, different vegetable and fruit peels 

and their composites. The industrial by-products include metal hydroxide sludge, fly ash and red 

mud. Nanomaterials and metal organic frameworks are examples of miscellaneous adsorbents. 

Requirements for sorbents (Mok et al., 2020): 

• Ability to work under several wastewater parameters; 

• Cost effectiveness; 

• Removal capability of diverse contaminants; 

• High adsorption capacity; 

• High selectivity for various concentrations; 

• High porosity and specific surface area; 

• High durability; 

• Reusability of adsorbent, ease of regeneration; 

• Fast kinetics; and 

• Being present in large quantities. 

2.5.5. Eggshell 

Eggs represent a major ingredient in a large variety of  food products such as cakes, salad 

dressings and fast foods, the production of which results in  several  daily tons of eggshell waste 
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and incur considerable disposal  costs  in  the  world (Arabhosseini, 2018).  Therefore, eggshell 

waste is available in huge quantities from the food processing, egg breaking, and hatching 

industries. About 250,000 tons of eggshell waste is produced annually worldwide by the food 

processing industry only (Nitin Verma et al., n.d.). Around 40% of egg production originates in 

the developing countries, with only 20% produced in the developed world. Global egg production 

in 2010 was around 69 million tons (Gomes and Pasquini, 2018). The problem is that this huge 

amount of waste is highly hazardous and is hard to get rid of. When disposing it to landfill, 

eggshell, rich in protein, attracts rats, bugs and bacteria that can infect the soil. The messy holding 

containers in which eggshell waste is stored can have an unpleasant odor due to the rotting proteins, 

which can affect the neighborhood, causing air pollution.  

Due to their porous structure, eggshells have large specific surface areas; therefore, they are 

excellent biosorbents (De Angelis et al., 2017; Mashangwa et al., 2017; Rápó et al., 2019, 2018; 

Tonk et al., 2017). Moreover, its efficiency can be intensified by carcinization when exposed to 

heat, resulting a completely changed main structure.The eggshell structure is uneven and 

granulated. One eggshell, which consists of 95–97% calcite (CaCO3) crystals, contains 

approximately 17,000 pores (Guru and Dash, 2014; Tsai et al., 2006). The complex structure of 

chicken eggshell contains various organic molecules and mineralized components such as calcite 

(mainly in palisade and mammillary layers), which are combined in several layers. Instead of the 

simple CaCO3 crystal layers, the shell consists of very complex mineral formations in a protein 

matrix. Five different organic and calcite layers build up chicken eggshell. The eggshell thickness 

is between 280 and 400 µm (Becking, 1975; Dauphin et al., 2006; Hamilton, 1986; Tyler and 

Geake, 1953) and is composed of the inner and outer membrane (70 µm), mammillary layer (100 

µm), palisade layer (200 µm), prismatic layer (8 µm) and thin cuticle (10 µm). 

2.5.6. Yeast 

Beer is considered the third most consumed liquid after water and tea. With the up to 75 liters of 

clean water required to make a pint of beer and with an annual production of 1.91 billion hectoliters 

the beer industry is extremely dependent on one of the most endangered resources on the planet 

(Conway, 2020; smarter business, 2020). Its by-product is brewer's yeast, which is generated 

during fermentation processes and remains in large quantities as a waste. Although some of the 

yeast can be used several times in brewing technology, the rate of dead cells is constantly 

increasing during re-use, so it is inevitable to remove the entire amount of yeast after a few 

fermentation cycles. 

In biosorption technology these yeast cells can be alternatives. The yeasts have many advantages 

compared to bacteria and filamentous fungi. Yeasts are a better raw biosorbent material for the 
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removal of reactive dye due to their unicellular nature and high growth rate (Mahmoud, 2016). 

According to studies, Saccharomyces cerevisiae is the most studied yeast strain as biosorbent (Ulas 

and Ergun, 2019). It is not only easily cultivated at large scale, it can be obtained from various 

industries as a by-product, but most of all it is considered safe, therefore it is widely acceptable by 

the public and can be used in practice. Moreover, it is an ideal model organism which can help in 

the mechanism identification (Wang and Chen, 2006).  

2.5.7. Clay minerals 

Clay materials, having a particle size of less than 2 µm, have a high specific surface area. The 

naturally occurring materials are mainly composed of silica, alumina, and water. Furthermore, the 

surface of clay minerals can contain many exchangeable cations and anions (Srinivasan, 2011), 

but in most cases the surface of the clay is negatively charged. The clay surface can contain Ca2+, 

Mg2+, H+, K+, NH4+, Na+, SO4 
2−, Cl−, PO4 

3−, and NO3−. According to Rajani Srinivasan, these 

ions can be easily exchanged with other ions while the mineral structure of clay is not affected 

(Srinivasan, 2011). This property also contributes to being an excellent adsorbent for removing 

metal cations from water (Obaje et al., 2013). Compared to other adsorbents, its advantage is that 

its surface is very porous, resulting in a high attractive force and many active binding sites (Uddin, 

2017). Hence, its binding performance is also higher (Churchman et al., 2006; Srinivasan, 2011; 

Uddin, 2017; Velde, 1995). 

Clay minerals can be classified in various ways; however, these four types can also be divided: 

layer and chain silicates, sesquioxides, and other inorganic minerals. Layered silicates are the 

primary constituents of soils (Shainberg and Levy, 2005). It consists of a planar octahedral layer, 

structurally the octahedral layer is attached to a tetrahedral layer both above and below. It is 

arranged in repeating intervals between the t-o-t layers (Arabmofrad et al., 2020). Typical 

representatives include kaolinite (1:1 layered silicate) and illite (2:1 layered silicate) (Kumari and 

Mohan, 2021). 

Both kaolinite and illite belong to the group of layered silicates. Layer silicates are the primary 

constituents of the earth’s crust and have good impermeability. 

Kaolinite is a 1:1 type of layered silicate, i.e., it contains a tetrahedral layer of silicon and an 

octahedral layer of aluminum, which are bonded together by oxygen. Hence, the layers have a 

triclinic symmetry, where a tetrahedral (SiO4) and an octahedral (AlO6) sheet alternate (Srinivasan, 

2011). It is electrostatically neutral in its properties. It contains hydrogen bonding between the 

oxygen atoms and hydroxyl ions of the paired layers. The weak hydrogen bonding between the 

layers can result in frequent random movements. This results in kaolinite minerals of lower 
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crystallinity as opposed to triclinic kaolinite. Kaolinite, with its ideal structure, is free of charges. 

Since the kaolinite mineral structure is fixed by hydrogen bonds, in aqueous media the layers do 

not expand and the shrink-swell capacity is low (Kumari and Mohan, 2021; Miranda-Trevino and 

Coles, 2003; Uddin, 2017). Due to its highly compacted structure, kaolinite gains are difficult to 

break down and kaolinite layers cannot be easily separated. the adsorption itself takes place on the 

surface and edges of the kaolinite, so this is the place, where the impurities, contaminants can be 

trapped (Miranda-Trevino and Coles, 2003). The literature data suggest a low specific surface area 

(5–40 m2/g) compared to other clay minerals. Due to its low isomorphic substitution, kaolinite has 

a low ion adsorption capacity. Cation exchange capacity at pH 7, 3–15 mEq/100 g (Kumari and 

Mohan, 2021). 

In a study reported by Jorge C. Miranda-Trevino, the kaolinite samples contained some illite and 

that resulted in the increase in cation exchange capacity to 17.8 mEq/100 g (at pH = 7) (Miranda-

Trevino and Coles, 2003). In the meantime, the surface area was measured to be 16.41 m2/g. 

The illite is also a layered silicate, but of the 2:1 type. This means that an octahedral sheet is 

enclosed by a tetrahedral sheet at the bottom and a tetrahedral sheet at the top (Figure 10). The 

tetrahedral sheet contains 20% aluminum atoms instead of silicon atoms, which have significant 

ion (isomorphic) substitution. The adsorption capacity, swelling and shrinkage capacity are lower 

than montmorillonite and vermiculite, but higher than kaolinite, in which interlayered sheets are 

present. Illite shows a higher cation exchange capacity than kaolinite, typically 10–40 mEq/100 g 

(pH = 7), while the specific surface area 10–100 m2/g (Kumari and Mohan, 2021; Uddin, 2017).  
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3. MATERIALS AND METHODS 

3.1. Studied micropollutants 

3.1.1. Indicators and textile dyes used in adsorption  

Methylene Blue (MB) and Malachite Green (MG) cationic dyes were purchased from 

Loch-Ner.s.r.o., Czech Republic and Loba Chemie, Wien-Fischamend, Austria, respectively and 

were used without any further purification treatment. Anionic indicators Congo Red (CR) and 

Bromphenol Blue (BPB) were purchased from Merck KGaA, Germanz and Loba Chemie Wien-

Fischamend respectively (Figure 8).  

 

Figure 8. The characteristics of studied indicator and textile dyes. 

 

Stock solutions of dyes were prepared by dissolving 1 g of each dye in 1 L deionized water. 

During the adsorption experiments, 1 g/L stock solution was diluted to obtain the needed 

concentration. 

Analytical grade Remazol Brilliant Violet 5R (RBV-5R), Remazol Brilliant Red F3B (RR) 

and Remazol Brilliant Blue R (RB) textile dyes were bought from DyeStar Singapore Pte. Ltd., 
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Singapore and were used without any further purification. A stock solution of 2 g/L was diluted 

when needed for experiments.  

 

3.1.2. Cd2+ metal solution preparation 

The synthetic wastewater with different initial concentrations was diluted from 1 g/L stock 

solutions of the reagent cadmium nitrate tetrahydrate [Cd(NO3)2 ∗ 4H2O] of analytical grade. 

 

3.2. Adsorbent preparations 

3.2.1. Adsorbent preparation for dye removal 

This thesis investigates the adsorbent characteristics, adsorption capacity, dye removal 

properties and optimization of two wastes, eggshell and brewer's yeast. 

Eggshells were collected from kitchen waste. To prevent decomposition and to remove 

dirt particles, the samples were washed several times with tap water, subsequently with deionized 

water (MilliQ), and finally dried in a drying cabinet (Memmert UN75 PLUS) at 80°C until mass 

equilibrium was reached. The samples were kept in an airtight box until later use. 

The dried eggshells were used in four forms for different reasons: (1) approximately 0.5 cm 

diameter eggshell units for the structure study; (2) powdered; (3) calcined and (4) alginate 

embedded for adsorption study.  

(1) To study the chicken eggshell structure before and after dye adsorption, thin sections were 

made. The eggshells were fixed in plastic cups with superglue on the edges, then cast in a two-

component epoxy (Buehler EpoThinTM2) resin, held under vacuum (Buehler Cast N'Vac castable 

Vacuum System) for 10 min to remove the bubbles generated. The resin was allowed to set for 

two days, the sample was then cut to shape and polished on 40, 10, 2 μm diamond powders in 

sequence at 300 rpm using a Buehler Beta Grinder-Polisher instrument. After grinding, the sample 

surface was polished with 1 μm Al2O3 powder, followed by 0.5 μm diamond powder. The 

specimen was bonded to a slide, which had also been previously polished with standard 500 

powder (SiC carbide) in order to increase the adhesive surface area where the adhesive could easily 

embed. The surface of the glass has lost its perfect smoothness and has become matt (Figure 9). 
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Figure 9. Preparation of eggshell thin section. 

(2) The dried eggshells were crushed in a mortar, shredded using Bosch TSM6A013B electric 

grinder, and then adjusted to different particle sizes (treatment <=160 µm, 160 – 315 µm) using a 

geological sieve. The eggshell powder was used as an adsorbent without any physical or chemical 

pre-treatment (Figure 10). 

 

Figure 10. Preparation of eggshell powder. 

(3) The 160 µm particle sized powdered eggshell was calcined at 1,000oC for 4 hours with a 

Nabertherm 30 – 3,000oC oven.  

CaCO3 → CaO + CO2 

(4) In our study, the adsorption capacity of eggshell in immobilized form was also studied by 

dropping 1.5 g of eggshell in a mixture of 30 mL of deionized water, 1 g of sodium alginate, 2 mL 

of ET-OH into 200 mL of 0.2 M CaCl2 solution using a hypodermic needle to form small beads 

(Figure 11). 
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Figure 11. Preparation of alginate embedded eggshell. 

 

Saccharomyces cerevisiae yeast (BY) was supplied from a brewery factory in Romania 

and was used as a biosorbent after preparation. In the brewing process, after a few fermentation 

cycles, the brewer's yeast by-product was lyophilised. For lyophilization of yeast in aqueous 

solution, we used the Telstar Cryodos 50 lyophilization system, which operates at -30°C and 4x10-

2 mbar pressure. The yeast solution was placed in 50 mL centrifuge tubes and frozen at -80°C, and 

then mounted on the distribution tubes of the lyophilisation system. The lyophilisation was carried 

out until the samples were completely dry (24 hours). 

 

3.2.2. Details about the Aslavital cosmetic clay adsorbent and experimental design 

The sorbent (ACC) used in this research is a particular Aslavital Diatomaceous earth 

(100% natural diatomaceous clay) manufactured and marketed by the Farmec S.A. It comes from 

the Pădurea Craiului Mountains, therefore, has a well-defined chemical and mineral composition. 

Moreover, it is not chemically treated. Deposits of Jurassic fire clays are well known within the 

Pădurea Craiului Mountains. Their compositions are dominated by kaolinite, with minor amounts 

of illite and quartz. In the adsorption experiments ACC was used without any physical or chemical 

alteration.  

According to patent 118259/2003 “Composition of a clay-based product and the method 

of treatment that can be carried out with it”, the mineral composition of the clay is 40–60% 

kaolinite, 22–30% illite, 4–10% quartz, 1–4% limonite. The chemical composition of the clay is 

21–33% Al2O3, 52–59% SiO2, 2–3.8%, Fe2O3, 0.4–1.3% TiO2, 0.4–0.8% CaO, 0.1–1% MgO, 1.7–

4% K2O + Na2O. 

Adsorption of Cd2+ on Aslavital cosmetic clay (ACC) was carried out by the batch equilibrium 

method. One gram of adsorbent was added to the 100 mL artificial cadmium wastewater of desired 

concentration in 250 mL Erlenmeyer flasks. The solutions were stirred on a rotary shaker at 300 

rpm until equilibrium was reached. The Cd2+ concentration was investigated with the help of flame 

atomic absorption spectrophotometer. The effect of time on the adsorption of ACC and Cd2+ was 

determined by analyzing the residual metal ion concentration in the liquid after contact periods of 

0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 105, 120, 135, 150, 175 and 190 min. 
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3.3. Influencing parameters 

The efficiency of liquid phase adsorption, and therefore the optimal operation of the water 

treatment process, depends on several parameters. The sorption performance, as illustrated in 

Figure12, is influenced by physico-chemical factors, the type of pollutant (in this study, the dyes) 

and its chemical structure, and the properties of the adsorbent used.  

 

Figure 12. Factors affecting adsorption process. 

 

Such physicochemical parameters are the adsorbent/adsorptive interaction, the surface chemistry 

and pore structure of the adsorbent, particle size, nature of the adsorbent, presence of other ions in 

the aqueous solution, pH, temperature, pressure, and contact time. The properties of the adsorbate, 

its molecular weight, molecular structure, molecular size and polarity should also be taken into 

account (Razi et al., 2017; Yagub et al., 2014). The effects of all these parameters should be taken 

into account when designing an adsorption process. Optimization of such conditions will greatly 

aid the development of industrial-scale dye removal technology. The most studied influencing 

factors (initial dye concentration, aqueous solution pH, adsorbent volume and particle size, and 

temperature) will be presented through our results from dye (indicators and textile dyes) and Cd2+ 

adsorption with different adsorbents (eggshell, yeast and ACC) in the results and discussion part. 

Moreover, our result will be compared with the results of research over the last five years (2017-

2021). General trends will be formulated based on the results obtained, considering the effects of 

the factors.  

In water treatment systems, the efficiency of dye removal (E) and the maximum amount of 

micropollutant bound in equilibrium (q) are the two most important metrics and quantitative 

parameters to characterize the outcome of the adsorption process (Terangpi and Chakraborty, 

2017; Yagub et al., 2014). 
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E(%) = 
Ci-Cf

Ci
∙100                (1) 

q =
(Ci−Cf)∙V

m
           (2) 

where: E (%)—efficiency; q (mg/g)—amount of dye bound in equilibrium; Ci (mg/L)—initial dye 

concentration; Cf (mg/L)—final dye concentration; m (g)—amount of adsorbent; and V (L)—

volume of aqueous solution. 

The adsorption of indicators, textile dyes and  Cd2+ on different adsorbent’s surface was studied 

in aqueous solutions using 250 mL Erlenmeyer flasks, where 100 mL micropollutant solutions 

were constantly mixed with VARIOMAG Electronisher MULTIPOINT HP multi-magnetic 

shaker. To determine adsorption, batch equilibrium technique was used, whereby the suspension 

of micropollutants and adsorbents was stirred until equilibrium was reached and the concentration 

of the pollutant was monitored at predetermined intervals. Samples taken at each time interval 

were placed in eppendorf centrifuge tubes and centrifuged at 10,000 rotation/minute for 5 min 

(Hettick Zentrifugen Mikro 20). The supernatant was placed in a cuvette using an eppendorf 

micropipette and the concentration of the solution was determined by spectrophotometry. In each 

case, three parallel experiments were executed, and results are the means and standard deviations 

of  a total 9 measurements. 

 

3.3.1. The effect of initial micropollutant concentration 

The initial micropollutant (indicators, textile dyes and Cd2+) concentration is perhaps one 

of the most important factors that influences the adsorption process. It indirectly affects the 

efficiency of pollutant removal by reducing or increasing the availability of binding sites on the 

adsorbent surface.  

In order to investigate the effect of concentration on adsorption the following experimental designs 

were build in the different published studies: 

• 100 mL of CR (pH = 8.05), BPB (pH = 2.7), MB (pH = 3.95), MG (pH = 2.76) solutions 

were mixed at 700 rpm, 20 oC, with 3 g of powdered eggshell at different initial 

concentrations between 10-50 mg/L; 

• 100 mL RBV-5R solutions at Ci = 20–100 mg/L were mixed with 1 g powdered eggshell. 

The constant parameters are as follows: particle size of 160 µm, room temperature of 20 °C, 

700 rpm agitation speed, and initial pH of 6; 

• adsorption with calcined eggshell (160 µm particle size) was studied using constantly 

rotating (700 rpm) 1.5 g calcined eggshell in a 100 mL aqueous solution of RBV-5R azo-

dye between 20-100 mg/L concentrations at 20 oC without pH adjustment (pH=6); 
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• 1.5 g calcined eggshell (160 µm particle size) was added to Ci = 20-100 mg/L RR, RB pH 

= 7, T = 20±0.5 oC, 700 rpm; 

• The effect of initial RR dye concentration and contact time was studied at 5-1,000 mg/L 

concentrations. Constant experimental parameters: 1.5/100 g/mL yeast, 20 oC, 700 rpm 

agitation speed, pH: 6; 

• The effect of initial Cd2+ concentration was tested by varying the Cd2+ concentration in the 

range of 10-160 mg/L, 0.1 g/L ACC using a magnetic stirrer at room temperature (T = 20 

°C) and fixed pH of 7. 

3.3.2. The effect of solution pH 

According to several papers, the key parameter in almost all adsorption processes is the pH 

of the dye solution. This factor affects the capacity of the adsorbent and the efficiency of the 

process. 

In each case 1M HCl and NaOH was used as pH adjuster Hanna HI4521 pH/mV/ISE/temperature 

Bench Meter with dual channel electrode. Firstly, the dye solutions were prepared, then the 

Berzelius flask containing the solution  was put on a magnetic stirrer, and the wished pH was 

adjusted. The experimental designs for the study of solution pH as influencing factor are: 

• CR, BRP, MB, MG + powdered eggshell: pH = 2-10, Ci = 30 mg/L, 3 g of 160 µm particle 

sized biomass, 750 rpm, T = 20±2 ºC; 

• RBV-5R + powdered eggshell: pH = 2-11, Ci = 20 mg/L, 1.5 g of 160 µm, 750 rpm, T = 20±2 

ºC; 

• RBV-5R + calcined eggshell: pH = 2-11, Ci = 20 mg/L, 1.5 g of 160 µm, 750 rpm, T = 20±2 

ºC; 

• RR, RV + calcined eggshell: pH = 3-9, Ci = 20 mg/L, 1.5 g of 160 µm, 700 rpm, T = 20±2 ºC; 

• RR + yeast: pH = 3-11, Ci = 20 mg/L, 1.5 g of 160 µm, 700 rpm, T = 20±2 ºC. 

 

3.3.3. The effect of adsorbent dosage 

The amount of adsorbent is an important parameter that influences the adsorption process, 

through the quantitative ratio of adsorbent to adsorbent. Since the adsorbent determines the 

adsorbent capacity for a given initial concentration, the dosage of the adsorbent is an important 

parameter (Şentürk and Alzein, 2020).  

