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ABSTRACT 
 

The present work aims to study the sorption capacities, mechanisms and potential of 

economical, low cost and abundantly available biomaterials i.e. a desert plant, Khar 

(Haloxylon recurvum) stems (HRS) and an agricultural material cotton plant (Gossypium 

hirsutum) stems (CS) biomass in removing different hazardous dyes from their aqueous 

solutions. These two biosorbents were treated with different agents e.g. urea, nitric acid and 

phosphoric acid to enhance their sorption capacities to check the role of different functional 

groups present on the surface of biosorbents in the removal of dyes. 

The biosorbent materials were characterized by different physico–chemical techniques 

such as FTIR, scanning electron microscopy (SEM), thermal analysis elemental analysis, 

BET, surface area by methylene blue method, and potentiometric as well as conductometric 

titrations. The pH and pH at the point of zero charge (pHpzc) of the adsorbents were also 

determined. Some other textural properties of biomass such as moisture, ash and volatile 

contents and bulk density, porosity, particle size distribution and pH of untreated as well as 

treated biosorbents were also determined by using different techniques. 

FTIR studies revealed that the oxygen containing groups i.e. carboxylic, carbonyls, esters, 

nitro, phosphate groups were mainly responsible for the binding of dyes on the surface of 

biomass. SEM studies indicated the porous and rough structure of the biomass and the size 

of these pores as well as roughness of the surface of biomass also increased with 

modifications. Thermal studies indicated the thermal stability of biosorbents at high 

temperature which was the proof that these biosorbents can also be used at higher 

temperature ranges. BET and other surface area studies indicated that these properties 

enhanced on treatment of the biomass. The potentiometric studies indicated the presence 

https://en.wikipedia.org/wiki/Gossypium_hirsutum
https://en.wikipedia.org/wiki/Gossypium_hirsutum
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of acidic groups on the surfaces of biomass that are responsible for the attachment of dyes 

on the surface of biosorbents. 

The influence of different parameters were also studied to determine the kinetic and 

equilibrium sorption capacity biomass by using batch process. These parameters include 

time of contact, effect of biosorbent dose, concentration, pH of dye solution as well as the 

temperature of the system and the particle sizes of the adsorbents. 

The sorption data obtained from the time of contact was used for the kinetic studies of 

sorption systems. Four different kinetic models i.e. Lagergren’s pseudo 1st order, Ho’s 

pseudo 2nd order, elovich, intraparticle diffusion and liquid film diffusion model were used 

to study the adsorption reaction and diffusion mechanism of dyes on different biosorbents. 

The pH effect studies of the sorption of dyes showed that all of the acidic dyes show 

maximum sorption capacities in acidic ranges and vice versa for basic dyes. The sorption 

data for the effect of concentration of dye solution was used for the isotherm modelling of 

the data. Four different sorption isotherms i.e. Langmuir, Freundlich, Temkin and Dubinin–

Radushkevich isotherms were used for the determination sorption capacities of different 

biosorbents. Regression coefficient and chi square tests were used for the applicability of 

specific kinetic and isotherm model. It was observed that temperature had a great effect on 

the removal of dyes, in some of the dye sorption systems the removal of dye was exothermic 

whereas in other it was an endothermic process. 

The qe(cal) (mg/g) obtained from Lagregren’s pseudo 1st order and Ho’s pseudo 2nd order 

kinetic models and qmax (mol/g)  obtained from Langmuir sorption isotherm were also 

compared with other, reported in literature. 

The results of the studies indicated that the locally and abundantly available plant waste 

materials have great potentials for the removal of hazardous dyes from their aqueous 
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solutions. These developed biomaterials provided an alternatives solutions to make the 

water clean for life and to minimize the damages caused by these hazardous chemicals as 

industrial effluents. 
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1. INTRODUCTION 
 

1.1 WATER POLLUTION 

 

A number of different areas of the world, are experiencing physical and economic water 

scarcity. This scarcity of water is the major problem of developing countries. Not only 

Increasing population is adding stress to worldwide water but industrialization also leading 

to its  greater demand that  result in more permanent water shortages. 

In this age, to provide the clean water to the increasing population is one of the major 

challenge that mankind facing today. This water is getting polluted from a large number of 

known and unknown sources (Alexandra-Raluca Miron et al., 2010). 

In developing countries, the industrial wastewater is the major source in causing the 

environmental pollution. In these countries, there is not a proper management for the 

treatment of these wastewaters, therefore untreated or partially treated industrial wastes are 

being released into the characteristics biological and natural ecosystem, which pose a 

serious problem to the natural ecosystem thus causing contamination in water bodies which 

leads to water pollution. Thus these industrial discharge are becoming a significant water 

pollutants (Yaxin Li et al., 2016).  

These major water pollutants in industrial effluents include, a large variety of organic and 

inorganic chemicals e.g. heavy metals and other industrial compounds. These pollutants 

have many severe effects on human lives e.g. these pollutants contaminate the aquatic 

resources, effect the food supply, biodiversity and ecosystem functioning and also effect 

the human health (F, 2016). 
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1.2 DYES – THE MAJOR WATER POLLUTANT 

 

Among the industrial pollutants, the dyes are the compounds which are complex organic 

molecules. These organic nature compounds have the ability to attach the surfaces of the 

other substances and give colour to these substances. 

People using these organic nature dyes for thousands of years. Till the late nineteenth 

century, all of the dyes that being used, were more or less natural in their origin. The main 

sources of these dyes were plants, insects and mollusks. The main problem with these 

natural dyes was their preparation on small scale. The first synthetic dyes was manufactured 

on large scale Just after 1856 (V.K.Gupta and Suhas, 2009). Then the use of these synthetic 

dyes increased day by day and their use became more advantageous over natural dyes 

because these synthetic dyes are easy to use, have economical synthetic cost, highly stable 

to light and temperature and last but not least there are a variety of colours available in 

these synthetic dyes as compared to natural dyes.  

The preparation of synthetic dyes is at larger scale than that of natural dyes and are being 

commonly used in industries. Due to their production at large scale and  their vast 

applications in industries, these dyes can cause extensive ecological contamination, thus 

causing environmental pollution and are the hazardous health risk factors (Report). 

A large number of industries use dyes to colour their products e.g. textile, paper, printing, 

cosmetics, pharmaceutical, food processing, plastics and rubber industries (Chih-Huang 

Wenga et al., 2009). These industries use a large volume of water and also produces waste 

water in their different dyeing and finishing steps. Although this wastewater contains small 

amount of dyes but due to their brilliance nature they are highly visible (B.H. Hameed et 

al., 2009), (Meriem Zamouche and Hamdaoui, 2012). It was estimated that over 7×105 tons 

of dyes are being produced worldwide yearly. Approximately more than 10,000 chemically 
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different dyes are being manufactured and about 1–15% of these get lost in water during 

their use (Alexandra-Raluca Miron et al., 2010; (Zhiqiang Zhang et al., 2009). 

1.3 CLASSIFICATION OF DYES 

 

The synthetic dyes exhibit considerable structural diversity, application to the fiber type, 

and solubility in water, therefore these and are classified in several ways. Depending on 

these properties these are classified in different types on different basis (V.K.Gupta and 

Suhas, 2009). 

In textile and tannery industries, the main classes of dyes used are acid, basic, disperse, 

mordant, reactive, sulfur, azo and vat dyes. Acid dyes also known as anionic dyes bear 

chromophore substituting acidic functional group e.g. nitro, carboxyl and sulfonic acid etc. 

The addition of sulfonic acid functional group to the chromophore of acidic dyes make 

them water soluble. Basic dyes also known as cationic dyes bear chromophore substituting 

basic functional group e.g. amino group. Direct dyes are salts of sulfonic acid and are highly 

water soluble dyes. Reactive dyes are very similar in nature to the direct dyes and also have great 

solubility in water. Disperse dyes are insoluble in water and nonionic in nature (Oliver J. Hao et al., 

2000). 

As the dyes are synthetic organic in nature having complex aromatic structure and high 

molecular weight. The oxidizable and complex aromatic structure of these dyes lead to 

more stability of these dyes molecule, therefore these properties of dyes make them more 

resistant towards degradation. Not only the dyes but also other chemical reagents, 

impurities and other hazardous materials present in wastewater have presented significant 

problems for treatment of this wastewater (Oliver J. Hao et al., 2000).  The complex 

structure of dyes also make them stable towards light, heat, and oxidation agent (Mehmet 

Do˘gan et al., 2009) and even non-biodegradable (Akshaya Kumar Verma et al., 2012), 
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(Masoud Kousha et al., 2014). The dye polluted wastewater have different characteristics 

e.g. high biological and chemical oxygen demand intense colour and toxic amines. This 

high BOD and COD of water inhibits the photosynthesis of aquatic plants and algae that 

alternatively effects the aquatic fauna that leads to serious environmental contamination 

(Muhammad Raziq Rahimi Kooh et al., 2016). 

1.4 EFFECT OF DYED WATER 

 

These coloured effluents mixed with, surface as well as ground water becomes hazardous 

to human as well as aquatic lives. A number of studies have been conducted and reported 

to assess the harmful impacts of dyes on human lives and ecosystem. This release of dyed 

wastewater into the ecological system not only causes aesthetic problems but also is the 

major source of eutrophication and perturbation in aquatic life. Depending on the 

concentration and exposure time of contact of dyes present in water, these dyes may cause 

chronic effects on organisms. The reduction in light penetration for photosynthesis due to 

dyed water inhibit the growth of biota and biological activities of bacteria. If these dyes are 

broken down anaerobically in the sediments, it leads to the generation of poisonous and 

toxic amines which may impact the aquatic lives associated to flora and fauna. The 

production of these aromatic amines as a result of anaerobic breakdown of dyes may cause 

severe methemoglobinemia which results in characteristics symptoms such as, cyanosis of 

lips and nose, weakness and dizziness. 

The dyes also have tendency to form chelate with metal ions which are micro-toxic to fish 

and other aquatic organisms. Moreover these effluents of dyes produce high concentrations 

of inorganic salts, acids and bases in biotic life (Akshaya Kumar Verma et al., 2012). 

Actually these effluents contains a large number of chemicals e.g. dyes itself, that are have 

allergic dermatitis, skin irritation, carcinogenic and mutagenic effects also. The problem 
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arises due to the reason that the dyes are synthesized from chemicals that are carcinogens 

e.g. benzidine and other aromatic compounds. Thus due to complicated structure, the dyes 

are thus difficult to degrade. The dyed waste water also cause many other human health 

disorders such as nausea, hemorrhage, and ulceration of skin and mucous membranes also 

severe damage to the kidney, reproductive system, liver, brain, and central nervous system 

and also cause other chromosomal fractures. Dyes may undergo many other chemical and 

biological changes, thus consume oxygen from water which effect aquatic life. 

1.5 CHARACTERISTICS OF DYED WASTEWATER 

 

The dye containing water is characterized by either low or high (wide range) pH, high 

temperature high concentration of coloured bodies, biochemical oxygen demand (BOD), 

chemical oxygen demand (COD), suspended solids (SS), dissolved solids (DS), turbidity, 

other toxic chemicals and strong colour. The main concern is the removal of colour from 

that wastewater. Therefore it is necessary to treat the dye containing water in order to fulfill 

the environmental legislation. 

1.6 TREATMENT OF DYED WATER 

 

By cleaning this polluted and contaminated water we shall not only be able to save this 

planet but also the future of mankind (V.K.Gupta and Suhas, 2009). The removal of these 

dyes from the waste water prior their discharge is very important to save human lives (Chih-

Huang Wenga et al., 2009; (Meriem Zamouche and Hamdaoui, 2012; (Zhiqiang Zhang et 

al., 2009) by convincing the dye manufacturer and client to adopt “cleaner technology”. 

The industries have to expand a large amount to prevent or limit discharges of these dyes 

in water effluents. 
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Before discharge of textile wastes into the water bodies, the efficient removal of these dyes 

is also required to meet with the environmental standards (Akshaya Kumar Verma et al., 

2012). This demand of industrial effluents, free from colour make the elimination of 

wastewater treatment highly difficult and costly (Oliver J. Hao et al., 2000). Therefore 

many efforts have been made to develop a large number of technologies for dye removal 

from industrial wastes.  

1.7 TECHNOLOGIES FOR PURIFICATION OF DYED WASTE 

WATER 

 

Presently there is not a single process which may be capable of adequate treatment of this 

dyed water, mainly due their complex nature. The dyed wastewater is treated by a number 

of methods e.g. physical and chemical biological, photochemical and physicochemical 

methods (Naima Ouazene and Lounis, 2011). These different existing technologies include 

sorption, ozonolysis, chemical coagulation/ flocculation, ozonation, cloud point extraction, 

oxidation processes, nanofiltration, chemical precipitation, ion-exchange, irradiation, 

reverse osmosis, membrane separation and ultra-filtration (Mehmet Do˘gan et al., 2009; 

(Meriem Zamouche and Hamdaoui, 2012). Among these frequently used techniques that 

have been employed are being mentioned here. 

 As contrast to the other physical and chemical treatments, the biological method of 

treatment is most economical and has flexibility in operation and design. The use of 

large land area for the method is its main limitation. Overall the technique doesn’t give 

satisfactorily results in its efficiency. 

 Aerobic degradation is an efficient technology in removal of azo dyes and is economical 

technique but process is very slow and provides suitable environment for the growth of 

microorganisms. 
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 In anaerobic degradation the sludge produced can be used as energy source, but the 

process needs further aerobic treatment for further completion of process. 

 Flocculation is a simple and economically feasible method but, production of large 

amount of sludge in the process which has disposable problem.  

 Coagulation is economically feasible technique and satisfactorily remove disperse, 

sulfur and vat dyes. The main disadvantage of the method is that it is pH dependent 

process and produce large amount of sludge. The dyes that are highly soluble in water 

may not be easily removed through process i.e. azo, reactive, acidic, and basic dyes. 

 In ion exchange process the adsorbent can be easily recovered without loss of dye, i.e. 

recovery of dye is possible but the ion exchange resins that are used are dye specific 

resins and their recovery is cost effective. Therefore the dye regeneration at large scale 

is expensive. 

 The membrane filtration process include the use of appropriate membranes that may 

remove all types of dyes, thus produce reusable water from dye effluents. The main 

limitations of the method is the production of heavy sludge and the use of costly 

membranes make technique expensive and is incapable of treating large volume of 

water. 

 Chemical oxidation is the most advantageous technique for removal of azo dyes by 

accelerating dye bond cleavage. The technique is not feasible for disperse dyes and 

release of aromatic amine is suspected. Production of secondary pollutants is also 

associated with different oxidants. 

 In chlorination, chlorine or sodium hypochlorite is used for decolorizing the dyed 

wastewater. The chlorination process may increase the biodegradability of non–

biodegradable dyes. The process is in effective for disperse dyes. The main limitations 
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of the process is the production of halogenated compounds e.g. chloroanilines, 

chlorophenols and chloronitrophenols etc. 

 UV/O3 is a feasible technique for treatment of all types of dyed wastewaters, and 

especially suitable for the reactive dyes. The process involves, short reaction time and 

no sludge formation. Removal of dye through process is pH dependent, poor removal 

of disperse dye, problematic handling, no COD removal and increased level of turbidity 

in effluents are the main limitations of the technique. 

 In photocatalysis, there is no sludge production, considerable reduction of COD and 

also involves potential utilization of solar light. The only problem with the method is 

separation of fine catalyst from the treated liquids at the end of the process. 

 Electrochemical method of treatment of dyes is the very effective method of 

decolourization of soluble and insoluble dyes. The method is not effected by presence 

of salt species in wastewater. The main problem arises due to the method is the 

production of sludge due to electrocoagulation and secondary pollutants due to indirect 

oxidation. The efficiency of the method depends on the nature of dyes. 

 The main advantage of sonolysis is that the addition of chemical additives is not 

required therefore there is no production of excess sludge. The main problem is that the 

process required a lot of dissolved oxygen and the decolourization of wastewater is not 

economical. 

 In ionizing radiation process there is no sludge production and effective oxidation can 

be achieved. The process required a lot of dissolved oxygen. 

 The advanced oxidation process generate large reactive free radicals and produce 

further toxic by–products. The process is highly cost effective. 

In general, although these methods efficiently remove dyestuff , yet there are some 

limitations of the processes, e.g. high energy demand, high running/operational cost, low 
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removal efficiency, large amount of chemical requirements, lack of effective colour 

reduction, production of hazardous byproducts and toxic sludge, technical limitations and 

labor-intensive operation (Masoud Kousha et al., 2014; (Z. Zhang et al., 2009). Moreover 

these methods cannot be used efficiently to treat the wide range of dyed wastewater. 

1.8 ADSORPTION – AN EMERGING TECHNOLOGY FOR 

WATER TREATMENT 

 

The efficiency of all of the above described methods depends on the effluents 

characteristics such as: pH of effluent, concentration of effluent, nature of effluent and last 

but not least the byproducts of these produced may be more dangerous than the dyes itself 

(Caroline Ribeiro et al., 2015). Right now, the most generally used and effective physical 

method in industry is sorption because of to its potential, high removal capacities, 

simplicity of method and possibility of reuse/recovery of adsorbents through adsorption–

desorption cycling. 

1.9 ADSORPTION 

 

Adsorption is such a process in which molecules of any physical state i.e. gas or liquid, do 

attach on the surface of other molecule with no reaction. In simple words, the term refers 

to the accumulation of substance at the interface between two different phases i.e. liquid–

liquid, gas–liquid, gas–solid, liquid–solid (Sabino De Gisi et al., 2016). The substance that 

accumulate is called adsorbate whereas the substance on the surface of which the other 

substance attach is called adsorbent. Adsorption is an affluence, efficient and economical 

method for the treatment of dyed industrial waste waters (F, 2016). It is considered as 

promising technology and is rapidly attention gaining method of treating aqueous effluents. 

This method includes uptake of contaminants, through various physicochemical 

mechanisms which includes ion exchange, sorption, complexation, chelation, micro 
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precipitation, etc., by living and non–living materials. There are numerous mechanisms 

involved in the accumulation of dye molecules on the binding sites of biomass due to 

complex nature of biomass (Robson C. Oliveira et al., 2014), (Kharub, 2012). 

1.9.1 Classification of Adsorption 
 

Adsorption is classified in two types. 

Physical adsorption 

Chemical adsorption 

1.9.1.1 Physical adsorption 

 

Physical adsorption, also known as physiosorption, is illustrated by weak van der waal’s 

forces between adsorbate and adsorbent. Mostly these forces are reversible in nature. The 

main physical forces that control the sorption process are dipole–dipole interaction, 

hydrogen bonding etc. 

1.9.1.2 Chemical adsorption 

 

Chemical adsorption, also known as chemisorption is such a process of adsorption that is 

characterized by formation of strong chemical bond between molecules of adsorbate and 

adsorbent. This strong chemical bond is generally due to exchange of electrons, due to the 

reason the chemisorption process is irreversible (Mustafa T. Yagub et al., 2014).  

1.9.2 Adsorbents Used 

 

Activated carbon is the best, most effective and commonly used adsorbent for the removal 

of dyes because of its large surface area, micro porous structure, high sorption capacity, 

high level of surface reactivity, chemical nature and textural properties (Mahmut Özacar 

and ¸Sengýl, 2004; (Salazar-Rabago et al., 2017). However activated carbons are non–

selective towards disperse and vat dyes and the operation costs are high for its recovery 
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after dye removal which limits its uses as adsorbent. Therefore, developing and emerging 

alternatives cost-effective sorbents becomes fairly attractive for the treatment of dye-

containing wastewater (Zhiqiang Zhang et al., 2009). 

Many researchers found the sorption process, as most effective process for the removal of 

these toxic chemicals/dyes from wastewater. A number of low cost adsorbents e.g. organic 

resins, clay materials, metal oxides, siliceous materials, agricultural wastes, industrial by-

products, biomass, natural molecules (Ning Li et al., 2012) and biomaterials are reported 

in literature to remove dyes from the industrial effluents. The biomaterials are biologically 

originated materials that include agricultural byproducts, aquatic plants and 

microbiological materials e.g. fungi, algae etc. For the removal of dyes a large number of 

these “useless”, non–conventional and low cost materials have been introduced. These 

materials are known as biosorbents and are promising alternatives of activated carbon (Esra 

Bagda and Bagda, 2012). These biosorbents shows extraordinary properties (Masoud 

Kousha et al., 2014). These adsorbents are economical, cost effective and have competitive 

performance. The other advantages are also possible i.e. low regeneration cost, availability 

of known and simple process equipment, and sludge free operations. These properties of 

adsorbents attracts people to use biomaterials to alternate traditional processes. However, 

most of these present biomaterials need a longer time to reach equilibrium with that of 

sorbent and show lower sorption capacities towards dyes.  

Other than theses, operational parameters, the other morphological and chemical properties 

of the adsorbent are also play an important role in the sorption kinetics and equilibrium of 

the solid–fluid system, assuming that sorption is an interfacial procedure. The adsorbent 

characterization can provide information about the textural properties of the biosorbents, 

which may affect the sorption capacities and chemical constituents on a sorbent surface, 



Introduction 

 

which may influence the affinity and intermolecular interactions of the dye molecule 

(Caroline Ribeiro et al., 2015). 

Researches in the biosorption suggests a number of advantages over the other techniques 

used for the purpose i.e. the material is easily available as waste or by–products. There is 

no need of expensive growth of media such as in biological treatment of dyed water. The 

methods are simple, rapid and economical and are easy to operate as compared to the other 

conventional treatment processes. Last but not least, the process is independent of 

physiological constraints of living cells. The process is not affected by the toxic substances  

(N. Kannan and Murugavel, 2007; (U. Farooq et al., 2010). Most of the bioserbents have 

large number of organic factors for the sorption of toxic dyes (Hemant Singh et al., 2017). 

The polar functions such as alcoholic group, carbony, carboxylic and phenolic groups, are 

possibly involved in  potential bonding with sorbed pollutants (Mehmet Do˘gan et al., 

2009).  

Although untreated agricultural wastes are commonly being used as adsorbent for the 

removal of water pollutants yet there are two problems associated with the use of these 

adsorbents i.e. their low sorption capacity and the release of soluble organic material 

present in these plant materials. Chemically treated plant material exhibit more sorption 

capacities than the untreated plant material. Therefore the chemical modification of the 

adsorbents to increase the sorption capacities is relatively a new approach (B. H. Hameed 

and Tan, 2010). The sorption capacity is not the only parameter for the choice of an 

appropriate adsorbent but many other factors, such as, kinetics of reaction, regeneration of 

that adsorbent, waste management and total cost of its treatment also plays an important 

role in the choice of any adsorbent (L. Rusu et al., 2014). 
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1.9.3 Biosorbents Used for Removal of Dyes 
 

For this purpose Artocarpus odoratissimus Skin has been modified with acids, e.g. HNO3 

and H3PO4 to enhance its ability to adsorb toxic malachite green dye. Along with the 

modification of adsorbents with different agents to improve their sorption capacity, it is 

more effective approach to enhance the removal of ionic species by introducing the 

opposite charge on the surface of adsorbent. In this way, the coulombic attraction plays an 

important role to extent the sorption, and/or removal of pollutants (L. B. L. Lim et al., 

2016). Among few reports on this aspects, removal of malachite green by citric acid 

modified rice straw (Renmin Gonga et al., 2006), removal of basic blue 9 and basic red 5 

with phosphoric acid modified rice straw (Renmin Gong et al., 2007), removal of methyl 

red dye with phosphoric acid modified sugarcane bagasse (S.A. Saad et al., 2010), removal 

of acidic and basic dyes with nitric acid modified oak cups pulp and pine cone (Nariye 

Berraksu et al., 2013) have taken recent attention in the treatment of polluted waste water. 

Actually, the modification of plant material with acids protonate the plant material thus 

provides sites for the acid dye attack. 

Wastewater treatment by sorption process, using low cost adsorbents is very beneficial in 

its treatment and management. As it has been discussed earlier, that various waste products 

have been used for the purpose. These waste products are first converted to low cost 

adsorbents and then used for further process. Therefore, it is believed that the future of low 

cost biosorbents is quite brighter in developing and under developed countries, thus, the 

use and preparation of low cost adsorbents for the removal of dyes from wastewater is of 

great concern (Imran Ali et al., 2012). Furthermore, less work seems to be done on the 

comparison of sorption capacities of different biosorbents for the removal efficiencies of 

dyes, in order to select the best sorbent for the purpose. If low cost and economical 

adsorbents perform better than the other followed techniques, then these can be used at 
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industrial scale for better results. However very less work has been carried out in this 

direction to understand the mechanism of sorption of dyes onto the biosorbents. It is a great 

need of time to understand the mechanism and overcome the problem of sludge production 

during the process. 

1.10  ADSORPTION OF CONGO RED DYE 

 

The azo dyes are reactive dyes and are commonly used dyes at industrial level. Congo red 

dye is member of class azo dyes. It is a benzidine based, anionic secondary diazo dye. It 

gets metabolize to benzidine which is considered as a carcinogenic compound. The dye 

commonly being used in a number of industries such as textile, printing, dyeing, paper, 

rubber, and plastic industries (Yusef Omidi Khaniabadi et al., 2017). It is used for staining 

purposes in microscopic experiments due to its fluorescent activities. Thus it is used as a 

sensitive diagonestic tool (Govindasamy Vijayakumar et al., 2009). The dye has a stable 

structure which is highly resistant to biodegradation. Moreover it is highly soluble in water. 

It causes skin allergy, irritation in eyes, gastrointestine, causes cancer, and mutation in 

human reproductive organs (Jasim M. Salman et al., 2015). The dye also produce metal 

ions in water, thus producing micro toxicity in the aquatic lives (D. A. Nimkar and Chavan, 

2014). Therefore the removal of this hazardous dye is a big challenge and is one of the 

major environmental problem. Along with other techniques used, adsorption is considered 

as a best technique for the removal of congo red dye. A number of adsorbents have been 

used for this purpose. The main adsorbents that have been tried for the removal of this dye 

are activated carbon, clay materials, natural coagulants (Himanshu Patel and Vashi, 2012) 

spent tea leaves (Syed Noeman Taqui et al., 2017), saw dust (Mohammad Shafiqul Alam 

et al., 2015), banana pith (E. Kowsalya et al., 2015), and pine cone (Sara Dawood and Sen, 

2012) etc. 
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1.11 ADSORPTION OF ACID BROWN 354 DYE 

 

Acid brown 354 is anionic (acidic) dye and is the member of azo class compound. Among 

all the acidic dyes used in industries it is one of the dye that are more problematic, as this 

dye pass unaffected through the conventional system  (Tim Robinson et al., 2001). It is a 

sodium salt of organic sulfonic acids, and have good solubility in water. It is brightly 

colored, reactive and composed of ionizable anionic groups such as sulfonates. It has a 

great affinity towards polyamides and protein fibers. Therefore, commonly used for dyeing 

polyamide fibers as well as silk, wool and modified acrylics (B.H. Hameed et al., 2007). 

The dye not only have the ability to attach the surface of the materials, but also give color 

to other substances and is resistant to detergents etc. Its complex aromatic molecular 

structure makes it more resistant to light, heat and oxidizing agents. Once it enters the water 

channel it is difficult to degrade it due to its complex aromatic nature and synthetic origin  

(Renmin Gong et al., 2005; (V.K. Garg et al., 2003). Removal of the dye from the waste 

water is a good means to avoid its toxic effects. Throughout the literature survey has 

revealed that there is not a single adsorbent that has been tried to adsorb this hazardous dye 

from its aqueous solution. 

1.12  ADSORPTION OF METHYLENE BLUE DYE 

 

Methylene blue dye is the member of class of dyes that are basic (cationic) in nature. The 

dye is used as the colouring agent for cotton, silk and other fabric material. The dye is also 

being used in production of ink as well as paper industry. It is one of the dye to which the 

human beings faced a lot of adverse effects because it release teratogens, mutagens and 

carcinogens in the human body (Jonathan O.Babalola et al., 2016). It also causes many 

other health risks in humans e.g. nausea, vomiting, eye injury methamoglobinemea and 

other aesthetic problems. The dye is most problematic in the textile and other industrial 
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effluents because it is fading from exposure to light, water and other chemicals due to its 

very stable structure. It’s very less concentration in water bodies in highly visible, thus 

damaging the quality of receiving streams and is toxic to food chain (Ramalingam 

Subramaniam and Ponnusamy, 2015). Therefore, the removal of such coloured agent from 

aqueous solution is of great importance for betterment of humanity. So far a number of 

techniques have been employed for the treatment of wastewater containing methylene blue 

dye but sorption is considered as the most simplest and impactful and economical method 

among all the other methods used for such purpose. Among the adsorbents used for the 

sorption process, a number of highly porous biomaterials have been employed for this 

process (Fatma Kallel et al., 2016). However the sorption capacities of these biosorbents 

are not very high. Therefore, adsorbents having better sorption capacities and with proper 

known mechanism are high need of era. 

1.13 ADSORPTION OF ACID BLUE 25 DYE 

 

Acid blue 25 dye belongs to anthraquinone class compound and is anionic (acidic) dye that 

is the second most commonly used dyes in industries after azo dyes. It is brightly coloured, 

used for dying wool, polyamides, leather, detergents, cosmetics, ink and other biological 

stains. In spite of its high uses at industrial level the dye is considered among the hazardous 

dyes and its even small concentration cause severe damage to human beings such as it may 

cause dysfunction of kidney, liver, brain and central nervous system, irritation to respiratory 

system and skin etc (Muhammad Raziq Rahimi Kooh et al., 2016). Due to fused aromatic 

group present in the dye molecule, it is resistant to degrade. Therefore a number of 

techniques for its removal does not show sufficient required results (Ehsan Daneshvar et 

al., 2014). A number of adsorbents have been tried to remove the dye from its aqueous 
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solution but most of the adsorbents have not sufficient sorption capacities towards its 

sorption (Hanhan Luo et al., 2018). 

From the review of the recent reported literature, it is clear that, although the certain waste 

products, natural materials and biosorbents have been tested and proposed for dye removal. 

Which low adsorbent is better? There is no direct answer to this question because each low 

cost adsorbent has its specific physical and chemical characteristics such as porosity, 

surface area and physical strength, as well as inherent advantages disadvantages in 

wastewater treatment. In addition the sorption capacities of the sorbents also vary, 

depending on the experimental conditions. Therefore the comparison of sorption capacities 

is difficult to make. However, it is clear from the present literature survey that non–

conventional adsorbents may have potential as readily available, inexpensive and effective 

sorbents. They also possess several other advantages that make them excellent material for 

environmental purposes, such as high capacity, rate of sorption, high selectivity for 

different concentrations and rapid kinetics (G. Crini, 2006). 

1.14 PROBLEM STATEMENT 

 

A large number of non–conventional low cost adsorbents have been presented in the review 

that are inexpensive, locally available and effective materials and could be used in place of 

commercial activated carbons for the removal of hazardous dyes from their aqueous 

solution. In future, these low cost adsorbents will offer a lot of promising benefits for 

commercial purposes. Despite a heavy literature published on low cost adsorbents, there is 

still a little information, containing a full study of comparison between sorbents used for 

the removal of dyes. Although much has been worked out in the area of low cost sorbents, 

even then much work is necessary  to predict the performance of the sorption process for 

dyes removal from the real industrial effluents under a range of operating conditions, better 
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understand the sorption mechanism and to demonstrate the use of inexpensive adsorbents 

at industrial scale (B.Bestani et al., 2008).  Therefore the textile industry is seeking to 

develop, environment friendly, ecofriendly and cost effective waste water treatment 

technologies especially those that are unaffected by conventional treatment methods (A. El 

Nemr et al., 2006).  Furthermore, an alternative inexpensive adsorbent that able to reduce 

the cost of sorption system has always been investigated. By keeping in view the toxic 

effects of dyes, a number of attempts have been made to develop an economical, eco–

friendly, cost effective and efficient system for removal of dyes from wastewaters by 

employing waste materials.  

One of the main problem regarding the low sorption of acidic dyes from their aqueous 

solutions on cellulosic materials. As the cellulosic materials have negatively charged 

characteristics. These materials have less sorption capacities to acidic dyestuff. 

All of the above that have been mentioned, suggest that a number of limitations are there 

in the whole investigations. Therefore a number of questions can be raised regarding %age 

removal of dyes, correlation of sorption capacity with particle size, density, moisture of 

biomass contents, porosity of biomass, effect of organic agent as well as mineral acids 

modified biomass, role of functional groups present on the surface of biomass in the 

removal of dyes, correlation of linear and nonlinear kinetic as well as sorption isotherm 

modelling parameters. On the basis of these question, it was needed to develop such a 

system in which it is easy to solve these problems. 

1.15 CHOICE OF ADSORBENT 

 

In the present work both of these adsorbents were chosen due to their abundant availability 

and worldwide accessibility. The utilization of these plants in their unmodified as well as 

modified forms provides a sound basis for further modification of these adsorbents with 
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other organic and inorganic agents to improve their efficiencies. The ease in the use of these 

biosorbents, as low cost adsorbents, for the determination of the kinetics and equilibrium 

batch sorption parameters predict the maximum possible sorption capacities and add a 

scientific basis to the traditional uses of these desert as well as agricultural plant. The 

abundantly available abundantly available biomass of desert plants and agricultural plants 

are also there to be explored for removal of dyes from water.  

Haloxylon recurvum (Figure 1) is one of the dominant halophytic species of salt, desert 

plant, abundantly available in Cholistan Desert (Bahawalpur, Pakistan) and also found in 

eastern desert part of Pakistan (H.R. Dagala and Shekhawat, 2006). It is also widely 

distributed all over the world and commonly found in Turkey, Syria, Iraq, Iran, 

Afghanistan, Kashmir, India and some part of Asia. This plant is a diffused shrub, highly 

branched, almost leafless, 25–60 cm tall with woody stems. Its inflorescences consist of 

short cups, 3–6cm long, scattered spikes and pale greenish in color. Fruit look like wings 

which are 7–8mm in size and somewhat brownish in color (E. Ahmad, 2006). It contains a 

large number of functional groups on its surface, potentially responsible for the sorption of 

pollutants from water (W. Hassan et al., 2017). 

  

Figure 1: Haloxylon recurvm plant. 
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The cotton plant i.e. Gossypium hirsutum (Figure 2) is a shrub native to tropical and 

subtropical regions of the world. It is among the most cultivated crop and is found in major 

parts of the world. According to current estimations, about 25 million tones cotton is being 

produced worldwide. It generates a large amount of residue every year per crop season. 

Furthermore the various functional groups i.e. lignin, cellulose and hemicellulose present 

in the cotton stalk might be responsible for the dye binding mechanism (Hui Deng et al., 

2011). This high lignocellulose residual material has no economic value and has limited 

applications. Therefore this world wide abundantly available economical biomass is 

advantageous to the use the biomaterial for the treatment of dye containing wastewater (Hui 

Deng et al., 2011), (M. Ertas et al., 2010). 

  

Figure 2: Gossypium hirsutum plant. 

 

These selected adsorbents are porous with high specific surface area, containing lignin, 

cellulose and other mineral as well as organic acids as their major constituents. Their 

composition may vary considerably depending upon the nature of their original vegetation. 

The constituent compounds carry polar functional groups e.g. alcohols, aldehydes, ketones, 

carboxylic acids, carbonyl groups, and phenolic hydroxides which may bond with dyes 

from wastewater. 

https://en.wikipedia.org/wiki/Gossypium_herbaceum
https://en.wikipedia.org/wiki/Shrub
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1.16 OBJECTIVES OF WORK 

 

This study aims to investigate the potential of two low cost, economical and abundantly 

available biosorbents, one of these was the desert plant i.e. Haloxylon recurvum and other 

was an agricultural waste, cotton plant i.e. Gossypium hirsutum  in their unmodified as well 

as modified forms with organic reagents and mineral acids. The objectives of the present 

work were: 

 To enhance the sorption capacities of adsorbents by modification and to study their 

adsorption towards dyes especially acidic dyes. 

 To examine the sorption characteristics of these biomass under optimum conditions for 

removal of dyes from their aqueous solutions, so as to facilitate comparison with other 

adsorbents used for the removal of these dyes. 

 To find out the sorption capacities and intensities of different biomass for removal of 

different acidic and basic dyes from their aqueous solutions.  

 To determine the effect of modification on the sorption capacity of dyes.  

 To set the best experimental conditions in which these naturally occurring and 

abundantly available economical materials can be used as an adsorbent for dyes. So that 

we may be able to save water on the planet earth.  

 To understand the role of various parameters on the sorption of different acidic and 

basic dyes on the different biosorbents.  

 To understand the effect of textural properties (moisture contents, particle size 

distribution, bulk density and porosity etc.) of biomass on the sorption of selected 

pollutants.  

https://en.wikipedia.org/wiki/Gossypium_herbaceum
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 To better understand the mechanistic studies in such a way to be performed in detail to 

put forward an accurate binding mechanism of dye with absorbents of agricultural 

waste products. 

 To understand the role of functional groups on surface of biosorbent on the removal of 

dyes. 

 To understand the difference of mechanism of acidic and basic dyes. 



Experimental Work 

 

 

CHAPTER No: 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

EXPERIMENTAL 

WORK 



Experimental Work 

 

 

2. EXPERIMENTAL WORK 
 

The research work was conducted in The Department of Chemistry, The Islamia University 

of Bahawalpur, Bahawalpur, Pakistan 

2.1 CHEMICALS AND GLASSWARE USED 

 

All the reagents and chemicals used in experimental work, were obtained from Merck 

(Germany), and of analytical grade. All these chemicals and reagents used as such without 

further purification. Double distilled water was used for all solutions preparation during the 

research work. 

General glassware for analytical laboratories were used to carry out all the experimental 

work. 

2.2 INSTRUMENTS USED 

 

The instruments used in the research work were  

 Electric balance. (A×200 Shimadzu corporation, UK.) 

 Orbital shaker. (OS 2B Yellow line, Germany)  

 Centrifuge machine. (EBA 20 Hettich, Jappan)  

 Ultra violet visible (UV-Vis) Spectrophotometer. (Sp 50 Gallenkamp, UK.) 

 Fourier transform infrared (FTIR) spectrophotometer. (Perkin Elmer FTIR) 

 Scanning electron microscope–Energy dispersive X−rays absorption 

spectrophotometer. (SEM−EDX) 

 BET surface area analyser. (Gemini Model: 2390)  

 Electric oven. (Heraeus), USA. 

 Elemental analyzer. (Vario elementar EL III) 
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 Thermograph. (Perkin Elmer TGDTA) 

 Conductivity meter. (D-82362 WTW inolab weilheim ,WTW tetracon 325 Germany) 

 pH meter. (pH 720 WTW inolab, pH electrode sentix 41) 

 Grinder. (Monolinex) 

 Distillation plant. (D4000, Bibby sterilin LTD, Made in UK.) 

2.3 TECHNIQUES USED 

 

Different techniques used, throughout the research work were:    

 Fourier transform infrared (FTIR) spectroscopy, was used for the determination of the 

functional groups present on the surface of the biomass. (PU Lahore, Pakistan) 

 Scanning electron microscopy and energy dispersive X–rays absorption spectroscopy 

(SEM−EDX) technique was used for the elucidation of the surface morphology of 

biomass. (NTU. Faisalabad, Pakistan) 

 Thermal analysis technique was performed for the determination of thermal 

characteristics of the biomass. (UOS, Sargodha, Pakistan) 

 Elemental analysis was performed for determination the carbon, nitrogen, sulphur and 

hydrogen contents. (PU Lahore, Pakistan) 

 BET surface area technique was used for the determination of the surface area of the 

untreated and modified biomass. (COMSAT, Islamabad, Pakistan) 

 Potentiometric and conductometric titration were performed for the determination of 

concentration of acidic groups present on the surface of biomass, potentially 

responsible for the sorption of dye. 

 pH at which the biomass does not contribute (pHpzc value) was calculated 

titrimetrically.  
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 Ultraviolet-visible (UV-Vis) spectroscopy was used for the determination of the 

remaining concentration of dye.  

 Centrifugation technique was used for the separation of the biomass from the dye 

solution in the batch experiments. 

2.4 SOLUTION PREPARATION 

 

2.4.1 Stock/ Working/ Standard Solutions of Dyes 
 

The stock solutions of dyes (1000mg/L) were prepared by dissolving 1g of the respective 

dye in minimum amount of double distilled water. The solutions were then transferred to 

the 1000mL measuring flasks and volume were then made up to the mark to make a 

1000mL of solution. All the working and standard solutions were freshly prepared by 

diluting appropriate amounts of these stock solutions immediate before their use. 

2.5 PRELIMINARY STEPS 

 

2.5.1 Preparation of Biosorbent 
 

2.5.1.1 Collection of biomass 

 

Dried HRS plant stems were collected from the Cholistan desert and dried CS were 

collected from the agricultural area in district Bahawalpur, Pakistan.  

The stems were cut into small segments, thoroughly washed with tap water to remove dirt 

and soil and then dried in shade. 
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2.5.1.2 Preparation of the biomass 

 

The dried stems of collected biomass of HRS and CS were first crushed manually in 

minimum possible size and then ground in the domestic grinder. The ground biosorbent 

were separated according to mesh size of the particle i.e. ˃800µm, 800−400µm, 

400−200µm, 200−100µm and ˂100µm. These different fractions obtained, were soaked in 

distilled water and water was periodically changed to remove all the dirt, soil, impurities, 

colour, water soluble constituents and other salts. The fractions were soaked up till no 

further colour of biomass in water. After this the fractions were filtered, dried in shade and 

then in oven at 80oC till constant weight. The dried fractions of biosorbent were then stored 

in pre cleaned airtight plastic bottles and were labelled as HRS and CS. 

These biomass were further used without any other physical and chemical treatment and 

also after some chemical/microwave modifications prior to batch sorption experiments. 

2.5.1.3 Treatment of selected biomass 

 

The selected biomass were further treated in two different ways 

 Urea modification (Microwave oven treatment) 

 Acid modification (HNO3 and H3PO4 treatment) 

 Urea modification (Microwave oven treatment) 

 

The HRS and CS biomass were modified with urea as described by U. Farooq et al (Umar 

Farooq et al., 2010). In this method a portion of the washed and dried biomass was treated 

with urea in microwave radiations. For this purpose biomass and urea were blended in ratio 

1:2 by mass. The mixture was mixed thoroughly and irradiated with microwave radiations 

for 12 min with interval of 2 min. After every 2 min there was an interval of 30 min. After 

the whole process, the fraction was then boiled in distilled water for 30 min to dissolve all 
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the excess urea in mixture. It was then filtered while hot. The residues were then washed 

with hot distilled water to remove any excess of urea. The modified biomass was then dried 

in shade and then in oven at 80oC to constant weight.  

The modified biomass was then stored in pre cleaned air tight plastic bottles and labelled 

as HRS–U and CS–U. These modified biomass were then used in batch sorption 

experiments.  

 Acid modification (HNO3 and H3PO4) treatment) 

 

The HRS and CS biomass were modified with nitric acid and phosphoric acid as described 

by E. M. Ayan et al (E.M. Ayan et al., 2011). A portion of the washed and dried biomass 

was treated with acid. For this purpose 1000mL of 0.1M of each HNO3/H3PO4 acid 

solutions were prepared and 500g of biomass was added in these solutions. These mixtures 

were then stirred for 6hr and then kept for 24hr to maintain equilibrium. After it the 

solutions were filtered, washed with distilled water to remove excess acid and then dried in 

shade and kept in oven at 80oC to constant weight.  

The modified biomass was then stored in pre cleaned air tight plastic bottles and labelled 

as HRS–HNO3, HRS–H3PO4, CS–HNO3 and CS–H3PO4. These modified biomass were 

then used in batch sorption experiments. 

2.5.2 Characterization of Powdered Biomass 
 

Different physical and chemical techniques were used for the physical and chemical 

characterization of biomass. These include Fourier Transform Infrared spectroscopy 

(FTIR), scanning electron micrograph and energy dispersive X-ray sorption spectroscopy 

(SEM−EDX), elemental analysis, thermal analysis, Brunauere Emmette Teller (BET), 

surface area determination via methylene blue dye, powdered XRD, ash, volatile and 
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moisture contents, porosity, bulk density, pH of adsorbent, point of zero charge pH (pHpzc) 

and potentiometric and conductometric titrations for acid group determination on the 

surface of biomass. 

2.5.2.1 Fourier Transform infrared (FTIR) spectroscopic analysis 

 

To identify the functional groups on the surface of biomass all unmodified, urea and acid 

modified, as well as dye loaded biomass, FTIR spectra were obtained using Fourier 

transform infrared spectrophotometer. FTIR spectrum was scanned from 4000–400 cm-1 

by using a Thermo Nicolet–6700 FTIR spectrophotometer.  

2.5.2.2 Scanning electron microscopy and Energy dispersive X-rays absorption 

spectroscopy (SEM-EDX) analysis 

 

The small amount of powdered, pure as well as dye loaded biomass was mounted on double 

fold carbon tape on the sample holder (SEM aluminum stub). The material was then sputter-

coated with gold palladium (Au-Pd) for three minutes. The pre coated and covered sample 

was subjected to the field emission gun scanning electron microscope (FEG-SEM) that 

fitted with an EDX assembly and was analyzed for the surface morphology of the pure as 

well as dye loaded biomass. Cold field emission gun was the electron source producing 

high brightness (~109 A/cm2/Sr) with a little energy spread (0.2–0.3eV). The micrographs 

were collected from the secondary detector and the surface morphology of the biomass was 

studied. 

