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ABSTRACT 

The objective of study was to establish the potential of inexpensive and locally available 

biomaterial i.e. lignocellulosic waste of Citrus fruits as biosorbent to remove reactive dyes 

from aqueous solution. The Citrus waste biomasses i.e. Citrus reticulata, Citrus sinensis, 

Citrus limetta and Citrus paradisi were analyzed and screened having optimum sorption 

capacity for reactive dyes. Citrus sinensis biosorbent was selected and its sorption potential 

for Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 49 was 

investigated with variation in the parameters such as pH, biosorbent dose, initial dye 

concentration and temperature. Biosorbent was chemically treated by organic and inorganic 

reagents of which acetic acid enhanced the sorption capacities for Reactive yellow 42, 

Reactive blue 19 and Reactive blue 49; and acetonitrile for Reactive red 45 attaining 

equilibrium in 60 minutes. While immobilization of biosorbent into calcium alginate beads 

decreased the sorption capacity and prolonged the time to achieve equilibrium upto 120 

minutes in case of all reactive dyes.  Experimental data showed good fit with the Freundlich 

adsorption isotherm. Pseudo second order rate law described best the sorption mechanism 

with a high coefficient of determination (R2 =0.99). The mechanism of sorption was found to 

be physiosorption. FT-IR analysis of biosorbent revealed the presence of C=O, C−O, NH and 

OH groups on the surface of biosorbent. SEM imaging of biosorbent surface before and after 

biosorption visualized fibrous texture of biosorbent. Desorption experiments were also 

performed to regenerate the biosorbent making the process more economical and 

environment friendly. The interactive effect of pH, biosorbent dose and dye concentration on 

the sorption capacity of Citrus sinensis biosorbent was investigated using central composite 

design matrix and response surface methodology. The probability values less than 0.0001 

designated the good fit of sorption data by the model. High values of coefficient of 

determination (R2 0.987, 0.998, 0.988 & 0.999 for Reactive yellow 42, Reactive red 45, 

Reactive blue 19 and Reactive blue 49, respectively) indicated evaluation of biosorption data 

by second order polynomial equations very well. The interactive effect of pH, biosorbent 

dose and dye concentration was found significant and sorption capacity was optimum at 

acidic pH range, smaller biosorbent dose and higher dye concentrations.  The results proved 

Citrus sinensis to be a favorable biosorbent to be applied on industrial scale. 
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Chapter-1 

                                                

INTRODUCTION 

Environmental issues in Pakistan threaten the economy and the population’s health due to 

lack of awareness about pollution and environmental issues until the early 1990s. Per 

capita water availability in Pakistan has been declining at an alarming rate. After the 

establishment of Pakistan Environmental Protection Council many institutional, policy 

and regulatory developments have taken place at the Federal and Provincial levels. For 

decades, management and treatment of contaminated water sources has been major area 

of scientific concern (Akhtar et al., 2006). 

Many industries such as textile, paper and pulp, printing, iron-steel, coke, 

petroleum, pesticide, paint, solvent, pharmaceutics, wood preserving chemicals, consume 

large volumes of water, and organic based chemicals.  Due to stringent restrictions 

applied on the organic content of industrial effluents, the textile industry and scientists 

are seeking to develop effective wastewater remediation technologies.  

Synthetic dyes have found wide applications in industries like rubber, textiles, 

plastics, paper and cosmetics etc., for the coloration of products (Chiou and Lee, 2002; 

Viraghavan and Yun, 2008). Synthetic dyes used in textile industry are ultimately 

discharged into effluents, which find its way to the environment. Moreover, about 2% of 

dyes synthesized are discharged directly in aqueous effluents and result in the production 
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of considerable amount of colored waste-water (Robinson et al., 2002; Pearce et al., 

2003). Public perception of water quality is generally high and greatly influenced by the 

color because the presence of very small concentrations of dyes (in ppm) in water is 

highly visible and undesirable (Banat et al., 1996; Robinson et al., 2002; Kumar and 

Porkodi, 2007; Nigam et al., 2007; Pavan et al., 2008). Now it is an established fact that 

color is the first contaminant in wastewater. Faisalabad being a large textile sector of 

Pakistan is seriously exposed to the problem. 

Dyes released in water reservoirs absorb and reflect the sunlight interfering with 

the penetration of sunlight through water and eventually disturbs aquatic life and affect 

food chain (Banat et al., 1996; Raghuvanshi et al., 2004; Cengiz and Cavas, 2008). Many 

of these dyes are also toxic and even carcinogenic and this poses a serious hazard to 

aquatic living organisms (Vandevivere et al., 1998; O~Neill et al., 1999; Akar et al., 

2008; Hameed et al., 2008). Synthetic dyes are purposely made up of complex aromatic 

molecular structures constructed to resist fading on exposure to sweat, soap, water, light 

and oxidizing agents and render them high stability (Poots et al., 1976; McKay, 1979). 

As a result, dyes are recalcitrant to conventional biological treatment particularly for 

aerobic digestion and also stable to oxidizing agents (Fu and Viraraghavan, 2001; Radha 

et al., 2005; Crini, 2006; Akar et al., 2008; Mohan et al., 2008; Gadd, 2009).   

Dyes may be acidic, basic, direct, reactive, disperse and metal-complex dyes 

classified on the basis of method of application on to fabric. The only thing in common is 

their ability to absorb light in the visible region. Acidic, direct and reactive dyes are 

anionic, basic dyes cationic and disperse dyes are neutral molecules. The chromophores 
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in anionic and non-ionic dyes are mostly azo groups or anthraquinone types. The 

reductive cleavage of azo linkages results in the production of toxic amines in the 

effluent. Anthraquinone-based dyes consist of fused aromatic structures and are more 

resistant to degradation (Aksu, 2005).  

Reactive dyes have widespread applications in textile industries to color the 

cellulosic fibers regarding desired characteristics of bright color, water fastness and easy 

application techniques (Yang and Al-Duri, 2001; O’Mahony et al., 2002; Aksu, 2005). 

Reactive dyes are composed of azo or anthraquinone based chromophores and different 

types of reactive groups. Reactive group may be a heterocycle such as chlorotriazine, 

trichloropyrimidine, difluorochloropyrimidine or it may be an activated double bond like 

vinyl sulphone (Raymound and Dunald, 1984; Mahmoud et al., 2007). Chemical 

Structures of some reactive groups are shown in Table 1. Reactive dyes are first adsorbed 

and then develop covalent bonding with textile fibers such as cotton by reactive groups.  

 

 

However, reactive dyes are water soluble and 10–50% of the dye is left in the dye 

bath giving a highly colored effluent causing serious types of problems in the 

environment (Al-Degs et al., 2000). Moreover, reactive dyes being chemically stable and 

having low biodegradability tend to pass through conventional treatment plants 
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unaffected so their removal is of great importance (Chern and Huang, 1998; Ozacar and 

Sengil, 2003). 

Table 1.1: Chemical Structures of reactive groups responsible for the formation of 

covalent bonds with fiber. 

 

 

Conventional treatment methods may be physical, chemical and biological 

including adsorption, coagulation/flocculation, advanced oxidation processes, ozonation, 

membrane filtration, electroflotation, electrokinetic coagulation, electrochemical 
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destruction, ion-exchange, irradiation, precipitation and biological treatment (Lin and 

Lin, 1993; Ulker and Savas, 1994; Spadaro and Tenganathan, 1994; Adams et al., 1995; 

Mao and Smith, 1995; Slokar and LeMarechal, 1998; Forgacs et al., 2004). These 

methods may be effective in decolorization of effluent but are rather expensive and 

technically complicated (Gong et al., 2005; Padmseh et al., 2005; Akar et al., 2008). 

These methods also generate large amount of sludge with evident disposable problems. 

Of these methods, sorption has been distinguished as the most popular treatment method 

and gives the best results as it can be used to remove different types of coloring materials 

(Jain et al., 2003; Ho and McKay, 2003; Ozacar and Sengil, 2005; Kumar and Sivanesan, 

2007).  

Sorption refers to the action of either absorption or adsorption. Absorption is the 

incorporation of a substance in one state into another of a different state (e.g., liquids 

being absorbed by a solid or gases being absorbed by a liquid). Adsorption is the physical 

adherence or bonding of ions and molecules onto the surface of another molecule. There 

are many advantages like high efficiency, simple operation, easy recovery and reuse of 

adsorbent (Robinson, et al., 2002, Garg, et al., 2003, Abdel-Ghani, et al., 2007; Babel 

and Opiso, 2007). Commercial systems mostly use activated carbon as sorbents for 

removal of dyes from wastewater having excellent adsorption ability (McKay et al., 

1987, Low et al., 1995; Robinson et al., 2002; Ozacar and Sengil, 2005; Bayramoglu and 

Arica, 2007; Ncibi et al., 2007; Pavan et al., 2008). However its widespread use is 

restricted due to high cost. Recently, numerous approaches have been studied for the 

development of cheaper and effective adsorbents.  
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Biosorption has been established as an effective technology to remove dye 

molecules from dilute aqueous solutions using inactive and dead biomass (Tsezos, 2001; 

Aksu and Isoglu, 2005). Mostly scientific research on biosorption has been carried out 

with metals and related elements; the term is now applied to particulates and all kinds of 

organic substances including dyes (Aksu, 2005). Biosorption is a physico-chemical 

process and involves a number of metabolism-independent processes (physical and 

chemical adsorption, electrostatic interaction, ion exchange, complexation, chelation, and 

microprecipitation) taking place essentially in the cell wall of plants and microbial cells. 

Biosorption is generally rapid process and uses cheaper materials such as waste biomass 

from agriculture and industry being abundant in nature, inexpensive and require little 

processing (Volesky et al., 1999; Karthikeyan et al., 2007). Biosorption is a finishing 

technology and reduce the concentration of dyes in large volumes of wastewaters to very 

low levels (Fu and Viraraghavan, 2002).  

A wide range of microbial biomass types including archaea, bacteria, (Calfa and 

Torem, 2008), cyanobacteria (Vijayaraghavan et al., 2007), algae (Mohan et al., 2007), 

macroalgae (Murphy et al., 2007), fungi (Kapoor and Viraraghavan, 1995), chitin  

(Tsezos and Volesky, 1982), chitosan (Guibal, 2004), plant materials (Zhang and Banks, 

2006; Nasir et al., 2007; Ahluwalia and Goyal, 2007) and animal materials (Niua et al., 

2007) have been exploited to identify highly efficient biosorbents that are cost effective. 

Other agricultural solid wastes from cheap and readily available resources such as tree 

fern (Ho et al., 2005), palm fruirt bunch (Nassar and Magdy, 1997), eucalyptus bark 

(Morais et al., 1999), date pits (Banat et al., 2003), pith (Ho and Mckay, 2003), corncob 
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(Robinson et al., 2002), barley husk (Robinson et al., 2002), wheat straw (Robinson et 

al., 2002), wood chips (Kun-She et al., 2000; Low et al., 2000; Nigam et al., 2000), rice 

husk (McKay et al., 1999), sugar cane sawdust (Khattri and Singh, 1999), banana peel 

(Annadurai et al., 2002) and orange peel (Rajeshwarisivaraj et al., 2001; Namasivayam et 

al., 1996) have been successfully employed for the removal of dyes from aqueous 

solution.  

This research work was planned to search inexpensive and easily available 

biosorbent with following objectives: 

 Evaluation and screening of the potential sorption capability of free; immobilized 

and chemically treated lignocellulosic waste of Citrus fruit. 

 Optimization of various experimental parameters such as dye concentration, 

biosorbent dose, particle size, pH, temperature, and contact time. 

 Investigation of interaction effect of significant independent variables by response 

surface methodology. 

 Investigation of the effects of salts, surfactants and heavy metal ions. 

 Computation of equilibrium, kinetic and thermodynamic parameters. 

 Regeneration of the used biosorbent.  

 Characterization of biosorbent by FT-IR, XRD and SEM studies.  
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Chapter-2 

                                     REVIEW OF 

LITERATURE 

A comprehensive review of biosorbents used for sorption of reactive dyes is discussed 

taking into account chemical modification and immobilization of biosorbents and 

influence of various physicochemical factors with equilibrium, kinetic and 

thermodynamic modeling and finally the regeneration of biosorbent.  

2.1 Chemical treatments of biosorbents 

Pereira et al. (2003) modified the surface chemistry of a commercial activated 

carbon, without changing significantly its textural properties, by means of chemical 

treatments, using HNO3, H2O2, NH3, and thermal treatments under a flow of H2 or N2. 

The surface chemistry and textural properties of resulting samples were characterized and 

tested for the removal of different classes of dyes. It was concluded that the surface 

chemistry of the activated carbon plays the chief role in dye adsorption performance. The 

basic sample obtained by thermal treatment under H2 flow at 700 °C was found the best 

material for the adsorption of most of the dyes tested and a close relationship between the 

surface basicity of the adsorbents and dye adsorption was found for anionic dyes 

(reactive, direct and acid). The main adsorption mechanism was studied to be interaction 
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between the oxygen-free Lewis basic sites and the free electrons of the dye molecule. 

However the acid oxygen-containing surface groups showed a positive effect for cationic 

dyes (basic) but thermally treated samples still presented good performances. These 

results indicted the existence of two parallel adsorption mechanisms involving 

electrostatic and dispersive interactions and were also confirmed in the color removal 

from a real textile process effluent.  

Arıca and Bayramoglu (2007) investigated the sorption capacities and 

mechanisms of native and treated white-rot fungus “Lentinus sajur-caju” for removing 

Reactive Red 120 from aqueous solution with different parameters, such as adsorbent 

dosage, pH, temperature and ionic strength. The optimum dye uptake on all the fungal 

biomass preparations was observed at pH 3.0 and 800 mg/l dye concentration. The dye 

uptake capacities of the biosorbents were found to be 117.8, 182.9, 138.6 and 57.2 mg/g 

for native and heat treated, acid and base treated dry fungal preparations, respectively. 

The uptake capacities of the fungal preparations for the dye fall in the order: heat treated> 

acid-treated > native > base-treated. 

Ncibi et al. (2007) investigated the effect of pretreatments with HNO3, H3PO4, 

H2O2 and NaOCl on the biosorption potential of Posidonia oceanica (L.) leaf sheaths for 

the removal of reactive textile dye from aqueous solutions. Pretreatments of fibers with 

H3PO4 and HNO3 solutions increased the adsorption efficiency up to 80 %. 

Vijayaraghavan and Yun (2007) employed the fermentation waste biomass of 

Corynebacterium glutamicum as a biosorbent for Reactive Black 5 from aqueous 

solution. They studied the effect of pretreatment on the biosorption capacity of C. 
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glutamicum for Reactive black 5 using several chemical agents like HCl, H2SO4, HNO3, 

NaOH, Na2CO3, CaCl2 and NaCl. 0.10 M HNO3 treated biosorbent exhibited maximum 

sorption capacity, (195 mg/g) at pH 1 with an initial dye concentration of 500 mg/L. 

Lima et al. (2008) compared the sorption capacity of the Brazilian pine-fruit shell 

(Araucaria angustifolia) with chemically treated Brazilian pine-fruit shell (PW) with 

chromium (Cr–PW), with acid (A–PW), and with acid followed by chromium (Cr–A–

PW) for the removal of non-hydrolyzed reactive red 194 (NRR) and hydrolyzed reactive 

red 194 (HRR) forms from aqueous solutions. The treatment of the Brazilian pine-fruit 

shell with chromium (Cr–PW and Cr–A–PW) resulted in remarkable increase in the 

specific surface area and average pore volume of these biosorbents when compared to 

unmodified Brazilian pine-fruit shell (PW) and hence leaded to greater biosorption 

potential. 

Vijayaraghavan and Yun (2008) studied the biosorption of C.I. Reactive Black 5 

from aqueous solution using the brown seaweed, Laminaria sp., in both batch and 

column modes of operation. They found that the protonation of Laminaria biomass with 

0.10 M HCl considerably enhanced its biosorption capacity for Reactive Black 5. 

Bouberka et al. (2009) studied the adsorption of the acid dye Supranol Yellow 

4GL (S.Y. 4 GL) from aqueous solution on an inorgano–organo clay. Bentonite is 

naturally occurring clay with good exchanging ability and the properties of natural 

bentonite can be greatly improved by exchanging its interlamellar cations with 

cetyltrimethylammonium bromide (CTAB) and hydroxyaluminic or chromium poly 
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cations, Batch adsorption tests of Supranol Yellow 4 GL were carried out at 20°C and 

constant pH 6.5.  

Mao et al. (2009) reported the possibility of enhancing the reactive dye 

biosorption capacity of Corynebacterium glutamicum via its cross-linking with 

polyethylenimine (PEI) assuming that the amine groups in the cell wall of C. glutamicum 

could develop electrostatic interactions with reactive dye anions. Thus, cross-linking the 

biomass with PEI enhanced the availability of the primary and secondary amine groups, 

thus increasing the biosorption of reactive dye. The pH edge experiments revealed that 

acidic conditions could favor Reactive Red 4 (RR 4) biosorption due to protonation of the 

amine groups. According to the Langmuir model, the polyethylenimine modified C. 

glutamicum exhibited a maximum dye uptake capacity of 485.1 mg/g compared to 171.9 

mg/ g of the raw C. glutamicum. The kinetic study revealed the decrease in the rate of 

biosorption by chemical modification. Desorption was found effective at pH 9 with the 

biomass successfully regenerated and reused over four cycles. 

2.2 Immobilization of biosorbents 

Chen et al. (2003) immobilized a microbial consortium having a high capacity for 

rapid decolorization of azo dye (RED RBN) by a phosphorylated polyvinyl alcohol 

(PVA) gel. The immobilized-cell beads expressed a color removal potential of 75 % even 

at a high concentration of RED RBN (500 mgL-1) within 12 h using flask culture. From 

the economical perspective, different low cost nitrogen sources such as fish meal, 

soybean meal, pharmamedia and vita yeast powder were explored. 
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Vijayaraghavan and Yun (2007) carried out research work on the development of 

a practical biosorbent for the decolorization of textile effluents. The fermentation waste 

biomass of Corynebacterium glutamicum after decarboxylation and immobilization in 

polysulfone matrix performed well in decolorization of simulated reactive dye bath 

effluent comprised of four different reactive dyes and other auxiliary chemicals. 

Vijayaraghavan et al. (2008) performed immobilization of the amino acid 

fermentation industry waste, Corynebacterium glutamicum, in a polysulfone matrix due 

to its excellent biosorption capacity towards methylene blue (MB) for the purpose of 

practical application in solid–liquid separation and biomass regeneration. The pH edge 

experiments revealed that neutral or alkaline pH values favored MB biosorption. 

Isotherm experiments revealed that C. glutamicum exhibited slightly inferior dye uptake 

in immobilized state as compared to free biomass and also took a long time to achieve 

equilibrium. Biosorption data applied to Weber–Morris model clearly indicated the 

intraparticle diffusion as the rate controlling step.  