The effect of adsorbent dosage was investigated for textile dyes RBV-5R (both for powdered and 

calcined eggshell), RR (calcined eggshell and brewery’s yeast) and RB (calcined eggshell): 

• RBV-5R + powdered eggshell: m = 0.5-1.5 g of 160 µm, Ci = 20 mg/L, 750 rpm, T = 20±2 ºC; 

• RBV-5R + calcined eggshell: m = 0.5-2 g of 160 µm, Ci = 20 mg/L, 750 rpm, T = 20±2 ºC; 
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• RR, RV + calcined eggshell: m = 0.5-2 g of 160 µm, Ci = 20 mg/L, 700 rpm, T = 20±2 ºC; 

• RR + yeast: m = 0.5-2.5 g, Ci = 20 mg/L, 700 rpm, T = 20±2 ºC. 

 

3.3.4. The effect of adsorbent particle size 

Although not regularly investigated in biosorption studies, particle size can be an important 

factor in heterogeneous chemical reactions and adsorption (Stjepanović et al., 2021). The small 

particle sizes result in a higher specific surface area. Specific surface area (SSA), defined as the 

total surface area of a solid material per unit of mass, is an important feature for sorption processes. 

SSA is dependent on the size of the particles, as well as on the structure and porosity of the material 

(Šljivić-Ivanović and Smičiklas, 2020). The most common unit of measurement is m2/g. 

The relationship of adsorption capacity to particle size depends on two criteria (Aljeboree et al., 

2017; Iqbal et al., 2011): 

• the chemical structure of the dye molecule (its ionic charge) and its chemistry (its ability 

to form hydrolyzed species); and  

• the intrinsic characteristic of the adsorbent (its crystallinity, porosity and rigidity of the 

polymeric chains). 

To study the effect of the particle size of eggshells, 100 mL RBV-5R dye solution (20 mg/L 

concentration) was prepared. Then, 1.5 g eggshell with different particle sizes (<=160 µm, 160-

315 µm, unsorted particle size range) was added to the solution and agitated at constant agitation 

speed (700 rpm) without temperature or pH adjustment. 

 

3.3.5. The effect of adsorption shaking speed 

In a batch process, the mixing speed of the aqueous suspension may affect the time required to 

remove the contaminant.  

The effect of mixing speed was studied for the removal of RBV-5R dye with powdered eggshell 

at 350 and 700 rpm. Constant parameters were: Ci=20 mg/l, 1,5 g adsorbent, 160 µm, pH=6,0±0,2, 

T=20±1 oC. 

 

3.3.6. The effect of solution temperature 

The effect of temperature is also a significant physico-chemical factor as it affects the 

treatment process by shifting the nature of the reaction from endothermic to exothermic, or vice 

versa (Peck Kah Yeow et al., 2020). Moreover, it has a strong effect on the adsorption as it can 

increase or decrease the amount of adsorption (Badawy et al., 2020). 

In the present work, the influence of temperature is presented trough the results of RBV-5R textile 

dye adsorption both with powdered and calcined eggshells, moreover, with RR textile dye removal 
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with brewery’s yeast. Experiments were carried out with the help of IKA C-MAG HS7 magnetic 

shaker. The effect of temperature (20, 30, 40 °C) on adsorption was investigated, where the 1.5 g 

adsorbents (160 µm particle sized powdered or calcined eggshell, yeast) was  stirred constantly at 

700 rpm and the samples contained 100 mL 20 mg/L RBV-5R or 5 mg/L RR dye solutions. 

 

Figure 13. The study of temperature dependence. 

 

3.4. Analytical measurements 

A wide range of analytical techniques are used to study the biosorption process, to 

characterize the contaminants and adsorbents, and to study the adsorption mechanism between the 

adsorbent and the micropollutant. Figure 14 represents all the techniques used in this thesis. 

 

Figure 14. Instrumental tools used in the adsorption process (Adapted from (Fomina and Gadd, 

2014). 
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3.4.1. Concentration determination 

Agilent Cary 60 UV-Vis spectrophotometer was used to periodically measure dye concentrations: 

• λmax = 497, 580, 664, 619 nm, respectively for CR, BPB, MB, MG indicators,  

• λmax = 553, 539, 592 nm, respectively for RBV-5R, RR and RB textile dyes. 

The concentrations were calculated by using calibration curve quantitative measuring technique. 

Results listed below are the means and standard deviations from 9 different measurements. 

The Cd2+ concentration was investigated with the help of flame atomic absorption 

spectrophotometer. For this measurement we used SensAA Dual GBS Scientific Equipment, 

Australia. The unknown solution’s Cd2+ ion concentration was determined by calibration with a 

standard cadmium solution in the concentration range 0 – 2.5 mg/L, λ = 228.8 nm. 

 

Figure 15. The used UV-Vis and flame atomic absorption spectrophotometer. 

 

3.4.2. Morphology and elemental composition  

The structure of the thin sectioned eggshell was studied using stereomicroscope (Nikon 

SMZ1000 and Nikon D5000), polarization microscope (Nikon Eclipse LV100 POL), scanning 

electron microscope – SEM (FEI Quanta 3D), and EDS (Hitachi TM4000 Plus SEM equipped 

with Quantax 75 SDD EDS system) measurements were also performed on each layer.  

Scanning electron microscopy (SEM) is one of the most important tools for analyzing the 

surface and morphology of adsorbents. The primary advantage of the SEM is the high resolution 

that can be achieved during the examination, making it an important instrument for materials 

analysis. SEM provides magnified images of the size, shape, composition, and other physical and 

chemical properties of the sample (10.1515/geo-2020-0145). Therefore, SEM images of eggshell 

(thin section, powdered, calcined), ACC clay and brewery’s yeast was made before and after 

adsorption together with EDS analyses. 



40 

 

The SEM images were performed using 15 kV high voltage and 18 - 150 pA beam current under 

low vacuum chamber pressure (80-100 Pa water steam environment). Spot EDS measurements 

were carried out using 20 kV high voltage and 4 nA beam current.  

In order to visualize the distribution of different elements within eggshell profiles (Ca, Mg, S, P) 

EDS elemental maps were carried out using 15 kV high voltage and 2.4 nA beam current. Analyzes 

were taken in the Research and Instrument Core Facility of the Faculty of Science, Eötvös Loránd 

University, Budapest. 

 

Figure 16. Instruments used for morphology study. 

 

The powdered and calcined eggshell, ACC and yeast surface was studied by scanning electron 

microscopy (JEOL (USA) JSM 5510 LV SEM) at various magnifications before and after 

adsorption. During the tests, eggshell particle sizes of 160 μm (control, 2 g/L indicator and textile 

dye solution); moreover, ACC (control and 2 g/L Cd2+ adsorbed ACC) were used. In case of the 

yeast, 3 g of yeast was kept in 2 g/L RR dye solution for 24 hours. To improve the quality of the 

images and to increase the electrical conductivity of the surface, the surface of the samples was 

covered with a thin layer (10nm) of 1.33 × 10-6 mBar vacuum. 

Scanning Jeol JEM 5510 JV and Oxford Instruments EDS Analysis System Inca 300 (UK) were 

used to examine the elemental composition of the adsorbents on the control and the dye/Cd2+ 

adsorbed samples (2 g/L micropollutant). Elemental distribution was studied, and enrichment 

factors were calculated. The value obtained gives the percentage of elements in the „contaminated” 

sample relative to the control sample. 

δ=
Rsample-Rcontrol

Rcontrol
 ∙100                                          (3) 
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Where: 𝛿- enrichment factor, Rsample- the EDS results for adsorbent in the 2 g/L solution, Rcontrol- 

the amount of elements in the control adsorbent obtained during EDS measurement. 

 

3.4.3. Determination of functional groups, surface chemistry 

Raman microspectroscopic measurements were carried out at the Research and Instrument 

Core Facility of the Faculty of Science, Eötvös Loránd University, Budapest. To study the eggshell 

powder (dye treated and control) and dye powder, we used a confocal HORIBA Labram HR (high-

resolution) spectrometer with Nd:YAG laser (λ=532 nm) excitation and 1,800 grooves/mm optical 

grating. The laser power was 130 mW, and the laser spot diameter was ~1.5 μm (Berkesi et al., 

2017).  

Fourier transform infrared spectroscopy data were obtained using a JASCO 615 FTIR 

spectrophotometer in the wavelength range of 500–4,000 cm–1, and the observed bands were 

analyzed by using ORIGIN PRO 8.5 software. These studies were carried out at National Institute 

for Research and Development of Isotopic and Molecular Technologies, INCDTIM Cluj-Napoca, 

Romania. 

 

3.4.4. Thermal stability and textural property 

For the characterization of powdered, calcined eggshell, thermal analysis was carried out 

using a DTA-TG differential heat analyzer, Model: STA 449 F5 Jupiter, Manufacturer: Netzsch 

GmbH, Germany, with graphite furnace, with a possibility of analysis of up to 1,600 °C. The heat 

treatment temperature of the samples was 1,200 °C at a heating rate of 10 K/min under a nitrogen 

atmosphere. 

Total surface area (St), pore volume (Vp) and pore radius (Rm) of eggshell were obtained 

from N2 adsorption–desorption isotherms (measured at -196 °C) using the BET model for St 

determination and the Dollimore–Heal method for Vp and Rm.  

The isotherms were recorded using a Sorptomatic 1990 apparatus (Thermo Electron Corporation). 

Prior to determination, the samples were degassed at 150 °C under vacuum (approximately 1 Pa) 

for 3 hours to remove the physically adsorbed impurities from the surface. No pressure variation 

was observed during 1 hour at the end of sample degassing (N. Tangboriboon et al., 2012; Ramesh 

et al., 2018; Wang and Jehng, 2011). The eggshell density was determined with ethanol using a 

pycnometer (Nagy et al., 2013a). 

 

3.4.5. Crystalline structure  

The X-ray powder diffraction (XRD) patterns of ACC were obtained with a Bruker D8 

Advance diffractometer using CuKα1 monochromatic radiation (λ = 1.5405980Å) obtained with 
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a germanium (1:1:1) monochromator. The diffractometer is equipped with a LINXEYE detector 

and X-ray tube operates at 40 kV and 40 mA. DIFFRAC plus XRD Commander Program was 

used for data acquisition employing a scan rate of 0.05°/s in the angular domain 2θ = 5–85°. 

 

3.5. Mathematical models 

3.5.1. Adsorption isotherms  

In biosorption studies, the rate of adsorption can be greatly influenced by the ratio of adsorbate to 

adsorbent. According to the Kroeker correlation described in the literature, the amount of material 

adsorbed per species increases with decreasing amount (mass) of adsorbent in aqueous solution of 

a given volume and concentration. It is calculated from the equilibrium value of the adsorption 

process at constant temperature in isotherm models. The isotherm model expresses the amount of 

adsorbed substance as a function of the concentration of the solution. 

The four, most widely used (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich) two-

parameter isotherm models in linear form were used in all of the six articles that this thesis is built 

on. Figure 17 contains the linear forms of these isotherm models, their graphical representation 

and the method their specific parameters were calculated. 

 

 

Figure 17. Linear forms of isotherm models and the calculation of their parameters. 

 

Statistical biases can arise when the isothermal equations are linearized, as the linear fit 

depends on the method chosen, the data available and the errors of the experiment performed. 

During the evaluation of experimental data, the linear transformation changes the distribution of 

the error (either in the positive or negative direction). Data overestimation, data clumping or 

overweighing can occur during the transformation if the system is sensitive to extreme (too high 
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or too low) experimental values. Often, regardless of the resulting high linear regression 

coefficient (R2) values, the model is not representative of the adsorption experimental behavior 

(González-López et al., 2021; López-Luna et al., 2019). To avoid these limitations, the 

development of computer programs has made modelling and error analysis possible. Non-linear 

regression analyses of the two-parameter Langmuir, Freundlich and Temkin as well as the three-

parameter Toth (Tóth, 1981), Khan (Khan et al., 1997), Liu (Liu et al., 2003), Redlich-Peterson 

(Redlich and Peterson, 1959) and Radke-Prausnitz (Radke and Prausnitz, 1972) isotherm models 

were analyzed using OriginPro 8.5 software. In order to further explore the feasibility of (RR + 

yeast) adsorption,  beside the four (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich) linear, 

two-parameter isotherm models, the non-linear versions of the Langmuir, Freundlich, Temkin, 

Dubinin-Radushkevich two-parameter and Liu, Toth, Kahn, Sips, Redlich-Peterson and Radke-

Prausnitz three-parameter isotherm models were investigated. The models were calculated for 

adsorption experiments where 1.5 g/100 mL yeast was constantly stirred (700 rpm) in batch mode 

with 5–1,000 mg/L RR dye for 330 minutes, pH = 6, T = 20±1 °C. 

In case of Cd2+ and clay adsorption the non-linear versions of the Langmuir, Freundlich, 

Temkin two-parameter and Liu, Toth and Kahn three-parameter isotherm models were studied.  

The performance of these model predictions and the robustness of the results obtained were 

validated using statistical measures (the linear regression coefficient (R2), chi-square error (χ2), 

root mean square error (RMSE), and hybrid fractional error (HYBRID)). The equations (Figure 

18) for these error analyses are given below (Ayawei et al., 2017; Hossain et al., 2013; 

Suwannahong et al., 2021). 

 

Figure 18. Equations of statistical measures, where n—the number of experiments performed; 

qe,exp. (mg/g)—the value of the maximum amount of substance bound in the equilibrium obtained 

in practice; qe,calc. (mg/g)—the calculated value of quantity equilibrium; qe,calc. (mg/g)—average 

of the calculated quantity equilibrium; p (polynomial model)—the number of parameters 

included in the isotherm models tested. 

 

Figure 19 contains the linear and non-linear equations of these isotherm models together with the 

theories, assumptions and boundaries of these models. 
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Figure 19. Equations, theories, assumptions, and boundaries of adsorption isotherm models, 

where qe—the concentration of solid phase adsorbent at equilibrium (mg/g); qmax—single layer 

maximum adsorption or saturation capacity (mg/g); Ce—concentration of the contaminant 

solution at equilibrium (mg/L); b—adsorption equilibrium constant specific to the test substance; 

KL,F,D,T,Toth,Liu,Khan—are the concentration-dependent partition coefficients for the respective 

isotherms providing information on the adsorption capacity of the biosorbent; n—Freundlich and 

Liu constants, adsorption intensity; AT—Temkin’s isotherm equilibrium constant (L/g); bT—

Temkin constant; B—constant (J/mol); R—ideal gas constant (8.314 mol/K); T—absolute 

temperature (K); ε—Dubinin–Radushkevich constant (mol2/J2); t—Liu constant; aK—Khan 

constant (Foo and Hameed, 2010; Khan et al., 1997; Wang and Guo, 2020). 
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3.5.2. Adsorption kinetic and diffusion models 

Kinetic models have been studied to describe the mechanism of the biosorption process. In 

particular, we used the pseudo-first- and second-order kinetic models, which are very frequently 

reported in the literature. In practice, we compare the linear regression coefficients of each kinetic 

model in order to find the best fitting model. The reaction rate describes the kinetics of chemical 

reactions; it is closely related to the time variation of the concentration of a given adsorbate. The 

model can be used to calculate the rate constant (k) of the process and the theoretical value of the 

maximum amount of solute bound at equilibrium (qe). In many cases, the pseudo-superscript 

(Lagergren) equation cannot be used for the whole experimental time because it describes the 

initial period of the sorption process more accurately. Similarly, the pseudo-second-order model 

(Ho and McKay) is applied to the solid biosorption of the solid phase, but this is based on the total 

accurately characterizes adsorption over the full-time interval  (Ho and McKay, 1999; Kőnigné 

Péter, 2012; Lagergren S., 1898). The equations describing the kinetic and diffusion models are 

given in Table 1. 

Table 1. Summary of kinetic and diffusion model equations. 

Kinetic/Diffusion Models 

Equations Describing the 

Models  Parameters 

Non-Linear Form 

Pseudo I-order kinetic 

model 

 
• qt—amount of Cd adsorbed during a given time 

interval (mg/g) 

• qe—equilibrium pollutant adsorption value (mg/g) 

• k1—equilibrium constant, first order adsorption rate 

constant (g/mg/min) 

• k2—equilibrium constant, constant of the second 

order adsorption rate (g/mg/min) 
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Equation describing 

diffusion 
qt = xi+K√t  

• K—rate constant  

• xi—boundary layer thickness 

• qt—amount of Cd adsorbed on the ACC at time t 
 
 

  

Diffusion is the mixing of one substance with another, by heat or by some driving force, it is an 

important concept in both chemistry and physics. Possible driving forces can be the concentration 

and the tension difference. In effect, the random thermal movement of particles of matter by 

thermal heat. In addition to the kinetic models, the mechanism of adsorption can be also described 

by diffusion, which is determined by the adsorption phenomena. Four steps are distinguished 
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during adsorption on the surface of a porous adsorbent, which describe the transport process 

(Figure 20): 

1. bulk transport, the transport in the solution phase, a fast process; 

2. film diffusion, a slow stage where the contaminant molecules (in our case dyes and Cd2+) 

are transported to the outer surface of the adsorbent (eggshell, yeast, ACC) through a 

hydrodynamic boundary layer or film layer; 

3. intra-particle diffusion, also a slow process whereby contaminant molecules diffuse into the 

pores of the adsorbent, along the surface of the pore wall, or both;  

4. adsorption bond formation (physical or chemical), also a rapid process (Tran et al., 2017). 

 

Figure 20. Transport processes during adsorption by a porous adsorbent (Tran et al., 2017). 

3.5.3. Artificial neural network (ANN) 

An artificial neural network (ANN) is a statistical modelling method (functioning as a black box) 

that helps to understand the behaviour of a system by knowing input data and predicting output 

results. Six input parameters (i.e., initial concentration, biomass weight, particle size, pH, 

temperature, contact time) were given to the EasyNN software program package, thereby resulting 

in a 6:7:1 network structure (Hassani et al., 2014; Indolean et al., 2017; Török, 2015). 
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4. RESULTS AND DISCUSSION 

4.1. The influence of initial parameter changes in dye adsorption 

4.1.1. The effect of initial micropollutant concentration 

The effect of initial dye concentration relies on the immediate relation between the dye 

concentration and the available binding sites on the adsorbent surface (Ta Wee Seow and Chi Kim 

Lim, 2016). Initial concentration provides an important driving force to overcome all mass transfer 

resistances of the dye between the aqueous and solid phases, therefore higher concentration can 

increase the adsorption (Aksu and Dönmez, 2003). 

During our research the effect of CR, BPB anionic and MB, MG cationic indicators uptake 

by chicken eggshell household waste was examined using different initial dye concentrations 

between 10-50 mg/L. Figure 21a-d. shows the efficiency and quantity in equilibrium of various 

dyes at different initial concentration, where 3 g eggshell powder of 160 μm particle size was 

constantly shaken at 750rpm with 100 mL solution at room temperature (T=20±2 ºC) without pH 

adjustment (pHCR=8.05, pHBPB=2.7, pHMB=3.95, pHMG=2.76). With the increase of initial dye 

concentration in case of CR, MB and MG, the adsorption capacity also increased, whereas in case 

of BPB there was no such trend.  

 
Figure 21. The effect of initial dye concentration on powdered and calcined eggshell adsorption. 
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The effect of the initial dye concentration on the uptake of RBV-5R dye by our eggshell 

waste was studied using dye concentrations ranging between 20 and 100 mg/L. With increasing 

initial concentration, the adsorption capacity also increased, whereas the efficiency decreased 

(Figure 20e.). 

Five different studies (Ci = 20-100 mg/L) were made for the adsorption process of RBV-

5R removal with calcined eggshell at a constant 700 rpm at room temperature, 1.5 g of biomass 

(1,000 °C calcined eggshell) without adjusting the pH of the aqueous medium. The equilibrium 

values obtained at the end of the adsorption were used to calculate the efficiency of the biosorption 

and the maximum amount of material in equilibrium. Figure 20f. graphically illustrates the 

calculated values. Here we can observe that the efficiency achieved is in all cases greater than 

90%. Compared to our previous study (untreated eggshell adsorption), no clear trend was observed 

regarding the increase in concentration. But for subsequent comparison, studies were performed 

on the 20 mg/L solution. 

In order to study the effect of RR and RB dye concentration on calcined eggshell surface, 

experiments were carried out using a fixed amount of adsorbent (1.5 g), a stirring rate of 700 rpm 

without pH adjustment, but varying the initial dye concentration between 20-100 mg/L, as shown 

in Figure 21g-h. All values are the means and standard errors of nine parallel results. Both for RR 

and RB we achieved an efficiency that was higher than 97%, regardless of dye concentration. 

However, adsorption equilibrium was reached in 90 minutes. A similar trend was observed in the 

case of Remazol Brilliant Violet-5R dye, under same initial conditions with calcined eggshell 

(E=90%). The adsorption capacity increased with the increase of dye concentration, which can be 

explained with the high driving force for mass transfer at a high initial dye concentration (Bulut 

and Aydın, 2006).  