2.5.2.3 Thermal analysis 

 

The empty aluminium sample holder was placed on the thermo balance and the instrument 

was adjusted to zero. The small amount of the biomass was placed in sample holder, heated 

in a programmed system. The temperature was maintained with the help of the temperature 
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programmer to set the initial conditions. The initial mass of the sample was recorded. The 

change in the mass of the sample with temperature was measured by using a pre-defined 

heating programme. The sample was heated in the temperature range 25oC to 645oC at a 

rate of 10oC/min and change in mass of the sample was recorded. The graphs were plotted 

between the temperature and other different parameters to study different thermal 

properties of sample. 

2.5.2.4 Elemental analysis 

 

For the determination of the the percentages of different elements present in biomass, a 

known amount of biomass (4–6 mg) was placed in the sample holder (tin-boat). The boat 

was folded enough times to ensure that the material did not escape through it. Folded boat 

was introduced into the instrument. The elemental analysis of samples was studied with 

respect to the standard, corn gluten (C = 45.27%, N = 10.38%, S = 0.85%, H = 5.98%).  

2.5.2.5 Brunauere Emmette Teller (BET) surface area studies 

 

The BET surface area of the biomass were performed by the adsorption of nitrogen at 77K 

using quanta chrome S 1 BET surface area analyser. The samples were degased for 2hr at 

final pressure of 133.32×10-4 Pa before nitrogen adsorption. The total pore volume was 

estimated from the volume of N2 adsorbed at relative pressure of (P/Po). 

2.5.2.6 Surface area by methylene blue method 

 

The surface area of biomass was determined by a reported method (Itodo et al., 2010) and 

by methylene blue method. For this purpose stock solution (1000mg/L) of MB dye was 

prepared by dissolving 1g of MB in small amount of water and then transferring this 

solution to 1000mL measuring flask and making its volume with water up to the mark. λmax 

of this MB solution was measured by wavelength scan between 380–780 nm and found to 
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be 660 nm. The working solutions 10–60 mg/L were prepared by diluting appropriate 

amounts of stock solution to required amounts. 40mL of each working solution was taken 

in polyethylene screwed cap culture tubes of 50 mL containing 0.1g of biomass. The 

solutions were agitated for 1hr on an orbital shaker and then centrifuged and supernatant of 

each solution was quantified by UV–Vis spectrophotometer at λmax 660 nm for remaining 

dye concentration. Langmuir isotherm was plotted and surface area of adsorbent was 

determined by using formula. 

 𝑆𝑀𝐵 =  10−3 × 𝑄𝑚 × 𝑁𝐴 ×  𝐴𝑀𝐵 /𝑀 (1) 

Where 
𝐴𝑀𝐵

𝑀
=  𝑎𝑀𝐵 (2) 

 

𝑆𝑀𝐵= Surface area of adsorbent measured by methylene blue method 

𝑄𝑚 = Langmuir sorption capacity 

𝑁𝐴 = Avogadro’s Number. 

𝑎𝑀𝐵 = Occupied surface area of one molecule of methylene blue dye. 

2.5.2.7 Moisture, Ash, and Volatile contents 

Moisture contents of samples were determined by taking known amount of biomass in 

crucible and keeping these crucibles in furnace. Maximum temperature was set at 105oC 

ramped up by 5oC. During this time the weight of biomass continuously observed up till 

constant weight was obtained.  

Ash and volatile contents of adsorbent were determined by using ignition method. For this 

purpose, known amount of biomass was taken in crucible and heated in muffle furnace at 

400oC. 
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The moisture, ash and volatile contents were determined by using the following formulae. 

 %𝑎𝑔𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)

𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
  × 100 (3) 

 %𝑎𝑔𝑒 𝑎𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑠ℎ

𝑀𝑎𝑠𝑠𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒  
× 100 (4) 

 %𝑎𝑔𝑒 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 = 100 − % 𝑎𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 (5) 

 

2.5.2.8 Bulk Density 

 

Bulk density of biomass was determined by reported method by Y. Zhang et al (Yaning 

Zhang et al., 2012). An empty measuring cylinder (25 mL) was weighed. It was then filled 

with the sample/biomass and the material was slightly pressed in order to ensure the 

absence of large void spaces. The container and the sample were then weighed. The 

procedure was repeated three times and the average readings have been mentioned in 

results. 

The bulk density of the sample was calculated from the following equation. 

 𝜌𝑏 =  
𝑊2 − 𝑊1

𝑉
 (6) 

Where: 

𝜌𝑏 = The bulk density of the sample (g.cm-3) 

𝑊2 = The weight of the container and sample (g) 

𝑊1= The weight of the container (g) 

𝑉= The volume of the container (cm3)  
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2.5.2.9 Porosity  

The porosity of the biomass was determined by using the water pycnometer method 

(Yaning Zhang et al., 2012). For this purpose, a measuring cylinder of 100 mL was taken 

and 33 mL of the sample/biomass was placed in that graduated cylinder. The cylinder was 

tapped for a number of times to remove all the spaces between the biomass. A round shaped 

mesh screen was placed at the top of the sample to prevent the sample from floating once 

it submerged in water. Distilled water was slowly added over the sample until the water 

level was over the level of the sample. The cylinder was gently rocked from side to side to 

release all the trapped air bubbles before recording the final water level. When the water 

level just reached above the sample level the amount of added water and the water level 

were recorded. The cylinder was emptied and cleaned thoroughly after each test. Three 

replicates were carried out. The porosity of biomass was calculated from the following 

equation. 

 
%𝑎𝑔𝑒 𝑃 =  

𝑉𝑖 − 𝑉𝑓

𝑉𝑠
× 100 

(7) 

 

Where: 

𝑃= Porosity of the sample (%) 

𝑉𝑖 = Combined volume of the sample plus added water (mL) 

𝑉𝑓 = Final total volume of the sample and added water (mL) 

𝑉𝑠 = Volume of the sample (mL) 

2.5.2.10 Particle size distribution 
 

Particle size distribution was determined by using five standard sieves of different mesh 

sizes i.e. 100µ, 150µ, 200µ, 400µ and 800µ. These were numbered from 1–5 and placed 
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one over the other in such a way that 800µ sieve was above of the all sieves and 100µ sieve 

was in the bottom of all the sieves and then in the last, a bottom pan was placed that 

collected the material passed through the last one sieve. The sieves were kept on an 

electrical sieve shaker driven electric motor running at 2000rpm. 250g for untreated 

biomass was taken and placed in sieve 1 which was then covered with sieve lid. The shaker 

was then driven for 30min. The particles collected in each sieve were weighed. The particle 

size distribution experiment were not carried with modified biosorbents, as all the modified 

biosorbents were prepared with particles less than 100µ. 

2.5.2.11 pH 

 

The pH of biomass was observed by taking 500g of biomass in 50mL of distilled water. 

The mixture was stirred for 1hr and the contents were then left for 24hr. After it the mixture 

was then filtered and pH of liquid phase was determined by using pH meter. It was the pH 

of the adsorbent. 

2.5.2.12 Zero point charge (pHpzc)  

 

The pH point of zero charge (pHpzc) of the biomass was determined as described by A.A. 

Abia et al (A.A.Abia and Asuquo, 2007). For this, 50mL of sodium chloride solution 

(0.01M) was taken in eleven different Erlenmeyer flasks. The pH of solution in each flask 

was adjusted in the different ranges 2–12 by adding 0.1M/0.01M hydrochloric acid or 

0.1M/0.01M sodium hydroxide. Then 500mg of the biomass was added in each solution, 

the mixture was agitated for 1 hour and allowed to settle for 48 hours to maintain 

equilibrium at room temperature. The mixture was then filtered and the final pH values of 

solutions were determined.  

The graph was plotted between the final pH vs initial pH, and ΔpH vs initial pH (pHi - pHf) 

for the determination of pHpzc of biomass. 
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2.5.2.13 Potentiometric and conductometric titrations 

 

The potentiometric and conductometric titration was done by the method described by 

Vanessa Murphy et al. (V. Murphy et al., 2007). 

 Protonation of biomass 

 

For the protonation of the biomass, 5g of biomass was taken in a beaker in which 250mL 

of 0.1M of hydrochloric acid was added, the suspension was stirred for 6 hours in order to 

ensure that equilibrium had reached. This treatment ensured the removal of cations e.g. 

Ca2+, Mg2+, Na+ and K+ from the surface of the biomass. The biomass was then filtered, 

washed thoroughly with double distilled water until constant conductance of the filtrate, it 

was then dried and kept in plastic bottles for further use. 

 Titration of biomass 

 

For the potentiometric and condutometric titrations, 200mg of the protonated biomass was 

taken separately in two different beakers to which 100mL of 1mM of sodium chloride 

solution was added. The titration was carried out by addition of 0.2mL of 0.1M solution of 

sodium hydroxide successively in these suspensions, while continuously stirring them. 

After each addition of titrant, the system was stayed and allowed to equilibrate until a stable 

pH and conductance. The readings were recorded and two graphs were plotted between the 

volume of NaOH added vs pH of the solution and the amount of NaOH added vs dpH/dV 

for potentiometric titration. Similarly a graph was plotted between the volume of NaOH 

added and the conductivity of the solution for condutometric titrations. 

2.5.3 Determination of Maximum Absorption Wavelength (λmax) of Dyes 
 

The wavelength of maximum absorption of dyes was determined by using standard 

procedures. The solution of known concentration of dye was prepared and the absorbance 
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of the solution was recorded at the different wavelengths, ranging from 380nm–780nm. 

λmax of the dye was determined by plotting the graph between the absorbance vs 

wavelength. The further sorption studies of dyes were based on these λmax values of each 

dye. 

2.5.4 Calibration Curve for Dyes 
 

For the determination of calibration curve, a series of solutions of known concentrations of 

each dye (2.5mg/L–25mg/L) were prepared, their absorbance were recorded and a 

calibration curve was drawn between the absorbance vs concentration. These calibration 

curves were then used for quantitative analysis. 

2.6 BATCH SORPTION STUDIES 

 

The batch sorption studies of dyes (Congo red, Acid brown354, Methylene blue, Acid 

blue25) on prepared biomass were performed in a batch way. The effect of different 

parameters such as time, dose of biomass, concentration of dye solution, pH of dye solution, 

temperature of dye solution and the particle size of biomass on sorption process were 

studied. 

For all of the batch sorption experiments, 40mL of the dye solution of known concentration, 

and known amount of biomass was taken in polyethylene screwed cap culture tubes. The 

samples were then agitated on an orbital shaker at a constant speed of 400rpm for 

predetermined time period. After it, the samples were then withdrawn, centrifuged for 

20min at 3500rpm and the supernatant was analyzed for determination of remaining dye 

concentration at the specific λmax values of dye.  
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2.6.1 Time of Contact  
 

For the optimization of time period for the sorption of different dyes on the different 

biomass, to 40mL of dye solution (25mg/L), specific amount of biosorbent (100mg) of 

particle size less than 100µm was added in different polyethylene screwed cap culture 

tubes. The samples were then agitated for different time period i.e. (5–180 min), and the 

supernatant was analyzed for determination of remaining dye concentration at the specific 

λmax values of dye.  

2.6.2 Adsorbent Dose 

 

For the optimization of the effect of sorbent dose on the sorption of dye, the different 

amounts of sorbent ranging 100mg–1000mg of particle size less than 100µm were taken in 

different polyethylene screwed cap culture tubes to which 40mL of dye solution (25mg/L) 

was added. The samples were then agitated for their optimized time, centrifuged and the 

supernatant was analyzed for determination of remaining dye concentration at the specific 

λmax values of dye.  

2.6.3 Concentration of Dye Solution 
 

For the determination of effect of dye concentration on the sorption, the optimized amount 

of biomass of particle size less than 100µm was taken in each polyethylene screwed cap 

culture tube, to which 40mL of dye solution of different concentrations ranging 10mg/L–

100mg/L was added. The samples were agitated for optimum time and the supernatant was 

analyzed for determination of remaining dye concentration at the specific λmax values of 

dye.  
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2.6.4 pH of Dye Solution 
 

For the optimization of pH for sorption of each dye, 40mL of 25mg/L dye solution was 

taken in polyethylene screwed cap different culture tubes and pH of each solution was 

maintained in the range 2–12 (i.e. 2,3,4,5,6,7,8,9,10,11,12) by adding hydrochloric acid 

(0.1M and/or 0.01M) or sodium hydroxide (0.1M and/or 0.01M). Then optimized amount 

of biomass (100mg) of particle size less than100µm was added to each tube. The samples 

were then agitated for optimum time and the supernatant was analyzed for determination 

of remaining dye concentration at the specific λmax values of dye.  

2.6.5 Temperature of Dye Solution 
 

For the study of the effect of temperature on the sorption of each dye, 40mL of 25mg/L of 

each dye solution of optimum pH was taken in the different polyethylene screwed cap 

culture tubes to which optimum amount of biomass (100mg) was added, agitated for 

optimum time at different temperature ranges i.e. 25oC–70oC (298K–343K) and the 

supernatant was analyzed for determination of remaining dye concentration at the specific 

λmax values of dye.  

2.6.6 Particle Size of Biomass 
 

To study the effect of particle size of biomass on sorption of each dye, the optimum amount 

(100mg) of biomass of different particle size i.e. ˃ 800µm, 800µm–400µm, 400µm–200µm, 

200µm–100µm, and ˂ 100µm was taken in different polyethylene screwed cap culture tubes 

to which 40mL of (25mgL) dye solution was added. The samples were then agitated for 

optimum time at optimized pH and temperature and the supernatant was analyzed for 

determination of remaining dye concentration at the specific λmax values of dye.  
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2.7 INTERPRETATION OF DATA 

 

All the experiments were performed in triplicates. The results shown are the mean values. 

The graphs were plotted by using Microsoft excel 2013 and Igore Pro 6.12. Regression 

analysis and chi–square analysis has also been performed to investigate the suitability of 

certain types of mathematical models. 

The remaining concentrations of dyes in the solution were obtained from the UV–Vis 

spectrophotometer and used in further calculations. Then the amount of the dye adsorbed 

per unit mass of biomass was calculated from the values of the final absorbance of the dyes 

by using the following formula. 

 
𝑋 =  𝐶𝑜 −  𝐶𝑒 

(8) 

 𝑞𝑒 = 𝑋 ×
𝑉

𝑚
 

(9) 

 

 
%𝑎𝑔𝑒 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  

𝐶𝑜 −  𝐶𝑒

𝐶𝑜
 × 100 

(10) 

 

𝑋= Amount of dye adsorbed at equilibrium 

𝐶𝑜= Initial Concentration of dye  

𝑉= Volume of dye solution used 

𝐶𝑒=Final Concentration of dye  

𝑚= Mass of adsorbent 

2.7.1 Modelling of the Batch Sorption Process 
 

The batch sorption data was analyzed by different models 
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 Kinetic modelling 

 Equilibrium modelling 

 Thermodynamic modelling 

2.7.1.1 Kinetic modelling 

 

For kinetic modelling, data obtained was used from the optimization of time of contact for 

sorption of dyes on biosorbents. 

Four kinetic models were used for the interpretation of kinetic modelling. These include 

Lagergren’s pseudo first order, Ho’s pseudo second order, Intra particle diffusion models, 

Liquid film diffusion model and Elovich model. 

The linear equation for Lagergren’s pseudo first order kinetics is as follows. 

 𝑙𝑛(𝑞𝑒 −  𝑞𝑡) =  𝑙𝑛𝑞𝑒 − 𝐾1𝑡 (11) 

Where  

𝑞𝑒(mg/g) = Amount of dye sorbed at equilibrium. 

𝑞𝑡(mg/g) = Amount of dye sorbed at time t.  

𝐾1(min-1) = Ist order rate constant. 

A graph was plotted between ln(qe – qt) and t, and the value of K1 and lnqe were evaluated 

from the slope as well as intercept respectively.  

The nonlinear form of Lagergren’s pseudo first order kinetic model is as follows. 

 
𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝐾𝑖𝑡) 

(12) 

Nonlinear plot of qt vs t gives the value of qe and K1. 

The linear equation for Ho’s pseudo second order kinetics is as follows. 
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𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2

+
𝑡

𝑞𝑒
 (13) 

Where 

𝑞𝑒(mg/g) = Amount of dye sorbed at equilibrium. 

𝑞𝑡(mg/g) = Amount of dye sorbed at time t.  

𝐾2(min-1) = 2nd order rate constant. 

A graph was plotted between t/qt and t, and the values of qe and K2 were calculated from the 

slope and the intercept respectively. 

The nonlinear form of Ho’s pseudo first order kinetic is as follows. 

 𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1 + 𝐾2𝑞𝑒𝑡
 (14) 

Nonlinear plot of qt vs t gives the value of K2 and qe. 

The linear form of Elovich model is as follows. 

 𝑞𝑡 =
ln(𝑎 × 𝑏)

𝑏
+

𝑙𝑛𝑡

𝑏
 (15) 

a = Rate of sorption 

b = Rate of desorption 

A graph was plotted between qt vs lnt, and the values of “b” and “a” were determined from 

the slope and the intercept. 

The linear equation of Intra particle diffusion model is as follows. 

 𝑞𝑡 =  𝐾𝑖𝑝𝑡1/2 + 𝐶𝑖𝑝 (16) 
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𝑞𝑡(mg/g) = Amount of dye sorbed at time t.  

Kip = Rate constant for Intra particle diffusion model. 

Cip = Intercept 

A graph was plotted between qt vs t1/2, and the values of Kip and Cip were evaluated from 

the slope and intercept respectively. 

The linear equation of Liquid film diffusion model is 

 𝐵𝑡 =  −𝐾𝑓𝑑𝑡 + 𝐶𝑓𝑑 (17) 

Where 𝐵𝑡 = 𝑙𝑛 (1 −
𝑞𝑒

𝑞𝑡
) (18) 

2.7.1.2 Equilibrium modelling 

 

For the sorption isotherm/modelling (equilibrium model followed), the data obtained from 

the optimization of dye concentration was used. 

The data obtained was used to study the linear and non–linear Langmuir, Freundlich, 

Temkin and D–R sorption models. 

The linear equation for Langmuir sorption isotherm model is as follows. 

 𝐶𝑒/𝑞𝑒 =  𝐶𝑒/𝑞𝑚𝑎𝑥 + 1/𝐾𝐿𝑞𝑚𝑎𝑥 (19) 

Where  

𝐶𝑒(mg/L) = Concentration of dye solution adsorbed. 

𝑞𝑒(mg/g) = Amount of the dye sorbed per unit mass of sorbant. 

𝑞𝑚𝑎𝑥(mg/g)  = Monolayer sorption capacity of sorbant. 

𝐾𝐿 = Adsorption constant. 
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A graph was plotted between Ce/qe vs Ce, and the values of qmax and KL were calculated 

from the slope and the intercept respectively.  

The nonlinear form of Langmuir sorption isotherm model is 

 𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 (20) 

Nonlinear plot of qe vs Ce gives the value of qm and KL 

The dimensionless parameter RL or the separation factor indicates the sorption process as 

unfavorable (RL>1), favorable (0<RL<1), linear (RL=1) or irreversible (RL=0). It is 

determined as 

 𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑒
 (21) 

The linear equation for Freundlich model of sorption isotherm is as follows. 

 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒 (22) 

Where 

𝑞𝑒(mg/g) = Amount of the dye adsorbed at equilibrium. 

𝐶𝑒(mg/L) = Equilibrium concentration of dye. 

𝐾𝐹 & 𝑛 = Freundlich constants. 

A graph was plotted between lnqe vs lnCe, and the values of KF and n were calculated from 

the slope and the intercept respectively.  

The nonlinear form of Freundlich equation is 

 𝑞𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛

 (23) 
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Nonlinear plot of qe vs Ce gives the value of KF and 1/n. 

The linear equation of Temkin isotherm is given as 

 
𝑞𝑒 = 𝐵𝑙𝑛𝑎 + 𝐵𝑙𝑛𝐶𝑒 

(24) 

Where  

B (J/mol) = Temkin constant, related to heat of sorption. 

a (L/g) = Temkin isotherm constant. 

A graph was plotted between qe vs Ce and the values of B and A were calculated from slope 

and intercept. 

The nonlinear form of Temkin isotherm is 

 𝑞𝑒 =
𝑅𝑇

𝑏
ln (𝑎. 𝐶𝑒) (25) 

Nonlinear plot of qe vs Ce gives the value of b and a. R (8.3143J/mol K) is the universal 

gas constant whereas T (K) is the absolute temperature. 

The linear form of D–R equation is 

 
𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝐷𝑅 −  𝛽𝜀2 

(26) 

A graph was plotted between lnqe vs ɛ and the values of β and qmax were calculated from 

slope and intercept. 

The nonlinear form of D-R model is 

 𝑞𝑒 =  𝑞𝐷𝑅exp [𝛽. (𝑅𝑇𝑙𝑛 (1 +
1

𝐶𝑒
))

2

] (27) 

Nonlinear plot of qe vs Ce gives the value of qDR and β. R (8.3143J/mol K) is the universal 

gas constant whereas T (K) is the absolute temperature. 
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2.7.1.3 Thermodynamic modelling 

 

The thermodynamic parameters for the sorption of all of the studied dyes was studied from 

the data obtained from the optimization of temperature for sorption. 

The data for thermodynamic parameters was used by the following equation. 

 ∆𝐺𝑜 =  ∆𝐻𝑜 − 𝑇∆𝑆𝑜 (28) 

Where  

∆Go   = Change in standard Gibb’s free energy  

∆Ho = Change in standard enthalpy.  

∆So = Change in standard entropy. 

 ∆𝐺𝑜 =  −𝑅𝑇𝑙𝑛𝐾 (29) 

 𝐾 =  𝑞𝑒/𝐶𝑒 (30) 

A graph was plotted between ∆Go   and T, and the values of ∆So and ∆Ho were calculated 

from the slope and the intercept respectively. 
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3. DISCUSSION 

 

The potential of two plant stems, a desert plant stem, kharr stem i.e. Haloxylon recurvum 

stem and an agricultural plant stem, cotton stem i.e. Gossypium hirsutum stem for the 

sorption of toxic and hazardous dyes from their aqueous media were checked. The 

biosorbents were characterized by using different physicochemical techniques. Various 

parameters, controlling the sorption of these dyes on the biosorbents were optimized for 

increasing sorption efficiency of these biosorbents. The results of these experiments have 

been discussed in the following section. 

The dyes used were Congo red, Acid Brown 354, Methylene blue and Acid Blue 25. One 

of these selected dyes was basic in nature i.e. Methylene blue, whereas the other three were 

acidic in nature i.e. congo red Acid brown354 and Acid blue25.    

The biosorbent that were prepared include, Haloxylon recurvum stems (HRS), HRS 

modified with urea (MHRS–U), nitric acid (MHRS–HNO3) and phosphoric acid (MHRS–

H3PO4). Similarly cotton stems (CS), cotton stems modified with urea (MCS–U), nitric 

acid (MCS–HNO3) and phosphoric acid (MCS–H3PO4). 

The complete characteristics of all of the dyes are as follows 

Congo red dye (Figure 3) is a secondary diazo dye [C.I No = 22120], acidic in nature, also 

known as “Direct red 28” having chemical formula C32H22N6Na2O6S2 and molecular 

weight: 696.66 g/mol). The IUPAC name of dye is disodium4-amino-3-[4-[4-(1-amino-4-

sulfonato-naphthalen-2-yl) diazenylphenyl] phenyl]diazenyl naphthalene -1-sulfonate. The 

dye can be used as pH indicator and as a biological stain. It gives blue colour below pH 3.0 

and is red above pH 5.2. It is brownish-red powder; gives yellowish–red colour in water 

https://en.wikipedia.org/wiki/Gossypium_herbaceum
https://pubchem.ncbi.nlm.nih.gov/compound/WATER
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and orange colour in ethanol. It is freely soluble in ethanol, very slightly soluble in acetone 

and practically insoluble in ether (Govindasamy Vijayakumar et al., 2009). 

 

SO
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O-Na+

NH2

N N N N
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O
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Congo Red
 

Figure 3: Congo red dye. 

 

Acid brown 354 dye is a double azo class compound [C.I. 20177]. It is acidic in nature, 

having chemical formula C30H20N8Na2O12S2 and molecular weight 794.64 g/mol. The 

IUPAC name of the dye is, disodium 2,2'-((2,4-dihydroxy-1,3-phenylene)bis(azo-4,1-

phenyleneimino))bis(5-nitrobenzenesulphonate). Its solubility in water is 60g/L and λmax 

is 420 nm in water. It is light brown coloured dye, used for dyeing wool, printing and leather 

shading. The chemical structure of acid brown 354 has been shown in Figure 4. 
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Figure 4: Acid Brown 354 dye. 

https://pubchem.ncbi.nlm.nih.gov/compound/ethanol
https://pubchem.ncbi.nlm.nih.gov/compound/acetone
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Methylene blue dye (Figure 5) is a thiazine dye. It is also named as Basic Blue 9 [C.I: 

52015], basic in nature having the chemical formula C16H18N3SCl and molecular weight 

319.85 g/mol. The IUPAC name of the dye is 3,7-bis(Dimethylamino)-;phenothiazine-5-

ium chloride. It is also used as a pH indicator. The chemical structure of Methylene blue 

dye has been shown in Figure 5. 

 

Methylene Blue

S

N

N N Cl

CH3

H3C CH3

CH3

 

Figure 5: Methylene Blue dye. 

 

Acid blue 25 is a water soluble acidic dye. It is also known as 2-anthraquinone sulfonic 

acid [C.I: 62055], anionic in nature having the chemical formula C20H13N2NaO5S and 

molecular weight 416.382 g/mol. The IUPAC name of the dye is Sodium 1-amino-4-

anilino-9, 10-dioxoanthracene-2-sulfonate. The dye is readily soluble in acetone and 

ethanol. It structure contain an anthraquinone in its molecule. It is commonly used to colour 

leather, paper and cellulose etc. The structure of Acid blue 25 is as follows, (Figure 6). 

 

O

O NH

S

O

O

ONa

Acid Blue 25  

Figure 6: Acid Blue 25 dye. 

https://en.wikipedia.org/wiki/Anthraquinone
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3.1  CHARACTERIZATION OF POWDERED BIOMASS  

 

All of the biosorbent material were characterized by different physical as well as chemical 

characterization techniques.  

3.1.1 Fourier Transform Infrared (FTIR) Spectroscopic Analysis 
 

Ground, dried, biosorbents were subjected to solid phase FTIR analysis for their 

characterization in terms of functional groups (potential sorption sites) analysis, before and 

after sorption of dyes. The FTIR spectra obtained at different frequencies indicated the 

presence of different exchanging as well as potential binding sites in the form of different 

functional groups present on the surface of the biomass responsible for the sorption of dyes 

(Debora Luiza Postai et al., 2016). 

3.1.1.1 FTIR spectrum of untreated and treated HRS biomass before sorption of 

dyes 

 

a. HRS 

In HRS biomass the appearance of broad peak at 3363cm-1 might be due to stretching 

vibrations of free –OH or N–H group as in pectin. The peak at 2918cm-1 might be the 

indication of C–H stretching mode of aliphatic compounds. Peak at 1421cm-1 might be due 

to C–C aromatic stretching vibration. Peaks at 1317cm-1 might be due to N–O symmetric 

stretching vibrations of nitro groups. Peak at 1235cm-1 corresponds to C–N stretching 

vibrations of aliphatic amines. Peak at 1161cm−1 might be the indication of asymmetric 

stretching frequency of carboxylate ion (O=C–O−). The peak at 1032cm−1 might be due to 

C–O stretching of alcohols, carboxylic acids, esters, and ethers present on the surface of 

the biomass. The peak at 780cm-1 represented O–C–N scissoring vibrations. Thus, the FTIR 

spectrum indicated that HRS biomass would be rich in nitrogen and oxygen-containing 

functional groups (Tushar Kanti Sen et al., 2011). 
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b. MHRS–U 

The increase in frequency of band at 3363cm-1 changed after modification with urea 

indicated the addition of O–H or N–H group on the surface of the biomass. A weak band 

at 1736cm-1 might be due to C=O stretching, an indication of presence of aldehyde. Peak 

at 1239cm-1 is the characteristics of C–N stretching vibrations of aliphatic amines. The peak 

at 1031cm−1 might be due to C–O stretching of alcohols, carboxylic acids, esters, and ethers 

present on the surface of the biomass (Seraj Anwar Ansari et al., 2016; (W. Hassan et al., 

2017). 

c. MHRS–HNO3 

In FTIR spectrum of MHRS–HNO3 there was a new weak band at 2851cm-1, could be 

assigned to the stretching vibration of C–H of sp2 hybridized carbon, that could be of 

aldehyde group (Khalfaoui Amel et al., 2012).  The band in the region of 1509cm−1 might 

be due to C–C stretching vibrations in the aromatic ring bands. The peak at 1316cm-1 

indicated the presences of C–O the stretching vibrations of acidic group present on the 

surface of biomass, and a band at 1235cm-1 might be attributed to C–N stretching 

vibrations, whereas the band at 1158cm-1 also indicated the presence of C–O bond of 

alcoholic group. All these bands indicated the modification of HRS to MHRS–HNO3. 

d. MHRS–H3PO4 

In MHRS–H3PO4 appearance of medium bands in the range of 1720–1735cm−1 might be 

due to C=O stretching, an indication of the presence of aldehyde in biosorbent. A strong 

band appeared at 1031cm−1 in the spectrum of phosphoric acid-treated HRS, characteristic 

to P–O groups in linear and cyclic polyphosphate and inorganic species. It indicated that in 

spite of the extremely prolonged washing of modified biomass, a significant amount of 

phosphate remained chemically bound inside the pore structure of MHRS–H3PO4 (E.M. 

Ayan et al., 2011), (Hui Deng et al., 2011).  
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From the FTIR, results it was concluded that HRS biomass maintained its functional groups 

to some extant in the bulk, after modification with HNO3. But, its treatment with H3PO4 

led to a significant chemical modification in comparison to unmodified biosorbent. FTIR 

spectrum of all of the untreated and treated HRS biomass have been shown in (Figure 7a). 

3.1.1.2 FTIR spectrum of untreated and treated CS biomass before sorption of 

dyes 

 

a. CS 

In FTIR spectrum of CS the sharp peak in the range of 1703cm−1 might be the indication 

of C=O bond of aliphatic ketones. The band appeared in the spectrum in the range of 

1658cm−1–1638cm−1attributed to the C=C of alkene. The band at 1509cm−1 might be due 

to stretching vibrations of N=O group present on the surface of biomass. The simultaneous 

presence of three bands at 1409cm−1, 1401cm−1 and 1159cm−1 indicated the presence of 

S=O group on the surface of CS biomass. Two bands at 1032cm−1 coupled with other band 

in the range of 700cm−1–800cm−1 represented asymmetric and symmetric stretching 

vibrations of Si–O group (Rakesh Kumar Ghosh et al., 2016).  

b. MCS–U  

In the spectrum of MCS–U there appeared a band at 3331cm−1 which was the indication of 

N–H group, whereas the band at 2917cm−1 might be due to C–H. The band at 1736cm−1 

might be due to C=O of ester groups present on the surface of biomass. Band at 1236cm−1 

might be attributed to stretching vibrations of C–N group of amine. 

c. MCS–HNO3  

The presence of new band at 1737cm−1 was the indication of C=O group of aldehyde. The 

band at 1656cm−1 might be due to C=C stretching vibrations of conjugated alkenes. 

Similarly a new band in the spectrum of MCS–U at 1509cm−1 might be due to N–O group 

on the surface of biomass. The band 1422cm−1 indicated the presence of O–H of aldehydes. 
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d. MCS–H3PO4  

A strong band appeared at 1032cm−1 in the spectrum of phosphoric acid-treated CS was 

due to presence of P–O groups in linear and cyclic polyphosphate and inorganic species. It 

was the indication of presence of significant amount of phosphate group that remained 

chemically bound inside the pore structure of modified biomass, MCS–H3PO4. 

The FTIR spectrum of all of the adsorbents showed that the basic functional groups of all 

of the adsorbents predominate, and the surface of all of the adsorbents contained acidic 

functional groups with different nature. In general, all of the untreated and treated biomass 

of HRS and CS mainly consisted of oxygen containing functional groups such as 

carboxylic, amino, hydroxyl and thio groups. The overall FTIR spectrum of all of the 

adsorbents also indicated the presence of alcoholic, phenolic, quinone and enolic groups 

present on the surface of the adsorbents. The FTIR spectrum of all of the untreated and 

treated CS biomass have been shown in (Figure 7b) 
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Figure 7: FTIR spectrum of untreated and treated HRS and CS biomass before sorption of 

dyes (a) HRS (b) CS. 
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3.1.1.3 FTIR spectrum of untreated and treated HRS biomass after sorption of 

dyes 

 
After sorption of different dyes on untreated and treated biomass, there were characteristics 

changes in the positions and frequencies of bands of different functional groups present on 

the surface of biomass. These dyes loaded biomass FTIR spectrum have been shown in 

different figures. 

a. HRS–CR  

After the CR dye sorption on HRS the FTIR spectrum of HRS exhibited change in 

functional group and their relative intensities. The appearance of peak at 1637cm-1 after 

sorption of dye might be due to bending vibrations of N–H. Peaks in the range of 1426cm-

1 and 1421cm-1 indicated the stretching vibrations of presence of S=O group. 

b. HRS–AB354 

The appearance of peak at 1509cm-1 after sorption of AB354 dye indicated the presence of 

NO2 group present in the dye. Similarly the strong band at 1022cm-1 in the spectrum might 

be due to stretching vibrations of S=O or C–N stretching vibrations of amine group of the 

sorbed dye (Zvezdelina L.Yaneva and Georgieva, 2012). 

c. HRS–MB 

Peak, after sorption of MB dye on the surface of the biomass, at 1590cm-1 might be 

attributed to the presence of C=N. The band at 1332cm-1 after loading of MB dye was the 

indication of presence of C–N of amine group due to attachment of MB dye on the surface 

of the biomass. 

d. HRS–Ab25 

The peak at 1685cm-1 in dye loaded HRS was the indication of presence of C=O group 

present in the dye. The peak in Ab25 dye loaded biomass at 1021cm-1 might be due to 

presence of S=O group of the dye molecule.  

The HRS dye loaded FTIR spectrum has been shown in Figure 8a. 
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e. MHRS–U–CR 

In the FTIR spectrum of congo red dye loaded MHRS–U, the peak at 2918cm-1 shifted to 

2920cm-1, and the band at 1736cm-1 in spectrum of MHRS–U disappeared after sorption of 

dye which was the indication that C–H and C=O bonds might be involved in the bonding 

of dye. The appearance of band at 1422cm-1 indicated the stretching vibration of S=O group 

(Taha N.A and A, 2016). 

f. MHRS–U–AB354 

In the spectrum of AB354 dye loaded MHRS–U biomass, the appearance of peak at 

1572cm-1 might be due to presence of amide group, and the peak at 1561cm-1 and 1509cm-

1 were the characteristics of N–O group. 

g. MHRS–U–MB 

The peak at 1244cm-1 was the indication of presence of C–N stretching vibrations of amine 

which showed the sorption of MB dye on the surface of the biomass. 

h. MHRS–U–Ab25 

In the FTIR spectrum of MHRS–U–Ab25, the peak at 1032cm-1 gave the indication of 

presence of S=O group due to sorption of dye molecules.  

The MHRS–U dye loaded FTIR spectrum has been shown in Figure 8b. 

i. MHRS–HNO3–CR 

In the FTIR spectrum of congo red dye loaded MHRS–HNO3, a number of peaks were 

observed in different ranges that were not present in pure MHRS–HNO3 i.e. at 1561cm-1, 

1459cm-1, 1426cm-1 and 1421cm-1. The bond at 1561cm-1 might indicated the presence of 

N–H bond of congo red dye involved in the bonding of biomass with dye. The band at 

1459cm-1 might be due to C=C bond whereas bond at 1426cm-1 and 1421cm-1 might be due 

to C–H bond. The disappearance of peak at 1316cm-1 after sorption of congo red dye 
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indicated that the acidic group might be involved in the sorption of dye. The shifting of 

band at 1158cm-1 to 1160cm-1 also indicated the involvement of this C–O group.  

j. MHRS–HNO3–AB354 

In the spectrum of AB354 dye loaded MHRS–HNO3 biomass, the appearance of peak in 

the range of 1515–1640cm-1 might be due to presence of N–H of amide group. A new band 

originated in dye loaded biomass at 1307cm-1 might be due to presences of C–N bond due 

to sorption of dye.  

k. MHRS–HNO3–MB  

The band at 1598cm-1 in methylene blue dye loaded FTIR spectrum of MHRS–HNO3 

became more intense due to bending vibrations of N–H group gave the indication of 

introduction of amine group after sorption of dye. The band at 1247cm-1 was the indication 

of presence of C–N stretching vibrations of amine group, whereas the disappearance of the 

band at 1051cm-1 showed the involvement of C–O group in the bonding/sorption of MB 

dye on the surface of the biomass. 

l. MHRS–HNO3–Ab25 

In the FTIR spectrum of MHRS–HNO3–Ab25, the peak at 3348cm-1 showed the indication 

of presence of N–H group, might be due to sorption of Ab25 dye. Similarly the shifting of 

1030cm-1 to 1032cm-1 gave the indication of presence of S=O group due to sorption of 

Ab25 dye molecules. The MHRS–HNO3 dye loaded FTIR spectrum has been shown in 

Figure 8c. 

m. MHRS–H3PO4–CR  

After sorption of CR on MHRS–H3PO4, the band in the range of 1720–1737cm-1, 

disappeared. This was the indication that C=O of aldehyde group might be utilize in 

bonding with dye. The appearance of peak in congo red dye loaded MHRS–H3PO4 biomass 

at 1426cm-1 due to bending vibrations of N–H group, and 1421cm-1 due to stretching 

vibrations of S=O group present in CR dye was the indication of loading of dye. There was 
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increase in the frequency of band at 1655cm-1 was also the indication of addition of C=O 

of amide group due to loading of dye. 

n. MHRS–H3PO4–AB354  

After sorption of AB354 dye on MHRS–H3PO4 the appearance of peak at 1509cm-1 might 

be due to the presence of NO2 group present in AB354 dye. The band at 1022cm-1 in the 

spectrum might be due to stretching vibrations of S=O or C–N stretching vibrations of 

amine group of the AB354 dye. The band at 1241cm-1 might be due to C–N bond of AB354 

dye. A new band appeared in dye loaded MHRS–H3PO4 biomass at 1307cm-1 might be due 

to presences of C–N bond due to sorption of dye.  

o. MHRS–H3PO4–MB  

Peak, after sorption of MB dye on the surface of the MHRS–H3PO4 biomass, at 1598cm-1 

might be attributed to the presence of N–H, group introduced to the surface of biomass due 

to loading of biomass. The band at 1247cm-1 was the indication of presence of C–N 

stretching vibrations of amine group present in MB dye. 

p. MHRS–H3PO4–Ab25 

The shifting of peak from 1031cm-1 to 1021cm-1 might be due to introduction of S=O group 

present in the Ab25 dye molecule after sorption of the dye. The presence of band at 1157cm-

1 was again the confirmation of S=O group present due to attachment of Ab25 dye 

molecule.  

The MHRS–H3PO4 dye loaded FTIR spectrum has been shown in Figure 8d. 
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Figure 8: FTIR spectrum of untreated and treated HRS biomass after sorption of dyes 

(a) HRS dye loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded 

(d) MHRS–H3PO4 dye loaded. 
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3.1.1.4 FTIR spectrum of untreated and treated CS biomass after sorption of dyes 

 

a. CS–CR  

After the CR dye sorption on CS the FTIR spectrum of CS exhibited the change in 

functional group and their relative intensities. The appearance of peak at 1736cm-1 after 

sorption of dye might be due to stretching vibrations of C=O and/or S=O. Peaks in the 

range of 1422cm-1, 1376cm-1 and 1321cm-1 indicated the stretching vibrations of presence 

of S=O group. The presence of band at 1238cm-1 was the indication of presence of C–N 

bond of aromatic amines. All these indications of bands in different frequencies of FTIR 

spectrum were the confirmation of sorption of CR dye on the surface of biomass. 

b. CS–AB354 

In the spectrum of CS–AB354 the appearance of peaks at 1736cm-1 and 1371cm-1 indicated 

the presence of S=O group of dye molecule. Peak in the range of 1422cm-1 was also the 

indication of S=O group presence. The peaks at 1314cm-1 and 1238cm-1 were also the 

indication of C–N group of aromatic amines. 

c. CS–MB 

After sorption of MB dye on the surface of the biomass, the appearance of peak at 1598cm-

1 might be attributed to the presence of C=N. The band at 1331cm-1 after MB dye loading 

was the indication of presence of C–N of amine group due to attachment of MB dye on the 

surface of the biomass. Appearance of new medium frequency band at 1244cm-1 might be 

attributed to stretching vibrations of C–N group of aromatic amines.    

d. CS–Ab25 

The presence of  peak in Ab25 dye loaded biomass, at 1736cm-1 in dye loaded HRS was 

the indication of presence of S=O group due to sorption of dye. The presence of band at 

1238cm-1 was the indication of presence of C–N bond of aromatic amines. The presence of 
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band at 1321cm-1 was also the confirmation of S=O group of dye molecule present due to 

sorption of Ab25 dye. 

The CS dye loaded FTIR spectrum has been shown in Figure 9a. 

e. MCS–U–CR 

In the FTIR spectrum of congo red dye loaded MCS–U, the decrease in the frequency of 

band at 2917cm-1 was the indication of involvement of N–H bond in the sorption of dye. 

similarly the band that was observed in unloaded MCS–U at 1736cm-1, disappeared in the 

dye loaded biomass was also the indication of involvement of C=O and C–H bond. The 

appearance of band at 1703cm-1 and 1656cm-1 might be attributed to the presence of C=C 

stretching vibrations of bond (Taha N.A and A, 2016). 

f. MCS–U–AB354 

In the spectrum of AB354 dye loaded MCS–U biomass, the appearance of peak at 1701cm-

1 might be due to presence of C=C group, and the peak at 1507cm-1 were the characteristics 

of N–O group. The band at 1418cm-1 along with 1160cm-1 was the confirmation of S=O 

group present due to the dye sorption. 

g. MCS–U–MB 

The appearance of bands in the range of 1703cm-1 to 1698cm-1 was the indication of 

presence of C=O group and the peaks at 1329cm-1 and 1246cm-1 were the indication of 

presence of C–N stretching vibrations of amine which might be the indication of sorption 

of MB dye on the surface of the biomass. 

h. MCS–U–Ab25 

In the FTIR spectrum of MHRS–U–Ab25, the peak at 1333cm-1 and 1421cm-1 attributed to 

the indication of presence of S=O group due to sorption of dye molecules. 

The MCS–U dye loaded FTIR spectrum has been shown in Figure 9b. 
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i. MCS–HNO3–CR 

In the FTIR spectrum after sorption of congo red dye on MCS–HNO3, the band at 1365cm-

1 appeared which was the indication of S=O group of dye molecule. The shifting of band 

from 1321cm-1 to 1319cm-1 was the indication of involvement of C–O group in the sorption 

of dye.  The shifting of band at 1158cm-1 to 1160cm-1 was also indication of involvement 

of same C–O group in dye sorption. 

j. MCS–HNO3–AB354 

In the spectrum of AB354 dye loaded MCS–HNO3 biomass, the  band at 1316cm-1 might 

be due to appearance of S=O due to sorption of dye. 

k. MCS–HNO3–MB  

The band at 1598cm-1 in methylene blue dye loaded FTIR spectrum of MCS–HNO3 became 

more intense due to bending vibrations of N–H group gave the indication of loading of 

amine group after sorption of dye. The band at 1248cm-1 was the indication of presence of 

C–N stretching vibrations of amine group due to sorption of dye on the surface of biomass. 

l. MCS–HNO3–Ab25 

In the FTIR spectrum of MHRS–HNO3–Ab25, the appearance of band at 1594cm-1 showed 

the indication of presence of N–O group, might be due to sorption of Ab25 dye. 

The MCS–HNO3 dye loaded FTIR spectrum has been shown in Figure 9c. 
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m. MCS–H3PO4–CR  

The increase in frequency of band at 3331cm-1 in FTIR spectrum of congo red dye loaded 

MCS–H3PO4, was the indication of attachment of more N–H group due to sorption of dye. 

The appearance of peak in congo red loaded MCS–H3PO4 biomass at 1426cm-1 due to 

stretching vibrations of S=O group present in CR dye was the indication of loading of dye. 

n. MCS–H3PO4–MB  

Peak, after sorption of MB dye on the surface of the MCS–H3PO4 biomass, at 1599cm-1 

might be attributed to the presence of N–H, group introduced to the surface of biomass due 

to loading of biomass. The band at 1331cm-1 might be due to C–N group present in the dye 

molecule. The band at 1246cm-1 was the indication of presence of C–N stretching 

vibrations of amine group present in MB dye. 

The MCS–H3PO4 dye loaded FTIR spectrum has been shown in Figure 9d. 
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Figure 9: FTIR spectrum of untreated and treated CS biomass after sorption of dyes 

(a) CS dye loaded, (b) MCS–U dye loaded, (c) MCS–HNO3 dye loaded 

(d) MCS–H3PO4 dye loaded.  
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3.1.2 Scanning Electron Microscopy and Energy Dispersive X-Rays 

Absorption Spectroscopic Analysis of Untreated and Treated HRS and 

CS Biomass (SEM-EDX) 

 
 

The surface morphology of all of the adsorbents before and after sorption of dyes was 

studied by Scanning Electron Microscopy (SEM). 

