
 

 

REMOVAL OF HEAVY METALS FROM INDUSTRIAL 

WASTEWATERS USING MICROBIAL BIOSORBENTS 

 Ph.D. Thesis 

 

 

 MUHAMMAD FAYYAZ AHMAD 

2007-PhD-ENV-01 

 

 

 

 

 

INSTITUTE OF ENVIRONMENTAL ENGINEERING AND RESEARCH

UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

LAHORE – PAKISTAN 
APRIL-2014 



 

 

REMOVAL OF HEAVY METALS FROM INDUSTRIAL 

WASTEWATERS USING MICROBIAL BIOSORBENTS 

Thesis Submitted for the Degree of Doctor of Philosophy 

in 

ENVIRONMENTAL ENGINEERING 

By 

MUHAMMAD FAYYAZ AHMAD 

2007-PhD-ENV-01 

 

Approved on: _________________________ 

Internal Examiner(Research Supervisor): 

Name:     Prof. Dr. Sajjad Haydar           . 

Signature: ________________________ 

External Examiner:  

Name: Prof. Dr. M.A.Q. Jehangir Durrani 

Signature: ________________________ 

 

 

________________________________ 

Director, Institute of  

Environmental Engineering and Research 

 

 

     ______________________________ 

Dean, Faculty of  

Civil Engineering, UET, Lahore 

 

 

 

 

 

INSTITUTE OF ENVIRONMENTAL ENGINEERING AND RESEARCH

UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

LAHORE – PAKISTAN 
April-2014  



 

 

This Thesis is evaluated by the following examiners: 

 

External Examiner 

From Abroad 

1. Prof. Dr. Rehan Sadiq 

Professor & Acting Director 

School of Engineering (Okanagan Campus) 

The University of British Columbia 

EME 4243, 1137 Alumni Avenue Kelowna, BC, CANADA VIV IV7 

 

2. Dr. Zafar Adeel  

Director 

Institute for Water, Environment and Health 

United Nations University 

175 Longwood Road South, Suite 204, Hamilton, Ontario, CANADA 

L8P 0A1  

 

3. Dr. Awais Piracha  

Senior Lecturer, Geography and Urban Studies Group Leader 

School of Social Sciences and Psychology 

University of Western Sydney 

Kingswood Campus P.G. 48 | Locked Bag 1797, Penrith, NSW 2751, 

AUSTRALIA 

 

From Pakistan 

4. Dr. Muhammad Abdul Qadir Jehangir Durrani 

Dean Faculty of Engineering and Applied Sciences 

Iqra National University  

Phase-II, Hayatabad Peshawar, Khyber Pakhtunkhwa, Pakistan. 

 

Internal Examiner 

1. Dr. Sajjad Haydar 

Professor, Institute of Environmental Engineering and Research, 

University of Engineering and Technology, Lahore, Pakistan.  



 

 

Research Publication 

The list of the research publication is given below: 

1. Muhammad Fayyaz Ahmad, Sajjad Haydar, Tauseef Ahmad Quraishi. 

"Enhancement of biosorption of zinc ions from aqueous solution by 

immobilized Candida utilis and Candida tropicalis cells." International 

Biodeterioration & Biodegradation (Impact Factor 2.059), Volume 83, Pages 119–

128, September 2013. 

2. Muhammad Fayyaz Ahmad, Sajjad Haydar, Amanat Ali Bhatti, Abdul Jabbar 

Bari. “Application of artificial neural network for the prediction of 

biosorption capacity of immobilized Bacillus subtilis for the removal of 

cadmium ions from aqueous solution.” Biochemical Engineering Journal 

(Impact Factor 2.579), Volume 84, Pages 83–90, 15 March 2014. 

3. Sajjad Haydar and Muhammad Fayyaz Ahmad. “Evaluation of nickel 

biosorption using novel biosorbents prepared from immobilized biomass of 

Candida sp.” under review. 

4. Muhammad Fayyaz Ahmad and Sajjad Haydar. “Modelling of breakthrough 

curves for the biosorption of cadmium ions onto immobilized Bacillus subtilis 

biomass in packed bed column.” under review. 

5. Muhammad Fayyaz Ahmad and Sajjad Haydar. “Batch and dynamic studies for 

removal of lead ions from aqueous solution using a novel biosorbent.” under 

preparation.  



 

 

 

 

 

 

 

 

 

 

 

 

 

Dedication 
 
 

 

 

 

 

 

I dedicate this thesis to my son, Bilal Ahmad (Late), 

May ALLAH rest his soul in peace! 
 



 

~ i ~ 
 

ACKNOWLEDGEMENTS 
 

In the name of ALLAH, most Gracious and most Merciful. All praise and 

gratefulness is due to ALLAH Almighty, Who gives me strength, courage and guidance 

to complete this research work. Also, I cannot forget our beloved Prophet Mohammed 

(Peace Be Upon Him) the most respectable personality, for whom ALLAH created the 

whole universe. 

I would like to acknowledge all those who helped me to complete this thesis. 

Acknowledgement is due to Institute of Environmental Engineering and Research 

(IEER), University of Engineering and Technology (UET), Lahore and Higher Education 

Commission of Pakistan (HEC) for providing support to complete this research work. I 

am thankful to Prof. Abdul Jabbar Bari, Director IEER, for his cooperation during my 

Ph.D research studies. Thanks are due to Dr. Tauseef Ahmad Quraishi for his guidance 

and help during the research work. I owe gratitude to my Ph.D Supervisor, Prof. Dr. 

Sajjad Haydar, for his highly intellectual supervision, enthusiasm and advices.  

I wish to express my gratitude to faculty members, Dr. Waris Ali and Dr. 