Ergene et al. (2009) performed immobilization of the green algae Scenedesmus 

quadricauda in alginate gel beads. The immobilized active (IASq) and heat inactivated S. 

quadricauda (IHISq) were utilized for the removal of Remazol Brilliant Blue R (CI 

61200, Reactive Blue 19, RBBR) from aqueous solutions in the concentration range 25–

200 mg L−1. At 150 mg L−1 initial dye concentration the immobilized active S. 

quadricauda and immobilized heat inactivated S. quadricauda revealed the highest dye 

sorption capacity at 30 °C, at the initial pH value of 2.0. The adsorption capacity was 

determined for the immobilized active S. quadricauda as 44.2; 44.9 and 45.7 mg g−1 in 
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30, 60 and 300 min, respectively, at the same initial dye concentration in the batch 

system. The adsorption capacity hardly changed after 300 min during the course of 

experiment. The adsorption capacity of immobilized heat inactivated S. quadricauda was 

found as 47.6; 47.8 and 48.3 mg g−1 in 30, 60 and 300 min, respectively and not changed 

after 300 min up to 24 h. The Langmuir, Freundlich, Temkin, Dubinin–Radushkevich and 

Flory–Huggins isotherm models were used to fit the equilibrium biosorption data and it 

was found that the Langmuir, Freundlich and Dubinin–Radushkevich equations have 

better coefficients than Temkin and Flory–Huggins equation describing the Reactive Blue 

19 dye adsorption onto immobilized active S. quadricauda and immobilized heat 

inactivated S. quadricauda. The monomolecular biosorption capacity of the biomass was 

found to be 68 and 95.2 mg g−1 for immobilized active and heat inactivated S. 

quadricauda, respectively. The mean free energy was calculated as 6.42–7.15 kJ mol−1 

immobilized active and heat inactivated S. quadricauda from the Dubinin–Radushkevich 

model indicating the physical nature of biosorption phenomenon. The kinetic 

characteristics of experimental data were determined that showed the biosorption process 

of dye to be well explained with pseudo-second-order kinetics. 

2.3 Physicochemical factors influencing biosorption  

Karcher et al. (1999) investigated cucurbituril, a cyclic hexamer with internal 

hydrophobic cavity, as sorbent for removal of reactive dyes. Sorption capacity as high as 

1 g/g and more were obtained, making the method attractive for technical application. 

Incorporation of calcium favored sorption and a minimum of 1 to 5 mmol/L calcium was 

needed for efficient sorption. However, salt concentrations of100 mmol/L and above 
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decreased sorption efficiency due to increased solubility of cucurbituril in salt solutions. 

The pH has little influence between 4 and 7.5 and sorption decreased by increasing pH. 

The salt influences were similar for most of the tested dyes whereas the pH-effect varied 

from dye to dye. 

Robinson et al. (2002) evaluated the biosorption potential of apple pomace and 

wheat straw for removal of textile dyes of varying dye concentrations of 10, 20, 30, 40, 

50, 100, 150, and 200 mg/L along with a synthetic effluent consisting of an equal mixture 

of five textile dyes. One gram apple pomace removed 81% of dyes from the synthetic 

effluent at a particle size of 2mm×4mm and 91% at 600 mm. Adsorption rate of dyes on 

apple pomace was faster as compared to wheat straw.  

Aksu and Donmez (2003) compared biosorption capacities and rates of different 

kinds of dried yeasts (Saccharomyces cerevisiae, Schizosaccharomyces pombe, 

Kluyveromyces marxianus, Candida sp., C. tropicalis, C. lipolytica, C. utilis, C. 

quilliermendii and C. membranaefaciens) for Remazol Blue reactive dye from aqueous 

solutions under laboratory conditions as a function of initial pH and initial dye 

concentration. The maximum biosorption was found at the initial pH 2 for all the yeasts. 

All the yeast species showed comparable and high sorption capacities at 100 mg/L initial 

dye concentration. The equilibrium sorption capacity of the biomass increased with 

increasing initial dye concentration up to 400 mg/l for Candida sp. C. lipolytica and C. 

tropicalis; up to 300 mg/L for C. quilliermendii and C. utilis and up to 200 mg/L for S. 

cerevisiae, S. pombe, K. marxianus and C. membranaefaciens. However the adsorption 
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yield of dye gave the opposite trend for all the yeasts. C. lipolytica exhibited the highest 

dye sorption capacity (250 mg/g) among the nine yeast species.  

Özacar and Sengil (2003) practiced an attempt to alleviate the problem caused by 

the presence of reactive dyes in textile effluents by using alunite; very abundant and 

inexpensive, as a potential adsorbent for a certain type of the supracited pollutants used in 

cellulose fibers dyeing. The adsorption of Reactive Blue 114 (RB114), Reactive Yellow 

64 (RY64) and Reactive Red 124 (RR124) by calcined alunite was assessed by varying 

parameters such as the calcination temperature and time, particle size, pH, agitation time 

and dye concentration. Acidic pH was found favorable for the adsorption of Reactive 

Blue 114 and alkaline pH was good for both Reactive Yellow 64 and Reactive Red 124.  

Zhang et al. (2003) examined the biosorption potential the mycelium pellets of 

Penicillium oxalicum for three reactive dyes that were rapidly adsorbed by the said 

biosorbent. Dye exclusion of Reactive Blue 19 was up to 60 % in 10 min and 91 % in 80 

min. Dye adsorption isotherms fitted Langmuir model well and the maximum adsorption 

capacities at 20 °C were measured to be 160 mg g−1 for Reactive Blue 19, 122 mg g−1 for 

Reactive Red 241 and 137 mg g−1 for Reactive Yellow 145, respectively. The pellets 

demonstrated a high dye adsorption capacity (80–180 mg g−1) for all of the 3 dyes in the 

pH range (2–10), and the highest adsorption was gained at pH 2. The adsorption capacity 

was slightly increased by increasing salinity.  

Alkan et al. (2004) studied the removal of an acid dye; acid yellow 49 onto 

sepiolite in a batch reactor as a function of ionic strength, pH and temperature. 

Adsorption process was reached to the equilibrium within 1 h. The adsorption of acid 
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yellow 49 increased with increasing ionic strength and temperature, although decreased 

with increasing pH. The experimental data were reasonably correlated by Freundlich 

isotherm. The results indicated that sepiolite could be employed as a substitute of 

commercial adsorbents in wastewater treatment for the removal of color and dyes. 

Aksu and Tezer (2005) investigated the biosorption of three vinyl sulphone type 

reactive dyes (Remazol Black B (RB), Remazol Red RR (RR) and Remazol Golden 

Yellow RNL (RGY)) onto dried Chlorella vulgaris, a green alga in a batch system. The 

algal biomass showed the highest sorption capacity at the initial pH value of 2.0 for all 

dyes and at 35°C for Remazol Black B and at 25°C for Remazol Red RR and Remazol 

Golden Yellow RNL. Biosorption capacity of alga increased with increasing initial dye 

concentration up to 800 mg/L for Remazol Black B and Remazol Red RR dyes, and up to 

200 mg/L for Remazol Golden Yellow RNL dye. Remazol Black B was adsorbed most 

efficiently by the biosorbent to a maximum of 419.5 mg/g among the three dyes. 

Sakkayawong et al. (2005) evaluated the ability of chitosan to remove the color 

from synthetic reactive dye wastewater (SRDW) under acidic and caustic conditions. The 

effect of the initial pH on synthetic reactive dye wastewater indicated the possibility of 

electrostatic interaction between the effective functional groups (amino groups) and the 

dye under acidic conditions. Moreover, synthetic reactive dye wastewater adsorption 

under caustic conditions was also influenced by the covalent bonding of dye and 

hydroxyl groups of chitosan. The elution tests defined the occurrence of chemical 

adsorption occurred under acidic conditions, while both physical and chemical adsorption 

under caustic conditions. However, the maximum adsorption capacities of chitosan 
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increased with the raising temperature. The maximum adsorption capacity of chitosan 

based on the Langmuir model was 68, 110, and 156 mg g−1 under a system pH of 11.0 at 

20, 40, and 60°C, respectively. The negative values of enthalpy change (ΔH°), free 

energy change (ΔG°), and entropy change (ΔS°) designated an exothermic, spontaneous 

process and ordering of the system, respectively. Hence the mechanism of synthetic 

reactive dye wastewater adsorption by chitosan was most likely chemical adsorption for a 

wide range of pH’s and at high temperatures. 

Aksu and Isoglu (2006) investigated the biosorption potential of dried sugar beet 

pulp for Gemazol turquoise blue-G, a copper–pthalocyanine reactive dye. The results of 

batch adsorption studies carried out to examine the influence of various parameters such 

as initial pH, temperature and initial dye concentration indicated that adsorption was 

strongly pH-dependent and slightly temperature-dependent. Dried sugar beet pulp 

exhibited the highest Gemazol turquoise blue-G uptake capacity of 234.8 mg g−1 for 800 

mgL−1 initial dye concentration of pH 2 at 25 ◦C. 

Nacera and Aicha (2006) investigated the biosorption of basic dye, methylene 

blue, onto dead Streptomyces rimosus with respect to solute concentration, contact time, 

adsorbent dose and temperature. The results revealed that as the amount of the dead 

bacterial biomass increased, the percentage of dye sorption increased simultaneously. The 

bacterial biomass demonstrated the highest methylene blue uptake capacity at 20 °C. 

Biosorption capacity decreased from 9.86 to 6.93 mg g−1 with an increase in temperature 

from 20 to 50°C at the initial methylene blue concentration of 50 mg L−1. 
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Kim et al. (2006) experienced the application of carbon cryogel microspheres (CC 

microspheres) with controlled porous structure as adsorbents of reactive dyes (Black 5 

and Red E) from aqueous solutions. Adsorption experiments using a commercial 

activated carbon were also performed for the purpose of comparison. Carbon cryogel 

microspheres could be produced with varying mesoporosity by altering the amount of 

basic catalyst used in the inverse emulsion polymerization of resorcinol with 

formaldehyde. The amounts Reactive Black 5 and Reactive Red E on carbon cryogel 

microspheres were adsorbed larger than those on activated carbon. The adsorption 

capacities of carbon cryogel microspheres for both reactive dyes increased with an 

increase in the size of the mesopores of the adsorbents. This study confirmed the 

potential of carbon cryogel microspheres with a developed and controlled mesoporosity 

as efficient adsorbents for the selective removal of reactive dyes from water. 

Santhy and Selvapathy (2006) investigated the removal efficiency of activated 

carbon prepared from coir pith for three reactive dyes. Batch biosorption experiments 

showed increased removal of dyes with an increase in contact time and carbon dose. 

Maximum decolorization of all the dyes was observed at acidic pH. 

Han et al. (2007) investigated a new adsorbent, the fallen phoenix tree’s leaf, for 

the purpose of removal of methylene blue (MB) from aqueous solutions. Variables of the 

system like contact time, leaf dose, solution pH, salt concentration and initial MB 

concentration were defined and their influence was studied on methylene blue 

biosorption. The results showed the decrease in the percentage of MB sorption as the 

dose of leaf increased however there was no significant difference in the quantity of MB 
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adsorbed onto leaf within the pH range 4.5–10.0. The salt concentration showed negative 

effect on MB removal. 

Kumari and Abraham (2007) screened the nonviable biomass of Aspergillus 

niger, Aspergillus japonica, Rhizopus nigricans, Rhizopus arrhizus, and Saccharomyces 

cerevisiae for biosorption of anionic reactive dyes; C.I. Reactive Black 8, C.I. Reactive 

Brown 9, C.I. Reactive Green 19, C.I. Reactive Blue 38, and C.I. Reactive Blue 3. 

Biosorption experiments were performed at initial dye concentration of 50, 100, 150 and 

200 mg/L and the effect of dose of biosorbent, temperature and pH on adsorption kinetics 

was studied. S. cerevisiae and R. nigricans were found efficient biosorbents at initial dye 

concentration of 50 mg/L, 1 g% (w/v) biomass loading and 29 ± 1°C. 90–96% dye was 

adsorbed by R. nigricans in 15 minutes at 20 °C and pH 6.0. The data showed excellent 

fit to the Langmuir and Freundlich isotherms. The maximum uptake capacity for the 

selected dyes was in the range 112–204 mg/g biomass. 

Ncibi et al. (2007) reported the Mediterranean seagrass Posidonia oceanica (L.) 

leaf sheaths as low cost, easily available and reusable biosorbent for the removal of 

reactive textile dye from aqueous solutions. Batch experiments were carried out for 

sorption kinetics and isotherms. Biosorption capacity increased by increasing the 

temperature and optimum color removal was found at pH 5. 

Thangamani et al. (2007) prepared activated carbon from silk cotton hull and 

analyzed its sorption potential to remove a textile dye (reactive blue MR) from aqueous 

solution under varying conditions of agitation time, dye concentration, adsorbent dose 

and pH. Adsorption depended on solution pH, dye concentration, carbon concentration 
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and contact time. Equilibrium was achieved within 60 min. The adsorption capacity was 

found to be 12.9 mg/g at an initial pH of 2±0.2 for the particle size of 125–250 μm at 

room temperature. 

Choi et al. (2008) studied the effect of cationic surfactant in order to enhance the 

adsorption capacity of Reactive black 5 (RB5) by activated carbon (AC) using 

cetylpyridinium chloride (CPC). Three different activated carbons were studied; pure AC, 

AC in CPC solution and pre-coated AC by CPC. The sorption kinetics followed pseudo-

second-order kinetic model regardless of surfactant presence. Equilibrium adsorption 

capacities were established by fitting experimental data to three well-known isotherm 

models; Langmuir, Freundlich and double scheme of Langmuir model. It was found that 

cationic surfactant could enhance sorption capacity of Reactive black 5 on activated 

carbon, and the extent of improvement is highly reliant with pore size distribution of 

activated carbon. 

Ju et al. (2008) tested low cost; locally available biomaterial; granules prepared 

from dried activated sludge (DAS), for its ability to remove reactive dye (Rhodamine-B) 

from aqueous solution. The effects of various experimental parameters (dye 

concentration, sludge concentrations, swelling, pretreatment and other factors) were 

examined and optimal experimental conditions were determined. Equilibrium was 

established in nearly 15 min and Rh-B dyes could be removed effectively. Dye removal 

performance of dried activated sludge increased with increasing dye concentrations. The 

acid pretreated biomass exhibited a slightly better biosorption capacity than alkali 
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pretreated or non-pretreated biomass. The optimum swelling time for dye adsorption of 

the dried activated sludge was found to be 12 h.  

Vijayaraghavan and Yun (2008) studied the sorption potential of Laminaria sp. 

for Reactive black 5 with various initial dye concentrations (50-200 mg/L). Batch 

sorption equilibrium was achieved within 3 h and the kinetic data fitted to pseudo-second 

order model. Biosorption isotherm experiments carried out under different pH and 

temperature conditions indicated that decreasing the pH and increasing the temperature 

favored biosorption. 

Won et al. (2008) investigated various binding mechanisms for the uptake of 

reactive dyes by the protonated waste biomass of Corynebacterium glutamicum using 

Reactive Blue 4 (RB 4), Reactive Orange 16 (RO 16) and Reactive Yellow 2 (RY 2). The 

sorption capacity and the binding mechanisms of reactive dyes by C. glutamicum were 

strongly influenced by solution pH. The electrostatic interaction was found to be a major 

binding mechanism at acidic pH. The maximum uptakes of RY 2, RO 16 and RB 4 at pH 

2 were estimated to be 155.0± 14.1, 156.6±6.7 and 184.9±16.4 mg/g, respectively. 

However the binding mechanisms were quite different under alkaline conditions based on 

the reactivity of reactive dyes. It was revealed that chemical bonding existed between the 

biomass surface and dye molecules under basic pH conditions. 

Won and Yun (2008) evaluated the effects of solution pH, dye concentration, salts 

and especially the influence of biomass leachate on the biosorption capacity of the 

protonated waste biomass of Corynebacterium glutamicum discharged from an industrial 

lysine fermentation plant for the removal of Reactive Yellow 2.  The sorption capacity of 
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the biomass was found as high as 178.5±17.0 and 154.3±14.7 mg g-1 at pH 1 and 2, 

respectively. The dye uptake rapidly decreased by increasing the solution pH and was 

negligible under neutral conditions. The biomass leaching proved to be an important 

factor affecting the biosorption performance at pH 7 and above.  

El Nemr et al. (2009) investigated the potential use of activated carbon prepared 

from orange peel for the removal of direct blue-86 (DB-86) (Direct Fast Turquoise Blue 

GL) dye from simulated wastewater studying the effects of different system variables 

such as adsorbent dosage, initial dye concentration, pH and contact time. The results 

showed that the percentage of dye removal increased accordingly with the increasing 

amount of the adsorbent. Optimum pH value for dye adsorption was determined to be 

2.0. 30 min were found enough for the maximum sequestration of dye after the beginning 

for every experiment. The adsorption of direct blue-86 followed pseudo-second-order 

rate law and fitted well Langmuir, Temkin and Dubinin–Radushkevich (D–R) equations 

better than Freundlich and Redlich–Peterson equations. The maximum removal of direct 

blue-86 was obtained as 92 % at pH 2, adsorbent dose of 6 g L−1 and 100 mgL−1 initial 

dye concentration at room temperature. The maximum adsorption capacity based on 

Langmuir model was 33.78 mgg−1. Furthermore, adsorption kinetics and the rate of 

adsorption of DB-86 was found to obey the pseudo-second-order kinetics with a good 

correlation (R2 0.99) with intraparticle diffusion as one of the rate determining steps.  

Junxiong et al. (2009) collected the sludge from a biological coke wastewater 

treatment plant and used as a low-cost adsorbent in the removal of Methylene Blue (MB) 

and Reactive Red 4 (RR4) from aqueous solution. It was found that the pH of dye 
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solution played an important role in the dye uptake phenomenon. The sorption of 

methylene blue increased and that of Reactive red 4 decreased with increase in solution 

pH. The maximum sorption of Reactive red 4 was 73.7 mg/g by protonated sludge at pH 

1, and the maximum uptake of MB by sludge was 235.3 mg/g at pH 9. Three functional 

groups, including carboxyl, phosphonate, and amine group on the surface of biosorbent 

were identified by potentiometric titration, Fourier Transform Infrared (FT-IR) 

spectrometry, and X-ray photoelectron spectroscopy (XPS). The anionic functional 

groups, phosphonate and carboxyl group were recognized as the binding sites for the 

cationic Methylene blue dye, whilst amine groups bind Reactive red 4. The main 

mechanism of the reactive dyestuffs adsorption on sludge was found to be electrostatic 

interaction. 