The biomass containing cavities, channels or interstices may be regarded as porous. Porous 

and finely divided biomass exhibited enhanced chemical reactivity, higher adsorption 

capacity. These pores are classified in two categories according to accessibility to an 

external fluid.  

 Closed porosity, consisting of pores that are inaccessible to an external fluid (like a). 

 Open porosity, consisting of pores that are accessible to an external fluid (b, c, d, e, f). 

The pores that have are accessible to the external fluid are known as navigable channel (like 

b, c, d, e, f). These are further classified into "through pores" and "blind pores". Through 

pores have an open channel that begins at one end of solid surface extends into the particle, 

and ends at other surface at a different location (like c–e–c and c–e–d). Blind pores (also 

called dead-end or saccate pores) are open to the surface only at on end (like f) (Ion Pencea 

et al., 2008). (Figure 10). 

 

Figure 10: Different types of pores channels. 
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According to classification of The International Union of Pure and Applied Chemistry 

(IUPAC), the porous substances are classified in following different classes. 

 Primary micro pores: width ˂ 8 Å    

 Secondary micro pores: width 8-20 Å 

 Meso pores: width 20-500 Å     

 Macro pores: width ˃ 500 Å 

Most of the surface area available for adsorption is in the micro pore and meso pore. 

The SEM images of all of the HRS and CS biosorbents after modification also showed the 

morphology, sizes and porosity of these biosorbents. 

The SEM images clearly depicted the pore textural structure of biosorbents. The images of 

pure biomass revealed that the surface of biomass was found to be coarse and asymmetrical 

and had significant numbers of pores and cavities which provided requisite sites for 

sorption of dyes molecule. SEM of all the pure and dye loaded biomass were studied at 

different magnifications (i.e. 100–10,000) and those at 5000 have been shown. In most of 

the biosorbents the pore sizes in the biomass were also in the ranges mentioned in literature, 

i.e. micro pores and meso pores. 

The calculated pores size at different magnifications, in HRS biomass were 1.651 µm, 

2.865 µm, 4.378 µm, 6.890 µm confirmed the meso porous structure of adsorbents. The 

results of EDX revealed the presence of different elements on the surface of biomass 

responsible for the sorption of dyes. In modified biosorbents i.e. MHRS–U, MHRS–HNO3, 

and MHRS–H3PO4, the pore size increased and led to more roughness with large number 

of hoops and lumps on the surface of adsorbents. The open pores (voids) were of polygonal 

shape and had apparent diameters in the range 1-8μm i.e. these images revealed the macro 

porosity. The surface add-on particles showed the composite rough and plate-like 
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morphologies. Among the particulate roughness there were a lot of micrometric pores, 

belong to macro porosity. The plate-like surface revealed a network of slit-like porosity and 

a lot of surface adhered particles. 

 In MHRS–U the pore size of biomass increased to 1.005 µm, 2.354 µm, and 6.457 µm. In 

MHRS–HNO3 the pore size of biomass was 4.296 µm, 5.006 µm and 4.920 µm whereas in 

MHRS–H3PO4 the pore size also increased i.e. 4.296 µm, 5.006 µm and 4.920 µm. Due to 

the reason, the surface became more heterogeneous, thus provided more sites for sorption 

of dyes. The change in the physical and chemical properties of these modified adsorbents 

might be the due to the reason in change in morphology of these biomass.   

The calculated pores size in CS were 1.597 µm, 2.964 µm, 2.021 µm at different 

magnifications. These pores size also confirmed the meso porous structure of the 

adsorbents and the results of EDX revealed also the presence of different elements on the 

surface of biomass that might be responsible for the sorption of different dyes.  

In modified biosorbents i.e. MCS–U, MCS–HNO3 and MCS–H3PO4 the pore size increased 

due to which the surface of modified biosorbents became rougher than that of raw CS. The 

images of these modified biosorbents showed the bulk morphology and justified the higher 

specific surface among the modified sorbents. In MCS–U the pore size of biomass 

increased to 5.105 µm. In MCS–HNO3 the pore size of biomass was 5.585 µm, and in 

MCS–H3PO4 the pore size also increased i.e. 7.532 µm. Due increase in these pore sizes 

the surface of modified biosorbents became more heterogeneous that might be reason of 

more sorption of dyes. As the morphology of the biosorbents changed it also led to change 

in the physical and chemical properties of modified biosorbents. 

The estimated diameter of CR dye 2.1nm (2100 µm) MB dye 1.5nm (1500 µm), Ab25 

1.38nm (1380 µm) and that of AB354 dye was 2.5nm (2500 µm). The diameter of these 
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dyes were smaller than that of the calculated pore size diameter of all of the untreated and 

treated biosorbents. It was the indication that the all of these dyes might be adsorbed 

through diffusion into pores of these biosorbents. 

These pores were not observed or less number of pores observed on the surface of the 

biosorbents after the sorption of dye which could be due to either accumulation of dye on 

the surface or the incursion of dye molecules into the pores of biomass used. 

The SEM images of dye loaded HRS, MHRS–U, MHRS–HNO3, MHRS–H3PO4 showed 

that the biosorbent surface became smoother after sorption of dyes. Similarly the SEM 

images of dye loaded CS, MCS–U, MCS–HNO3, MCS–H3PO4 showed that the pores 

seemed to be packed with dyes after sorption. It was observed that after sorption of dyes 

the surface/morphology of the adsorbent changed significantly.  

EDX of all of the biosorbents before and after sorption of dyes indicated that ion exchange 

was the main mechanism for the sorption of dye. The EDX pattern of CR dye loaded 

biosobents indicated the presence of sodium and more concentration of carbon as well as 

oxygen on the surface of the biomass. The EDX pattern of AB354 dye loaded biosobents 

also indicated the presence of sodium and nitrogen and increased concentration of oxygen 

on the surface of the biomass. Similarly the EDX pattern of all of the MB dye loaded 

biosorbents also showed the presence of nitrogen and sulphur and also increased 

concentration of carbon on the surface of biosorbent. Furthermore the sorption of Ab25 

was confirmed by the presence of sodium, nitrogen, sulphur and increased concentration of 

oxygen on the surface of biomass. 

The SEM and EDX images of untreated, treated and dye loaded biomass have been shown 

in Figure 11.(a-d) Untreated and treated HRS biomass, (e-h) Dye loaded HRS biomass, (i-

l) Dye loaded MHRS–U biomass, (m-p) Dye loaded MHRS–HNO3 biomass, (q-t) Dye 
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loaded MHRS–H3PO4 biomass.(aˈ-dˈ) Untreated and treated CS biomass, (eˈ-hˈ) Dye 

loaded CS biomass, (iˈ-lˈ) Dye loaded MCS–U biomass, (mˈ-pˈ) Dye loaded MCS–HNO3 

biomass, (qˈ-rˈ) Dye loaded MCS–H3PO4 biomass. 
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Pore size : 6.890 µm 

(a) SEM image of HRS 

 

 

(a) EDX image of HRS 

 

Pore size : 1.005 µm, 2.354 µm, 6.457 µm 

(b) SEM image of MHRS–U  

 

 

(b) EDX image of MHRS–U  

Element Intensity Atomic% 

C K 1.8541 63.19 

O K 0.9980 36.81 

 

Element Intensity Atomic% 

C K 1.7022 61.76 

O K 1.2054 37.84 

N K 0.9189 0.40 
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Pore size : 4.296 µm, 5.006 µm, 4.920 µm 

(c) SEM image of MHRS–HNO3 

 

 

(c) EDX image of MHRS–HNO3 

 

Pore size : 4.296 µm, 5.006 µm, 4.920 µm 

(d) SEM image of MHRS–H3PO4 

 

 

(d) EDX image of MHRS–H3PO4 

Element Intensity Atomic% 

C K 1.8167 60.05 

O K 1.0457 39.95 

N K 1.024 2.354 

 

Element Intensity Atomic% 

C K 1.7014 64.23 

O K 1.1843 35.53 

P K 1.0344 0.24 
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Pore size : 9.11 µm, 3.156 µm 

(e) SEM image of HRS–CR  

 

 

(e) EDX image of HRS–CR  

 

Pore size : 5.667 µm 

(f) SEM image of HRS–AB354 

 

 

(f) EDX image of HRS–AB354 

Element Intensity Atomic% 

C K 1.6579 63.03 

O K 1.1943 36.65 

S K 1.3733 0.33 

Na K 0.156 0.412 

 

Element Intensity Atomic% 

C K 1.6911 60.49 

O K 1.2499 39.51 

Na K 0.824 1.058 
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Pore size : 4.561 µm, 6.921 µm  

(g) SEM image of HRS–MB 

 

 

(g) EDX image of HRS–MB 

 

Pore size : 5.759 µm  

(h) SEM image of HRS–Ab25 

 

 

(h) EDX image of HRS–Ab25 

Element Intensity Atomic% 

C K 1.8081 73.03 

O K 1.0578 26.97 

 

Element Intensity Atomic% 

C K 1.7416 66.21 

O K 1.1581 33.79 

Na K 0.987 1.342 

S K 0.561 0.286 
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Pore size : 4.248 µm, 4.007 µm 

(i) SEM image of MHRS–U–CR 

 

 

(i) EDX image of MHRS–U–CR 

 

Pore size : 3.872 µm 

(j) SEM image of MHRS–U–AB354 

 

 

(j) EDX image of MHRS–U–AB354 

Element Intensity Atomic% 

C K 1.6608 58.49 

O K 1.2821 41.13 

Na K 1.3447 0.38 

S K 1.365 0.362 

 

Element Intensity Atomic% 

C K 1.9074 67.77 

O K 0.9382 32.23 

Na K 0.657 1.047 
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Pore size : 5.258 µm, 4.431 µm  

(k) SEM image of MHRS–U–MB 

 

 

(k) EDX image of MHRS–U–MB 

 

Pore size : 21.54 µm  

(l) SEM image of MHRS–U–Ab25 

 

 

(l) EDX image of MHRS–U–Ab25 

Element Intensity Atomic% 

C K 1.8831 65.66 

O K 0.9646 34.34 

N K 0.005 0.024 

 

Element Intensity Atomic% 

C K 1.8472 62.39 

O K 0.9656 36.85 

Na K 0.9144 0.76 

S K 0.753 0.087 
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Pore size : 6.354 µm 

(m) SEM image of MHRS–HNO3–CR 

 

 

(m) EDX image of MHRS–HNO3–CR  

 

Pore size : 5.873 µm, 6.941 µm 

(n) SEM image of MHRS–HNO3–AB354 

 

 

(n) EDX image of MHRS–HNO3–AB354 

Element Intensity Atomic% 

C K 1.7406 68.30 

O K 0.9584 30.72 

S K 1.0558 0.99 

Na K 0.394 0.401 

 

Element Intensity Atomic% 

C K 1.5977 63.46 

O K 1.1734 36.22 

Na K 0.6906 0.32 
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Pore size : 5.060 µm, 18.09 µm 

(o) SEM image of MHRS–HNO3–MB 

 

 

(o) EDX image of MHRS–HNO3–MB 

 

Pore size : 9.942 µm, 11.08 µm, 11.57 µm 

(p) SEM image of MHRS–HNO3–Ab25 

 

 

(p) EDX image of MHRS–HNO3–Ab25 

Element Intensity Atomic% 

C K 1.9074 67.77 

O K 0.9382 32.23 

N K 0.101 0.223 

 

Element Intensity Atomic% 

C K 1.3730 73.90 

O K 0.9227 25.09 

Na L 0.7064 1.01 

S K 0.882 1.037 
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Pore size : 4.700 µm, 11.73 µm 

(q) SEM image of MHRS–H3PO4–CR 

 

 

(q) EDX image of MHRS–H3PO4–CR 

 

Pore size : 2.581 µm, 5.060 µm, 8.188 µm 

(r) SEM image of MHRS–H3PO4–AB354 

 

 

(r) EDX image of MHRS–H3PO4–AB354 

Element Intensity Atomic% 

C K 1.6388 65.47 

O K 1.1492 33.58 

Na K 1.3788 0.62 

S K 0.9595 0.33 

 

Element Intensity Atomic% 

C K 1.3482 67.28 

O K 0.9959 31.75 

Na L 0.7063 0.97 
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Pore size : 9.909 µm, 18.57 µm, 21.21 µm 

(s) SEM image of MHRS–H3PO4–MB 

 

 

(s) EDX image of MHRS–H3PO4–MB 

 

Pore size : 6.439 µm, 3.480 µm, 9.561 µm 

(t) SEM image of MHRS–H3PO4–Ab25 

 

 

(t) EDX image of MHRS–H3PO4–Ab25 

Element Intensity Atomic% 

C K 1.6804 65.84 

O K 0.9874 33.71 

P K 0.9588 0.45 

 

Element Intensity Atomic% 

C K 2.1259 92.57 

O K 0.7586 7.43 

Na K 0.924 1.861 

S K 0.9291 1.631 
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Pore size : 1.597 µm, 2.964 µm, 2.021 µm 

(aˈ) SEM image of CS 

 

 

(aˈ) EDX image of CS 

 

Pore size : 5.105 µm 

(bˈ) SEM image of MCS–U  

 

 

(bˈ) EDX image of MCS–U  

Element Intensity Atomic% 

C K 1.7964 58.37 

O K 1.0735s 41.63 

 

Element Intensity Atomic% 

C K 1.8681 64.38 

O K 0.9811 35.62 

N K 0.983 1.654 
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Pore size : 5.585 µm 

(cˈ) SEM image of MCS–HNO3  

 

 

(cˈ) EDX image of MCS–HNO3 

 

Pore size : 7.532 µm 

(dˈ) SEM image of MCS–H3PO4 

 

 

(dˈ) EDX image of MCS–H3PO4 

Element Intensity Atomic% 

C K 1.6997 61.52 

O K 1.2326 38.48 

N K 0.874 3.52 

 

Element Intensity Atomic% 

C K 1.4788 57.26 

O K 1.2525 41.03 

P K 1.0218 1.71 
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Pore size : 5.006 µm, 3.643 µm 

(eˈ) SEM image of CS–CR  

 

 

(eˈ) EDX image of CS–CR 

 

Pore size : 2.833 µm 

(fˈ) SEM image of CS–AB354 

 

 

(fˈ) EDX image of CS–AB354 

Element Intensity Atomic% 

C K 1.6887 60.21 

O K 1.2545 39.79 

S K 1.025 0.521 

Na K 0.863 1.254 

 

Element Intensity Atomic% 

C K 2.0600 83.17 

O K 0.8038 16.83 

Na K 0.957 0.341 
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Pore size : 1.275 µm, 1.794 µm, 1.288 µm 

(gˈ) SEM image of CS–MB  

 

 

(gˈ) EDX image of CS–MB  

 

Pore size : 15.08 µm 

(hˈ) SEM image of CS–Ab25 

 

 

(hˈ) EDX image of CS–Ab25 

Element Intensity Atomic% 

C K 1.7069 62.34 

O K 1.2194 37.66 

 

Element Intensity Atomic% 

C K 2.1333 93.85 

O K 0.7538 6.15 

Na K 0.547 1.32 

S K 0.638 1.38 
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Pore size : 1.569 µm 

(iˈ) SEM image of MCS–U–CR  

 

 

(iˈ) EDX image of MCS–U–CR  

 

Pore size : 3.118 µm, 3.343 µm 

(jˈ) SEM image of MCS–U–AB354 

 

 

(jˈ) EDX image of MCS–U–AB354 

Element Intensity Atomic% 

C K 1.9140 68.36 

O K 0.9311 31.64 

S K 0.9651 0.501 

Na k 0.721 0.443 

 

Element Intensity Atomic% 

C K 1.7223 69.46 

O K 1.0973 30.33 

Na K 0.9584 0.21 
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Pore size : 1.353 µm 

(kˈ) SEM image of MCS–U–MB  

 

 

(kˈ) EDX image of MCS–U–MB  

 

Pore size : 3.715 µm, 3.369 µm, 3.839 µm 

(lˈ) SEM image of MCS–U–Ab25  

 

 

(lˈ) EDX image of MCS–U–Ab25 

Element Intensity Atomic% 

C K 1.7393 65.96 

O K 1.1619 34.04 

N K 0.41 0.48 

 

Element Intensity Atomic% 

C K 2.1218 91.88 

O K 0.7612 8.12 

Na K 0.647 0.996 

S K 0.354 0.353 
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Pore size : 2.186 µm, 3.091 µm, 5.177 µm 

(mˈ) SEM image of MCS–HNO3–CR  

 

 

(mˈ) EDX image of MCS–HNO3–CR  

 

Pore size : 13.39 µm, 10.32  µm, 10.35 µm 

(nˈ) SEM image of MCS–HNO3–AB354  

 

 

(nˈ) EDX image of MCS–HNO3–AB354 

Element Intensity Atomic% 

C K 1.8217 60.47 

O K 1.0388 39.53 

Na K 1.021 0.9592 

S K 1.344 0.431 

 

Element Intensity Atomic% 

C K 1.8391 61.93 

O K 1.0165 38.07 

Na K 0.034 0.886 
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Pore size : 5.415 µm, 3.133 µm 

(oˈ) SEM image of MCS–HNO3–MB  

 

 

(oˈ) EDX image of MCS–HNO3–MB  

 

Pore size : 4.431 µm, 12.97 µm 

(pˈ) SEM image of MCS–HNO3–Ab25 

 

 

(pˈ) EDX image of MCS–HNO3–Ab25 

Element Intensity Atomic% 

C K 1.7795 56.97 

O K 1.0980 43.03 

Na K 0.301 0.241 

 

Element Intensity Atomic% 

C K 1.8600 63.69 

O K 0.9907 36.31 

Na K 0.032 1.311 

S K 0.721 1.21 
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Pore size : 9.808 µm, 4.749 µm 

(qˈ) SEM image of MCS–H3PO4–CR  

 

 

(qˈ) EDX image of MCS–H3PO4–CR  

 

Pore size : 1.679 µm, 1.387 µm, 1.468 µm 

(rˈ) SEM image of MCS–H3PO4–MB  

 

 

(rˈ) EDX image of MCS–H3PO4–MB  

 

Figure 11: SEM and EDX images of untreated, treated and dye loaded biomass.(a-d) Untreated 

and treated HRS biomass, (e-h) Dye loaded HRS biomass, (i-l) Dye loaded MHRS–

U biomass, (m-p) Dye loaded MHRS–HNO3 biomass, (q-t) Dye loaded MHRS–

H3PO4 biomass.(aˈ-dˈ) Untreated and treated CS biomass, (eˈ-hˈ) Dye loaded CS 

biomass, (iˈ-lˈ) Dye loaded MCS–U biomass, (mˈ-pˈ) Dye loaded MCS–HNO3 

biomass, (qˈ-rˈ) Dye loaded MCS–H3PO4 biomass. 

  

Element Intensity Atomic% 

C K 2.1271 92.77 

O K 0.7578 7.23 

S K 0.455 1.021 

 

Element Intensity Atomic% 

C K 1.6067 53.99 

O K 1.3275 44.78 

Na K 1.3371 0.52 

Mg K 1.0377 0.27 

Ca K 0.9234 0.43 

 



Discussion 

 

3.1.3 Thermal Analysis 

 

Literature shows that the chemical composition of the biomass shows the presence of 

organic components such as proteins, lipids, starches, sugars, cellulose, hemicellulose and 

lignin materials. Along with these organic materials the biomass also contain inorganic 

materials such as water, alkali and alkaline earth metals, chlorine, nitrogen, phosphorus, 

sulphur, silicons and other trace as well as heavy metals (Moilanen, 2006). 

Thermogravimetric analysis is an analytical technique in which sample is analyzed on the 

basis of change in mass as a function of temperature in controlled conditions. The technique 

was developed in 1900’s. In the early period of its use it was limited to the thermal analysis 

of polymeric materials only since 1960’s. This technique is widely used to determine the 

thermal stability, degradation temperature, oxidative and reductive stability, moisture 

contents, organic and inorganic composition and contents of material, decomposition 

temperature of any material up to 1000oC (Shinde V.B and M, 2014). 

In the thermal processes, the different biomass exhibit different behavior due to their 

different nature and properties. For determination of thermal stability and kinetic studies of 

the biomass it is very useful to understand the complex thermal decomposition 

phenomenon of each biomass. 

The curves of weight loss against temperature of all of the biomass samples were studied 

with in the temperature range 10oC–1000oC with temperature rising rate of 10oC/min. 

These curves showed the thermal stability of all of the raw as well as chemically modified 

biomass. The comparison of the curves with other studied biomass showed that the all of 

the biomass contained long carbon chain compounds e.g. carbon, cellulose, lignin and 

hemicellulose materials. 

In the TGA analysis of all of the biomass the TGA curves were observed in three different 

regions. The first region of curve showed the weight loss in the temperature range 100oC–
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150oC, might be due to loss in weight of water molecules i.e. due to elimination of moisture 

that might be retained in the biomass during washing or modification process or present at 

the surface of adsorbent. 

The second region of the TGA curve in the range of 250oC–350oC indicated the 

decomposition of hemicellulose components present in natural materials and in the range 

of 305oC–375oC might be due to the degradation of most of the cellulose components of 

the biomass. At this point in the TGA curve there is the biggest mass loss due to release of 

CO2 and CH4 gases produced due to degradation of hemicellulose and cellulose 

components (Roberto García et al., 2013). 

The lignin present in natural products/biomass that are considered as the most stable 

compounds as compared to cellulose and hemicellulose; decomposed between 200oC–

350oC, and steadily over at 250oC–500oC (Geyse Adriana Corrêa Ribeiro et al., 2017).  

The TG curves of all of the biomass became constant in the temperature range 555oC–

600oC indicated that the most of the volatile materials have been released due to complete 

decomposition of lignocellulosic materials present in the biomass (Shinde V.B and M, 

2014). 

Overall in thermogravimetric (TG–DTG) analysis of biomass, the weight lost observed in 

TG and DTG were found to be relevant to the composition of cellulose, hemicellulose and 

lignin. There were two main reaction regions. (i) Combustion of volatile substances also 

known as devolatilization, (ii) combustion of more complex and thermally stable 

components of biomass (Mustafa Versan Kok and Özgür, 2013). 

The major peaks in DTG curves of all of the biomass were observed in the temperature of 

765oC – 780oC. This indicated the degradation of lignin, cellulose and hemicellulose 

materials present in the biomass. Whereas the peaks in the temperature range 500oC–800oC 
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were the confirmation of lignin components of the biomass. The reactivity of these 

combustion regions was directly proportional to the height of DTG. 

In the DSC curves of all of the biomass two different exothermic reaction regions were 

observed. The first region might be due to the combustion of the light and volatile 

components of the biomass. The second region of exothermic might be due to the 

combustion of fixed carbon in the lignocellulosic materials. 

The physical reactions, including softening or solidification of biomass, and the chemical 

reactions including both the exothermic as well as endothermic reactions determines the 

decomposition rate of biomass. DSC curve in the decomposition of all of the biomass 

indicated that the both of the exothermic as well as endothermic reactions occurred as a 

result of the chemical changes of the biomass during decomposition. The comparison of 

percentage mass loss of the unmodified biomass indicated the greater percentages of 

celluloses and hemicelluloses components whereas treated biomass showed greater loss of 

mass corresponds to lignin component of adsorbent.  

The DSC curves of untreated biomass i.e. HRS were observed to have higher flow values 

as compared to treated biomass i.e. MHRS–U, MHRS–HNO3 and MHRS–H3PO4. At low 

temperature range, i.e. up to 200oC, the DSC curves indicated the demoisturization or 

denaturation of the protein. A significant change in that curve was obtained in modified 

samples that might be attributed to some structural changes in the modification process 

(Muhammad Arshad Khosa et al., 2013).     

All of the adsorbents showed the similar behavior of decomposition as other 

biosorbent/lignocellulosic materials reported in literature (Geyse Adriana Corrêa Ribeiro 

et al., 2017). 
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The thermal analysis of biomass (TGA, DTGA, DTA, DSC) have been shown in Figure 

12. (a-d) HRS biomass, (e-h) MHRS–U, (i-l) MHRS–HNO3, (m-p) MHRS–H3PO4, (a’-d’) 

CS biomass, (e’-h’) MCS–U, (i’-l’) MCS–HNO3, (m’-p’) MCS–H3PO4. 
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Figure 12: Thermal analysis of biomass (TGA, DTGA, DTA, DSC). (a-d) HRS 

biomass, (e-h) MHRS–U, (i-l) MHRS–HNO3, (m-p) MHRS–H3PO4, (a’-

d’) CS biomass, (e’-h’) MCS–U, (i’-l’) MCS–HNO3, (m’-p’) MCS–

H3PO4.  
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Components %age of components 

 

 

Cellulose 50% 

Hemicellulose 32% 

Lignin 25% 

 

Figure 13: %age composition of different constituents present in Haloxylon recurvum plant. 

 

 

Components %age of components 

 

 

Holocellulose 76% 

Cellulose 46% 

Lignin 18% 

Fats 30% 

Proteins 15% 

 

Figure 14: %age composition of different constituents present in Gossypium hirsutum plant. 

Source  (Ahmet Tutus et al., 2010). 
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3.1.4 Elemental Analysis 

 

The elemental analysis i.e. contents of C, H, N, S of untreated and treated biomass were 

determined by elemental analyzer. The carbon, nitrogen, hydrogen and sulphur ration was 

in agreement with the other biosorbents used for the removal of dyes from their aqueous 

medium (Hui Deng et al., 2011; (P. Subramanian et al., 2011; (Vaibhav Dhyani et al., 

2017). 

The less %age of nitrogen revealed the less protein contents in untreated biomass. The 

relatively low percentage of nitrogen group, as compared to the carbon quantities indicated 

that few nitrogen containing compounds were possible for the sorption of dyes. This low 

percentage of nitrogen element, was advantageous over protein rich adsorbents, because 

protein rich materials are likely to putrefy under moist conditions. (Report) The greater 

percentage of carbon in the biomass indicated that the carbon contents, might be responsible 

for the sorption of dyes. These nitrogen contents increased on treatment of biomass with 

nitrogen containing species i.e. urea and nitric acid which was the confirmation, that the 

surface of biomass modified after treating with modifying agent. The different %ages of 

elements present in untreated and treated HRS and CS biomass have been shown in Table 

1. 

3.1.5 Brunauere Emmette Teller (BET) Surface Area Studies (Textural 

Properties of Biomass) 

 

Textural properties, such as specific surface area, pore size, pore volume, pore width, pore 

size distribution are important material characteristics for different applications e.g. 

catalysts, adsorption and in many other synthetic processes. Finally divide powdered 

materials contain unsaturated bonds, so these materials may bond together with weak 

interactions and form loose coherent secondary particles, known as “aggregate”. In these 
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aggregates some of the cavities may originate due to which these materials exhibit 

enhanced properties e.g. chemical reactivity, sorption capacities etc. Due to enhanced 

sorption capacities, these materials are considered as important materials in environmental 

engineering. 

Among the commonly determined textural properties of adsorbent, the particle size, 

specific surface area (area per unit mass), specific pore volume (pore volume per unit mass) 

and pore size distribution are the most common characteristics to determine. 

 Table 2 and 3 summarizes these textural properties of different biomass in their raw as 

well as modified forms. It was observed that all of the biomass were typically highly 

mesoporous materials, with a narrow pore size distribution and a relatively small external 

specific surface area.  

On comparing the specific surface area and total pore volume of all of the unmodified and 

modified adsorbents with activated carbons, used for the removal of dyes it was observed 

that the determined physical properties were significantly lower. The specific-surface-area 

values of activated carbons used for the purpose are within range 500–2000 m2g−1 and total 

pore volumes up to 91.4 cm3g−1 have been reported. These reported textural properties of 

other agro waste products used for the removal of dyes are in the range 0.5–1.5 m2g−1. On 

comparing the specific surface area and specific pore volume of the biosorbents it was 

found that these textural properties of these biosorbents were much better than other 

reported biosorbents (D. A. Nimkar and Chavan, 2014). 

3.1.6 Surface Area Studies by Methylene Blue Method 
 

As it has been described that the porous materials are of great importance in their different 

applications. The physical characteristics such as surface area, porosity, particle size 

distribution, bulk density greatly influence the sorption process in the removal of dyes. As 
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sorption is a surface phenomenon, in which the particle adhere to the adsorbent surface. It 

is believed that the porous material with great surface area present greater sorption capacity, 

but it is not always true with the statement. As there are a numerous examples which gives 

the indication of lower sorption capacities with greater surface area of the adsorbent. The 

reason is that, not only the surface area, but also pore size, pore volume, pore size 

distribution and other relevant textural properties are responsible for the desired results. 

Due to this reasons the scientists failed to interpret the sorption phenomenon precisely 

(Long Chen et al., 2017). 

Determination of surface area of the adsorbent, by methylene blue method is the commonly 

used method (V´ıtor J.P. Vilar et al., 2007). It has been assumed that the methylene blue 

dye forms a monolayer after sorption on the sorbent particle, due to this reason specific 

surface area by methylene blue can be calculated. The methylene blue molecule has parallel 

piped shape dimensions, approximately 17 Å × 7.6 Å × 3.25 Å. The adsorbent area covered 

by one of the methylene blue molecule may change due to attachment on the surface of the 

adsorbent in different orientations: i.e. (i) if the molecule lies on its largest face on the 

sorbent surface, then covered area is about 130o A2 per molecule; (ii) if the molecule is 

tilted with the surface of adsorbent at an angle of 65o–70o then covered area is about 66o 

A2; (iii) if the longest axis is oriented perpendicular to the surface, then the covered area is 

about 24.7o A2 per molecule. The most common assumption is that the molecule lies flat on 

the adsorbent on its largest face. 

Langmuir isotherm was plotted and surface area of adsorbent was determined by using 

formula. 
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 𝑆𝑀𝐵 =  10−3 × 𝑄𝑚 × 𝑁𝐴 ×  𝐴𝑀𝐵 /𝑀 (31) 

 

𝑆𝑀𝐵= Surface area of the adsorbent measured by methylene blue method 

𝑄𝑚 = Langmuir sorption capacity 

𝑁𝐴 = Avogadro’s Number. 

𝐴𝑀𝐵 = Effective molecular area for methylene blue dye. 

𝑀= Molar mass of methylene blue dye. 

Where NA = 6.022×1023 mol-1, AMB = 1.3×10-18, M = 319.85 g/mol (Wen-Tien Tsai et al., 

2011). The exact determination of surface area of biomass is not possible if the sorption 

process of dye did not follow the Langmuir sorption isotherm. It was observed that the 

specific surface area of all of the biomass, calculated by methylene blue method was larger 

than the value obtained by BET nitrogen gas sorption measurement. 

The Langmuir type 1 isotherm is generally considered as best isotherm for monolayer 

sorption. This type 1 isotherm shows that the amount of methylene blue sorbed increased 

with increase in the concentration of dye up to saturation point. After this point the sorption 

of methylene blue is no more effected by concentration of methylene blue dye due to 

limited access of available sites (Itodo et al., 2010). The values of calculated surface area 

(SMB) of untreated and treated HRS and CS have been depicted in Table 2 and 3 

respectively. 
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3.1.7 Moisture, Ash and Volatile Contents 

 

The moisture, ash and volatile contents of biomass help in determining the actual biomass 

weight. These moisture contents in biomass are majorly affected by climatic conditions, 

biomass textural properties and area from where it has been collected (Muhammad Aqeel 

Ashraf et al., 2013). The moisture contents in different untreated and treated biomass of 

HRS and CS, changed on modification with different agents. It was found that the moisture 

content in HRS were 5.58 %, and MHRS–U were 4.32 %. In MHRS–HNO3 these moisture 

contents were 2.97 % and in MHRS–H3PO4 3.56 %. The moisture contents in cotton stem 

and their treated form biosorbents were low as compared to HRS and its modified 

biosorbents. In CS the moisture contents were very low i.e. 0.061 %, in MCS–U the 

percentage of these moisture contents were also low as compared to modified HRS–U i.e. 

0.705 %. Similarly in MCS–HNO3 the percentage of moisture contents was 0.728 % and 

in MCS–H3PO4 it was 0.666 %. These moisture contents of all of the biosorbents were in 

the same %age as have been mentioned in literature (Yaning Zhang et al., 2012). 

In similar to the moisture contents, the ash and volatile contents also help in determining 

the actual weight on biomass. All of the ash contents and volatile contents decreased on 

treatment of HRS as well as CS biomass with different agents. The volatile components 

present in all of the untreated and treated biomass might be in the form of cellulose, 

hemicellulose, lignin and some proteins. The presence of these components were also 

conferment by FTIR, thermal and elemental analysis. The percentage of moisture, ash and 

volatile contents in the untreated as well as treated biosorbents have also been mentioned 

in Table 4. 
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3.1.8 Bulk Density 
 

The bulk density is mainly affected by the environmental conditions of the biomass 

existence. The bulk density of untreated and treated HRS biomass was greater than that of 

untreated and treated CS biomass which may be due to high ash and volatile contents 

present in the biomass (Table 4). The bulk density of all of the biomass was within the 

range as calculated of the other used biosorbents (Yaning Zhang et al., 2012), (Dobariya 

Umesh et al., 2015).  

3.1.9 Porosity  
 

The sorption capacity of the biomass is influenced by a number of factors i.e. surface area, 

pore size distribution, functional groups presents on the surface of biomass. The polarity, 

solubility and molecular size, pH of adsorbate also effects the sorption capacity of 

biomass/adsorbent. The pattern of cellular arrangement is also responsible for porosity of 

any biomass. Activated carbons have high surface area and have greater sorption capacity 

for low molecular weight species, whereas low sorption capacity for large molecules having 

high molecular weight. In simple, the larger molecules such as dyes, natural organic 

compounds requires adsorbent of larger size pores i.e. mesoporous adsorbent (Amina A. 

Attia et al., 2008), (Samra Irem et al., 2013). 

The porosity of the untreated and treated biomass was determined by using simple water 

pycnometer method. It was observed that the average porosity of different untreated and 

treated biomass were comparable to the other biomass used for the sorption of different 

dyes. It was also observed that, as the biomass was treated with different agents, e.g. urea, 

nitric acid and phosphoric acid, the porosity increased which was also supported by the 

increased sorption capacities of dyes. 
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It was observed that the %age of porosity of HRS biomass was 67.25 %, in MHRS–U this 

was increased to 74.15 % i.e. there was 6.9 % increase in porosity of biomass after 

modification with urea. In MHRS–HNO3, the %age of porosity was 73.47 %. The %age 

porosity increased 6.22 % in MHRS–HNO3. In MHRS–H3PO4 the porosity was 73.27 % 

i.e. there was 6.02 % increase in %age of porosity of phosphoric acid modified HRS.  

It was observed that the %age of porosity of CS biomass was 80.12 %, in MCS–U this was 

increased to 83.24 % i.e. there was 3.12 % increase in porosity of biomass after 

modification with urea. In MCS–HNO3, the %age of porosity was 81.07 %. The %age 

porosity increased 0.95 % in MCS–HNO3. In MCS–H3PO4 the porosity was 82.57 % i.e. 

there was 2.45 % increase in the %age of porosity of phosphoric acid modified HRS. It was 

seen that the %age porosity of untreated and treated HRS biomass was low than that of 

untreated and treated CS biomass. The porosity of both of the untreated biomass i.e. HRS 

and CS increased on treatment of these biomass. The increase in the sorption capacity of 

modified biomass might also be due to increase in porosity which was also supported by 

other surface characteristics studies, e.g. BET as well as surface area determination by 

methylene blue method. These values of %age porosity for untreated and treated HRS 

biomass were in agreement with findings of other investigators (P. Subramanian et al., 

2011). The %age porosity values of all of the untreated and treated HRS and CS biomass 

has been summerized in Table 4. 

3.1.10 Particle Size Distribution 

 

The particle size distribution, is an important physical property of the solid biomass 

materials, because along with the moisture contents, they influence the flow properties of 

the material in transport and storage systems. Particle size distribution also helps for 

suitable handling of biomass storage (Yaning Zhang et al., 2012). It was observed that most 
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of the particles size distribution of both of HRS and CS biomass were less than 100µ (i.e. 

73.88 % of HRS and 77.56 % of CS). The order of particle size distribution was 100µ 

˃150µ ˃ 200µ ˃ 400µ ˃ 800µ. There was very less particle size distribution greater than 

800µ. The particle size distribution was with in agreement as determined for other biomass 

(M.R. Wu et al., 2011). The particle size distribution with in different ranges have been 

mentioned in Table 5. 

3.1.11 pH of Adsorbent 

 

pH of adsorbent is an important factor in the adsorption phenomenon of dye. pH of 

adsorbent plays a very important role in the interaction of dyes with the adsorbent. It was 

found that the pH of both of the biomass decreased on treatment with nitric acid and 

phosphoric acid, whereas it increased on modification of both HRS and CS biomass with 

urea (Table 6). 

3.1.12 Determination of Zero Point Charge (pHpzc) of Powdered HRS Biomass 

 

The value of the pH at which the net charge on the surface of solid/biomass becomes zero, 

is called the zero point charge i.e. pHpzc. In simple words the pHpzc is the pH of the adsorbent 

suspension at which the adsorbent behaves as neutral specie and the acidic or basic 

functional groups present on the adsorbent surface, no longer contribute to the pH of the 

suspension (A.A.Abia and Asuquo, 2007). 

pHpzc clearly describes the influence of the pH of dye solution on the dye uptake/removal. 

The amphoteric molecule such as biomass, contains both positive and negative charges on 

their surfaces, depending on the functional groups present on the molecule. The net surface 

charge of such molecules is influenced and decided by the pH of their surrounding 

environment. By either loosing or gaining protons from the environment, the surface of that 
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amphoteric specie becomes more positively or negatively charged (V.Ponnusami et al., 

2009).   

Thus to assess the ideal pH for the maximum dye sorption, it would be very helpful to 

determine the point of zero charge pH of the biosorbent (pHpzc). When biomass is kept in 

solution having pH less than pHpzc of the biomass it behaves as a positively charged poly 

matrix. This attracts the negatively charged ions, present in the solution. An increase in the 

pH above this point makes the biomass type deprotonate and act as negatively charged 

specie and thus it binds the positive ions of the solution. This can be shown as follows 

Below pHpzc
Above pHpzc

B-BH2
+

BH
 

—BH represents the amphoteric molecule i.e. biomass type bearing zero charge (U. Farooq 

et al., 2010).  

The graph was ploted between initial pH (pHi) versus the final pH (pHf). The information 

obtained was used to determine the pHpzc of the biomass. However the results obtained 

from the curve were not clear. Therefore the exact determination of the zero point charge 

was performed by plotting initial pH (pHi) versus ΔpH (pHi – pHf) (Figure 15) This plot 

indicated that the curve of all of the untreated and treated biomass first moved downward 

i.e. the pH of the biomass decreased and then it moved upward showing an increase in the 

pH. The point where the curve passed through the origin was considered as the pH where 

the adsorbent showed the neutral behavior. Below this pH (pH< pHpzc) the surface of the 

biomass possesses positive charge whereas at the pH above the pHpzc (pH> pHpzc) the 

surface possesses a negative charge. The pHpzc curves of all the untreated and treated HRS 

and CS biomass have been shown in Figure 15. (a) HRS, (b) MHRS–U, (c) MHRS–HNO3, 

(d) MHRS–H3PO4, (e) CS, (f) MCS–U, (g) MCS–HNO3, (h) MCS–H3PO4. The pHpzc 

values have been summarized in Table 6. 
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Figure 15: pHpzc studies of untreated and treated HRS and CS biomass. (a) HRS, 

(b) MHRS–U, (c) MHRS–HNO3, (d) MHRS–H3PO4, (e) CS, (f) MCS–

U, (g) MCS–HNO3, (h) MCS–H3PO4. 
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3.1.13 Potentiometric and Conductometric Titrations of Powdered HRS 

Biomass  

 

The potentiometric and condutometric titration gives the idea of total concentrations of 

acidic groups, present on the surface of biomass. These acidic groups are expressed as 

carboxylic groups responsible for the binding of adsorbate molecule on the surface of the 

adsorbent. It has been reported that the environmental polluting agents e.g. metal ions, dyes 

and other organic as well as inorganic chemicals are attracted to the specific functional 

groups present on the biosorbents surface. These groups include carboxyl, sulfone, 

hydroxyl, carbonyl and phosphate groups. The functional groups analysis was done by acid 

base titration. These acid base titrations are assisted in defining the number of active sites 

present on surface of biomass at a given pH. The experimentally obtained data was the 

indication of the influence of pH on deprotonation of groups on the surface of the biomass 

(G. Bayramoglu et al., 2009).  

The concentration of acidic groups present on the surface of biomass was evaluated from 

the inflection points of the titration curve. However it would be quite difficult to determine 

the total number of acidic groups present on the surface of the biomass, from that Figure. 

Therefore the better indication of the position of these inflections was obtained from the 

first derivative plots of average pH titration data. The first derivative plot consist of the 

midpoints of successive amounts of NaOH added (x-axis) versus dpH/dV (y-axis). The 

peak at the x-axis gave the idea of the number of acidic groups on the biomass surface. The 

concentration of strong acidic groups was determined from the first peak of the curve and 

the total concentration of acidic groups was determined from the final peak of the curve. 

The concentration of weak acidic groups was then calculated by difference of the total 

concentration of acidic group and the weak acidic groups present. 
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It was observed that the acid treated biomass contained the greater concentrations of acidic 

functional groups (both total and weak) on the surface of the biomass. Since it has been 

observed through various studies that the carboxylic groups are responsible for the sorption 

processes, therefore it is expected that the acid treated biomass exhibited superior sorption 

performance. The pKa values of Sulphonate groups are in the range of 1.0–2.5, therefore 

the sulphonate group containing functional groups contribute to the sorption process at low 

pH only. In the studied untreated and treated biomass the presence of the sulphonate groups, 

on the surface of the biomass, was also confirmed by FTIR, EDX and elemental analysis 

of the biomass. Hydroxyl groups on the surface of the biomass are considerably weaker 

than the carboxylic groups, (pKa value is in the range 9.5–13). Therefore the hydroxyl 

groups may interact only at a higher pH. This usually occurs at pH > 10. It was confirmed 

from the potentiometic studies that the surface hydroxyl groups play a significant role in 

the removal of dye at very higher pH values. The phosphate groups, having pKa values 0.9–

2.1, contribute to the sorption process at lower pH. It has been reported in various studies 

that the basic groups i.e. amines, secondary amines and imines having pKa values 8–11, 13, 

11.6–12.6 almost does not contribute significantly in the binding process of dyes because 

these functional groups are less in amount on the surface of all of the biomass. It was also 

confirmed by the elemental analysis of the untreated and treated powdered biomass all of 

the biomass contained less percentages of nitrogen (B. Volesky, 2007). On the basis of the 

presence of functional group contribution studies it was observed that all the untreated and 

treated biomass might be used as potential biosorbents for the removal of dyes (V. Murphy 

et al., 2007). 
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Table 1:   Elemental analysis of untreated and treated HRS and CS biomass. 

 

Biomass Type Nitrogen (%age) Carbon (%age) Hydrogen (%age) Sulphur (%age) 

HRS 2.104 43.07 6.090 0.13 

MHRS–U 8.57 51.28 5.574 0.15 

MHRS–HNO3 4.54 43.09 5.994 0.12 

MHRS–H3PO4 2.121 37.64 7.847 0.14 

CS 2.96 35.93 5.419 0.217 

MCS–U 9.22 55.25 6.483 0.141 

MCS–HNO3 5.25 35.99 6.038 0.175 

MCS–H3PO4 2.97 35.94 8.076 0.129 

 

Table 2: Surface properties of the untreated and treated HRS biomass type. 

 

Surface Parameters HRS MHRS–U MHRS–HNO3 MHRS–H3PO4 

BET surface area 

(m2/g) 

1.1609 ±0.0519 4.2429 ±0.0192 3.3492 ±0.0053 1.8775 ±0.0075 

Langmuir surface 

area (m2/g) 

1.6245 ±0.0971 6.1842 ±0.2818 4.8821 ±0.2449 2.7585 ± 0.1448 

Micropore Area 

(m2/g) 

0.3789 0.3437 0.2016 N/A 

External Surface 

Area (m2/g) 

0.7820 3.8992 3.1476 1.8908 

Total volume of pore 

(cm3/g) 

0.000312 0.001284 0.001029 0.001202 

Micropore Volume 

(cm3/g) 

0.000199 0.000134 0.000071 -0.000025 

Mesopore volume 

(cm3/g)* 

0.000113 0.00115 0.000958 0.001227 

Pore width             

(Ao) 

20.238 20.53 20.631 22.108 

Surface area by MB 

method (m2/g) 

49.464 ----- ----- 52.775 

 Mesopore volume* = Total volume of pore – Micropore Volume. 
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Table 3: Surface properties of the untreated and treated CS biomass type. 