Muhammad Umar Farooq, for their creative ideas and help. Gratitude is due to Prof. Dr. 

Muhammad Khaleeq-ur-Rahman, Vice Chancellor GCU, Lahore, for allowing me to 

carry out the SEM analysis and Dr. Tousif Hussain for assisting me in these analysis at 

Centre for Advanced Studies in Physics. Thanks are due to Prof. Dr. Ikram ul Haq, 

Director Institute of Industrial Biotechnology, GCU, Lahore, for providing the pure 

cultures of the microorganisms and guidance for culturing and production of the biomass 

used in this research work. I am also thankful to Dr. Asif Ali Qaiser for arrangement and 

assistance to carry out the FTIR analysis at Department of Polymer & Process 

Engineering, UET, Lahore.  

My special thanks to all my friends i.e. Numan Afzal, Mubeen Ahmad, especially 

Danial Qadir, Ph.D Scholar at University of Auckland, New Zealand, for their support 

and encouragement. Thanks are due to Muhammad Shabbir and Mr. Muhammad Gulraiz 

for facilitating me during the laboratory work. 

I would like to express my deepest appreciation and sincere gratitude to my loving 

parents, wife, son and other family members for their prayers and continuous support that 

always boost my progress. I cannot express my appreciation through this 

acknowledgement since they deserve much more. Allah only can reward you, thank you. 

 

 

Muhammad Fayyaz Ahmad  



 

~ ii ~ 
 

 

ABSTRACT 
 

Industrial effluents contain heavy metals. These are toxic. When released in 

environment these affect public health. When present in low concentration, conventional 

treatment technologies have limited capacity to remove them. In addition these are not 

cost effective. Microbial biosorbents may be used as an economical option.  

The objective of this research work was to study the potential of various 

biosorbents for the removal of heavy metals. The biomass of three bacterial strain of 

Bacillus sp. and three yeast strain of Candida sp was produced in laboratory. The biomass 

of each strain was then immobilized separately using calcium alginate. This process 

resulted in beads which were dried at 70 
o
C. This improved their mechanical properties.  

Three biosorbents were prepared from Bacillus sp. i.e. (1) immobilized Bacillus circulans 

beads (IBCB), (2) immobilzed Bacillus licheniformis beads (IBLB) and (3) immobilized 

Bacillus subtilis beads (IBSB). From Candida sp., the three biosorbent prepared were (1) 

immobilized Candida lypolytica beads (ICLB) (2) immobilized Candida tropical beads 

(ICTB) and (3) immobilized Candida utilus beads (ICUB). Removal of cadmium, lead, 

nickel and zinc ions was studied for batch and continuous flow process. 

The interaction between the biosorbent and metal ions was confirmed using FTIR 

and SEM analysis. FTIR analysis showed that the functional groups like hydroxyl, 

carboxyl, amines, amides and alcohol were mainly involved in the binding of metal ions 

on the biosorbent. The SEM micrographs revealed changes in the surface morphology of 

the biosorbents. After the biosorption of heavy metal ions cavities and fissions appeared 

showing adsorption of heavy metals ions. 

Cadmium biosorption process was investigated using the ICTB, ICUB, IBLB and 

IBSB. The optimum value of pH for the ICTB and ICUB was 5.17 whereas for IBLB and 

IBSB ranged from 5.18 to 5.92. Among these four biosorbents the IBSB showed the 

better performance for the removal of cadmium ions with maximum biosorption capacity 

of 225.56 mg g
-1

 at 25 
o
C, optimum pH and equilibrium time of 3 h. The significance of 

different parameters for the biosorption process of cadmium ions was analyzed using 

ANOVA (analysis of variance). It was found out that initial concentration of metal ions 

was most important parameter affecting biosorption 
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Lead biosorption process was investigated using the ICTB, ICUB and IBSB. 

Batch studies showed that the optimum value of the pH for ICTB and ICUB was 4.85 

whereas for IBSB it ranged from 4.85 to 5.78. Among the three biosorbents tested IBSB 

showed the highest efficiency with maximum biosorption capacity of 663.41 mg g
-1

 at 25 

o
C, optimum pH and equilibrium time of 2 h. Batch studies for nickel ions showed that 

the optimum pH value for the ICLB, ICTB and ICUB was 6.62 whereas for the IBCB, 

IBLB and IBLB was 6.04. Among these six biosorbents ICTB showed the best 

performance with maximum biosorption capacity of 160.49 mg g
-1

 at 25 
o
C, optimum pH 

and equilibrium time of 3 h. 

Zinc biosorption process was investigated using the ICLB, ICTB, ICUB and 

IBSB. The optimum value of the pH for ICLB, ICTB and ICUB was 5.17 and for IBSB 

was 6.35. Batch studies showed that among the four biosorbents ICUB showed best 

performance with biosorption capacity of 149.70 mg g
-1

 at 25 
o
C, optimum pH value and 

equilibrium time of 4 h.  

Removal of cadmium, lead, nickel and zinc, in continuous flow, was studied using 

three columns with internal diameter of 1.5, 2.4 and 3.0 cm. Depth of each column was 

varied from 20 to 50 cm. Best biosorbent for each metal, resulting from batch studies, was 

used for the dynamics studies. The dynamics biosorption data was investigated using the 

various column models. 

The uptake capacity for the cadmium ions, in column studies, was 48.93 mg g
-1

of 

IBSB. It was achieved in fixed bed with column having internal diameter of 2.4 cm, bed 

depth 20 cm, influent concentration 30 mg l
-1

 and flow rate of 20 ml min
-1

. Under similar 

operating parameters the uptake capacities for the lead ions was 178.57 mg g
-1

 of IBSB, 

for nickel ions was 31.28 mg g
-1

 of ICTB and for zinc ions was 29.50 mg g
-1

 of ICUB. 