Tabak et al. (2009) performed the batch adsorption experiments for the removal 

of Reactive Blue 15 on the Turkish Sepiolite taking into consideration the effect of 

temperature, pH and ionic strength on adsorption of dye molecules. The nature of 

adsorption process was determined by calculating ΔG°, ΔH° and ΔS° values. The 

adsorption of dye increased with increase in temperature but decreased at high pH values. 

2.4 Equilibrium, kinetic and thermodynamic modeling 

In order to develop an effective and accurate design model for removal of dye, adsorption 

kinetics and equilibrium data are essential basic requirements.  

Aksu and Tezer (2000) investigated the biosorption of Remazol Black B, a vinyl 

sulphone type reactive dye, from aqueous solutions on dried Rhizopus arrhizus in a batch 

system with regard to the temperature, initial pH and initial dye concentration. The fungal 
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biomass displayed the highest dye uptake capacity at 35°C, at the initial pH value of 2.0 

and at the initial dye concentration of 800 mg L-1. The Freundlich and Langmuir 

adsorption models were employed for the mathematical explanation of the biosorption 

equilibrium and isotherm constants were calculated at different temperatures. Equilibrium 

data fitted very well to the Freundlich model in the studied concentration (20–800 mg L-

1) and temperature (25–55°C) ranges. The pseudo first- and second-order kinetic models 

were applied to the experimental information supposing that the external mass transfer 

limitations in the system can be neglected and biosorption is chemisorption controlled. 

The results indicated that pseudo-second-order rate expression explained the dye uptake 

process and adsorption rate constants increased with increasing temperature up to 35°C 

and decreased with increasing concentration. 

Aksu (2001) investigated the biosorption of reactive dyes (Reactive Blue 2 and 

Reactive Yellow2) onto dried activated sludge. The equilibrium data were described very 

well by the Freundlich and Langmuir adsorption models. Uptake processes of both the 

dyes followed the second-order rate law. 

Wu et al. (2001) measured the rates of adsorption of three commercial reactive 

dyes and Cu (II) from water in the absence and presence of complexing agents using 

chitosan at 30°C. Three simplified kinetic models i.e., pseudo-first-order, pseudo-second-

order, and intraparticle diffusion were practiced to investigate the adsorption 

mechanisms. It was found that the adsorption of reactive dyes and Cu(II) could be best 

described by the intraparticle diffusion model in the absence of complexing agents. While 

the adsorption of Cu (II) in the absence of complexing agents such as EDTA, citric acid, 
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and tartaric acid could be ascertained by the pseudo-second-order equation. Kinetic 

parameters of the three models and the normalized standard deviations between the 

measured and predicted results were also calculated and discussed. 

Chiou and Li (2002) studied the adsorption of reactive dye (Reactive Red 189) 

from aqueous solutions on cross-linked chitosan bead in a batch system. The equilibrium 

isotherms at different particle sizes (2.3–2.5, 2.5–2.7 and 3.5–3.8 mm) and the kinetics of 

adsorption with respect to the initial dye concentration (4320, 5760 and 7286 g/m3), 

temperature (30, 40 and 50°C), pH (1.0, 3.0, 6.0 and 9.0), and cross-linking ratio (cross-

linking agent/chitosan weight ratio: 0.2, 0.5, 0.7 and 1.0) were evaluated. Langmuir and 

Freundlich isotherms models were practiced to describe the adsorption process. 

Equilibrium data were built-in very well to the Langmuir model in the entire saturation 

concentration range (0–1800 g/m3). The highest monolayer adsorption capacities 

obtained from the Langmuir model were very large; 1936, 1686 and 1642 g/kg for small, 

medium and large sized particle, respectively, at pH 3.0 and the cross-linking ratio of 0.2. 

The pseudo first- and second-order kinetic models were used to describe the kinetic data 

that was fitted well to the second-order kinetic model. That means the chemical sorption 

was the rate-limiting step instead of mass transfer. The initial dye concentration and the 

solution pH both significantly affect the adsorption capacity, but the temperature and the 

cross-linking ratio are relatively minor factors. An increase in initial dye concentration 

and decrease in pH resulted in the increased adsorption capacity. The activation energy 

was found to be 43.0 kJ/mol for the adsorption of the dye on the cross-linked chitosan 

beads at pH 3.0 and initial dye concentration of 3768 g/m3. 
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Özacar and Sengil (2003) evaluated the sorption potential of calcined alunite for 

the removal of three reactive dyes used in cellulose fiber dyeing. The equilibrium data 

fitted well to the Langmuir isotherm. The adsorption capacities were found to be 170.7, 

236 and 153 mg dye per gram of calcined alunite for Reactive black 114, Reactive yellow 

64 and Reactive red 124, respectively. The pseudo first- and second-order kinetic models 

were used to describe the kinetic data, and the respective rate constants were estimated. 

The experimental data fitted sound by the second-order kinetic model that proved the 

chemical sorption to be the rate limiting step. 

Chiou et al. (2004) prepared ionically and chemically cross-linked chitosan and 

applied to study the adsorption of four reactive dyes (RB2, RR2, RY2, RY86), three acid 

dyes (AO12, AR14, AO7) and one direct dye (DR81) from aqueous solutions in a batch 

system. The adsorption capacities were found having large values of 1911–2498 (g/kg) at 

pH 3–4, 30 °C, which were 3.4–15.0 and 2.7–27.4 times those of the commercial 

activated carbon and chitin, respectively. The Langmuir model agreed very well with 

experimental data (R2=0.9893). The kinetics of adsorption and decolorization efficiency 

for different initial dye concentrations were analyzed by pseudo-first-order and second-

order models. The data approved very well with the pseudo-second-order kinetic model. 

The adsorption capacity increased largely with decreasing solution pH and adsorbent 

dosage. The free energy changes ΔG° for adsorption of anionic dyes in acidic solutions at 

30°C were evaluated and the negative values indicated overall adsorption processes to be 

spontaneous in nature. 
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Aksu and Tezer (2005) carried out mathematical modeling of the biosorption of 

three vinyl sulphone type reactive dyes (Remazol Black B, Remazol Red RR and 

Remazol Golden Yellow RNL) onto dried Chlorella vulgaris in a batch system by 

applying Freundlich, Langmuir, Redlich–Peterson and Koble– Corrigan adsorption 

models and isotherm constants were evaluated at different temperatures. Equilibrium data 

of Remazol Black B biosorption fitted very well to all models except for the Langmuir 

model. However this model was found most appropriate for describing the biosorptions 

of Remazol Red RR and Remazol Golden Yellow RNL dyes in the studied concentration 

and temperature ranges. The pseudo first order, pseudo second-order and saturation type 

kinetic models were also applied to the experimental data assuming that the external mass 

transfer constraints in the system can be neglected. The results revealed that the dye 

sorption process on to C. vulgaris followed the pseudo second-order and saturation type 

rate expressions. 

Arami et al. (2005) investigated orange peel for the sorption of Direct Red 23 

(DR23) and Direct Red 80 (DR80) from aqueous solutions. The adsorption capacity was 

found to be 10.72 and 21.05 mg/g at initial pH 2. The effects of initial dye concentration 

(50, 75, 100, 125 mg/l), pH, mixing rate, contact time, and quantity of orange peel were 

studied at 25 °C and the biosorption data was analyzed using the Langmuir and 

Freundlich models. Experimental results were in closer agreement to the Langmuir 

equation than the Freundlich equation. The results indicated the favorability of acidic pH 

for the adsorption of both dyes on the adsorbent. Orange peel has shown adsorption 

efficiencies of about 92 and 91% for Direct Red 23 and Direct Red 80, respectively. 
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Furthermore, adsorption kinetics of both dyes followed pseudo-second-order rate law 

with a good correlation (R2 =0.998). Maximum desorption of 97.7 % for DR23 and 93 % 

for DR80 were achieved in aqueous solution at pH 2. Finally, the effect of adsorbent 

surface was analyzed by scanning electron microscope (SEM). SEM images showed 

reasonable agreement with adsorption measurements. 

Yang et al. (2005) studied the adsorption equilibrium and kinetics of three 

reactive dyes from their single-component aqueous solutions onto activated carbon in a 

batch reactor. Effects of the initial concentration and particle size of adsorbent were 

monitored on adsorption rate. Correlation of adsorption equilibrium data with several 

well-known equilibrium isotherm models was determined. The kinetic data were 

elucidated using the pseudo-first-order equation, the pseudo-second-order equation, and 

the intraparticle diffusion model and the respective characteristic rate constants were 

reported. A new adsorption rate model based on the pseudo-first-order equation was 

suggested to describe the experimental data over the whole adsorption process. The 

results demonstrated that the modified pseudo-first-order kinetic model was in the best 

agreement with the experimental data for the three single-component adsorption systems. 

Aksu and Isoglu (2006) used the Freundlich, Langmuir, Redlich–Peterson and 

Langmuir–Freundlich adsorption models for the mathematical description of the 

biosorption equilibrium of dried sugar beet pulp for Gemazol turquoise blue-G and 

isotherm constants were evaluated depending on temperature. The Langmuir and 

Redlich–Peterson models were found applicable in the concentration range (100–800 mg 

L−1) and temperature (25–45 °C). The biosorption process seemed be controlled by 
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surface diffusion at the earlier stages followed by pore diffusion at the later stages. 

Pseudo-first-order, pseudo second-order and saturation type kinetic models described 

well the biosorption process at all concentrations and temperatures studied. The sorption 

process was established to be exothermic and physiosorption by thermodynamic study. 

Gulnaz et al. (2006) determined the effect of initial pH, dye concentrations; 

temperature and dye hydrolyzation in a batch system for removal of reactive dye by dried 

activated sludge. The Langmuir isotherm model ascertained well the adsorption of 

reactive dye and maximum monolayer adsorption capacity (at pH 2) of activated sludge 

was determined as 116, 93 and 71 mg g−1 for 20°, 35° and 50°C, respectively. Initial pH 

2, 20 ◦C and 30 min contact time are suitable for removal of reactive dyes from aqueous 

solutions. The pseudo- first-order, second-order and intraparticle diffusion kinetics were 

studied to explain the mechanism and rate controlling steps in the dye adsorption 

phenomenon. The pseudo-second-order kinetic model fitted well over the range of 

contact times and also intra particle diffusion kinetic model was well fitted only in the 

first 30 minutes. The dye hydrolyzation affected adsorption capacity of biomass and 

adsorption capacity decreased with from 74 to 38 mg g−1. 

Gupta et al. (2006) investigated and developed cheap adsorption methods for 

color removal from wastewater using waste materials; activated carbon and activated rice 

husk, as adsorbents for the removal of Safranin-T and the influence of various factors 

such as adsorbent dose, adsorbate concentration, particle size, temperature, contact time, 

and pH was studied. The adsorption of the dye over both the adsorbents was explained 

best by Langmuir and Freundlich adsorption isotherm models and different useful 
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thermodynamic parameters were determined on the bases of these models. The 

adsorption of Safranin-T over activated carbon and activated rice husks was controlled by 

first-order kinetics and the rate constants for the adsorption processes decreased with 

increase in temperature. 

Ju et al. (2006) investigated the removal of reactive dye onto dead cells in 

activated sludge collected from the municipal sewage treatment plant in Suyoung, Pusan 

using a batch system with respect to the initial pH, temperature, amount of adsorbent and 

the pre-treatment of the adsorbent. Both the Freundlich and Langmuir isotherm models 

could describe the adsorption equilibrium of the reactive dye onto the activated sludge; 

however the Langmuir isotherm showed the best agreement. First- and second-order 

kinetic models were studied to explain the adsorption mechanism. The adsorption 

capacity of Rhodamine-B onto the activated sludge increased with decreasing initial pH 

and temperature.  

Nacera and Aicha (2006) studied the biosorption of basic dye, methylene blue, 

onto dead Streptomyces rimosus by applying intraparticle diffusion, pseudo-first-order 

and pseudo-second-order models to describe the kinetics of basic dye sorption for 

different initial temperature values. The Freundlich and Langmuir isotherm models 

presented the good fit of equilibrium data of methylene blue biosorption at several 

temperature values. Activation energy of sorption determined based on the pseudo-

second order rate constants was −7.18 kJ mol−1. The temperature dependence of dye 

sorption by dead biomass displayed a good agreement with the pseudo-second order 

equation, which are reflected by high coefficients of correlation (R2= 0.99). 
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Santhy and Selvapathy (2006) carried out batch sorption experiments using 

activated carbon prepared from coir pith for three reactive dyes and found that the 

adsorption of dyes followed the Freundlich model. Kinetic studies revealed that the 

adsorption was controlled by first order rate law and the values of the Lagergren rate 

constants of the dyes were in the range of 1.77 × 10-2–2.69 × 10-2 min-1. 

Wang et al. (2006) conducted experiments to investigate the adsorption 

characteristics of dyes by anaerobic sludge evaluating the influence of dye type, sorption 

time, initial dye concentration, sludge concentration and temperature on dye biosorption. 

Furthermore, the isotherms, kinetics and thermodynamics of biosorption were also looked 

at. Experimental results show that anaerobic sludge had a much higher equilibrium 

adsorption concentration of Rhodamine B than Eosin Y. The adsorption density of 

Rhodamine B onto sludge decreased with decreasing sludge concentration. At a lower 

Rhodamine B concentration, adsorption could reach saturation in a lower sludge 

concentration. Both Langmuir and Freundlich adsorption models were able to effectively 

depict the biosorption equilibrium of Rhodamine B onto anaerobic sludge. The 

biosorption followed the pseudo second-order adsorption kinetics. 

Won et al. (2006) used the protonated biomass of Corynebacterium glutamicum 

for the removal of Reactive Black 5 (RB 5) in batch experiments varying the parameters 

such as the effect of the dye concentration, pH, contact time, salt concentration and 

temperature. The removal of Reactive black 5 was kept at near 100 % in the range of pH 

1-3. The maximum sorption capacities estimated by using the Langmuir model were 

169.5 and 185.2 mg/g at 20 and 40°C, respectively. Kinetic studies showed a pseudo-
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second-order rate of biosorption with respect to the solution. The uptake of Reactive 

black 5 was not significantly affected by the high concentration of salts. Various 

thermodynamic parameters such as ΔG°, ΔH° and ΔS° indicated that this system was 

spontaneous and endothermic process.  

Akkaya et al. (2007) investigated the effect of initial dye concentration, 

temperature, shaking rate and pH on the biosorption of Reactive yellow 2 and Reactive 

black 5 by chitin. Experimental data obtained at different temperatures were applied to 

pseudo-first-order, pseudo-second-order and Weber-Morris equations. The rate constants 

of first-order equation (k1), second-order adsorption (k2) and pore diffusion rate constants 

(kp) at these temperatures were also calculated.  Pseudo- first-order kinetic model 

described well the adsorption process. The adsorption isotherm modeling of each dyestuff 

by chitin was also carried out at different temperatures. 

Arıca and Bayramoglu (2007) investigated the mechanisms of white-rot fungus, 

Lentinus sajur, and treated with heat; acids and bases for removal of Reactive Red 120 

from aqueous solution and used the Langmuir, Freundlih and Temkin adsorption models 

for the mathematical description of the biosorption equilibrium. The Freundlich and 

Temkin models explained well the biosorption equilibrium of Reactive Red-120 on the 

fungal biomass preparations. The biosorption followed second-order kinetic model. 

Han et al. (2007) investigated the sorption potential of the fallen phoenix tree’s 

leaves for the removal of Methylene blue (MB) from aqueous solutions and equilibrium 

data were examined using the Langmuir and the Freundlich isotherms. The non-linear 

regressive analysis indicated that the Langmuir isotherm was better fit than the 
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Freundlich isotherm at different temperature according to the values of determined 

coefficients (R2) and χ2-statistic (SS). The Langmuir monolayer saturation capacities of 

Methylene blue adsorbed onto leaf were 80.9, 83.8, 89.7 mg g−1 at 295, 309 and 323 K, 

respectively. Various thermodynamic parameters, such as ΔG°, ΔH° and ΔS° were 

calculated by using the equilibrium concentration contents obtained at different 

temperatures. The thermodynamics parameters of MB/leaf system indicated spontaneous 

and endothermic process and increase in temperature was an advantage to adsorb MB 

onto leaf. 

Kavitha and Namasivayam (2007) carried out batch adsorption experiments for 

the removal of Procion orange from its aqueous solution using coir pith carbon and 

examined adsorption kinetic parameters on coir pith carbon. Lagergren first-order, 

second-order, Bangham’s and intra-particle diffusion model were employed to fit the 

experimental data. Kinetic study showed that the adsorption of dye on coir pith carbon 

was gradual process and followed second-order kinetic model with respect to dye 

solution concentration. Equilibrium data were analyzed by Langmuir, Freundlich, 

Dubnin-Radushkevich, and Temkin isotherms. Langmuir, Dubnin-Radushkevich and 

Tempkin isotherms described well the adsorption equilibrium data. The adsorption 

capacity was found to be 2.6 mg/g of carbon.  

Osma et al. (2007) investigated the potential of two low-cost adsorbents such as 

sunflower seed shells (SS) and mandarin peelings (MP) in the removal of the synthetic 

anionic dye Reactive Black 5 (RB5) from aqueous solutions. Sunflower seed shells led to 

a higher percentage of dye removal than mandarin peelings (85 % and 71 % after 210 
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min, respectively, for an initial Reactive black 5 concentration of 50 mg L−1 and an initial 

pH of 2.0). The rate of adsorption followed a pseudo-second-order kinetic model and the 

intra-particle diffusion was found to be the rate-controlling stage. The equilibrium data 

fitted well both the Freundlich and multilayer adsorption isotherm equations indicating 

the heterogeneity of the adsorbent surface. These results were also confirmed by the SEM 

photographs. The results proved that sun flower seed shells were very attractive 

biosorbents for removing anionic dyes from dyed effluents. 

Ncibi et al. (2007) carried out equilibrium kinetic and thermodynamic modeling 

of biosorption of raw and chemically treated Posidonia oceanica (L.) leaf sheaths for the 

removal of reactive textile dye from aqueous solutions. Both pseudo-first-order and 

pseudo-second order-kinetic models described well the experimental sorption data for 

raw fibres and pseudo-second-order for pre-treated ones. Equilibrium data were fitted to 

the Freundlich isotherm model for all tested adsorption systems. The thermodynamic 

study designated the dye adsorption phenomenon onto Posidonia oceanica biomass to be 

endothermic and spontaneous. 