 

Surface Parameters CS MCS–U MCS–HNO3 MCS–H3PO4 

BET surface area 

(m2/g) 

4.3618 ± 0.4358 11.3594 ± 0.0251 20.7446 ± 0.0628 10.7389 ± 0.8369 

Langmuir surface 

area (m2/g) 

7.6159 ± 1.1642 16.5075 ± 0.8110 30.3658 ± 1.5956 19.2009 ± 3.3466 

Micropore Area 

(m2/g) 

N/A 0.8541 N/A N/A 

External Surface 

Area (m2/g) 

7.3539 10.5053 20.5487 18.7246 

Total volume of 

pore (cm3/g) 

N/A 0.003437 0.013358 N/A 

Micropore Volume 

(cm3/g) 

-0.001751 0.000332 -0.000110 -0.004657 

Mesopore volume* 

(cm3/g) 

N/A 0.003105 0.013468 N/A 

Pore width           

(Ao) 

15.3849 20.592 22.153 15.4572 

Surface area by MB 

method (m2/g) 

46.348 N/A 51.251 53.790 

Mesopore volume* = Total volume of pore – Micropore Volume 

 

Table 4: Textural properties of the untreated and treated HRS and CS biomass type. 

 

Biomass Type Moisture 

contents 

(wt%age) 

Ash 

contents 

(wt %age) 

Volatile 

components 

(wt %age) 

Bulk 

Density 

(g/mL) 

Porosity 

(%age)  

HRS 5.58 15.13 84.87 0.314 67.25 

MHRS–U 4.32 12.41 87.59 0.207 74.15 

MHRS–HNO3 2.97 10.09 89.91 0.241 73.47 

MHRS–H3PO4 3.56 10.27 89.73 0.234 73.27 

CS 0.061 3.24 96.76 0.206 80.12 

MCS–U  0.705 2.56 97.44 0.198 83.24 

MCS–HNO3  0.728 2.03 97.97 0.203 81.07 

MCS–H3PO4 0.666 3.09 96.91 0.199 82.57 
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Table 5: Particle size distribution of unmodified HRS and CS biomass. 

 

Mesh sizes of particles 

(µ) 

HRS Particle Size 

Distribution (%) 

CS Particle Size 

Distribution (%) 

˂100 73.88 77.56 

100–150µ 10.12 12.34 

150–200 8.4 7.3 

200–400 5.4 1.3 

400–800 1.8 0.94 

˃800 0.4 0.56 

 

 

Table 6: pH and pHpzc value of untreated and treated HRS and CS biomass. 

 

Biomass pH pHpzc 

HRS 6.51 6.3 

MHRS–U  8.02 6.84 

MHRS–HNO3 5.94 5.74 

MHRS–H3PO4 6.05 5.95 

CS 6.86 6.21 

MCS–U  8.78 7.03 

MCS–HNO3 4.7 3.46 

MCS–H3PO4 6.04 5.82 
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Table 7: Amino acids present in the Haloxylon recurvum desert plant and Gossypium 

hirustum agricultural plant with their pKa values. 

 

Amino acid pKa values 

 α–COOH α–NH3 R–group 

Aspartic acid 1.88 9.60 3.65 

Glutamic acid 2.19 9.67 4.25 

Glutamine 2.17 9.13  

Asparagine 2.18 9.09 13.2 

Histidine 1.78 8.97 5.97 

Arginine 2.18 9.09 13.2 

Threonine 2.15 9.12 --- 

Alanine 2.35 9.87 --- 

Proline 1.99 10.60 --- 

Lencine 2.36 9.60 --- 

Phenyl alanine 2.58 9.24 --- 

Valine 2.29 9.74 --- 

Cystine 1.71 10.78 8.33 

Tryptophan 2.38 9.39 --- 

Methionine 2.28 9.21 --- 

Iso Lencine 2.32 9.76 --- 

Source (Robert H. Glew et al., 1997), (A. Kalifa et al., 1974). 
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3.2 BATCH ADSORPTION EXPERIMENTS 

 

The batch sorption experiments were carried out and the different parameters affecting the 

sorption process were examined. In a typical experiment, the dye solution of known 

concentration and volume (C0=25mg/L, 40mL) with known amount of (100mg) biomass 

was taken at a particular pH and temperature of solution was taken. The sample was then 

agitated (400rpm) for a specific period of time (5-180 min), withdrawn and centrifuged. 

The supernatant was then analyzed for remaining dye concentration (Ce mg/L) at the 

specific λmax for the dye solution. The amount of the dye (qe(exp) mg/g) sorbed per unit of 

biomass was then calculated for quantitative analysis of studies. 

3.2.1 Effect of Time of Contact 

 

Among the parameters that effect the sorption process, the contact time is one of the 

important parameters for successful employment of the biosorbents for their practical 

application. The equilibrium time is the indication of  the possible diffusion control 

mechanism of the sorbate as it moves toward the sorption surface (W. Hassan et al., 2017). 

The equilibrium time also gives information about the time required for significant sorption 

of the dye on the surface of the sorbent, after which the sorption remains constant. 

The sorption behavior with influence of time of contact for the removal of different selected 

dyes on different prepared biomass was studied and has been shown in different Figures. 

In all of the selected dyes 40mL solution of dyes of 25mg/L of concentration was taken 

with 100mg of biomass. The contact time was varied in all different cases was 5–180 

minutes. 

The equilibrium sorption time for congo red dye was found to be 40 min, acid brown 354 

dye was 50 min, methylene blue dye was 40 min and acid blue 25 dye was 50 min with 

HRS biomass. The experimental qe value of congo red dye after equilibrium time was 7.538 
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mg/g, acid brown 354 dye was 6.868 mg/g, methylene blue dye 7.774 mg/g and that of acid 

blue 25 was 7.5 mg/g. The sorption capacity of methylene blue dye on HRS biomass was 

comparatively greater than that of other dyes. The percentage removal of all of the dyes on 

HRS biomass was in the range from 68.686 % to 75.385 %. The lower percentage removal 

was observed that of acid brown 354 dye i.e. 68.686 %. The decreasing order of sorption 

capacity of HRS biomass for all of the dyes was MB˃CR>Ab25>AB354. The sorption 

capacity, percentage removal, comparison of sorption capacities of different dyes on HRS 

biomass, with contact time has been shown in Figure 16. 
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Figure 16: Effect of time of contact for sorption of dyes on HRS biomass (a) sorption 

capacity (b) percentage removal (c) comparison of sorption capacities of 

different dyes. 
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The optimum sorption time for congo red dye was decreased from 40 min to 25 min with 

modification of HRS biomass to MHRS–U. In acid brown 354 dye it was 40 min to reach 

the equilibrium to maintain. The equilibrium time for sorption of methylene blue dye was 

reduced to 30 min and in acid blue 25 dye there was decrease of 10 min in equilibrium time 

to reach, i.e. it decreased from 50 min to 40 min with MHRS–U biomass. The experimental 

qe value of congo red dye also increased from 7.538 mg/g to 8.659 mg/g, acid brown 354 

dye sorption capacity was 9.269 mg/g, whereas in methylene blue dye sorption capacity 

was increased to 9.437 mg/g from 7.774 mg/g and that of acid blue 25 was the sorption 

capacity was 8.763 mg/g. The sorption capacity of acid brown 354 dye and methylene blue 

dye on MHRS–U biomass were comparable to each other and greater than that of congo 

red as well as acid blue 25 dye. The percentage removal of the dyes on MHRS–U biomass 

varied from 86.59 % to 94.37 %. The lower percentage removal was observed that of congo 

red dye and acid blue i.e. 86.59 % and 87.63 % respectively. The highest percentage 

removal was that of methylene blue dye i.e. 94.38 %. The decreasing order of sorption 

capacity of HRS biomass for all of the dyes was MB˃AB354>Ab25>CR. The sorption 

capacity, percentage removal, comparison of sorption capacities of different dyes on 

MHRS–U biomass, with contact time has been shown in Figure 17. 
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Figure 17: Effect of time of contact for sorption of dyes on MHRS–U biomass (a) sorption 

capacity (b) percentage removal (c) comparison of sorption capacities of 

different dyes. 
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After modification of HRS with nitric acid (MHRS–HNO3) the equilibrium sorption time 

of congo red was 40 min which was same as that on HRS, but the sorption capacity was 

increased from 7.538 mg/g to 8.681 mg/g. In the sorption of acid brown 354 dye on MHRS–

HNO3 the optimum sorption time was also decreased to 40 min from 50min and the 

experimental qe (mg/g) value was increased from 6.868 mg/g to 7.588 mg/g. There was 

decrease of 10 min in the equilibrium sorption time of methylene blue dye i.e. from 40 min 

to 30 min with experimental qe (mg/g) value 8.343 mg/g and in acid blue 25 the optimum 

time was 30 min which was comparatively less than the equilibrium sorption time of acid 

blue 25 on HRS biomass, whereas the sorption capacity was 8.289 mg/g. The sorption 

capacities of congo red, methylene blue and acid blue 25 dye were comparable to each 

other on MHRS–HNO3 biomass, whereas the equilibrium sorption capacity of acid brown 

354 was less than that of all the other dyes. The decreasing order of sorption capacity of 

HRS biomass for all of the dyes was CR>MB>Ab25>AB354. The sorption capacity, 

percentage removal, comparison of sorption capacities of different dyes on MHRS–HNO3 

biomass, with contact time has been shown in Figure 18. 
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Figure 18: Effect of time of contact for sorption of dyes on MHRS–HNO3 biomass (a) 

sorption capacity (b) percentage removal (c) comparison of sorption capacities 

of different dyes. 
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On modification of HRS with phosphoric acid i.e. MHRS–H3PO4 the equilibrium sorption 

time for congo red dye decreased from 40 min to 30, for acid brown 354 from 50 min to 30 

min. The sorption capacities of congo red dye and acid brown 354 dye increased from 7.538 

mg/g to 8.527 mg/g and from 6.868 mg/g to 9.509 mg/g respectively w.r.t sorption of these 

dyes on HRS biomass. In case of sorption of equilibrium sorption time for the sorption of 

methylene blue dye the sorption time decreased to 25 min from 40 min and sorption 

capacity increased to 9.650 mg/g.  There was no change/reduction in optimum sorption 

time for acid blue 25 dye but the sorption capacity increased to 9.684 mg/g from 7.538 

mg/g. The sorption capacities of acid brown 354, methylene blue and acid blue 25 dye were 

comparable to each other in MHRS–H3PO4, whereas the equilibrium sorption capacity of 

congo red dye was less than that of all the other dyes. The decreasing order of sorption 

capacity of HRS biomass for all of the dyes was CR>MB>Ab25>AB354. The sorption 

capacity, percentage removal, comparison of sorption capacities of different dyes on 

MHRS–H3PO4 biomass, with contact time has been shown in Figure 19. 
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Figure 19: Effect of time of contact for sorption of dyes on MHRS–H3PO4 biomass (a) 

sorption capacity (b) percentage removal (c) comparison of sorption 

capacities of different dyes. 
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It was observed that the sorption capacity of congo red dye on MHRS–HNO3 was the 

highest. There was not a large difference of sorption capacitiy of acid brown 354 dye on 

modification of HRS biomass to MHRS–U, whereas the sorption of this dye greatly 

increased on MHRS–HNO3 and MHRS–H3PO4. Similarly the sorption of methylene blue 

dye was not greatly effected on MHRS–HNO3. The sorption of acid blue 25 enhanced on 

all of the modified HRS biomass. The comparison of sorption capacities of dyes on 

different biomass have been shown in following graphs. The comparison of experimental 

qe of dyes on different untreated and treated HRS biomass has been shown in Figure 20. 
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Figure 20: Plots of comparison of qe(exp) of dyes on different unmodified and modified 

HRS biomass. 
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The rapid removal of all of the dyes on different biomass in the initial time of contact was 

observed which was followed by the gradual sorption process at slower rate with the 

passage of time. The greater rate of sorption of dyes might be due to the fact that, initially 

all active sites were vacant and readily available for the sorption of dye molecules from 

aqueous solution. At the earlier stages the external surface is occupied by dye molecules 

whereas at the later stages the slower sorption rate might be due to the repulsive forces 

between the solute molecules on the adsorbent and aqueous solution and that the diffusion 

of dye molecules was into the interior area of the adsorbent (D. A. Naidu et al., 2013). 

The optimum time for sorption of congo red dye was found to be 30 min, for sorption of 

acid brown 354 dye and methylene blue and acid blue 25 dye this optimum time was found 

to be 40 min with CS biomass. At optimum time the experimental qe value of congo red 

dye was 8.132 mg/g, acid brown 354 dye was 8.846 mg/g, methylene blue dye 8.679 mg/g 

and that of acid blue 25 it was 8.579 mg/g. it was observed that the sorption capacity of 

acid brown 354 dye on CS biomass was comparatively greater than that of other dyes. The 

percentage removal of all of the dyes on CS biomass was in the range from 81.32 % to 

88.46 %. The lowest percentage removal was observed of that of congo red dye, it was 

found to be 81.32 %. The decreasing order of sorption capacity of CS biomass for all of the 

dyes was AB354>MB˃ Ab25>CR. It was found that these percentage removal and qe(exp) 

of all of the dyes were greater on CS biomass as compared to HRS biomass. The sorption 

capacity, percentage removal, comparison of sorption capacities of different dyes on CS 

biomass, with contact time has been shown in Figure 21. 
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Figure 21: Effect of time of contact for sorption of dyes on CS biomass (a) sorption 

capacity (b) percentage removal (c) comparison of sorption capacities of 

different dyes. 
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For sorption of all of the dyes on MCS–U biomass the optimum sorption time for congo 

red dye remained same as that on CS biomassn i.e. 30 min. In acid brown 354 dye there 

was increase in sorption time of 10 min on MCS–U as compared to CS biomass i.e. it was 

50 min. whereas the equilibrium time for sorption of methylene blue dye was decreased to 

25 min and in acid blue 25 dye there was decrease in 10 min in equilibrium time to reach, 

i.e. it decreased from 40 min to 30 min with MCS–U biomass. The experimental qe (mg/g) 

value of congo red dye also increased from 8.132 mg/g to 9.385 mg/g, acid brown 354 dye 

experimental qe was 9.337 mg/g, whereas in methylene blue dye the experimental qe was 

increased to 9.453 mg/g and that of acid blue 25 was the sorption capacity was lower as 

compared to the sorption capacity of acid blue dye on CS biomass i.e. 7.711 mg/g. Among 

all of the four dyes sorbed on MCS–U biomass, methylene blue had greater interaction with 

biomass and had qe(exp) as compared to other dyes. The percentage removal of the dyes on 

MCS–U biomass varied from 77.11 % to 94.53 %. The lower percentage removal was 

observed that of acid blue 25 dye i.e. 77.11 %. The highest percentage removal was that of 

methylene blue dye i.e. 94.58 %. The decreasing order of sorption capacity of CS biomass 

for all of the dyes was MB˃CR>AB354>Ab25. The sorption capacity, percentage removal, 

comparison of sorption capacities of different dyes on MCS–U biomass, with contact time 

has been shown in Figure 22. 
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Figure 22: Effect of time of contact for sorption of dyes on MCS–U biomass (a) 

sorption capacity (b) percentage removal (c) comparison of sorption 

capacities of different dyes. 
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On modification of CS with nitric acid (MCS–HNO3) the equilibrium sorption time of 

congo red increased to 60 min, and the sorption capacity was less as compared to that of 

CS biomass and it was found to be 7.824 mg/g. The sorption equilibrium time of acid brown 

354 dye on MCS–HNO3 was same as the optimum sorption time of the dye was on CS i.e. 

40 min but the experimental qe (mg/g) value was increased from 8.846 mg/g to 9.029 mg/g. 

In case of methylene blue dye there was decrease of 10 min in the equilibrium sorption time 

on MCS–HNO3 biomass as compared to CS biomass i.e. from 40 min to 30 min with 

experimental qe (mg/g) value 9.117 mg/g and in acid blue the equilibrium sorption time 

was again same as that of equilibrium time on CS biomass i.e. 40 min and there was not a 

great difference in the sorption capacities of the dye on unmodified and nitric acid modified 

biomass i.e. it was 8.658 mg/g. The sorption capacities of acid brown 354 and methylene 

blue dye were comparable to each other. The decreasing order of sorption capacity of HRS 

biomass for all of the dyes was MB>AB354>Ab25>CR. The sorption capacity, percentage 

removal, comparison of sorption capacities of different dyes on MCS–HNO3 biomass, with 

contact time has been shown in Figure 23. 
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Figure 23: Effect of time of contact for sorption of dyes on MCS–HNO3 biomass 

(a) sorption capacity (b) percentage removal (c) comparison of sorption 

capacities of different dyes. 
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The equilibrium sorption time of congo red dye and methylene blue dye on modified CS 

with phosphoric acid i.e. MCS–H3PO4 was same as that of sorption time on CS biomass 

i.e. 30 min and 40 min, respectively. The qe(exp) of these two dyes were also comparable to 

each other i.e. 9.477 mg/g and 9.688 mg/g respectively. It was observed that MCS–H3PO4 

did not show any interaction with two dyes i.e. acid brown 354 dye and acid blue 25 dye. 

Therefore the batch sorption studies of these two dyes could not be proceeded with these 

two dyes. The decreasing order of sorption capacity of HRS biomass for all of the dyes was 

CR>MB>Ab25>AB354. The sorption capacity, percentage removal, comparison of 

sorption capacities of different dyes on MHRS–H3PO4 biomass, with contact time has been 

shown in Figure 24. 
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Figure 24: Effect of time of contact for sorption of dyes on MCS–H3PO4 biomass (a) 

sorption capacity (b) percentage removal (c) comparison of sorption 

capacities of different dyes. 
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It was observed that the sorption capacity of congo red dye on MCS–U and MCS–H3PO4 

was comparable to each other. Similarly there was not a large difference of sorption 

capacities of acid brown 354 dye on MCS–U and MCS–HNO3. The sorption capacities of 

methylene blue dye on MCS–U and MCS–H3PO4 were also similar to each other. The 

equilibrium sorption capacity of acid blue 25 on MCS–H3PO4 biomass was least among all 

the dyes on different biomass. The comparison of qe(exp) of all of the dyes on different 

untreated and treated CS biomass has been shown in Figure 25. 
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Figure 25: Comparison of sorption capacities of dyes on different unmodified and 

modified CS biomasses. 
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3.2.2 Kinetic Modelling 

 

To design a suitable treatment system for the removal of dyes from their aqueous solutions, 

the studies of sorption kinetics is important (Khashayar Badii et al., 2010). The sorption 

kinetics gives information about the controlling mechanism (i.e. chemical reaction, 

diffusion control and mass transfer), sorption capacity and the rate of sorption process. The 

kinetic modelling is an important aspect in the control of contaminants removal process (Z. 

Bekci et al., 2009). In addition, the kinetic studies of dye uptake provides the essential 

information about the conditions required for designing a full-scale batch sorption method 

for removal of dye (D. A. Naidu et al., 2013). 

 Five kinetic models were used to investigate the mechanism of sorption and its potential 

rate determining steps. Among these, the three were adsorption reaction kinetic models, i.e. 

Lagergren’s pseudo 1st order, Ho’s pseudo 2nd order and elovich model, whereas the other 

two i.e. intra particle and liquid film diffusion model were adsorption diffusion models. 

The kinetic models, linear and non–linear, Lagergren’s pseudo first order (PFO), the Ho’s 

pseudo second order models (PSO) were applied to the experimental data to investigate the 

kinetics of the process. The rate of sorption and desorption of dyes on all of the biomass 

were studied by applying elovich model. Whereas, the rate determining step was found by 

using linear forms of Intra particle (IPD) and liquid film (LFD) diffusion models. 

Applicability of these kinetic models was studied in the present work, to estimate the 

sorption system of sorption of Congo red, Methylene blue, Acid brown354 and Acid blue25 

dye. 
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3.2.2.1 Adsorption reactions kinetic models 

 

 Lagergren’s pseudo first order kinetic model 

 

In 1898, Lagergren put forward the pseudo first order (PFO) equation for description of 

liquid–solid sorption system based on solid capacity (D. A. Naidu et al., 2013). It is the 

most widely used model for describing sorption systems in solid and liquids and is based 

on the fact that the rate of sorption is directly proportional to the number of available 

sorptive sites on the surface of adsorbent, particularly suitable at concentrations (Khadijah 

Khalid et al., 2015). The model is employed to investigate sorption of liquid-solid system 

on the basis of adsorbent capacity in which one adsorbate species reacts with one active 

site on surface (Hemant Singh et al., 2017). The equation has also been applied for sorption 

of mixtures of pollutants from wastewaters (Ru-Ling Tseng et al., 2010). 

The linear equations of model is given as follows. 

 
𝑙𝑛(𝑞𝑒 −  𝑞𝑡) =  𝑙𝑛𝑞𝑒 − 𝐾1𝑡 

(32) 

 

For Lagergren’s Pseudo first order kinetics, ‘ln(qe-qt)’ vs ‘t’ graph was plotted and the 

values of kinetic parameters, lnqe and k1 were determined from the intercept and slope of 

the plot respectively.  

Nonlinear form of Lagergren’s pseudo first order is 

 𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝐾𝑖𝑡) (33) 

 

Where qe and qt are the amounts of dye adsorbed (mg.g−1) at equilibrium and at time t (min), 

respectively, and k1 is the rate constant adsorption (h−1). Values of k1 and qe(cal) (mg/g) were 

calculated from the plots of qt versus t for a given concentration of dye. 
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 Ho’s pseudo second order kinetic model 

 

In 1999, Ho and McKay derived an equation parallel to the pseudo first order kinetics. 

Since that time the comparison regarding the applicability of these two models is being 

done. A number of studies indicated that the PSO is more authentic model to describe the 

sorption kinetic data. Only a few number of papers reported the better fitting of PFO model. 

Ho’s pseudo second-order (PSO) kinetics is based on the fact that rate of sorption is 

proportional to the square of the number of free active sorption sites on the surface of 

biosorbent. 

The linear equation of Ho’s pseudo second order kinetics is as follows. 

 
𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2

+
𝑡

𝑞𝑒
 (34) 

Where 

𝑞𝑒(mg/g) = Amount of dye sorbed at equilibrium. 

𝑞𝑡(mg/g) = Amount of dye sorbed at time t.  

𝐾2(min-1) = 2nd order rate constant. 

The graph was plotted between t/qt vs t, and the values of qe and K2 were calculated from 

the slope and the intercept of plot respectively. 

The nonlinear form of Ho’s pseudo first order kinetic is as follows. 

 𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1 + 𝐾2𝑞𝑒𝑡
 (35) 
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Where qe and qt are the amounts of dye adsorbed (mg.g−1) at equilibrium and at time t (min), 

respectively, and k2 is the rate constant adsorption (h−1). Values of k2 and qe(cal) (mg/g) were 

calculated from the plots of qt versus t for the given concentration of dye. 

 Elovich model 

 

Elovich kinetic model was established by Zeldowitsch in 1934. This equation was used to 

describe the rate of sorption of adsorbate on adsorbent, that decreases exponentially with 

increase in the amount of adsorbate (Hui QIU et al., 2009). Elovich model is based on the 

fact that the rate limiting step is the chemisorption, involving electrostatic forces of 

attraction between the adsorbent and the adsorbate (D. A. Naidu et al., 2013). 

The linear form of elovich model is generally expressed as 

 𝑞𝑡 =
ln(𝑎 × 𝑏)

𝑏
+

𝑙𝑛𝑡

𝑏
 (36) 

 

A plot of qt versus lnt (min) should be a straight line with a slope equal to 1/b and intercept 

ln(a×b)/b. Where ‘a’ is the initial sorption rate (mg g-1 min-1) and ‘b’ is desorption constant 

(g mg-1) during any one experiment.  

 

3.2.2.2 Adsorption diffusion models 

 

It has been observed from a number of sorption studies of dyes that the sorption process is 

a macroscopic process. The macroscopic process is controlled by diffusion in the particle, 

or in the periphery layer of the particle (J.P. Simonin and Bout´e, 2016). There are three 

consecutive steps on which the diffusion models have been constructed i.e. (i) External 

diffusion or film diffusion surrounding the adsorbent particle, (ii) Intra particle diffusion 

i.e. diffusion in the liquid contained in the pores along the pore walls and (iii) Mass action 

i.e. adsorption and desorption between adsorbent and adsorbate (Hui QIU et al., 2009).  
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Following two models i.e. intra particle and the liquid film diffusion model were studied 

for the sorption systems of different dyes on untreated and treated biomass. 

 Intra particle Diffusion Model 

 

Intra-particular diffusion model describes the rate-limiting step for the sorption process.  

The linear form of intra-particular diffusion model can be expressed as follows: 

 
1/2

t ip ipq k t C   
(37) 

 

A plot of qt versus t1/2 should be a straight line with a slope equal to Kip. However, if the 

intra-particle diffusion is the only rate-limiting step, then it is essential that the plot should 

pass through the origin. If the straight line does not pass through the origin, then the intra-

particle diffusion is not the only rate limiting step. It indicates that the process is controlled 

by more than one mechanisms i.e. sorption kinetics may also be controlled by the process 

of film diffusion and intra-particle diffusion simultaneously. 

 Liquid Film Diffusion Model 

 

The liquid film diffusion controls the migration of the adsorbate from the solution to the 

boundary layer of the liquid phase. 

The linear form of equation of liquid film diffusion model is as follows. 

 
𝐵𝑡 =  −𝐾𝑓𝑑𝑡 +  𝐶𝑓𝑑 

(38) 

Where 𝐵𝑡 = −0.4977ln (1 − 𝑋) 
(39) 

and 
𝑋 =  𝑞𝑡/ 𝑞𝑒 

(40) 

 

A plot of Bt versus t should be a straight line with the slope equals to kfd. However, if the 

liquid film diffusion model is the only rate-limiting step, it is essential that the plot passes 
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through the origin. The linear and nonlinear forms of kinetic equations have been depicted 

in Table 8. 

3.2.2.3 Regression (R2) and chi square (χ2) values of linear and nonlinear models 

 
To determine, which kinetic model best fit the experimental data for the application of 

different models, the coefficient of determination R2 and chi square χ2 test were used as 

determining tools. R2, and χ2 can be calculated from the following expressions. 

 𝑅2 =  ∑
(𝑞𝑡,𝑐𝑎𝑙 − 𝑞𝑡,𝑒𝑥𝑝)

2

(𝑞𝑡,𝑐𝑎𝑙 − 𝑞𝑡,𝑒𝑥𝑝)2 + (𝑞𝑡,𝑐𝑎𝑙 −  𝑞𝑡,𝑒𝑥𝑝)2
 (41) 

and 𝜒2 = ∑
(𝑞𝑒 − 𝑞𝑒,𝑚 )

2

𝑞𝑒,𝑚
 (42) 

 

Where  

 𝑞𝑡.𝑒𝑥𝑝  = Experimental sorption at time t (mg.g−1) 

𝑞𝑡.𝑐𝑎𝑙 = Calculated adsorption at time t (mg g−1)  

𝑞𝑒 = Equilibrium capacity from experimental data (mg g−1)  

𝑞𝑒,𝑚= Calculated equilibrium capacity from the model (mg g−1) 

The similarity of data obtained from different models is usually established by the 

comparison of R2 and χ2 values with the experimental data in linear and non – linear models 

respectively. The maximum value of R2 whereas small value of χ2 are considered as the 

most favorable values for validity of any data.  

3.2.2.4 Adsorption kinetic modelling of sorption of different dyes  

 

The data obtained from the optimization of time of contact studies was used to plot the 

graphs for all of the adsorption kinetic models. The slopes and intercepts were calculated 

from the equation of the straight line obtained. The sorption system would follow a specific 



Discussion 

 

kinetic model if the R2 value exceeds 0.97 and the calculated qe (mg/g) value is comparable 

to that of the experimental value (U. Farooq et al., 2010). 

In nonlinear kinetic models the χ2 value is also very important factor that influences a 

decision that which kinetic model is followed by the sorption system. This values indicated 

the correlation of the two quantities and showed that which model was suitable for deciding 

the kinetics. In nonlinear kinetic modelling, along with the chi square values, the 

comparison of experimental and calculated qe values also indicate which kinetic model is 

followed by the sorption. 

The kinetic experiments were carried in the time range 5–180 min at initial dye 

concentration 25mg/L with fixed adsorbent dose at 1g/L at room temperature. 

 Linear kinetic modelling of Lagergren’s pseudo 1st order kinetics for sorption of 

dyes on untreated and treated HRS biomass 

 

The qe(cal) (mg/g) for sorption of methylene blue dye and acid blue 25 dye on HRS biomass 

from Lagergren’s pseudo 1st order kinetic model were in good agreement with the 

experimental results, indicated that this model was applicable to experimental sorption data 

of these two dyes i.e. qe(cal) (mg/g) of methylene blue was 10.410± 0.365 mg/g and that of 

acid blue 25 dye was 13.501±0.559 mg/g. These qe(cal) values of dyes were comparable to 

the experimental data i.e. qe(exp) 7.774 mg/g for methylene blue and 7.500 mg/g for acid 

blue 25 dye. The determined parameters for linear PFO of dyes on HRS biomass has been 

mentioned in Table 9. 

The qe(cal) (mg/g) for sorption of methylene blue dye on MHRS–U biomass from 

Lagergren’s pseudo 1st order kinetic model was in good agreement with the experimental 

results, indicated that Lagergren’s PFO model was applicable to experimental sorption data 

of the dye i.e. qe(cal) (mg/g) of methylene blue was 22.318±0.207 mg/g. The qe(cal) (mg/g) 
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value of methylene blue on MHRS–U biomass was comparable to the experimental data 

i.e. qe(exp) (mg/g) 9.438 mg/g. The determined parameters for linear PFO of dyes on MHRS–

U biomass has been mentioned in Table 10. 

As far as the sorption of all of the dyes on the MHRS–HNO3 biomass. The congo red and 

methylene blue dye followed the Lagergren’s pseudo 1st order kinetic model. The qe(cal) 

(mg/g) for congo red dye 14.837±0.669 mg/g, comparable to the qe(exp) value 8.681 mg/g, 

whereas the qe(cal) (mg/g) of methylene blue dye was 11.370±0.359 mg/g that was 

comparable to the qe(exp) (mg/g) i.e. 8.343 mg/g. The determined parameters for linear PFO 

of dyes on MHRS–HNO3 biomass has been mentioned in Table 11. 

On modified MHRS–H3PO4 the regression value of sorption data of congo red dye i.e. 

0.9933 indicated that the sorption system followed Lagergren’s pseudo 1st order kinetic 

model. The qe(cal) (mg/g) value 8.969±0.171 mg/g was also near to the qe(exp) (mg/g) value 

i.e. 8.527 mg/g. The determined parameters for linear PFO of dyes on MHRS–H3PO4 

biomass has been mentioned in Table 12. 

The linear plots of Lagergren’s pseudo 1st order kinetic model for sorption of dyes on 

untreated and treated HRS biomass has been shown in Figure 26 (a) HRS dye loaded, (b) 

MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded.  
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Figure 26: Linear plots of Lagergren’s pseudo 1st order kinetic model for sorption of 

dyes on untreated and treated HRS biomass. (a) HRS dye loaded, (b) 

MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye 

loaded. 
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 Linear kinetic modelling of Lagergren’s pseudo 1st order kinetics for sorption of 

dyes on untreated and treated CS biomass 

 

The qe(cal) (mg/g) for sorption of congo red, methylene blue dye and acid blue 25 dye on CS 

biomass calculated from Lagergren’s pseudo 1st order kinetic model were in good 

agreement with the experimental results, indicated that this model was applicable to 

experimental sorption data of these dyes i.e. qe(cal) (mg/g) of congo red was 10.248±0.223 

mg/g, methylene blue was 17.481±0.860 mg/g and that of acid blue 25 dye was 

13.108±0.434 mg/g. These qe(cal) values of dyes were comparable to their experimental data 

i.e. qe(exp) 8.132 mg/g for congo red dye, 8.679 mg/g for methylene blue dye and 8.579 mg/g 

for acid blue 25 dye. The low R2 values for the sorption data of acid brown 354 dye on CS 

biomass indicated that the system did not follow Lagergren’s pseudo 1st order kinetic 

model. The determined parameters for linear PFO of dyes on CS biomass has been 

mentioned in Table 13. 

The qe(cal) (mg/g) for sorption of congo red and acid brown 354 dye on MCS–U biomass 

calculated from Lagergren’s pseudo 1st order kinetic model were in good agreement with 

the experimental results, indicated that this model was applicable to experimental sorption 

data of these two dyes i.e. qe(cal) of congo red dye was 14.064±0.838 mg/g and that of acid 

brown 354 dye was 10.661±0.336 mg/g. The qe(cal) (mg/g) value of these dyes on MCS–U 

biomass were comparable to their experimental data i.e. qe(exp)  (mg/g) for congo red dye 

was 9.385 mg/g and that of acid brown 354 dye was 9.337 mg/g. The sorption of methylene 

blue and acid blue 25 dye on MCS–U did not follow Lagergren’s pseudo 1st order kinetic 

model, as indicated by their low R2 values. The determined parameters for linear PFO of 

dyes on MCS–U biomass has been mentioned in Table 14. 
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As far as the sorption of all of the dyes on the MCS–HNO3 biomass, only the acid blue 25 

dye followed the Lagergren’s pseudo 1st order kinetic model. The qe(cal) for the dye was 

11.013±0.371 mg/g. This qe(cal) (mg/g) was comparable to the qe(exp) (mg/g) value i.e. 8.658 

mg/g. The determined parameters for linear PFO of dyes on MCS–HNO3 biomass has been 

mentioned in Table 15. 

On modified MCS–H3PO4 the regression value of sorption data of congo red dye i.e. 0.9948 

indicated that the sorption system followed Lagergren’s pseudo 1st order kinetic model. The 

qe(cal) (mg/g) value was 11.539±0.232 mg/g was also in agreement to the qe(exp) (mg/g) value 

i.e. 9.407 mg/g. The determined parameters for linear PFO of dyes on MCS–H3PO4 

biomass has been mentioned in Table 16. 

The linear plots of Lagergren’s pseudo 1st order kinetic model for sorption of dyes on 

untreated and treated CS biomass has been shown in Figure 27 (a) CS dye loaded, (b) 

MCS–U dye loaded, (c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 
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Figure 27: Linear plots of Lagergren’s pseudo 1st order kinetic model for sorption of 

dyes on untreated and treated CS biomass. (a) CS dye loaded, (b) MCS–U 

dye loaded, (c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 
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 Linear kinetic modelling of Ho’s pseudo 2nd order kinetics for sorption of dyes on 

untreated and treated HRS biomass 

 

The regression values for the sorption of congo red and acid brown 354 dye i.e. 0.998 and 

0.996 on HRS biomass indicated the applicability of Ho’s pseudo 2nd order kinetic model 

on the sorption data of these two dyes. The qe(cal) (mg/g) values i.e. 25.126±0.432 mg/g for 

congo red dye and 10.225±0.278 mg/g for acid brown 354 dye calculated from the Ho’s 

pseudo 2nd order kinetic model were also in good agreement with the experimental results 

i.e. 7.538 mg/g and 6.869 mg/g for congo red and acid brown 354 dye respectively. The 

determined parameters for linear PSO of dyes on HRS biomass has been depicted in Table 

17. 

The qe(cal) (mg/g) values for sorption of congo red, acid brown 354 and acid blue 25 dye 

MHRS–U biomass from Ho’s pseudo 2nd order kinetic model were in agreement to the 

experimental results, indicated the applicability of the model. The qe(cal) (mg/g) for congo 

red, acid brown 354 and acid blue 25 dye i.e. 23.419±1.277 mg/g, 16.181±1.025 mg/g and 

16.863±0.686 mg/g were comparable to the qe(exp) (mg/g) values of these three dyes i.e. 

8.659 mg/g, 9.269 mg/g and 8.763 mg/g respectively. The determined parameters for linear 

PSO of dyes on MHRS–U biomass has been depicted in Table 18. 

In all the four dyes sorption systems on the MHRS–HNO3 biomass, the R2 value indicated 

that two of dyes i.e. acid brown 354 (R2 = 0.974) and acid blue 25 dye R2 = 0.991) followed 

the Ho’s pseudo 2nd order kinetic model. The qe(cal) (mg/g) for acid brown 354 

dye13.441±0.971 mg/g, was comparable to the qe(exp) (mg/g) value 7.589 mg/g, whereas 

the qe(cal) (mg/g) of acid blue 25 dye was 19.685±0.929 mg/g that was comparable to the 

qe(exp) (mg/g) i.e. 8.289 mg/g. The determined parameters for linear PSO of dyes on MHRS–

HNO3 biomass has been depicted in Table 19. 
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In case of sorption of dyes on modified MHRS–H3PO4 the regression values of sorption 

data of acid brown 354, methylene blue and acid blue were 0.996, 0.988 and 0.985 

respectively. These R2 values were the indication of applicability of Ho’s pseudo 2nd order 

kinetic model on the sorption data of these dyes. The qe(cal) (mg/g) values of acid brown 

354, methylene blue and acid blue 25 dye were 13.966±0.458 mg/g, 14.065±0.915 mg/g 

and 13.106±0.658 mg/g respectively. These qe(cal) (mg/g) of all of the dyes were comparable 

to the qe(exp) (mg/g) i.e. 9.509 mg/g, 9.650 mg/g and 9.684 mg/g. The determined parameters 

for linear PSO of dyes on MHRS–H3PO4 biomass has been depicted in Table 20. 

The linear plots of Ho’s pseudo 2nd order kinetic model for sorption of dyes on untreated 

and treated HRS biomass has been shown in Figure 28 (a) HRS dye loaded, (b) MHRS–U 

dye loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 
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Figure 28: Linear plots of Ho’s pseudo 2nd order kinetic model for sorption of dyes on 

untreated and treated HRS biomass. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 
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 Linear kinetic modelling of Ho’s pseudo 2nd order kinetics for sorption of dyes on 

untreated and treated CS biomass 

 

The regression value for the sorption of acid brown 354 dye i.e. 0.9878 on CS biomass 

indicated the applicability of Ho’s pseudo 2nd order kinetic model. The qe(cal) (mg/g) value 

i.e. 12.658±0.629 mg/g calculated from the Ho’s pseudo 2nd order kinetic model was in 

good agreement with the experimental results i.e. 8.846 mg/g. The determined parameters 

for linear PSO of dyes on CS biomass has been depicted in Table 21. 

The qe(cal) (mg/g) values for sorption of methylene blue and acid blue 25 dye on MCS–U 

biomass, calculated from Ho’s pseudo 2nd order kinetic model were in agreement to the 

experimental results, indicated the applicability of the model. The qe(cal) (mg/g) for 

methylene blue and acid blue 25 dye i.e. 23.419±1.392 mg/g and 14.245±0.496 mg/g 

respectively, were also comparable to the qe(exp) (mg/g) values of these dyes were 9.453 

mg/g, and 7.711 mg/g respectively. The determined parameters for linear PSO of dyes on 

MCS–U biomass has been depicted in Table 22. 

In all the four dyes sorption systems on the MCS–HNO3 biomass, the R2 value indicated 

that congo red (R2 = 0.9894), acid brown 354 (R2 = 0.9807) and methylene blue dye (R2 = 

0.9905) followed the Ho’s pseudo 2nd order kinetic model. The qe(cal) (mg/g) for congo red 

dye 10.730±0.420 mg/g, acid brown 354 dye 15.337±0.963 mg/g and methylene blue dye 

19.011±0.931 mg/g were comparable to the qe(exp) (mg/g) values of these dyes. The to the 

qe(exp) (mg/g) of these three dyes were 7.824 mg/g, 9.029 mg/g and 9.117 mg/g. The 

determined parameters for linear PSO of dyes on MCS–HNO3 biomass has been depicted 

in Table 23. 

In case of sorption of dyes on modified MCS–H3PO4 the regression values of sorption data 

of methylene blue was 0.9808. The R2 value was the indication of applicability of Ho’s 

pseudo 2nd order kinetic model on the sorption data of dye. The qe(cal) (mg/g) value of the 
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dye was 15.798±0.988 mg/g. The qe(cal) (mg/g) of the dye was comparable to the qe(exp) 

(mg/g) i.e. 9.686 mg/g. The determined parameters for linear PSO of dyes on MCS–H3PO4 

biomass has been depicted in Table 24. 

The linear plots of Ho’s pseudo 2nd kinetic model for sorption of dyes on untreated and 

treated CS biomass has been shown in Figure 29 (a) CS dye loaded, (b) MCS–U dye loaded, 

(c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 

  



Discussion 

 

 

 

 

0

2

4

6

0 10 20 30 40 50

t/
q

t 
(g

.m
in

/m
g)

t (min)

CS-CR
CS-AB354
CS-MB
CS-Ab25
Linear (CS-CR)
Linear (CS-AB354)
Linear (CS-MB)
Linear (CS-Ab25)

0

2

4

6

0 10 20 30 40 50 60

t/
q

t 
(g

.m
in

/m
g)

t (min)

MCS-U-CR
MCS-U-AB354
MCS-U-MB
MCS-U-Ab25
Linear (MCS-U-CR)
Linear (MCS-U-AB354)
Linear (MCS-U-MB)
Linear (MCS-U-Ab25)

0

2

4

6

8

10

0 20 40 60 80

t/
q

t 
(g

.m
in

/m
g)

t (min)

MCS-HNO3-CR
MCS-HNO3-AB354
MCS-HNO3-MB
MCS-HNO3-Ab25
Linear (MCS-HNO3-CR)
Linear (MCS-HNO3-AB354)
Linear (MCS-HNO3-MB)
Linear (MCS-HNO3-Ab25)

a 

b 

c 



Discussion 

 

 

 

Figure 29: Linear plots of Ho’s pseudo 2nd kinetic model for sorption of dyes on 

untreated and treated CS biomass. (a) CS dye loaded, (b) MCS–U dye 

loaded, (c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 
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Form the assumption of Ho’s pseudo 2nd order kinetic model, it was clear that all the 

sorption systems that followed the model, the rate limiting step might be chemical sorption 

involving covalent forces through sharing or the ion exchange between the adsorbent–

adsorbate. It was observed that in the kinetic studies of all of the dyes, there were more 

sorption systems that indicated more suitability, effectiveness and applicability of linear 

Ho’s pseudo 2nd order than that of linear Lagergren’s pseudo 1st order. These facts 

suggested that the Ho’s pseudo 2nd order was more applicable and predominant model to 

describe the sorption data and that the sorption data appeared to be controlled by 

chemisorption process. 

 Nonlinear kinetic modelling of Lagergren’s PFO and Ho’s PSO for sorption of 

dyes on untreated and treated HRS biomass. 

 
 

The nonlinear plots of Lagergren’s pseudo 1st and Ho’s pseudo 2nd order kinetic model of 

different dyes on untreated and treated HRS biomass have been shown in Figure 30–33. In 

all these plots qt (mg/g) was plotted verses t (min) and the values of constants i.e. K1, K2 

constants and qe(cal) (mg/g) were determined. The values of these constants have been 

computed in Table 9–12 and 17–20. 

The less χ2 for from nonlinear Lagergren’s PFO for sorption of methylene blue dye and 

acid blue 25 dye on HRS biomass indicated that the model was more reliable for description 

of sorption data. The qe(cal) (mg/g) values, determined from nonlinear Lagergren’s pseudo 

1st order kinetic model were in good agreement with the experimental results, i.e. for 

methylene blue dye qe(cal) (mg/g) was 13.417±2.89 mg/g and that of acid blue 25 was 

8.4657±0.671 mg/g. These values were also comparable to the qe(cal) (mg/g) values 

determined from linear Lagergren’s PFO i.e. 10.410±0.365 mg/g for methylene blue and 

13.501±0.559 mg/g for acid blue 25 dye. The %age error of qe(cal) (mg/g) for methylene 

blue dye was -72.594 % (for nonlinear) and -33.917 % (for linear), similarly, for acid blue 
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25 it was -12.876 % (for nonlinear) and -80.02 % (for linear). The applicability of linear 

and nonlinear Lagergren’s PFO on both of the sorption systems was the confirmation of 

the assumption, i.e. the sorption of dyes was directly proportional to the sorptive sites of 

biomass at their low concentrations. 

There was not a large difference between the chi square values of congo red and acid brown 

354 dye for both of the nonlinear Lagergren’s PFO as well as Ho’s PSO kinetic models. It 

was observed that the sorption of these two dyes on HRS biomass also followed linear Ho’s 

pseudo 2nd order kinetic model. Therefore it was suggested that the sorption systems of 

these dyes can be best explained by Ho’s PSO. The qe(cal) (mg/g) from nonlinear Ho’s PSO 

for congo red dye, 24.476±0.283 mg/g, was also close to the qe(cal) (mg/g) from linear Ho’s 

pseudo 2nd order (i.e. 25.126±0.432 mg/g). Similarly the qe(cal) (mg/g) from nonlinear Ho’s 

PSO for acid brown 354 dye was 10.140±0.296 mg/g, was close to qe(cal) (mg/g) from linear 

Ho’s pseudo 2nd order 10.225±0.278 mg/g. In linear modelling %age error for congo red 

dye was -233.299 % whereas in nonlinear modelling the %age error was -224.682 %. In 

case of acid brown 354 dye the %age error for linear model was -48.866 % and this %age 

error for nonlinear model was -47.629 %. The results of sorption data of both of these dyes 

were comparable for both linear and nonlinear models. 