The maximum uptake capacity of the biosorbents increased with the increase in the bed 

depth of the column, decrease in flow rate and decrease in internal column diameter for 

all the four heavy metal ions. 

In both the batch and continuous biosorption process the metal ions loaded 

biosorbents were successfully regenerated using the 0.1 M HCl solution. About 99 

percent of the adsorbed metal ions were recovered in concentrated solution form. The 

regeneration proved successful for five consecutive cycles. This could be a major 

breakthrough in cyclic/commercial use of these immobilized biosorbents (IBs). 



 

~ iv ~ 
 

The batch biosorption process for the cadmium ions was simulated using the 

Artificial Neural Network (ANN) model with the help of MATLAB tools. Algorithm 

used for the training of this network was Levenberg Marquardt. ANN consisted of 

hyperbolic tangent sigmoid (tansig) transfer function at hidden layer. For output layer 

linear transfer function (purelin) was adopted. The ANN model was successful to predict 

the biosorption capacity with value of determination coefficient as 0.997. ANN was then 

applied for continuous flow studies for cadmium biosorption, performed on packed bed 

column. It successfully predicted the breakthrough curves as well as Thomas and Dose 

Response model parameter with higher value of coefficient of determination of 0.998. A 

trial run for multiple metal ions biosorption using the fixed bed column system with 

column internal diameter of 2.4 cm, bed depth 50 cm and flow rate of 20 ml min
-1

 was 

successfully operated. In this process the initial concentration was 15.24±0.18 mg l
-1

 for 

each metal ions. Using the IBSB as biosorbents about 22.6, 28.3 and 36.3 liters for zinc, 

nickel and cadmium ions solution was treated before the breakthrough, respectively.  

Cost of wastewater treatment is an important factor for wider application of a 

treatment technology. The estimated cost involved per m
3
 of wastewater treated using IBs 

was calculated. It is $ 1.41, 1.92, 1.97 and 2.10 for the removal of lead, cadmium, nickel 

and zinc, respectively. It is 2 to 3 times less than the conventionally used ion exchange 

method used for metal removal.  
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1 CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

Increasing wastewater pollution, especially containing heavy metals in it, is a 

great threat to the environment. The reason is the extreme toxicity of these metals even at 

very low concentrations. Furthermore, they can accumulate in the environmental 

elements, such as food chain, and thus may pose a significant danger to human health and 

ecosystem. Heavy metals like cadmium, chromium, copper, lead, nickel, zinc etc. are 

released into the environment from a number of industries. These include electroplating 

and metal finishing, metallurgical and mining, leather tanning and tannery operations, 

chemical manufacturing, battery manufacturing, fertilizer industries, pigment 

manufacturing and automobile manufacturing industry.  

Pollution of natural water resources as a result of heavy metal discharge from 

industrial effluent is a global issue. Heavy metal pollution in the aquatic system has also 

become a serious threat in Pakistan with growing industrial activities. The conventional 

wastewater treatment methods are not suitable for the removal of heavy metals ions when 

they are present in low concentrations. Therefore, it is necessary to investigate alternate 

techniques for the removal of trace toxic heavy metals ions from aqueous effluents.  

1.2 OBJECTIVES 

The principal objective of the proposed research work is to develop a relatively 

cheaper and environment friendly biosorption process for the removal of low 

concentrations of toxic heavy metals present in industrial effluents.  

1.3 SCOPE OF WORK 

To achieve the above objective, the scope of work has been given below. 

 Development of immobilized biosorbents from the selected biomass of Candida 

sp. and Bacillus sp.  

 Characterization of the biosorbents using the Scanning Electron Microscope 

(SEM) and Fourier Transfer Infrared (FTIR) spectra. 
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 Study the equilibrium, kinetic and thermodynamic of removal of heavy metal ions 

i.e. cadmium, lead, nickel and zinc ions using microbial biosorbents under 

optimum conditions in batch process. 

 Study the dynamics of bench scale continuous fixed-bed flow through column for 

removal of above mentioned heavy metal ions using the biosorbents.  

 Evaluate regeneration of used biosorbents for their possible reuse.  

 Evaluate Artificial Neural Network (ANN) to predict the biosorption capacity of 

immobilized biosorbents.  

1.4 UITILIZATION OF RESEARCH WORK 

The results of this study may provide rational basis for the design of cheaper and 

environment friendly biosorption process for the removal of low concentration of heavy 

metal ions from industrial wastewaters. Equilibrium, kinetics and thermodynamic 

parameters obtained from batch studies will be helpful for design and commercial 

application of biosorption process. Furthermore, the breakthrough analysis, which 

represents the concentration time profile, will be helpful for the estimation of service time 

of fixed bed column. Service time is essential for design and scale up of the fixed bed 

column operation.  

In this research work the mechanical properties of the biosorbents was enhanced 

by immobilizing them within polymeric matrix. Calcium alginate was used as polymeric 

matrix to immobilize the biomass. It will facilitate the solid – liquid separation and 

regeneration. The result of this study may be utilized for scaling up the biosorption 

process. It will be useful for the control of wastewater pollution arising from discharge of 

heavy metal ions. The regeneration studies will help to recover the heavy metals ions 

from the saturated biosorbent in concentrated form. The overall impact of reduction of 

heavy metals discharge in industrial effluents, on environment and public health, will be 

beneficial. 