Hameed and El-Khaiary (2008) studied the adsorption of malachite green (MG) 

on rattan sawdust (RSD) at 30 °C. Equilibrium data were analyzed by the Freundlich 

isotherm and the Langmuir isotherm and the data was fitted best to the Langmuir 

isotherm. The monolayer adsorption capacity of RSD was found to be 62.71 mg/g. The 

adsorption kinetics followed the pseudo-first-order model. The mechanism of adsorption 

was also studied and was found to be controlled by film diffusion for a short time period 

after that the pore-diffusion proved to be controlling the rate of adsorption.  
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Ju et al. (2008) carried out equilibrium and kinetic modeling of adsorption of 

Rhodamine-B reactive dye on granules prepared from dried activated sludge (DAS). The 

Freundlich and Langmuir isotherm models were found to describe the adsorption 

equilibrium of the reactive dye onto the activated sludge with the Langmuir isotherm 

showing the better agreement of the two. Second-order kinetic models confirmed the 

agreement. 

Lima et al. (2008) studied the sorption potential of raw and chemically treated 

Brazilian pine fruit shell for removal of reactive dyes and fitted the equilibrium data to 

Langmuir, Freundlich, Sips and Redlich–Peterson isotherm models. For non hydrolyzed 

Reactive red 194, the equilibrium data were best fitted to the Sips isotherm model using 

raw (PW) and acid treated (A–PW) Brazilian pine fruit shell as biosorbents. Redlich–

Peterson isotherm model were fitted well to biosorption data of chromium treated (Cr–

PW) and acid followed by chromium treated (Cr–A–PW) biosorbents. In case of 

hydrolyzed Reactive red 194, the equilibrium data were best describes by the Sips 

isotherm model using PW, A–PW and Cr–A–PW and the Redlich–Peterson isotherm 

model for Cr–PW as biosorbent. 

Oliveira et al. (2008) worked to propose an alternative use for coffee husks (CH), 

a coffee processing residue, as untreated sorbents for the removal of methylene blue 

(MB) from aqueous solutions by investigating the effects of solution temperature, pH, 

biosorbent dosage and contact time on methylene blue removal. The experimental 

adsorption equilibrium data followed both Langmuir and Freundlich adsorption models 

very well. The biosorption kinetics was explained by fitting first and second-order kinetic 
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models to the experimental data, and the second-order model provided the best fit 

adsorption data. pH variations did not significantly influence the methylene blue removal 

on coffee husks. Evaluation of thermodynamics parameters indicated the spontaneous 

and endothermic nature of the adsorption.  

Singh et al. (2008) evaluated the Chitosan-grafted poly (methylmethacrylate) (Ch-

g-PMMA) to be an efficient adsorbent for the three anionic azo dyes (Procion Yellow 

MX, Remazol Brilliant Violet and Reactive Blue H5G) over a wide pH range of 4–10. 

The equilibrium data for each adsorbent-dye system were effectively fitted to the 

Langmuir and Freundlich sorption isotherms. Qmax was found to be 250, 357 and 178 

mg/g for yellow, violet and blue dyes, respectively, based on Langmuir model. 

Thermodynamic parameters of the adsorption processes like ΔG°, ΔH° and ΔS° were 

determined. The negative values of free energy indicated the spontaneous nature of 

adsorption. The adsorption kinetic data of all the three dyes could be well explained by 

pseudo-second-order model with the correlation coefficients (R2) being 0.9922, 0.9997 

and 0.9862, for direct yellow, reactive violet and blue dye, respectively with rate 

constants 0.91×10−4, 1.82×10−4 and 1.05×10−4 gmg−1 min−1, respectively. The 

temperature dependence of dye uptake and the pseudo-second-order kinetics of the 

adsorption designated that chemisorption is the rate-limiting step that controls the 

process. 

Vijayaraghavan and Yun (2008) used the Langmuir, Freundlich and Redlich-

Peterson models to describe the isotherm data of Laminaria sp. for removal of Reactive 

black 5 from aqueous solution. The Freundlich model fitted the sorption data with high 
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correlation coefficients and low percentage error values. Various thermodynamic 

parameters such as ΔG°, ΔH° and ΔS° were calculated that designated the biosorption to 

be spontaneous and endothermic process. 

Caner et al. (2009) studied the biosorption potential of dried anaerobic sludge 

(DAS) for Burazol Blue ED (BB) with respect to pH, equilibrium time, initial dye 

concentrations and temperature to determine equilibrium and kinetic models. The most 

suitable pH, equilibrium time and initial dye concentration were found to be 0.5±0.03, 75 

min and 150 mg/L, respectively, at a biomass dosage of 0.4 g/L and 25°C±1.0. The 

equilibrium data was best described by the Langmuir isotherm model. Maximum uptake 

capacity of dried anaerobic sludge for the dyestuff (BB) were 118.3, 125.8 and 127.5 

mg/g biomass at temperatures of 25, 40 and 50 °C, respectively, indicating that the 

biosorption process was spontaneous and favored at higher temperatures. The overall 

biosorption process was best described by pseudo-second-order kinetic model. Gibbs free 

energy changes were calculated as −356.8, −519.7 and −520.6 J/mol at 25, 40 and 50 °C, 

respectively. 

El Nemr et al. (2009) studied the mechanistic aspects of the biosorptive removal 

of direct blue-86 (DB-86) (Direct Fast Turquoise Blue GL) dye from simulated 

wastewater by using activated carbon prepared from orange peel. The adsorption of direct 

blue-86 followed pseudo-second-order rate law and fitted well Langmuir, Temkin and 

Dubinin–Radushkevich (D–R) equations better than Freundlich and Redlich–Peterson 

equations. The maximum removal of direct blue-86 was obtained as 92 % at pH 2, 

adsorbent dose of 6 g L−1 and 100 mgL−1 initial dye concentration at room temperature. 
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The maximum adsorption capacity based on Langmuir model was 33.78 mgg−1. 

Furthermore, adsorption kinetics and the rate of adsorption of DB-86 was found to obey 

the pseudo-second-order kinetics with a good correlation (R2=0.99) with intraparticle 

diffusion as one of the rate determining steps.  

Hameed et al. (2009) studied the adsorption of C. I. Reactive Red 120 (RR120) 

on activated oil palm ash (AOPA) in a batch system under different initial dye 

concentrations (50–600 mg L–1), solution pH (2–12) and temperature (30, 40 and 50 °C). 

The experimental data were analyzed by the Langmuir and Freundlich isotherms of 

which the Freundlich model agreed very well with the experimental data. The maximum 

monolayer adsorption capacities obtained from the Langmuir model was 200.12, 334.78 

and 376.41 mg g–1 at 30, 40 and 50 °C, respectively. The adsorption kinetics of Reactive 

Red 120 on activated oil palm ash was explained well by the pseudo-second-order kinetic 

equation. The activation energy, change of Gibbs free energy, enthalpy and entropy of 

adsorption were also evaluated for the adsorption of Reactive Red 120 onto activated oil 

palm ash. 

Hassan et al. (2009) studied the removal of some reactive dyes (RY-145, RR-194 

and RB-B) from textile wastewater effluents using Sorel’s cement. Parameters affecting 

dye uptake including contact time, reagent dosage and pH were examined and optimized. 

Dye adsorption equilibrium data fitted well to the Langmiur isotherm rather than 

Freundlish isotherm. The adsorption capacities were 107.67, 120.89 and 103.14 mg/g of 

Sorel’s cement for RY-145, RR-194 and RB-B reactive dyes, respectively. The Langmuir 

constants (Qmax and KL) and Freundlich constants (KF and n) decreased with the increase 
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of temperature. The values of enthalpy change ΔH° for RY-145, RR-194 and RB-B dyes 

were found to be −146.96, −49.23 and −264.86 kJ mol−1, respectively, indicating that the 

removal process was exothermic. The sorption of the dyes was enhanced by increasing 

the pH reaching a maximum at pH 6–11.  

Qin et al. (2009) investigated the adsorption behavior of four anionic dyes 

(Methyl orange (MO), Orange IV (OIV), Reactive brilliant red X-3B (X-3B), and Acid 

fuchsine (AF)) on ammonium-functionalized MCM-41 (NH3
+-MCM-41) from aqueous 

medium in a batch reactor system by varying the parameters such as contact time, initial 

dye concentration, pH and competitive anions. Dye adsorption was found independent of 

initial dye concentration. The intraparticle diffusion model explained best the adsorption 

kinetics for the four anionic dyes on NH3
+-MCM-41. The adsorption data were fitted well 

to the Langmuir model for all four reactive dyes. The electrostatic interaction was 

deemed to be the main mechanism for the dye adsorption. 

Tunc et al. (2009) investigated the potential use of cotton plant wastes – stalk 

(CS) and hull (CH) – as sorbents for the removal of Remazol Black B (RB5), a vinyl 

sulfone type reactive dye. The adsorption was found to be strongly pH-dependent but 

slightly temperature-dependent for each sorbent-dye system. The mathematical 

description of adsorption equilibrium and isotherm constants were evaluated by using 

Freundlich, Langmuir, Redlich–Peterson and Langmuir–Freundlich adsorption models at 

25°C. All models except the Freundlich model were found applicable for the explanation 

of dye adsorption by both sorbents in the studied concentration range. Consistent with the 

Langmuir model, CS and CH sorbents demonstrated the highest Reactive black 5 dye 
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uptake capacities of 35.7 and 50.9 mgg−1, respectively, at an initial pH value of 1.0. 

Simple mass transfer and kinetic models were applied to the experimental data to look at 

the mechanisms of adsorption and potential rate-controlling steps. It was found that both 

external mass transfer and intra-particle diffusion played the chief role in the adsorption 

mechanisms of dye, and adsorption kinetics followed the pseudo-second-order type 

kinetic model for each sorbent. Thermodynamic constant ΔG° was also estimated for 

each sorption system using the Langmuir model parameters. 

2.6 Regeneration of biosorbent 

Santhy and Selvapathy (2006) studied the regeneration of activated carbon prepared from 

coir pith previously used for the removal of three reactive dyes from aqueous solutions. 

They found that exhausted carbon could be completely regenerated by elution with 1.0 M 

NaOH and put to repeated reuse in biosorption experiments. 

Won et al. (2006) investigated thedesorption behavior of Reactive Black 5 (RB 5) 

by using the protonated biomass of Corynebacterium glutamicum. It was found that the 

biomass could be repeatedly reused up to five times of sorption/desorption cycle, 

confirming that the biomass wastes can be a potential regenerable biosorbent for Reactive 

black 5 removal. 

Vijayaraghavan et al. (2008) studied desorption of methylene blue from the 

immobilized waste biomass of Corynebacterium glutamicum in a polysulfone matrix. 

Regeneration of the free biomass was found immposible because of its tendency to 

become damaged under strong acidic conditions. In contrast, immobilized biomass was 
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successfully acted upon releasing 99 % of initially adsorbed Methylene blue using 0.1 M 

HCl and could be reused up to three cycles without significant loss in sorption capacity.  

2.7 Characterization of biosorbents 

Al-Ghouti et al. (2003) investigated the feasibility of using diatomite for the 

removal of the problematic reactive dyes as well as basic dyes (Methylene blue, Cibacron 

reactive black and reactive yellow) from textile wastewater. Physical and chemical 

characteristics of diatomite such as pHsolution, pHZPC, surface area; and Fourier transform 

infrared spectrum and scanning electron microscopy photographs. The surface area of 

diatomite was found to be 27.80 m2g-1 and the pHZPC was found to be 5.4. The results 

showed that the surface charge of diatomite decreased with the increasing pH of the 

solution and the maximum methylene blue removal occurred from aqueous solution 

occurring at basic pH of around (10–11). Adsorption isotherms of diatomite with 

methylene blue; hydrolyzed reactive black and yellow dyes were built at different pH 

values, initial dye concentrations and particle sizes by fitting the experimental results to 

the Langmuir, Freundlich, and Henry models. The study indicated the electrostatic 

interactions in the adsorption of dyes onto diatomite and a model of the adsorption 

mechanism of methylene blue onto diatomite was proposed. 

Gulnaz et al. (2006) used dried activated sludge for the removal of a reactive dye 

from aqueous solution in a batch adsorption system. Characterization of activated sludge 

was carried out by Fourier transform infra red (FT-IR) spectroscopy and results revealed 

the presence of different functional groups on the active sludge that were able to react 

with dye molecules in aqueous solution. 
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Won et al. (2006) collected four types of waste sludge from a drinking water 

treatment plant (waterworks sludge; WS), sewage treatment plant (sewage sludge; SS), 

anaerobic digestion (digested sludge; DS) and landfill site (landfill sludge; LS) and 

evaluated their potential as biosorbents for the removal of Reactive Orange 16 (RO 16). 

The maximum sorption capacities of the four waste sludges estimated using the Langmuir 

equation at pH 2 were in order LS (159.0±6.0 mg g−1) > SS (114.7±4.7 mg g−1) >DS 

(86.8±4.5 mg g−1) >WS (47.0±5.8 mg g −1). However, the maximum desorption 

efficiency of was shown by SS (90.0%) indicating its potential to be regenerated as a 

biosorbent. the binding sites present in the SS were characterized to be protonated amine 

groups (–NH3+) by the potentiometric titration and FTIR study. These binding sites were 

found to develop the electrostatic interaction with the negatively charged sulfonate 

groups of RO 16. 

Han and Yun (2007) characterized a renewable, low cost biosorbent derived of 

Corynebacterium glutamicum waste biomass of amino acid fermentation industry and 

focused on the underlying mechanisms of dye binding to the biosorbent. The binding 

sites were identified to be primary amine groups present in the biomass. Chemical 

modification of the biomass, FT-IR and potentiometric titration studies were performed 

that revealed the role of carboxyl and phosphate groups in repulsion of dye molecules 

inhibiting the dye binding to the biosorbent. They concluded that the potential of 

biosorbent could be enhanced by removal of the inhibitory carboxyl groups for practical 

application. 
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Kara et al. (2007) studied the adsorption of three reactive dyes, Remazol Red, 

Remazol Blue and Rifacion Yellow, from aqueous solutions using fly ash as an adsorbent 

in an agitated batch system and investigated the influence of two parameters viz., 

adsorbent dosage and particle size on the removal efficiency of the reactive dyes. Firstly, 

the characterization of the adsorbent was carried out by scanning electron microscopy 

(SEM), X-ray diffraction (XRD) spectroscopy and fourier transform infra red (FTIR) 

spectroscopy. The FTIR spectrum revealed the occurrence of complexation between the 

dye and fly ash. XRD pattern of fly ash showed congruency with that of mainly quartz, 

mullite with some magnetite and calcite. Surface morphology of fly ash and dye loaded 

fly ash were studied with scanning electron microscopy (SEM).  

Vijayaraghavan and Yun (2008) investigated the biosorption capacity of 

Laminaria sp. for removal of Reactive black 5.  FT-IR spectra of biosorbent confirmed 

the presence of amine groups on the biosorbent and they proposed the possibility of 

electrostatic interaction between the positively charged amine groups and negatively 

charged Reactive black 5. 

Tabak et al. (2009) carried out the adsorption of Reactive Blue 15 on the Turkish 

Sepiolite by batch equilibrium technique. IR spectrum and surface area measurement of 

the composite of dye-sepiolite system indicated the replacement of the dye species by the 

zeolitic water to form hydrogen bond with bound water and adsorbed to the channels 

sites.  

2.8 Response surface methodolgy 
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Pavan et al. (2007) experimented two independent sets of full 23 factorial designs with 

two central points (10 experiments) in order to reduce the total number of experiments for 

achieving the highest removal of methylene blue (MB) from aqueous solutions using 

yellow passion fruit peel (Passiflora edullis, F. flavicarpa) and mandarin peel (Citrus 

reticulata) as biosorbents. In order to continue the optimization of the system a new full 

22 factorial design with two central points (six experiments) and a central composite 

surface analysis (13 experiments, divided into four cube points, five centre points, and 

four axial points) were employed for yellow passion fruit peel (PFP) and mandarin peel 

(MP), respectively. Using these statistical tools, the best conditions for MB removal from 

aqueous solution were initial methylene blue of 3.20 mg/g, pH 9.0 for PFP and 11.0 for 

MP and time of contact higher than 48 h for PFP and 42.9 h for MP. 

Bezerra et al. (2008) reviewed about the possible applications of response surface 

methodology (RSM) in the optimization of analytical methods. The theoretical principles 

of RSM and steps for its application are described to introduce readers to this multivariate 

statistical technique. Symmetrical experimental designs (three-level factorial, Box–

Behnken, central composite, and Doehlert designs) are compared in terms of 

characteristics and efficiency. Furthermore, recent references of their uses in analytical 

chemistry are presented. Multiple response optimization applying desirability functions in 

RSM and the use of artificial neural networks for modeling are also discussed. 

 Jaikumar and Ramamurthi (2009) investigated the biosorption of Acid Yellow 

(AY 17) and Acid Blue (AB 25) using a biomass obtained from brewery industrial waste 

spent brewery grains (SBG). A 24 full factorial response surface central composite design 
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with seven replicates at the centre point were employed for experimental design and 

analysis of the results. Thus a total of 31 experiments were carried out considering the 

interactive effect of time, pH, adsorbent dosage and dye concentration on the dye 

biosorption using response surface methodology. The optimum contact time, pH, 

adsorbent dosage and dye concentration were found to be 45 min, 6, 0.5g, 75 mg/L 

respectively for the maximum decolorization of AY 17 (97.2%) and 40 min, 2, 0.4g and 

75 mg/L respectively for the maximum decolorization of AB 25 (97.9 %). Experimental 

results were analyzed by Analysis of variance (ANOVA) and a quadratic model was 

constructed for dye decolorization through this design. The experimental values were in 

good agreement with predicted values and the model developed was statistically 

significant with the correlation coefficient being 0.89 and 0.91 for Acid Yellow 17 and 

Acid Blue 25, respectively. 

Sharma et al. (2009) studied the effect of temperature, pH and initial dye 

concentration on decolorization of diazo dye Acid Red 151 (AR 151) from simulated dye 

solution using a fungal isolate Aspergillus fumigatus fresenius. The central composite 

design matrix and response surface methodology (RSM) were applied to evaluate the 

interactive effects of three most important operating variables: temperature (25–35 ◦C), 

pH (4.0–7.0), and initial dye concentration (100–200 mg/L) on the decolorization of Acid 

Red 151. The total 20 experiments were performed towards the construction of a 

quadratic model. Very high regression coefficient between the variables and the response 

(R2= 0.9934) presented excellent evaluation of experimental data by second-order 

polynomial regression model. The response surface methodology indicated that initial 
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dye concentration of 150 mg/L, pH 5.5 and a temperature of 30 °C were found best 

possible for maximum % decolorization of Acid red 151 in simulated dye solution, and 

84.8% decolorization of Acid Red 151 was found under optimal conditions. 

 

 

Chapter-3 

                                                       MATERIALS & 

METHODS 

The research work reported in this manuscript was carried out in the Environmental 

Chemistry Laboratory, Department of Chemistry and Biochemistry, University of 

Agriculture, Faisalabad.  