The nonlinear plots of PFO and PSO for sorption of dyes on HRS biomass has been shown 

in Figure 30 (a) HRS–CR, (b) HRS–AB354, (c) HRS–MB, (d) HRS–Ab25 
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Figure 30: Nonlinear plots of PFO and PSO for sorption of dyes on HRS biomass. (a) HRS–

CR, (b) HRS–AB354, (c) HRS–MB, (d) HRS–Ab25. 
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The χ2 obtained from the nonlinear Lagergren’s PFO for the sorption data of congo red dye 

and methylene blue dye on MHRS–U indicated that both of the systems followed the 

Lagergren’s pseudo 1st order kinetics. The qe(cal) (mg/g) from nonlinear PFO for congo red 

dye was 13.584±0.299 mg/g. where the %age error was -56.871 %. In linear modelling the 

sorption of congo red dye followed Ho’s PSO kinetic model, where the qe(cal) (mg/g) was 

23.419±1.277 mg/g and the %age error was -170.450%. The %age error calculated from 

linear PFO model was greater than the nonlinear PSO kinetics, indicated that the sorption 

data could be better described by the nonlinear form. In case of methylene blue dye the 

qe(cal) (mg/g) from linear PFO was 22.318±0.207 mg/g for which the %age error was -

136.472 % whereas the qe(cal) from nonlinear PFO was 13.126±3.02 mg/g for which the 

%age error was -39.077 %. As in both modelling the R2 and χ2 values indicated the 

applicability of PFO, but due to less %age error in qe(cal) (mg/g) from nonlinear model was 

the indication of more reliability of nonlinear data. 

The sorption of acid brown 354 and acid blue 25 dye on MHRS–U followed the Ho’s PSO 

in nonlinear as well as linear kinetic model. The qe(cal) (mg/g) for acid brown 354 in 

nonlinear PSO was 16.559±1.25 mg/g for which the %age error was -78.658 %, that was 

comparable to the qe(cal) (mg/g) from linear PSO, i.e. 16.181±1.025 mg/g where the %age 

error was -74.582 %. Similarly qe(cal) (mg/g) for acid blue 25, determined in nonlinear PSO 

was 17.415±0.694 mg/g with %age error -98.730 and this qe(cal) (mg/g) in linear PSO 

modelling was  16.863±0.686 mg/g with %age error -92.435. Thus the sorption of these 

two dyes on MHRS–U supported that the sorption of dyes was a chemisorption process.  

The nonlinear plots of PFO and PSO for sorption of dyes on MHRS–U biomass has been 

shown in Figure 31 (a) MHRS–U–CR, (b) MHRS–U–AB354, (c) MHRS–U–MB, (d) 

MHRS–U–Ab25.   
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Figure 31: Nonlinear plots of PFO and PSO for sorption of dyes on MHRS–U biomass. (a) 

MHRS–U–CR, (b) MHRS–U–AB354, (c) MHRS–U–MB, (d) MHRS–U–

Ab25.   
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Among the sorption of dyes on MHRS–HNO3 the three dyes congo red, acid brown 354 

and methylene blue dye followed the nonlinear PFO kinetic model. The qe(cal) (mg/g) 

determined of these dyes were 9.7634±0.659 mg/g, 9.3143±0.506 mg/g and 11.995±1.14 

mg/g respectively. The %age error of the determined factor was -12.464 %, -22.741 % and 

-43.772 %. The %age error of qe(cal) (mg/g) from linear form of Lagergren’s PFO kinetic 

model was -70.903%, -43.729 %, -36.284 % respectively. The %age error of the parameter 

calculated from linear PFO kinetics of all the two dyes i.e. congo red and acid brown 354 

dye was greater, indicating that the sorption data obtained from nonlinear kinetic models 

was more accurate as compared to linear kinetic models. 

In the sorption systems of all of the dyes on MHRS–HNO3, only the acid blue 25 dye 

followed nonlinear PSO kinetics. The qe(cal) (mg/g) from the nonlinear PSO modelling was 

20.316±1.27 mg/g with %age error -145.082 %. Although this %age error was greater than 

the %age error of qe(cal) (mg/g) from linear model i.e. -137.470 %, but the applicability of 

PSO in linear as well as nonlinear form was the confirmation that the sorption of the dye 

was proportional to the available sorptive sites on the surface of the biomass. 

The nonlinear plots of PFO and PSO for sorption of dyes on MHRS–HNO3 biomass has 

been shown in Figure 32. (a) MHRS–HNO3–CR, (b) MHRS–HNO3–AB354, (c) MHRS–

HNO3–MB, (d) MHRS–HNO3–Ab25.   
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Figure 32: Nonlinear plots of PFO and PSO for sorption of dyes on MHRS–HNO3 biomass. 

(a) MHRS–HNO3–CR, (b) MHRS–HNO3–AB354, (c) MHRS–HNO3–MB, (d) 

MHRS–HNO3–Ab25.    

d 
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On modified MHRS–H3PO4, the small value of χ2 for the sorption data of congo red dye 

indicated that the system followed nonlinear Lagergren’s PFO kinetic model. The 

determined qe(cal) for dye was  31.326±34.9 mg/g. The %age error of the determined 

parameter was -267.354 %. The %age error was very large as compared to the %age error 

calculated for qe(cal) from linear PSO for sorption data of congo red dye i.e. -5.180. 

Therefore linear form of PFO kinetic model was more reliable to explain the sorption 

process of congo red dye. 

In sorption of acid brown 354 dye on modified MHRS–H3PO4 there was not a large 

difference between the χ2 values of the PFO and PSO kinetic model. The qe(cal) from 

nonlinear PFO was 10.033±0.192 mg/g for which the %age error was -5.515 %. The qe(cal) 

from PSO was 13.201±0.441 mg/g for which the %age error was -38.833 %. As the %age 

error of the value was less in case of PFO. Therefore nonlinear PFO was better to explain 

the sorption data of acid brown 354 dye. In case of linear PFO kinetic model the %age error 

(-75.226 %) was greater than that of linear PSO kinetic model (i.e. -46.883 %). Therefore 

linear PSO was better to fit the experimental data. 

As far as the sorption of methylene blue on modified MHRS–H3PO4 is concerned, the less 

χ2 value for PSO indicated the more applicability of the model. The qe(cal) from the model 

was 14.206±0.99 mg/g. The %age error of the calculated value was 47.218 % that was 

comparable to the %age error of parameter calculated from linear form of PSO i.e. -45.754 

%.  

In sorption system of acid blue 25 on modified H3PO4, CS biomass, there was not a large 

difference between the χ2 values of PFO and PSO. The qe(cal) from PFO kinetic model was 

9.7036±0.303 mg/g for which the %age error was -0.2 %. Similarly the qe(cal) (mg/g) from 

PSO kinetic model was 12.823±0.644 mg/g for which the %age error of the calculated 
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parameter was -32.411 %. As the %age error from the PFO kinetic model was very less 

than that of PSO, therefore nonlinear PFO was considered as the better to fit the 

experimental data of the sorption studies of acid blue 25 dye. 

The nonlinear plots of PFO and PSO for sorption of dyes on MHRS–H3PO4 biomass has 

been shown in Figure 33.(a) MHRS–H3PO4–CR, (b) MHRS–H3PO4–AB354, (c) MHRS–

H3PO4–MB, (d) MHRS–H3PO4–Ab25.    
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Figure 33: Nonlinear plots of PFO and PSO for sorption of dyes on MHRS–H3PO4 biomass. 

(a) MHRS–H3PO4–CR, (b) MHRS–H3PO4–AB354, (c) MHRS–H3PO4–MB, (d) 

MHRS–H3PO4–Ab25.   

d 
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 Nonlinear kinetic modelling of Lagergren’s PFO and Ho’s PSO for sorption of 

dyes on untreated and treated CS biomass. 

 

The nonlinear plots of Lagergren’s pseudo 1st and Ho’s pseudo 2nd order kinetic model of 

different dyes on untreated and treated CS biomass have been shown in Figure 34–37. In 

all these plots qt (mg/g) was plotted verses t (min) and the values of constants i.e. K1, K2 

constants and qe(cal) (mg/g) were determined. The values of these constants have been 

computed in Table 13–16 and 21–24. 

The less χ2 for from nonlinear Lagergren’s PFO for sorption of congo red dye and 

methylene blue dye on CS biomass indicated that the model was more reliable for 

description of sorption data of these dyes. The qe(cal) (mg/g) values, determined from 

nonlinear Lagergren’s pseudo 1st order kinetic model were in good agreement with the 

experimental results, i.e. for congo red dye qe(cal) (mg/g) was 11.702 ± 1.44 mg/g, that of 

methylene blue dye qe(cal) was 11.356 ± 2.21 mg/g and that of acid blue 25 qe(cal) (mg/g) was 

11.935 ± 1.9 mg/g. These values were also comparable to the qe(cal) (mg/g) values 

determined from linear Lagergren’s PFO i.e. 10.248±0.223 mg/g for congo red dye, 

17.481±0.860 for methylene blue dye and 13.108±0.434 mg/g for acid blue 25 dye. The 

%age error of qe(cal) (mg/g) for congo red dye was -26.025 % (for linear) and -43.903 % 

(for nonlinear), for methylene blue dye the %age error of both of the qe(cal) (mg/g) was -

30.847 % (for nonlinear) and -101.418 % (for linear), similarly, for acid blue 25 it was -

39.120 % (for nonlinear) and -52.789 % (for linear). The applicability of linear as well and 

nonlinear Lagergren’s PFO on the dyes sorption systems was the confirmation of the 

assumption, i.e. the sorption of dyes was directly proportional to the sorptive sites of 

biomass at their low concentrations. 

The less χ2 of nonlinear Ho’s PSO for the sorption of acid brown 354 dye on CS was the 

indication that the sorption of data of dye followed the model. The qe(cal) (mg/g) from 
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nonlinear Ho’s PSO for the dye, 12.906 ± 0.678 mg/g, was also close to the qe(cal) (mg/g) 

from linear Ho’s pseudo 2nd order (i.e. 12.658±0.629 (mg/g). In linear modelling %age 

error for qe(cal) (mg/g) was -43.100 % whereas in nonlinear modelling the %age error was -

46.659 %. The results of sorption data of the dye was comparable for both linear and 

nonlinear models. The results of linear and nonlinear PFO as well as PSO were comparable 

to each other for the sorption data of all of the dyes on CS biomass. 

The nonlinear plots of PFO and PSO order for sorption of dyes on CS biomass has been 

shown in Figure 34. (a) CS–CR, (b) CS–AB354, (c) CS–MB, (d) CS–Ab25 
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Figure 34: Nonlinear plots of PFO and PSO order for sorption of dyes on CS biomass. (a) 

CS–CR, (b) CS–AB354, (c) CS–MB, (d) CS–Ab25. 

  

d 
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The χ2 obtained from the nonlinear Lagergren’s PFO for the sorption data of congo red dye 

acid brown 354 dye and the methylene blue dye on MCS–U indicated that these three dyes 

sorption systems followed the Lagergren’s pseudo 1st order kinetics. The qe(cal) (mg/g) from 

nonlinear PFO for congo red dye was 11.299±0.602 mg/g. where the %age error was -

20.399 %. In linear modelling the sorption of congo red dye also followed Lagergren’s PFO 

kinetic model, where the qe(cal) (mg/g) was 14.064±0.838 mg/g and the %age error was -

49.860 %. The qe(cal) (mg/g), calculated for acid brown 354 dye from nonlinear PFO kinetic 

model was  9.7634±0.275 mg/g. This qe(cal) (mg/g) was comparable to the qe(cal) (mg/g) 

calculated from linear PFO i.e. 10.661±0.336 mg/g. The %age error of qe(cal) (mg/g) for 

nonlinear PFO was -4.565 % and that of linear was -14.179 %. The sorption data of 

methylene blue dye followed nonlinear PFO kinetic model, but in studies of linear kinetic 

modelling it was observed that the sorption data of dye followed the PSO. The qe(cal) from 

nonlinear PFO was 14.119±0.71± mg/g for which the %age error was -49.367 % whereas 

the %age error for linear PFO was -55.025 %. The qe(cal) (mg/g) from nonlinear PSO was 

20.569±0.225 mg/g for which the %age error was -117.603 % and the qe(cal) (mg/g) from 

linear PSO was 23.419±1.392 mg/g for which the %age error was -147.755 %. In the 

sorption data of all these three dyes it was found that the %age error calculated from 

nonlinear modelling was less therefore the sorption data can be best explained by nonlinear 

modelling than that of linear kinetic models. Furthermore the %age error calculated from 

nonlinear PFO was less, therefore it was suggested that the sorption data followed nonlinear 

PFO kinetic model. 

The sorption of acid brown 354 on MCS–U followed the Ho’s PSO in nonlinear as well as 

linear kinetic model. The qe(cal) (mg/g) calculated for the dye in nonlinear PSO kinetic 

modelling was 14.209±0.596 mg/g for which the %age error was -84.281 %, that was 

comparable to the qe(cal) (mg/g)  from linear PSO, i.e. 14.245±0.496 mg/g where the %age 
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error was -84.748 %. As the sorption data of the dye on MCS–U followed both linear and 

nonlinear PSO, it supported that the sorption of dye was a chemisorption process. 

The nonlinear plots of PFO and PSO for sorption of dyes on MCS–U biomass has been 

shown in Figure 35. (a) MCS–U–CR, (b) MCS–U–AB354, (c) MCS–U–MB, (d) MCS–U–

Ab25. 
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Figure 35: Nonlinear plots of PFO and PSO for sorption of dyes on MCS–U biomass. (a) 

MCS–U–CR, (b) MCS–U–AB354, (c) MCS–U–MB, (d) MCS–U–Ab25.  

d 
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Three of the dyes i.e. acid brown 354 dye, methylene blue dye and acid blue 25 dye on 

MCS–HNO3 followed the nonlinear PFO kinetic model. The qe(cal) (mg/g) determined of 

these dyes were 10.759±0.53 mg/g, 12.725±0.693 mg/g and 10.397±0.336 mg/g 

respectively and the %age error of the determined factor was -19.166 %, -39.578 % and -

20.087 % respectively. The %age error of qe(cal) (mg/g) from linear form of Lagergren’s 

PFO kinetic model was -48.855 %, -27.926 %, -27.205 % respectively. The %age error 

difference of the parameter calculated from linear PFO and nonlinear PFO kinetics of the 

acid brown 354 dye was greater i.e. %age error calculated from nonlinear PFO was less 

than that of calculated from linear PFO. Thus it was assumed that the system followed 

nonlinear PFO order. In the same way the qe(cal) (mg/g) for methylene blue dye from 

nonlinear PFO (12.725±0.693 mg/g) was in agreement to the qe(exp) (mg/g) (9.117 mg/g) 

rather than qe(cal) (mg/g) from linear PSO 19.011±0.931 mg/g, therefore it was assumed that 

the dye sorption data best explained by nonlinear PFO kinetic model. For acid blue 25 dye 

the qe(cal) (mg/g) from nonlinear PFO was 10.397±0.336 mg/g that was comparable to the 

qe(cal) (mg/g) from linear PFO i.e. 11.013±0.371 mg/g and there was not a large difference 

in the %age error calculated from nonlinear PFO as well as linear PFO i.e. -20.087 % for 

nonlinear and -27.205% for linear PFO. This %age error was also less than the %age error 

calculated from linear as well as nonlinear PSO which was the confirmation of results that 

the sorption data of acid blue 25 dye followed the PFO kinetic model. 

In the sorption systems of all of the dyes on MCS–HNO3, only the congo red dye followed 

nonlinear PSO kinetics. The qe(cal) (mg/g) from the nonlinear PSO modelling was 

10.957±0.447 mg/g with %age error -40.040 %. This %age error of the qe(cal) (mg/g) was 

in good agreement as calculated from linear PSO kinetic model which was the confirmation 

of applicability of PSO in linear as well as nonlinear kinetic models. This was the 
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confirmation that the sorption of the dye was proportional to the available sorptive sites on 

the surface of the biomass. 

The nonlinear plots of PFO and PSO for sorption of dyes on MCS–HNO3 biomass has been 

shown in Figure 36. (a) MCS–HNO3–CR, (b) MCS–HNO3–AB354, (c) MCS–HNO3–MB, 

(d) MCS–HNO3–Ab25.   
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Figure 36: Nonlinear plots of PFO and PSO for sorption of dyes on MCS–HNO3 biomass. 

(a) MCS–HNO3–CR, (b) MCS–HNO3–AB354, (c) MCS–HNO3–MB, (d) 

MCS–HNO3–Ab25.   
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In sorption of congo red dye on modified MCS–H3PO4, there was not a large difference 

between the χ2 of PFO and PSO and the qe(cal) (mg/g) from nonlinear PFO was 

23.157±0.184 mg/g whereas qe(cal) (mg/g) from linear 11.539±0.232 mg/g. The % error of 

qe(cal) (mg/g) for nonlinear PFO was -146.178 % and from that of linear PFO was -22.665 

%. The %age errors calculated for qe(cal) (mg/g) from nonlinear as well as linear PSO was 

greater than that of calculated from PFO. Therefore it was assumed that the sorption system 

of sorption of congo red dye on MCS–HNO3 followed PFO kinetic model. 

The less χ2 for sorption data of nonlinear PFO indicated the applicability of the model for 

the sorption data of methylene blue dye. The qe(cal) (mg/g) from nonlinear PFO was 10.945 

± 0.299 mg/g that was comparable to the qe(exp) (mg/g) 9.686 mg/g. The %age error of the 

determined factor was -12.997 %. 

The nonlinear plots of PFO and PSO for sorption of dyes on MCS–H3PO4 biomass has been 

shown in Figure 37. (a) MCS–H3PO4–CR, (b) MHRS–H3PO4–MB.  
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Figure 37: Nonlinear plots of PFO and PSO for sorption of dyes on MCS–H3PO4 biomass. 

(a) MCS–H3PO4–CR, (b) MHRS–H3PO4–MB.  
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Table 8: Linear and nonlinear forms of kinetic equation.   

 

Kinetic equations Equations 
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Table 9: Determined parameters for linear and nonlinear PFO of dyes on HRS biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 9.122 (7.538)* 0.059 -21.007 ---- 0.9792 

Acid brown 354 8.642 (6.869)* 0.075 -25.815 ---- 0.9469 

Methylene blue 10.410 (7.774)* 0.070 -33.917 ---- 0.9858 

Acid blue 25 13.501 (7.500)* 0.115 -80.020 ---- 0.9922 

Nonlinear PFO 

Congo red 14.264  (7.538)* 0.019 -89.216 0.0004 ---- 

Acid brown 354 7.3811 (6.869)* 0.052 -5.931 0.088 ---- 

Methylene blue 13.417 (7.774)* 0.022 -72.594 0.605 ---- 

Acid blue 25 8.4657 (7.500)* 0.054 -12.876 1.635 ---- 

 

Table 10: Determined parameters for linear and nonlinear PFO of dyes on MHRS–U 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 11.996 (8.659)* 0.114 -38.536 ---- 0.9776 

Acid brown 354 11.328 (9.269)* 0.075 -22.222 ---- 0.9225 

Methylene blue 22.318 (9.438)* 0.169 -136.472 ---- 0.9839 

Acid blue 25 10.580 (8.763)* 0.070 -20.737 ---- 0.9663 

Nonlinear PFO 

Congo red 13.584 (8.659)* 0.041 -56.871 0.005 ---- 

Acid brown 354 11.209 (9.269)* 0.043 -20.936 0.355 ---- 

Methylene blue 13.126 (9.438)* 0.047 -39.077 2.605 ---- 

Acid blue 25 11.362 (8.763)* 0.037 -29.656 0.067 ---- 
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Table 11: Determined parameters for linear and nonlinear PFO of dyes on MHRS–HNO3 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear parameters of PFO 

Congo red 14.837 (8.681)* 0.132 -70.903 ---- 0.9912 

Acid brown 354 10.907 (7.589)* 0.092 -43.729 ---- 0.928 

Methylene blue 11.370 (8.343)* 0.099 -36.284 ---- 0.9934 

Acid blue 25 10.363 (8.289)* 0.085 -25.009 ---- 0.9763 

Nonlinear parameters of PFO 

Congo red 9.7634 (8.681)* 0.066 -12.464 1.101 ---- 

Acid brown 354 9.3143 (7.589)* 0.044 -22.741 0.195 ---- 

Methylene blue 11.995 (8.343)* 0.040 -43.772 0.199 ---- 

Acid blue 25 12.558 (8.289)* 0.0350 -51.493 0.057 ---- 

 

Table 12: Determined parameters for linear and nonlinear PFO of dyes on MHRS–H3PO4 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 8.969 (8.527)* 0.053 -5.180 ---- 0.9933 

Acid brown 354 16.661 (9.509)* 0.170 -75.226 ---- 0.9396 

Methylene blue 17.970 (9.650)* 0.195 -86.224 ---- 0.9213 

Acid blue 25 8.412 (9.684)* 0.056 13.133 ---- 0.9672 

Nonlinear PFO 

Congo red 31.326 (8.527)* 0.010 -267.354 0.912 ---- 

Acid brown 354 10.033 (9.509)* 0.101 -5.515 0.114 ---- 

Methylene blue 10.522 (9.650)* 0.102 -9.040 0.348 ---- 

Acid blue 25 9.7036 (9.684)* 0.065 -0.200 0.525 ---- 
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Table 13: Determined parameters for linear and nonlinear PFO of dyes on CS biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 10.248 (8.132)* 0.090 -26.025 ---- 0.9965 

Acid brown 354 9.805 (8.846)* 0.079 -10.845 ---- 0.9603 

Methylene blue 17.481 (8.679)* 0.127 -101.418 ---- 0.9872 

Acid blue 25 13.108 (8.579)* 0.091 -52.789 ---- 0.9908 

Nonlinear PFO 

Congo red 11.702 (8.132)* 0.039 -43.903 0.295 ---- 

Acid brown 354 9.471 (8.846)* 0.062 -7.073 0.481 ---- 

Methylene blue 11.356 (8.679)* 0.042 -30.847 3.314 ---- 

Acid blue 25 11.935 (8.579)* 0.034 -39.120 1.187 ---- 

 

Table 14: Determined parameters for linear and nonlinear PFO of dyes on MCS–U 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 14.064 (9.385)* 0.126 -49.860 ---- 0.9833 

Acid brown 354 10.661 (9.337)* 0.078 -14.179 ---- 0.9917 

Methylene blue 14.654 (9.453)* 0.131 -55.025 ----  0.9523 

Acid blue 25 10.943 (7.711)* 0.112 -41.923 ---- 0.9381 

Nonlinear PFO 

Congo red 11.299 (9.385)* 0.062 -20.399 0.253 ---- 

Acid brown 354 9.7634 (9.337)* 0.062 -4.565 0.391 ---- 

Methylene blue 14.119 (9.453)* 0.045 -49.367 0.041 ---- 

Acid blue 25 9.5031 (7.711)* 0.055 -23.248 0.053 ---- 
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Table 15: Determined parameters for linear and nonlinear PFO of dyes on MCS–HNO3 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 14.847 (7.824)* 

 

0.091 -89.758 ---- 0.8026 

Acid brown 354 13.440 (9.029)* 

 

0.098 -48.855 ---- 0.9143 

Methylene blue 11.663 (9.117)* 

 

0.092 -27.926 ---- 0.9633 

Acid blue 25 11.013 (8.658)* 

 

0.083 -27.205 ---- 0.99 

Nonlinear PFO 

Congo red 8.2375 (7.824)* 0.048 -5.283 0.548 ---- 

Acid brown 354 10.759 (9.029)* 0.048 -19.166 0.278 ---- 

Methylene blue 12.725 (9.117)* 0.041 -39.578 0.081 ---- 

Acid blue 25 10.397 (8.658)* 0.046 -20.087 0.010 ---- 

 

Table 16: Determined parameters for linear and nonlinear PFO of dyes on MCS–H3PO4 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K1 (min-1) 

Linear PFO 

Congo red 11.539 (9.407)* 0.071 -22.665 ---- 0.9948 

Methylene blue 15.167 (9.686)* 0.111 -56.581 ---- 0.943 

Nonlinear PFO 

Congo red 23.157 (9.407)* 0.0167 -146.178 0.312 ---- 

Methylene blue 10.945 (9.686)* 0.059 -12.997 0.164 ---- 
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Table 17: Determined parameters for linear and nonlinear PSO of dyes on HRS biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 25.126 0.0004 -233.299 ---- 0.9985 

Acid brown 354 10.225 0.004 -48.866 ---- 0.9956 

Methylene blue 42.194 0.0001 -442.778 ---- 0.3581 

Acid blue 25 16.447 0.001 -119.298 ---- 0.5362 

Nonlinear PSO 

Congo red 24.476 0.0004 -224.682 0.0007 ---- 

Acid brown 354 10.14 0.004 -47.629 0.068 ---- 

Methylene blue 8.0331 0.010 -3.337 7.553 ---- 

Acid blue 25 11.927 0.004 -59.027 2.354 ---- 

 

Table 18: Determined parameters for linear and nonlinear PSO of dyes on MHRS–U 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 23.419 0.001 -170.450 ---- 0.9912 

Acid brown 354 16.181 0.002 -74.582 ---- 0.9803 

Methylene blue 117.647 2.932×10-05 -1146.531 ---- 0.020 

Acid blue 25 16.863 0.002 -92.435 ---- 0.9918 

Nonlinear PSO 

Congo red 11.406 0.007 -31.719 2.308 ---- 

Acid brown 354 16.559 0.002 -78.658 0.271 ---- 

Methylene blue 15.869 0.003 -68.140 3.816 ---- 

Acid blue 25 17.415 0.001 -98.730 0.048 ---- 
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Table 19: Determined parameters for linear and nonlinear PSO of dyes on MHRS–HNO3 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 15.152 0.003 -74.973 ---- 0.8711 

Acid brown 354 13.441 0.003 -77.120 ---- 0.9746 

Methylene blue 25.126 0.001 -201.156 ---- 0.7841 

Acid blue 25 19.685 0.001 -137.470 ---- 0.9912 

Nonlinear PSO 

Congo red 13.709 0.004 -57.914 1.741 ---- 

Acid brown 354 13.832 0.002 -82.274 0.220 ---- 

Methylene blue 16.298 0.002 -95.348 0.516 ---- 

Acid blue 25 20.316 0.001 -145.082 0.038 ---- 

 

Table 20: Determined parameters for linear and nonlinear PSO of dyes on MHRS–H3PO4 

biomass. 

 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 27.322 0.00047891 -220.404 ---- 0.6409 

Acid brown 354 13.966 0.006 -46.883 ---- 0.9957 

Methylene blue 14.065 0.007 -45.754 ---- 0.9875 

Acid blue 25 13.106 0.004 -35.335 ---- 0.9851 

Nonlinear PSO 

Congo red 11.114 0.004 4.101 -30.332 ---- 

Acid brown 354 13.201 0.007 0.132 -38.833 ---- 

Methylene blue 14.206 0.006 0.282 -47.218 ---- 

Acid blue 25 12.823 0.005 0.561 -32.411 ---- 
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Table 21: Determined parameters for linear and nonlinear PSO of dyes on CS biomass. 

 

Dye Adsorbed Parameters %age 

Error 

χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 23.810  0.001 -192.793 ---- 0.816 

Acid brown 354 12.658  0.004 -43.100 ---- 0.9878 

Methylene blue 120.482  2.03672×10-05 -

1288.227 

---- 0.0124 

Acid blue 25 95.238  3.11432×10-05 -

1010.137 

---- 0.026 

Nonlinear PSO 

Congo red 17.725  0.002 -40.291 0.342 ---- 

Acid brown 354 12.906  0.004 -46.659 0.249 ---- 

Methylene blue 17.87  0.002 -105.903 3.818 ---- 

Acid blue 25 18.356  0.001 -113.966 1.402 ---- 

 

Table 22: Determined parameters for linear and nonlinear PSO of dyes on MCS–U 

biomass. 

 

Dye Adsorbed Parameters %age 

Error 

χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 17.271  0.002 -84.037 ---- 0.9833 

Acid brown 354 13.661  0.003 -46.310 ---- 0.9917 

Methylene blue 23.419  0.001 -147.755 ---- 0.9523 

Acid blue 25 14.245  0.003 -84.748 ---- 0.9381 

Nonlinear PSO 

Congo red 16.73  0.003 -78.270 0.376 ---- 

Acid brown 354 13.079  0.004 -40.075 0.704 ---- 

Methylene blue 20.569  0.002 -117.603 0.101 ---- 

Acid blue 25 14.209  0.003 -84.281 0.040 ---- 
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Table 23: Determined parameters for linear and nonlinear PSO of dyes on MCS–HNO3 

biomass. 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 10.730  0.004 -37.134 ---- 0.9894 

Acid brown 354 15.337  0.002 -69.877 ---- 0.9807 

Methylene blue 19.011  0.002 -108.532 ---- 0.9905 

Acid blue 25 16.207 0.002 -87.199 ---- 0.9786 

Nonlinear PSO 

Congo red 10.957  0.004 -40.040 0.288 ---- 

Acid brown 354 15.691  0.002 -73.793 0.309 ---- 

Methylene blue 17.737  0.002 -193.553 0.120 ---- 

Acid blue 25 15.462  0.002 -78.588 0.211 ---- 

 

 

Table 24: Determined parameters for linear and nonlinear PSO of dyes on MCS–H3PO4 

biomass. 

Dye Adsorbed Parameters %age Error χ2 R2 

qe(cal) (mg/g) K2 (g mg-1 min-1) 

Linear PSO 

Congo red 60.606 9.95357×10-5 -544.293 ---- 0.614 

Methylene blue 15.798 0.003 -63.097 ---- 0.9808 

Nonlinear PSO 

Congo red 38.481 0.0007 -309.085 0.003 ---- 

Methylene blue 15.462 0.003 -59.630 0.381 ---- 
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 Elovich model for the sorption of dyes 

 

The greater the value of “a” in all processes of dyes sorption systems was the indication of 

the feasibility of sorption of dye whereas the value of “b” indicated the rate of desorption 

of dye. The determined parameters for Elovich model for sorption of dyes on different 

untreated and treated HRS biomass have been depicted in Table 25.  

The R2 value of acid brown was greater than that of other dyes on HRS biomass. The R2 

value for the three dye sorption systems i.e. congo red, methylene blue and acid blue 25 

was less than 0.97 indicating that these three systems did not followed elovich model. 

Therefore the rate of sorption and desorption could not be better explained with model. The 

rate of sorption of acid brown i.e. “a” was 0.920±0.090 and rate of desorption i.e. “b” was 

0.435±0.013. As the value of “a” was greater for that of acid blue 25 i.e. 0.941±0.20, but 

due to the less R2 value i.e. 0.9626 the “a” was not a reliable calculated parameter. 

In sorption of the dyes on MHRS–U, all of the dye systems followed the elovich model. 

The rate of sorption i.e. value of “a” for congo red was 1.365±0.208, and desorption rate 

i.e. “b” was 0.260±0.016, for acid brown 354 dye “a” = 1.206±0.235 and “b” = 

0.299±0.020. In case of methylene blue the value of “a” was 1.257±0.189 and “b” was 

0.201±0.013, whereas in acid blue 25 “a” = 1.063±0.197 and that of “b” = 0.306±0.022. 

Among all of the sorbed dyes on MHRS–U, congo red had larger regression factor (i.e. 

0.9893) and greater rate of sorption than that of other dyes. 

On modification of HRS to MHRS–HNO3, only three dyes acid brown 354, methylene 

blue and acid blue 25 followed the elovich model for which the R2 values were 0.9725, 

0.9966 and .9769 respectively. The rate of sorption and desorption of these dyes were “a” 

= 1.014±0.218, “b” = 0.354±0.027; “a” = 1.147±0.080, “b” = 0.275±0.008 and “a” = 
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1.130±0.219, “b” = 0.295±0.023 respectively. In these dyes methylene blue had greater rate 

of sorption than that of acid brown 354 and acid blue 25 dye. 

Among the four dyes sorbed on MHRS–H3PO4, only three dyes acid brown 354, methylene 

blue and acid blue 25 followed the elovich model. In these methylene blue had greater rate 

of sorption, i.e. “a” = 2.515±1.807 and rate of desorption i.e. “b” = 0.298±0.023, then acid 

brown 354 dye, having “a” = 2.380±1.111, “b” = 0.319±0.015. Acid blue 25 had lesser rate 

of sorption having “a” = 1.474±0.280, “b” = 0.329±0.015. 

The linear plots of Elovich model for sorption of dyes on untreated and treated HRS 

biomass has been shown in Figure 38. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) 

MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 

The plots of Comparison of value of “a” of dyes on untreated and treated HRS biomass has 

been shown in Figure 39 (a) HRS dye loaded (b) MHRS–U dye loaded, (c) MHRS–HNO3 

dye loaded, (d) MHRS–H3PO4 dye loaded. 
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Figure 38: Linear plots of Elovich model for sorption of dyes on untreated and treated HRS 

biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye 

loaded, (d) MHRS–H3PO4 dye loaded. 
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Figure 39: Plots of Comparison of value of “a” of dyes on untreated and treated HRS 

biomass. (a) HRS dye loaded (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye 

loaded, (d) MHRS–H3PO4 dye loaded. 
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Table 25: Determined parameters for Elovich model for sorption of dyes on different 

untreated and treated HRS biomass. 

 

Biomass Dyes adsorbed a b R2 

HRS Congo red 0.754±0.153 0.335±0.032 0.9564 

HRS Acid brown 354 0.920±0.090 0.435±0.013 0.9949 

HRS Methylene blue 0.762±0.134 0.287±0.025 0.9641 

HRS Acid blue 0.941±0.200 0.334±0.027 0.9626 

MHRS–U  Congo red 1.365±0.208 0.260±0.016 0.9893 

MHRS–U Acid brown 354 1.206±0.235 0.299±0.020 0.9774 

MHRS–U Methylene blue 1.257±0.189 0.201±0.013 0.9823 

MHRS–U Acid blue 1.063±0.197 0.306±0.022 0.9752 

MHRS–HNO3 Congo red 1.344±0.357 0.293±0.025 0.9654 

MHRS–HNO3 Acid brown 354 1.014±0.218 0.354±0.027 0.9725 

MHRS–HNO3 Methylene blue 1.147±0.080 0.275±0.008 0.9966 

MHRS–HNO3 Acid blue 1.130±0.219 0.295±0.023 0.9769 

MHRS–H3PO4 Congo red 0.964±0.352 0.294±0.049 0.9007 

MHRS–H3PO4 Acid brown 354 2.380±1.111 0.319±0.015 0.9914 

MHRS–H3PO4 Methylene blue 2.515±1.807 0.298±0.023 0.9819 

MHRS–H3PO4 Acid blue 1.474±0.280 0.329±0.015 0.988 
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The R2 values of congo red, acid brown 354 and acid blue 25 dye were 0.9903 0.983 0.9951 

on CS biomass indicated that these three dyes sorption systems followed the elovich model 

and the determined parameters were more reliable. The R2 value of methylene blue was 

less than 0.97 due to which the rate of sorption and desorption of methylene blue dye could 

not be better explained with the model. The rate of sorption of congo red dye i.e. “a” was 

1.104±0.131 and the rate of desorption i.e. “b” was 0.286±0.014, for acid brown 354 dye 

“a’ was 1.481±0.385 and “b” was 0.349±0.021 and for acid blue 25 dye “a” = 0.956±0.064 

whereas “b” = 0.263±0.008. As the value of “a” in all these systems were greater than that 

of b indicating that the sorption rate was greater than that of reverse/desorption rate 

In sorption process of the dyes on MCS–U, all of the dye systems followed the elovich 

model. The rate of sorption i.e. value of “a” for congo red was 1.568±0.280, and desorption 

rate i.e. “b” was 0.266±0.015, for acid brown 354 dye “a” = 1.366±0.220and “b” = 

0.317±0.014. In case of methylene blue the value of “a” was 1.546±0.262and “b” was 

0.239±0.015, whereas in acid blue 25 “a” = 1.236±0.174and that of “b” = 0.331±0.015. 

On MCS–HNO3, all of the dyes followed the elovich model for which the R2 values were 

0.981, 0.9766, 0.9775 and 0.9896 respectively. In all the dyes sorption systems the rate of 

sorption was greater than that of rate of desorption. Among these the rate of sorption of 

methylene blue was greater than that of other studied dyes system. The rate of sorption of 

methylene blue i.e. “a” was 1.314±0.271. The least rate of sorption i.e. “a” 1.045±0.213 

was observed for that of congo red dye. 

Among the two dyes congo red and methylene blue dye sorbed on MCS–H3PO4, only the 

methylene blue dye followed the elovich model. For the dye sorption rate i.e. “a” = 

1.466±0.206and rate of desorption i.e. “b” = 0.279±0.012. Greater the value of “a”, greater 

the rate of sorption of dye as compared to its desorption. The determined parameters for 
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Elovich model for sorption of dyes on different untreated and treated CS biomass have been 

depicted in Table 26.  

The linear plots of Elovich model for sorption of dyes on untreated and treated CS biomass 

has been shown in Figure 40 (a) CS dye loaded, (b) MCS–U dye loaded, (c) MCS–HNO3 

dye loaded, (d) MCS–H3PO4 dye loaded. 

The plots of Comparison of value of “a” of dyes on untreated and treated HRS biomass has 

been shown in Figure 41 (a) CS dye loaded (b) MCS–U dye loaded, (c) MCS–HNO3 dye 

loaded, (d) MCS–H3PO4 dye loaded. 
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Figure 40: Linear plots of Elovich model for sorption of dyes on untreated and treated 

CS biomass. (a) CS dye loaded, (b) MCS–U dye loaded, (c) MCS–HNO3 dye 

loaded, (d) MCS–H3PO4 dye loaded. 
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Figure 41: Plots of Comparison of value of “a” of dyes on untreated and treated CS 

biomass. (a) CS dye loaded (b) MCS–U dye loaded, (c) MCS–HNO3 dye 

loaded, (d) MCS–H3PO4 dye loaded. 
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Table 26: Determined parameters for Elovich model for sorption of dyes on different 

untreated and treated CS biomass. 

 

Biomass Dyes adsorbed a b R2 

CS Congo red 1.104±0.131 0.286±0.014 0.9903 

CS Acid brown 354 1.481±0.385 0.349±0.021 0.983 

CS Methylene blue 1.038±0.183 0.248±0.020 0.9674 

CS Acid blue 0.956±0.064 0.263±0.008 0.9951 

MCS–U  Congo red 1.568±0.280 0.266±0.015 0.9875 

MCS–U Acid brown 354 1.366±0.220 0.317±0.014 0.9886 

MCS–U Methylene blue 1.546±0.262 0.239±0.015 0.9878 

MCS–U Acid blue 1.236±0.174 0.331±0.015 0.9918 

MCS–HNO3 Congo red 1.045±0.213 0.419±0.022 0.981 

MCS–HNO3 Acid brown 354 1.258±0.262 0.301±0.021 0.9766 

MCS–HNO3 Methylene blue 1.314±0.271 0.275±0.021 0.9775 

MCS–HNO3 Acid blue 1.132±0.142 0.302±0.014 0.9896 

MCS–H3PO4 Congo red 1.092±0.238 0.243±0.025 0.9582 

MCS–H3PO4 Methylene blue 1.466±0.206 0.279±0.012 0.9909 
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3.2.2.5 Diffusion modelling for sorption of different dyes 

 

The data obtained from the optimization of time of contact studies was also used to plot the 

graphs for all of the diffusion kinetic models. The slopes and intercepts were calculated 

from the equation of the straight line obtained. The sorption system would follow a specific 

diffusion model if the R2 value exceeds 0.97. 

 

 Intra particle diffusion model for sorption of dyes 

 

In the sorption systems of all of the four dyes on different untreated and treated biosorbents, 

it was observed that the curve of intra particle diffusion model did not pass through origins 

(i.e. intercept Cip was not zero). These values of intercept of intra particle diffusion model 

suggested that the rate-determining steps for the sorption of dyes was not only controlled 

by intra particle diffusion. The Kip values for sorption of dyes were equal to slop of curve. 

The values of intercept Cip and slope Kip on untreated and treated HRS and CS biomass and 

have been mentioned in Table 27 and 28 respectively. Moreover, the correlation coefficient 

for intra particle diffusion model were found to be low, suggesting that the model alone 

was not sufficient to describe the sorption data of dyes (Sushmita Banerjee and 

Chattopadhyaya, 2017). 

The linear plots of Intraparticle diffusion model for sorption of dyes on untreated and 

treated HRS biomass has been shown in Figure 42. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 

The linear plots of Intraparticle diffusion model for sorption of dyes on untreated and 

treated CS biomass has been shown in Figure 43 (a) CS dye loaded, (b) MCS–U dye loaded, 

(c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded.  
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Figure 42: Linear plots of Intraparticle diffusion model for sorption of dyes on untreated 

and treated HRS biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) 

MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 
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Table 27: Determined parameters for Intraparticle diffusion model for sorption of dyes on 

different untreated and treated HRS biomass. 

 

Biomass Dyes adsorbed Kip Cip R2 

HRS Congo red 1.548±0.036 2.367±0.164 0.9973 

HRS Acid brown 354 1.072±0.068 0.296±0.336 0.9764 

HRS Methylene blue 1.695±0.029 2.715±0.440 0.984 

HRS Acid blue 1.347±0.204 0.878±1.009 0.8788 

MHRS–U  Congo red 2.261±0.024 2.584±0.093 0.9997 

MHRS–U Acid brown 354 1.715±0.066 1.369±0.300 0.9926 

MHRS–U Methylene blue 2.494±0.321 3.254±1.342 0.9379 

MHRS–U Acid blue 1.678±0.037 1.693±0.168 0.9976 

MHRS–HNO3 Congo red 1.669±0.253 0.753±1.153 0.8968 

MHRS–HNO3 Acid brown 354 1.444±0.079 1.154±0.359 0.9853 

MHRS–HNO3 Methylene blue 1.998±0.087 2.424±0.363 0.9925 

MHRS–HNO3 Acid blue 1.892±0.029 2.186±0.120 0.991 

MHRS–H3PO4 Congo red 1.928±0.216 2.867±0.903 0.9522 

MHRS–H3PO4 Acid brown 354 1.702±0.172 0.752±0.722 0.9605 

MHRS–H3PO4 Methylene blue 1.950±0.179 0.330±0.694 0.9753 

MHRS–H3PO4 Acid blue 1.394±0.146 0.301±0.721 0.9382 
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Figure 43: Linear plots of Intraparticle diffusion model for sorption of dyes on untreated 

and treated CS biomass. (a) CS dye loaded, (b) MCS–U dye loaded, (c) 

MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 
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Table 28: Determined parameters for Intraparticle diffusion model of dyes sorption on 

different untreated and treated CS biomass. 

 

Biomass Dyes adsorbed Kip Cip R2 

CS Congo red 1.929±0.103 2.354±0.429 0.9888 

CS Acid brown 354 1.464±0.058 0.121±0.263 0.9922 

CS Methylene blue 1.995±0.271 2.696±1.233 0.9155 

CS Acid blue 1.907±0.149 2.749±0.678 0.9704 

MCS–U  Congo red 2.059±0.165 1.427±0.692 0.9749 

MCS–U Acid brown 354 1.437±0.164 8.00×105±0.774 0.9272 

MCS–U Methylene blue 2.451±0.078 2.617±0.302 0.997 

MCS–U Acid blue 1.670±0.057 1.264±0.239 0.9953 

MCS–HNO3 Congo red 1.055±0.047 0.121±0.252 0.986 

MCS–HNO3 Acid brown 354 1.691±0.098 1.154±0.448 0.9833 

MCS–HNO3 Methylene blue 2.030±0.020 2.052±0.085 0.9996 

MCS–HNO3 Acid blue 1.674±0.103 1.438±0.467 0.9816 

MCS–H3PO4 Congo red 2.309±0.118 3.644±0.492 0.9897 

MCS–H3PO4 Methylene blue 1.793±0.156 0.831±0.708 0.9637 
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 Liquid film diffusion model for sorption of dyes 

 

For the liquid film diffusion model the plot of Bt vs t of the sorption data of all of the dyes 

have been shown in Figure It was observed that the curve of liquid film diffusion model 

did not pass through origins (i.e. intercept Cfd was not zero). The values of intercept and 

slope of liquid film diffusion model i.e. Cfd and Kfd (Table 29, 30), suggested that the model 

had a limited applicability in the sorption of dyes on untreated and treated biomass i.e. there 

were a number of mechanisms involved in the sorption of dyes and a number of 

phenomenon necessary to understand the mechanism of dyes sorption. . 

The linear plots of Liquid film diffusion model for sorption of dyes on untreated and treated 

HRS biomass has been shown in Figure 44. (a) HRS dye loaded, (b) MHRS–U dye loaded, 

(c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 

The linear plots of Liquid film diffusion model for sorption of dyes on untreated and treated 

CS biomass has been shown in Figure 45. (a) CS dye loaded, (b) MCS–U dye loaded, (c) 

MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 

 

 

  



Discussion 

 

 

 

 

-0.5

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35 40 45

B
t

t (min)

HRS-CR
HRS-AB354
HRS-MB
HRS-Ab25
Linear (HRS-CR)
Linear (HRS-AB354)
Linear (HRS-MB)
Linear (HRS-Ab25)

-0.4

0

0.4

0.8

1.2

1.6

2

0 5 10 15 20 25 30 35

B
t

t (min)

MHRS-U-CR
MHRS-U-AB354
MHRS-U-MB
MHRS-U-Ab25
Linear (MHRS-U-CR)
Linear (MHRS-U-AB354)
Linear (MHRS-U-MB)
Linear (MHRS-U-Ab25)

0

0.4

0.8

1.2

1.6

2

0 5 10 15 20 25 30 35

B
t

t (min)

MHRS-HNO3-CR
MHRS-HNO3-AB354
MHRS-HNO3-MB
MHRS-HNO3-Ab25
Linear (MHRS-HNO3-CR)
Linear (MHRS-HNO3-AB354)
Linear (MHRS-HNO3-MB)
Linear (MHRS-HNO3-Ab25)

a 

b 

c 



Discussion 

 

 

 

Figure 44: Linear plots of Liquid film diffusion model for sorption of dyes on untreated 

and treated HRS biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, 

(c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. 
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Table 29: Determined parameters for Intraparticle diffusion model of dyes sorption on 

different untreated and treated HRS biomass. 