The original contributions of this thesis include (i) optimization of batch 

biosorption process  for the immobilized biosorbents prepared using the biomass of 

Candida sp. and Bacillus sp. (ii) provision of  isotherm, kinetic and thermodynamic 

models parameters for batch biosorption process for the biosorbents used (iii) application 

of batch process results for the continuous flow system to provide the parameters for the 
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fixed bed column design (iv) desorption studies for regeneration and reuse of the 

biosorbents (v) test ANN to predict the biosorption uptake capacity of biosorbents used, 

both in batch and continuous process. 

1.5 ORGANIZATION OF THESIS 

Chapter 1 gives brief introduction, need and objectives alongwith the scope of this 

research work. Chapter 2 covers literature review relating to the sources and effects of 

heavy metal pollution. Furthermore, merits and demerits of various techniques applied for 

the removal of heavy metal ions from industrial wastewaters are discussed. Chapter 3 

describes the techniques and experimental setup used for batch and dynamics studies for 

the removal of heavy metal ions from aqueous solution.  

Chapter 4 gives experimental results for the batch studies. The data from batch 

studies are analyzed using the different isotherm, kinetic and thermodynamic models. The 

characterization of the potential biosorbents using the SEM and FTIR analysis is also 

presented. At the end of this chapter, simulation results for the biosorption of cadmium 

ions are discussed using the ANN. 

The results for the dynamics studies using continuous fixed bed flow system are 

presented in Chapter 5. Various empirical fixed bed columns models were used for the 

analysis of dynamics studies and development of breakthrough curves. In order to assess 

the feasibility of commercial application of these biosorbents, the multiple metal ions 

biosorption was evaluated and discussed using the fixed bed column studies. In the end 

the experimental data was simulated using the MATLAB Neural Network Toolbox for 

the prediction of biosorption capacity of selected biosorbent. The summary of the results, 

conclusions and suggestions are presented in Chapter 6. 
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2 CHAPTER 2          

      LITERATURE REVIEW 

2.1 HEAVY METAL POLLUTION 

Heavy metals are defined as metals that release cations in solution and their 

density is five times as that of water. Many metallic elements are vital for nutritional and 

physiological needs of living organisms. On the other hand overabundance of the 

essential metallic elements and intake of toxic metals, such as cadmium, nickel, or lead, 

can cause toxicity or death. These toxic metals have non-biodegradable nature and can 

accumulate in living cells which is hazardous to living organisms. Assimilation of metals 

starts from lower level of food chain and become concentrated towards higher levels. Due 

to excessive intake a metal species culminate to toxicity symptoms, chaos the cellular 

functions, inculcate devastating disabilities in living organism, and ultimately results in 

death (Garbarino, 1995). 

The volume of freshwater resources on the earth is 35 million km
3
. It is only      

2.5 % of the total volume of water on earth. The resources of fresh water include glacier, 

ground water, lake and river. The freshwater ecosystem provides water for domestic, 

agricultural and industrial usage. Freshwater is one of major food source also being 

habitat for 40 % of all known fish species on Earth (UNEP, 2002). 

Deterioration of freshwater by human activities has adverse impact on the 

ecosystem. Pollution caused by agricultural, domestic and industrial wastes such as 

sewage, fertilizer and heavy metals are very harmful for the aquatic species. Heavy 

metals are being extracted from the Earth and exploited for human products and industry 

for decades. They have ability to accumulate in cell tissues which result in bio-

magnifications. They have potential to be toxic even at low concentrations and are major 

inorganic pollutant in the environment because of their mobility and toxicity.  

Some metals are essential for life and other metals are xenobiotic. The toxic heavy 

metals include arsenic, zinc, lead, mercury, cadmium, nickel and chromium. These metals 

are present naturally in soil in trace. If these metals are concentrated in a certain area then 

they pose a severe danger. The harmful effects and sources of contamination for lead, 

cadmium, nickel and zinc are discussed in the following pages.  
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2.1.1 Effects of Heavy Metals on Aquatic Organisms 

Heavy metals also have adverse impact on the aquatic organisms. In surface water 

system, toxicity of heavy metals is mainly a function of its chemistry and sediment 

composition. Microorganisms mobilize the metals which are absorbed by planktons and 

then transferred towards higher level of food chain by the aquatic organisms. Finally, the 

metals concentrations increase several time by bio-magnification and transfer to human 

beings on consuming of the fish growing in heavy metals polluted water (Volesky & 

Naja, 2005).  

Elevated metal concentration in natural water can cause sub-lethal effects in 

aquatic organisms. It includes change in tissues morphology (poor growth, development 

and swimming performance), circulation system, biochemistry (blood chemistry and 

enzyme activity), behaviour and reproduction. Many organisms like fish and crustacean 

are able to regulate the metal concentrations by excreting essential metals (copper, zinc, 

and iron) present in excess. Some other aquatic organisms can also excrete some quantity 

of non-essential metals such as mercury and cadmium. But bivalvia (class of molluscs) 

and aquatic plants are not able to regulate metal uptake (Connell et al., 1984). Thus, 

bivalves are affected from metal accumulation and also used as bio-monitor in suspected 

heavy metals polluted areas (Kennish, 1992). Similarly accumulation of metals in 

shellfish make it unfit for human food.  

Plants are equally or less susceptible than fish and invertebrates to cadmium, lead, 

mercury, nickel, and zinc pollution (US EPA, 1987). The uptake rates of metals depend 

on type of organism and the metal under consideration. Phytoplankton as well as 

zooplankton absorbs available heavy metals rapidly because of their higher ratio of 

surface area against volume. The rate of absorption of heavy metals in fish and 

invertebrate depends upon the characteristics of the metal (Kennish, 1992). There are 

three pathways used by aquatic organisms for the uptake of metals (Connel et al., 1984): 

 Heavy metals may diffuse from respiratory surface in contact with polluted water 

e.g., gills and enter into the blood.  