3.1 Preparation of biosorbents 

The fruits of Citrus sinensis (mosambi), Citrus limetta (mitha), Citrus reticulata (Kinoo) 

and Citrus paradisi (Chakotra) were collected from commercial market of Faisalabad-

Pakistan. After extraction of juice, the waste biomass was washed to remove dust and 

dried in sunlight until a constant weight was achieved. The samples were ground in an 

electric ball mill and sieved using Octagon Sieve (OCT-Digital 4527-01) into different 

fractions of uniform particle size. The powdered biosorbents were then stored in air tight 

containers for further study. 

3.2 Reagents and dyes 
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All the reagents used in the present study were of analytical grade and mainly purchased 

from Sigma-Aldrich Company, USA. The reactive dyes, Reactive red 45 (λmax 530 nm), 

Reactive yellow 42 (λmax 430 nm), Reactive blue 19 (λmax 595 nm) and Reactive blue 49 

(λmax 595 nm) were obtained from the commercial market. Fig. 1 designates the chemical 

structures of reactive dyes. Reactive red 45 and Reactive yellow 42 contain azo group as 

chromophore while Reactive blue 19 and Reactive blue 49 have anthraquinone 

chromophores. Reactive group is monochlorotriazine in Reactive yellow 42 and Reactive 

blue 49 whilst  
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Figure 3.1: Chemical structure of Reactive red 45 and Reactive yellow 42 (b), Reactive 

blue 19 (c) and Reactive blue 49 (d). 

vinyl sulphone in Reactive yellow 42 and Reactive blue 19 as reactive group. Stock 

solution of each reactive dye (1000 mg/L) was prepared and suitably diluted to required 
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initial concentration. Wavelength of maximum absorption (max) for each dye was 

determined by scanning the appropriate range of wavelengths for that dye using the dye 

solution of suitable concentration. 

3.3 Screening study 

Biosorbents prepared from four species of Citrus family was screened to select the most 

suitable biosorbent having greatest potential for the removal of reactive dyes from 

aqueous solutions. 0.10 g of each biosorbent was added to 50 mL of aqueous solution of 

each reactive dye (50 mg/L) at pH 2 in 250 mL erlenmeyer flasks and shaken at 100 rpm 

in orbital shaker (PA 250/25H) at room temperature. After 3 hours, the dye solutions 

were centrifuged to separate the dye loaded biosorbent and remaining concentration of 

dye was determined spectrophotometrically. 

The sorption capacity of the biosorbent was calculated using the following 

equation:       

 q = (Ci - Ce)
 V/W (1) 

Where q (mg/g) is the amount of dye sorbed by biomass, Ci and Ce (mg/L) are the initial 

and equilibrium liquid phase concentrations of the dye, respectively, V (L), the initial 

volume of dye solution, and W (g), the weight of the biomass. 

3.4 Particle size of biosorbent  

Particle size of biosorbent is an important factor in surface chemistry as process kinetics 

is directly related with surface area of biosorbent that affect the biosorption capacity 

(Aksu, 2005). Batch biosorption experiments were carried out with 0.10g of optimized 



 50

biosorbent of different particle sizes; 0.25, 0.25-0.355, 0.355-0.500, 0.500-0.710, 0.710-

1.00mm at pH 2 and 30C and 100rpm up to 3 hours.  

3.5 Pretreatments of biosorbent 

The physical or chemical modification of biosorbent may result in activation or 

deactivation of surface functional groups. The optimized biosorbent was chemically 

treated by acids, inorganic chemicals and organic chemicals to enhance the sorption 

capacity of biosorbent. 1.00 g of biosorbent was treated with 5 % solution of each 

chemical and shaken for 1 hour, filtered, washed with distilled water and dried in oven at 

70 °C for 24 hours. Batch sorption experiments were carried out for each reactive dye 

using preweighed amount (0.10 g) of chemically treated biosorbent in shake flask 

medium and increase or decrease in sorption capacity of biosorbent was determined. 

3.6 Immobilization of biosorbent 

Immobilization is required for solid/liquid separation for the industrial application of 

biosorption (Aksu, 2005). The free biomass generally consists of small particles having 

with low density, poor mechanical strength and little rigidity. Resultantly, the solid–

liquid separation problems may occur due to possible swelling of biomass, inability to 

regenerate and development of high pressure drop in the column mode (Wang and Chen, 

2009). Calcium alginate beads of screened biosorbent were prepared to compare the 

sorption efficiency of free and immobilized biosorbent by using reported methods (Kiran 

et al., 2007; Hanif et al., 2009). The aqueous slurry of free biosorbent and sodium 

alginate was prepared in 1:2 ratio on mass percent basis. The slurry was added drop wise 
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in 0.20 M CaCl2 solution using burette (100mL) and the resulting beads were preserved 

in 0.02 M CaCl2 solution for use in biosorption experiments. 

3.7 Optimization of physico-chemical process parameters 

Textile dye effluents have variety of chemical composition and their binding interactions 

with biosorbent depend on the chemical structure of a particular dye, the specific 

chemistry and morphology of the biosorbent surface and properties of the dye solution or 

wastewater. The effect of different experimental parameters upon biosorption efficiency 

of free, calcium alginate immobilized biosorbent and optimized chemically treated 

biosorbent was studied as follows. 

3.7.1 Effect of pH  

Not only biosorption capacity of typical biosorbent but also the color and solubility of the 

dye solution are greatly influenced by pH of media. Biosorption of four reactive dyes 

were performed using 0.10 g of biosorbent at pH 1-6 at 30 C and 100 rpm up to 3 hours 

in order to determine the optimum pH. 

3.7.2 Effect of biosorbent concentration 

The effect of biosorbent concentration on biosorption of all reactive dyes was studied by 

adding different amounts (0.05-1.50 g) of free, immobilized and chemically treated 

biosorbent in 50 mL of dye solutions. The experiments were performed at optimum pH 

for all reactive dyes at 30C for 3 hours. 

3.7.3 Effect of time 

The equilibrium time required by the biosorbent to bind to dye anions was determined by 

conducting experiments by adding 0.10g of free, immobilized and chemically treated 
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biosorbent in 50 mL of dye solution (50 mg/L) and shaken for 2 ,4, 6, 8, 10, 15, 30, 60, 

90, 120 and 240 minutes at 100rpm and 30C.  

3.7.4 Effect of initial dye concentration 

Initial dye concentration is an important driving force to overcome all mass transfer 

resistances of the dye between the aqueous and solid phases and affects the efficiency of 

biosorbent. Higher the initial concentration of dye higher is the driving force for 

biosorption (Aksu, 2005). The experiments were carried out at different initial dye 

concentrations (25-150 mg/L for Reactive red 45 and 50-300 mg/L for Reactive yellow 

42, Reactive blue 19 and Reactive blue 49) by adding 0.10 g of free, immobilized and 

chemically treated biosorbent to dye solutions at optimized conditions.  

3.7.5 Effect of temperature 

Temperature is an important parameter to study in biosorption experiments as textile dye 

effluents are discharged at relatively high temperatures, 50–60°C (Banat et al., 1996; Fu 

and Viraraghavan, 2001). The biosorption experiments were performed at 303, 313, 323, 

333 and 343K using 0.10 g of free, immobilized and chemically treated biosorbent added 

to 50 mg/L dye solution under optimized conditions.  

3.7.6 Effect of salts  

Dyeing processes consume large amounts of salts to increase the exhaustion of dye bath. 

Therefore salt concentration or the ionic strength of dye solution or wastewater is one of 

the imperative factors that influence the biosorption capacity (Aksu, 2005). The effect of 

six salts; NaCl, CaCl2, K2SO4, NH4(SO4)2, NH4NO3 and MgSO4 at different 
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concentrations 0.00 M, 0.05 M, 0.10 M, 0.20 M, 0.40 M was evaluated on sorption 

capacity of free biosorbent for reactive dyes under optimized experimental conditions.  

3.7.7 Effect of heavy metal ions 

Textile effluents may contain metal ions in addition to dyes and salts due to metal-

complex dyes used in textile industry. Metal ions may compete with dye molecules for 

the binding sites or enhance the biosorption of dye upon biosorbent (Aksu, 2005). The 

influence of heavy metal ions such as Zn2+, Cu2+, Ni2+, Co2+ and Pb2+ ions on sorption 

capacity of biosorbent was investigated under optimized conditions. 

3.7.8 Effect of surfactants 

Surfactants are rarely used in the dying process and therefore may be present in dye 

wastewaters. The effect of four surfactants of different chemical nature i.e. anionic 

(Sodium dodecyl sulphate, SDS), cationic (CTAB), neutral i.e. Tween 80 and Triton X-

100 was determined by performing biosorption experiments for all reactive dyes under 

optimized experimental conditions. 

3.8 Equilibrium modeling 

Various linear and nonlinear adsorption isotherms are used to characterize biosorption 

process and for evaluating biosorption capacity. An isotherm describes the relationship 

between the amount of dye adsorbed and the dye concentration remaining in solution. 

Langmuir, Freundlich and Temkin isotherms are most widely used two parameter linear 

isotherms. Regression methods are generally used to determine the coefficients of 

isotherm equations.  
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The Langmuir isotherm assumes that all binding sites have equal affinity resulting 

in the formation of monolayer of adsorbed molecules (Langmuir, 1918).  

 Ce/qe = (1/KL Qmax) + (1/ Qmax) Ce                 (2) 

where Qmax (mg/g) is the amount of dye adsorbed per unit mass of the adsorbent 

equivalent to formation of a complete monolayer, KL (L/mg) is the Langmuir constant 

related to the equilibrium constant of the adsorption process. Ce (mg/L) and qe (mg/g) are 

the equilibrium liquid phase concentrations and amount of solute adsorbed at equilibrium, 

respectively. 

The Freundlich isotherm defines adsorption to heterogeneous surfaces having 

adsorption sites of varying affinities (Freundlich, 1906). The Freundlich isotherm 

equation is: 

                                log qe =log KF + 1/n log Ce                                (3)                                              

where KF (mg g-1)  and n (mgL-1)  are Freundlich coefficients. 

Temkin isotherm (Temkin and Pyzhev, 1940) assumes that heat of sorption decreases 

linearly with coverage due to sorbate/sorbent interactions and is characteristic of 

heterogeneous surfaces. The linear form of Temkin isotherm is: 

                              qe = Bln KT + B ln Ce                                (4) 

where B = RT/b, b (kJ/mole) is the Temkin constant related to heat of sorption (J/mol); 

KT is the Temkin isotherm constant (L/mg), R (Jmol-1K-1) is the gas constant and T (K) is 

the absolute temperature. 

3.9 Kinetic study 
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Kinetic models are used to investigate the controlling mechanism of sorption process 

such as chemical reaction, diffusion control and mass transfer (Ozacar and Sengil, 2005).  

The pseudo-first-order equation is generally expressed as follows: 

 Log (qe-q) = log q1 – k1. t / 2.303                 (5) 

where qe and q are the amounts adsorbed (mg/g) at equilibrium and at any time t, k1 is the 

adsorption rate constant in s-1.  

If the rate of sorption is a second order mechanism, the pseudo-second-order kinetic rate 

equation is expressed as: 

 t/qt = 1/k2q2
2 + t/q2 (6) 

Where k2 (g/mg.min) is the equilibrium rate constant of pseudo second order sorption. 

The rate, q, for intraparticle diffusion (kp) is: 

 qt = kp.t
1/2                 (7) 

where kp is the intra-particle diffusion rate constant.  

3.9 Thermodynamic study 

The thermodynamic parameters for the adsorption process, namely Gibbs energy (Go), 

enthalpy of adsorption (Ho), and entropy of adsorption (So) was determined by 

carrying out the adsorption experiments at different temperatures and using the following 

equations (Khan et al., 1995): 

 G° =  H° – T S° (8) 

 Log (q/Ce) = -ΔHo/2.303RT + ΔSo/2.303R (9) 

3.10 Desorption Study 
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Desorption studies help to elucidate the mechanism of adsorption and regeneration of 

biosorbent making the treatment process more economical (Kavitha and Namasivayam, 

2007). To evaluate the desorption efficiency, the dye loaded biomass was shaken with 

alkaline water (pH 10) for one hour, filtered, dried and again shaken with dye solution 

under optimized conditions upto 3 cycles.   

Desorption efficiency was calculated as follows: 

Desorption efficiency (%) = {Released dye (mg) /initially sorbed dye (mg)} × 100 

3.11 Characterization of biosorbent 

The proximate analysis of biosorbent was carried out to determine the protein, fat, fiber 

and ash contents according to reported methods. The elemental composition was 

evaluated by electron dispersive X-ray spectroscopy. The specific surface area of the 

sample was measured using Brunauer-Emmet-Teller (BET) method. Results were 

obtained by adsorption of pure liquid N2 at 77 ± 0.5 K using Quantachrome instrument v 

2.1 surface analyzer. 

The chemical characteristics of free and dye loaded biosorbents were analyzed and 

interpreted by Bruker Tensor 27 Fourier transform infrared spectrometer with the 

samples prepared as KBr discs. The surface structure of biosorbent before and after 

biosorption was analyzed by JEOL JMT 300 scanning electron microscope (SEM). The 

amorphous or crystalline nature of biosorbent was determined by X-ray Diffraction 

spectroscopy.  
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3.12 Response surface Methodology 

Conventionally optimization of experimental parameters has been carried out by 

checking the influence of one variable at a time on an experimental response keeping the 

other variables at constant level. However this procedure may suffer with disadvantages 

such as large experimental size resulting in increased experimental time and expenses due 

to greater consumption of reagents and materials. Moreover the interactive effects among 

variables are not considered. This problem can be solved by using multivariate statistical 

techniques. The most relevant multivariate techniques used in analytical optimization is 

response surface methodology (Bezerra et al., 2008). 

Response surface methodology is a group of mathematical and statistical techniques that 

are helpful for evaluating the effects of several independent variables and their 

interactions on the response (Box and Draper, 1987). These techniques are based on the 

fit of experimental data to the empirical models in relation to the experimental design. 

This model provides relatively few combinations of variables to determine the complex 

response function (Bezzera et al., 2008). The application of experimental design and 

response surface methodology (RSM) in textile effluent treatment process may enhance 

extent of decolorization and reduce process variability, time and overall costs (Tavares et 

al., 2009). The most popular response surface method is the central composite design due 

to it’s suitability to fit quadratic surface which usually works well for process 

optimization. This design consists of two level factorial design points, axial or star points 

and center points.  
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In this study, central composite design was used to study the effect of three variables; pH, 

biosorbent dose and dye concentration with five levels on the sorption capacity of Citrus 

sinensis biosorbent. A total of 15 experiments were performed in duplicate. Design expert 

software (Stat Ease, 7.1.6 trial Version) was used for regression and graphical analysis of 

sorption data. The chosen independent variables used in this study were coded according 

to following equation: 

                                                                                (10) 

where xi is the dimensionless coded value of the ith independent variable, X0 is the value 

of Xi at the center point and ΔX is the step change value. Experimental ranges and levels 

of these variables are given in table 1.  

The behavior of response can be explained by the following empirical second-order 

polynomial model 

                                               (11)                                       

where Y is the predicted response, xi, xj, . . ., xk are the input variables, which 

affect the response Y, x2
i , x

2
j , . . ., x

2
k are the square effects, xixj, xixk and xjxk are the 

interaction effects, β0 is the intercept term, βi (i=1, 2, . . ., k) is the linear effect, βii (i=1, 2, 

. . ., k) is the squared effect, βij (i=1, 2, . . ., k; j=1, 2, . . ., k) is the interaction effect and ε 

is a random error (Goksungur et al., 2005; Aksu and G¨onen, 2006; Aksu et al., 2002). 

The optimum values of the selected variables were obtained by solving the regression 

equation at desired values of the process responses as the optimization criteria. The data 
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were subjected to analysis of variance and the coefficient of regression (R2) was 

calculated to find out the goodness of fit of the model. 

Table 3.1: Experimental range and levels of independent variables. 
 

 

3.13 Statistical analysis 

All experiments were performed in triplicate and the results were discussed by reporting 

means along with standard deviations. The coefficients of equilibrium, kinetic and 

thermodynamic models were determined by using regression techniques (Steel et al., 

1997). 

 

 

 

 

 

 

Factors 

Range and levels (coded) 

-2 -1 0 1 2 

A: pH 1.50 1.75 2 2.25 2.50 

B: Dye concentration (mg/L) 25 75 125 175 225 

C: Biosorbent dose (g) 0.05 0.08 0.1 0.13 0.15 
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Chapter-4 

                                       RESULTS & 

DISCUSSION 

4.1. Screening study 

The results of screening of Citrus biosorbents for removal of reactive dyes from aqueous 

solutions are shown in Fig. 1. Citrus sinensis (mosambi) possessed the optimum sorption 

capacity, qe 13.99, 15.21, 14.80 and 27.41 mg/g for Reactive yellow 42, Reactive red 45, 

Reactive blue 19 and Reactive blue 49 respectively. Table 1 reports that the sorption 

capacities of four species of Citrus family for all four reactive dyes differ significantly 

from each other as determined by analysis of variance carried out at 95% confidence 

level.  

Kumari and Abraham (2007) found Saccharomyces cerevisiae and Rhizopus 

nigricans as efficient biosorbents for biosorption of anionic reactive dyes; C.I. Reactive 

Black 8, C.I. Reactive Brown 9, C.I. Reactive Green 19, C.I. Reactive Blue 38, and C.I. 

Reactive Blue 3 after screening of the nonviable biomass of Aspergillus niger, 

Aspergillus japonica, Rhizopus nigricans, Rhizopus arrhizus and Saccharomyces 

cerevisiae. Won et al. (2006) collected four types of waste sludge (waterworks sludge; 

WS), sewage treatment plant (sewage sludge; SS), anaerobic digestion (digested sludge; 

DS) and landfill site (landfill sludge; LS) and screened them out for the biosorption of 

Reactive Orange 16 (RO 16). The maximum sorption capacity was shown by LS 
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(159.0±6.0 mg g−1) followed by SS (114.7±4.7 mg g−1), DS (86.8±4.5 mg g−1) and WS 

(47.0±5.8 mg g−1).  

Table 4.1: Results of analysis if variance for screening of Citrus species for 

biosorption of reactive dyes. 

*p-value less than 0.05 indicate that model terms are significant.  

 

 

 
Sources 

of 
variation 

Sum of 
Squares 

Degree 
of 

freedom 

Mean 
Square 

F value p-value* F crit 

Reactive yellow 42 

Citrus 
Species 

37.48264 3 12.49421 349.6107 0.007 6.591382 

Reactive red 45 
9.130338 3 3.043446 163.2969 0.0001 6.591382 

Reactive blue 19 
81.9785 3 27.32617 149.3437 0.0001 6.591382 

Reactive blue 49 
30.03614 3 10.01205 28.2956 0.003 6.591382 
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Figure 4.1: Screening of biosorbents for removal of reactive dyes from aqueous 

solutions. 