In the present study, we investigated the effect of RR concentration on the adsorption of 

brewery’s yeast on a broader range (Figure 22). 16 different initial concentration values were used 

in the experiments, ranging from 5 to 1,000 mg/L. We observed an initial increase in dye removal 

efficiency, reaching a maximum of 80.6% at a concentration of 40 mg/L. The increase in efficiency 

can be explained by the fact that at lower concentrations more active binding sites were available 

for the binding of dye molecules. At concentrations of 40, 50 and 60 mg/L, the E was almost 

constant, as the active sites were saturated. After saturation, the number of binding sites were 

limited. The values of quantity in equilibrium (qe) were also studied. The qe increased with 

increasing concentration (qe;5 mg/L= 0.2 mg/g; qe;1000 mg/L= 21.7 mg/g).  
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Figure 22. The effect of initial RR concentration on yeast adsorption, Ci = 5–1,000 mg/L, 1.5 g 

yeast, 700 rpm, pH = 6.0 ± 0.2, T = 20 ± 1 °C. Result are the means and standard deviations of 9 

experiments. 

 

By examining the effect of initial dye concentration through our results and exemplified by the 

results in Table S1., three trends can be observed: 

• the removal efficiency decreases as the initial concentration increases; 

• removal efficiency increases as the initial concentration increases; and 

• no significant change in removal efficiency. 

Most often, the percentage of dye removal decreases with increasing initial paint concentration. 

This phenomenon can be explained by the saturation of adsorption sites on the adsorbent surface. 

In this case, as the initial concentration increases, so does the capacity of the adsorbent, which is 

due to the high mass transfer driving force at high initial dye concentrations. The initial 

concentration of solute acts as a driving force for the adsorption process, favoring diffusion and 

mass transfer processes from the solution (with a higher amount of dye) to the free surface of the 

adsorbent (Al-Ghouti and Al-Absi, 2020; Seow and Lim, 2016). 

If the concentration of the solution increases, and with it, the amount of bound material shows a 

similar trend, then at low initial solution concentration the surface area of the adsorbent and thus 

the number of adsorption binding sites is high, so the contaminant ions or molecules (in our case 

dye molecules) can easily bind to the adsorbent surface. At higher initial solution concentrations, 

the total available adsorption sites are limited, which may result in a reduction in the percentage 
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removal of contaminants. The increase at higher initial concentrations may be attributed to 

increased driving forces (Mondal and Kar, 2018; Tejada-Tovar et al., 2021). 

At low concentrations, the ratio of active sites to dye molecules can be high, allowing all molecules 

to interact with the adsorbent and be removed from solution almost instantaneously (Silva et al., 

2020). 

Arellano G. Rodríguez et al. (Rodríguez-Arellano et al., 2021) reported that a negative linear effect 

between removal efficiency, amount of bound material and initial concentration occurred when 

removing CR with cocoa bean shells (Rodríguez-Arellano et al., 2021). Accordingly, as the initial 

dye concentration increased, the adsorption capacity of the biosorbent decreased. Referring to 

other similar studies with CR, it was explained that the equilibrium adsorption capacity increases 

with increasing initial dye concentration, a process controlled by the mechanism of resistance to 

removal of CR (Rodríguez-Arellano et al., 2021). 

Even though it is a driving force, a clear, generalizable influence of the initial concentration as a 

parameter is not possible since several experimental conditions act in combination on the specific 

contaminant and the adsorbent under study. 

4.1.2. The effect of solution pH 

The pH affects the solution chemistry of contaminants, the activity of functional groups in the 

adsorbent, the competition with coexisting ions in the solution, and the surface charge of the 

adsorbent. The pH of the aqueous medium can also influence the properties of the adsorbent, the 

adsorption mechanism, and the dissociation of dye molecules. Not only the adsorbent but also the 

chemical structure of the dye can be altered by the pH of the solution. The pH changes the surface 

charge and the degree of ionization of the adsorbed ion (Brito et al., 2018; Gamoudi and Srasra, 

2019; Kanwal et al., 2017; Khasri et al., 2021; Rápó et al., 2018; Yildirim, 2021). The pH of 

aqueous solution can highly affect the biosorbents’ (eggshell) surface charge. In acidic media, the 

surface of the adsorbent is protonated, while in a basic medium its surface deprotonates. Dye 

biosorption is a pH-dependent process. The pH of the aqueous medium can influence the 

biosorption of the dyes: changes in sorbent properties, adsorption mechanism, dissociation of the 

dye molecules, and the chemical structure of the dye. 

During our research, the adsorption processes were studied by varying the indicator dyes’ 

aqueous solutions pH, ranging between 2-10. As seen in Figure 23. CR dyes’ highest adsorption 

efficiency was obtained at pH=2, but in all cases, E was above 93%. BPB dyes’ highest efficiency 

was also at pH=2 (E=67%). For MB the adsorption was most efficient at pH=10, achieving 75% 

efficiency, while the lowest was at pH=2 where E=14%. MG is similar to CR dye, with a high 
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percentage efficiency at all pHs. Thus, it can be said that BPB anionic dye preferred acidic 

medium, while MB cationic dye preferred the basic medium, whereas there was no significant 

change in case of CR and MG, because the efficiency was high at all pHs. Similar results were 

obtained by Zeroual et al., 2006; Iqbal and Ashiq, 2010; Salleh et al., 2011; Zulfikar and Setiyanto, 

2013; Tiwari et al., 2015; El-Dars et al., 2015.  

 

Figure 23. Efficiency (E%) of dyes adsorption on powdered eggshell as a function of initial pH. 

 

Reactive dyes and thus RBV-5R, are anionic in nature. This property implies that the dye 

may be adsorbed in acidic medium with greater efficiency. Therefore, the initial pH of the solution 

can significantly influence not only the chemical structure of the dyes but also the eggshell surface 

charge. In case of adsorption on powdered eggshell surface (Figure 23e.), the dye adsorbed with 

highest efficiency in acidic medium (at pH = 2, the E>94%), on the other hand it was lowest at pH 

= 11 (E=54.69%). In contrast with powdered eggshell, in case of calcined eggshell (Figure 24a.) 

there was no significant change in E and qe values. The calcined eggshell used in our research 

contains CaO, which is alkaline, highly influencing the pH of the aqueous medium. At the end of 

the adsorption experiments, the solutions were filtered, and the pH of the filtrate was checked. All 

solutions showed a pH of around 11.  
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Figure 24. Efficiency (E%) of dyes adsorption on calcined eggshell as a function of initial pH. 

 

RR and RB being reactive dyes, thus anionic, the adsorption is preferable in acidic conditions.  

The effect of pH was investigated on the adsorption of RR and RB dyes on the surface of calcined 

eggshell (Figure 24b-c.). For this study the pH of aqueous dye solution was adjusted with 0.1N 

NaOH and 0.1N HCl. In batch conditions, after the desired pH was reached, calcined eggshell was 

added to the solution. Calcined eggshell is the product of CaCO3; therefore, it changed the pH to 

basic when it was added to the dye solution. Amarasinghe and Wanniarachchi (2019) reported that 

after calcination (in raw eggshell the CaCO3 transformed to CaO) when exposed to the atmosphere 

CaO converted to Ca(OH)2, dissolving it in water solution gives it a basic character (Achala 

Amarasinghe and Dakshika Wanniarachchi, 2019). This is the reason why the efficiency results in 

Figure 24b-c. are almost identical. Highest adsorption efficiency was achieved for both dyes at 

pH=3 (ERR=98.33%; ERB=99%). 

RR dye, as reactive dyes, is also anionic in nature, therefore we expected it to adsorb on 

the yeast surface better in acidic medium. Our assumptions were proven, as the highest E (88.5%) 

was reached at pH=3, smallest at pH=11, where E=46.5%. 
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Figure 25.  The effect of pH on the adsorption of RR dye on brewery’s yeast (Ci = 20 mg/L, 

1.5 g yeast, 700 rpm, T = 20 ± 1 °C). 

 

Practical applications done through our experiments and literature results (Table S2.) demonstrate 

that anionic dyes bind more effectively to the adsorbent surface in acidic media, whereas cationic 

dyes bind more effectively in basic media. Usually, the pH of the aqueous dye solution is adjusted 

with HCl and NaOH. When HCl is added to the solution, the surface of the adsorbent in the 

solution is protonated, allowing the anionic dye to bind more efficiently on its surface, due to the 

electrostatic attraction. Conversely, in basic medium, the addition of NaOH deprotonates the 

biomass surface, resulting in a repulsive force between the anionic dye and the biomass. Thus, the 

reverse phenomenon is observed for cationic dyes. 

4.1.3. The effect of adsorbent dosage 

The amount of biomass is an important factor in the adsorption process. In theory, the higher the 

amount of adsorbent present in the aqueous medium, the more binding sites are available to the 

dye molecules. Nonetheless, after a while, the binding dye molecules are depleted in the solution. 

In our research (Figure 26.) we investigated the adsorption parameters of different initial amounts 

of powdered- (0.5; 1; 1.5; 2; 2.5 g), calcined eggshells (0.5; 1; 1.5; 2 g) and yeast (0.5; 1; 1.5; 2; 

2.5 g). 
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Figure 26. The effect of adsorbent dosage on the adsorption of dyes. 

 

The effect of the amount of powdered eggshell on both the biosorption capacity and the percentage 

of RBV-5R dye removal was studied at five different adsorbent dosages (0.5-2.5 g). The figure 

shows that by increasing the adsorption dosage, the removal efficiency also increased until 1.5 

g/100 mL, but after that, saturation was reached (Figure 26a.). 

We studied the dye’s adsorption on calcined eggshell increases, where the removal efficiency 

increases, but the quantity in equilibrium exhibits a decreasing tendency. Based on the results, the 

highest efficiency was obtained (E% = 96.83) for 1.5 g of calcined eggshell. 

The effect of calcined eggshell dosage on RR and RB dye removal was evaluated using 0.5; 1; 1.5; 

2 g of adsorbent with both textile dye, constant parameters being Ci=20 mg/L, 700 rpm, pH 

unadjusted, T=20±0.5 oC. From the results (Figure 26d.), it can be inferred that RR dye had the 

highest adsorption efficiency in case of 1g adsorbent, where E=97.83%, whereas in case of 1.5g 

adsorbent we got E=97.33%. We can see a trend of – mainly constant – decrease. On the other 

hand, RB dye adsorption was highest when adsorbed with 1.5 g calcined eggshell (E=98.83%), 
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smallest (E=92%), when 0.5 g calcined eggshell was added to dye solution. Due to increase in 

surface area when more adsorbent was added, higher efficiency was achieved, but after all pores 

were bounded by dye molecules, there was no need for further amount increase. 

The amount of adsorbent (m; the yeast) is an important parameter because it affects the number of 

binding sites available. The efficiency of dye removal depends on the interaction between the 

adsorbent and the pollutant. Preliminary research has shown that in most cases, as m (g) increases, 

E also increases. In contrast, qe is negatively correlated with the change in mass. In our study, the 

highest efficiency was obtained with the addition of 2.5 g yeast in a 5 mg/L RR solution suspension 

(Figure 26e.). On the other hand, qe decreased from 0.59 mg/g to 0.13 mg/g as the mass increased. 

According to Kroeker’s rule, the specific adsorbed volume, for a constant initial 

concentration, decreases with increasing adsorbent mass (Pernyeszi et al., 2019). Thus, increasing 

the adsorbent dose is positively correlated with the efficiency and performance of dye removal. 

With increasing adsorbent dosage, at fixed contaminant concentrations, more active surface area 

is available for adsorption and more active adsorption sites are available (Ma et al., 2020). 

As the concentration of biomass (the amount of adsorbent) increases, the efficiency of pollutant 

removal (E%) increases, but there is no direct proportionality between the amount of biomass and 

the amount of pollutant removed (qe). 

In contrast, as the concentration of biosorbent increases, the amount adsorbed per species (qe) 

decreases. This can be since the shape of the sorption isotherm changes with increasing biosorbent 

concentration. The decrease in the specific adsorbed amount is probably due to the fact that some 

of the surface or surface groups may not be saturated in the more concentrated suspensions 

(Dehghani et al., 2021; Esmaeili et al., 2020; Neag et al., 2019; Salahshour et al., 2021). 

During the dye removal process, the capacity may decrease for two reasons (Popa et al., 2021): 

• adsorption sites remain unsaturated while the number of sites available for adsorption 

increases; or  

• aggregation or agglomeration of adsorbent particles may occur, reducing the available 

surface area and increasing the diffusion path length. 

Scientific studies in recent years have investigated the removal of different dyes with different 

amounts of broad-spectrum adsorbent. Some examples of these are listed in Table S3. to support 

the detected relationships between mass and adsorption. It is observed that at fixed pollutant 

concentrations, as the mass of the adsorbent increases, the efficiency increases, and the maximum 

amount of material bound decreases. 
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Several studies also report that this increase in efficiency lasts until a saturation state is reached 

and then steadily decreases, sometimes slightly. This can be explained by the fact that after a 

certain adsorbent dose, maximum adsorption is reached and the amount of ions bound to the 

adsorbent and the amount of free ions remains constant, even with the further addition of adsorbent 

(Hamza et al., 2018; Salahshour et al., 2021; Şentürk and Alzein, 2020). 

4.1.4. The effect of adsorbent particle size 

In adsorption by static batch methods, smaller particle sizes result in higher adsorption capacity 

and efficiency, since there are more active sites for binding (Nikam and Mandal, 2020).  

We tested the effect of particle size on the biosorption process. The rate of paint removal shows a 

decreasing trend as the particle size increases. Both the biosorption capacity (1.26; 1.23; 1.21) and 

the efficiency (94.39; 92.09; 90.87) decrease with increasing eggshell powder particle size (160 

µm; 315 µm; Unsorted). The highest efficiency (94%) was obtained with eggshells with a particle 

size of 160 µm (Figure 27). 

 
Figure 27. Effect of particle size Ci=20 mg/L, 1.5 g powdered eggshell, 700 rpm, pH=6.0±0.2, 

T=20±1 oC. 

 

Moreover, Table S4. represents results of studies where the effect of particle size was investigated, 

and a similar trend was observed. With the decrease of the particle size, the BET surface of the 

material increases. 

If the particle size is too small, the adsorption capacity may be lower, depending on the type of 

adsorbent, as the lighter particles float and thus cannot contact the solution. The separation of these 

small particles from water after biosorption can be challenging (Stjepanović et al., 2021). 

4.1.5. The effect of adsorption shaking speed 

When a solid sample of known mass is exposed to a liquid phase of known composition, the 

concentration varies continuously until equilibrium is reached because of the multiplication. The 
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time required for this, which can be effectively reduced by shaking or stirring, is determined from 

preliminary kinetic measurements. The amount adsorbed can be calculated from the initial and 

equilibrium composition and the amount of the materials (solid mass and liquid volume). The rate 

is also experiment-dependent (adsorbent, contaminant, adsorption method). Increasing the rate 

will increase the biosorption removal rate of adsorbed impurities by minimizing mass transfer 

resistance, but may damage the physical structure of the biosorbent (Harrache et al., 2019; Hii, 

2021; Intidhar Jabir Idan et al., 2017; Muinde et al., 2017; Munagapati et al., 2020; Yu et al., 

2018). In our experiments with the adsorption of RBV-5R and powdered eggshell the rate of dye 

removal increased as the shaking speed increased (Figure 28). 

 

Figure 28. The effect of shaking speed Ci=20 mg/L, 1.5 g, 160 µm, pH=6.0±0.2, T=20±1 oC. 

4.1.6. The effect of solution temperature 

The temperature can affect the efficiency of the sorption differently depending on the adsorbent 

and the pollutant. In general, it enhances biosorption of adsorption impurities by increasing the 

surface activity and kinetic energy of the adsorbate, but it can also damage the physical structure 

of the biosorbent. 

• As the temperature rises, the rate of chemical reaction also increases, so if the sorption 

process is chemisorption (∆Hchemisorption ≈ −200 kJ/mol), then higher sorption efficiency 

will be seen at higher temperatures (this would eventually reach equilibrium). 

• On the other hand, if the process is a physical adsorption (∆Hphysisorption ≈ −20 kJ/mol), then 

the higher temperature will negatively affect the adsorption. Temperature can chemically 

alter the adsorbent, its adsorption sites and activity (Tonk Szende and Rápó Eszter, 2020). 

In our research, the adsorption properties of the powdered and calcined eggshell were studied by 

changing the temperatures (20, 30, 40 oC) of the RBV-5R dye solution (Figure 29).  
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Figure 29. The effect of temperature on dye adsorption. 

 

Our results show that the adsorption capacity and the percentage of RBV-5R biosorption on 

eggshell biomass is an exothermic process because the efficiency decreased with increasing 

temperature. The maximum efficiency was 94.4% at 20 °C, while 92.4% at 30 °C and 89.7% at 40 

°C. A similar trend can be observed in the case of the adsorption capacity (Figure 29a). 

Figure 29b. depicts the effect of temperature dependence on the efficiency and the quantity in 

equilibrium in case of calcined eggshell and RBV-R dye adsorption. It can be observed that the 

efficiency and the quantity in equilibrium decreases with the increase in the temperature of the 

aqueous medium. Similar results were obtained for calcined eggshells, but with lower efficiency 

(20 ºC: 96.83, 30 ºC: 93.17, 40 ºC: 89.33). This was anticipated because the molecules’ thermal 

movement increases with the increase of temperature, and thus adsorption decreases. 

In our study, with RR dye removal by brewery’s waste, both the efficiency and q decreased with 

increasing temperature (Figure 29c). At 20 °C, the efficiency/ quantity in equilibrium was 

94.4%/1.04 mg/g, while at 30 °C it was 92.4%/0.82 mg/g and at 40 °C it was 89.7%/0.79 mg/g. 

Results indicate that the sorption can be attributed to weak Van der Waals and dipole forces and 

bonds. As the temperature increases, the thermal motion of the molecules increases, so the 

adsorption decreases. 



59 

 

We can differentiate two types of processes: endothermic and exothermic (Table S5.). 

• Exotherm: with the increase of temperature, the adsorption process (efficiency) decreases. 

It can be explained with the fact that the adsorptive powers among adsorbate and the active 

sites of the adsorbent become weak with the increase in temperature, and dye removal 

efficiency decreased (Abualnaja et al., 2021). Exothermic adsorption is usually used to 

control the diffusion process, as the mobility of the dye ions increases when heat is added 

to the system (Khalaf et al., 2021). 

• Endotherm: with the increase of temperature, the adsorption process (efficiency) increases, 

due to more availability of active sites as a result of the activation of the adsorbent surface 

at higher temperatures (Sharma et al., 2021). Increasing the values of adsorption capacity 

by increasing the temperature may be attributed to an increase in the mobility of the large 

dye ions (El-Harby et al., 2017). 

All in all, better adsorption at higher temperatures may indicate the endothermic nature of the 

process, while being exothermic at lower temperatures. 

After studying the effect of initial temperature on adsorption, thermodynamic parameters are 

calculated. It is well known that the adsorption processes are strongly dependent on the working 

temperature, which is controlled by thermodynamic parameters including the standard enthalpy 

change (ΔH0, J/mol), the standard entropy change (ΔS0, J/mol) and the standard free Gibbs energy 

change (ΔG0, J/mol) of the adsorption processes. These parameters are computed from the Gibbs–

Helmholtz equation: ΔG = ΔH − TΔS (Tran et al., 2020). Gibbs free energy, enthalpy and entropy 

are state functions, so ΔG, ΔH and ΔS depend on the final state and the initial state of the 

adsorption system. Gibbs free energy, enthalpy and entropy have extensive property, so attention 

must be paid to the amount of substance that these thermodynamic parameters correspond to (Chen 

et al., 2021). 

During the adsorption of dye molecules, with the increase of temperature, the value of entropy 

(ΔS) and enthalpy (ΔH) can be increased or decreased. 

Molecules before adsorption can move in three dimensions, but as they get adsorbed on the surface, 

the motion of them is restricted towards the surface, and their disorder decreases, resulting in the 

decline in entropy indicating an exothermic process. This may also be explained on the basis that 

the solubility of dyes increased at higher temperatures while adsorbate–adsorbent interactions 

decreased, resulting in decreased adsorption (Ali et al., 2020). The increase in entropy and enthalpy 

indicates an endothermic process (Abdel-Aziz et al., 2020; Miraboutalebi et al., 2020; Pradhan 

and Bajpai, 2020; Rios-Donato et al., 2017; Tran et al., 2020). 
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Thermodynamic parameters were calculated for Ci=20 mg/L RBV-5R dye solution, 1 g 

powdered eggshell, 160 μm, 700 rpm, and pH=6.0±0.2. From the results, we can see that the Gibbs 

free energy (ΔG) decreases with increasing temperature (T: 293 K=0.375 kJ/mol, T: 303 K=-0.480 

kJ/mol, T: 313 K=-1.336 kJ/mol), indicating that adsorption is a spontaneous process. The 

calculated value of the enthalpy (ΔH=25.44 kJ/mol) is less than 85 kJ/mol, which proves that 

adsorption involves a physical process. The positive entropy value (ΔS=0.086 J/mol∙K) suggests 

increased randomness at the solid/solution interface (Bello and Ahmad, 2011; Subramani S.E. and 

Thinakaran N., 2017). 