 Heavy metals may enter into blood stream through the adsorption from body 

surfaces.  

 Heavy metals may enter into the body through ingestion of polluted food and 

water.  
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2.1.2 Irrigation Impacts of Heavy Metals 

Sewage or industrial wastewater pollutes the ecosystem when used for irrigation. 

It may transmit heavy metals to farming fields. Most of the heavy metals are not harmful 

to humans through crops intake, cadmium can be integrated into the plant tissues. 

Accumulation of heavy metals mainly occurs in the roots, but may also occur in other 

parts of plants (De Voogt et al., 1980).  

About 30 percent of the water applied for the irrigation is not absorbed and it is 

designated as return flow in the design. Return water may percolate into the groundwater 

or join the tail water as surface run off. Tail water is returned into streams due to 

downstream water rights or as a requirement of downstream flow. But generally the tail 

water is stored and used again for irrigation purposes (USEPA, 1993). 

Many times, tail water is stored in small reservoirs or lakes where heavy metal 

accumulation may result due to the pumping in or out. Heavy metals may have adverse 

effects on aquatic living system. An acute example of this is the Kesterson Reservoir in 

the San Joaquin Valley, California, in which subsurface drain water received large 

quantities of selenium contaminations from the soil during the irrigation. Studies in the 

Kesterson Reservoir exposed high levels of selenium in water, sediments and aquatic 

plants and insects. The higher concentrations of selenium were referred as associating to 

high mortality, low fertility, and abnormalities in embryos and chicks of aquatic birds 

(Schuler et al., 1990). 

2.1.3 Cadmium Pollution Sources and Impacts 

Cadmium concentration in the Earth crust is about 0.1 mg kg
-1

 while its 

concentration in sedimentary rocks and marine phosphates is about 15 mg kg
-1

 

(GESAMP, 1987). Cadmium is used in industrial activities such as mining, smelting, and 

manufacturing of alloys, pigments, batteries and stabilizers (Wilson, 1988; ATSDR, 

2008). 

Main sources of cadmium pollution are industrial and municipal wastes. Cadmium 

may be found in the industrial effluents of electroplating, paint pigments, plastics, silver–

cadmium batteries, nickel–cadmium batteries, solar batteries, coating operations 

(including transportation equipment, machinery, baking and enamels), photography and 

television phosphors based display (Riihimaki et al., 1972). Annual production of 
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cadmium products worldwide is around 20,000 tons which has been increasing during the 

recent years at a rate of 5–10% annually (Lymburner, 1974). The contribution of 

electroplating industry in the cadmium discharge is about 50% in United State. The point 

sources of nickel–cadmium battery industry and smelter operations can affect the 

environment up to a distance of a 100 km (Butterworth et al., 1972). 

Cadmium decrease the melting point of alloy due to which it is being used for 

automatic sprinkler systems, fire alarms, and electric fuses. Cadmium salts are used in 

photography and manufacturing of fluorescent paints, fireworks, rubber, porcelain, glass 

and in atomic plants as shields. Cadmium sulfide (CdS) is used in nickel-cadmium 

batteries and photovoltaic cells. CdS and cadmium selenide (CdSe) are used in pigment 

while cadmium sulfate is utilized as an astringent. 

Cadmium may enter in human body through exposure in metal industries, 

contaminated food, smoking cigarettes (IARC, 1993; Paschal et al., 2000). Cadmium may 

be present in traces in leafy vegetables, potatoes, grains, liver, kidney, molluscs and 

crustaceans while mushrooms, mussels, shellfish, dried seaweed and cocoa powder are 

enriched with cadmium (Davison et al., 1988; Satarug et al., 2003; WHO, 1974). 

Cadmium solubility depends on the pH of medium (solution) and its dissolution 

occurs at lower pH. In unpolluted fresh waters, cadmium concentration is less than 1     

µg l
-1

 and in seawater is 0.15 µg l
-1

. The cadmium concentrations higher than 1 µg l
-1

 are 

indication of contamination of surface waters (Fleischer et al., 1974). The high level of 

cadmium concentration in vegetation may be because of deposition of cadmium through 

aerosols on plant surfaces or/and absorption through roots. Different plants have different 

tolerance to cadmium in soil and different tendency to accumulate it. In contaminated 

areas of Japan the cadmium concentration was found about 1 mg kg
-1

 in rice and wheat 

which is about 10 times higher than other parts of world (Friberg et al., 1974). 

Shellfish like crabs and oysters have ability to accumulate the cadmium to high 

levels of concentration in their tissues even in an ecosystem having low cadmium 

concentrations. In foodstuffs and fresh meat, cadmium average concentration on wet 

weight basis is about 0.05 mg kg
-1

 whereas in fish it is less than 0.02 mg kg
-1

 (Friberg et 

al., 1974). 

Human can absorb ingested cadmium at a rate of 0.0002-0.005 mg d
-1

 from the 

intestine. The absorbed cadmium may accumulate in liver, renal cortex, thyroid, 
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gallbladder, pancreas, and testes. The accumulation of the cadmium has inverse relation 

with the age. In the children, during the first three years cadmium contents in the body are 

increased about 200 percent and almost one third of total cadmium burden. Total 

cadmium burden ranges from 5-40 mg which is achieved at about age of 50. The 

cadmium present in kidneys and liver is about half of the total burden. Both of these have 

ability to fabricate large amounts of metal binding protein ‗metallothionein‘ which has a 

great affinity for cadmium. In renal cortex the cadmium concentration are about 0.005-0.1 

mg g
-1

 which is 5-20 times higher than present in liver. Cadmium accumulates in renal 

cortex which impairs kidney function with the formation of kidney stone and disturbing 

the re-absorption of proteins, amino acids and glucose (Fleischer et al., 1974). Cadmium 

damages the renal tubular when its level reaches 0.2 mg g
-1

 in kidney (WHO, 1972). 