4.2. Effect of particle size 

Fig. 2 shows the effect of different particle sizes of biosorbent on the sorption of anionic 

reactive dyes. The optimum removal of Reactive yellow 42 (qe 10.63 mg/g), Reactive red 

45 (qe 15.05 mg/g), Reactive blue 19 (qe 20.59 mg/g) and Reactive blue 49 (qe 25.53 

mg/g) was found by using the smallest particle size fraction of biosorbent (0.25 mm). 

The smaller the particle size, greater is the surface area providing more binding sites for 

dye molecules.  

Robinson et al. (2002) studied the decolorization capacity of apple pomace and 

wheat straw for Cibacron Yellow C-2R, Cibacron Red C-2G, Cibacron Blue C-R, 

Remazol Black B and Remazol Red RB using two particle size fractions of which smaller 

particle size fraction showed higher sorption potential. Nadeem et al. (2009) investigated 

sorption potential of blackgram bran using different particle sizes: size-1 (<0.255mm) 

and size-2 (0.255–0.355 mm) for removal of Cu (II) ions and use of smaller particles 

(<0.255mm) and resulted in higher metal uptake capacity (105.28 mg/g) in comparison to 

large sized BGB particles (0.255–0.355 mm). 
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 Figure 4.2: Effect of particle size (mm) on sorption of Reactive dyes by Citrus 

sinensis biosorbent. 

4.3. Effect of chemical treatments 

The effect of chemical treatments on sorption capacity of Citrus sinensis biosorbent is 

shown in Fig. 3. Biosorbents treated with hydrochloric acid, acetic acid, acetonitrile and 

zinc chloride enhanced the sorption capacities for all reactive dyes. The biosorbent 

treated with acetic acid and acetonitrile showed enhanced sorption capacities, qe 17.64, 

23.31 and 33.53 for Reactive yellow 42, Reactive blue 19 and Reactive blue 49, 

respectively. However in case of Reactive red 45, acetonitrile treated biosorbent gave 

enhanced sorption capacity 18.18 mg/g.  This might be attributed to increased 

functionality of biosorbent surface providing more binding sites for reactive dye 

molecules. Acids may enhance sorption capacity of biosorbent by increasing the surface 

area and porosity (Bhatti et al. 2007; Moreno-Castilla et al., 1997; Benguella, 2002). 
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Vijayaraghavan and Yun (2008) studied the biosorption of C.I. Reactive Black 5 from 

aqueous solution using the brown seaweed, Laminaria sp., and found that the protonated 

biomass obtained by treatment with 0.1 M HCl demonstrated enhanced biosorption 

capacity for Reactive Black 5. 

However, pretreatments with sulphuric acid, phosphoric acid, ethanol, methanol, 

EDTA and sodium chloride resulted in decreased sorption capacity of Citrus sinensis 

biosorbent for each reactive dye. Decrease in sorption capacity by treatment with 

sulphuric acid and phosphoric acid might be attributed to decrease in the electronegativity 

of biosorbent surface due to the remaining H+ ions on the acidic pretreated biosorbent 

(Kapoor and Viraraghvan, 1998; Bhattachatyya and Sharma, 2004). Methanol and 

Ethanol are polar organic solvents. Treatment of biosorbent with methanol and ethanol 

might result in esterification of carboxylic acids present on the cell wall of biosorbent and 

the reactions occurred as follows: 

RCOOH + CH3OH → RCOOCH3 +H2O 

RCOOH + CH3CH2OH → RCOOCH2CH3 +H2O 

These results revealed the presence of carboxylic groups on the cell wall of Citrus 

sinensis biosorbent. A similar finding was reported by Bhatti et al., 2009 as they 

investigated the biosorption of Cu (II) and Zn (II) on Rosa gruss an teplitz distillation 

sludge. Same may be the reason behind decreased sorption capacity after treatment with 

EDTA, a well known chelating agent that might chelate the surface functional groups 

reducing their availability to bind dye molecules. Organic solvents either improved the 

sorption capacity or have no effect. Extraction with organic solvents might expose more 
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metal binding sites by removing the protein and lipid fractions from the biosorbent 

surface and increased the sorption capability of the biosorbent (Ashkenazy et al., 1997).  

 Figure 4.3: Effect of chemical treatments on sorption of reactive dyes by Citrus 

sinensis biosorbent. 
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4.4. Optimization of physico-chemical parameters 

4.4.1 Effect of pH 

Initial pH of the aqueous dye solution is an important controlling parameter in the 

sorption of textile dyes. The pH profile for Reactive yellow 42, Reactive red 45, Reactive 

blue 19 and Reactive blue 49 is depicted in Figs. 4-7 using free, immobilized and 

chemically treated lignocellulosic waste biomass of Citrus sinensis as biosorbent. With 

all types of biosorbent the optimum removal of all reactive dyes was found at pH 2. This 

effect might be referred to availability of more cationic sites on the biosorbent surface in 

highly acidic media. Acidic pH enhances binding of anionic dye molecules to the cationic 

surface of biosorbent influencing greater removal. The chemically treated biomass i.e. 

acetic acid treated and acetonitrile treated increased the functionality of biosorbent 

surface offering maximum decolorization of Reactive yellow 42 ( qe 16.37 mg/g), 

Reactive blue 19 (qe 23.56 mg/g), Reactive blue 49 (qe 68.61 mg/g) and Reactive red 45 

(qe 16.34 mg/g), respectively. The decrease in sorption potential of biomass immobilized 

in calcium alginate beads may be due to masking of surface functional groups.  

            Aksu and Isoglu (2006) found optimum removal of Gemazol turquoise blue-G reactive 

dye at pH 2 from aqueous solution by agricultural waste sugar beet pulp. Gong et al. 

(2005) also found optimum removal of three anionic dyes; amaranth, sunset yellow and 

fast green FCF, at the initial pH 2. A similar trend was also observed for the adsorption of 

Congo red (direct dye) on biogas waste slurry (Yamuna, 1999). Hu (1992) studied the 

biosorption of eleven reactive dyes by Aeromonas sp. cells and demonstrated the optimal 

pH at acidic range.  
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       Figure 4.4: Effect of pH on sorption of Reactive yellow 42 by Citrus sinensis 

biosorbent. 

Figure 4.5: Effect of pH on sorption of Reactive Red 45 by Citrus sinensis 

biosorbent. 
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Figure 4.6: Effect of pH on sorption of Reactive blue 19 by Citrus sinensis 

biosorbent. 

 

Figure 4.7: Effect of pH on sorption of Reactive Blue 49 by Citrus sinensis 

biosorbent. 
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O’Mahony et al. (2002) found the maximum biosorption of three commonly used 

reactive dyes, Reactive Red, Reactive Blue 19, and Reactive Orange 16 from aqueous 

solutions by oven-dried R. arrhizus biomass occurred at pH 2.0. Similar finding was 

reported by Aksu and Tezer (2005) who investigated the biosorption of three vinyl 

sulphone type reactive dyes (Remazol Black B (RB), Remazol Red RR (RR) and 

Remazol Golden Yellow RNL (RGY)) onto dried Chlorella vulgaris, a green alga, that 

displayed the highest sorption capacity at the initial pH value of 2.0 for all dyes. El Nemr 

et al. (2009) investigated the potential use of activated carbon prepared from orange peel 

for the removal of anionic dye; direct blue-86 (Direct Fast Turquoise Blue GL), from 

simulated wastewater and determined optimum pH value for dye adsorption to be 2.0. 

4.4.2 Effect of biosorbent dose 

Biosorbent dose seems to have a great influence on biosorption process. Figs. 8-11 

represent the effect of biosorbent doses on the sorption capacity of Citrus sinensis 

biosorbent for the removal of reactive dyes from aqueous solution. The smallest quantity 

of biosorbent, 0.05g, provided optimum sorption capacities of free, immobilized and 

chemically treated biosorbent for Reactive yellow 42 (qe 20.36, 7.24 & 15.31 mg/g);  

Reactive red 45  (qe 15.78, 9.35 & 17.27 mg/g); Reactive blue 19 (qe 24.53, 7.81 & 35.19 

mg/g) and Reactive blue 49 (qe 35.83, 8.87, 35.19 mg/g)  respectively.   
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 Figure 4.8: Effect of biosorbent dose on biosorption of Reactive yellow 42 by Citrus 

sinensis biosorbent. 

 Figure 4.9: Effect of biosorbent dose on biosorption of Reactive Red 45 by Citrus 

sinensis biosorbent. 
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Figure 4.10: Effect of biosorbent dose on biosorption of Reactive blue 19 by Citrus 

sinensis biosorbent. 

 Figure 4.11: Effect of biosorbent dose on biosorption of Reactive Blue 49 by Citrus 

sinensis biosorbent. 
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The decrease in sorption capacity with increasing dose of biosorbent at constant dye 

concentration and volume may be attributed to saturation of sorption sites due to 

particulate interaction such as aggregation (Ozacar and Sengil, 2005; Ofomaja and Ho, 

2007). Such aggregation would lead to a decrease in total surface area of the sorbent and 

increase in diffusional path length (Shukla et al., 2002; Ofomaja and Ho, 2007). 

Vadivelan and Kumar (2005) noted the decrease in sorption capacity of rice husk from 

427.50 to 221.75 mg/g for an increase in adsorbent mass from 0.02 to 0.12g for 

methylene blue. 

4.4.3 Effect of time  

The results of experiments conducted to determine the equilibrium time are represented 

in Figs. 12-15. It is clear that removal efficiency was very rapid during initial stages of 

biosorption process followed by slow increase and then reached equilibrium. The initial 

rapid phase may be due to availability of more vacant sites at the initial stage (Hameed et 

al., 2008; Singh et al., 2009). In case of Reactive yellow 42 and Reactive red 45 dyes, 

equilibrium time was found to be 60 minutes using free (qe 15.69 mg/g for Reactive 

yellow 42 & qe 15.51 mg/g for Reactive red 45) and chemically treated biosorbent (qe 

14.17 mg/g for Reactive yellow 42 & qe 14.74 mg/g for Reactive red 45) while it was 

prolonged to 120 minutes using immobilized biosorbent. Equilibrium time was found to 

be 120 (qe 26.26), 120 (qe 10.20) and 60 (qe 25.19) minutes in case of Reactive blue 19 

and 90 (qe 34.14), 120 (qe 24.05) and 90 (qe 49.19) minutes in case of Reactive blue 49, 

for free, immobilized and acetic acid treated biosorbents, respectively.  
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 Figure 4.12: Effect of time on biosorption of Reactive yellow 42 by Citrus sinensis 

biosorbent. 

 Figure 4.13: Effect of time on biosorption of Reactive Red 45 by Citrus sinensis 

biosorbent. 
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 Figure 4.14: Effect of time on biosorption of Reactive blue 19 by Citrus sinensis 

biosorbent. 

 Figure 4.15: Effect of time on biosorption of Reactive Blue 49 by Citrus sinensis 

biosorbent. 
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Aksu (2001) studied the biosorption of Reactive blue 2 and Reactive yellow 2 by 

activated sludge and reported the achievement of equilibrium within 1 h. Aksu and Isoglu 

(2006) reported that a contact time ranging from 2-4 hours was sufficient to achieve 

equilibrium. Vijayaraghavan and Yun, (2008) also reported the equilibrium time for 

biosorption of Reactive black 5 by Laminaria sp. to be achieved within 3 h. Thangamani 

et al. (2007) prepared activated carbon from silk cotton hull and evaluated its potential 

for biosorption of reactive blue MR from aqueous solution that attained equilibrium 

within 60 min.  

4.4.4 Effect of initial dye concentration 

The results regarding the effect of initial concentration of dyes are shown in Figs. 16-19 

for removal of Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 

49 by Citrus sinensis biosorbent. In case of all reactive dyes, increasing initial dye 

concentration resulted in increased sorption capacity using free, immobilized and 

chemically treated biosorbent. This effect might be attributed to an increase in the driving 

force of the ionic gradient with the increase in the initial dye concentration (Aksu and 

Isoglu, 2006; Hameed et al., 2008). Kumar et al. (2006) justified the increase in sorption 

capacity due to increase in the amount of interactions between dye anions and sorbent. 

Bustard et al. (1998) observed the increase in the biosorptive capacity of Remazol 

Golden Yellow dye by K. marxianus IMB3 at higher concentrations of dye. O’Mahony et 

al.(2002) investigated the uptake of the Reactive Red; Rective Blue 19 and Reactive 

Orange 16 dyes by oven-dried R. arrhizus and reported the increase in sorption capacity 

with increasing dye concentration.  
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 Figure 4.16: Effect of initial dye concentration on biosorption of Reactive yellow 42 

by Citrus sinensis biosorbent. 

 Figure 17: Effect of initial dye concentration on biosorption of Reactive Red 45 by 

Citrus sinensis biosorbent. 



 77

 Figure 4.18: Effect of initial dye concentration on biosorption of Reactive blue 19 

by Citrus sinensis biosorbent. 

 Figure 4.19: Effect of initial dye concentration on biosorption of Reactive Blue 49 

by Citrus sinensis biosorbent. 
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Aksu and Tezer (2005) studied the biosorption of three vinyl sulphone type reactive dyes; 

Remazol Black B, Remazol Red RR and Remazol Golden Yellow RNL onto dried 

Chlorella vulgaris and stated that biosorption capacity of alga raised with increasing 

initial dye concentration up to 800 mg/L for Remazol Black B and Remazol Red RR 

dyes, and up to 200 mg/L for Remazol Golden Yellow RNL dye. 

4.4.5 Effect of temperature 

The results of biosorption experiments performed at different temperatures shown in 

Figs. 20-23 made it clear that biosorption process is exothermic because sorption capacity 

decreased by increasing temperature and mainly involve physical adsorption. Maximum 

sorption capacities for all four reactive dyes were found to be at 303 K.  This is mainly 

due to the weakening of sportive forces between the active sites on the biosorbent and 

anionic dye species, and also between the neighboring adsorbed dye molecules (Ho et al., 

2005). It may also be attributed to deactivation of adsorbent surface at higher 

temperatures as described by Aksu and Isoglu (2006). Aksu and Tezer (2000) reported 

that biosorption of Remazole Black B decreases with rise in temperature. Gallagher et al. 

(1997) justified that biosorption of Reactive Brilliant Red by R. oryzae was a physical 

adsorption due to decrease of biosorption capacity with increasing temperature. 
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 Figure 4.20: Effect of temperature on biosorption of Reactive yellow 42 by Citrus 

sinensis biosorbent. 

 Figure 4.21: Effect of temperature on biosorption of Reactive Red 45 by Citrus 

sinensis biosorbent. 
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Figure 4.22: Effect of temperature on biosorption of Reactive blue 19 by Citrus 

sinensis biosorbent. 

Figure 4.23: Effect of temperature on biosorption of Reactive Blue 49 by Citrus 

sinensis biosorbent. 
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4.4.6 Effect of salts and ionic strength 

Figs. 24-27 depict the results of experiments carried out to check the influence of salts 

and their ionic strength on biosorption of reactive dyes by Citrus sinensis biosorbent. 

Sorption capacity of Citrus sinensis biosorbent for Reactive yellow 42, Reactive red 45, 

Reactive blue 19 and Reactive blue 49 decreased by incorporating salts and also by 

increasing the concentration of these salts. This could be attributed to inhibition for the 

nearness of dye molecules and sorption sites due to hindrances offered by increased 

concentration of ions (Gong et al., 2005).  

Tabak et al. (2009) found the decrease in sorption capacity of Turkish sepiolite 

for reactive blue 15 with increasing ionic strength of NaCl (0.00-0.50 M). He suggested 

the reduction in the positive surface potential of biomass. Karcher et al. (1999) 

investigated cucurbituril as sorbent for removal of reactive dyes. Sorption capacity was 

observed to be as high as 1 g/g but decreased by incorporation of salts (100 mmol/L and 

above) due to increased solubility of cucurbituril in salt solutions.  



 82

 Figure 4.24: Effect of salt concentration on biosorption of Reactive yellow 42 by 

Citrus sinensis biosorbent. 

 Figure 4.25: Effect of salt concentration on biosorption of Reactive Red 45 by Citrus 

sinensis biosorbent. 
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Figure 4.26: Effect of electrolyte concentration on biosorption of Reactive blue 19 by 

Citrus sinensis biosorbent. 

Figure 4.27: Effect of electrolyte concentration on biosorption of Reactive Blue 49 

by Citrus sinensis biosorbent. 
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4.4.7 Effect of heavy metal ions 

The results of effect of heavy metal ions on sorption capacity of Citrus sinensis 

biosorbent for Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 

49 are shown in Fig. 28. Incorporation of metal ions to aqueous solution of each reactive 

dye resulted in lowering of sorption potential of biosorbent. This could be attributed to 

competition between heavy metal ions and dye molecules as justified by O’Mahony 

(2002).  

4.4.8 Effect of surfactants 

Fig. 29 shows the results of effect of surfactants on sorption capacity of Citrus sinensis 

biosorbent for Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 

49. There is over all trend of decrease in sorption capacity by addition of surfactants.  The 

greatest decrease in sorption capacity was observed by using SDS, an anionic surfactant 

and CTAB, a cationic surfactant, suggesting hindrances offered by surfactant molecules 

for binding of dye molecules to the surface of biosorbent. Neutral surfactants Tween-80 

and Triton X-100 showed negligible effect on sorption capacity. Brahimi-Horn (1992) 

observed that the presence of detergent in wastewaters may reduce the binding efficiency 

of the cells and reported that high concentration of Tween, a nonionic surfactant, results 

in a low adsorption and different dyes show different effects with the same concentration 

of Tween.  
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Figure 4.28: Effect of heavy metal ions on biosorption of reactive dyes by Citrus 

sinensis biosorbent. 

Figure 4.29: Effect of surfactant on biosorption of reactive dyes by Citrus sinensis    

biosorbent. 
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4.4.9 Effect of Multi-component dye mixtures 

The biosorption behavior of a dye or dyes from a multicomponent dye solution, usually 

produced from dyehouse or textile mill effluents, is important to study for design of pilot 

plants. The results of batch biosorption experiments carried out for each pure dye and 

multicomponent dye mixture artificially prepared in laboratory and for industrial effluent 

are given in fig. 30. It is evident that percent sorption efficiency is reduced upto 7.03 and 

18.62 % in case of reactive dye’s mixture and industrial effluent, respectively. This effect 

may be a result of competition between reactive dye molecules for the available binding 

sites of biosorbent. However, O’Mahony et al. (2002) studied with multicomponent dye 

solutions containing equal concentrations of the Reactive Red, Reactive Blue 19, and 

Reactive Orange 16 dyes to and observed that uptake capacity of each of the dyes from 

multicomponent solution at pH 2.0 by Rhizopus biomass increased with increasing 

solution concentration suggesting a direct competition mechanism and no preferentially 

dye binding. 
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 Figure 4.30: Biosorption of Multi-component reactive dye mixture by Citrus 

sinensis biosorbent. 
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4.5 Desorption Study 

Desorption studies help to elucidate the mechanism of adsorption and regeneration of 

biosorbent making the treatment process more economical (Kavitha and Namasivayam, 

2007). The results of sorption-desorption experiments of Reactive Yellow 42, Reactive 

red 45, Reactive blue 19 and Reactive blue 49 are depicted in Figs. 31-34, respectively. 