 In line with the results of powdered eggshell experiments, when we used calcined eggshell 

for the removal of RVB-5R, we received ΔH=49.6 KJ/mol, enthalpy, that is less than 84 kJ/mol 

but positive. According to literature data, it can be concluded that adsorption is an endothermic 

process and physical adsorption occurs (ΔH < 84 KJ/mole physical adsorption; ΔH 84- 420 kJ/mol 

of chemical adsorption). The positive value of ΔS=0.2 J/mol*K entropy indicates the randomness 

of the adsorption process. Gibbs' free energy is reduced by the effect of temperature (1.8; 0.2; -

1.5). The lower the temperature, the higher the spontaneity of the process, so it is inversely 

proportional (Bello and Ahmad, 2011; Mohadi et al., 2016; Park et al., 2007; Witoon, 2011).  

In summary, based on thermodynamic data, it can be said that RBV-5R dye biosorption on eggshell 

(powdered and calcined) surface is a spontaneous and endothermic process. Physical adsorption 

occurs between the dye molecules and the surface of the eggshell. 

 In case of RR dye adsorption on brewery’s yeast the following experimental parameters 

were set to determine the thermodynamic parameters: Ci = 5 mg/L RR dye solution, 1.5 g yeast, 

700 rpm stirring speed and pH = 6.0 ± 0.2. The calculated entropy, enthalpy, and Gibbs free energy 

values show that the Gibbs free energy (ΔG) value decreases with increasing temperature (-3.67, 

-4.96, -6.25 kJ/mol), indicating that the spontaneity of the process is inversely proportional to 

temperature. A positive value of ΔH enthalpy (34.14 kJ/mol) indicates the endothermic nature of 

the adsorption process. In our experiment, the enthalpy value is around 25 kJ/mol, as a result of 

which the adsorption is physical. A positive value of ΔS entropy (0.13 J/molK) indicates an 

increase in the randomness of the adsorption process at the solid / liquid interface. In summary, 

therefore, Gibbs' free energy values demonstrate that biosorption of RR dye and yeast is a 

thermodynamically possible and spontaneous process. Based on the enthalpy value obtained, the 

adsorption is an endothermic process and physical adsorption takes place between the yeast and 

the dye.  
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4.1.7. The effect adsorbent properties 

The nature of the biosorbent is of major importance for the performance of adsorption: 

availability of binding sites, growth (in the case of living biomass) and treatment history, physical 

or chemical modification. Returning to experimental results with eggshells, we studied the rate 

and time effectiveness of removal in the presence of eggshells in three forms. We compared the 

efficiency and the maximum amount of material bound at equilibrium of powdered, calcined 

eggshells and eggshells embedded in alginate beads. It can be seen that the calcined eggshell binds 

the dye with the highest efficiency. It can also be said that, under the same experimental conditions, 

the adsorption equilibrium with the plain eggshell was around 300 min, while with the calcined 

eggshell it was 30 min, and for the eggshell embedded in alginate beads this time was 390 min. 

Taking all this into account, it is preferable to use eggshells in calcined form. 

 

 

Figure 30. The effect of adsorbent material type. 

 

To compare the adsorbents, using the RR model dye (representative of Remazol dyes), we 

examined the efficacy of calcined eggshell (the most effective form of eggshell used) and brewer's 

yeast. Under the same experimental conditions (Ci=20 mg/L, 1.5 g calcined eggshell/yeast, 160 

µm, 700 rpm, T=20±1 ºC), the dye with calcined eggshell achieved 97.5% and the brewer's yeast 

77.5% efficiency. 

 We can conclude that calcined eggshell is the most efficient adsorbent we have used. 
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4.2. Analytical measurements for dye adsorption 

4.2.1. Morphology and elemental composition  

4.2.1.1. Eggshell thin section 

Different microscopic studies were carried out to examine the eggshell structure by 

comparing the untreated eggshell with that containing adsorbed RBV-5R dye to determine which 

layers are involved in dye diffusion. Figure 31b shows that the dye-adsorbed samples’ cuticle, 

membrane and mammilla unit became purple due to adsorption.  

 

Figure 31. Stereomicroscopic images of thin sections from different structural units (cuticle, 

palisade, mammilla, membrane layer) of the (a) control eggshell and (b) eggshell with 2 g/L 

RBV-5R adsorbed. 

 

The palisade layer is only purple if there is a crack on the eggshell surface. The same situation can 

be seen in the polarization microscope images with reflected light at increasing magnifications 

from the a-b couple (Figure 32). 
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Figure 32. Polarization microscope images of thin sections from (a, c, e) the control eggshell 

and (b, d, f) eggshell with 2 g/L RBV-5R adsorbed. 

 

Secondary electron microscopy images, obtained for the control eggshell and the eggshell in the 

textile-dye solution, display the surface morphology of the eggshell, but the polished surface with 

the characteristic eggshell layers (membrane, mammillary, palisade and cuticle) was also 

visualized. Figure 33 presents the elemental distribution of calcium, magnesium, sulphur and 

phosphorous in the eggshell section. Net intensity maps shed light on the difference in abundances 

between the minimum and maximum amount of each element. The intensity of the color is 

consistent with the concentration of the element in each area. 
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Mg is highly enriched in the cuticle, and the amount decreases abruptly until the mammillary layer, 

where it increases, on the other hand relatively homogenous Ca distribution was found in the whole 

thin sections. Therefore, it can be concluded that eggshell is made of Mg-bearing calcite. The 

concentration of P is the highest near the outside surface of the eggshell in the cuticle layer. In 

contrast with that of P, the amount of S is the highest in the inner part of the eggshell in the 

membrane layer. Since the dye contains sulphur, after adsorption, RBV-5R also appears in the 

cuticle layer. (Ribeiro et al., 2017; Shah et al., 2016; Török, 2015) 

 

Figure 33. SEM images and EDS elemental maps of an eggshell thin section. 

 

Each layer has a different composition. After adsorption, the membrane, mammillary and cuticle 

layers show the characteristic elements of the dye molecule, namely, N, S and Cu, proving the 

eggshell’s adsorptive capability. The palisade, composed of columnar calcite crystals, contains Ca, 

O and C. After the adsorption experiment on the eggshells, the amount of magnesium increased, 

but the characteristic elements (Cu, S, N, O) of the dye could not be detected, which suggests that 

the dye did not reach the inner layers of the eggshell, even when a 2 g/L dye solution was used, 

presumably due to the structure and/or composition of the eggshell layer (Table 2). 

 

Table 2. Representative elemental composition of each eggshell layer. 

  

Membrane     

wt (%) 
E. 

factor 

(%) 

Mammillary 

wt (%) 
E. 

factor 

(%) 

Palisade     

wt (%) 
E. 

factor 

(%) 

Cuticle       

wt (%) 
E. 

factor 

(%) 
 

Control Dye C. D. C. D. C. D.  

C 81.9 61.5 -24.9 18 15.7 -12.9 11.9 12.6 5.7 14.3 25.7 80.2  

N 0 9.3 >  0 3.1 >  0 0 0 0 4.2 >   

O 13.5 22.7 67.7 45.3 44.8 -1 47.5 47.6 0.2 47.7 41.7 -12.6  

S 0 3.2 >  0.1 0.6 358.3 0 0 0 0 1 >   

Ca 0 1.1 >  35.7 37.1 3.9 40.1 38.7 -3.4 35.6 28.1 -21.2  

Cu 0 1 >  0 0 0 0 0 0 0 0.4 >   
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4.2.1.2. Eggshell powder  

The surface characterization (morphology and texture) of the homogenous eggshell powder before 

and after adsorption was determined by scanning electron microscopy (SEM). 

Figure 34 shows the SEM of the control sample (160 μm sized eggshell without adsorption) and 

four dye (CR, BPB, MB, MG) treated samples with 50 mg/L dye solutions. It can be seen that the 

porous, cross-linked structure of eggshell disappears in comparison to the control sample (Figure 

34.a) in case of MB, MG, Congo Red; this is due to the fact that the eggshell has incorporated the 

color into its “caverns”. On the other hand, in case of BPB (Figure 34.e) some of the cross-linked 

structure is saturated, in other parts smaller or larger aggregates have appeared, but the cross-

linked structure, characteristic to eggshell structure, is still visible. This can be explained in the 

following way: when comparing the result with the amount of bounded material, we can see that 

BPB has the smallest value (ci=50 mg/L, qe=0.06 mg/g), so we can conclude that there are still 

free binders and the eggshells’ crystal grid structure is still visible. 

 
Figure 35. a. control, 50 mg/L b. CR, c. BPB, d. MB, e. MG adsorbed powdered eggshell. 

 

In order to examine the elemental composition of the eggshell both for control and dye (CR, BPB, 

MB, MG)  adsorbed samples X-ray spectroscopy (EDS) was carried out. From Table 3  we can 

see that eggshell contains mostly C, O, Ca. Samples contaminated with dye not only contain 

elements specific to eggshell but also elements gained from the dye they were adsorbed with, we 

can see that new elements appeared, some completely disappeared while others only decreased. 

The decrease of Mg while the increase of S can be seen. Furthermore, S (keystone of dyes) appears 

in each sample, while N is eliminated. In the case of BPB, the presence of Br proves the eggshells’ 
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adsorption ability. Results obtained demonstrate that even in small concentrations (50 mg/L) the 

elemental composition of the eggshell can change when is used for dye adsorption. 

Table 3. Eggshells’ EDS, results are the means of 9 data (Cdye= 50 mg/L, 160 μm) 

Elements 
Wt(%) 

control eggshell 

Wt(%) 

MB 

Wt(%) 

MG 

Wt(%) 

Congo Red 

Wt(%) 

BPB 

C 22.94 ± 9.14 25.17 ± 2.62 24.66 ± 6.02 23.50 ± 5.88 25.09 ± 6.61 

N 0.31 ± 0.74 0 0 0 0 

O 43.99 ± 10.78 46.11 ± 1.24 47.63 ± 6.55 45.06 ± 2.08 47.05 ± 8.35 

Na 0.06 ± 0.11 0.05 ± 0.04 0.06± 0.07 0.1 ± 0.05 0.05 ± 0.08 

F 0 0.87 ± 0.69 1.76 ± 1.69 2.39 ± 0.81 1.52 ± 1.73 

Mg 0.45 ± 0.24 0.33 ± 0.04 0.31 ± 0.04 0.36 ± 0.03 0.19 ± 0.22 

Si 0 0 0.01 ± 0.02 0.02 ± 0.04 0 

P 0.08 ± 0.22 0.08 ± 0.05 0.11 ± 0.05 0.1 ± 0.03 0.09 ± 0.07 

S 0.18 ± 0.33 0.24 ± 0.03 0.237 ± 0.22 0.24 ± 0.06 0.39 ± 0.2 

Ca 29.25 ± 9.55 26.75 ± 1.27 28.77 ± 5.14 27.86 ± 3.34 28.97 ± 5.12 

Cu 0 0.02 ± 0.02 0.02 ± 0.02 0.01 ± 0.02 0 

K 0.02 ± 0.05 0 0 0 0 

Br 0 0 0 0 0.13 ± 0.16 

 

In case of RBV-5R dye adsorption on the surface of powdered eggshell images were taken at 

2,000 magnification, where one can observe the macroporous structure and the rough and dense 

texture of the control sample of powdered eggshell (Figure 35). Moreover, the high porosity of the 

eggshell powder particles is also shown, which can be identified as gas exchange pores. This 

structure ensures the adsorption capacity of the eggshell, as it can accumulate dye in the pores. 

After contacting the dye (Figure 34b), the surface became smoother as if it had been polished, with 

apparently fewer and smaller pores. 

 

Figure 35. SEM micrographs of powdered eggshell (a) control and (b) eggshell with 100 mg/L 

RBV-5R adsorbed. 

EDS measurements on powdered eggshell were performed before and after adsorption of RBV-

5R dye. The results obtained are the means and standard deviations of 17 analyses (CRBV-5R=100 

mg/L, 160 μm). The control sample contains a high proportion of carbon (23±9 wt%), oxygen 
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(44±1 wt%) and calcium (29±10 wt%). The RBV-5R dye consists of carbon (33.5±2 wt%), oxygen 

(38±11 wt%), nitrogen (2.4± 5 wt%), sulphur (0.6±0.8 wt%) and in traces copper (0.08±0.15 wt%), 

which appear in the eggshell composition after biosorption. The appearance of S and Cu and the 

increased amount of N clearly demonstrate the ability of the eggshell to adsorb RBV-5R. 

4.2.1.3. Calcined eggshell 

The morphological properties and texture of the surface of the calcined eggshell used during the 

adsorption were also studied by SEM, both for the control and RBV-5R, RR, RB dyes adsorbed 

calcined eggshells. Figure 36 shows the captured images at 5,000x and 15,000x magnifications. In 

the figures (Figures 36a and 36b), the porous structure of the calcined eggshell is observed between 

the irregular shaped structures. Moreover, on the surface some small crystals of about 300 nm can 

be found. Following the adsorption (Figures 36c and 36d), this porous and irregular structure 

disappears, with the molecules of the dye filling the "gaps". 

 

Figure 36. SEM (a, b) control and (c, d) 2 g/L RBV-5R dye adsorbed calcined eggshell. 

 

As seen in Figure 37a, calcined eggshell has a heterogenous, irregularly shaped, porous structure. 

After adsorption (Figure 37b, c) the interaction between calcined eggshell and the dyes resulted in 

the disappearance of irregularly shaped forms, dye saturated pores, the appearance of aggregates 

in surface, therefore the whole structure, surface of calcined eggshell changed due to biosorption. 
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Figure 37. SEM photographs of (a) control (b) RR and (c) RB adsorbed calcined eggshell waste 

 

To determine the elemental composition of calcined eggshell (control and dye adsorbed), energy-

dispersive X-ray spectroscopy (EDS) was performed where the dye-adsorbed biomass was in a 2 

g/L solution (Table 4). The adsorbent contains mostly Ca (59%) and O (36%), it was expected due 

to calcination process, where CaCO3 becomes CaO and CO2 when exposed to heat (1,000 oC 4 h). 

Table 4. Results of EDS analyses, means and standard deviations of 10 measurements 

E
lem

en
ts 

Wt(%) 

Control 

Wt(%) 

RBV-5R 

dye 

Wt(%) 

RBV-5R + 

calcined 

eggshell 

Wt(%) RR 

dye 

Wt(%) RR 

+ calcined 

eggshell 

Wt(%) RB 

dye 

Wt(%) RB 

+ calcined 

eggshell 

Ca 59.63 ± 14.81 0.01±0.01 51.29±19.27 0.02 ± 0.01 31.79 ± 4.39 0.06± 0.02 42.26 ± 5.78 

O 35.97 ± 14.16 28.70±6.77 36.04±11.28 31.12 ± 2.41 52.10 ± 2.06 36.36 ± 7.82 47.52 ± 1.76 

C 3.33 ± 1.94 39.80 ± 9.70 9.897 ± 6.573 49.89 ± 4.54 15.27 ± 3.41 29.19 ± 7.58 9.31 ± 4.69 

Mg 0.76 ± 0.27 0 0.670 ± 0.217 0.02 ± 0.02 0.39 ± 0.21 0.03 ± 0.01 0.50 ± 0.04 

N 0.32 ± 0.37 0.20±0.43 2.093 ± 1.627 0.07 ±0.16 0 0.89 ± 0.40 0 

Na 0 17.18 ±8.07 0 8.43 ± 1.95 0.13 ± 0.06 14.27 ± 3.38 0.07 ± 0.03 

Al 0 0 0 0.04 ± 0.04 0.10 ± 0.02 0.30 ± 0.31 0.05 ± 0.07 

Cu 0 2.4±1.98 0 0 0 0 0 

S 0 0 0 8.67 ± 0.67 0.29 ± 0.07 9.19 ± 3.15 0.19 ± 0.03 

 

However, small percentage of C, N and Mg remained in the samples (maybe from organic matter). 

Gold was also present but is not listed in the table because of its small value (it was attached to the 

specimen in vacuum to increase conductivity).  

The structure of the dyes (Table 4) showed that O, C, Na, Cu and N are fundamental building 

blocks of RBV-5R dye; C, O, Na and S are the components of  RR dye and O, C, Na, S and N are 

the main constituents of RB dye. In all cases we observe the decrease of Ca, the increase of C, O 

due to dissolution after dye adsorption. After RBV-5R adsorption, the amount of C and the amount 

of N increased by more than 500%, which is typically derived from the dye, being an azo dye. The 

appearance in small quantities of S (appears in the dye content respectively to RR, RB dyes) 

indicates the binding of dye molecules into calcined eggshell surface.  
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4.2.1.3. Brewery’s yeast 

The surface morphological properties of the yeast and RR dye used during adsorption were studied 

by scanning electron microscopy (SEM). Both the control and the dye-adsorbed yeast sample 

were recorded (Figure 38a.c). The spherical, cellular, special-shaped structure of the paint can be 

observed (Figure 38b). The spindle and pointed egg-shaped yeast, which are also reported in the 

literature, are also shown in the figure (Figure 38a). After adsorption, this porous structure 

disappears, which is seen in the composition of the peaks, the cells seem to have fused, a cellular 

morphology difference can be seen (Figure 38c). Presumably, the structure has changed because 

of the process and the “gaps” are saturated with the dye molecules. 

The chemical composition of yeast, RR dye and yeast sample after RR adsorption was determined 

with energy diffusion spectroscopy (EDS). Comparative spectra can be seen in Figure 38.d and e.  

According to the spectra the C, O, P, S, K and Cu elementary peaks of dye adsorbed yeast showed 

a different intensity compared to the control sample. Results show that the dye contains S (0.16 ± 

0.06) and Cu (0.56 ± 0.34 wt%) in traces, moreover, after adsorption due to dye uptake, the yeast 

sample contained Cu. Based on the result of the enrichment factors (Figure 38f), the amount of C 

and S increased in the sample. 

 

Figure 38. Adsorbent characterization, where SEM micrographs (a) RR dye, (b) control S.cerev. 

(c) 1 g/L RR adsorbed yeast; EDS spectra (d)  comparison of S.cerev. (black), RR dye (red), 

yeast sample after RR adsorption (green), (e) comparison of S.cerev. (yellow), yeast sample after 

RR adsorption (red) with numerical values; (f) enrichment factor calculations based on EDS 

measurements. 
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4.2.2. Determination of functional groups, surface chemistry 

4.2.2.1. Eggshell surface chemistry before and after RBV-5R adsorption 

Firstly, the Raman spectroscopy of each eggshell layer was investigated. Eggshell has a complex 

composition of various organic molecules and mineralized components that are combined through 

the layers. According to previously published articles, the eggshell membrane contains 75-76% 

proteins, 4-5% carbohydrates and 20% water. The major protein component has disulphide 

crosslinks and lysine, while a smaller part is composed of collagen and glycoprotein (Leach, 1982). 

The Raman bands of the control and dye-adsorbed thin section eggshell are characteristic of S–S 

(507 cm-1) bonds, amino acids such as tryptophan (758 cm-1), tyrosine (860 cm-1), and 

phenylalanine (1001 cm-1), amide groups (1243 cm-1), and C–H functional groups (1448 cm-1). 

Raman shifts can also represent carbohydrates such as ribose and xylose at 507, 758, 1115, 1243, 

1448 cm-1 (Rygula et al., 2013; Wiercigroch et al., 2017). During the daily production of eggs, 

approximately 6 g of mineral is deposited on a chicken eggshell (Hincke et al., 2012). The palisade 

layer is mostly composed of CaCO3, and its Raman bands are located at 282, 712 and 1087 cm-1. 

The spongy and organic cuticle covers the entire outer layer of the eggshell. Since the outer layer 

of the eggshell, which is attached to the lime shell, forms the top layer, gas is exchanged by 

osmosis, and there are no pore channels. The cuticle is composed of organic matter: 80-95% 

protein (water insoluble), 4-5% carbohydrates, 2.5-3.5% lipids and 3-3.5% ash (Becking, 1975; 

D’Alba et al., 2017; Dauphin et al., 2006; Leach, 1982). Raman shifts at 1115 and 1274 cm-1 in 

our samples certify the presence of neutral fats (Czamara et al., 2015) such as triacylglycerol, and 

bands at 860 and 1274 cm-1 indicate the presence of amide bonds (specific to albumen and 

collagen) and tyrosine amino acids. The presence of carbohydrates is proven by bands at 503, 606, 

1115 (xylose), 633, 1115, and 1274 cm-1 (ribose) as well as 356 and 633 (lactose). After dye 

adsorption, new bands appear in each layer at 520, 580/581, 996, 1258/1261, 1304, 1332, 1403 

and 1437 cm-1 that are specific to the C–H, C–S and N=N functional groups of the dye. 

Functional groups present on eggshell powder before and after RBV-5R dye adsorption 

were also identified by FTIR spectroscopy. Figure 39a shows characteristic FTIR spectra, 

providing information on the binding nature of eggshell with the dye. Following adsorption, new 

bands appear, including at 1398 cm–1, representing sulfonic groups characteristic of the dye; at 

1648 cm–1, indicating naphthalene; and between 1980 and 2281 cm–1, representing the dye 

fingerprint zone. Stretching vibrations appear above 2967 cm–1, specific to phenolic O–H, 

secondary amine N–H, and aromatic C–H bonds (Ribeiro et al., 2017; Shah et al., 2016; Török, 

2015). 
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Figure 39. (a) FTIR spectra of the (a) control eggshell and (b) eggshell with 2 g/L RBV-5R 

adsorbed, (b) Raman spectra of the (a) control eggshell, (b) eggshell with 2 g/L RBV-5R 

adsorbed, and (c) dye. 