 

Biomass Dyes adsorbed Kfd Cfd R2 

HRS Congo red 0.029±0.002 0.095±0.041 0.9792 

HRS Acid brown 354 0.037±0.004 0.114±0.093 0.9469 

HRS Methylene blue 0.035±0.002 0.145±0.041 0.9858 

HRS Acid blue 0.057±0.002 0.293±0.054 0.9922 

MHRS–U  Congo red 0.058±0.006 0.169±0.088 0.9762 

MHRS–U Acid brown 354 0.037±0.005 0.100±0.105 0.9225 

MHRS–U Methylene blue 0.084±0.006 0.428±0.103 0.9839 

MHRS–U Acid blue 0.035±0.003 0.094±0.063 0.9663 

MHRS–HNO3 Congo red 0.028±0.001 0.027±0.006 0.9912 

MHRS–HNO3 Acid brown 354 0.046±0.006 0.181±0.124 0.928 

MHRS–HNO3 Methylene blue 0.049±0.002 0.154±0.038 0.9934 

MHRS–HNO3 Acid blue 0.043±0.004 0.111±0.063 0.9763 

MHRS–H3PO4 Congo red 0.026±0.001 0.025±0.021 0.9933 

MHRS–H3PO4 Acid brown 354 0.085±0.012 0.279±0.205 0.9396 

MHRS–H3PO4 Methylene blue 0.097±0.020 0.309±0.274 0.9213 

MHRS–H3PO4 Acid blue 0.028±0.002 0.070±0.054 0.9672 
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Figure 45: Linear plots of Liquid film diffusion model for sorption of dyes on untreated 

and treated CS biomass. (a) CS dye loaded, (b) MCS–U dye loaded, (c) 

MCS–HNO3 dye loaded, (d) MCS–H3PO4 dye loaded. 
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Table 30: Determined parameters for Liquid film diffusion model of dyes sorption on 

different untreated and treated CS biomass. 

 

Biomass Dyes adsorbed Kfd Cfd R2 

CS Congo red 0.045±0.002 0.115±0.025 0.9965 

CS Acid brown 354 0.039±0.004 0.051±0.078 0.9603 

CS Methylene blue 0.063±0.004 0.349±0.070 0.9872 

CS Acid blue 0.045±0.002 0.211±0.042 0.9908 

MCS–U  Congo red 0.063±0.005 0.201±0.078 0.9833 

MCS–U Acid brown 354 0.039±0.002 0.066±0.037 0.9917 

MCS–U Methylene blue 0.065±0.010 0.218±0.141 0.9523 

MCS–U Acid blue 0.056±0.008 0.174±0.137 0.9381 

MCS–HNO3 Congo red 0.319±0.260 0.046±0.009 0.8026 

MCS–HNO3 Acid brown 354 0.198±0.145 0.049±0.007 0.9143 

MCS–HNO3 Methylene blue 0.123±0.085 0.046±0.005 0.9633 

MCS–HNO3 Acid blue 0.120±0.040 0.041±0.002 0.99 

MCS–H3PO4 Congo red 0.036±0.001 0.102±0.024 0.9948 

MCS–H3PO4 Methylene blue 0.055±0.007 0.223±0.133 0.943 
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3.2.3 Mechanism of Sorption of Dyes 

 

The rate of sorption is very necessary to evaluate for understanding the mechanism of 

removal of dyes. If the liquid film model and boundary layer diffusion model are ignored, 

then the sorption process may take place in the following sequence of steps. (i) transfer of 

solute ions from the boundary film, to the external surface of the sorbent (film diffusion), 

(ii) movement of ions from the surface to the intra particular active sites, either by pore 

diffusion and/or surface diffusion (intra particular diffusion) and (iii) uptake of ions by the 

active sites on the surface of the adsorbent. Among these listed steps, the last step is 

considered to be an equilibrium reaction and, as it is assumed to be rapid thus is considered 

to be negligible. The overall rate of sorption is controlled by the slowest step. This slowest 

step would be, either film diffusion or pore diffusion. However, the controlling step might 

be distributed between intra particle and external transport mechanisms (O. Tunc et al., 

2009). In the first step of sorption, the film diffusion is an important rate-controlling step. 

In the initial stages of sorption of dye the intra particle diffusion is negligible and it is 

considered that transport is mainly due to film diffusion model. In intra particle diffusion 

model the plot of qt vs t1/2 would be linear if it is involved in sorption process. If lines passes 

through the region i.e. intercept is zero than intra particle diffusion is only the rate 

controlling step. Otherwise some other mechanisms, along with intra particle diffusion are 

also involved. In qe vs t plot, the first sharper portion, of plot, is the external surface sorption 

stage. The second linear portion is the gradual sorption stage, where the intra particle 

diffusion is rate-limited. The third portion is final equilibrium stage where the intra particle 

diffusion starts to slow down due to low solute concentration in the solution and on the 

sorbent surface. 
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Table 31: Comparison of qe(cal) of the untreated and treated biomass of HRS and CS with 

some reported biosorbents. 

 

Adsorbents used Dyes adsorbed Kinetic 

model 

qe(cal) 

(mg/g) 

References 

Saw dust Congo red PSO 0.120  (D. A. Nimkar and Chavan, 2014) 

Citrus Limetta 

Peel 

Congo red PSO 1.692   (Hemant Singh et al., 2017) 

Red Mud Congo red PFO 4.05  (Adeyemo et al., 2015) 

Eichhornia 

crassipes 

Congo red PSO 5.285   (Wycliffe Chisutia Wanyonyi et al., 2014) 

Perlite  Congo red PSO 7.77  (Govindasamy Vijayakumar et al., 2009) 

pine Congo red PSO 8.48  (Sara Dawood and Sen, 2012) 

Tamarind shell Congo red PFO 10.48  (Kayode Adesin et al., 2015) 

Jujuba seeds Congo red PFO 10.48  (M.C. Somasekhara Reddya et al., 2012) 

Bottom ash Congo red PSO 28.30  (Alok Mittal et al., 2009) 

Deoiled soya Congo red PSO 30.10  (Alok Mittal et al., 2009) 

Neam leaf 

powder 

Congo red PSO 72  (Kayode Adesin et al., 2015) 

A.C Aloevera 

leaves 

Congo red PSO 100  (Yusef Omidi Khaniabadi et al., 2017) 

Rice husk 

carbons 

Congo red PFO 19.72  (Jyoti Sharma and Janveja, 2008) 

cotton stalk Methylene blue PSO 1.96  (M. Ertas et al., 2010) 

Annona squmosa 

seed 

Methylene blue PFO 3.5859  (T. Santhi et al., 2016) 

Solanum 

tuberosum 

Methylene blue PSO 3.98  (Neha Gupta et al., 2016) 

Bush Cane Bark Methylene blue PSO 4.74  (Conrad K. Enenebeaku et al., 2017) 

Garlic peel Methylene blue PFO 7.18  (B.H. Hameed and Ahmad, 2009) 

Tectona grandis Methylene blue PFO 7.362  (Satish Patil et al., 2011) 

Citrus sinensis 

Bagasse 

Methylene blue PSO 9.28  (Haq Nawaz Bhatti et al., 2012) 

waste oiltea shell Methylene blue PSO 19.05  (Jiayang Liu et al., 2016) 

citrus limetta peel Methylene blue PSO 23.255  (Sadia Shakoor and Nasar, 2016) 

Scolymus 

hispanicus L. 

Methylene blue PSO 150.75  (Noureddine Barka et al., 2011) 
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Carya 

illinoinensis 

Acid blue 25 PFO 3.27  (I.A. Aguayo-Villarreal et al., 2013) 

Kenaf core fiber Acid blue 25 PFO 7.54  (Idan et al., 2018) 

Diatomite  Acid blue 25 PSO 10.10  (Khashayar Badii et al., 2010) 

Azolla pinnata Acid blue 25 PSO 21.9  (Muhammad Raziq Rahimi Kooh et al., 

2016) 

Soya Bean Waste Acid blue 25 PSO 25.6  (Muhammad Raziq Rahimi Kooh et al., 

2016) 

A.C of tea wastes Acid blue 25 PSO 46.46  (M. Auta and Hameed, 2011) 

Potamogeton 

pusillus 

Acid blue 25 PSO 125  (Masoud Kousha et al., 2014) 

Ceratophylum 

demersum 

Acid blue 25 PSO 125  (Masoud Kousha et al., 2014) 

cucurbit Acid blue 25 PSO 356.7  (Hanhan Luo et al., 2018) 

Shrimp shell Acid blue 25 PSO 420  (Ehsan Daneshvar et al., 2014) 
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3.2.4 Effect of Adsorbent Dose 

 

The adsorbent dose determines the sorption capacity of adsorbent and is an important 

parameter that effect the sorption of dyes (M.Achak et al., 2009), (Klaiani B.Fontana et al., 

2016). 

For determination of effect of biosorbent dose of all of the biomass for the removal of 

different dyes at their initial concentrations of 25 mg/L, a series of experiments were 

conducted by varying the dose of biomass from 0.5 g/L to 10 g/L. It was observed that the 

sorption of all of the dyes on all of the different biomass first increased from 0.5 g/L of 

biomass dose to 1 g/L. Then it continuously decreased from 1 g/L to 5 g/L of biomass dose 

and after it there was no further effect of increasing dose up to 10 g/L. Therefore 1 g/L was 

considered as an optimum dose for sorption of all of the dyes from their 25 mg/L initial 

concentration solutions. 

It was observed that, among the four dyes studied, i.e. congo red, acid brown 354, 

methylene blue and acid blue 25 on HRS biomass, there was greater uptake of methylene 

blue dye at 1 g/L biomass dose i.e. 7.796 mg/g and the percentage removal was 77.96 %. 

With modification of HRS to MHRS–U this percentage removal of methylene blue 

increased to 94.31 %, and in comparison to other sorbed dyes, methylene blue had greater 

interaction with MHRS–U. In modified MHRS–HNO3 there was greater sorption of congo 

red dye at biomass dose of 1 g/L i.e. 8.703 mg/g. The percentage removal of methylene 

blue dye was highest among all other dyes on MHRS–H3PO4 biomass. The Effect of 

adsorbent dose of HRS biomass for removal of dyes has been shown in Figure 46. (a-1) 

sorption of dyes on HRS biomass, (b-1) percentage removal of dye on HRS biomass, (c-1) 

comparison of sorption of dyes removal on HRS biomass w.r.t to dose. (a-2) sorption of 

dyes on MHRS–U biomass, (b-2) percentage removal of dye on MHRS–U biomass, (c-2) 
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comparison of sorption of dyes removal on MHRS–U biomass w.r.t to dose. (a-3) sorption 

of dyes on MHRS–HNO3 biomass, (b-3) percentage removal of dye on MHRS–HNO3 

biomass, (c-3) comparison of sorption of dyes removal on MHRS–HNO3 biomass w.r.t to 

dose. (a-4) sorption of dyes on MHRS–H3PO4 biomass, (b-4) percentage removal of dye 

on MHRS– H3PO4 biomass, (c-4) comparison of sorption of dyes removal on MHRS– 

H3PO4 biomass w.r.t to dose. 
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Figure 46: Effect of adsorbent dose of HRS biomass for removal of dyes. 

(a-1) sorption of dyes on HRS biomass, (b-1) percentage removal of dye on 

HRS biomass, (c-1) comparison of sorption of dyes removal on HRS biomass 

w.r.t to dose. 

(a-2) sorption of dyes on MHRS–U biomass, (b-2) percentage removal of dye 

on MHRS–U biomass, (c-2) comparison of sorption of dyes removal on 

MHRS–U biomass w.r.t to dose. 

(a-3) sorption of dyes on MHRS–HNO3 biomass, (b-3) percentage removal of 

dye on MHRS–HNO3 biomass, (c-3) comparison of sorption of dyes removal 

on MHRS–HNO3 biomass w.r.t to dose. 

(a-4) sorption of dyes on MHRS–H3PO4 biomass, (b-4) percentage removal of 

dye on MHRS– H3PO4 biomass, (c-4) comparison of sorption of dyes removal 

on MHRS– H3PO4 biomass w.r.t to dose. 
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In sorption of all of the four dyes on untreated CS, it was observed that the sorption 

capacities of three of the dyes i.e. acid brown 354, methylene blue and acid blue 25 were 

comparable to each other i.e. these sorption capacities were 8.914 mg/g, 8.701 mg/g, 8.605 

mg/g respectively. In sorption process of these dyes on MCS–U, the sorption capacity of 

acid blue 25 showed the least sorption i.e. 7.684 mg/g, and the other three dyes i.e. acid 

brown 354, methylene blue and acid blue 25 showed sorption capacities comparable to each 

other at sorbent dose 1 g/L. The percentage removal of congo red dye was least i.e. 78.90 

%, and that of methylene blue was greater among all the four dyes i.e. it was 92.92 %. On 

MCS–H3PO4 only two of the selected dyes sorbed i.e. congo red dye and the methylene 

blue dye and both showed the same percentage removal at sorbent dose of 1 g/L. The Effect 

of adsorbent dose of CS biomass for removal of dyes have been shown in Figure 47. (a-1) 

sorption of dyes on CS biomass, (b-1) percentage removal of dye on CS biomass, (c-1) 

comparison of sorption of dyes removal on CS biomass w.r.t to dose. (a-2) sorption of dyes 

on MCS–U biomass, (b-2) percentage removal of dye on MCS–U biomass, (c-2) 

comparison of sorption of dyes removal on MCS–U biomass w.r.t to dose. (a-3) sorption 

of dyes on MCS–HNO3 biomass, (b-3) percentage removal of dye on MCS–HNO3 biomass, 

(c-3) comparison of sorption of dyes removal on MCS–HNO3 biomass w.r.t to dose. (a-4) 

sorption of dyes on MCS–H3PO4 biomass, (b-4) percentage removal of dye on MCS– 

H3PO4 biomass, (c-4) comparison of sorption of dyes removal on MCS– H3PO4 biomass 

w.r.t to dose. 
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Figure 47: Effect of adsorbent dose of CS biomass for removal of dyes. 

(a-1) sorption of dyes on CS biomass, (b-1) percentage removal of dye on CS 

biomass, (c-1) comparison of sorption of dyes removal on CS biomass w.r.t to 

dose. 

(a-2) sorption of dyes on MCS–U biomass, (b-2) percentage removal of dye on 

MCS–U biomass, (c-2) comparison of sorption of dyes removal on MCS–U 

biomass w.r.t to dose. 

(a-3) sorption of dyes on MCS–HNO3 biomass, (b-3) percentage removal of dye 

on MCS–HNO3 biomass, (c-3) comparison of sorption of dyes removal on 

MCS–HNO3 biomass w.r.t to dose. 

(a-4) sorption of dyes on MCS–H3PO4 biomass, (b-4) percentage removal of 

dye on MCS– H3PO4 biomass, (c-4) comparison of sorption of dyes removal on 

MCS– H3PO4 biomass w.r.t to dose. 
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The increase in the sorption capacity of all of the dyes with the sorbent dose (i.e. 0.5 g/L–

1 g/L) might be ascribed to the fact, that with the increase in the sorbent dose, the number 

of the available sorption sites increase due to greater surface area which result in an increase 

in the sorption and the consequent decrease in the residual colour concentration in the 

solution (V.Jaikumar and V.Ramamurthi, 2009), (S. Nethaji and Sivasamy, 2011), 

(Alizadeh A et al., 2016).  

The lower percentage removal of dyes (i.e. the lower sorption capacity (mg/g) of biomass) 

at higher biomass dose might be due to the splitting effect of flux (i.e. concentration 

gradient) between the sorbate and sorbent that resulted in the decrease in the sorption 

capacity of the adsorbent (Hua Fan et al., 2012). Furthermore, the inter particle interaction 

would likely to be the the lower uptake of dyes, such as aggregation, resulted due to high 

sorbent concentration. Such aggregations would lead to decrease in total surface area of the 

sorbent and an increase in diffusion path length of dye molecule (Mupa Mathew et al., 

2017). 

The decrease in the sorption capacities of all of the biomass at high sorbent dose can also 

be explained on the fact that, the dye molecules prefer to attach themselves on the sorbent 

particles on their flat face, because this orientation requires minimum energy to bind on the 

surface of the adsorbent. The high uptake values at low sorbent concentrations can be 

attributed to the sorption of the dye perpendicular to the solid surface (A. Ozer et al., 2005a; 

(A. Ozer et al., 2006). 

One more factor that involved in the lower uptake of dye at higher dose might be due to the 

fact that the active sites could be effectively utilized when the adsorbent dose was low (i.e. 

low adsorbent/adsorbate ratio). When the adsorbent dose was higher (i.e. high 

adsorbent/adsorbate ratio) it was more likely that a significant portion of the available 
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active sites of adsorbent remained uncovered or unsaturated, that leads to lower specific 

uptake of dye (V.Ponnusami et al., 2009). The similar behaviour for the effect of sorbent 

dose on acidic dyes as well as basic dyes sorption capacity was observed and discussed in 

the literature for other types of sorbents (Hemant Singh et al., 2017). 

3.2.5 Effect of Dye Concentration 
 

The initial concentration of the dye solution is an important driving force to for all mass 

transfer resistance of all molecules between the aqueous (adsorbated) and the solid phases 

(adsorbent) (A. Ozer et al., 2005a). In the batch sorption process, initially the dye molecules 

have to first encounter the boundary layer effect and then it has to diffuse from boundary 

layer to film on to adsorbent surface and then finally, it has to diffuse in to the porous 

structure of the adsorbent (A. Demirbas, 2009).  

In lower dye concentration, the solute to the adsorbent sites ratio is higher; therefore all the 

dye molecules can interact with the binding sites of the biomass surface which causes an 

increase in the colour removal. At higher concentrations of dye solution, due to saturation 

of sorption sites on the adsorbent surface, the adsorption yield becomes lower (A. Ozer et 

al., 2005b; (C.F. Iscen et al., 2007).  

The study of the effect of initial dye concentration for the sorption of all of the dyes on the 

untreated as well as treated biomass, a series of experiments were conducted for different 

initial dyes concentrations (i.e.10 mg/L–100 mg/L). It was observed, with increase in the 

concentration of dye solution, the dyes sorbed per unit weight of the sorbent increased with 

the increase in the initial dyes concentrations at the range of the experimental conditions. 

As the sorption capacities of all of the dyes increased with increase in the dye concentration 

that might be due to the increase in the number of the ions competing for the available 

binding sites on the adsorbent (O. Tunc et al., 2009). Actually the increase in the initial dye 
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concentration enhances the interaction between the dye and the adsorbent apart from 

providing a high driving force for mass transfer of dye, thus increases the uptake of dye 

molecule (B.H.Hameed, 2009d; (O. Tunc et al., 2009; (V.Ponnusami et al., 2009). In 

addition, increasing the initial dye concentration increases the number of collisions between 

the dye ions and the adsorbent, which enhances the sorption process (Z. Aksu and 

Karabayir, 2008). In fact the more concentrated the dye solution, the better the sorption is 

(M. Dogan et al., 2009) because if the concentration of dye in solution is higher the active 

sites of biomass are surrounded by much more dye ion, therefore the process of sorption 

will carry out more sufficiently (R. Han et al., 2007). 

The effect of solution of dye concentration with all of the untreated and treated biomass 

was studied with in the different experimental range i.e. congo red from 1.435×10-5 to 

1.435×10-4 mol/L acid brown 354, from 1.258×10-5 to 7.551×10-5 mol/L, whereas 

methylene blue dye from 3.126×10-5 to 1.876×10-4 mol/L and that of acid blue 25 were 

studied with in the experimental range, 2.402×10-5 to 2.402×10-4 mol/L. 

It was observed that the %age removal of congo red, acid brown 354, methylene blue and 

acid blue dye on HRS biomass decreased from 82.967 % to 41.154 %, 71.143 % to 41.714 

%, 81.387 % to 81.387 % and 80.921 % to 33.816 % respectively with increase in dye 

concentration. In the sorption of all of the dyes on MHRS–U the %age removal of congo 

red dye decreased from 87.912 % to 54.560 %, acid brown 354 dye from 94.571 % to 

52.333 %, methylene blue dye 97.993 % to 63.595 % 79.605 % to 50.263 %. In the %age 

removal of different dyes on MHRS–HNO3 the %age removal of congo red dye decreased 

from 93.956% to 60.220 %. For acid brown 354 the %age removal was in the range 92.857 

% to 63.143 %, whereas for methylene blue dye this %age removal was within range 96.168 

% to 65.298 % and for acid blue 25 the %age removal was 72.368 % to 38.487 %.On 

modification of HRS to MHRS–H3PO4 the %age removal of congo red dye decreased from 
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95.604 % to 56.923 %, and that of acid brown 354 dye 98.571 % to 71.238 %, whereas the 

%age removal of methylene blue dye was within the range 99.270 % to 85.979 % and that 

of acid blue 25 it decreased in the range of 98.684 % to 39.211 %. The Plots of %age 

removal of dyes on untreated and treated HRS biomass have been shown in Figure 48. (a) 

HRS dye loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–

H3PO4 dye loaded.  
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Figure 48: Plots of %age removal of dyes on untreated and treated HRS biomass. (a) HRS 

dye loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, (d) 

MHRS–H3PO4 dye loaded.  
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In the sorption of congo red dye on CS biomass the %age removal of decreased from 90.110 

% to 55.330 %, in acid brown 354 dye this %age removal decreased from 88.000 % to 

71.238 %, whereas in methylene blue dye the %age removal was decreased from 82.664 % 

to 59.215 % and that of acid blue 25 this %age removal was within the range from 90.789 

% to 34.145 %. In the sorption of congo red, acid brown 354 dye, methylene blue and acid 

blue 25 dye on MCS–U the decrease in the %age removal of the dyes was 96.154 % to 

57.473 %, 91.429 % to 61.381 %, 98.723 % to 69.556 % and 72.368 % to 41.513 % 

respectively. On MCS–HNO3 the %age removal of congo red dye was within range of 

96.154 % to 40.275 %, acid brown 354 dye was 79.714 % to 58.381 %. The %age removal 

of methylene blue dye was 91.971 % to 69.556 % and that of acid blue 25 was 94.079 % 

to 53.158 %. In the sorption system the %age removal of congo red dye decreased from 

97.802 % to 43.571 % and that of methylene blue dye was 97.993 % to 81.174 %. The Plots 

of %age removal of dyes on untreated and treated CS biomass have been shown in Figure 

49. (a) CS dye loaded, (b) MCS–U dye loaded, (c) MCS–HNO3 dye loaded, (d) MCS–

H3PO4 dye loaded.   
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Figure 49: Plots of %age removal of dyes on untreated and treated CS biomass. (a) CS dye 

loaded, (b) MCS–U dye loaded, (c) MCS–HNO3 dye loaded, (d) MCS–H3PO4 

dye loaded.   
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3.2.6 Equilibrium Modelling 
 

Adsorption is a process of accumulation and mass transfer, that can generally be the 

material, at the interface between solid and liquid phases (M. Arami et al., 2005). The 

distribution of the adsorbate molecule between the adsorbent and the solution is important 

to study the sorption capacity of the adsorbent for the dyestuff (G. Mckay et al., 1999). 

When the amount of solute/adsorbate being adsorbed onto the adsorbent surface becomes 

equal to the amount being desorbed, then equilibrium is established (A. Ozer et al., 2005a). 

The dynamic sorptive separation of solute/adsorbate from solution onto an adsorbent 

surface mainly depends upon the equilibrium separation between the two phases.  This 

equilibrium sorption is fundamentally important for the design of a successful sorption 

system that alternatively gives the idea of sorption capacity of the sorbent. 

The equilibrium relationship between the sorbent and the sorbate are described by 

adsorption isotherms. This equilibrium relationship is the ratio between the quantity sorbed 

and remained in the solution at a fixed temperature at equilibrium (V.Jaikumar and 

V.Ramamurthi, 2009). This relationship between the amount of a substance adsorbe at 

constant temperature and its concentration in the solution is called the sorption isotherm. 

The adsorption isotherm is important from both a theoretical and practical point of view 

(M. Alkan et al., 2005). and is important parameter to understand the nature of the 

interaction between the adsorbate and the adsorbent used (G. Panda et al., 2009). The 

sorption isotherms indicate how the sorbed molecules distribute itself between the liquid 

and the solid phase when the sorption process reaches an equilibrium state (Md. Tameez 

Uddin et al., 2009). 

The sorption isotherm models are commonly applied to the batch sorption systems, and 

sufficient time is provided to maintain equilibrium between the adsorbate in solution and 
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adsorb on the media. During this flow of adsorbate molecules to the adsorbent surface, 

many of the adsorbate molecules are expected to come in to contact with active sites of 

surface of the adsorbent and thus be retained on the surface of that adsorbing media (A. 

Demirbas, 2009).  

The results obtained by the effect of concentration of dye solution experiments were 

analyzed to determine the mechanistic parameters associated with the studied dyes system 

by these well–known models of sorption isotherm. 

In order to have an insight into the mechanism of the sorption of dyes four sorption 

isotherms were applied to the sorption data of all of the dyes on different biomass. These 

sorption isotherms include Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 

model. The linear and nonlinear forms of equilibrium sorption isotherm models have been 

mentioned in Table 32. 

3.2.6.1 Langmuir sorption isotherm model 

 

Langmuir sorption isotherm model has been used by a number of workers for the sorption 

studies of dyes on different biosorbents. Langmuir sorption isotherm has been derived from 

simple mass kinetics and assumes chemisorption. This model is based on two assumptions 

i.e. the force of interaction between sorbed molecules are negligible and there is a 

monolayer coverage of adsorbate over a homogenous surface of the adsorbent. The basic 

assumption of the model is that, the sorption takes place at specific homogenous sites within 

the adsorbent surface. Once a dye molecule occupies a site; no further adsorption can take 

place at that site (B.H.Hameed, 2009c),  (Desta, 2013). 

The linear equation for Langmuir sorption isotherm model is as follows. 

 𝐶𝑒/𝑞𝑒 =  𝐶𝑒/𝑞𝑚𝑎𝑥 + 1/𝐾𝐿𝑞𝑚𝑎𝑥 (43) 

 



Discussion 

 

Where  

𝐶𝑒(mol/L) = Concentration of dye solution adsorbed. 

𝑞𝑒(mol/g) = Amount of the dye sorbed per unit mass of sorbant. 

𝑞𝑚𝑎𝑥(mol/g)  = Monolayer sorption capacity of sorbant. 

𝐾𝐿 (L/mol) = Adsorption constant. Related to energy of adsorption. 

A graph was plotted between Ce/qe vs Ce, and the values of qmax and KL were calculated 

from the slope and the intercept respectively.  

The nonlinear form of Langmuir sorption isotherm model is 

 
𝑞𝑒 =  

𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

(44) 

 

Nonlinear plot of qe vs Ce gives the value of qm and KL 

An essential feature of Langmuir sorption isotherm can be expressed in term of the 

dimensionless parameter RL or the separation factor which indicates the sorption process 

as unfavourable, favourable, linear or irreversible. 

 
𝑅𝐿 =

1

1 +  𝐾𝐿𝐶𝑜
 

(45) 

  

Where Co (mol/L) is the initial metal ion concentration and KL (L/mol) is the Langmuir 

sorption equilibrium constant. The value of RL indicates that the sorption process either 

sorption process is unfavorable (RL>1), favorable (0<RL<1), linear (RL=1) or irreversible 

(RL=0).  
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The linear and nonlinear form of Langmuir adsorption isotherm was applied to the sorption 

data of all of the dyes on all of the untreated and treated HRS and CS biomass and the 

values of qm, KL and RL were determined. These values of parameters have been computed 

in Table 33–40. The linear plots of Langmuir sorption isotherms for sorption of dyes on 

untreated and treated HRS and CS biomass have been shown in Figure 50. (a) HRS dye 

loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye 

loaded. (e) CS dye loaded, (f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–

H3PO4 dye loaded. 
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Figure 50: Linear plots of Langmuir sorption isotherms for sorption of dyes on untreated 

and treated HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS 

dye loaded, (f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–

H3PO4 dye loaded. 
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3.2.6.2 Freundlich sorption isotherm model 

 

The Freundlich adsorption isotherm was proposed by Herbert F. Freundlich. The sorption 

isotherm describes the reversible adsorption and is not restricted to the formation of 

monolayer having no mutual interaction. This isotherm is an empirical equation assuming 

that the sorption process takes place on heterogeneous surfaces of the adsorbent with non–

uniform distribution of energy level (M.Achak et al., 2009) and that the adsorption capacity 

is related to the concentration of dyes at equilibrium (B.H.Hameed, 2009a).  

The linear equation for Freundlich model of sorption isotherm is as follows. 

 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒 (46) 

Where  

𝑞𝑒(mg/g) = Amount of the dye adsorbed at equilibrium. 

𝐶𝑒(mg/L) = Equilibrium concentration of dye. 

𝐾𝐹 & 𝑛 = Freundlich constants. 

A graph was plotted between lnqe vs lnCe, and the values of KF and n were calculated from 

the slope and the intercept respectively.  

The nonlinear form of Freundlich equation is 

 𝑞𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛

 (47) 

 

Nonlinear plot of qe vs Ce gives the value of KF and 1/n. 

The value of KF (mg/g (L/mg) 1/n) is the Freundlich equilibrium constant and is roughly an 

indicator of the adsorption capacity. 1/n is the adsorption intensity or surface heterogeneity, 

becoming more heterogeneous as its value gets closure to zero. (Md. Tameez Uddin et al., 



Discussion 

 

2009) The magnitude of the exponent, 1/n gives an indication of the favourability of 

adsorption. The value of n signifies the heterogeneous surface of the biosorbents. The value 

of n > 1 represents favourable adsorption condition (B.H.Hameed, 2009b). The value of n 

ranges from 2–10 indicates good sorption, 1–2 indicates moderate sorption, less than 1 

indicated poor sorption (B. Subramanyam and Das, 2009).    

The good fit of the sorption isotherm model indicates that there is almost no limit to the 

amount of the adsorbate adsorb on the surface of the adsorbent i.e. there occur multilayer 

sorption. 

Linear and nonlinear form of Freundlich adsorption isotherm was applied to the sorption 

data of all of the dyes on all of the untreated and treated HRS and CS biomass and the 

values of sorption capacities as well as sorption intensities of the biosorbents were 

determined. These values of parameters have been computed in Table 41–48. The linear 

plots of Freundlich sorption isotherms for sorption of dyes on untreated and treated HRS 

and CS biomass have been shown in Figure 51. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS dye loaded, 

(f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye loaded. 
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Figure 51: Linear plots of Freundlich sorption isotherms for sorption of dyes on untreated 

and treated HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS 

dye loaded, (f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–

H3PO4 dye loaded. 
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3.2.6.3 Temkin sorption isotherm model 

 

The Temkin isotherm was proposed by Slygin and Frumkin. It is also another empirical 

equation. Temkin isotherm assumes the effects of some indirect adsorbate–adsorbate 

interactions on sorption. By ignoring the low and very large values of concentration the 

isotherms suggest that, because of the interactions the heat of sorption of all the molecules 

in the layer would decrease linearly with coverage rather than logarithmic coverage (B.H. 

Hameed et al., 2008). In simple words the assumptions of Temkin isotherm can be 

explained as, the heat of adsorption of all the molecules increase linearly with coverage of 

the adsorbate molecule over the adsorbent surface (Alok Mittal et al., 2009).  

The linear equation of Temkin isotherm is given as 

 
𝑞𝑒 = 𝐵𝑙𝑛𝑎 + 𝐵𝑙𝑛𝐶𝑒 

(48) 

where 
𝐵 =

𝑅𝑇

𝑏𝑇
 

(49) 

B (J/mol) = Temkin constant, related to heat of sorption. 

a (L/g) = Temkin isotherm equilibrium binding constant. 

bT = Temkin Isotherm constant. 

R = Universal gas constant, (8.3143J/mol/K) 

A graph was plotted between qe vs Ce and the values of B and A were calculated from slope 

and intercept. 

The nonlinear form of Temkin isotherm is 

 𝑞𝑒 =
𝑅𝑇

𝑏
ln (𝑎. 𝐶𝑒) (50) 
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Nonlinear plot of qe vs Ce gives the value of b and a. R (8.3143J/mol K) is the universal 

gas constant whereas T (K) is the absolute temperature. 

According to the Temkin isotherm the adsorbate molecules and adsorbent surface may 

interact through the hydrogen bonding, ionic, ion-dipole interactions, etc. Depending on 

the nature of interaction; ∆H values may be zero, positive or negative. Although during 

adsorption process, number of particles decreases but ΔSo values may be positive. This may 

be due to the release of solvent molecules from the salvation shell of adsorbate or surface 

of adsorbent or breaking interactions between the surface functional groups during 

adsorption process (Samiey B and S, 2015). 

The parameters of Temkin isotherm for the sorption data of all of the dyes on untreated and 

treated HRS and CS biomass have been computed in Table 49–56. The linear plots of 

Temkin sorption isotherms for sorption of dyes on untreated and treated HRS and CS 

biomass have been shown in Figure 52. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) 

MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS dye loaded, (f) MCS–U 

dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye loaded. 
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Figure 52: Linear plots of Temkin sorption isotherms for sorption of dyes on untreated and 

treated HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, 

(c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS dye loaded, 

(f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye 

loaded. 
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3.2.6.4 Dubinin–Radushkevich sorption isotherm model 

 

The Dubinin-Radushkevich (D-R) isotherm model considers that the adsorbent size is 

comparable to the micro pore size and the sorption equilibrium relation for a given 

adsorbate-adsorbent combination can be expressed as independent of temperature by using 

the adsorption potential “ε”. Moreover the model classify the physical or chemical sorption 

nature of sorption of adsorbate (J. S. Piccin et al., 2011). 

The D–R isotherm is more general because it does not assume homogenous surface or 

constant potential. It is applied to estimate the porosity appearant free energy (S. Zaheer et 

al., 2014). 

 
𝜀 = 𝑅𝑇𝑙𝑛(1 +

1

𝐶𝑒
) 

(51) 

The linear form of D–R equation is 

 
𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝐷𝑅 −  𝛽𝜀2 

(52) 

 

A graph was plotted between lnqe vs ɛ and the values of β and qmax were calculated from 

slope and the intercept. 

From the value of β, gives the mean sorption energy i.e. 

 
𝐸 =

1

√2𝛽
 

(53) 

 

This E is the mean free energy of transfer of one mole of solute from infinity to the surface 

of adsorbent. 

The nonlinear form of D-R model is 
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 𝑞𝑒 =  𝑞𝐷𝑅exp [𝛽. (𝑅𝑇𝑙𝑛 (1 +
1

𝐶𝑒
))

2

] (54) 

 

Nonlinear plot of qe vs Ce gives the value of qDR and β. R (8.3143J/mol K) is the universal 

gas constant whereas T (K) is the absolute temperature. 

The physical and chemical nature of sorption can be predicted by value of mean free energy 

(kJ/mol). If E < 8 kJ/mol (Satish Patil et al., 2011) the sorption is physical in nature, and 

sorption will be chemical in nature for E between 8 and 16 kJ/mol.  

The determined parameters of DR equation of untreated and treated HRS and CS biomass 

have been summarized in Table 57–64. The linear plots of Dubinin–Radushkevich model 

for sorption of dyes on untreated and treated HRS and CS biomass have been shown in 

Figure 53. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) MHRS–HNO3 dye loaded, 

(d) MHRS–H3PO4 dye loaded. (e) CS dye loaded, (f) MCS–U dye loaded, (g) MCS–HNO3 

dye loaded, (h) MCS–H3PO4 dye loaded. 
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Figure 53: Linear plots of Dubinin–Radushkevich model for sorption of dyes on untreated 

and treated HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye 

loaded, (c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded. (e) CS 

dye loaded, (f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–

H3PO4 dye loaded. 
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3.2.6.5 Regression (R2) and chi square (χ2) values of Linear and Nonlinear models 

 

To determine, which sorption isotherm model best fit the experimental data for the 

application of different models, the coefficient of determination R2 and chi square χ2 test 

were used as determining tools. R2, and χ2 can be calculated from the following expressions. 

 𝑅2 =  ∑
(𝐶𝑎𝑑𝑠,𝑐𝑎𝑙 − 𝐶𝑎𝑑𝑠,𝑒𝑥𝑝)

2

(𝐶𝑎𝑑𝑠,𝑐𝑎𝑙 − 𝐶𝑎𝑑𝑠,𝑒𝑥𝑝)2 + (𝐶𝑎𝑑𝑠,𝑐𝑎𝑙 −  𝐶𝑎𝑑𝑠,𝑒𝑥𝑝)2
 (55) 

and 𝜒2 = ∑
(𝐶𝑎𝑑𝑠 − 𝐶𝑎𝑑𝑠,𝑚 )

2

𝐶𝑎𝑑𝑠,𝑚
 (56) 

Where  

 𝐶𝑎𝑑𝑠.𝑒𝑥𝑝  = Experimental sorption at time t (mol.g−1) 

𝐶𝑎𝑑𝑠.𝑐𝑎𝑙 = Calculated adsorption at time t (mol g−1)  

𝐶𝑎𝑑𝑠 = Equilibrium capacity from experimental data (mol g−1)  

𝐶𝑎𝑑𝑠,𝑚= Calculated equilibrium capacity from the model (mol g−1) 

The similarity of data obtained from different models is usually established by the 

comparison of R2 and χ2 values with the experimental data in linear and non–linear models 

respectively. The maximum value of R2 and were used as determining tool for the best fit 

of model. The small value of χ2 is considered as the most favourable values for validity of 

any data whereas maximum value of R2 is considered to be the more favourable.  

The determined parameter from all of the sorption isotherms through nonlinear modelling 

for the sorption of dyes on untreated and treated HRS and CS biomass have been computed 

in Table 33–64. (Langmuire, Table 33–40), (Freundlich 41–48), (Temkin 49–56) and (DR 

57–64). 

The nonlinear plots of Langmuir, Freundlichn, Temkin and DR sorption isotherm models 

for sorption of dyes on untreated and treated HRS biomass have been shown in Figure 54. 
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(a-d) HRS dye loaded, (e-h) MHRS–U dye loaded, (i-l) MHRS–HNO3 dye loaded, (m-p) 

MHRS–H3PO4. 

The nonlinear plots of Langmuir, Freundlichn, Temkin and DR sorption isotherm models 

for sorption of dyes on untreated and treated CS biomass have been shown in Figure 55. 

(a-d) CS dye loaded, (e-h) MCS–U dye loaded, (i-l) MCS–HNO3 dye loaded, (m-n) MCS–

H3PO4. 
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Figure 54: Nonlinear plots of Langmuir, Freundlichn, Temkin and DR sorption isotherm 

models for sorption of dyes on untreated and treated HRS biomass. (a-d) HRS 

dye loaded, (e-h) MHRS–U dye loaded, (i-l) MHRS–HNO3 dye loaded, (m-p) 

MHRS–H3PO4. 
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Figure 55: Nonlinear plots of Langmuir, Freundlichn, Temkin and DR sorption isotherm 

models for sorption of dyes on untreated and treated CS biomass. (a-d) CS dye 

loaded, (e-h) MCS–U dye loaded, (i-l) MCS–HNO3 dye loaded, (m-n) MCS–

H3PO4. 

  

m 

n 



Discussion 

 

 

Table 32: Linear and nonlinear forms of equilibrium sorption isotherm models. 

 

Kinetic equations Equations Plots Parameters 

 

Linear Langmuir 

isotherm 

 

𝐶𝑒/𝑞𝑒 =  𝐶𝑒/𝑞𝑚𝑎𝑥 + 1/𝐾𝐿𝑞𝑚𝑎𝑥 Ce/qe vs Ce Slope = 1/qmax 

Intercept = 1/KLqmax 

Linear Freundlich 

Isotherm 

 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒 

lnqe vs lnCe Slope = 1/n 

Intercept = lnKF 

Nonlinear 

Langmuir Isotherm 
𝑞𝑡 =  

𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

qe vs Ce ------ 

Nonlinear 

Frundlich Isotherm 

 

1/n

e F eq K C  qe vs Ce ------- 

Linear Temkin 

Isotherm 

 

𝑞𝑒 = 𝐵𝑙𝑛𝐴 + 𝐵𝑙𝑛𝐶𝑒 qe vs lnCe Slope = B 

Intercept = BlnA 

Nonlinear Temkin 

Isotherm 
ln( . )e e

RT
q a C

b
  

qe vs Ce ------- 

Linear DR 

Equation 

 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝐷𝑅 −  𝛽𝜀2 qe vs ɛ2 Slope = β 

Intercept = lnqDR  

Nonlinear DR 

Equation 

 

2exp[ .( ln(1 1/ )) ]e DR eq q RT C 

 

qe vs Ce ------- 
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Table 33: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on HRS biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 2.645×10-5 1.314×105 0.050-0.346 ---- 0.9901 

Acid brown 354 1.653×10-5 8.061×104 0.141-0.496 ---- 0.99 

Methylene blue 6.318×10-5 2.980×104 0.152-0.518 ---- 0.9916 

Acid blue 25 3.847×10-5 3.820×104 0.098-0.522 ---- 0.9902 

Nonlinear parameters 

Congo red 2.7828×10-5 1.1538×105 0.057-0.376 2.621×10-11 ---- 

Acid brown 354 1.6692×10-5 7.9614×104 0.143-0.500 1.056×10-12 ---- 

Methylene blue 6.5134×10-5 2.7627×104 0.162-0.537 3.808×10-12 ---- 

Acid blue 25 3.8961×10-5 3.5252×104 0.106-0.542 1.690×10-11 ---- 

 

Table 34: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MHRS–U biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 3.824×10-5 5.987×104 0.104-0.538 ---- 0.9869 

Acid brown 354 1.661×10-5 2.240×105 0.056-0.262 ---- 0.9768 

Methylene blue 4.994×10-5 1.285×105 0.040-0.199 ---- 0.9689 

Acid blue 25 5.573×10-5 5.221×104 0.074-0.444 ---- 0.9821 

Nonlinear parameters 

Congo red 3.9863×10-5 5.138×104 0.119-0.576 6.569×10-12 ---- 

Acid brown 354 1.5978×10-5 2.4401×105 0.051-0.246 9.786×10-12 ---- 

Methylene blue 4.7596×10-5 1.4059×105 0.037-0.185 1.282×10-10 ---- 

Acid blue 25 5.5105×10-5 69497×104 0.057-0.375 5.37×10-11 ---- 
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Table 35: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MHRS–HNO3 biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 3.754×10-5 1.257×105 0.053-0.357 ---- 0.991 

Acid brown 354 2.152×10-5 2.154×105 0.058-0.270 ---- 0.9894 

Methylene blue 5.484×10-5 8.156×104 0.061-0.282 ---- 0.9575 

Acid blue 25 4.923×10-5 2.185×104 0.160-0.656 ---- 0.9919 

Nonlinear parameters 

Congo red 3.8262×10-5 1.143×105 0.057-0.379 1.526×10-11 ---- 

Acid brown 354 2.1304×10-5 2.1235×105 0.059-0.272 3.575×10-12 ---- 

Methylene blue 5.8811×10-5 5.8374×105 0.084-0.354 8.036×10-11 ---- 

Acid blue 25 5.0685×10-5 2.0025×105 0.172-0.675 7.240×10-12 ---- 

 

 

Table 36: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MHRS–H3PO4 biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 3.648×10-5 1.294×105 0.051-0.350 ---- 0.9921 

Acid brown 354 2.307×10-5 5.064×105 0.025-0.136 ---- 0.9803 

Methylene blue 6.741×10-5 5.434×105 0.010-0.056 ---- 0.9954 

Acid blue 25 3.875×10-5 6.387×104 0.061-0.395 ---- 0.9693 

Nonlinear parameters 

Congo red 3.7231×10-5 1.6799×10-1 1.000 1.937×10-11 ---- 

Acid brown 354 2.1823×10-5 7.4243×10-1 1.000 2.395×10-11 ---- 

Methylene blue 6.6425×10-5 5.4293×105 0.010-0.056 4.514×10-11 ---- 

Acid blue 25 3.6851×10-5 7.2722×104 0.054-0.364 1.504×10-10 ---- 
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Table 37: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on CS biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 3.525×10-5 5.648×104 0.110-0.552 ---- 0.9284 

Acid brown 354 3.050×10-5 1.312×105 0.092-0.377 ---- 0.93 

Methylene blue 5.920×10-5 3.990×104 0.118-0.445 ---- 0.9977 

Acid blue 25 3.847×10-5 3.820×104 0.098-0.522 ---- 0.9796 

Nonlinear parameters 

Congo red 8.0091×10-5 1.0092×104 0.408-0.873 1.016×10-12 ---- 

Acid brown 354 3.8855×10-5 5.6424×104 0.190-0.585 2.303×10-12 ---- 

Methylene blue 5.914×10-5 4.0004×104 0.118-0.444 2.435×10-12 ---- 

Acid blue 25 3.5064×10-5 4.9942×104 0.077-0.455 5.474×10-11 ---- 

 

 

Table 38: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MCS–U biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 3.629×10-5 1.091×105 0.060-0.390 ---- 0.9833 

Acid brown 354 2.153×10-5 1.286×105 0.074-0.326 ---- 0.9716 

Methylene blue 5.579×10-5 1.286×104 0.040-0.199 ---- 0.9613 

Acid blue 25 5.013×10-5 2.985×104 0.122-0.582 ---- 0.9477 

Nonlinear parameters 

Congo red 3.7271×10-5 9050×104 0.071-0.435 2.244×10-11 ---- 

Acid brown 354 2.1309×10-5 1.604×105 0.076-0.331 6.969×10-12 ---- 

Methylene blue 5.8438×10-5 9108×104 0.055-0.260 1.414×10-10 ---- 

Acid blue 25 5.5937×10-5 1408×104 0.228-0.747 3.206×10-11 ---- 
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Table 39: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MCS–HNO3 biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 2.519×10-5 1.018×104 0.064-0.406 ---- 0.9775 

Acid brown 354 2.438×10-5 7.237×104 0.155-0.523 ---- 0.9867 

Methylene blue 6.547×10-5 7.676×104 0.065-0.294 ---- 0.9872 

Acid blue 25 5.333×10-5 9.002×104 0.044-0.316 ---- 0.9904 

Nonlinear parameters 

Congo red 2.4776×10-5 9.8084×104 0.066-0.415 3.927×10-11 ---- 

Acid brown 354 2.4668×10-5 6.9682×104 0.160-0.533 1.191×10-12 ---- 

Methylene blue 6.8171×10-5 6.9168×104 0.072-0.316 2.746×10-11 ---- 

Acid blue 25 5.7733×10-5 5.7743×104 0.067-0.419 1.491×10-10 ---- 

 

 

Table 40: Determined parameters for linear and nonlinear Langmuir sorption isotherm 

model of dyes on MCS–H3PO4 biomass. 