The 99.5 % of Reactive yellow 42 and 33.56 % of Reactive red 45 was desorbed from 

biosorbent. The 35.97 % of Reactive blue 19 and 42.58 % of Reactive blue 49 was 

desorbed from biosorbent in the first cycle. Then sorption-desorption efficiency 

decreased in the second and third cycle after that no more sorption- desorption efficiency 

was observed. Biosorbent was found to be stable upto 3 cycles after which percent 

removal of all reactive dyes was noticeably decreased. Santhy and Selvapathy (2006) 

studied the regeneration of activated carbon that was prepared from coir pith and used for 

the removal of three reactive dyes from aqueous solutions. 1.0 M NaOH solution was 

found sufficient for the regeneration of exhausted carbon that was put to repeated reuse in 

biosorption experiments. 
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 Figure 4.31: Pattern of sorption-desorption of Reactive yellow 42 by Citrus sinensis 

biosorbent. 

 Figure 4.32: Pattern of sorption-desorption of Reactive red 45 by Citrus sinensis 

biosorbent. 
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Figure 4.33: Pattern of sorption-desorption of Reactive blue 19 by Citrus sinensis 

biosorbent. 

 Figure 4.34: Pattern of sorption-desorption of Reactive Blue 49 by Citrus sinensis 

biosorbent. 
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           4.6 Equilibrium modeling 

Tables 2-5 designate the coefficients of Langmuir, Freundlich and Temkin isotherms 

computed from sorption data of Reactive yellow 42, Reactive red 45, Reactive blue 19 

and reactive blue 49, respectively. In case of Reactive yellow 42, sorption data of free 

biosorbent were fitted to Langmuir isotherm, R2 being 0.97. R2 values obtained were 

above 0.95 for Freundlich isotherms by immobilized and acetic acid treated biosorbents 

for Reactive yellow 42 indicating the applicability of this isotherm.  

 Sorption data of Reactive red 45 were fitted to Langmuir isotherm for free as well 

as acetonitrile treated biosorbent. While for Reactive red 45, all three types of biosorbents 

showed R2 values above 0.95 for Freundlich isotherm. Freundlich isotherm fitted well to 

sorption data of immobilized biosorbent while Langmuir to acetic acid treated biosorbent. 

Langmuir, Freundlich as well as Temkin described the sorption process of Reactive blue 

19 by free biosorbent with high coefficient of determination (R2= 0.99). In case of 

Reactive blue 49, Freundlich isotherm described the heterogeneous nature of sorption by 

immobilized and acetic acid treated biosorbents. Values of n were greater than 1 

employing favorable sorption by all three types of biosorbents. Sorption energy (b) 

values for all four reactive dyes were smaller designating the process to be 

physiosorption. 

Hu (1996) observed that the adsorption of six reactive dyes by dead cells of 

Aeromonas sp., P. luteola and E. coli followed the Freundlich model. Aksu (2001) used 

dried activated sludge to adsorb Reactive Blue 2 and Reactive Yellow 2 dyes from 

aqueous solutions and observed that both Freundlich and Langmuir isotherms fitted 
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biosorption well, which indicated adsorption by combined mechanisms onto a 

heterogeneous surface. Aksu and Tezer (2000) investigated the biosorption of Remazol 

Black B, a vinyl sulphone type reactive dye, from aqueous solutions on dried Rhizopus 

arrhizus in a batch system with regard to the temperature, initial pH and initial dye 

concentration by employing the Freundlich and Langmuir adsorption models for the 

mathematical explanation of the biosorption equilibrium and isotherm constants were 

calculated at different temperatures. Equilibrium data fitted very well to the Freundlich 

model in the studied concentration (20–800 mg L-1) and temperature (25–55°C) ranges. 

Ncibi et al., (2007) carried out equilibrium modeling of biosorption of raw and 

chemically treated Posidonia oceanica (L.) leaf sheaths for the removal of reactive textile 

dye from aqueous solutions. Equilibrium data were fitted to the Freundlich isotherm 

model for all tested adsorption systems. Arıca and Bayramoglu (2007) investigated the 

Langmuir, Freundlih and Temkin adsorption models for the mathematical description of 

the biosorption equilibrium by native and modified white-rot fungus, Lentinus sajur, for 

removal of Reactive Red 120 from aqueous solution and found that the Freundlich and 

Temkin models explained well the biosorption equilibrium of Reactive Red-120 on the 

fungal biomass preparations. Osma et al. (2007) investigated the potential of two low-

cost adsorbents such as sunflower seed shells (SS) and mandarin peelings (MP) for 

sorption of the synthetic anionic dye Reactive Black 5 (RB5) from aqueous solutions. 

The equilibrium data fitted well both the Freundlich and multilayer adsorption isotherm 

equations indicating the heterogeneity of the adsorbent surface. Vijayaraghavan and Yun 

(2008) used the Langmuir, Freundlich and Redlich-Peterson models to describe the 
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isotherm data of Laminaria sp. for removal of Reactive black 5 from aqueous solution of 

which the Freundlich model fitted the sorption data with high correlation coefficients and 

low percentage error values. Hameed et al. (2009) studied the adsorption of C. I. Reactive 

Red 120 (RR120) on activated oil palm ash (AOPA) in a batch system under different 

initial dye concentrations (50–600 mg L–1), solution pH (2–12) and temperature (30, 40 

and 50°C). The experimental data were analyzed by the Langmuir and Freundlich 

isotherms of which the Freundlich model agreed very well with the experimental data. 
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Table 4.2: Equilibrium modeling of biosorption of Reactive yellow 42 by Citrus 

sinensis biosorbent. 

 

 

Langmuir 
Coefficients 

Freundlich Coefficients Temkin Coefficients 

R2 
Qmax 

 
(mg/g)

KL 
 

(L/mg)
R2 n 

KF 
(mg g-1) 
 (mgL-1)n 

R2 
b 
 

(kJ/mol) 

KT 
 

(L/mg) 

Free 0.97 36.36 0.022 0.91 2.44 3.65 0.94 0.32 4.32 

Immobilized 0.56 51.47 0.003 0.97 1.25 3.45 0.95 0.39 2.95 

Acetic Acid 
Treated 

0.90 106.38 0.007 0.97 1.71 2.74 0.93 0.11 14.36 
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Table 4.3: Equilibrium modeling of biosorption of Reactive red 45 by Citrus sinensis 

biosorbent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Langmuir Coefficients Freundlich Coefficients Temkin Coefficients 

R2 
Qmax 

 
(mg/g) 

KL 
 

(L/mg) 
R2 n 

KF 
(mg g-1) 
(mgL-1)n 

R2 
b 
 

(kJ/mol) 

KT 
 

(L/mg)

Free 0.99 18.28 0.192 0.96 4.95 7.13 0.96 12.47 68.39 

Immobilized 0.88 39.06 0.017 0.98 1.41 1.53 0.93 0.34 4.42 

Acetonitrile 
treated 

0.99 31.45 .096 0.95 3.64 8.32 0.97 0.45 1.72 

 Langmuir Coefficients 
Freundlich 
coefficients 

Temkin coefficients 
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Table 4.4: Equilibrium modeling of biosorption of Reactive blue 19 by Citrus 

sinensis biosorbent. 

 

 

 

 

 

 

 

 

 

 

Table 4.5: Equilibrium modeling of biosorption of Reactive blue 49 by Citrus 

sinensis biosorbent. 

 

R2 
Qmax 

 
(mg/g)

KL 
 

(L/mg)
R2 n 

KF 
(mg g-1) 
(mgL-1)n 

R2 
b 
 

(kJ/mol) 

KT 
 

(L/mg) 

Free 0.99 37.45 0.093 0.98 4.44 11.79 0.99 0.44 2.43 

Immobilized 0.79 400 0.004 0.98 1.14 2.08 0.95 0.06 8.19 

Acetic Acid 
Treated 

0.97 75.19 0.018 0.89 2.31 6.16 0.93 0.15 6.00 
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Langmuir Coefficients Freundlich coefficients Temkin coefficients 

R2 
Qmax 

 
(mg/g) 

KL 
 

(L/mg)
R2 n 

KF 
(mg g-1) 
(mgL-1)n 

R2 
b 
 

(kJ/mol) 

KT 
 

(L/mg)

Free 0.91 135.16 0.036 0.89 1.97 11.56 0.93 0.08 2.43 

Immobilized 0.94 80.00 0.022 0.96 1.45 2.79 0.96 0.15 4.30 

Acetic Acid 
Treated 

0.85 232.56 0.016 0.96 1.72 9.77 0.86 0.05 6.19 

 
 

 

 

 

 

 

 

 
4.7 Kinetic Study 

Tables 6-9 reports the coefficients of determination (R2 = 0-1) for all four kinetic models 

of which pseudo-second-order kinetic model was found to be best fitted to the 

biosorption data giving high R2 values 0.99 using free, immobilized and chemically 
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treated biosorbents for all reactive dyes. The values of predicted equilibrium sorption 

capacities were in good agreement with the experimental equilibrium uptake values.  

Aksu (2001) investigated the biosorption of reactive dyes (Reactive Blue 2 and 

Reactive Yellow2) onto dried activated sludge. Uptake processes of both the dyes 

followed the second-order rate law. Özacar and Sengil (2003) evaluated the sorption 

potential of calcined alunite for the removal of three reactive dyes used in cellulose fiber 

dyeing. The experimental data fitted sound by the second-order kinetic model that proved 

the chemical sorption to be the rate limiting step. Chiou et al. (2004) prepared ionically 

and chemically cross-linked chitosan and applied to study the adsorption of four reactive 

dyes (RB2, RR2, RY2, RY86), three acid dyes (AO12, AR14, AO7) and one direct dye 

(DR81) from aqueous solutions in a batch system.  The kinetics of adsorption and 

decolorization efficiency for different initial dye concentrations were analyzed by 

pseudo-first-order and second-order models. The data approved very well with the 

pseudo-second-order kinetic model. 

 Kavitha and Namasivayam (2007) carried out batch adsorption experiments for 

the removal of Procion orange from its aqueous solution using coir pith carbon and 

examined adsorption kinetic parameters on coir pith carbon. Kinetic study showed that 

the adsorption of dye on coir pith carbon was gradual process and followed second-order 

kinetic model with respect to dye solution concentration. Singh et al. (2008) evaluated 

the Chitosan-grafted poly (methylmethacrylate) (Ch-g-PMMA) to be an efficient 

adsorbent for the three anionic azo dyes (Procion Yellow MX, Remazol Brilliant Violet 

and Reactive Blue H5G) over a wide pH range of 4–10. The adsorption kinetic data of all 
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the three dyes could be well explained by pseudo-second-order model with the 

correlation coefficients (R2) being 0.9922, 0.9997 and 0.9862, for direct yellow, reactive 

violet and blue dye, respectively with rate constants 0.91×10−4, 1.82×10−4 and 1.05×10−4 

gmg−1 min−1, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.6: Kinetic study of biosorption of Reactive yellow 42 by Citrus sinensis 

biosorbent. 

 
qe 

(exp) 
(mg/g) 

Pseudo first order 
coefficients 

Pseudo second order 
coefficients 

Intraparticle 
diffusion 

coefficients 

q1 

(mg/g) 
k1 

(min-1) 
R2 

q2 

(mg/g)

k2 
(g/mg 
min) 

R2 
KP 

(m g/g 
min1/2) 

R2 
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Free 15.69 5.82 0.067 0.77 15.67 0.036 0.99 0.42 0.61 

Immobilized 4.49 2.89 0.039 0.97 4.67 0.023 0.99 0.24 0.87 

Acetic Acid 
treated 

14.17 11.31 0.045 0.87 14.97 0.007 0.99 0.87 0.74 

 

Table 4.7: Kinetic study of biosorption of Reactive red 45 by Citrus sinensis 

biosorbent. 

 

 

Table 4.8: Kinetic study of biosorption of Reactive blue 19 by Citrus sinensis 

biosorbent. 

 

 
qe 

(exp) 
(mg/g) 

Pseudo first order 
coefficients 

Pseudo second order 
coefficients 

Intraparticle 
diffusion 

coefficients 

 
qe 

(exp) 
(mg/g) 

Pseudo first order 
coefficients 

Pseudo second order 
coefficients 

Intraparticle 
diffusion 

coefficients 

q1 

(mg/g) 
k1 

(min-1)
R2 

q2 

(mg/g)

k2 
(g/mg 
min) 

R2 
KP 

(m g/g 
min1/2) 

R2 

Free 15.51 5.82 0.067 0.77 15.67 0.036 0.99 0.42 0.61 

Immobilized 17.08 14.42 0.029 0.92 19.31 0.002 0.99 1.24 0.81 

Acetonitrile 
treated 

14.74 7.07 0.189 0.96 14.88 0.124 0.99 0.36 0.55 
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q1 

(mg/g) 
k1 

(min-1) 
R2 

q2 

(mg/g)

k2 
(g/mg 
min) 

R2 
KP 

(m g/g 
min1/2) 

R2 

Free 26.26 12.93 0.041 0.66 26.88 0.009 0.99 0.74 0.75 

Immobilized 10.20 5.95 0.054 0.75 10.62 0.014 0.99 0.57 0.69 

Acetic Acid 
Treated 

29.41 28.53 0.198 0.97 25.91 0.008 0.99 1.25 0.60 

 

Table 4.9: Kinetic study of biosorption of Reactive blue 49 by Citrus sinensis 

biosorbent. 

 

4.8 Thermodynamic study 

The thermodynamic data for the adsorption of the dye on Citrus sinensis biosorbent are 

presented in Table 10. The parameters H, S and G were computed from the plots 

of log q/Ce vs. 1/T. The enthalpy of adsorption in the temperature range 303-343 K for 

Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 49 was found to 

 
qe 

(exp) 
(mg/g) 

Pseudo first order 
coefficients 

Pseudo second order 
coefficients 

Intraparticle 
diffusion 

coefficients 

q1 

(mg/g) 
k1 

(min-1)
R2 

q2 

(mg/g)

k2 
(g/mg 
min) 

R2 
KP 

(m g/g 
min1/2) 

R2 

Free 34.14 8.55 0.064 0.92 30.77 0.036 1.00 0.66 0.63 

Immobilized 24.05 19.83 0.027 0.94 26.32 0.002 0.99 1.63 0.85 

Acetic Acid 
treated 

49.19 38.28 0.034 0.94 53.19 0.001 0.99 3.25 0.88 
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be -35.99 and -25.46, -8.99, -14.17 kJ/mole, respectively. The negative enthalpy values 

indicated the exothermic nature of adsorption interaction. Enthalpy change of 

chemisorption takes value between 40-120 kJ/mol that is larger than that of 

physiosorption (Ofomaja and Ho, 2007). Therefore the removal of reactive dyes by 

Citrus sinensis biosorbent likely involves physiosorption process.  

The adsorption is accompanied by decrease in entropy (negative entropy values) 

of -0.12, 0.08, -0.04 and -0.04 kJ/mol.K for Reactive yellow 42, Reactive red 45, 

Reactive blue 19 and Reactive blue 49 respectively. This behavior signifies the ordering 

of system as sorption proceeds. The Gibbs free energy indicates the degree of spontaneity 

of the sorption process. Negative G from 303 to 343K indicates spontaneous 

biosorption of Reactive blue 49 by Citrus sinensis biosorbent. Negative G, -0.61 

kJ/mol for Reactive red 45 and Reactive blue 49 designated the process to be 

spontaneous. Positive G values were obtained at higher temperatures suggesting that 

the sorption process was non-spontaneous at higher temperatures. Whilst in case of 

Reactive yellow 42 and Reactive blue 19, Positive G in the temperature range 303-

343K designated the sorption process to be non-spontaneous.  

Aksu and Isoglu (2006) studied thermodynamics of dried sugar beet pulp for 

removal of Gemazol turquoise blue-G and the sorption process was established to be 

exothermic and physio-sorption by thermodynamic study. Hassan et al. (2009) studied 

the removal of some reactive dyes (RY-145, RR-194 and RB-B) from textile wastewater 

effluents using Sorel’s cement.  The values of enthalpy change ΔH° for RY-145, RR-194 
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and RB-B dyes were found to be −146.96, −49.23 and −264.86 kJ mol−1, respectively, 

indicating that the removal process was exothermic. 

 

Table 4.10: Thermodynamic study of biosorption of reactive dyes by Citrus sinensis 

biosorbent. 

 

 -H 
(kJ/mol) 

-S 
(kJ/mol K)

G (kJ/mol) 

303K 313K 323K 333K 343K 

Reactive 
Yellow 42 

 
35.99 0.12 0.37 1.57 2.77 3.97 5.17 

Reactive 
Red 45 

25.46 0.08 -0.61 0.21 1.03 1.85 2.67 

Reactive 
Blue 19 

 
8.99 0.04 3.13 3.53 3.93 4.33 4.73 

Reactive 
Blue 49 

14.17 0.04 -2.05 -1.65 -1.25 -0.85 -0.45 

 

 

 

4.9 Characterization of biosorption process 

The results of proximate analysis showed the 2.19 % protein contents, 5.33 % fat, 41.67 

% crude fiber and 3.80 % ash contents. Elemental composition of biosorbent was 

determined to be carbon (54.19%), oxygen (45.22%), potassium (0.33%), calcium 

(0.26%) by electron dispersive X-ray spectroscopy. The surface area was determined to 
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be 3.54 m2/g by nitrogen adsorption BET method. Fig. 35 presented the XRD spectrum 

of biosorbent surface designates the amorphous nature of biosorbent.  

 Figure 4.35: X-Ray Diffraction spectrum of surface of Citrus sinensis biosorbent. 

 

 

 

 

 

 

4.9.1 FT-IR study 

FT-IR analysis permits spectrophotometric observation of the adsorbent surface in the 

range 400-4000 cm-1 and serves as a direct means for the identification of organic 

functional groups on the surface (Nelly and Isacoff, 1982). FT-IR spectra of the free, 

immobilized and chemically treated Citrus sinensis biosorbent and those of loaded with 
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reactive dyes are presented in Fig 36-43. In case of free biosorbent, acetic acid and 

acetonitrile treated biosorbents, a sharp band near 3600 cm-1 and two absorption bands, 

one near 3500 cm-1 and the other near 3400 cm-1 may be arising due to the non associated 

O-H stretching vibrations and the antisymmetric and symmetric stretching vibrations of 

the two N-H bonds, respectively (Silverstein et al.,  1981). It indicates the presence of 

hydroxyl and amino groups on the biomass surface. Peaks in the range 2912.51-2866.22 

cm-1 indicate the presence of aliphatic C-H stretching. The presence of sharp and strong 

band near 1700 cm-1 denotes the presence of C=O stretching while the peak near 1600 

cm-1 may be attributed to C=O stretching of carboxylic acid with intermolecular hydrogen 

bond. The band near 1000 cm-1 may be assigned to stretching vibration of C-O group 

(Pavan et al., 2008). 