To determine the material structure of eggshell powder before and after dye adsorption, vibrational 

Raman spectroscopic measurements were carried out. Information on the eggshell adsorbent and 

the spectra obtained in the Raman shift range of 100-1500 cm-1 are shown in Figure 39b; In the 

spectrum of the untreated and treated eggshell, the typical bands of calcite (CaCO3) mentioned in 

the literature (Sharma, 2007; Thomas et al., 2015) are also found at 154-155, 280-281, 712, and 

1087 cm-1. The spectrum of dye-adsorbed eggshell contains some characteristic bands of the dye 

as well (with a smaller or greater intensity, namely, 520, 581-582, 992-998, 1261, 1307, 1334, 

1402 and 1437 cm-1). The newly emerging bands typically correspond to aliphatic C–S bonds and 

N=N bonds (HORIBA, 2018). 

4.2.2.2.  Calcined eggshell surface chemistry before and after RBV-5R adsorption 

Functional groups of calcined eggshells before and after adsorption were determined using Fourier 

transformations infrared spectroscopy in a wavelength range of 500 and 4,000 cm-1 (Figure 40). 

Typical peaks of calcite and CaO are found at 874, 1442, 1795 cm-1 wavelengths, 713 and 1050 

cm-1 typically exhibit peaks of R-SO2, functional groups on 2923 and 2853 cm-1 represent CH 

(Ejikeme et al., 2014; Patel, 2011; Slimani et al., 2014; Subramani S.E. and Thinakaran N., 2017).  
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Figure 40. (a) FTIR and (b) Raman spectrum for control, 2 g/L RBV-5R dye adsorbed calcined 

eggshell and RBV-5R dye. 

 

Figure 40b illustrates the spectra obtained in the Raman Shift interval between 100-1,500 cm-1. 

The figure from top to bottom includes the calcined eggshell, RBV-5R dye adsorbed biomass and 

RBV-5R fabric dye spectra. Spectrums of the control and the dye adsorbed calcined eggshells 

contained peaks of calcite described in literature (Ho and McKay, 1999; P. Vinayan et al., 2016) 

at 150-154, 712-711, 1087-1086 cm-1. Peaks at 281-274 and 3618 cm-1 represent Ca(OH)2. We 

also observe the characteristic peaks of the dye on the dye-adsorbed biomass sample: 582, 1261-

1262, 1307-1306, 1437-1435 cm-1. Newly emerging peaks may be suitable for aliphatic C-S, N=N 

bonds (Ribeiro et al., 2017).  

 

4.2.3. Thermal stability and textural property 

Materials can change their physical and chemical properties due to heat, and thermal 

analyses can be used to test these properties. During the process, the eggshell biosorbent properties 

were investigated as a function of elapsed time or temperature variation. The most important 

ingredient of eggshell is calcite with a known decomposition temperature of 900 °C (Wang and 

Jehng, 2011). But at this temperature we found gray/black residues in the sample. Figure 40 made 

with Proteus software shows the TG-thermogravimetric curve and the DTA differential thermal 

analysis curve (which gives the heat flow at the temperature). 
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Figure 40. Thermogravimetric measurements (Created with NETZSCH Proteus software): TG - 

Thermogravimetry, DTA - Differential Thermoanalytics. 

 

Based on the TG curve (green curve), there are two main mass losses owing to temperature, below 

800 ºC and in the range 800-900 ºC. In the first case, mass loss can be explained with the 

disappearance of adsorbed water molecules and organic compounds. In the second case, the main 

weight loss corresponds to 32.84% by weight when the CaCO3 phase is transformed into a CaO 

phase. Since the mass of the sample remained constant after 900 °C, we can assume that the 

transformation is complete (N. Tangboriboon et al., 2012; Ramesh et al., 2018). According to the 

DTA curve, decomposition occurs at 728.6 ºC, which is the maximum temperature at which 

endothermic phenomenon (heat is required for the process) or decomposition occurs. 

Total surface area (St), pore volume (Vp) and pore radius (Rm) were calculated, and eggshell 

density was also determined with ethanol. The surface area of 160 µm pore size eggshell powder 

was 1.8 m2/g, the pore volume was 0.01 cm3/g and the density (ρ) was 1.3 g/cm3. The pore radius 

presented a multimodal mesoporous-macroporous pore size distribution, with three different size 

regions: 20-30 Å, 60-80 Å and 200 Å. For eggshell powder with a 315 µm pore size, the surface 

area was below 1 m2/g and could not be evaluated. Based on the values obtained in the BET surface 

and Dollimore–Heal method, listed in Table 5, it can be observed that after the adsorption the 

surface area (St) of the calcined eggshell decreased, thus dye molecules had become incorporated 

into the pores. Moreover, we can see that the pore volume (Vp) also decreased after dye adsorption. 
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Table 5. Eggshell surface area and pore volume 

Sample St (m2/g) Vp (cm3/g) 

Control calcined eggshell 3.0 0.015 

Dye adsorbed calcined eggshell 1.7 0.012 

 

The size distribution of the pore bars of the two samples is shown in Figure 41. Figure 41a shows 

the multimodal mesoporous and macroporous structure of untreated calcined eggshell having three 

main ranges for the pore radius: 21-20 Å, 110 Å and 280 Å. The first two are located in the 

mesoporous region and the last one is in the small macroporous region. 

As for the sample after the adsorption, due to the small value of the surface, the pore size analysis 

is not very accurate, but there are two types of pores with radius of about 30 Å and 90 Å. For 

values above 150 °C, the pore radius cannot be calculated due to the nitrogen condensation 

between the material particles. 

 

Figure 41. Pore size distribution (a) control (b) dye adsorbed calcined eggshell. 

 

4.3. Mathematical models 

4.3.1. Adsorption isotherms  

The determination of the most appropriate adsorption equilibrium correlation, isotherm and kinetic 

model is essential to understand new biosorbents and to achieve the ideal adsorption system. The 

study of these mathematical models is crucial for reliable prediction of adsorption parameters and 

constants. Furthermore, these empirical models provide information on quantitative comparisons 

of adsorbent behavior, in case a comparison with other studies, adsorbent systems or research and 

experimental conditions is desired. Equilibrium relationships, commonly referred to as adsorption 

isotherms, describe in perspective how pollutants interact with adsorbents. They are critical for 

optimizing the adsorption mechanism pathways. Models must be studied to express the surface 

properties and capacities of adsorbents and to design adsorption systems efficiently (Suwannahong 

a. b

. 
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et al., 2021; Wang and Guo, 2020). The knowledge of the adsorption equilibrium is one of the 

most important information, because it allows to know and understand an adsorption process. The 

adsorption isotherms can be used to know the type of adsorption (physical or chemical nature), the 

surface properties of the adsorbent (homogeneous or heterogeneous surface). The adsorption 

capacity can be calculated and compared with the results obtained experimentally. Finally, an 

equilibrium relationship between the adsorbent (powdered-, calcined eggshell and yeast) and the 

adsorbate (CR, BPB, MB, MG, RBV-5R, RR, RB dyes) can be established and identified. 

Consequently, the investigation of the isotherms and kinetics is a critical part of adsorption 

research, as their understanding and interpretation can provide insight into the adsorption 

mechanism, thus ensuring the optimization and efficient design of the system. 

Recently, one of the most used methods is linear regression analysis, which reveals the best-fitting 

models. The linear regression method quantifies the distribution of adsorbed substances, analyses 

the adsorption system, and checks the consistency of the theoretical assumptions of the adsorption 

isotherm model (Ayawei et al., 2017). To calculate or predict the parameters of the four most 

frequently used isotherm models (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich), the 

equations of each model were converted to linear form using the linear least squares method. 

Table 6 contains the calculated parameters characteristic to each isotherm model. As shown in 

Table 5 MB fits the Dubinin-Radushkevich isotherm model more closely, which indicates that 

chemical adsorption also occurs, ion exchange happens, similar results were obtained using walnut 

as biosorbent for MB removal (Tang et al., 2017). In case of MG the liner regression coefficients 

are very near values but it aligned closer to Freundlich isotherm model, Santhi et al. got Freundlich 

isotherm as well by studying MG adsorption on prawn waste (Santhi et al., 2009). In case of BPB 

and Congo Red the adsorption process can be described by Langmuir isotherm model.  

Based on the correlation coefficients calculated for RBV-5R and powdered eggshell adsorption 

(Langmuir: 0.945, Freundlich: 0.839, D-R.: 0.563 and Temkin: 0.709) obtained from plotting the 

linearized isotherms, the Langmuir isotherm model fits best, with high accuracy. The Langmuir 

isotherm model indicates that adsorption took place in the specific homogenous sites of the 

eggshell; it assumes that once an adsorbed molecule occupies the available eggshell adsorption 

sites, no more adsorptions can occur on the surface sites of the material. Furthermore, we reach 

maximum adsorption when a saturated monolayer appears on the eggshell surface. The model 

cannot provide a solid and clear depiction or understanding of the mechanical phenomena, but it 

gives the adsorption capacity value, which is 9.94 mg/g in this study (Abbas et al., 2018). 
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Table 6. Adsorption isotherm models calculated constants for dye adsorption onto eggshell 
  Langmuir Freundlich Dubinin-Radushkevich Temkin 

  KL  qmax  
R2 n 

Kf  
R2 

β E  
R2 

AT  B  
R2 

  (L/mg) (mg/g) (mg(1−1/n)L1/n/g) 
 (mol2 

kJ2) 
(kJ/mol) (L/g) (J/mol) 

Powdered eggshell 

MB 0.04 0.87 0.911 0.78 36.9 0.93 
9×10-

6 
0.24 0.99 2.36 2×10-5 0.989 

MG 0.33 2.13 0.856 2.09 1.46 0.965 
3×10-

7 
1.29 0.955 2.53 7×10-5 0.961 

CR 3.75 1.22 0.999 2.5 1.02 0.996 
4×10-

8 
3.54 0.854 2.66 2×10-6 0.917 

BPB 0.59 0.04 0.827 1.02 1.23 0.811 
8×10-

7 
2.89 0.755 2.13 2×10-7 0.803 

RBV-

5R 
0.093 9.935 0.945 1.589 1.09 0.839 

2×10-

6 
0.5 0.563 2.4 4×10-5 0.709 

Calcined eggshell 

RBV-

5R 
0.133 16.95 0.924 1.388 2.31 0.678 

2×10-

7 
1.58 0.833 2.4 3×10-5 0.282 

RR 0.71 10.87 0.88 0.987 3.251 0.879 
3×10-

13 
1291 0.988 2.4 3×10-5 0.282 

RB 0.86 8.92 0.928 1.43 4.16 0.83 
2×10-

12 
500 0.754 2.5 5×10-5 0.71 

 

Similar tendency was observed in case of RBV-5R and calcined eggshell adsorption (Langmuir: 

0.924, Freundlich: 0.678, D-R.: 0.833 and Temkin: 0.282), assuming that the adsorption is 

reversible, monolayer. The surface of the adsorbent, in this case calcined eggshell, has a 

homogeneous, uniform strength with a constant number of binding centers that incorporate only 

one molecule into a binding site. 

As shown in Table 3, the linear regression coefficient of RR is highest (R2=0.988) in the case of 

the Dubinin-Radushkevich isotherm model. The D-R model is an empirical adsorption model, 

which presumes a multilayer character, where Van der Waal’s forces occur between the adsorbent 

(calcined eggshell) and adsorbate (RR dye). It is applicable for physical adsorption processes and 

describes the adsorption on microporous adsorbents. On the other hand, in case of RB dye the 

Langmuir isotherm model shows better fitness, R2 being 0.987. 

In case of RR dye removal with brewery’s yeast, the results were used to rank the best-fit models: 

Langmuir I. (R2=0.923)  > Freundlich (R2 = 0.921) > Temkin (R2 = 0.898) > Langmuir II. 

(R2=0.892)  > Dubinin-Radushkevich (R2 = 0.712)  >  Langmuir III. (R2=0.571) > Langmuir IV. 

(R2=0.508). It is observed that under our experimental conditions, the Langmuir isotherm fits the 

equilibrium data with higher accuracy among the linear models. However, there was only a small 

difference compared to the Freundlich model. The Langmuir model assumes that the adsorption is 

monolayer, whereas the Freundlich model suggests that the active sites and the energy are 

exponentially distributed. For the Langmuir I. model, the separation parameter, RL was calculated; 

the value of RL indicates the type and favorability of the isotherms, i.e. irreversible if RL = 0; 
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favorable, when 0 < RL < 1; linear, when RL = 0; or unfavorable if RL > 1. We found that RL ranges 

from 0.13 to 0.97 (determined for 16 initial concentrations in the range 5 to 1,000 mg/L), indicating 

favorable adsorption. At high concentrations, the RL values were close to the lower acceptable 

range, indicating a high degree of irreversibility. At higher concentrations, we obtained RL values 

close to 1 RL-5mg/L=0.97, RL-10mg/L=0.94. 

Another similar characteristic of all the experiments conducted is that B – Temkin constant is less 

than 20 kJ/mol and E – energy is less than 8 kJ/mol. We can therefore assume that the adsorption 

occurs by physisorption, forming weak van der Waals interactions in a single-layer adsorption 

surface with equivalent binding sites. 

4.3.2. Adsorption kinetic and diffusion models 

To better understand the mechanism of dye adsorption on eggshell and to find the best-fitting 

model to describe our obtained data, various kinetic models were applied. The kinetic adsorption 

models establish the effect of time on adsorption and determine the rate of dye removal. 

Experimental data were analyzed using pseudo-first-order (Lagergren) and pseudo-second-order 

(Ho & McKay) kinetic models. From Table 7 we can see that for all dye adsorption data, the 

constant values of McKay pseudo-second-order kinetic models showed the best fit.  

Table 7. Kinetic data of dye adsorption on eggshell surface 
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The quantity in equilibrium from experiments qe(exp) in some cases is very close or similar to the 

quantity in equilibrium calculated qe(calc) value from the, this shows the adequacy of experimental 

measurement data to pseudo-second-order kinetic model (Costa and Paranhos, 2019). 

Intra-particle and liquid film diffusion rate constants and linear regression coefficients were 

calculated in case of RBV-5R dye adsorption on the surface of eggshell. Based on the literature 

data, three regions can be observed if we study intra-particle diffusion: (1) diffusion of RBV-5R 

molecules through the solution to the external surface of eggshell; (2) transport of RBV-5R 

molecules to the intra-particle active sites; and (3) adsorption of RBV-5R molecules to the eggshell 

intra-particle active sites. The obtained results (D-pore diffusion coefficient values ranging 

between 1.7×10–10 and 3.6×10–10 cm2/s), as well as the fact that the intercept points do not pass 

through the origin, lead to the conclusion that the two diffusion models are not rate-determining 

steps, and only the biosorption process affects adsorption speed. Table 8 summarizes the calculated 

parameters for each diffusion model (intra-particular, liquid film), namely the linear regression 

coefficients, intersects, velocity values, and particle diffusion coefficient (D). 

Similar trend was observed in case of RBV-5R dye adsorption on the surface of calcined eggshell. 

The pore diffusion coefficients range from 6.60 × 10-9 to 9.09 × 10-8 cm2/s by varying the 

concentration. It can also be observed that none of the incisions pass through the origin of any 

diffusion model. It can be concluded that during the binding of the dye on the surface of the 

eggshell, the intra-particle section is not rate-determining, nor does the liquid film diffusion affect 

the adsorption process (Bello and Ahmad, 2011; Mohadi et al., 2016). In summary, the speed of 

the process is only determined by biosorption. 

Table 8. Parameters of diffusion models 
RBV-5R + powdered 

eggshell 
Intra-particle diffusion Liquid film diffusion 

C (mg/l) D (cm2/s) 
kip  

(mg/g∙min1/2) 
intercept R2

ip 
kfd  

(1/min) 
intercept R2

fd 

20 1.77×10-10 0.101 0.212 0.917 0.007 -0.29 0.904 

40 3.63×10-10 0.152 0.928 0.915 0.014 -0.31 0.988 

50 2.21×10-10 0.193 0.684 0.939 0.012 -0.07 0.89 

60 1.38×10-10 0.196 0.511 0.98 0.003 -0.25 0.959 

80 2.94×10-10 0.257 1.562 0.937 0.005 -0.45 0.949 

100 1.70×10-10 0.352 1.308 0.963 0.004 -0.33 0.959 

RBV-5R + calcined 

eggshell 
Intra-particle diffusion Liquid film diffusion 

C (mg/l) D (cm2/s) 
kip  

(mg/g∙min1/2) 
Intercept R2

ip 
kfd  

(1/min) 
Intercept R2

fd 

20 9.09×10-8 0.06 1.088 0.746 0.399 -2.08 0.841 

40 1.39×10-8 0.012 2.287 0.218 0.018 -2.86 0.666 

60 6.60×10-9 0.028 3.326 0.334 0.001 -2.59 0.508 

80 1.31×10-8 0.151 3.776 0.375 0.059 -2.31 0.819 

100 8.86×10-9 0.169 4.579 0.418 0.019 -2.19 0.506 
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4.3.3. Artificial neural network (ANN) 

Since OUTPUT=TARGET+0.0100 (received from the program and shown in Supplementary Fig. 

S2a), our network has a good performance, and it predicts with high precision. The network 

topologies of the input, middle and output components are shown in Figure S3. The network 

exhibited a significant weight distribution of negative values for the initial concentration and the 

pH and eventually the time; simultaneously, high positive input weights were observed for the 

initial concentrations, biomass weight and pH. Our results show a succession of sensitivity, which 

determines the network’s main weights, giving a hierarchy of the most influential parameters: 

initial concentration → pH → biomass weight → contact time → particle size → temperature. 

Similar results were reached by (Hassani et al., 2014; Indolean et al., 2017; Török, 2015). 

4.5. Possible mechanisms 

4.5.1. RBV-5R dye adsorption on eggshell surface 

Based on our current knowledge, no binding process or mechanism between the eggshell and the 

dye has been described explicitly in any research article. Relying on our results and the little 

information found in the literature, we formulate our ideas about possible processes. The 

mechanism of RBV-5R dye, as with any dyestuff’s adsorption on eggshell or different adsorbent 

surfaces, highly depends on the physical and chemical characteristics of the adsorbent and dye. 

Therefore, a high range of parameter changes and analytical measurements were carried out, as 

discussed in the previous sections. 

The initial pH of the solution is an important factor for adsorption processes. The pH can alter the 

chemical balance of the ions present both in the RBV-5R dye and eggshell adsorbent; thus, the pH 

influences the electrostatic interactions between the dye and sorbent. The organic matter of 

eggshell comprises various functional groups, such as hydroxyl, amine, and carbonyl groups. 

When the eggshell powder was mixed with the dye solution, calcium salts may partially dissolve 

and release Ca2+, HCO3
-, CO3

2- and OH- ions, which can form a negatively surfaced charge (Abdel-

Khalek et al., 2017; Parvin et al., 2019). In acidic media (HCl), the eggshell surface exhibits a 

positive charge, so there is a high electrostatic attraction between the eggshell powder and the 

anionic, negatively charged dye (this dye contains aromatic rings such as phenolic OH  and 

sulfonate SO3
- groups that ionize in aqueous solution and form coloured anions (Ribeiro et al., 

2017)). By adding NaOH, the number of negatively charged sites of eggshell increases, resulting 

in electrostatic repulsion.  

The adsorption mechanism was studied by isotherm, kinetic and diffusion models. Since in our 

experimental conditions the Langmuir isotherm showed a better fit, adsorption takes place on a 
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homogenous surface, and monolayer adsorption occurs. In this case, we can calculate the RL 

separation parameter (Parvin et al., 2019); the RL value indicates the type and favorability of the 

isotherm to be irreversible (RL=0), favorable (0<RL<1), linear (RL=0) or unfavorable (RL>1). We 

found that 0.1<R<0.35, which suggested favorable adsorption; however, RL values close to the 

lower acceptable range suggest high irreversibility. Constant calculations from the Temkin and 

Dubinin-Radushkevich models, as mentioned before, suggest the appearance of physisorption 

where weak van der Waals interactions are formed in a single-layer adsorption surface with 

equivalent binding sites. The physical nature and spontaneous and random characteristics of 

adsorption are suggested by the calculated thermodynamic parameters. 

FTIR and Raman analyses (both for powdered eggshell and for different layers of eggshell) proved 

the presence of specific functional groups from organic and inorganic compounds such as -OH, 

C=O, =CH2, aromatic, –SH and –COOH groups. All these surface functional groups indicate that 

eggshell exhibits a moisture adsorption capability, which makes this material a potential adsorbent 

by participating in adsorption. FTIR spectra of RBV-5R showed bands that correspond to phenolic 

O–H, aromatic C–H, amide N–H, aliphatic C–Hn, amide C=O, C=C, N=N, R–SO3
- and C–S 

functional groups (Ribeiro et al., 2017).   