 

Dye Adsorbed Parameters RL χ2 R2 

qm (mol/g) KL (L mol-1) 

Linear parameters 

Congo red 2.649×10-5 1.134×105 0.058-

0.381 

---- 0.9712 

Methylene blue 6.871×10-5 1.635×105 0.032-

0.164 

---- 0.9774 

Nonlinear parameters 

Congo red 1.9977×101 1.9916×10-2 1.000 3.823×10-10 ---- 

Methylene blue 7.1318×10-5 1.3089×105 0.039-

0.196 

6.304×10-11 ---- 
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Table 41: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on HRS biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 1.699×10-3 2.335 ---- 0.8325 

Acid brown 354 2.482×10-3 1.947 ---- 0.9537 

Methylene blue 1.184×10-2 1.718 ---- 0.9902 

Acid blue 25 1.363×10-3 2.419 ---- 0.9842 

Nonlinear parameters 

Congo red 1.133×10-4 1.217 3.83508×10-9 ---- 

Acid brown 354 9.749×10-4 2.340 3.93901×10-12 ---- 

Methylene blue 6.672×10-3 1.903 1.47126×10-11 ---- 

Acid blue 25 9.053×10-4 2.698 1.73023×10-11 ---- 

 

 

Table 42: Determined parameters for linear and nonlinear Freundlich sorption 

isotherm model of dyes on MHRS–U biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 4.457×10-3 1.975 ---- 0.9924 

Acid brown 354 3.149×10-4 3.374 ---- 0.9954 

Methylene blue 6.881×10-4 3.530 ---- 0.9936 

Acid blue 25 3.512×10-3 2.213 ---- 0.8057 

Nonlinear parameters 

Congo red 2.624×10-3 2.1944 8.31979×10-12 ---- 

Acid brown 354 4.909×10-4 2.9624 1.19867×10-12 ---- 

Methylene blue 4.977×10-3 2.0922 1.12135×10-10 ---- 

Acid blue 25 1.076×10-3 3.0004 2.04886×10-10 ---- 
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Table 43: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on MHRS–HNO3 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 2.851×10-3 2.268 ---- 0.9623 

Acid brown 354 1.436×10-3 2.114 ---- 0.9868 

Methylene blue 1.408×10-3 2.827 ---- 0.982 

Acid blue 25 5.078×10-3 1.840 ---- 0.9831 

Nonlinear parameters 

Congo red 1.142×10-3 2.811 5.101×10-11 ---- 

Acid brown 354 9.702×10-3 2.682 1.691×10-12 ---- 

Methylene blue 2.158×10-3 2.537 1.007×10-11 ---- 

Acid blue 25 2.637×10-3 2.106 2.191×10-11 ---- 

 

 

Table 44: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on MHRS–H3PO4 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 2.851×10-3 2.268 ---- 0.9861 

Acid brown 354 6.489×10-4 3.205 ---- 0.9826 

Methylene blue 2.855×10-3 2.879 ---- 0.9496 

Acid blue 25 2.430×10-4 4.521 ---- 0.978 

Nonlinear parameters 

Congo red 9.56×10-6 2.868 2.28125×10-11 ---- 

Acid brown 354 9.59×10-6 3.335 6.96413×10-12 ---- 

Methylene blue 1.304×10-3 3.551 1.10559×10-10 ---- 

Acid blue 25 3.641×10-4 3.812 1.73636×10-11 ---- 
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Table 45: Determined parameters for linear and nonlinear Freundlich sorption 

isotherm model of dyes on CS biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 2.229×10-3 2.216 ---- 0.9929 

Acid brown 354 2.482×10-3 1.947 ---- 0.9931 

Methylene blue 8.787×10-3 1.830 ---- 0.9696 

Acid blue 25 5.222×10-4 3.180 ---- 0.9977 

Nonlinear parameters 

Congo red 3.026×10-3 2.080 1.319×10-11 ---- 

Acid brown 354 1.679×10-2 1.616 1.246×10-12 ---- 

Methylene blue 4.789×10-3 2.051 2.228×10-11 ---- 

Acid blue 25 5.526×10-4 3.121 2.699×10-12 ---- 

 

 

Table 46: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on MCS–U biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 1.515×10-3 2.560 ---- 0.9952 

Acid brown 354 1.469×10-3 2.398 ---- 0.9915 

Methylene blue 6.400×10-4 3.465 ---- 0.9813 

Acid blue 25 9.755×10-4 2.634 ---- 0.9893 

Nonlinear parameters 

Congo red 1.267×10-3 2.675 5.797×10-12 ---- 

Acid brown 354 2.005×10-3 2.242 1.711×10-12 ---- 

Methylene blue 1.401×10-3 2.950 1.469×10-11 ---- 

Acid blue 25 6.852×10-3 1.718 1.336×10-11 ---- 
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Table 47: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on MCS–HNO3 biomass. 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 3.588×10-4 3.432 ---- 0.9915 

Acid brown 354 6.967×10-3 1.742 ---- 0.9874 

Methylene blue 9.800×10-3 6.345 ---- 0.9645 

Acid blue 25 1.408×10-3 2.795 ---- 0.9542 

Nonlinear parameters 

Congo red 1.307×10-3 2.3873 2.359×10-11 ---- 

Acid brown 354 8.807×10-3 1.6742 3.109×10-12 ---- 

Methylene blue 3.547×10-3 2.3677 9.597×10-11 ---- 

Acid blue 25 3.229×10-4 4.723 1.533×10-10 ---- 

 

 

Table 48: Determined parameters for linear and nonlinear Freundlich sorption isotherm 

model of dyes on MCS–H3PO4 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

KF (mol/g) n 

Linear parameters 

Congo red 3.055×10-4 3.724 ---- 0.9912 

Methylene blue 3.966×10-3 2.468 ---- 0.9974 

Nonlinear parameters 

Congo red 3.932×10-4 3.416 5.024×10-12 ---- 

Methylene blue 3.599×10-3 2.522 7.791×10-12 ---- 
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Table 49: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on HRS biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 6.174×105 4.129×105 ---- 0.8844 

Acid brown 354 2.683×105 6.194×105 ---- 0.9787 

Methylene blue 4.852×108 2.478×105 ---- 0.9796 

Acid blue 25 2.683×105 3.097×105 ---- 0.9777 

Nonlinear parameters 

Congo red 1.2105×106 4.3154×105 5.169×10-11 ---- 

Acid brown 354 3.8216×105 2.9749×105 1.943×10-11 ---- 

Methylene blue 3.014×105 1.7859×105 1.745×10-11 ---- 

Acid blue 25 3.8216×105 2.9749×105 1.943×10-11 ---- 

 

 

Table 50: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on MHRS–U biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 2.683×105 3.097×105 ---- 0.9668 

Acid brown 354 6.174×10 8.259×105 ---- 0.9506 

Methylene blue 1.600×106 3.540×105 ---- 0.9294 

Acid blue 25 4.852×108 2.478×105 ---- 0.9515 

Nonlinear parameters 

Congo red 7.3346×105 3.1721×105 2.397×10-11 ---- 

Acid brown 354 3.6326×106 8.0752×105 5.850×10-12 ---- 

Methylene blue 9.4831×105 2.216×105 3.513×10-10 ---- 

Acid blue 25 1.3391×106 3.8426×105 3.929×10-11 ---- 
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Table 51: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on MHRS–HNO3 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 1.600×106 3.540×105 ---- 0.9637 

Acid brown 354 3.269×106 6.194×105 ---- 0.986 

Methylene blue 6.691×104 2.753×105 ---- 0.9054 

Acid blue 25 2.203×104 2.478×105 ---- 0.9791 

Nonlinear parameters 

Congo red 1.7494×106 3.3834×105 3.1641×10-11 ---- 

Acid brown 354 3.0446×105 5.9274×105 2.144×10-12 ---- 

Methylene blue 7.6292×105 2.1272×105 1.954×10-10 ---- 

Acid blue 25 2.3041×105 2.309×105 2.094×10-11 ---- 

 

 

Table 52: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on MHRS–H3PO4 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 1.600×106 3.540×105 ---- 0.9671 

Acid brown 354 3.269×106 6.194×105 ---- 0.9413 

Methylene blue 4.852×108 2.478×105 ---- 0.9764 

Acid blue 25 3.982×107 6.194×105 ---- 0.8776 

Nonlinear parameters 

Congo red 3.4576×100 3.7238×105 2.754×10-11 ---- 

Acid brown 354 2.6735×101 7.4079×105 1.315×10-11 ---- 

Methylene blue 9.3063×106 2.0872×105 5.050×10-11 ---- 

Acid blue 25 3.0453×106 4.347×105 1.364×10-10 ---- 
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Table 53: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on CS biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 3.269×106 4.129×105 ---- 0.9 

Acid brown 354 2.683×105 6.194×105 ---- 0.9317 

Methylene blue 4.852×108 2.478×105 ---- 0.9961 

Acid blue 25 6.174×105 4.129×105 ---- 0.9509 

Nonlinear parameters 

Congo red 9.3925×105 3.7539×105 6.352×10-11 ---- 

Acid brown 354 6.3963×105 3.1023×105 2.533×10-11 ---- 

Methylene blue 3.8973×105 1.8687×105 3.257×10-12 ---- 

Acid blue 25 1.335×106 4.1985×105 2.855×10-11 ---- 

 

 

Table 54: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on MCS–U biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 3.269×106 4.129×105 ---- 0.9433 

Acid brown 354 3.269×106 6.194×105 ---- 0.9617 

Methylene blue 2.683×105 3.097×105 ---- 0.8878 

Acid blue 25 3.835×105 3.540×105 ---- 0.9405 

Nonlinear parameters 

Congo red 2.3297×106 3.9759×105 4.391×10-11 ---- 

Acid brown 354 8.438×105 4.2171×105 3.167×10-11 ---- 

Methylene blue 4.8578×105 3.1619×105 1.684×10-10 ---- 

Acid blue 25 2.2166×105 2.3866×105 5.944×10-11 ---- 
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Table 55: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes on MCS–HNO3 biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 3.269×106 6.194×105 ---- 0.9235 

Acid brown 354 1.203×106 4.955×105 ---- 0.9826 

Methylene blue 4.852×108 2.478×105 ---- 0.9614 

Acid blue 25 6.691×104 2.753×105 ---- 0.9932 

Nonlinear parameters 

Congo red 4.5118×106 6.7399×105 2.543×10-11 ---- 

Acid brown 354 7.515×105 4.6636×105 2.135×10-12 ---- 

Methylene blue 7.1717×105 1.7028×105 5.500×10-11 ---- 

Acid blue 25 1.7772×106 2.6503×105 1.149×10-11 ---- 

 

 

Table 56: Determined parameters for linear and nonlinear Temkin sorption isotherm 

model of dyes MCS–H3PO4 on biomass. 

 

Dye Adsorbed Parameters χ2 R2 

a (L/g) b 

Linear parameters 

Congo red 3.269×106 6.194×105 ---- 0.9114 

Methylene blue 4.852×108 2.478×105 ---- 0.9486 

Nonlinear parameters 

Congo red 7.7778×106 6.8432×105 3.300×10-11 ---- 

Methylene blue 2.8892×106 2.0134×105 8.706×10-11 ---- 
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Table 57: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on HRS biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 1.707×10-4 3.200×10-3 12.500 ---- 0.8657 

Acid brown 354 1.415×10-4 3.700×10-3 11.625 ---- 0.9654 

Methylene blue 5.296×10-4 4.400×10-3 10.660 ---- 0.9949 

Acid blue 25 1.624×10-4 3.200×10-3 12.500 ---- 0.9923 

Nonlinear parameter 

Congo red 2.020×10-4 3.621×10-3 11.751 1.586×10-10 ---- 

Acid brown 354 9.805×10-4 3.277×10-3 12.352 3.122×10-12 ---- 

Methylene blue 4.436×10-4 4.216×10-3 10.890 9.499×10-12 ---- 

Acid blue 25 1.453×10-4 3.097×10-3 12.705 1.165×10-11 ---- 

 

 

Table 58: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MHRS–U biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 2.594×10-4 3.600×10-3 11.785 ---- 0.9974 

Acid brown 354 5.249×10-5 2.000×10-3 15.811 ---- 0.9899 

Methylene blue 1.303×10-4 1.900×10-3 16.222 ---- 0.985 

Acid blue 25 3.329×10-4 3.500×10-3 11.952 ---- 0.8272 

Nonlinear parameter 

Congo red 2.303×10-4 3.527×10-3 11.907 4.433×10-12 ---- 

Acid brown 354 5.909×10-5 2.164×10-3 15.200 1.096×10-12 ---- 

Methylene blue 1.567×10-4 2.229×10-3 14.977 1.786×10-11 ---- 

Acid blue 25 1.970×10-4 2.694×10-3 13.623 1.683×10-10 ---- 
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Table 59: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MHRS–HNO3 biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 2.251×10-4 3.100×10-3 12.700 ---- 0.9765 

Acid brown 354 1.236×10-4 2.700×10-3 13.608 ---- 0.9934 

Methylene blue 1.821×10-4 2.400×10-3 14.434 ---- 0.9687 

Acid blue 25 3.193×10-4 4.300×10-3 10.783 ---- 0.9916 

Nonlinear parameter 

Congo red 1.630×10-4 2.679×10-3 13.662 3.857×10-11 ---- 

Acid brown 354 1.101×10-4 2.637×10-3 13.769 1.004×10-12 ---- 

Methylene blue 2.542×10-4 2.995×10-3 12.921 1.830×10-11 ---- 

Acid blue 25 2.586×10-4 4.013×10-3 11.162 1.411×10-11 ---- 

 

 

Table 60: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MHRS–H3PO4 biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 1.762×10-4 2.800×10-3 13.363 ---- 0.994 

Acid brown 354 8.587×10-5 1.900×10-3 16.222 ---- 0.9835 

Methylene blue 3.219×10-4 2.200×10-3 15.076 ---- 0.9687 

Acid blue 25 6.807×10-5 1.500×10-3 18.257 ---- 0.9529 

Nonlinear parameter 

Congo red 2.841×10-5 1.354×100 0.608 1.712×10-10 ---- 

Acid brown 354 1.862×10-5 1.993×10-1 1.584 5.765×10-11 ---- 

Methylene blue 2.395×10-4 1.921×10-3 16.135 8.016×10-11 ---- 

Acid blue 25 9.125×10-5 2.030×10-3 15.694 3.378×10-11 ---- 
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Table 61: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on CS biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 1.732×10-4 3.200×10-3 12.500 ---- 0.988 

Acid brown 354 3.862×10-4 4.100×10-3 11.043 ---- 0.9894 

Methylene blue 4.757×10-4 4.100×10-3 11.043 ---- 0.9801 

Acid blue 25 9.803×10-5 2.400×10-3 14.434 ---- 0.9925 

Nonlinear parameter 

Congo red 2.320×10-4 3.719×10-3 11.594 1.714×10-11 ---- 

Acid brown 354 4.734×10-4 4.444×10-3 10.607 1.228×10-12 ---- 

Methylene blue 3.494×10-4 3.737×10-3 11.567 1.4097×10-11 ---- 

Acid blue 25 9.515×10-5 2.337×10-3 14.627 9.0399×10-12 ---- 

 

 

Table 62: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MCS–U biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 1.519×10-4 2.700×10-3 13.608 ---- 0.9924 

Acid brown 354 1.207×10-4 2.800×10-3 13.363 ---- 0.9926 

Methylene blue 1.416v 1.900×10-3 16.222 ---- 0.9635 

Acid blue 25 1.343×10-4 2.900×10-3 13.131 ---- 0.9902 

Nonlinear parameter 

Congo red 1.635×10-4 2.814×10-3 13.331 3.611×10-12 ---- 

Acid brown 354 7.126×10-5 2.171×10-3 15.177 7.050×10-12 ---- 

Methylene blue 2.086×10-4 2.480×10-3 14.198 3.095×10-11 ---- 

Acid blue 25 3.225×10-4 4.511×10-3 10.528 1.149×10-11 ---- 
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Table 63: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MCS–HNO3 biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 6.623×10-5 2.000×10-3 15.811 ---- 0.9817 

Acid brown 354 2.558×10-4 4.000×10-3 11.180 ---- 0.9928 

Methylene blue 5.379×10-4 3.700×10-3 11.625 ---- 0.9758 

Acid blue 25 2.007×10-4 2.600×10-3 13.868 ---- 0.9716 

Nonlinear parameter 

Congo red 8.013×10-5 2.331×10-3 14.645 6.608×10-12 ---- 

Acid brown 354 2.082×10-4 3.837×10-3 11.415 1.132×10-12 ---- 

Methylene blue 3.676×10-4 3.250×10-3 12.403 7.570×10-11 ---- 

Acid blue 25 1.662×10-4 2.384×10-3 14.483 2.110×10-11 ---- 

 

 

Table 64: Determined parameters for linear and nonlinear Dubinin–Radushkevich model 

for dye on MCS–H3PO4 biomass. 

 

Dye Adsorbed qDR
 

 (mol/g) 

β  

(KJ2/mol2) 

E  

(KJ/mol) 

χ2 R2 

Linear parameter 

Congo red 6.232×10-5 1.800×10-3 16.667 ---- 0.9794 

Methylene blue 3.387×10-4 2.700×10-3 13.608 ---- 0.9951 

Nonlinear parameter 

Congo red 7.815×10-5 2.174×10-3 15.167 9.521×10-12 ---- 

Methylene blue 3.708×10-4 2.852×10-3 13.241 6.237×10-12 ---- 
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3.2.7 Effect of pH of Dye Solution 

 

The pH of wastewaters containing dye as polluting agents varies greatly. This pH of dye 

bearing wastewater has a great influence on the uptake of adsorbate molecule, as the pH of 

dye solution influence the surface properties of adsorbent and also alter the structure of 

adsorbate species (Sushmita Banerjee et al., 2016). Thus the pH of adsorbate also effects 

the interaction between the sorbate and the sorbent in the following ways. Since dyes 

molecules have different unsaturated bond containing functional groups and are complex 

aromatic organic compounds. Thus the dyes have different ionization potential at different 

pH. 

The surface of the adsorbents consist of biopolymers containing a large number of 

functional groups, therefore the net charge on the surface of biomass is also pH dependent 

(N.S. Maurya et al., 2006). 

The pH of dye solution affects both, the aqueous chemistry of dye and the surface binding-

sites of the adsorbent (T. Santhi et al., 2016). Since the nature of the functional groups is 

pH dependent, therefore with the change in the pH of the dye solution, the behavior of these 

functional groups present on the surface of the biomass also changes. For example the 

ionization constant of various functional groups present on the surface of the biomass have 

been reported to be around 3–4. In higher acidic pH range, these groups/moieties get 

protonated and act as positively charged species. On increasing pH the deprotonation of 

these functional groups occur these groups behave as negatively charged species. Therefore 

the adsorbent starts attracting the positively charged ions in the solution and there arises a 

competition between the hydrogen ion and the positively charged ions and the ‘winner’ can 

be estimated through the amount of the dye sorbed per unit mass of the adsorbent, at a 

certain pH value. As the pH is increased from high acidic region to slightly acidic region, 
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the positive character of the biomass get converted to the negative one (U. Farooq et al., 

2010).  

The pH effects not only on the nature of functional groups that acting as binding sites, 

present on the surface of biomass but also the colour of the dye solution as well as the 

solubility of some of the dyes. Therefore the pH of the solution is an important parameter, 

controlling the surface charge of the adsorbent and the degree of ionization of the materials 

in the solution in the sorption processes and sorption capacity of the adsorbent as well. 

(P.Pengthamkeerati et al., 2008; (V.Jaikumar and V.Ramamurthi, 2009). A number of 

researchers have suggested that the dye sorption on different biomass is a pH dependent 

phenomena. 

In order to determine the optimum pH for the effective sorption of all of the dyes on the 

different untreated and treated biomass, a series of experiments were conducted over 

different initial pH range (i.e. 2–12) of dye solution.  

As far as the sorption of congo red dye on HRS, MHRS–U, MHRS–HNO3, and MHRS–

H3PO4 was concerned, it was observed that the maximum removal of the dye was at pH 5. 

At pH 5 the percentage removal of congo red dye on HRS biomass was 82.637 %, whereas 

it varied to 94.725 % on MHRS–U, 89.451 % on MHRS–HNO3 and 92.527 % on MHRS–

H3PO4. 

In case of sorption of acid brown 354 dye on all of the untreated and treated biomass the 

sorption of dye at pH 2 was highest. The percentage removal was 77.486 %, 95.314 %, 

8.914 % and 97.829 % on HRS, MHRS–U, MHRS–HNO3 and MHRS–H3PO4 respectively. 

In the sorption of methylene blue dye the pH 8 was observed as the pH at which the sorption 

of dye was highest. The percentage removal on HRS biomass was 87.226 %, whereas on 

MHRS–U, MHRS–HNO3, and MHRS–H3PO4 this percentage removal was 96.204 %, 

89.343 % and 98.891 % respectively. 
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The suitable pH for sorption of acid blue 25 dye was also 2. The highest percentage removal 

was observed among the modified and unmodified HRS biomass was on MHRS–H3PO4 

biomass i.e. it was 97.632 %. The order of removal of the dye on other biomass was 

MHRS–U˃MHRS–HNO3˃HRS. The plots of studies of pH of dyes solution for sorption 

on untreated and treated HRS biomass have shown in Figure 56. (a) HRS, (b) MHRS–U, 

(c) MHRS–HNO3 (d) MHRS–H3PO4.   
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Figure 56: Plots of studies of pH of dyes solution for sorption on untreated and treated 

HRS biomass. (a) HRS, (b) MHRS–U, (c) MHRS–HNO3 (d) MHRS–

H3PO4.   
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The pH for the sorption of congo red dye on all of the untreated as well as treated biomass 

of CS was observed to be 5. The maximum percent removal of congo red dye was on MCS–

U i.e. 96.923 %. On MCS–HNO3 the maximum removal of dye was at pH 5 but in 

comparison to all other dyes less removal of dye was observed and it was found to be 79.121 

%.   

In case of sorption of acid brown 354 dye on all of the untreated and treated biomass the 

sorption of dye at pH 2 was highest. The percentage removal on CS, MCS–U and MCS–

HNO3 was 93.828 %, 98.057 %, 94.171 %. The sorption of acid brown 354 dye was not 

observed at any pH on MCS–H3PO4. 

In the sorption of methylene blue dye the pH 8 was observed as the optimum pH for 

sorption on all of the unmodified as well as modified CS. The percentage removal on CS 

biomass was observed 96.277 %, whereas on MCS–U, MHRS–HNO3, and MHRS–H3PO4 

this percentage removal was 96.642 %, 96.131 % and 98.759 % respectively. 

The suitable/optimum pH for sorption of acid blue 25 dye was also 2. The highest 

percentage removal was observed among the modified and unmodified CS biomass was on 

MCS–HNO3 i.e. it was 93.158 %. The order of removal of dye on biomass was MCS–

HNO3 ˃  MCS–U ˃  CS. The plots of studies of pH of dyes solution for sorption on untreated 

and treated CS biomass have been shown in Figure 57. (a) CS, (b) MCS–U, (c) MCS–

HNO3 (d) MCS–H3PO4. 
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Figure 57: Plots of studies of pH of dyes solution for sorption on untreated and treated CS 

biomass. (a) CS, (b) MCS–U, (c) MCS–HNO3 (d) MCS–H3PO4. 
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It was observed that the uptake of acidic dyes was greater in acidic range, whereas this 

uptake of basic dyes was less in that acidic pH range. On the other hand the percentage 

removal of basic dyes increased with increase in pH, i.e. basic pH range. 

Furthermore the percentage removal of dyes increased with modification of biomass with 

different agents. 

It is very difficult to explain the sorption mechanism of dyes with respect to pH because a 

large number of variables are involved in the sorption of dye anions by the lignocellulosic 

sorbent and the complex nature of the adsorbent due to presence of large number of 

functional groups present on the surface, and water chemistry (O. Tunc et al., 2009). In 

fact, when the pH is decreased within the tested region, the sorption of the anionic dye 

increased. This might be due to the fact that upon dissolution, the ionic dyes get release 

coloured dye ions in to the solution. The attachment of these ions on to the biosorbent 

surface is primarily influenced by the surface charge that in turn is influenced by the pH of 

dye solution. Furthermore, with decreasing the pH of dye solution the number of weak base 

groups on the surface of the biomass increases. In the highly acidic pH range, these weak 

base groups become protonated and attain a net positive charge. Thus these charged sites 

become available for binding anionic groups. The observed sorption can also be attributed 

to the hydrogen ions acting as a bridging ligand between the anionic dye and the functional 

groups (mainly hydroxyl and carboxyl groups) on the biosorbent surface (M.C.Ncibi et al., 

2009). Hence, in the optimal acidic conditions the sorption process of the anionic dye 

seemed to be more efficient through high electrostatic attraction between the positively 

charged surface (cationic species) of the biomass (protonated groups of the biomass) and 

the negatively charged (anionic) dye.  

On increasing the pH of dye solution, the number of negatively charged sites on the surface 

of the biosorbent increases thus decreasing the number of positively charged sites. This 
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negatively charged surface of the adsorbent does not favor the sorption of dye anions due 

to electrostatic repulsion. Therefore the acidic dye uptake is much higher in acidic solution 

than in neutral and alkaline conditions (M.C.Ncibi et al., 2009; (V.Jaikumar and 

V.Ramamurthi, 2009). 

In case of MB, (basic dye) dye, the maximum removal of the dye was observed at pH 8 

with all untreated as well as treated biomass. This attributes to the fact that, when the pH 

of the dye solution was increased from pH 8–12 the uptake of dye i.e. qe(cal) (mg/g) value 

increased. This might be due to the reason that the MB is a basic (cationic or positively 

charged) dye.  As the pH of the system increases above the pHpzc, value, the number of 

negatively charged binding sites on the surface of the biosorbent increase, thus due to 

increase in the hydroxyl ion concentration, the number of positively charged sites decrease 

(M. Asif Tahir et al., 2016). Therefore the surface of the adsorbent gets more negatively 

charged by losing protons (deprotonation of different functional groups on the surface of 

the biosorbent) and thus favors uptake of positively charged (cationic) dyes due to increased 

electrostatic force of attraction. That is the reason; the MB sorption was favored at solution 

pH in basic ranges (A. E. Vasu, 2008; (V.Ponnusami et al., 2009). Meanwhile the lower 

sorption of MB at lower pH was probably due to the presence of the excess concentration 

of H+ ions competing with the cationic groups of the dye for sorption sites. With the increase 

in the pH of solution the surface charge density decreases which results in the electrostatic 

repulsion between the dye cations and the surface of the biomass thus decrease the lower 

sorption rate of the dye molecule (T. Santhi et al., 2016). 

3.2.8 Effect of Temperature 
 

The effluents of textiles and other industries are produced relatively at high temperature 

range. Therefore temperature is an important physico-chemical parameter in the application 
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of batch sorption process because temperature of the sorption system changes the sorption 

capacity of the adsorbent. If the sorption capacity of adsorbent increases with increasing 

temperature then the sorption is an endothermic process. Whereas the decrease in the 

sorption capacity of the adsorbent with increasing temperature indicates the exothermic 

nature of sorption process (V.Jaikumar and V.Ramamurthi, 2009; (Y. Fu and Viraraghavan, 

2001). This thermodynamic studies of sorption of dyes gives important data about the 

enthalpy and entropy changes during the sorption process (O. Demirbas et al., 2002). In 

addition, changing the temperature also changes the equilibrium sorption capacity of the 

adsorbent for a particular adsorbate (M. Dogan et al., 2009; (M.M.El-Halwany, 2010).  

The temperature effect on the sorption of all of the dyes on different biomass was studied 

in the temperature ranges 298K–343K.  

The maximum uptake of  all of the four dyes i.e. congo red, acid brown 354, methylene 

blue, and acid blue dye on HRS and CS untreated and treated biomass was observed at 

different temperature ranges. It was observed that the in most of the systems, the sorption 

of dyes decreased with increase in temperature i.e. the sorption of the dyes was exothermic 

in nature, except that of sorption of methylene blue dye on MHRS–H3PO4, acid brown 354 

and acid blue 25 on CS, acid blue 25 on MCS–HNO3 and that of congo red dye on MCS–

H3PO4. The sorption of these dyes was endothermic in nature i.e. the sorption increased 

with increase in temperature within the experimental ranges of studies. 

The decrease in sorption limits of biomass with temperature might be due to the reason 

that, as temperature increased, the physical attachments between the organic compounds 

compounds i.e. dyes or other pollutants and the functional groups of surface biomass that 

acting as active sites of the adsorbent, becomes weak. Besides this, the solubility of dyes 

increase with increase in temperature which caused the interaction forces between the 
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solute and the solvent to become stronger than the solute and the adsorbent. Therefore it 

becomes difficult for solute molecules to adsorb on the surface of adsorbent (I.A.W.Tan et 

al., 2008). Increasing the temperature may decrease the surface activity of biomass that 

results in the decrease in the sorption of dye (A. Ozer et al., 2006; (V.Jaikumar and 

V.Ramamurthi, 2009). Therefore this decreased in sorption may also be due to the 

denaturing of biomass caused at higher temperature (Z. Zhang et al., 2009). The decrease 

in the sorption capacities of biomass was also the indication, that the sorption process was 

an exothermic in nature and the mechanism was mainly the physical adsorption enhanced 

by a chemical effect (F. Colak et al., 2009; (V.Jaikumar and V.Ramamurthi, 2009; (Y. Fu 

and Viraraghavan, 2001).  

The increase in the sorption capacity of adsorbent with temperature might be due to 

increasing mobility of the dye molecules and an increase in the number of active sites on 

the surface of the adsorbent, responsible for sorption of the dye molecule (Mustafa T. 

Yagub et al., 2014). Furthermore, at higher temperature the number of molecule increase, 

attaining the sufficient energy to undergo the sorption process. Another reason of higher 

sorption capacity of adsorbent at elevated temperature might be the increase in the pore 

size of the adsorbent which reduce the thickness of the outer surface of the adsorbent and 

also increase the kinetic energy of the dye molecule due to which the dye molecule easily 

diffuse into the adsorbent (Safa, 2014). 

The plots of effect of temperature on the sorption of dyes on untreated and treated HRS and 

CS biomass have been shown in Figure 58. (a) HRS dye loaded, (b) MHRS–U dye loaded, 

(c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded, (e) CS dye loaded, (f) MCS–

U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye loaded. 
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Figure 58: Plots of effect of temperature on the sorption of dyes on untreated and treated 

HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) 

MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded, (e) CS dye loaded, 

(f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye 

loaded. 
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3.2.9 Thermodynamic Modelling 
 

In view of the fundamental thermodynamics concept, it is assumed that in an isolated 

sorption system, energy can neither be gained nor lost. The entropy change is the only 

driving force. In order to determine which process would occur spontaneously, both energy 

and entropy factors must be considered (Yuh-Shan-Ho et al., 2005). The change in the 

temperature causes a change in the thermodynamic parameters like ∆Go, ∆Ho and ∆So. 

These parameters contribute to help in understanding the sorption mechanism. Temperature 

data is used to determine these thermodynemic parameters (U. Farooq et al., 2010). 

The thermodynamic parameter i.e. Gibb’s free energy change (∆Go) (J/mol) was calculated 

by using the following equation. 

 
∆𝐺𝑜 =  ∆𝐻𝑜 − 𝑇∆𝑆𝑜 

(57) 

Where  

∆Go   = Change in standard Gibb’s free energy  

∆Ho = Change in standard enthalpy.  

∆So = Change in standard entropy. 

 
∆𝐺𝑜 =  −𝑅𝑇𝑙𝑛𝐾 

(58) 

 
𝐾 =  𝑞𝑒/𝐶𝑒 

(59) 

A graph was plotted between ∆Go   and T, and the values of slope and intercept gave the 

values of thermodynamic parameters ∆So and ∆Ho, respectively. 

These parameters, ∆Go ∆Ho and ∆So provide valuable information about the sorption 

process. ∆Go addresses the possibility and the feasibility of the certain reaction (U. Farooq et al., 

2010). The negative value of ∆Go at given temperature is the indication of the spontaneous 
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nature of the sorption process and confirms the energy free feasibility for the sorption 

process (G. Bayramoglu et al., 2009) whereas the higher negative value reflects the more 

energetically favourable adsorption process (A. Ozer et al., 2005a). The value of ∆Ho shows the 

route of energy in the system. The positive value of the parameter, shows an endothermic 

process and the negative value of ∆Ho is an implication of the exothermic nature of the 

biosorption process (G. Bayramoglu et al., 2009). It is generally considered that, if ∆Ho 

<25KJ/mol, it is the indication of physical adsorption nature of process if ∆Ho >40KJ/mol 

it is the indication of chemical adsorption process (H. Demir et al., 2008). 

Similarly, the value of ∆So can be used to describe the randomness at the solid– solution 

interface in the dye removal process. (A. Aziz et al., 2009) The negative value of ∆So 

corresponds to a decrease in randomness or increased in orderness at the adsorbate–

adsorbent interface and the positive value of ∆So shows that the biomass structure might 

change during the sorption process, causing an increase in the disorderness of the system 

(U. Farooq et al., 2010). 

The determined parameter of thermodynamic modelling for sorption of dyes on untreated 

and treated HRS and CS biomass have been summarized in Table 65–94 and the plots of 

thermodynamic modelling for the sorption of dyes on untreated and treated HRS and CS 

biomass have been shown in Figure 59. (a) HRS dye loaded, (b) MHRS–U dye loaded, (c) 

MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded, (e) CS dye loaded, (f) MCS–U 

dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye loaded. 
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Figure 59: Plots of thermodynamic modelling for the sorption of dyes on untreated and 

treated HRS and CS biomass. (a) HRS dye loaded, (b) MHRS–U dye loaded, 

(c) MHRS–HNO3 dye loaded, (d) MHRS–H3PO4 dye loaded, (e) CS dye loaded, 

(f) MCS–U dye loaded, (g) MCS–HNO3 dye loaded, (h) MCS–H3PO4 dye 

loaded. 
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Table 65: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on HRS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 9.581 2.260  

 

-118.560 

 

 

 

-40.929 

 

-5.599 

303 7.922 2.070 -5.214 

313 4.000 1.386 -3.608 

323 2.669 0.982 -2.637 

333 1.571 0.451 -1.250 

343 1.177 0.163 -0.465 

 

Table 66: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on HRS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 4.303 1.459  

 

-71.651 

 

 

 

-24.826 

 

-3.616 

303 3.332 1.203 -3.032 

313 2.431 0.888 -2.312 

323 1.878 0.630 -1.693 

333 1.384 0.325 -0.900 

343 1.124 0.117 -0.333 

 

Table 67: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on HRS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 11.455 2.438  

 

130.530 

 

 

 

-44.942 

 

-6.041 

303 8.257 2.111 -5.318 

313 5.256 1.659 -4.318 

323 2.753 1.013 -2.720 

333 1.532 0.427 -1.182 

343 1.134 0.126 -0.359 
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Table 68: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on HRS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 10.176 2.320  

 

109.000 

 

 

 

-38.057 

 

-5.748 

303 7.261 1.982 -4.994 

313 4.352 1.471 -3.827 

323 2.725 1.003 -2.693 

333 1.901 0.642 -1.778 

343 1.317 0.275 -0.785 

 

Table 69: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MHRS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 27.438 3.312  

 

-182.54 

 

 

 

-62.254 

 

-8.205 

303 15.852 2.763 -6.961 

313 6.339 1.847 -4.806 

323 3.213 1.167 -3.134 

333 1.473 0.387 -1.072 

343 1.050 0.048 -0.138 

 

Table 70: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on MHRS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 71.917 4.276  

 

-216.04 

 

 

 

-74.391 

 

-10.593 

303 31.407 3.447 -8.684 

313 11.868 2.474 -6.438 

323 5.076 1.625 -4.363 

333 2.302 0.834 -2.308 

343 1.267 0.237 -0.675 
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Table 71: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MHRS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 43.194 3.766  

 

196.3 

 

 

 

-67.196 

 

-9.330 

303 18.296 2.907 -7.323 

313 8.257 2.111 -5.494 

323 3.824 1.341 -3.602 

333 1.872 0.627 -1.736 

343 1.063 0.061 -0.175 

 

Table 72: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on MHRS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 26.143 3.264  

 

166.09 

 

 

 

-57.087 

 

-8.086 

303 13.074 2.571 -6.476 

313 6.308 1.842 -4.793 

323 3.578 1.275 -3.424 

333 1.815 0.596 -1.650 

343 1.135 0.126 -0.361 

 

Table 73: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MHRS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 27.438 3.312  

 

-179.32 

 

 

 

-61.163 

 

-8.206 

303 13.677 2.616 -6.590 

313 6.459 1.865 -4.855 

323 3.063 1.119 -3.006 

333 1.585 0.461 -1.276 

343 1.004 0.004 -0.013 
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Table 74: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on MHRS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 5.731 1.746  

 

-67.488 

 

 

 

-24.34 

 

-4.326 

303 4.573 1.520 -3.830 

313 3.289 1.191 -3.099 

323 2.676 0.984 -2.644 

333 1.936 0.661 -1.829 

343 1.529 0.425 -1.211 

 

Table 75: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MHRS–HNO3 biomass. 

 

Temperature 

(K) 
Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 14.055 2.643  

 

-144.12 

 

 

 

 

-49.357 

 

 

-6.548 

303 9.787 2.281 -5.747 

313 4.905 1.590 -4.139 

323 2.549 0.936 -2.513 

333 1.660 0.507 -1.404 

343 1.030 0.029 -0.083 

 

Table 76: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on MHRS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 14.200 2.653  

 

142.75 

 

 

 

-48.801 

 

-6.574 

303 8.048 2.085 -5.254 

313 4.846 1.578 -4.107 

323 2.725 1.003 -2.693 

333 1.468 0.384 -1.062 

343 1.011 0.011 -0.030 
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Table 77: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MHRS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 112.750 4.725 

-240.09 

 

 

 

-82.584 

 

 

 

-11.707 

303 40.364 3.698 -9.316 

313 17.958 2.888 -7.516 

323 5.408 1.688 -4.533 

333 2.447 0.895 -2.478 

343 1.264 0.234 -0.667 

 

Table 78: Determined parameter of thermodynamic modelling for sorption of Acid 

brown 354 dye on MHRS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 1.002 0.002 

-272.33 

 

 

 

81.898 

 

 

 

-0.006 

303 1.204 0.186 -0.468 

313 3.147 1.146 -2.983 

323 7.178 1.971 -5.293 

333 22.649 3.120 -8.639 

343 71.917 4.276 -12.193 

 

Table 79: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MHRS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 79.588 4.377 

235.24 

 

 

 

-80.282 

 

 

 

-10.844 

303 27.542 3.316 -8.353 

313 12.564 2.531 -6.586 

323 4.732 1.554 -4.174 

333 2.079 0.732 -2.026 

343 0.900 -0.105 0.300 
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Table 80: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on MHRS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 94.000 4.543 

234.35 

 

 

 

-80.558 

 

 

 

-11.257 

303 41.222 3.719 -9.369 

313 13.615 2.611 -6.795 

323 5.552 1.714 -4.603 

333 2.551 0.937 -2.593 

343 1.159 0.148 -0.421 

 

Table 81: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on CS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 7.125 1.964 

-110.73 

 

 

 

-37.718 

 

 

 

-4.865 

303 5.408 1.688 -4.252 

313 3.027 1.107 -2.882 

323 1.974 0.680 -1.826 

333 1.264 0.234 -0.648 

343 1.004 0.004 -0.013 

 

Table 82: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on CS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 1.114 0.108 

-199.07 

 

 

 

-59.407 

 

 

 

-0.266 

303 1.378 0.320 -0.807 

313 2.692 0.990 -2.577 

323 6.609 1.888 -5.071 

333 9.802 2.283 -6.320 

343 26.344 3.271 -9.329 



Discussion 

 

Table 83: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on CS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 25.863 3.253  

 

-175.38 

 

 

 

-59.853 

 

 

 

-8.059 

303 12.431 2.520 -6.349 

313 6.405 1.857 -4.833 

323 3.335 1.205 -3.235 

333 1.505 0.409 -1.131 

343 1.006 0.006 -0.017 

 

Table 84: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on CS biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 0.939 -0.063 

164.36 

 

 

 

-49.381 

 

 

 

0.157 

303 1.262 0.233 -0.586 

313 1.992 0.689 -1.794 

323 3.318 1.199 -3.221 

333 6.917 1.934 -5.354 

343 13.074 2.571 -7.331 

 

Table 85: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MCS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 64.000 4.159 

-215.05 

 

 

 

-74.128 

 

 

 

-10.304 

303 31.500 3.450 -8.691 

313 13.677 2.616 -6.807 

323 5.791 1.756 -4.717 

333 2.346 0.853 -2.360 

343 1.188 0.172 -0.490 
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Table 86: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on MCS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 108.375 4.686 

-264.26 

 

 

 

-89.818 

 

 

 

-11.609 

303 50.471 3.921 -9.879 

313 14.625 2.683 -6.981 

323 4.401 1.482 -3.980 

333 1.628 0.487 -1.349 

343 1.021 0.021 -0.059 

 

Table 87: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MCS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 90.333 4.504 

249.35 

 

 

 

-85.051 

 

 

 

-11.158 

303 43.194 3.766 -9.487 

313 12.564 2.531 -6.586 

323 5.343 1.676 -4.500 

333 1.713 0.538 -1.490 

343 1.030 0.029 -0.083 

 

Table 88: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on MCS–U biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 13.074 2.571 

132.37 

 

 

 

-45.891 

 

 

 

-6.369 

303 8.744 2.168 -5.463 

313 6.451 1.864 -4.851 

323 3.318 1.199 -3.221 

333 2.140 0.761 -2.107 

343 1.043 0.042 -0.120 
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Table 89: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MCS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 15.250 2.725 

-152.85 

 

 

 

-52.144 

 

 

 

-6.751 

303 10.098 2.312 -5.825 

313 5.149 1.639 -4.265 

323 2.640 0.971 -2.607 

333 1.433 0.360 -0.996 

343 1.004 0.004 -0.013 

 

Table 90: Determined parameter of thermodynamic modelling for sorption of Acid brown 

354 dye on MCS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 30.250 3.409 

-163.85 

 

 

 

-56.87 

 

 

 

-8.448 

303 17.617 2.869 -7.227 

313 7.413 2.003 -5.213 

323 3.916 1.365 -3.666 

333 2.170 0.775 -2.145 

343 1.458 0.377 -1.075 

 

Table 91: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MCS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 194.714 5.272 

-289.11 

 

-99.04 

 

-13.061 

303 75.111 4.319 -10.880 

313 30.860 3.429 -8.925 

323 9.960 2.299 -6.173 

333 2.107 0.745 -2.063 

343 1.027 0.026 -0.075 
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Table 92: Determined parameter of thermodynamic modelling for sorption of Acid blue 25 

dye on MCS–HNO3 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 4.672 1.542 

123.55 

 

 

 

-33.081 

 

 

 

-3.819 

303 5.786 1.755 -4.422 

313 7.837 2.059 -5.358 

323 12.571 2.531 -6.798 

333 19.000 2.944 -8.152 

343 26.143 3.264 -9.307 

 

Table 93: Determined parameter of thermodynamic modelling for sorption of Congo red 

dye on MCS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 1.097 0.092 

299.68 

 

 

 

-89.799 

 

 

 

-0.229 

303 1.459 0.378 -0.952 

313 3.505 1.254 -3.264 

323 11.639 2.454 -6.591 

333 36.917 3.609 -9.991 

343 112.750 4.725 -13.475 

 

Table 94: Determined parameter of thermodynamic modelling for sorption of Methylene 

blue dye on MCS–H3PO4 biomass. 