Because of acute toxicity, cadmium is grouped with lead and mercury which is 

most toxic heavy metals category. Its oral lethal dose has been estimated up to several 

hundred milligrams (Gleason, 1969). Ingestion of fluids having cadmium concentration of 

13-15 mg l
-1

 can cause gastrointestinal cramps and vomiting. Acidic foodstuffs preserved 

in cadmium coated container have caused severe gastroenteritis for a dose of 15-30 mg of 

cadmium. Cadmium is mainly distributed through the circulatory system in the blood 

vessels (Davison et al., 1988). There is no general agreement on acceptable safe limit of 

cadmium intake. In the United States the acceptable limit is 10 ppb. The WHO 

recommended that the permissible intake of cadmium should not exceed 0.4-0.5 mg 

week
-1

 (WHO, 1972).  

The disease of ―itai-itai‖ in Japan which caused multiple fractures in osteomalacia 

is also correlated with cadmium pollution (Murata et al., 1970). Nephro-toxicity of 

cadmium includes aminoaciduria, calciuria, glycosuria, proteinuria, and tubular necrosis 

(Satarug & Moore, 2004). Other health effects of cadmium include osteoporosis, 

osteomalacia, hypertension, anemia, anosmia, ulceration of the nasal septum and rhinitis 

etc. (Friberg et al., 1974). 

Cadmium exposure may cause osteoporosis and decrease mineral density in bone 

(Akesson et al., 2006; Gallagher et al., 2008; Schutte et al., 2008). Cadmium can be fatal 

and symptoms on acute ingestion include burning sensation, nausea, abdominal pain, 

vomiting, salivation, dizziness, muscle cramps, loss of consciousness, and convulsions 

(Baselt & Cravey, 1995). Chronic exposure of cadmium decreases the levels of 
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acetylcholine, norepinephrine and serotonin (Singhal et al., 1976). It can also cause 

adenocarcinomas, erosion of gastrointestinal tract, renal injury and coma (Baselt, 2000).   

Cadmium compounds are carcinogenic for human. The carcinogenesis effects are 

dominant in lungs, injection sites, adrenals, testes, and hemopoietic system. Some studies 

showed that occupational or environmental exposure caused cancers in prostate, liver, 

stomach, kidney and hematopoietic system (Waalkes, 1995; Waalkes & Misra, 1996; 

IARC, 1993). Carcinogenic metals (arsenic, cadmium, chromium, nickel) have all been 

linked with DNA damage in the course of oxygen radical attack on DNA, base pair 

mutation or deletion (Landolph, 1994).  

2.1.4 Lead Pollution Sources and Impacts 

Lead is the 36
th

 most abundant metal in the Earth‘s crust. It is found in compound 

form and three main ores include galena, cerussite, and angelsite. Lead isotope 208 is 

most abundant in nature among several stable isotopes (Duffus, 2002). Anthropogenic 

sources include mining, industrial manufacturing of lead–acid batteries, metal products, 

ceramic products, ammunitions, caulking, glass, electric cables, shield against X-rays and 

nuclear radiations, pigments and chemicals (Gabby, 2003; Gabby, 2006). The major use 

of lead is in the storage batteries and electric cables. The annual utilization of lead is 

about 3 million tons. 

Lead enters in the human body by ingestion of contaminated food and water 

(ATSDR, 1999; ATSDR, 1992). Ingested lead absorbs at higher rate in young children at 

a rate of 40 – 53 % while in adults it is only about 10%. The absorbed lead may be 

distributed in skeleton or in soft tissues such as kidney, liver, heart and brain (Herawati et 

al., 2000; Flora et al., 2011). In adults approximately 80–95% and in children about 73% 

of total body load is found in the skeleton. The biological half-life of lead is less in blood 

which is 16–40 days while in bone it is about 17–27 years (Herawati et al., 2000). 

Immediately after ingestion lead is distributed mainly in plasma i.e. in RBCs (99%) and 

soft tissue (liver, lungs, kidneys, spleen) and finally it is accumulated in bone. In children 

bones, it is about 73% while in adult it is upto 94% of the total body weight of lead.  

Inorganic lead forms react with protein and non-protein ligands to form 

complexes while organic lead is metabolized by an oxidative dealkylation reaction in the 

liver. Inorganic lead has adverse effect on the metabolism and inhibitor. Organic lead is 

more toxic. Young children are predominantly affected and can undergo mental 
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retardation and brain damage. The inorganic lead after initial absorption is stored in bones 

by replacing calcium. The effects of acute exposure to lead are gastrointestinal diseases, 

brain and kidney damage. The chances of acute toxicity, whether through absorption by 

gastrointestinal tract or by inhalation are rare and it may cause cramping, constipation and 

colicky abdominal pain. The symptoms of acute toxicity include monotony, anxiety, bad 

temper, headaches, muscle shiver, fantasies, loss of focus and memory. The symptoms of 

chronic toxicity include exhaustion, restlessness, irritability, joint pain, and gastric 

symptoms. Chronic exposure of lead has adverse effect on blood pressure, metabolism of 

vitamin D and kidneys (ATSDR, 1992; ATSDR, 1999; Amodio-Cocchieri et al., 1996; 

Apostoli et al., 1998; Litvak et al., 1998; Hertz-Picciotto, 2000; U.S. EPA, 2002). 

Lead has adverse effect on the peripheral and central nervous system. 

Neurotoxicity of lead may result in coma, confusion, headache, memory loss, optic 

neuritis, seizures and stupor while on further exposure central nervous system is further 

affected (ATSDR, 1999; CDC, 2001).  