The results obtained from the pH studies and FTIR/Raman analyses indicate that adsorption 

occurred mostly via electrostatic attraction, where the protonated eggshell surface attracted the 

anionic dye sulfonate group. Considering two previous articles (Chatterjee et al., 2007; Ribeiro et 

al., 2017), three possible interactions can be between the dye and adsorbent: hydrogen bonding 

between hydroxyl groups of eggshell and electronegative residues of RBV-5R; ionic interactions 

at pH values where surface charge is neutral and physisorption occurs; and π-electron resonance. 

4.5.2. RR dye adsorption on yeast 

In our research, we used yeast (lyophilized) residues from the production of a brewery in 

Romania to remove organic dye from water. After the fermentation cycle, the available biomass 

can contain both living and dead cells. Live yeast cells can perform the stain removal in two 

different ways. The dye is adsorbed on the cell wall of the yeast, penetrates the cell wall, 

accumulates inside the cell or biodegradation can occur by various enzymes (oxidases and 

reductases). Irrespective of the nature of the yeast cell (living or dead), biosorption occurs between 

the contaminant (RR dye) and the yeast cell wall, which can be by electrostatic interaction, 

complexation, chelation and microprecipitation, ion exchange or physical and chemical 

adsorption, depending on a number of factors (Danouche et al., 2021).  

The mechanism of dye biosorption on yeast is complex and not fully understood, is a sophisticated 

and multi-faceted process, and may involve more than one mechanism (Castro et al., 2017). The 
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biosorption capacity of yeast cells and the mechanism of dye removal may be influenced by the 

nature of the biomass (living or dead yeast cell), the functional groups on the cell wall, the number 

of reactive binding sites and their availability, and the affinity (i.e. binding strength) between the 

sites and the dye. The nature of the dye molecule (anionic or cationic), the physico-chemical 

conditions of the adsorption treatment (contact time, impurity concentration, amount of yeast, pH, 

temperature) (Sahoo and Prelot, 2020).  In recent years, early biosorption studies have mostly used 

living cells, but it has been found that dead yeast cells may have the same or even higher binding 

capacity (Wang and Chen, 2006).   

Some studies have described the structure and components of the S. cerevisiae yeast cell and the 

functional groups that occur on its surface. Its composition includes proteins, amino acids, 

polysaccharides and lipids. Accordingly, carboxyl, hydroxyl, amide, amino, phosphate and other 

charged groups have been identified, which show strong binding forces with the dye molecules. It 

has been shown that the biosorption process can also be achieved by chelation and the formation 

of ionic bridges between the dye molecules and the functional groups. 

Depending on the type of interaction between the adsorbent surface and the contaminant, the 

biosorption process can be divided into two types: (i) chemical adsorption, an irreversible process 

resulting in the formation of strong chemical bonds; and (ii) physical adsorption, which is 

reversible, in most cases characterized by weak van der Waals forces, H-bonds, polarity and 

dipole-dipole H-bonding interactions. Furthermore, FTIR studies have demonstrated that Yoshida 

H-bonding, dipole-dipole H-bonding, π-π and n-π interactions can occur upon adsorption of dye 

molecules on yeast cells (Figure 42 shows a possible general mechanism) (Danouche et al., 2021).  

 

 

Figure 42. Proposed interaction of RR dye with Saccharomyces cerevisiae brewery’s yest. 
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4.5.3. Eggshell as an adsorbent – advantages and disadvantages 

Eggshell as waste contributes to pollution (Abdulrahman et al., 2014) when disposed of in landfills 

due to its rich protein content because it serves a source for biocontamination. The messy holding 

containers in which eggshell waste is stored can have an unpleasant odour, which can affect nearby 

neighbourhoods, causing air pollution. 

The eggshell adsorbent employed was used without any physical or chemical treatment, avoiding 

special sophisticated methods, instruments, or controlled conditions (pH, temperature). In case of 

RBV-5R adsorption on powdered eggshell, the material was efficient even for high dye 

concentration elimination (E=81% in case of Ci=100 mg/L), where the adsorption capacity was 

8.1 mg/g. Particle size was the most significant influencing parameter regarding the efficacy of the 

adsorbent. 

A comparison is almost impossible due to the different base materials of the adsorbents as well as 

different contaminants and processing conditions. On the other hand, we investigated the 

adsorption of this same dye (RBV-5R) with calcined eggshell under the same conditions (Ci=20 

mg/L, 1.5 g/100 mL biomass, 160 μm, 700 rpm, pH =6.0±0.2, T=20±2 °C), which exhibited an 

adsorption efficiency of 96.83% and adsorption capacity of 1.29 mg/g, reaching equilibrium within 

30 minutes. 

Overall, in addition to the disadvantages, the use of eggshells as an adsorbent will not only reduce 

the pollution effect of the waste but also help in the water cleaning process as a new value-added 

product. The practice of using untreated eggshell waste as a low-cost adsorbent for wastewater 

treatment could contribute to a more sustainable and successful management of this biowaste. 

4.7. Effectiveness and Characterization of Novel Mineral Clay in Cd2+ Adsorption 

4.7.1. Characterization of Cosmetic Clay 

4.7.1.1. SEM and EDS 

Scanning electron microscopy was used to investigate the micromorphology and structural 

peculiarities of ACC. Figure 43 shows the ACC adsorbent before (Figure 43a–c) and after (Figure 

43d–f) adsorption with Cd2+. The porous structure of ACC can be seen in Figure 43a, moreover, 

it shows that the surface of the adsorbent is filled with 10–300 µm holes. On the other hand, the 

SEM image of the sample that adsorbed Cd2+ shows slightly distinct morphology. The porous 

structure of ACC disappeared after adsorption, the surface is smoother, and some aggregates 

appear on the surface. 
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Figure 43. SEM (a–c) control and (d–f) 2 g/L Cd2+ adsorbed ACC. 

 

From EDS results, we can conclude that ACC contains a relatively high percentage of Al (Wt(%) 

= 11.4 ± 0.9) and Si (Wt(%) = 13.7 ± 1.4), moreover Mg (Wt(%) = 0.2 ± 0.01), K (Wt(%) = 1.5 ± 

0.2),  Ti (Wt(%) = 0.4 ± 0.03), and Fe (Wt(%) = 0.6 ± 0.1),  in small quantities. Therefore, it can 

be affirmed that ACC is an alumina-silicate mineral. This result corresponds to the elemental 

composition described on the product packaging and in the patent. After the adsorption process: 

Al (Wt(%) = 12.0 ± 0.4) and Si (Wt(%) = 14.4 ± 0.7), moreover Mg (Wt(%) = 0.2 ± 0.01), K 

(Wt(%) = 1.5 ± 0.1), Ti (Wt(%) = 0.5 ± 0.03), and Fe (Wt(%) = 0.6 ± 0.1), the clay adsorbed the 

Cd2+ ions from the polluted water. This can be seen from the EDS results, where Cd2+ appears in 

the sample (Wt(%) = 0.2 ± 0.01). 

An example from another study, where H. Es-sahbany et al. studied the removal of Ni with the 

help of clay taken from the Ain Dorrij—Ouezzane region of Morocco. The results of elemental 

composition of the clay material contained Ca (20.65 ± 0.08%), Si (12.7 ± 1.9%), Al (8.3 ± 0.3%), 

Ti (0.34 ± 0.01%) and Fe (4.83 ± 0.02%). The used clay mainly consisted of kaolinite, chlorite 

phase and slight amount of quartz (Es-sahbany et al., 2021). 

4.7.1.2. Surface characteristics - FTIR 

FTIR spectrum of ACC presenting the peculiar bands is shown in Figure 44 between the range of 

1800 cm−1 to 400 cm−1. The investigation of cosmetic clay as a suspension in deionized water 

presents many characteristic bands. First of all, two broad bands not represented on the figure were 

seen around 3697 and 3620 cm−1 attributed to hydroxyl stretching. However, spectral bands at 

1105, 1031, and 1008 cm−1 according to (José Eduardo Ferreira da Costa Gardolinski, 2005) were 
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assigned to Si-O-Si and Si-O stretching, and most of the silicate minerals contain them. Our study’s 

result is also in correspondence regarding the bond at 912 cm−1 with the literature, being assigned 

the deformation of the Al-OH bonds. At a lower spectral range, the bands are more complicated 

to define. Usually, the remaining bonds correspond to the vibration of the Si-O bond (Kostin et 

al., 2015). Bonds at 796 cm−1 could be assigned to a hydroxyl translation mode, while 754, 696, 

and 537 cm−1 could be ascribed to Si-O stretching and Al-O-H deformations and Si-O-Al 

translation mode. At the lower range, 472 and 420 cm−1 bands to ν6 (e) and ν3 (a1) modes of the 

SiO4 tetrahedra. Moreover, the band at 430 cm−1 could be attributed to O-Al-O bending with a 

minor contribution of O-Si-O bending (Frost et al., 1997, 1993; Frost and Vassallo, 1996; 

Johansson et al., 1998). After the adsorption with Cd2+ solution made from Cd(NO3)2 * 4H2O salt, 

a particularly strong vibration was observed at 1384 cm−1 that can be attributed to NO3 asymmetric 

stretching (Chen et al., 2014; José Eduardo Ferreira da Costa Gardolinski, 2005; Nekhlaoui et al., 

2021; Niño et al., 2013). 

 
Figure 44. FTIR control and 2 g/L Cd2+  adsorbed ASLAVITAL clay. 

 

4.7.1.3. Crystalline structure - XRD 

Since soil, rocks, dust and clay samples contain various highly crystalline components, the XRD 

is a proper analysis that can be used to highlight the mineral composition of the studied ACC. 

Comparing the two patterns, namely Clay + Cd2+ and Control clay (Figure 45a) shows a high 

similarity, with both samples having high crystallinity. 
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Figure 45. (a) X-ray powder diffraction comparison of the two samples (b) Diffraction pattern of 

ACC showing the crystalline phases (q-quartz, i-illite and k-kaolinite). 

 

In order to highlight the existence of different crystalline phases contained in the samples (Figure 

45), the diffraction patterns were investigated using the Match software, which has its incorporated 

database. In this sense, the analysis of Control clay revealed that the sample contains three major 

components. As expected, the sample being clay contains silicon oxide-SiO2 (in the form of 

quartz). The other two identified components are phyllosilicate minerals, based on silicate groups. 

One phase is Potassium Aluminium Silicate Hydroxide-(KH3O)Al2Si3AlO10(OH)2, known as a 

form of illite and Aluminium silicate hydroxide-Al2Si2O5(OH)4 known as kaolinite. Figure 45 (for 

Control clay sample) specified each diffraction line to which of the three phases it belongs by the 

following notations: q-quartz, i-illite and k stands for kaolinite. The following database reference 

codes were used in the actual identification: 99-201-2847 for quartz, 99-200-3858 for kaolinite 

and 00-026-0911 for illite. 

4.7.1.4. Surface characteristics - Raman Spectroscopy 

In the control sample (Figure 46), the most intense Raman band was detected around 146 cm−1. 

Weaker Raman bands were identified at around 130, 200, 260, 333, 398, 426, 467, 511, 634, 702, 

792 and 909 cm−1. In the OH-region, Raman bands at ~3624, 3659, and 3702 cm−1 were detected. 

The Raman spectra of the Cd-treated samples were identical to the control samples. The most 

intense Raman band was detected around 146 cm−1. Several weak bands were also recognized at 

around 130, 198, 259, 334, 398, 426, 467, 511, 638, 705, 791 and 910 cm−1. Additionally, at high 

frequencies, bands at 3624, 3658, and 3698 cm−1 were also identified. Rarely crystals with intense 

bands around 126, 200, 464 cm−1, with weaker bands at 262, 365 cm−1 were also detected in both 

samples. 

Based on the Raman spectra of the control and Cd-treated ACC powders, the following phases 

could be identified. The most intense Raman bands (~146, 200, 398, 511 and 638 cm−1) are 
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characteristic of anatase (TiO2), which is a typical phase detected in kaolinite-bearing clays 

(Murad, 1997). The weak Raman signals of kaolinite can be attributed to the observed bands at 

around 130, 259, 333, 426, 464, 704 m 791 and 910 cm−1 (Michaelian, 2011). The characteristic 

bands of hydroxyl groups found in kaolinite could also be detected near 3624, 3658 and 3700 cm−1 

(Frost and Gaast, 1997). Rare crystals of quartz with intense bands at 126, 200 and 464 cm−1 could 

also be detected. Illite could not be directly detected with Raman spectrometry since it has 

overlapping peaks (Liu, 2001) with both quartz (~464 cm−1) and kaolinite (~464 and ~705 cm−1). 

Raman band, which can be associated with the absorption band of NO3 (Cd solution was made 

from Cd(NO3)2
 * 4H2O salt) on the FTIR could not be detected. 

 

Figure 46. Representative Raman spectra of the control and 2 g/L Cd2+ adsorbed ACC. 

 

4.7.2. Adsorption Experiments of Cd2+ and clay 

Usually, the optimum of the operational parameters for an adsorption process is affected by many 

factors. However, one of the most important factors controlling adsorption performance could be 

the time when the Cd2+ ions are in contact with ACC adsorbent. Figure 47 shows the evolution in 

time of the Cd2+ removal from aqueous solution with the help of ASLAVITAL cosmetic clay. It 

can be observed that the initial concentration of contaminants decreases with time. All five 

concentrations exhibited a more rapid decrease rate initially, and then the adsorption rates tended 

to be flat. According to the literature, it is due to the rich number of active binding sites on the 

surface of the adsorbent (Lei et al., 2019; Tonk et al., 2017). 

For equilibrium and then kinetic studies, batch adsorption measurements were carried out. We can 

see that Cd2+ ions gradually occupied the porous, vacant sites of ACC surface. However, no 

significant variation in the residual Cd2+ was observed and equilibrium was reached as time passed. 
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Figure 47. (a) Effect of contact time and (b) initial concentrations, where q is the adsorption 

capacity, quantity in equilibrium and E is the efficiency of the adsorption process on the removal 

of Cd2+ ions (Ci = 10–160 mg/L, 0.1 g/L ACC, pH = 7, T = 20 ± 1 °C). 

 

The adsorption efficiency of Cd2+ ions on ACC were investigated at various initial concentrations 

between 10–160 mg/L via the batch adsorption method. In equilibrium, results showed (Figure 12) 

that the adsorption capacity (q) increased from 1.07 to 8 mg/g as the initial concentration increased 

from 10 to 160 mg/L. On the other hand, with the increase in concentration, the efficiency (E) 

decreased from 99 to 51%. This can happen because more cadmium ions were adsorbed at higher 

Cd2+ concentrations. However, as we have a fixed number of active sites available on the ACC 

surface, the efficiency decreases (Nagy et al., 2013b; Osasona et al., 2018; Tonk et al., 2017; 

Yusuff et al., 2019). 

4.7.3. Adsorption Isotherms, Kinetic and Diffusion Models 

Both the adsorbent (ACC) and the adsorptive material (Cd2+ ions) are influencing factors 

of the adsorption system. Isotherm models in equilibrium showed that the adsorptive (in our case, 

the Cd2+ ions) are distributed between the liquid (water) and solid (ACC) phase and the 

relationship, performance and interaction between these (Cd2+ + liquid phase, Cd2+ + clay surface) 

could also be defined (Çelebi et al., 2020; Es-sahbany et al., 2021). Langmuir, Freundlich, Temkin 

and Dubinin–Radushkevich linearized isotherm models were employed to investigate the 

interaction between the Cd2+ ions and clay using different initial concentrations of Cd2+ (10–160 

mg/L), applying a constant temperature (20 °C) and adsorbent dosage (1 g). The results listed in 

Table 4 compared the regression correlation coefficients (R2) of these models. Based on the results, 

we established the order of correspondence of the applied isotherm models: Langmuir II. (R2 = 

0.954) > Dubinin–Radushkevich (R2 = 0.933) > Freundlich (R2 = 0.885) > Temkin (R2 = 0.859) > 

Langmuir I. (R2 = 0.798) > Langmuir IV. (R2 = 0.744) > Langmuir III. (R2 = 0.605). 
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Table 10. Calculated parameters of different linear isotherm models. 

Langmuir I. Langmuir II. Langmuir III. Langmuir IV. 

Plotting: Ce vs. Ce/qe Plotting: 1/Ce vs. 1/qe Plotting: qe/Ce vs. qe Plotting: qe vs. qe/Ce 

KL  qmax  
R2 

KL  qmax  
R2 

KL  qmax  
R2 

KL  qmax  
R2 

(l/mg) (mg/g) (l/mg) (mg/g) (l/mg) (mg/g) (l/mg) (mg/g) 

0.01 12.03 0.798 2.39 5.59 0.954 2.05 6.36 0.605 0.02 4.30 0.744 

  Freundlich Dubinin–Radushkevich Temkin     

  Plotting: lnCe vs. lnqe Plotting: ε2 vs. lnqe Plotting: lnCe vs. qe     

  

n 

Kf  

R2 

β E  

R2 

AT  B  

R2 

    

  
(mg(1−1/n)l1/n/

g) 
(mol2 kJ2) (kJ/mol) (l/g) (J/mol)     

  2.44 2.31 0.885 5 × 10−8 3.16 0.933 2.4 1 × 10−4 0.859     

 

As the regression correlation coefficient was highest in the case of Langmuir isotherm, the error 

functions, separation factor was calculated for this model (Çelebi et al., 2020; Rápó et al., 2020b; 

Subramani S.E. and Thinakaran N., 2017). According to the literature, the value of RL can define 

the type and favorability properties of an isotherm model: RL = 0 → irreversible and linear 

adsorption; 0 < RL < 1 → favorable adsorption; RL > 1 → unfavorable adsorption. 

RL values calculated for Langmuir II. isotherm were in the range of 0.037–0.027; this result 

suggests that in our experimental conditions, the adsorption of Cd2+ ions was favorable but with a 

high tendency of irreversibility. According to the theoretical properties of Langmuir isotherm, the 

adsorption occurs on a homogenous surface, and only one layer is formed (monolayer adsorption) 

(Mustapha et al., 2019; Nagy et al., 2013b). The precisely calculated isotherm parameters tell us 

about the nature and type of the adsorption. In our experimental conditions, these constants (B-

Temkin: 1 × 10−4 J/mol < 20 kJ/mol; E-Energy: 3.16 kJ/mol < 8 kJ/mol) indicated that the 

adsorption is a physical one, where weak van der Waals bonds are formed on the ACCs monolayer 

surface. Moreover, the binding sites on ACC surface are equivalent. In order to find the best 

adsorption equilibrium correlation, the isotherm models were also modelled in non-linear form 

using OriginPro 8.5 software. Based on the literature, nonlinear regression is the most feasible and 

accurate method for estimating the parameters of the isothermal models, as it uses the original 

equations rather than modified versions that may bias the results (Nagy et al., 2017). The 

parameters of the Langmuir, Freundlich and Temkin isotherms obtained after linear translation 

and non-linear fitting, we observed that the regression coefficient (R2) was found to be higher for 

linear fitting. The values of KL;F, qmax, nF, AT, and B also differ due to the bias in the fits (Table 

11). Comparing the obtained linear regression coefficients (R2 ; the larger the better) and Chi-

squared (χ2; the smaller the better), the degree of fit follows the following order: Liu (the best fit: 

R2 = 0.965, χ2 = 1.101) > Toth > Khan > Langmuir > Freundlich > Temkin (Table 5). 
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Table 11. Calculated parameters of different non-linear isotherm models. 

Two Parameter Non-Linear Isotherm Fitting 

Langmuir Isotherm   Freundlich Isotherm   Temkin Isotherm 

qm (mg/g) 15.80   nF 1.88   bT 0.92 

KL (L/mg) 0.02   KF (mg(1−1/n)l1/n/g) 0.84   KT (L/mg) 23.76 

R2 0.831   R2 0.824   R2 0.705 

χ2 2.136   χ2 1.944   χ2 2.770 

RMSE 1.419   RMSE 1.450   RMSE 1.875 

HYBRID 23.220   HYBRID 15.027   HYBRID −8.773 

Three parameter non-linear isotherm fitting 

Toth isotherm   Khan isotherm   Liu isotherm 

qm (mg/g) 23.74   qm (mg/g) 4610.76   qm (mg/g) 8.07 

KTH (L/mg) 0.00   KK (L/mg) 4.71 × 10−5   KLiu (L/mg) 0.03 

nTH 4.47   nK 191.33   nLiu 0.14 

R2 0.980   R2 0.842   R2 0.965 

χ2 11.829   χ2 2.103   χ2 1.101 

RMSE 4.861   RMSE 1.372   RMSE 0.647 

HYBRID −20.239   HYBRID 22.597   HYBRID 36.512 

 

Under this isothermal model, which is considered optimal, the adsorption binding constant KLiu = 

0.03 L/mg and the maximum amount of cadmium bound qLiu = 8.07 mg/g. Further study of the 

best-fit Liu isotherm parameters shows that qLiu (8.07 mg/g) is almost the same as the qexp. (8 mg/g) 

values for the 160 mg/L Cd2+ solution. Differences between the parameters calculated due to non-

linear fitting of the isotherm models are observed. These differences are presumably due to the 

equations used, the accuracy of the fitting, the precision of the software used, the program package, 

the number of fitting iterations performed. 