 FT-IR spectra of immobilized and dye loaded biosorbents present a broad band 

near 3600 cm-1 that may be assigned to the hydrogen bonded OH and NH groups (Singh 

et al.,  2009). This justifies the involvement of hydroxyl and amino groups on the surface 

of biosorbent in the development of vander Waal’s force with dye molecules.  Also the 

intensity of band near 1700 cm-1 is reduced that might be due to involvement of C=O 

group in bonding to dye molecules. The spectrum of immobilized biosorbent justified the 

decreased sorption capacity throughout the course of biosorption experiments. 
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Figure 4.36: FT-IR spectrum of free Citrus sinensis biosorbent. 

 

 

Figure 4.37: FT-IR spectrum of immobilized Citrus sinensis biosorbent. 



 107

 

Figure 4.38: FT-IR spectrum of acetic treated Citrus sinensis biosorbent. 

 

 

Figure 4.39: FT-IR spectrum of acetonitrile treated Citrus sinensis biosorbent. 
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Figure 4.40: FT-IR spectrum of Reactive yellow 42 loaded Citrus sinensis 

biosorbent. 
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Figure 4.41: FT-IR spectrum of Reactive red 45 loaded Citrus sinensis biosorbent. 

 
 
Figure 4.42: FT-IR spectrum of Reactive blue 19 loaded Citrus sinensis biosorbent. 

 

 

Figure 4.43: FT-IR spectrum of Reactive blue 49 loaded Citrus sinensis biosorbent. 
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4.9.2 Scanning electron microscopic studies 

Morphology of the surface of the adsorbent materials was studied by scanning electron 

microscopy (Nelly and Isacoff, 1982; Rook, 1983; Kavitha and Namasivayam, 2007). 

Typical SEM photographs of free and Reactive yellow 42, Reactive red 45, Reactive blue 

19 and Reactive blue 49 loaded Citrus sinensis biosorbents are shown. These 

photographs justified the porous and fibrous texture of the biosorbent with high 

heterogeneity that could contribute to the biosorption of the dyes. The pores seem to be 

packed with dyes after adsorption.  
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4.10. Response surface modeling 

 

 

Figure 4.44: Scanning electron micrographs of Citrus sinensis biosorbent before and 

after biosorption. 
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4.10 Response surface methodology 

The experimental design matrix derived from central composite design for three coded 

independent variables along with observed responses, q (mg/g), for Reactive yellow 42, 

Reactive red 45, Reactive blue 19 and Reactive blue 49 is presented in Table 12. The 

experimental results were evaluated and polynomial equations fitted to sorption data of 

Reactive yellow 42 (1), Reactive red 45 (2), Reactive blue 19 (3) and Reactive blue 49 

(4) are given as follows: 

Q (mg/g) = 22.02 - 2.52 A + 8.78 B - 2.61 C - 1.49 AB + 3.9 AC - 0.5 BC                             (1) 

Q (mg/g) = 14.15 − 2.56 A + 1.21 B − 1.46 C − 1.32 AB − 0.53 AC − 0.16 BC − 0.54 A2 

− 0.31 B2 + 0.80 C2                                                                                                                                   (2) 

Q (mg/g) = 17.84 − 1.72 A + 2.86 B − 1.54 C − 0.27 AB + 1.44 AC − 1.09 BC − 0.59 A2 

− 1.06 B2 + 1.25 C2                                                                                                            (3) 

Q (mg/g) = 58.60 − 0.74A + 18.80 B − 13.12 C − 8.68 AB − 2.62 AC − 6.09 BC − 8.79 

A2 − 2.91 B2 + 1.86 C2                                                                                                       (4) 

Where A, B and C are three independent variables. Significance of each coefficient in 

equations 1 and 2 was determined by Student’s t-test and p-value.  
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Table 4.11: The central composite design matrix for three coded independent 

variables along with observed response, q (mg/g) of Citrus sinensis biosorbent for 

reactive dyes. 

 

4.10.1 Analysis of Variance  

The statistical significance of the fitted quadratic model was determined by the analysis 

of variance (ANOVA). ANOVA is a statistical technique that subdivides the total 

variation in a set of data into component parts associated with specific sources of 

variation for the purpose of testing hypotheses on the parameter of the model (Kim et al., 

2003). Results of Analysis of variance for biosorption of Reactive yellow 42, Reactive 

Run 
No. 

A: 
pH 

B: Dye 
Concentration 

C: 
Biosorbent 

Dose 

Respnse (Y): q (mg/g) 

 
Reactive 
yellow 42 

 

Reactive 
red 45 

 
Reactive 
blue 19 

 

 
Reactive 
blue 49 

 
1 0 0 0 22.88 14.25 17.50 58.35 
2 0 0 0 20.54 14.27 16.80 58.43 
3 -1 1 1 28.16 18.78 18.12 60.12 
4 -1 -1 -1 20.77 15.6 17.80 26.18 
5 2 0 0 16.06 6.82 12.10 22.08 
6 0 -2 0 3.27 12.93 7.94 9.49 
7 1 1 -1 26.53 14.27 19.40 79.72 
8 0 0 2 17.21 14.39 19.80 39.92 
9 0 0 0 22.39 14.03 18.80 58.68 
10 1 -1 1 14.67 10.51 14.01 27.99 
11 0 0 -2 27.56 20.24 25.95 92.42 
12 -2 0 0 26.12 17.05 18.96 25.03 
13 0 0 0 22.65 13.75 18.50 58.85 
14 0 0 0 22.96 14.38 17.70 58.92 
15 0 2 0 38.38 17.76 19.40 84.69 
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red 45, Reactive blue 19 and Reactive blue 49 are reported in Tables 13-16, respectively. 

These tables show the statistical significance of ratio of mean square due to regression 

and mean square residual error so the model can be used to navigate the design space. 

According to the ANOVA, F values are very large showing that model terms are 

significant and most of the variation in the response can be explained by the regression 

equation. Values of “prob > F” less than 0.0500 also indicate high significant regression 

at 95% confidence level. The lack-of-fit term is statistically insignificant as desired 

(Sharma et al., 2009). 

 

Table 4.12: One way ANOVA for RSM parameters fitted to polynomial equation for 
biosorption of Reactive yellow 42 by Citrus sinensis biosorbent. 
 
 

Sources of 
variation 

Sum of 
Squares 

Degree of 
freedom 

Mean 
Square 

F value 
p-value 

Probability>F 

Model 834 .03 6 139.00 107.76 <.0001* 
Lack of fit 6.32 4 1.58 1.58 0.3341a 
Pure error 4 4 1.00   
Residual 10.32 8 1.29   
Total 844.35 14    

R2= 0.9878; Adj R2= 0.9786 and coefficient of variance = 5.16 
a Not significant. 
* Values of “Probability > F” less than 0.05 indicate model terms are significant.  
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Table 4.13: One way ANOVA for RSM parameters fitted to polynomial equation for 
biosorption of Reactive yellow 42 by Citrus sinensis biosorbent. 
 
 

Sources of 
variation 

Sum of 
Squares 

Degree of 
freedom 

Mean 
Square 

F value 
p-value 

Probability>F 

Model 147.51 9 16.39 289.57 <0.0001* 
Lack of fit 0.032 1 0.032 0.52 0.5126a 
Pure error 0.25 4 0.063   
Residual 0.28 5 0.057   
Total 147.80 14    

R2= 0.9981; Adj R2= 0.9946 and coefficient of variance = 1.63 
a Not significant. 
* Values of “Probability > F” less than 0.05 indicate model terms are significant.  

 
 
 
 
 
Table 4.14: One way ANOVA for RSM parameters fitted to polynomial equation for 
biosorption of Reactive blue 19 by Citrus sinensis biosorbent. 
 
 
One way ANOVA for RSM parameters fitted to polynomial equation. 
Sources of 
variation 

Sum of 
Squares 

Degree of 
freedom 

Mean 
Square 

F value p-value 
Probability>F 

Model 219.83 9 24.43 46.33 <0.0003* 
Lack of fit 0.064 1 0.064 0.100 0.7678a 
Pure error 2.57 4 0.64   
Residual 2.64 5 0.53   
Total 222.47 14    

R2= 0.9882; Adj R2= 0.9668 and coefficient of variance = 4.14 
a Not significant. 
* Values of “Probability > F” less than 0.05 indicate model terms are significant.  
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Table 4.15: One way ANOVA for RSM parameters fitted to polynomial equation for 
biosorption of Reactive blue 49 by Citrus sinensis biosorbent. 
 
 
Sources of 
variation 

Sum of 
Squares 

Degree of 
freedom 

Mean 
Square 

F value p-value 
Probability>F 

Model 8551.59 9 950.18 7644.36 <0.0001* 
Lack of fit 0.37 1 0.37 5.86 0.0727a 
Pure error 0.25 4 0.063   
Residual 0.62 5 0.12   
Total 2451.05 14    

R2= 0.9999; Adj R2= 0.9998 and coefficient of variance = 0.70 
a Not significant. 
* Values of “Probability > F” less than 0.05 indicate model terms are significant.  

 
 
 
 
4.10.2 Fitting of quadratic model 

The fit of the model was checked by the determination of coefficient (R2). The values of 

R2 and adjusted R2 are very high and show a high correlation between the observed 

values and predicted values. This reveals that the regression model explains the 

relationship between the independent variables and the response q (mg/g) very well. The 

coefficient of determination for color removal (R2= 0.9878 for Reactive yellow 42, R2= 

0.9981 for Reactive red 45, R2 = 0.9882 for Reactive blue 19 & 0.9999 for Reactive blue 

49) defines that 99% of the variation for removal of color is explained by the independent 

variables and about 0.01% of sample variation for color removal is not explained by the 

model. The value of adjusted determination coefficient (adjusted R2= 0.9786 for Reactive 

yellow 42, 0.9946 for Reactive red 45, 0.9668 for Reactive blue 19 & 0.9998 for Reactive 

blue 49) is also high indicating high significance of the model. This reveals that the 
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regression model explains the relationship between the independent variables and the 

response q (mg/g) very well.  

Checking the adequacy of model is an important step of data analysis; otherwise 

the model may give poor or misleading results (Sharma et al., 2009). The plot of normal 

% probability versus studentized residuals shown in Figs. 45-48 for Reactive yellow 42, 

Reactive red 45, Reactive blue 19 and Reactive blue 49, respectively, indicate that the 

model satisfies the assumptions of the analysis of variance (ANOVA) where the 

studentized residuals measure the number of standard deviations separating the actual and 

predicted values. It also elaborates that there was no problem with normality so any 

response transformation is not necessary (Ozer et al., 2009).   

The actual and the predicted biosorption capacity of Citrus sinensis biosorbent for 

Reactive yellow 42, Reactive red 45, Reactive blue 19 and Reactive blue 49 are shown in 

Figs. 49-52. These figures designate the goodness of fit of model to response data. 
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Figure 4.45: The studentized residual and normal % probability plot of 

decolorization of Reactive Yellow 42 by Citrus sinensis biosorbent. 
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Figure 4.46: The studentized residual and normal % probability plot of 

decolorization of Reactive red 45 by Citrus sinensis biosorbent.  
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Figure 4.47: The studentized residual and normal % probability plot of 

decolorization of Reactive blue 19 by Citrus sinensis biosorbent. 
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Figure 4.48: The studentized residual and normal % probability plot of 

decolorization of Reactive blue 19 by Citrus sinensis biosorbent. 



 120

Actual

P
re

di
ct

ed
Predicted vs. Actual

3.27

12.35

21.42

30.50

39.57

3.27 12.05 20.82 29.60 38.38

 Figure 4.49: The plot of predicted q (mg/g) versus actual q (mg/g) of decolorization 

of Reactive Yellow 42 by Citrus sinensis biosorbent. 
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Figure 4.50: The plot of predicted q (mg/g) versus actual q (mg/g) of decolorization 

of Reactive red 45 by Citrus sinensis biosorbent. 
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 Figure 4.51: The plot of predicted q (mg/g) versus actual q (mg/g) of decolorization 

of Reactive blue 19 by Citrus sinensis biosorbent. 
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Figure 4.52: The plot of predicted q (mg/g) versus actual q (mg/g) of decolorization 

of Reactive blue 49 by Citrus sinensis biosorbent. 
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4.10.3 Optimization and interactive effect of variables 

Having a valid model the graphical representations of the response surface were plotted. 

Fig. 53 presents the effect of interaction of pH and biosorbent dose on sorption capacity 

of Citrus sinensis biosorbent for Reactive yellow 42. The response surface shows a 

maximum and the interactive effect of both variables were found to be significant. 

Sorption capacity of Citrus sinensis biosorbent for Reactive yellow 42 decreased with 

increasing pH and biosorbent dose. Optimum sorption capacity was observed at pH 1.5 

using 0.05g of biosorbent. 

Fig. 54 shows that interaction of pH and dye concentration significantly 

influenced the sorption capacity of Citrus sinensis biosorbent for Reactive red 45. As 

initial dye concentration increased, sorption capacity also increased and maximum at pH 

2. 

Effect of interaction of pH and biosorbent dose shown in Fig. 55 designates a 

saddle surface and optimum sorption capacity was found by using 0.05g of Citrus 

sinensis biosorbent for removal of Reactive red 45 at pH 2. 

Fig. 56 shows the interactive effect of pH and biosorbent dose on sorption 

capacity of Citrus sinensis biosorbent for Reactive blue 19. The response surface shows a 

maximum at pH 1.5 and 0.50 g biosorbent dose. Further increase in pH and biosorbent 

dose result in decreased sorption capacity and interactive effect of pH and biosorbent 

dose was found to be significant.  

Fig. 57 designated the significant interaction of biosorbent dose and dye 

concentration on the sorption capacity of Citrus sinensis biosorbent for Reactive blue 19. 
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As initial dye concentration increased, sorption capacity also increased and decreased 

with increasing biosorbent dose.  

Figs 58-60 presents the response surfaces reflecting the biosorption of Reactive 

blue 49 by Citrus sinensis biosorbent. Fig. 58 indicates the significant interaction 

between pH and dye concentration and shows optimum sorption capacity at pH 2 that 

increased with increasing initial dye concentration. Response surface presented in Fig. 59 

shows the interactive effect of pH and biosorbent dose was significant and a maximum at 

pH 2 and 0.05 g amount of biosorbent. Fig. 60 reveals significant interaction between 

biosorbent dose and dye concentration and also shows that optimum point is located 

outside the experimental region. 
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Figure 4.53: Effect of interaction of pH and Biosorbent dose on sorption capacity of 

Citrus sinensis biosorbent for Reactive yellow 42. 

 

 

Figure 4.54: Effect of interaction of pH and dye concentration on sorption capacity 

of Citrus sinensis biosorbent for Reactive red 45. 
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Figure 4.55: Effect of interaction of pH and Biosorbent dose on sorption capacity of 

Citrus sinensis biosorbent for Reactive red 45.  

 

 

Figure 4.56: Effect of interaction of pH and biosorbent dose on sorption capacity of 

Citrus sinensis biosorbent for Reactive blue 19. 
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Figure 4.57: Effect of interaction of biosorbent dose and dye concentration on 

sorption capacity of Citrus sinensis biosorbent for Reactive blue 19. 

 

Figure 4.58: Effect of interaction of pH and dye concentration on sorption capacity 

of Citrus sinensis biosorbent for Reactive blue 49. 

 



 127

 

Figure 4.59: Effect of interaction of pH and Biosorbent dose on sorption capacity of 

Citrus sinensis biosorbent for Reactive blue 49. 

 

Figure 4.60: Effect of interaction of Biosorbent dose and dye concentration on 

sorption capacity of Citrus sinensis biosorbent for Reactive blue 49. 
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Chapter-5 

                                                             SUMMARY 

The sorption potential of Citrus waste biomasses was analyzed and screened having 

optimum sorption capacity for removal of reactive dyes from aqueous solutions. Citrus 

sinensis biosorbent was selected and investigated for sorption of Reactive yellow 42, 

Reactive red 45, Reactive blue 19 and Reactive blue 49 with variation in the parameters 

such as pH, biosorbent dose, initial dye concentration and temperature. Biosorbent was 

chemically treated by organic and inorganic reagents of which acetic acid enhanced the 

sorption capacities for Reactive yellow 42, Reactive blue 19 and Reactive blue 4; and 

acetonitrile for Reactive red 45. Sorption equilibrium was established within 60, 60, and 

120 and 90 minutes using free biosorbent that was reduced to 60, 60, 60 and 90 minutes 

and chemically treated biosorbent in case of Reactive yellow 42, Reactive red 45, 

Reactive blue 19 and Reactive blue 49, respectively. Immobilization of biosorbent into 

calcium alginate beads decreased the sorption capacity and prolonged the time to achieve 

equilibrium upto 120 minutes in case of all reactive dyes.  Sorption of all reactive dyes 

was dependent on pH of media and maximum at pH 2. Smaller biosorbent dose and 

increasing dye concentrations favored the biosorption process. Experimental data showed 

good fit with the Freundlich adsorption isotherm. Pseudo second order rate law described 

best the sorption mechanism with a high coefficient of determination (R2 =0.99). The 

mechanism of sorption was fond to be physiosorption. FT-IR analysis of biosorbent 

revealed the presence of C=O, C−O, NH and OH groups on the surface of biosorbent. 
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SEM imaging of biosorbent surface before and after loading of dye molecules visualized 

the heterogeneity of pores lying within fibrous texture of biosorbent. Desorption 

experiments were also performed to regenerate the biosorbent making the process more 

economical and environment friendly. The interactive effect of pH, biosorbent dose and 

dye concentration on the capacity of Citrus sinensis biosorbent was investigated for the 

biosorption of Reactive dyes from aqueous solution using central composite design 

matrix and response surface methodology. The probability values less than 0.0001 

designated the good fit of sorption data by the model. High values of coefficient of 

determination (R2 0.9878, 0.9981, R2 0.9882 & 0.9999 for Reactive yellow 42, Reactive 

red 45, Reactive blue 19 and Reactive blue 49, respectively) indicated evaluation of 

biosorption data by second order polynomial equations very well. The interactive effect 

of pH, biosorbent dose and dye concentration was found significant and sorption capacity 

was optimum at acidic pH range, smaller biosorbent dose and higher dye concentrations.   
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