Lead toxicity effect the biochemical processes by inhibiting the actions of calcium 

and proteins (ATSDR, 1999). Recent laboratory studies demonstrated that lead toxicity 

results in oxidative stress and cell death of cancer cells by molecular and cellular 

processes. It also caused DNA damage, activation of genes transcription and caspase, 

DNA damage (Tchounwou et al., 2004; Yedjou & Tchounwou, 2007; Yedjou et al., 2010; 

Yedjou et al., 2006). 

2.1.5 Nickel Pollution Sources and Impacts 

Nickel is found in earth‘s crust and ranks 24
th

 most abundant element. It is found 

everywhere in the biosphere in various media.  Nickel occurs naturally in different 

mineral forms. Nickel is an essential component of about 100 minerals which are used for 

industrial and commercial products. Nickel contributes about 3% in the Earth‘s 

composition. On the basis of weight it is 5
th

 most abundant element after iron, oxygen, 

magnesium and silicon. Nickel being a transition metal has resistance against corrosion 

due to air, alkali and water but it readily dissolves in oxidizing acids solutions (Clayton & 

Clayton, 1994; Coogan et al., 1989; Grandjean, 1984; Young, 1995). 

Nickel and its compounds are used in industrial and commercial products. 

Consequently the growth of industrial activities has resulted into increased pollution level 

of nickel in ecosystems. Nickel is present in industrial effluents of electroplating, silver 
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refineries, storage battery (Sitting, 1976). Nickel at higher concentration level causes 

lungs, bones and nose cancer. Most recurrent exposure to nickel such as coins and jewelry 

can cause dermatitis (Ni itch). Acute dose of nickel causes headache, nausea, dizziness, 

vomiting, tightness, pain of the chest, dry cough, cyanosis, breath and respiration 

problems, and extreme weakness (Al-Asheh & Duvnjak, 1997; Kadirvelu, 1998). 

Although nickel is essential for many organisms but the higher concentrations 

either from natural source or anthropogenic release showed toxic effect to living 

organisms. Nickel is used in different alloys, batteries and nickel-plating. Its compounds 

are also used as pigments and catalysts.   

The industrial effluents containing the nickel ions when used for irrigation 

purpose, may result in bio-magnification. The concentration of nickel in vegetables is 

generally higher than in other food items. High levels of nickel have been found in 

lettuce, legumes, spinach and nuts. Nickel is also found in excessive amounts in different 

products like baking powder, cocoa powder, drinking water and acid beverages which 

may be due to leaching of nickel from the manufacturing process or containers. Corrosion 

or leaching processes have significant contribution in the oral intake which may be upto 1 

mg day
-1

. Different studies showed that on an average the dietary intake for the nickel is 

about 200-300 micrograms day
-1

. Nickel can enter in the human body through oral intake 

of contaminated water and food (Grandjean, 1984). 

However the absorption of nickel is limited in the gastrointestinal route. Nickel is 

bio-accumulated in aquatic plants and phytoplankton which are sensitive indicators for 

water pollution. Nickel can also deposit in the sediment through complexation, 

precipitation and adsorption (WHO, 1991; Nriagu & Pacyna, 1988; Baralk & Siepak, 

1999). 

In rivers or fresh water streams nickel is transported in the form of organic matter 

or as in precipitated form which are attached on solid particles. It is reported that the 

pollution has increased along the River Karoon in Iran and in estuary of Persian Gulf. The 

nickel concentrations were found ranging from 69.3 to 110.7 g l
-1

 in winter and from 

41.0 to 60.7 g l
-1

 during the spring season (Diagomanol et al., 2004). The polluted water 

results in the transport of nickel into the ocean. In Poland the rivers flow into the Baltic 

Sea and it has been found that 57% of nickel input results from anthropogenic sources. 
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The concentrations of nickel in sea water are ranging from 0.1 to 0.5 g l
-1

 (Bencko, 

1983; WHO, 1991; Von, 1997). 

In the soil nickel concentration are higher near the surface due to the 

contamination caused by industrial and agricultural activities. Nickel is present in higher 

concentrations in the area adjacent to towns, industrial zone or land where sewage sludge 

is dumped. Nickel content ranges from 3 to 1000 mg Kg
-1

 of soil (Bencko, 1983; Von, 

1997). 

The absorption of nickel varies with its physicochemical state. Aqueous solution 

of nickel slats like chloride, nitrate and sulphate are more quickly absorbed. About 10 % 

of the dietary nickel is absorbed in gastrointestinal tract. The bioavailability and 

bioaccumulation of nickel depends on its path of intake. (Barcelou, 1992; Haber et al., 

2000; Iris, 1996; Von, 1997). Absorption rate of nickel is controlled by the gut acidity, 

food amount and dietary constituents like phosphare, fibers, phytate. These constituents 

reduce the absorption rate by binding the nickel. The binding is pH dependent and may be 

affected in the presence of other minerals like calcium, iron, magnesium and zinc 

(Solomons et al., 1982; Sunderman et al., 1989). In humans the nickel absorption from 

water is 40 times higher than the food. On an average 27  17% of ingested dose is 

absorbed from the water while from the food it is about 0.70.4%. Due to low uptake of 

ingested nickel compounds from the gastrointestinal tract they are considered relatively 

non-toxic. However it becomes toxic to humans if the oral dose contains some form of 

nickel greater than 0.5 g (Bennett, 1982; Coogan et al., 1989; Von, 1997; Young, 1995). 