 

Temperature 

(K) 

Kc lnKc ∆So 

(KJ/Kmol) 

∆Ho 

(KJ/mol) 

∆Go 

(KJ/mol) 

298 341.500 5.833 

-233.7 -99.04 

-14.453 

303 151.222 5.019 -12.643 

313 61.273 4.115 -10.710 

323 19.448 2.968 -7.970 

333 7.671 2.037 -5.641 

343 3.982 1.382 -3.940 
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3.2.10 Effect of Particle Size of Biomass 

 

The adsorbent particle size is an important factor in sorption process of dyes because the 

particle size determines the time required for transport of adsorbate molecule within the 

pore of the adsorbent sites (O. Tunc et al., 2009). Thus the sorption of dyes increase with 

decrease in the particle size of the adsorbent. Actually, with change in the particle size, the 

surface activity and the surface area of the adsorbent change, thus it play an important role 

in the sorption of the dye molecules. In addition the smaller particle move faster in solution 

than the larger particles and thus it enhances the sorption process (S.T. Ong et al., 2007).  

In the studied untreated as well as treated biomass the effect of particle size was studied 

only with the sorption of dyes on untreated biomass. A series of experiments were 

conducted with different particle size ranges i.e 100µm, 100µm–200µm, 200µm–400µm, 

400µm–800µm and >800µm. 

In the sorption of all of the dyes with HRS and CS biomass, it was observed that the sorption 

of dyes was greater with the particle size of less than 100µm. This sorption process of dyes 

continuously decreased with increase in the particle size. 

The %age removal of the congo red dye on HRS biomass was within the range of 90.769–

12.308%, and on CS biomass the %age removal of the dye was in the range of 88.132–

11.868%. 

The %age removal of acid brown 354 dye was also experienced to be decreased with 

increase in particle size of the biomass. The %age removal of acid brown 354 dye decreased 

from 81.371 to 36.571% on HRS biomass, whereas this %age removal of the dye decreased 

from 53.029 to 25.029%. 
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In case of methylene blue dye on HRS and CS biomass, the %age removal of dye followed 

the same behaviour as that other dyes i.e. %age removal of dye on HRS biomass was 

91.241% when the particle size was ˂100µm and this %age removal decreased to 64.818% 

with the particle size ˃800µm. In the same way it was observed that the %age removal of 

the dye was 96.423% with particle size of CS biomass ˂100µm and 65.620% with the 

particle size ˃800µm of CS biomass. 

In the sorption of acid blue 25 dye the sorption behaviour of dye was in the same manner 

as that described above i.e. the %age removal was within the range of 91.579–27.105%, 

when the particle size was increased from ˂100µm to ˃800µm of HRS biomass. In case of 

sorption of the dye on CS biomass this %age removal was within the range of 49.211–

25.526%. 

These result of decreasing efficiency of biomass with increasing particle sizes could be 

attributed to the fact that, the smaller particles provided a larger surface area. (L. Laasri et 

al., 2007; (M. Dogan et al., 2009; (M.T. Sulak et al., 2007) Thus if the sorption to is a 

surface phenomenon, then the smaller size particles allow very fast removal kinetics (O. 

Tunc et al., 2009) because the boundary layer of the smaller size adsorbent is thin than that 

of the larger size particles and this results in faster rate of sorption (S.T. Ong et al., 2007). 

In larger particles, the diffusion resistance to mass transport is higher and most of the 

internal surface of the particle may not be utilized for sorption and consequently, the 

amount of dye adsorb would be less (M. Dogan et al., 2009).  Moreover small size particle 

exhibit large surface area, thus the number of binding sites increase, that indirectly 

increases the sorption capacity of adsorbent (O. Tunc et al., 2009). The plots of Effect of 

particle size for the sorption of dyes on HRS and CS biomass have been shown in Figure 

60. 
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Figure 60: Plots of Effect of particle size for the sorption of dyes on HRS and CS 

biomass. 
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3.3 APPLICABILITY OF DEVELOPED PROCEDURE 

 

After a series of experiments for the optimization of parameters for the removal of the dyes 

with different untreated as well as treated biomass, the applicability of the developed 

procedure was checked in the tap water samples, for removal of dyes. The sorption of dyes 

from tap water sample were carried out in three batches for better removal and achievement 

of maximum removal efficiencies of the biomass. These results were compared with the 

experimental studies and it was observed that the removal efficiencies of all of the biomass 

decreased with tap water samples. This might be due to the reason that many cations present 

in tap water may decrease the overall efficiencies of biosorbents.  

The data indicated that the removal of congo red dye from tap water with HRS was 

84.385%, MHRS–U was 88.231%, with MHRS–HNO3 was 87.215% and that of MHRS–

H3PO4 was 89.985%. These %age removal of dyes was obtained in three successive batch 

studies of removal of dyes. 

The data of the removal of acid brown 354 dye with HRS biomass indicated that the %age 

removal of dye decreased from 81.143 to 77.741%, with MHRS–U this %age removal 

decreased from 98.629 to 86.536%, with MHRS–HNO3 the %age removal of dye decreased 

from 85.143% to 80.102% and with MHRS–H3PO4 the removal of dye was 47.355%. 

In case of removal of methylene blue dye with untreated as well as treated HRS biomass 

from the tap water it was observed that the %age removal of dye was not too different from 

the experimental results i.e. with HRS it was 90.314%, MHRS–U was 92.146%, with 

MHRS–HNO3 was 87.105% and that of MHRS–H3PO4 was 93.507%. 

The results of removal efficiencies of acid blue 25 dye from tap water with untreated and 

treated HRS biomass were also in good agreement with that of experimental results. It was 
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observed that the %age removal of dye with HRS biomass was 87.254%, with MHRS–U 

was 90.274%, with MHRS–HNO3 was 88.271% and that of MHRS–H3PO4 was 91.111%. 

The data indicated that the removal of congo red dye from tap water with CS was 83.211%, 

MCS–U was 90.031%, with MCS–HNO3 was 86.546% and that of MCS–H3PO4 was 

46.582%. 

The data of the removal of acid brown 354 dye with CS biomass indicated that the %age 

removal of dye decreased from 52.686 to 47.875%, with MCS–U this %age removal 

decreased from 99.086 to 90.011%, with MCS–HNO3 the %age removal of dye decreased 

from 96.8003% to 84.696%. 

In the removal of methylene blue dye with untreated as well as treated CS biomass from 

the tap water it was observed that the %age removal of dye with CS was 90.105%, MCS–

U was 88.213%, with MCS–HNO3 was 91.111% and that of MCS–H3PO4 was 88.882%. 

The results of removal efficiencies of acid blue 25 dye from tap water with untreated and 

treated CS biomass were comparable to with that of experimental results. It was observed 

that the %age removal of dye with CS biomass was 45.156%, with MCS–U was 90.214%, 

and with MCS–HNO3 was 81.101%. 

Although the %age removal of dyes with all of the untreated and treated biomass were less 

than that of experimental samples, but based on the studies, it can be concluded that 

abundantly available inexpensive, materials has great potential to be utilized for the 

removal of hazardous dyes. From the results it was concluded that the developed procedure 

can be employed for the removal of dyes from the industrial effluents before their disposal 

into water bodies. The comparison of %age removal of dyes in experimental and tap water 

sample with untreated and treated HRS and CS biomass have been depicted in Table 95 

and 96 respectively. 
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Table 95: Comparison of %age removal of dyes in experimental and tap water sample with 

untreated and treated HRS biomass. 

 

Biosorbents 

used 

Dyes 

studied 

%age removal of dyes in 

experimental samples 

%age removal of dyes in tap 

water samples 

HRS CR 90.549 84.385 

MHRS–U  CR 96.484 88.231 

MHRS–HNO3  CR 96.484 87.215 

MHRS–H3PO4 CR 99.121 89.985 

HRS AB354 77.741 77.741 

MHRS–U  AB354 98.629 86.536 

MHRS–HNO3  AB354 85.143 80.102 

MHRS–H3PO4 AB354 50.057 47.355 

HRS MB 91.971 90.314 

MHRS–U  MB 97.737 92.146 

MHRS–HNO3  MB 93.358 87.105 

MHRS–H3PO4 MB 98.759 93.507 

HRS Ab25 91.053 87.254 

MHRS–U  Ab25 96.316 90.274 

MHRS–HNO3  Ab25 93.421 88.271 

MHRS–H3PO4 Ab25 98.947 91.111 
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Table 96: Comparison of %age removal of dyes in experimental and tap water sample with 

untreated and treated CS biomass. 

 

Biosorbents 

used 

Dyes 

studied 

%age removal of dyes in 

experimental samples 

%age removal of dyes in tap 

water samples 

CS CR 87.692 83.211 

MCS–U  CR 98.462 90.031 

MCS–HNO3  CR 93.846 86.546 

MCS–H3PO4 CR 52.308 46.582 

CS AB354 52.686 47.875 

MCS–U  AB354 99.086 90.011 

MCS–HNO3  AB354 96.800 84.696 

CS MB 96.277 90.105 

MCS–U  MB 98.905 88.213 

MCS–HNO3  MB 99.489 91.111 

MCS–H3PO4 MB 99.708 88.882 

CS Ab25 48.421 45.156 

MCS–U  Ab25 92.895 90.214 

MCS–HNO3  Ab25 82.368 81.101 
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4. CONCLUSION 
 

The increasing problems regarding the decontamination of industrial effluents due to their 

toxicity is a great issue now a days. A number of techniques are being used for the purpose. 

Among these the adsorption process, is a powerful technique for treating the coloured 

effluents.  

The aim of this work was to investigate the possible use of locally and abundantly available 

biomass for saving this drastic scarcity of water. Therefore potential of a desert plant 

Haloxylon recurvum, that is available in large quantities in desert areas of the world and an 

agricultural plant Gossypium hirsutum a worldwide available plant, was investigated for 

the removal of hazardous dyes from the contaminated wastewaters. Theses selected 

biomass were further modified with different agents i.e. urea, nitric acid and phosphoric 

acid, to improve their sorption capacities 

It was found that the sorption process of cationic as well as anionic dyes on the untreated 

as well as treated biomass was very simple, fast, economic and an alternative technique to 

the other current expensive methods. The different operational parameters that were 

observed during the studies, it was revealed that all of the adsorbents can be effectively 

employed for the removal of hazardous acidic and basic dyes. In simple, these adsorbents 

serve as financially economic, cost effective and non–conventional adsorbents for 

wastewater treatment.  

The strength of this research work is that, both these plants are locally as well as worldwide 

available biomaterials with both organic and inorganic composition. The organic portion 

includes cellulose, hemicellulose, lignin, proteins etc. and the inorganic portion mainly 

comprises of nitrogen, phosphate etc. 
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All of the untreated and treated biomass were characterized with different techniques to 

investigate their potential for the removal of hazardous material. FTIR indicated the 

presence of functional groups on the surface of biomass that are acting as binding sites and 

responsible for attachment of dyes. FTIR studies revealed that the biomass contain oxygen 

containing groups such as carboxyl, hydroxyl, amino, carbonyl, phosphate and hydroxyl 

groups that proved to be the preferred groups for sorption of dyes. The presence of these 

cellulose, lignin, pectin and hemicellulose components were also indicated by the thermal 

studies of all of the untreated and treated biomass. The SEM studies revealed the porous 

and rough structure of the biomass in which the external surfaces was full of cavities that 

exhibited their high surface area. It was found that the roughness of the surface of the 

biomass increased with modification with different agents that enhanced their sorption 

potentials. 

The elemental analysis of the biomass indicated the %ages of different elements i.e. carbon, 

nitrogen, sulphur and hydrogen present in the biomass. It was found that these %ages of 

different elements were similar to that in the corn gluten, taken as standard. The elemental 

analysis showed that there is relatively low percentage of nitrogen, revealing the low 

content of protein in the untreated and phosphoric acid treated adsorbent. 

Potentiometric studies of all of the biomass revealed that the acidic groups, and especially 

oxygen containing acidic groups played an important role in the sorption of all of the 

studied dyes. The sulfonate groups present on the surface of the biomass contributed to the 

sorption at low pH only. The hydroxyl groups on the surface of the biomass are 

considerably weaker than that of carboxylic groups and therefore interact at a higher pH. 

The pHpzc studies of the adsorbents showed that the different untreated as well as treated 

biomass have different pHpzc. Furthermore it was found that those biosorbents that were 
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acid treated i.e. MHRS–HNO3, MHRS–H3PO4, MCS–HNO3 and MCS–H3PO4 had low 

values of pHpzc than that of untreated and urea treated biomass. 

Many other textural properties of all of the biosorbents were also investigated such as BET 

surface area studies, determination of surface area with methylene blue method, porosity, 

bulk density, moisture, ash, volatile contents and particle size distributions. These 

properties of the biosorbents enhanced with modification. Due to the enhanced properties 

of these biosorbents the sorption capacities of these biosorbents also increased.    

Batch experiments were performed to study the effect of different parameters in the 

sorption process. The studies revealed that the contact time of adsorbate and adsorbent, 

sorbent dose, concentration of the dye solution, pH of dye solution as well as adsorbent, 

temperature of the system and the particle size of the sorbent govern the overall sorption 

process of dye. 

The quantitative removal of all of the dyes with all of the untreated as well as treated 

biomass was observed within a short time of contact i.e. 20–40 min. The data obtained from 

optimized time parameter, was subjected to different linear and nonlinear kinetic models 

for insight learning into the mechanism of dye sorption phenomenon. The sorption data of 

dyes followed the different equilibrium sorption models and sorption capacities of all of 

the biomass were calculated from these linear and nonlinear equilibrium sorption models. 

The qe(cal), obtained from kinetic models was compared to the qe(cal) of other adsorbents 

reported in literature and it was found that all these adsorbents in treated as well as treated 

forms were the potential biosorbents for removal of dyes. The mean free energies of 

sorption of all of the dyes on different adsorbents, determined from DR isotherm were in 

the range of 9–20 KJ/mol confirming the chemisorption by ion exchange mechanism of 

removal of dyes by the different biomass. It was found that all of the untreated as well as 



Conclusion 

 

treated biomass evaluated as potential biosorbents on which the removal of dyes was 

dependent of pH variations. The pH optimization parameter also confirmed that the 

sorption of dyes was also governed electrostatically. It was found that the removal of acidic 

dyes was due to the interaction between the positive charge surface of biomass and negative 

charged dye molecule in acidic medium and vice versa for the basic dyes. Therefore all 

these unmodified and modified adsorbents were found to be potential biosorbents for 

different dyes in different pH ranges.  

 The sorption process in most of the systems was found to be exothermic with negative 

values of ∆Ho. The positive values of ∆So in some of the dye sorption systems confirmed 

the increase in randomness, whereas the negative values of ∆So in other confirmed the 

decrease in randomness at interface of solid and liquid. 

On the basis of these studies, it was found that native HRS and CS as well as their modified 

forms could be employed as economical, cost effecting, simple, fast and eco-friendly 

biosorbents for the removal of hazardous dyes as compared to other expensive methods. 

The desert plant Haloxylon recurvum and the agricultural plant Gossypium hirustum are 

annually and regularly produced plants during the summer season. Therefore instead of 

wasting, the old once can be used as adsorbent for the removal of hazardous molecules for 

making the water clean and saving the earth as well as natural ecosystems.



Future Plans 

 

THE FUTURE PLANS 
 

As the scope of the study was to explore the feasibility of abundantly available desert and 

agricultural plants for the removal of dyes. Metal containing dyes can be applied for 

investigations of potentials of these biomass. The biomass can be modified by many other 

chemicals, organic and inorganic solvents to further enhance their activities. Various 

isotherm models having three of four parameters can be applied on the experimental data 

for insight learning of the mechanism and interactions of dyes with biomass.
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Abstract Conventional technologies for the removal of dyes from the waste water are proving

expensive due to non-regenerable materials used and their high costs. The use of dried biomass from

Haloxylon recurvum plant stems (HRS) was studied for the removal of methylene blue, a textile dye,

from its aqueous solution. FTIR studies revealed a variety of functional groups on the plant surface

including carboxyl and amino groups. The pH at the point of zero charge (pHpzc) was found to be

6.3. The dye uptake by the plant increased with increasing pH, time of contact and dye concentra-

tion. Lagergren Pseudo first order and the Ho’s pseudo second order models were used to study the

kinetics. The Langmuir and Freundlich equilibrium models were studied and the qmax was

22.93 mg/g. The changes in the values of free energy (DGo) and enthalpy (DHo) indicated the spon-

taneous, feasible and exothermic nature of the sorption process. H. recurvum plant is locally avail-

able in large quantities, so the powdered stems can act as a cost-effective and ecofriendly biosorbent

for the removal of the dye from its aqueous solutions.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

In developing countries, environmental pollution caused due
to the discharge of industrial waste water is of major concern.
Usually, untreated and/or partially treated industrial effluents

are being discharged into the natural ecosystem. These
industrial effluents act as major water pollutants. The dyes,

an important class of pollutants, are the compounds which
are organic in nature and present in the industrial effluents.
The presence of the dyes in the water ways is easily detectable

even when released in small concentrations. Synthetic dyes are
being produced on large scale than that of the natural dyes and
are frequently being used in industries. Due to their extensive
applications, the synthetic dyes can cause considerable envi-

ronmental pollution and serious health risks. The presence of
dyes in water bodies is toxic to aquatic as well as human lives,
due to the presence of an aromatic structure; in some cases,

metals in their structure. The dye-contaminated water is muta-
genic, carcinogenic and causes many water-born diseases such
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as nausea, hemorrhage, ulceration of skin and mucous mem-
brane etc. (Yesilada et al., 2003).

Among various methods in operation, adsorption using

activated carbon (AC) is the most common choice but the cost
of AC limits its use. Hence, there is a constant need to the
search for efficient and cost-effective alternatives to activated

carbon to remove dyes from industrial effluents (Garg et al.,
2003).

Biosorption is a promising biotechnology for pollutant

removal from their solutions. The materials of biological ori-
gin are used as sorbents in order to remove dyes from the solu-
tion. These ‘biosorbents’ contain a variety of functional groups
which can complex dyes. Research in the field of biosorption

suggests a number of advantages over other techniques such
as: the material can be found easily as waste or by-products,
materials can be recycled, no need of costly growth media,

methods are simple, and requires less investment. Moreover,
the process is ecofriendly, rapid, easy to operate and indepen-
dent of the physiological constraints of living cells (Farooq

et al., 2010).
In recent years a large number of biosorbents have been

experimented on for use in the removal of dyes, such as Lentil

straw (Celekli et al., 2012), rice husk ash (Chowdhury et al.,
2009), activated carbons of sunflower hull (Thinakaran et al.,
2008), tamarind fruit shell (Saha et al., 2010), Cucumis sativa
Fruit peel (Santhi and Manonmani, 2011), Xanthoceras sorbi-

folia seed coat (Yao et al., 2009), vine stem (Ayan et al., 2011),
cotton seed husk (Zhou et al., 2011) and Castor Seed Hull (Sen
et al., 2010).

The objectives of the present study were to examine the
sorption characteristics of powdered Haloxylon recurvum
stems (HRS), under optimum conditions, for the removal of

methylene blue dye from aqueous solution so as to facilitate
comparison with other adsorbents. The H. recurvum is one
of the dominant halophytic species of the salt desert plant

abundantly available in the Cholistan Desert (Bahawalpur,
Pakistan). It is mostly distributed in Egypt, Palestine, Jordan,
Iraq, Kuwait, Iran and Pakistan (Ahmad, 2006). To the best of
our knowledge, no report other than by Bestani et al. (2008) is

available in the literature on the use of desert plants for the dye
removal. The feasibility of the use of HRS, as low cost adsor-
bent, to determine the kinetics and equilibrium batch sorption

parameters will predict the maximum possible sorption capac-
ity and add a scientific basis to traditional uses of this desert
plant.
2. Materials and methods

2.1. Preparation and characterization of powdered HRS

biomass

All the chemicals and reagents used were of analytical grade,
obtained from Merck (Germany) and were used as such with-
out further purification. The H. recurvum plant stems (HRS)
were collected from the Cholistan Desert in the district of

Bahawalpur, Pakistan. The stems were cut into segments, thor-
oughly washed with tap water to remove dirt and then dried in
open shade. The dried HRS were then ground in a domestic

grinder and screened to different fractions of mesh size i.e.,
>800, 800–400, 400–200, 200–100 and <100 lm. The frac-
tions were soaked in distilled water for two days to remove
any soluble materials, then filtered and dried in the laboratory
at room temperature. These dried fractions were stored in air-
tight plastic bottles. No other physical and chemical treat-

ments were performed prior to batch sorption experiments.
Methylene blue (MB), the adsorbate, was obtained from Sigma
Aldrich. It is also named as Basic Blue 9 (C.I: 52015), basic in

nature having the chemical formula C16H18N3SCl (Fig. 1) and
molecular weight of 319.85 g/mol.

Elemental analysis was performed by using Vario EL III

Elementar using Corn gluten as standard. FTIR spectrum of
HRS biomass was scanned in the range of 4000–400 cm�1

using Perkin Elmer FTIR by standard Nujol mull method
(Fig. 2a). Thermal analysis was performed using Perkin Elmer

TGDTA by adopting the standard method, using a pre-defined
heating program from 25 �C to 645 �C at a rate of 10 �C/min
(Fig. 2b). The point of zero charge pH (pHpzc) of HRS bio-

mass was determined (Fig. 2c) as described by (Abia and Asu-
quo, 2007).

2.2. Batch experiments

The batch experiments were carried out to optimize the exper-
imental parameters like effect of time of contact, dose of bio-
sorbent, concentration of dye, pH, temperature of dye solution

and particle size of biomass. In all the experiments, measuring
flasks of 100 mL were used containing 50 mL of dye solution
of known concentration. A known amount of HRS biomass

was added to the solution and then agitated on an orbital sha-
ker (OS 2B Yellow line) at a constant speed of 400 rpm for a
specific period of time. After this, the samples were withdrawn,

centrifuged (EBA 20 Hettich) for 5 min at 3500 rpm and the
supernatant of each sample was analyzed for remaining dye
concentration at 660 nm (kmax) by using UV–Vis spectropho-

tometer (GallenKamp, SP-50). The difference between initial
and final dye concentrations was considered to be sorbed by
the biomass (HRS).

The amount of the dye adsorbed per unit mass of HRS bio-

mass was calculated by using the following formula

qðqeÞ ¼
X� V

m
ð1Þ

where q(mg/g) = amount of the dye sorbed, X(mg/

L) = sorbed dye concentration, V(L) = volume of the solu-
tion of dye used, m(g) = amount of the biomass used, and

X ¼ C0 � Ce ð2Þ

Co and Ce (mg/L) are the initial and the equilibrium dye

concentration.

2.2.1. Equilibrium models

The Langmuir and Freundlich models were used to study the

equilibrium of the process. The linearized equation for the
Langmuir sorption isotherm model is as follows;
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Figure 2 Characterization of the HRS biomass (biomass particle size <100 lm). (a) FTIR spectrum of HRS biomass, (b) Thermogram

(c) determination of pHpzc.
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Ce

qe
¼ Ce

qmax

þ 1

KLqmax

ð3Þ

Where Ce(mg/L) = equilibrium concentration of dye solution,
qe(mg/g) = Amount of the dye sorbed at equilibrium,
qmax(mg/g) =Monolayer capacity of adsorbent, KL = Lang-
muir adsorption constant. A graph was plotted between Ce/

qe and Ce, and the values of qmax and KL were calculated from
the slope and the intercept respectively (Fig. 3a).

The linearized Freundlich equation is as follows.

ln qe ¼ lnKF þ
1

n
lnCe ð4Þ

Where KF and n= Freundlich constants. A graph was plotted
between lnqe and lnCe, and the values of KF and n were calcu-

lated from the slope and the intercept (Fig. 3c).

2.3. Sorption kinetics

Lagergren’s pseudo first order kinetic model and the Ho’s
pseudo second order kinetic model were applied to elucidate
y = 0.4621x + 1.6727

R
2
 = 0.9936
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Figure 3 (a) Effect of initial dye concentration on the biosorption o

(biomass 200 mg, volume 50 mL and shaking speed 400 rpm).
the kinetics of the sorption process of the MB dye on the sur-
face of the HRS biomass. The linear equations of these models
are given as follows .

lnðqe � qtÞ ¼ ln qe � k1t ð5Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð6Þ

For Lagergren Pseudo first order kinetics, ‘ln(qe�qt)’ vs ‘t’

graph was plotted and the values of kinetic parameters (qe
and k1) were determined from the intercept and slope of the
line (Fig. 5b). For Ho’s pseudo second order kinetics, ‘t/qt’

vs. ‘t’ graph was plotted and k2 and qe were determined from
the intercept and slope of the line (Fig. 5c).

2.3.1. Thermodynamic modeling

The data obtained from temperature studies were used to
determine the thermodynamic parameters, by using the follow-
ing equation.

DG� ¼ DH� � TDS� ð7Þ
2 3 4

(c) 

(a) 

(b) 

f MB by HRS, (b) the Langmuir plot and (c) the Freundlich plot
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where

DGo = �RT lnKd = change in standard Gibb’s free energy
and Kd = qe/Ce

DHo = Change in standard enthalpy and DSo = Change in

standard entropy.
A graph was plotted between DGo and T. The values of DSo

and DHo were calculated from the slope and intercept respec-
tively (Fig. 6b).

2.4. Analytical methods

The wavelength of maximum absorption (kmax) was deter-

mined by measuring the absorbance of 20 mg/L solution of
dye at different wavelengths using UV–Vis spectrophotometer
(GallenKamp, SP-50). All the graphs were plotted by using

Microsoft� Excel 2003. Regression analysis has also been per-
formed to investigate the suitability of certain types of mathe-
matical models.

3. Results and discussion

3.1. Characterization of biomass

The elemental analysis of powdered HRS biomass was per-
formed using a ‘‘Vario EL III Elementar’’ using corn gluten

as standard (C= 45.27%, N = 10.38%, S= 0.85%, H =
5.98%) indicating that the sorbent contains C= 43.07%,
N= 2.104%, S= 0.13% and H= 6.09%.

The selective FTIR bands of HRS are shown in Fig. 2a. A
broad peak at 3321.80 cm�1 represents the –OH stretching
vibrations of carboxylic groups. The –NH asymmetric stretch-

ing of amino groups also occurs in this region. The peak at
1622.23 cm�1 represents C‚Ostretching vibrations of carbonyl
compounds on the surface of the biomass. The peak at

1315.74 cm�1 represents the COO� symmetric stretching vibra-
tions as well as the C–N stretching vibrations. The peak at
1243.44 cm�1 represents the symmetric SO3 stretching vibra-
tions whereas the peak at 1027.93 cm�1 represents the C–OH

stretching vibrations respectively which were due to several
functional groups present on the surface of the biomass. The
peak at 570.26 cm�1 represents O–C–N scissoring vibrations.

The peaks around 1100–1000 cm�1 are known to be character-
istics for all sugar derivatives (Bayramoglu and Arica, 2007;
Won et al., 2009). The FTIR spectrum gives the indication of

the poly functional nature of the biosorbent.
The thermal analysis shows that as the biomass was heated

from room temperature to 100 �C, the moisture in the biomass
was vaporized out. A little degradation occurred until about

200 �C. It might be possible that free radical mechanism oc-
curred to eliminate water and to produce the volatile gases
up to that temperature. It has been observed that between

300–375 �C, the majority of the carbohydrate polymers de-
graded and only lignin remained. The hemicellulose compo-
nents started to decompose at about 225 �C and were almost

completely degraded by 325 �C. Both the acid lignin and milled
wood lignin start to decompose at about 200 �C, but are much
more stable to thermal degradation as compared to the carbo-

hydrate polymers (Rowell, 2005) (Fig. 2b).
To assess the ideal pH for dye sorption, it would be very

helpful to determine the point of zero charge pH of the biosor-
bent (i.e., pHpzc). When biomass is kept in solution having a pH
less than pHpzc of the biomass, it behaves as a positively
charged poly matrix. This attracts the negatively charged ions
present in the solution. An increase in the pH above this point

makes the biomass type deprotonate and act as negative species
and thus it binds the positive ions. This can be shown as follows

�BHþ2 ���������! ���������
belowpHpzc �BH ���������! ���������

abovepHpzc �B�

where –BH represents the biomass type bearing zero charge
(Farooq et al., 2010).

The point of zero charge pH was determined by drawing a
plot DpH (pHi–pHf) vs. initial pH (pHi) (Fig. 2c). Initially, the
pH dropped and then rose smoothly to a maximum value at

pHi 11. The curve intersected the X-axis at pHi = 6.3, indicat-
ing that at this point the biomass type bears no charge. Hence,
the pHpzc of HRS biomass was 6.3. At pH below 6.3
(pH< pHpzc), the surface of the biomass possesses a positive

charge whereas at pH values above the pHpzc (pH > pHpzc)
the surface possesses a negative charge.

3.2. Batch sorption studies

3.2.1. Equilibrium models – effect of initial dye concentration

In the sorption process, initially the solute molecules have to
encounter the boundary layer effect. Then it has to diffuse
from boundary layer to film onto the adsorbent surface. Final-

ly, it has to diffuse into the porous structure of the adsorbent
(Demirbas, 2009). Fig. 3a showed that the plot was a straight
line indicating that the amount of dye sorbed per unit weight
of the sorbent increased with the increase in the initial dye con-

centrations. The experimental qe value increased from 2.44 mg/
g to 20.35 mg/g with increase in initial dye concentration.

At lower concentrations, the ratio of the dye molecule to

the adsorbent sites is higher; therefore all the dye molecules
can interact with the binding sites which cause an increase in
the color removal. At higher concentrations lower adsorption

yield is due to the saturation of adsorption sites (Iscen et al.,
2007; Ozer et al., 2005).

Adsorption isotherms are used to investigate the relation-
ship between the concentration of sorbed species and the sorp-

tion capacity of the sorbing species (Farooq et al., 2010). The
Langmuir and Freundlich adsorption isotherm models are
commonly applied to batch adsorption systems.

The Langmuir isotherm theory assumes a monolayer cover-
age of adsorbate over a homogenous adsorbent surface i.e.,
once a dye molecule occupies a site; no further adsorption

can take place at that site (Hameed, 2009c).
The equilibrium data was used to investigate the fitting of

the Langmuir model for the biosorption of MB onto the

HRS biomass (Fig. 3b). The values of the constants deter-
mined from the plot are shown in Table 1. The value of coef-
ficient of determination R2 was 0.9625, which is very close to
0.98 (the sorption system follows a specific mathematical mod-

el if the R2 value exceeds 0.98 (Farooq et al., 2010). The value
of KL is very high, indicating a strong adsorption of the dye
molecule onto the biomass surface. A very close R2 value indi-

cates that the molecules adsorb on the biomass surface form-
ing a mono layer. The monolayer sorption capacity (qmax)
was found to be 22.94 mg/g.

The Langmuir adsorption constant KL is used in the calcu-
lation of the dimensionless equilibrium parameter or separa-
tion factor RL, which expresses the feasibility of the model.



Table 1 Equilibrium model parameters for the biosorption of MB onto HRS biomass.

Langmuir model parameters Freundlich model parameters

qmax(mg/g) KL (L/mg) R2 RL n KF (mg/g) R2

22.94 134.58 0.9625 7.4 · 10�5 2.16 5.33 0.9936

Figure 4 (a) Effect of pH on biosorption of MB by HRS (initial

dye concentration 20 mg/L, biomass 200 mg, volume 50 mL and

shaking speed 400 rpm) (b) Effect of biomass dose on biosorption

of MB dye by HRS (initial dye concentration 20 mg/L, time

40 min, pH 8, volume 50 mL and shaking speed 400 rpm) (c)

Effect of particle size on biosorption of MB dye onto HRS

biomass (initial dye concentration 20 mg/L, time 40 min, pH 8,

biomass 200 mg, volume 50 mL and shaking speed 400 rpm).
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The value of RL indicates the type of the adsorption isotherm
to be either unfavorable (RL > 1), favorable (0 < RL < 1),

linear (RL = 1) or irreversible (RL = 0) (Hameed et al.,
2009). It is defined as

RL ¼
1

1þ KLC0

ð8Þ

The RL value was far less than 1 (Table 1), so the adsorption of
dye onto HRS was favorable.

The equilibrium data were used to study the Freundlich
model (Fig. 3c) and the parameters are given in Table 1. The

shape of the curve (a straight line) and the R2 value (0.9936)
indicated that the MB-HRS system followed the Freundlich
model. The Freundlich parameter 1/n was quite less than 1,

indicating that the adsorption was quite feasible.
Being a lignocellulosic material, the HRS biomass is poly

functional and porous in nature. Thus its surface favors the

sorption of dye molecules in a multiple layer way rather than
a monolayer manner.

3.2.2. Effect of pH of dye solution

The biosorbent consists of biopolymers with many functional
groups, so that the net charge on the biosorbent, is also pH
dependent (Maurya et al., 2006). When the pH of the system

increases above the pHpzc, the number of negatively charged
sites on the biosorbent increase, due to increase in the hydroxyl
ion concentration where as the number of positively charged

sites decrease (Iqbal and N., 2007). Therefore at higher pH,
the surface of the adsorbent gets more negatively charged by
losing protons (deprotonation of different functional groups
on the surface of the biosorbent) and thus favors the uptake

of positively charged (cationic) dyes due to increased electro-
static force of attraction (Ponnusami et al., 2009). Fig. 4a
shows the biosorption of cationic dye MB. The shape of the

curve is in agreement with the fact that pHpzc is playing an
important role in the biosorptive removal of the dye. The de-
crease in qe value at lower pH is due to the less number of neg-

atively charges cites at the HRS surface. The lower sorption of
MB at lower pH was probably due to the presence of the excess
H+ ions competing with the cationic groups on the dye for
sorption sites (Hameed, 2008). The maximum sorption of the

MB (cationic or positively charged dye) dye was observed at
pH 8. The decrease in the biosorption of MB after pH was
insignificant.

3.2.3. Effect of biomass dose

The adsorption of MB on HRS was studied by varying the
amount of HRS biomass from 1–10 g/L while pH = 8, tem-

perature (298 K) and solution concentration (10 mg/L) were
kept constant (Fig. 4b). It was observed that with increase in
the sorbent dose from 1 to 2 g/L, the sorption of the dye in-

creased. After the dose was increased above 2 g/L, qe value de-
creased significantly. The lower sorption capacity (mg/g) of
biomass at higher sorbent dose may be due to the splitting
effect of flux (i.e., concentration gradient) between the sorbate

and sorbent with increasing sorbent dose, causing a decrease in
the amount of dye sorbed onto the unit mass of the adsorbent.
Another reason of lower uptake of dyes would likely to be the

inter particle interaction, such as aggregation, resulting from
high sorbent concentration. Such aggregation would lead to
a decrease in the total surface area of the sorbent and an in-

crease in diffusion path length (Ozer et al., 2006). Moreover,
the dye concentration is constant but the amount of HRS is in-
creased. This increases the number of sites for a limited num-
ber of dye molecules. Hence, for a dye solution (10 mg/L), 2 g
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of biosorbent per liter of solution is found to be the optimum
value.

3.2.4. Effect of particle size of biomass

The sorbent particle size is an important factor in sorption
kinetics because it determines the time required for transport
of sorbate within the pore to the sorbent sites (Tunc et al.,

2009). The effect of particle size on sorption of MB dye was
Figure 5 (a) Effect of time of contact on MB biosorption onto HRS,

second order kinetic model (initial dye concentration 20 mg/L, 50 mL
studied by conducting a series of experiments with different
particle sizes ranging less than 100–800 lm. Fig. 4c shows that
the sorption of the dye was less when the particle size was

greater than that of 800 lm. In the experimental qe values
the value decreased from 4.84 to 4.32 mg/g of biomass with
an increase in biomass particle size.

The greater sorption at smaller particle size is due to the
fact that the smaller particles move faster in solution than
(b) Lagergren pseudo first order kinetic model and (c) Ho’s pseudo

, pH 8, biomass 200 mg, 400 rpm).
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Figure 6 (a) Effect of change in temperature on the biosorption

of dye by HRS and (b) plot of vs. (DGo T for the determination of

thermodynamic parameters (initial dye concentration 20 mg/L,

time 40 min, pH 8, biomass 200 mg, volume 50 mL and shaking

speed 400 rpm).
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the larger particles. For larger particles, the diffusion resis-
tance to mass transport is higher and most of the internal sur-
face of the particle may not be utilized for sorption and

consequently, the amount of dye adsorbed is small (Ong
et al., 2007). Moreover increasing the surface area due to small
particle size also increases the number of sites, and indirectly

increases the sorption capacity (Tunc et al., 2009).

3.2.5. Effect of contact time – kinetic studies

The contact time is one of the important parameters for suc-

cessful employment of the biosorbents for practical application
(Iscen et al., 2007). The equilibrium time indicates the possible
diffusion control mechanism between the sorbate as it moves

toward the sorption surface (Abia and Asuquo, 2007).
The effect of change in the time of contact has been shown

in Fig. 5a. The initial rapid rise in the slope of the curve (in the

initial 30 min) pointed to the rapid binding of the dye with the
HRS surface (rapid adsorption region). The higher sorption
rate in the initial periods was due to greater number of vacant
sites available on HRS biomass and due to the strong attrac-

tive forces between the dye molecule and the adsorbent (Jaiku-
mar and Ramamurthi, 2009). This rapid increase during initial
stages showed that the nature of binding was a physical one

(Farooq et al., 2010). With the passage of time, the number
of vacant sites decreased resulting in the decreased rate of
dye binding (Uddin et al., 2009). After it, the slope became less

sharp (transition region) indicating the slow sorption rate up
to 40 min. After 40 min of contact, the curve became parallel
to the x-axis i.e., there is no considerable change in the dye

binding with the biomass type. This pointed to the establish-
ment of equilibrium within MB-HRS system and the equilib-
rium time was 40 min.

The equilibrium times of 90 min to 12 h have been reported

for MB sorption on various biomass types from higher plants
(Bestani et al., 2008; Hameed, 2009a,b; Hameed et al., 2009;
Han et al., 2007; Oladoja et al., 2008; Oliveira et al., 2008; Tsai

et al., 2008; Zhou et al., 2011). The time of contact of MB on
HRS is significantly shorter than previously reported ones and
thus points to the possible use of HRS for the removal of MB

from aqueous solutions as an alternative material.
Lagergren Pseudo first order (Lagergren, 1898) and Ho’s

pseudo second order kinetic models (Ho and McKay, 1999)
are mostly applied to study the kinetics of the biosorption sys-

tem. Lagergren Pseudo first order kinetics indicates that the
process of sorption occur at a rate proportional to the dye con-
centration, which is particularly suitable for low concentra-

tions. The second order kinetics is thought to derive from
sorption processes in which the rate controlling step is an ex-
change reaction (Bayramoglu and Arica, 2007).

The data obtained from the effect of time of contact studies
are used to plot the graphs for both the kinetic models (Fig. 5b
and c). The slopes and intercepts are calculated from the equa-
Table 2 Parameters for Lagergren Pseudo first order and Ho’s pseu

HRS.

Lagergren Pseudo first order kinetic model Experim

K1 (min�1) R2 qe(cal) (mg/g) qe(exp)(m

0.084 0.977 3.9590 4.8403
tion of the straight line obtained. Kinetic data and R2 values
are presented in Table 2. The sorption system will follow a spe-
cific kinetic model if the R2 value exceeds 0.98 and the calcu-

lated qe value is comparable to that of the experimental
value (Farooq et al., 2010). The comparison of R2 values
showed that the Ho’s pseudo second order kinetic model was

able to explain the kinetics of the process. The experimental
and calculated qe values were relatively closer for the Ho’s
pseudo second order model rather than for the Lagergren

Pseudo first order model. This is in accordance with the previ-
ous studies that biosorption by agricultural materials followed
a Ho’s pseudo second order kinetic model.

3.2.6. Effect of temperature of dye solution – thermodynamic
parameter

A study of the temperature dependence of sorption reaction

gives valuable information about the enthalpy change during
adsorption. In addition, changing temperature will change
the equilibrium capacity of the adsorbent for a particular
adsorbate (Dogan et al., 2009).
do second order kinetic models for the biosorption of MB onto

ental Ho’s pseudo second order kinetic model

g/g) qe(cal)(mg/g) k2 (g mg�1 min�1) R2

5.5866 0.0244 0.984



Table 3 Comparision of equilibrium time, Biosorption capacity, equilibrium, kinetic models and change in enthalpy values for

methylene blue dye biosorption by various biomass types.

Biomass Bisorption

capacity qmax

(mg g�1)

Equilibrium

time (min)

Equilibrium

model

Kinetic model References

Xanthoceras sorbifolia seed coat 178.6 180 Langmuir PSO Yao et al. (2009)

Azolla filiculoides 166.7 – Langmuir PSO Padmesh et al. (2008)

Spent Cottonseed Husk Substrate 143.5 240 Langmuir PSO Zhou et al. (2011)

Pleurotus ostreatus (Jacq.) P. Kumm.; 70 – Langmuir _Islek et al. (2008)

Haloxylon recurvum stem (HRS) 22.94 40 Freundlich PSO Present work

Salsola vermiculata (desert plant) 22 65 Langmuir _ Bestani et al. (2008)

Cereal chaff 20.3 – – – Han et al. (2007)

Orange peel 15.9 20 Langmuir IPDM Annadurai et al. (2002)

Cotton stalk, Cotton waste, Cotton dust 5.95, 14.04, 15.78 90 Freundlich – Ertas et al. (2010)

Banana peel 13.9 20 Freundlich IPDM Annadurai et al. (2002)

Rice Husk Ash – 60 Temkin PSO Chowdhury et al. (2009)

PSO= Pseudo second order.

IPDM= Intraparticle diffusion model.

S1520 W. Hassan et al.
The plot of the effect of the sorption of MB dye shows that
the sorption of the dye decreased with increase in the temper-
ature of the dye solution. The experimental qe values of the
biomass decreased significantly from 4.82 to 1.46 mg/g with in-

crease in the temperature of the dye solution from 298 to
343 K. This indicated that the sorption process was an exo-
thermic process and that HRS biomass can be effectively used

for removal of the dye at room temperature. The influence of
temperature on the sorption of MB dye has been shown in
Fig. 6a.

The effect of change in temperature on the MB dye sorption
system was studied to determine the thermodynamic parame-
ter and to investigate the nature of the process. The thermody-

namic parameter, Gibb’s free energy change (DGo) (J/mol) was
calculated by using the following equation.

DG
� ¼ �RTlnKd ð9Þ

where Kd = qe/Ce, T is the absolute temperature, R is the uni-
versal gas constant (8.3143 J/mol K) (Jaikumar and Rama-
murthi, 2009).The values of standard enthalpy change and

standard entropy change can be estimated from the following
van’t Hoff equation.

DG� ¼ DH
� � TDS

� ð10Þ

A plot of DGo vs. T yields a straight line (Fig. 6b) and the
values of DHo (kJ/mol) and DSo (J/mol K) were calculated
from the intercept and the slope respectively in the graph

plotted.
The negative value of DGo at the given temperature

indicates the spontaneous nature of the sorption and confirms

the energy free feasibility of the sorption process. The negative
value of DHo (�210.38 J/mol K) and that of DSo (�65.88KJ/
mol) is an implication of the exothermic nature of the sorption
process and decrease in randomness or increased in orderness

at the adsorbate–adsorbent interface respectively. The sorption
capacities of the HRS biomass decreased with the increasing
temperature, showing the exothermic adsorption process.

The value of DHo suggests that the adsorption process might
be considered as physical adsorption in nature (Farooq
et al., 2010).
3.3. The comparison of experimental sorption capacities of H.

recurvum stems (HRS) to some sorbents

In this study the removal of methylene blue by HRS was stud-
ied at various initial dye concentrations, pH and temperatures
for an initial time period of 40 min. Under all conditions stud-

ied the most sorption occurred at 298 K, at pH 8.
The maximum amounts of dye adsorbed by various adsor-

bents in equilibrium time vary as a function of experimental
conditions (Table 3). Especially the contact time has a very

important effect on the estimation of the maximum amounts
of dye adsorbed per unit adsorbent. Some of the biomasses
have much less sorption capacity as compared to the HRS bio-

mass, in spite of all this the time period is much greater for
equilibrium to reach, e.g., Salsola vermiculata (desert plant),
Cereal chaff, Cotton stalk, Cotton waste, Cotton dust, Orange

peel, and Banana peel.
4. Conclusion

The present study is an attempt to explore the possible use of
HRS biomass type for the removal of MB from aqueous solu-
tion. FTIR analysis and the thermal studies revealed that the

presence of carboxyl, hydroxyl, amino groups, cellulose and
hemicelluloses in the biomass as major components. The equi-
librium time for sorption of the dye was 40 min. MB-HRS
sorption system could be explained by the electrostatic attrac-

tion between the negative charge surface of biomass and the
positive charge dye molecule in basic medium. The removal
efficiency of the dye was highly temperature dependent. The

adsorption process was spontaneous and exothermic in nature
which was further confirmed by the studies of thermodynamic
parameters. A very good agreement with experimental data

indicated that the sorption of dye on HRS biomass followed
the Lagergren Pseudo first order kinetics. The sorption capac-
ity and other parameters of the used biomass was compared

with other reported biomasses and concluded that the H.
recurvum stems could be employed as a low cost and eco-
friendly biosorbent. It can be used as an alternative to the
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expensive methods of removing MB dye from the textile and
leather industries effluents.
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