Kinetic models are used to determine the temporal effect of the adsorption process. They present 

information on the change in the experimental system over time, characterize the rate of adsorption 

uptake and binding at the solid-solution interface or during the sorption reaction (Giwa et al., 2013; 

Rao and Kashifuddin, 2014; Rongrong Zhang et al., 2020). In this study, pseudo-I-order 

(Lagergren) and pseudo-II-order (Ho and McKay) kinetic models were calculated when the initial 

concentration of Cd2+ was changed (between 10–160 mg/L). However, the temperature (20 °C) 

and adsorbent dosage (1 g) were constant. Table 6 contains the calculated results of kinetic models. 

Based on the obtained linear regression coefficient values, it can be observed that the adsorption 

system did not follow a pseudo-I-order model, as the value of R2 was higher in the case of the 

pseudo-II-order model. The values of qe(cal) also depicted a better fitness of the model since they 

were almost identical with the pseudo-II-order qe(exp) values, this model was better obeyed. 
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Table 12. Calculated parameters of kinetic models. 
 Pseudo-I-Order Pseudo-II-Order 

C qe (exp) k1 qe (calc) 
R2 

k2 qe (calc) 
R2 

(mg/L) (mg/g) (1/min) (mg/g) (g/mg × min) (mg/g) 

10.83 1.07 0.021 2.17 0.685 0.131 1.07 0.995 

61.67 3.25 0.002 1.95 0.285 0.181 3.28 0.999 

99.17 6.25 0.013 1.91 0.324 0.054 5.96 0.996 

120.83 7.67 0.026 4.13 0.942 0.011 8.01 0.998 

156.67 8.00 0.014 5.62 0.868 0.007 8.12 0.988 

 

As shown above, one way to model kinetic data is to use pseudo-first-order and pseudo-second-

order kinetic models. These models describe the interaction between the molecule or ion of the 

pollutant of interest (in our case Cd2+) and the active binding sites on the surface of the adsorbent 

(ACC). However, diffusion models are also necessary, as the kinetics of the process can often be 

influenced by diffusion within the particles (Pholosi et al., 2020). 

The diffusion model (intra-particle, liquid film) assumes that the rate is determined by the diffusion 

steps, since the interaction between the pollutant and the active sites on the sorbent surface is more 

immediate (Baraka, 2015). The literature records suggest that four main steps occur during the 

adsorption mechanism of heavy metals onto binding sites (Pholosi et al., 2020; Usman et al., 2020): 

• From the water-Cd2+-clay suspension, metal ions transport into the boundary layer of the 

clay adsorbent surface. 

• The metal ions diffuse through the boundary layer on the surface of the adsorbent. This 

process is called liquid-film or external-film diffusion. 

• Intraparticle surface diffusion, where the metal ions are diffused in the adsorbed state along 

the internal surface of a clay particle. 

• Adsorption 

The metal ions adsorbed on the active binding sites of the adsorbent by physical or chemical bonds. 

The physical and chemical properties of the adsorbent and the surface properties can influence the 

extent of each step. It can therefore be said that the intraparticle particle diffusion rate or the liquid 

film diffusion rate can control the sorption of Cd2+ ions on the surface of the ACC. In particular, 

the linear regression coefficients, the intersection points, the velocity values, and the particle 

diffusion coefficient (D) were calculated. The pore diffusion coefficients vary between 2.64 × 10−9 

and 2.94 × 10−8 cm2/s with changing concentration. Our results show that the linear plots of intra-

particle and liquid film diffusion do not cross the origin, indicating that boundary layer diffusion 

was involved in the adsorption process. Intra-particle diffusion and liquid film diffusion are thus 
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not separate rate-determining steps. Thus, liquid film diffusion and intra-particle diffusion together 

control the adsorption process by which Cd2+ is removed from the aqueous solution by ACC 

(Oyelude et al., 2017; Tonk et al., 2017). 

4.7.4. Potential Limitations of Clay Adsorbents 

The first and most important task in adsorption studies is the selection of an adsorbent that meets 

a number of parameters (Rápó and Tonk, 2021). The comparison of individual sorbents is almost 

impossible due to the physical and chemical properties of the base materials of the adsorbents and 

the different impurities and processing conditions (Rápó et al., 2020b). A review article published 

in 2017 summarizes the advantages of different clay minerals, listing arguments for their use as 

adsorbents (Adeyemo et al., 2017). Their arguments include that clay minerals: 

• Have strong sorption and complexing properties; 

• Low cost; 

• Are readily available; 

• Have a high specific surface area compared to other sorbents; 

• Non-toxic; 

• And have ion exchange potential. 

Based on sources, clays costs about $0.005 to $0.46/kg. Montmorillonite costs about $0.04 to 

$0.12/kg, which costs 20 times less than activated carbon (Srinivasan, 2011). In Romania 0.34 kg 

activated carbon for fish aquarium cleaning costs around $10. For this reason, many clay minerals 

are widely used for their adsorption-desorption properties of organic molecules (Adeyemo et al., 

2017). Apart from the advantages, as with all adsorbents, the use of clay minerals has 

disadvantages and limitations. The barriers of adsorbents are summarized by Naef A. A. A. Qasem 

et al. in a recent review (Qasem et al., 2021). A major obstacle to water treatment is that the ability 

to simultaneously remove different types of ions has not been investigated in most cases. Most 

studies are laboratory based and only investigate the removal of single component contaminants. 

This may also mean that most of the adsorbents cannot be used on an industrial scale as detailed 

and optimized technology has not been developed. For industrial upgrading, high retention times, 

periodic cleaning or adsorbent regeneration or desorption, water after-treatment are also issues to 

be addressed. During the batch adsorption process, the sorbent may be further fragmented by 

agitation, and small particles or colloids may appear in the water, making sedimentation and sludge 

removal more difficult. Disposal and treatment of the resulting adsorbent waste, which can often 

be toxic, can be another obstacle.  
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5. CONCLUSIONS AND PERSPECTIVES 

I. At the opening of my thesis, through a thorough review and presentation of the literature, we 

demonstrated that the development of an alternative bioremediation water purification method is 

an essential scientific task.  

The scarcity of freshwater resources and the high levels of water pollution that we have at our 

disposal are the reasons for this conclusion. The dyes that threaten our waters and the brief history 

of dye use that led to the invention of synthetic dyes were presented. We classified the dyes, as 

each group has different chemical properties that can affect the way and effectiveness of removal. 

We also described possible sources of heavy metals and illustrated the problem of cadmium 

contamination in Romania through examples. 

Several methods can be used to remove dyes and cadmium micropollutants, but by studying the 

general drinking water production process, we have identified adsorption as an established method. 

A wide range of scientific results have been obtained using adsorption, demonstrating its 

environmental and sustainable applicability. After describing the general characteristics of 

adsorption, the types of adsorption bonding and the possible adsorbents and their requirements, 

we selected the sorbents used during the research. In an effort to be economical and 

environmentally friendly, household and industrial waste, porous eggshells (in three forms), the 

Saccharomyces cerevisiae model organism most studied in biosorption research, and clay with 

proven high adsorption/absorption properties were used as adsorbents. 

All, in all, even if there are several possible methods for water treatment have recently become 

available, adsorption is perhaps the most common commercial treatment.  

 

II. By selecting the adsorption technology - an alternative remediation method - and the possible 

adsorbents, we fulfilled one of the objectives of this dissertation. We also aimed to determine the 

optimal use of this technique. The remediation process is influenced by several external 

parameters, the optimization of which is essential to ensure that the system can be applied with 

low costs, few by-products and high efficiency on a daily basis, even at low pollutant 

concentrations. 

Looking at the effect of the initial dye concentration, it is observed that a wide range of 

adsorbents can be used, with efficiencies of more than 90% even at high concentration values. The 

investigated studies covered a concentration range from 3 to 1,000 mg/L. In the studies, the 

removal time ranged from 5 min. to 36 h. However, 100% efficiency was achieved in intervals of 
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up to 5–60 min. In most cases, the increase of the dye concentration negatively influenced the 

removal efficiency. 

With the increase of initial indicator dye concentration in case of CR, BPB,  MB and MG, the 

adsorption capacity also increased.   

• C10 mg/L, CR: E=99.03%, qmax=0.33 mg/g; C50 mg/L, CR: E=93.42%, qmax=1.53 mg/g 

• C10 mg/L, BPB: E=10.07%, qmax=0.04 mg/g; C50 mg/L, BPB: E=3.40%, qmax=0.06 mg/g 

• C10 mg/L, MB: E=55.06%, qmax=0.2 mg/g; C50 mg/L, MB: E=62.98%, qmax=1.07 mg/g 

• C10 mg/L, MG: E=88.3%, qmax=0.39 mg/g; C50 mg/L, MG: E=94.39%, qmax=1.59 mg/g 

Similar trend (Ci ↑ => qmax ↑) was observed in case of textile dye removals with powdered and 

calcined eggshell and yeast adsorbents, however, we could not clarify a specific trend between 

efficiency and variation of initial concentration. 

The pH of the dye solution has been shown to significantly affect the adsorption process. 

We hypothesized that anionic dyes bind more efficiently in acidic media, whereas cationic dyes 

adsorb more efficiently in basic media. To this end, in our earliest published study, we investigated 

the removal of indicators used in laboratories from water at different pH. Four indicators were 

selected, two of which were anionic and two cationic. In our studies we confirmed our hypothesis, 

however, for the CR and MG dyes it was seen that pH was only slightly affected, this was attributed 

to the fact that the addition of the eggshell component (CaCO3) to the solution imparted a basic 

character to the solution.  The removal of fabric dyes was further considered, as their release from 

the textile industry poses a serious environmental risk. The Remazol family of dyes we have 

chosen, belong to the group of reactive dyes, which are anionic in nature. We were also interested 

in adsorption with other adsorbents. 

Moreover, from literature data, the removal of 16 anionic and cationic dyes was demonstrated. 

Among the anionic dyes, direct dyes are the most frequently tested, while Methylene Blue is the 

model dye for cationic dyes. Most of the studies have investigated the removal of dyes between 

pH 2 and 10. Having examined the chemistry of the solution, it can be concluded that anionic and 

cationic dyes behave differently in acidic and basic media. When designing the adsorption process, 

it is important to keep in mind the ionic nature of the dye, thus reducing the time required for the 

optimization study. 

The effect of initial adsorbent dosage was investigated for 5 different adsorbent-

contaminant pairs: the RBV-5R dye with powder and calcined eggshell, the RB dye with calcined 

eggshell adsorption, and the RR dye with calcined eggshell and brewer's yeast. 
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In each research project, the effect of the amount of adsorbent between 0.5 and 2.5 g was studied.  

Our results show that quantity in equilibrium shows a decreasing trend as the amount of mass 

increases. On the opposite, the efficiency increases as the mass increases, this can be explained by 

the fact that the excess sorbent amount provides a larger active surface area and more active 

adsorption sites are available for the dye to bind. However, as the efficiencies change, it is observed 

that a saturation value is reached after which the efficiency is steady or slightly reduced.   

• RBV-5R + powdered eggshell: 1.5 g, qmax= 1.27 mg/g, E= 95.07% 

• RBV-5R + calcined eggshell: 1.5 g, qmax= 1.29 mg/g, E= 96.83%  

• RB + calcined eggshell: 1.5 g, qmax= 1.35 mg/g, E= 98.83%  

• RR+ calcined eggshell: 1.5 g, qmax= 1.96 mg/g, E= 97.83%   

For the adsorption of yeast, almost identical values were obtained with increasing mass, with the 

highest efficiency obtained at 2.5 g (qmax= 0.13 mg/g, E= 63.33%). 

Through numerous literature examples of adsorbents, it has been observed that even small amounts 

(as small as 0.05 g) have been found to remove dye with efficiencies greater than 85%. The 

conclusion of literature review and our experiments is that as the amount of adsorbent increases, 

the removal efficiency of dyes increases and the maximum amount of bound substances decreases. 

The effect of particle size was only studied in case of powdered eggshell. Results showed 

that the 160 µm particle sized powder was the most effective, this is why in case of calcined 

eggshell the 160 µm particle sized powder was calcined at 1,000 oC for 4 hours. Bearing in mind 

that based on our result and the analyzed articles, the efficiency values varied from 8 to up to 99% 

by reducing the particle size, it can be said that particle size is a highly influential factor. Therefore, 

in future research, if possible and feasible, it is important to increase surface area and porosity by 

reducing particle size. 

The effect of aqueous solution temperature was investigated between 20 and 40 oC. Both 

endothermic and exothermic adsorption processes were observed in our experiments in literature 

data. From a green chemistry point of view, the exothermic process is preferable, since no excess 

energy input is required by heating the system for optimal adsorption. Temperature, in addition to 

adsorption efficiency, affects the nature and mechanism of adsorption. 

Studying powdered, calcined eggshells and eggshells embedded in alginate beads we concluded 

that calcined eggshell is the most effective, both in removal efficiency, highest quantity in 

equilibrium and time effectiveness. 

In our study, the optimal parameters for the most efficient dye removal were (160 μm, 700 rpm):  

• CR + powdered eggshell: Ci=10 mg/L, 3 g, pH=8.05±0.2, T=20±2 °C, where E=99.04% 
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• BPB + powdered eggshell: Ci=30 mg/L, 1.5 g, pH=2±0.2, T=20±2 °C, where E=57.65% 

• MB + powdered eggshell: Ci=30 mg/L, 1.5 g, pH=10±0.2, T=20±2 °C, where E=75.10% 

• MG + powdered eggshell: Ci=40 mg/L, 1.5 g, pH=2.76±0.2, T=20±2 °C, where E=96.59% 

• RBV-5R + powdered eggshell: Ci=20 mg/L, 1.5 g, pH=6.0±0.2, T=20±2 °C, where E=95% 

• RBV-5R + calcined eggshell: Ci=20 mg/L, 1.5 g, pH=5±0.2, T=20±2 °C, where E=97% 

• RR + calcined eggshell: Ci=60 mg/L, 1.5 g, pH=7±0.2, T=20±2 °C, where E=98.44% 

• RB + calcined eggshell: Ci=80 mg/L, 1.5 g, pH=7±0.2, T=20±2 °C, where E=99% 

• RR + yeast: Ci=20 mg/L, 1.5 g, pH=3±0.2, T=20±2 °C, where E=88.5%. 

 

III. In the second major part of the thesis, we have achieved another main objective. Adsorbents 

(eggshell, brewer's yeast, Aslavital cosmetic clay) and contaminants were characterized using 

known and commonly used analytical methods. 

The thin section of eggshell was analyzed with various microscopes, where the well know 

layers of the shell were identified before and after RBV-5R dye adsorption. Therefore, we could 

see that the cuticle and membrane layer adsorbed the dye. This finding was further proven by EDS 

measurements for each layer and elemental maps. Moreover, after adsorption the Raman samples 

showed the presence of C–H, C–S and N=N functional groups that are specific of the dye. 

For all adsorption studies with powdered and calcined eggshell, the SEM images showed 

that the porous, cross-linked structure of eggshell disappeared after dye adsorption. From EDS 

measurements it was obvious that powdered eggshell is mostly made of CaCO3 while, calcined 

eggshell is composed of CaO. After adsorption, the characteristic components of the dyes were 

detectable. The amounts of nitrogen, sulphur, chromium, copper and bromine increased typically 

in samples containing each dye. Based on the peaks of control and dye adsorbed samples of FTIR 

and Raman spectra, functional groups and bonds specific to each component were found. 

We have also shown that the decomposition of the eggshell occurs at 728.6 ºC. The total 

surface area of the powdered and calcined eggshell decreased after the adsorption of RBV-5R. 

In case yeast  morphology study, we saw the spindle and pointed egg-shaped forms, that 

after the adsorption process disappeared, we observed a cellular morphology difference. EDS 

results proved that after adsorption with RR dye, the amount of C and S increased in the samples. 

 

IV. A key question in adsorption studies is what happens and what process takes place between 

the adsorbent and the pollutant. It is important to understand the mechanism of the phenomenon 
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in order to be able to optimize the process in practice. Analytical studies can be of great help in 

this respect, but mathematical models based on the concentration values obtained at equilibrium 

and the equilibrium data calculated from these can help to further understand the process. 

Isothermal, kinetic and diffusion models offer the possibility to determine different adsorption 

characteristics. 

Among the studied isothermal models, the adsorption process was best characterized by 

the Langmuir isotherm, which assumes a single layer adsorption. Exceptions are MB, which 

follows the Dubinin-Radushkevich and MG, which follows the Freundlich model. However, it can 

be said that, based on the results of the Temkin constant and the E-energy, in all cases the primary 

bonds formed are physical in nature. The second order kinetic model is characteristic for all the 

adsorption processes. The results of the diffusion models proved that neither the intra-particle 

model nor the liquid film influences the rate of the adsorption process; only the adsorption is 

decisive. Thermodynamic measurements further confirmed the physical nature of adsorption, the 

spontaneity of the process, because as the temperature increases, the amount of adsorption 

decreased. 

 

V. In the present work, ACC—ASLAVITAL commercial cosmetic clay—was morphologically 

and elementally analyzed; moreover, it was successfully used to remove Cd2+ from water. 

It was observed that the initial concentration of contaminants decreased with time, as all 

investigated concentrations exhibited a rapid decrease rate in the first part of the experiment. Then 

the adsorption rates tended to be flat. Quantity in equilibrium increased from 1–8 mg/g with the 

increase in initial Cd2+ concentration. Our hypothesis proved that ACC is an excellent adsorbent 

as 99% Cd2+ removal efficiency was reached within 190 min. 

Adsorption equilibrium results were further analyzed with linear (Langmuir, Freundlich, 

Temkin, Dubinin–Radushkevich) and non-linear (Langmuir, Freundlich, Temkin, Toth, Khan, 

Liu) isotherm models with OriginPro 8.5 software. The best fit in linear form was obtained for the 

Langmuir. II model, where R2 = 0.954, while the RL values ranged between 0.037–0.027. The B-

Temkin constant was smaller than 20 kJ/mol and the E-Energy was smaller than 8 kJ/mol. Results 

indicated that physical bonds form during the favorable adsorption. For the non-linear fits, the Liu 

model proved to be the best R2 = 0.965, χ2 = 1.101. Moreover, the investigations regarding the 

evaluation of linear regression coefficient values showed that the adsorption system had a higher 

linear regression coefficient (R2 = 0.988–0.999) value in the case of the pseudo-II-order model. 
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The values of qe(cal) also showed a better fit with the model since they were almost identical with 

the pseudo-II-order qe(exp) values, (the differences ranged 0.03–0.34). 

With the use of wide range of morpho-structural approaches, we studied the structure, 

texture, morphology and composition of the adsorbent. The morpho-structural investigations 

revealed that the clay mainly consists of kaolinite and illite in most considerable amounts. The 

elemental composition of the ACC contained Ca (20.65 ± 0.08%), Si (12.7 ± 1.9%), Al (8.3 ± 

0.3%), Ti (0.34 ± 0.01%) and Fe (4.83 ± 0.02%). Using SEM investigations, it was observed that 

after adsorption, the surface is smoother, and some aggregates appeared on the clay surface. 

The presence of clay-bound Cd2+ adsorbate was confirmed by analyzing the elemental 

contents (EDS) on the surface alongside spectral analysis (FTIR, Raman) and XRD. After 

adsorption, Wt(%) = 0.2 ± 0.01 Cd2+ was detected in the sample. 

  



98 

 

6. NOVEL SCIENTIFIC RESULTS 

1. We have improved the adsorption process, an alternative bioremediation method. Novel, 

recycled, environmentally friendly industrial and household wastes were used as adsorbents for 

the treatment of wastewater from indicator-, textile dyes and Cd micropollutants. 

2. During dye (Indicators: Congo Red (CR), Bromphenol Blue (BPB), Methylene Blue (MB) and 

Malachite Green (MG); Textile dyes: Remazol Brilliant Violet 5R (RBV-5R), Remazol Brilliant 

Red F3B (RR) and Remazol Brilliant Blue R (RB)) adsorption with powdered-, calcined eggshell 

and brewery’s yeast, we observed that with the increase of initial dye concentration the adsorption 

capacity also increased. 

3. The composition of the powder eggshell CaCO3 and the calcined eggshell CaO provided a basic 

feature to the dye solutions, thus the adsorption of CR, MG powder with eggshell, RBV-5R, RR 

and RB textile dyes with calcined eggshell was not affected by the solution chemistry, and for all 

dye removals 90% efficiency was achieved.  

In the case of MB and BPB dyes, the removal mode typical of anionic and cationic dyes was 

clearly distinguished, i.e. anionic dyes bind more efficiently in acidic media, whereas cationic dyes 

bind more efficiently in basic media. 

The anionic RR textile dye on the surface of the brewer's yeast achieved maximum efficiency 

(E=88.5%) in acidic medium (pH=3), while the lowest efficiency was obtained at pH 11, E=46.5%. 

4. The increase of adsorbent (powdered and calcined eggshell, brewer's yeast) dosage negatively 

affected the RBV-5R, RB and RR dye adsorption capacity. For example, qe decreased from 0.59 

mg/g to 0.13 mg/g as the yeast mass increased in case of RR removal. 

5. Studying powdered, calcined eggshells and eggshells embedded in alginate beads we concluded 

that calcined eggshell is the most effective, both in removal efficiency, highest quantity in 

equilibrium and time effectiveness. 

6. In our study, the optimal parameters for the most efficient dye removal were (160 μm, 700 rpm):  

• CR + powdered eggshell: Ci=10 mg/L, 3 g, pH=8.05±0.2, T=20±2 °C, where E=99.04% 

• BPB + powdered eggshell: Ci=30 mg/L, 1.5 g, pH=2±0.2, T=20±2 °C, where E=57.65% 

• MB + powdered eggshell: Ci=30 mg/L, 1.5 g, pH=10±0.2, T=20±2 °C, where E=75.10% 

• MG + powdered eggshell: Ci=40 mg/L, 1.5 g, pH=2.76±0.2, T=20±2 °C, where E=96.59% 

• RBV-5R + powdered eggshell: Ci=20 mg/L, 1.5 g, pH=6.0±0.2, T=20±2 °C, where E=95% 

• RBV-5R + calcined eggshell: Ci=20 mg/L, 1.5 g, pH=5±0.2, T=20±2 °C, where E=97% 

• RR + calcined eggshell: Ci=60 mg/L, 1.5 g, pH=7±0.2, T=20±2 °C, where E=98.44% 
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• RB + calcined eggshell: Ci=80 mg/L, 1.5 g, pH=7±0.2, T=20±2 °C, where E=99% 

• RR + yeast: Ci=20 mg/L, 1.5 g, pH=3±0.2, T=20±2 °C, where E=88.5%. 

7. Results of various microscopic studies, EDS and Raman spectra  only the cuticle and membrane 

layer of chicken eggshell adsorbed the RBV-5R dye.  

8. In case yeast  morphology study, we saw the spindle and pointed egg-shaped forms, that after 

the adsorption process disappeared, we observed a cellular morphology difference. EDS results 

proved that after adsorption with RR dye, the amount of C and S increased in the samples. 

9. Our hypothesis proved that ACC, that is mainly consists of kaolinite and illite, is an excellent 

adsorbent as 99% Cd2+ removal efficiency was reached within 190 min. 

10. The presence of clay bound Cd2+ adsorbate was confirmed by analyzing the elemental contents 

(EDS) on the surface alongside spectral analysis (FTIR, Raman) and XRD. After adsorption, 

Wt(%) = 0.2 ± 0.01 Cd2+ was detected in the sample. 
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7. SUMMARY 

To quote Albert Szent-Györgyi, without water there is no existence, as it is the essential source of 

everyday life. We all know that clean water, of a quality that meets standards, is a source of 

resources, and water is the end point of a wide range of pollutants that enter nature. Many industrial 

sectors (printing, textiles, mining, food processing) produce waste and wastewater. 

The main focus of my thesis was the design and development of an alternative bioremediation 

method that could create opportunities for the recycling of industrial and domestic wastes in the 

field of water treatment. The aim was to purify artificially produced dye and Cd solutions using 

an adsorption process known from practical water treatment. Following optimized tests, the most 

favorable experimental parameters were determined and up to 99% efficiency was achieved in the 

dye removal process. In contrast, bromophenol blue was difficult to remove even under optimal 

conditions (Emax=57.65%). For Cd removal, we also achieved 99% efficiency within 190 min. In 

conclusion, we have succeeded in fulfilling our four main objectives, we have selected a 

remediation method that can solve the identified problem; we have optimized the chosen method, 

adsorption; we have characterized the adsorbents and the contaminants using the available 

techniques; we have studied the mechanism using mathematical models and analytical studies. 

Our future plans include the publication of the results of our research already carried out with 

ostrich eggs and their comparison with the results obtained for chicken eggshell adsorbent. To 

study the similarities and differences between structure, morphology, elemental composition. We 

would also like to extend our experiments with brewer's yeast to indicators and RBV-5R, RB dyes 

(these studies have already been carried out, results evaluation is still to be done), in order to be 

able to formulate a general trend for yeast as an adsorbent.  The adsorption process always raises 

the question of what happens to the resulting adsorbent waste. We would also like to study the 

disposal and reusability of this waste in the near future. We wish to optimize and develop a 

desorption process to recycle the adsorbent. Our more distant plans include the creation of a filter 

that can be refilled with household waste, which could even be used in our everyday life.  



101 

 

8. ÖSSZEFOGLALÁS 

Szent-Györgyi Albert szavával élve, víz nélkül nincs élet, hiszen a mindennapi élet 

elengedhetetlen forrása. Mindannyian tudjuk, hogy a tiszta és a szabványoknak megfelelő 

minőségű víz egy erőforrás, amely a természetbe kijutott szennyeződések széles skálájának 

végállomása. Az ipar számos területe (nyomda- és textilipar, bányászat, élelmiszeripar) egyaránt 

termel hulladékokat és szennyvizet. 

Kutatásom középpontjában alternatív bioremediációs módszer kidolgozása és fejlesztése állt, 

amely lehetőséget teremthet ipari és háztartásbeli hulladékok újrahasznosítására a víztisztítás 

területén. Mesterségesen előállított festék- és Cd oldat tisztítását tűztük ki célul használva a 

gyakorlati víztisztításból ismert adszorpciós eljárást. Az optimalizált vizsgálatokat követően 

meghatároztuk a legelőnyösebb kísérleti paramétereket és akár 99%-os hatékonyságot is elértünk 

a festékeltávolítás folyamán. Ezzel szemben a bromphenol kék még optimális körülmények között 

is nehezen volt eltávolítható (Emax=57.65%). A Cd eltávolításakor szintén 99%-os hatékonyságot 

értünk el 190 perc alatt. Összességében elmondható, hogy sikerült teljesítenünk a négy fő célunkat, 

kiválasztottunk egy remediációs módszert, amely a felismert problémát megoldhatja; a választott 

módszert, az adszorpciót optimalizáltuk; a rendelkezésünkre álló technikák segítségével 

jellemeztük az adszorbenseket és a szennyezőanyagokat; matematikai modellek és analitikai 

vizsgálatok segítségével tanulmányoztuk a mechanizmust. 

Jövőbeli terveink között szerepel a strucctojással már elvégzett kutatási eredményeink publikálása 

és azok összehasonlítása a tyúktojás adszorbensre kapott eredményekkel. Tanulmányozni a 

szerkezet, morfológia, elemi összetétel közötti hasonlóságokat és különbségeket. A sörélesztővel 

végzett kísérleteinket is szeretnénk kiterjeszteni az indikátorokra és a RBV-5R, RB színezékekre 

(ezen kutatások is el vannak már végezve, az eredmények kiértékelése van hátra), annak 

érdekében, hogy egy általános tendenciát meg tudjunk fogalmazni az élesztőre, mint adszorbensre 

vonatkozóan is.  Az adszorpciós eljárás következtében mindig felmerül a kérdés, hogy mi történik 

a keletkezett adszorbens hulladékkal. Ezen hulladék ártalmatlanítását és újra felhasználhatóságát 

is szeretnénk tanulmányozni a közeljövőben. Optimalizálnánk és kifejlesztenénk a deszorpciós 

eljárást, amellyel az adszorbens újrahasznosítható lenne. Távolabbi terveink között szerepel egy 

olyan háztartási hulladékkal utántöltős szűrő megalkotása, amelyet akár a mindennapjainkban 

alkalmazni tudnánk.  
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A2. Supplementary figures 

 

Figure S1. Dye classification based on ionic nature. 

 

 

Figure S2. Main sources of Heavy Metal pollution (Edited and adapted based on (Rizvi et al., 

2020)). 
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Figure S3. Topology and performance of ANN. 
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A3. Supplementary tables 

Table S1. Results of various research regarding the effect of initial dye concentration. 

Dyestuff Adsorbent 
Concentration 

(mg/L) 

Reaction 

Time (min) 
Efficiency Range (%) 

Quantity in Equilibrium 

Range (qe mg/g) 
Reference 

Methylene Blue Algerian palygorskite 3–30 5 up to 97% 2.5–10 (Dali Youcef et al., 2019) 

Methylene Blue clinoptilolite 50–100 60 
increased but no significant 

difference > 95% 
- (Mahmoudi et al., 2019) 

Brilliant Green 
activated carbon derived from medlar 

nucleus 
110–200  60 - 100–180 (Abbas, 2020) 

Methylene Blue green olive stone 50–1000 24 h 
fluctuating values, highest 

65.9 at 50 ppm 
- 

(Al-Ghouti and Al-Absi, 

2020) 

Methylene Blue black olive stone 50–1000 24 h 
fluctuating values, highest 

93.5 at 400 ppm 
- 

(Al-Ghouti and Al-Absi, 

2020) 

Acid Brown Haloxylon recurvum plant 10–60 180 - 2.846–10.011 (Warda Hassan et al., 2020) 

Congo Red cocoa bean shells 40–120 4–36 h negative linear effect 
(Rodríguez-Arellano et al., 

2021) 

Methylene Blue 
fava bean peels, utilizing ultrasonic-

assisted (US) shaking 
3.6–100  70 70–90 - (Bayomie et al., 2020) 

Methylene Blue 
fava bean peels, conventional (CV) 

shaking 
3.6–100  70 80–95 - (Bayomie et al., 2020) 

Reactive Blue 19 corn silk 10–500  60 - 2.0–71.6  (Değermenci et al., 2019) 

Reactive Red 218 corn silk 10–500  60 - 2.0–63.3 (Değermenci et al., 2019) 

Reactive Black 5 pent tea leaves 50–100  5–200 98.7–43.5 24.8 –6.7 (Wong et al., 2019) 

Methyl Orange pent tea leaves 50–100  5–200 88.7–32.7 22.2 –1.6  (Wong et al., 2019) 

Methylene Blue Citrus limetta peel 5–25 10–60 ~100–97 0.06–1.62 (Singh et al., 2017) 

Malachite Green Citrus limetta peel 5–25 10–60 ~97–95 0.17–4.70 (Singh et al., 2017) 

Congo Red Citrus limetta peel 5–25 10–60 ~90–75 0.17–3.77 (Singh et al., 2017) 

Crystal Violet mango stone biocomposite 20–50 60 - ~25–352.79 (Shoukat et al., 2017) 

Congo Red chitosan 50–2000 30 - increased to 0.2  (Ma et al., 2019) 

Methylene Blue chitosan 25–100 30 ~100–50  increased to 1457.1  (Ma et al., 2019) 

Rhodamine B chitosan 25–100 30 ~55–35  increased to 990 (Ma et al., 2019) 

Reactive Red 120 Moringa oleifera seed 10–100 30 - 18.54–173.99 (Çelekli et al., 2019) 

Crystal Violet olive leaves powder 10–100 5–70 - ~5–45 (Elsherif et al., 2021)  
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Table S2. Results of various research regarding the effect of initial solution pH, where E is the efficiency of the adsorption process and Emax is 

the highest efficiency calculated in the specific article at a given condition. 

Dyestuff Adsorbent 
Dyes Ionic 

Nature 
pH 

Observations: with the 

Increase (↑) of pH 
Reference 

Direct Red 5B  

spent mushroom waste 

anionic 2 to 10 E% ↓; Emax_pH = 2 = 95%  (Alhujaily et al., 2020) 

Direct Black 22 anionic 2 to 10 E% ↓; Emax_pH = 2 = 98% (Alhujaily et al., 2020) 

Direct Black 71 anionic 2 to 10 E% ↓; Emax_pH = 2 = 95% (Alhujaily et al., 2020) 

Reactive Black 5 anionic 2 to 10 E% ↓; Emax_pH = 2 = 96%  (Alhujaily et al., 2020) 

Congo Red 
powdered activated carbon: rubber seed 

anionic 
4 to 11 E% ↓ (Nizam et al., 2021) 

powdered activated carbon: rubber seed shells 4 to 11 E% ↓ (Nizam et al., 2021) 

Methylene Blue 
powdered activated carbon: rubber seed  

cationic 
4 to 11 E% ↑ (Nizam et al., 2021) 

powdered activated carbon: rubber seed shells 4 to 11 E% ↑ (Nizam et al., 2021) 

Eriochrome Black T 
powdered vegetables wastes 

anionic 
2 to 10 E% ↓; 50.65 to 4.01% (Aziz et al., 2018) 

calcined vegetables wastes 2 to 10 E% ↓; 68.87 to 31.23% (Aziz et al., 2018) 

Methyl Orange 
natural olive stone 

anionic 
2 to 12 q (mg/g) ↓; 26.4 to 3.3 mg/g (Al-Ghouti and Al-Absi, 2020) 

olive stone activated carbons 2 to 12 q (mg/g) ↓; 120 to 15 mg/g (Al-Ghouti and Al-Absi, 2020) 

Methylene Blue 
natural olive stone 

cationic 
2 to 12 q (mg/g) ↑; 18 to 120 mg/g (Al-Ghouti and Al-Absi, 2020) 

olive stone activated carbons 2 to 12 q (mg/g) ↑ (Al-Ghouti and Al-Absi, 2020) 

Reactive Orange 16 carbon from Phyllanthus reticulatus anionic 2 to 11 q (mg/g) ↓ (Kavitha et al., 2021) 

Cationic Red X-5GN 

ceramic 

cationic 2 to 10 E% ↑ (Zhou et al., 2019) 

Cationic Blue X-

GRRL 
cationic 2 to 10 E% ↑  (Zhou et al., 2019) 

Methylene Blue activated carbon/cellulose biocomposite films cationic 3 to 11 q (mg/g) ↑; 50.54  to 60.48 mg/g (Somsesta et al., 2020) 

Eriochrome Black T 
almond shell 

anionic 2 to 11 q (mg/g) ↓ (Arfi et al., 2017) 

Malachite Green cationic 2 to 11 q (mg/g) ↑ (Arfi et al., 2017) 

Basic Yellow 37 

bast fibers: ramie cationic 2 to 12 E% ↑; Emax_pH = 12 = 91% (Kyzas et al., 2018) 

bast fibers: flax cationic 2 to 12 E% ↑; Emax_pH = 12 = 88% (Kyzas et al., 2018) 

bast fibers: kenaf cationic 2 to 12 E% ↑; Emax_pH = 12 = 78% (Kyzas et al., 2018) 

Remazol Brilliant 

Violet 
Trichoderma viride anionic 4 to 9 E% ↓; 79.05 to 50.25% (Safitri et al., 2020) 

Congo Red 

eggshell powder 

anionic 2 to 10 E% ↓; 98.71 to 93.17% (Rápó et al., 2018) 

Bromphenol Blue anionic 2 to 10 E% ↓; 67.61 to 1.2% (Rápó et al., 2018) 

Methylene Blue cationic 2 to 10 E% ↑; 14.8 to 75.1% (Rápó et al., 2018) 

Malachite Green cationic 2 to 10 E% ↑; 89.95 to 97.92% (Rápó et al., 2018) 
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Table 3. Results of various research regarding the effect of initial adsorbent dosage. 

Adsorbent Dyestuff Adsorbent Dosage 
Efficiency 

Range (%) 

Quantity in Equilibrium Range 

(qe mg/g) 
Reference 

walnut shell Methylene Blue 0.5–2 g/L - 178.93–47.51 (Miyah et al., 2018) 

magnetic alginate/rice husk bio-

composite 
Methylene Blue 0.1–1 g 15–89 338–145 (Alver et al., 2020) 

Tunisian smectite clay Cristal Violet 0.05–0.3 g/L 10–100 - (Hamza et al., 2018) 

modified activated carbon 

(PABA@AC) 
Malachite Green 10–50 mg 31.3–86.6 11.67–6.5 (Naushad et al., 2019) 

commercial natural activated 

plant-based carbon (CNAC) 
Methylene Blue 0.5–1.5 g 46–78 - (Neag et al., 2019) 

commercial natural activated 

plant-based carbon (CNAC) 
Eosin Yellow 0.5–1.5 g 51–70 - (Neag et al., 2019) 

commercial natural activated 

plant-based carbon (CNAC) 
Rhodamine B  0.5–1.5 g 52–60 - (Neag et al., 2019) 

calcined eggshell Remazol Brilliant Violet-5R 0.5–2 g 89.83–96.3 3.59–0.96 (Rápó et al., 2019) 

calcined eggshell Remazol Red F3B 0.5–2 g 92–93.67 3.68–0.94 (Rápó et al., 2020b) 

calcined eggshell Remazol Blue RR 0.5–2 g 92–93.33 3.68–0.94 (Rápó et al., 2020b) 

eggshell Remazol Brilliant Violet-5R 0.5–2.5 g 74.67–93.85 2.96–0.75 (Rápó et al., 2020a) 

activated carbon from lotus 

leaves 
Methylene Blue 0.5–10 g/L 82.84–98.032 16.57–0.98 (Salahshour et al., 2021) 

municipial solid waste compost 

ash 
Reactive Red 198 0.5–2 g/L 79.25–92.92 - (Dehghani et al., 2021, p. 198) 

natural clayey composite Basic Navy Blue 2RN 0.2–1.2 g/50 mL 78–97 - (Márquez et al., 2021) 

natural clayey composite Drimaren Yellow CL-2R 0.2–1.2 g/50 mL 87–97 - (Márquez et al., 2021) 

geopolymer Methylene Blue (10−5 M) 0.05–0.1 g 79.8–85.6 - (Maleki et al., 2020) 

mucilage of Salvia seeds Cationic Blue 41 0.5–4 g/L 34.2–53.9 34.2–6.74 (Hamzezadeh et al., 2020) 

raw petroleum coke Congo Red 4–24 g/L ~10–60 - (Raj et al., 2019) 

activated petroleum coke Congo Red 4–24 g/L ~15–70 - (Raj et al., 2019) 
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Table 4. Results of various research regarding the effect of adsorbent particle size. 

Dyestuff Adsorbent Particle Size (μm) 
Efficiency Range 

(%) 

Quantity in 

Equilibrium 

Range (qe mg/g) 

Reference 

Congo Red cabbage waste powder 150–300 to 360–4750 75.95–8.03 - (Wekoye et al., 2020) 

Reactive Black 5 macadamia seed husks 150–300 to 2360–4750  98.9–33.2 - (Felista et al., 2020) 

Maxilon Blue GRL coconut shell activated carbon 50, 75, and 106 - ~27.5–22.5–17.5 (Aljeboree et al., 2017) 

Direct Yellow DY 12 coconut shell activated carbon 50, 75, and 107 - ~5.5–4.5–3.5 (Aljeboree et al., 2017) 

Methylene Blue  Cucumis sativus peel waste 80–150, 150–200, and > 200 BSS mesh 80.25–84.15–85.23 - (Shakoor and Nasar, 2017) 

Crystal Violet coffee husks 0.15–0.3  to 2.36–4.75 mm 96.082–89.854 - (Cheruiyot et al., 2019) 

Methylene Blue clay3 177–250 to 400–840 99–86.4 - (Mahdavinia et al., 2014) 

 

Table 5. Results of various research regarding the effect of temperature. 

Dyestuff Adsorbent Temperature (K) 
Efficiency 

Range (%) 

Type of the 

Process 

Quantity in 

Equilibrium 

Range (qe mg/g) 

Reference 

Basic Orange 2 alkaline-modified nanoclay 288–308  80–100 endothermic - (Geroeeyan et al., 2021) 

Congo Red cross-linked TTU-chitosan 298, 308 and 328 - endothermic increased (El-Harby et al., 2017) 

Congo Red modified Zeolite A 297–309  - exothermic  decreased (Khalaf et al., 2021) 

Direct Sky Blue 

ZnO Beyond 313 K, the adsorption capacity was decreased, 

which is an indication of being endothermic up to 313 

K, and exothermic beyond this temperature 

highest: 40.94 (Noreen et al., 2020) 

MgO highest: 46.25 (Noreen et al., 2020) 

FeO highest: 42.86 (Noreen et al., 2020) 

Methyl Orange cationic polymer (Amberlite IRA 402)  
293, 303, 328 and 

348 
- endothermic increased (Santander et al., 2020) 

Remazol Red chitosan Schiff base 293, 303, and 313 - endothermic increased (Ibrahim et al., 2020) 

Reactive Red 120 activated carbon 

The adsorption of RR-120 on activated carbon is of the physisorption 

type, as confirmed by the adsorbed energy values, and it is exothermic as 

verified by the internal energy 

(Oueslati et al., 2020) 

Methylene Blue hydroxyapatite/gold nanocomposite 
290–305  - endothermic increased (Sharma et al., 2021) 

305–330  - exothermic  decreased (Sharma et al., 2021) 

Methylene Blue 
Citrullus colocynthis seed 293–333  93.58–98.00 endothermic - (Alghamdi and El Mannoubi, 2021) 

Citrullus colocynthis peel 294–333  91.43–82.52 exothermic  -- (Alghamdi and El Mannoubi, 2021) 

Methylene Blue 
magnetic carboxyl functional nanoporous 

polymer 
298, 308 and 318  - endothermic 52.16–52.58–53.75 (Su et al., 2018) 
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