The nickel induced toxicity primarily affects the lungs and oral exposure is 

harmful for the kidney. The other organs which can be affected by nickel toxicity include 

blood, cardiovascular and immune system (Coogan et al., 1989; Nielsen et al., 1999; 

Young, 1995). Nickel exposure to human in highly polluted environment may result in 

various pathological effects like lung fibrosis, skin allergies, respiratory tract cancer and 

iatrogenic poisoning (Kasprzak et al., 2003). Nephrotoxicity and hematological effects 

both in humans and animals have been reported as a result of nickel toxicity while its 

indices include aminoaciduria and proteinuria (Coogan et al., 1989; Iris, 1996; 

Sunderman et al., 1989). 

Nickel interfere with the essential metals metabolism such as calcium, copper, 

iron, magnesium, manganese or zinc which result in toxic effects. Nickel inhibits the 
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enzymes, proteins or cellular compounds (nucleic acids) which contain O-, S- and N- 

atoms by replacing their metals ions. Nickel is also known as immunotoxic due to its 

ability to change the activity in immunological response which results in asthma or 

contact dermatitis (Coogan et al., 1989). 

Other health effects of nickel include skin allergy and nickel dermatitis which 

produces eczema, erythema and lichenification of the hands and skin due to nickel contact 

(Nielsen et al., 1999). Nickel compounds are extremely carcinogenic for human and also 

carcinogenic for a large number of animal species (Clayton & Clayton, 1994; Spectrum, 

1998; Sunderman et al., 1989). The degree of carcinogenicity of nickel depends on its 

bioavailability and the existence of constituents that support oxygen free radical reactions. 

Different compounds of nickel vary in their degree of carcinogenicity as their capacity to 

enter the cells is different from each other‘s (Costa & Klein, 1999; Dunnick et al., 1995). 

Nickel ions produce the carcinogenesis effect by epigenetic mechanisms, mutagenesis, 

chromosome damage and or reserving DNA deletion repair (Sunderman et al., 1989) 

2.1.6 Zinc Pollution Sources and Impacts 

Zinc has extensive use as galvanizer for protective coating on iron and steel. The 

brass alloy plates are used in dry cells and die casting. Zinc oxide is used as astringent 

and disinfectant. Zinc salts are used in electroplating; metal processing, welding; 

rodenticides, herbicides, paint, wood preservatives; and as solubilizing agents (zinc 

insulin suspensions). 

Zinc is an essential metal for proper functioning of metalloenzymes (alcohol 

dehydrogenase, leucine peptidase, carbonic anhydrase, alkaline phosphatase, zinc-copper 

superoxide dismutase, RNA and DNA polymerase).The decrease in zinc level has adverse 

effect on (dermatitis), growth, immune system, and genetic functions. The zinc has an 

important role in the formation of proteins ―Zn finger‖ which helps to maintain the 

nucleic acid structure in genes (Huang et al., 2004). 

Zinc becomes toxic at an intake level of 100–500 mg day
-1

 (ATSDR, 1992). The 

maximum concentration of zinc as 5.0 mg l
-1

 is recommended by WHO in drinking water 

(Tanco et al., 2002). Zinc interacts with essential metals and affects their body levels. 

Zinc and copper concentrations have inverse relationship hence the increase of zinc level 

will cause the copper deficiency.  
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Zinc and calcium are essential and act together for appropriate calcification of 

bone. Zinc binding on sulfhydryl groups is affected in the presence of cadmium. Zinc 

makes metallothionein protein which interacts in the absorption and storing of both 

essential and nonessential metals. Recently, aggregation of zinc and copper ions in 

cortical glutamatergic synapses has been concerned with function of the NMDA receptor 

and amyloid beta which result in Alzheimer‘s disease (Bhattacharya et al., 2006; Watt et 

al., 2011).  

The absorption of zinc depends upon presence of phosphorus, calcium and dietary 

fiber.  About 20 to 30 % of ingested zinc is absorbed in gastrointestinal system and 

distributed in the gastrointestinal tract, bone, muscle, heart, lung, pancreas, skin, and 

brain. In blood about two third of the zinc is attached with albumin (Mohan & 

Sreelakshmi, 2008).  

Zinc chloride is more corrosive and harmful to the mucous membranes. Excessive 

amount of zinc sulphate have adverse effect on gastrointestinal tissue and may result in 

vomiting, throat burning, abdominal pain, and diarrhea. In chronic exposure 

hematological changes and anemia have been reported (Mohan & Sreelakshmi, 2008). 

The major sources and the health effect of the cadmium, lead, nickel and zinc ions 

are summarized in Table 2.1: 

2.1.7 Heavy Metal Pollution in Pakistan 

Exploitation of the mineral resources and industrial activities disperse chemicals 

and particularly metallic elements into the environment in exceptional quantities and 

extreme rates. When the industrial wastewaters containing these metals are discharged 

into surface waters, these metals will be concentrated as they become part and travel up 

the food chain. Eventually, extremely poisonous levels of toxin can migrate to the 

immediate environment of the public. Metals that seep into groundwater will contaminate 

drinking water wells and harm the consumers of that water. 

The contaminated land is increasingly becoming an environmental, health, 

economic and planning issue in Pakistan (Faryal, 2003). The rapid increase in population, 

together with the unplanned disposal of effluent from tanneries and textile industries has 

increased the threat of soil pollution in Pakistan (Khan, 2001). 
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Table 2.1: Sources and health effect of heavy metals with permissible limits 

Metal Major Source Health effect Permissible 

limits(ppm) 

Cadmium 

 Electroplating 

 Paint pigments 

 Plastics 

 Batteries 

 Nuclear plant 

 Coating operations 

 Pesticide 

 Photography 

 Fertilizer 

 Harms kidney function 

 Gastrointestinal disorder  

 Bone defects (itai-itai, 

osteomalacia, osteoporosis) 

 Nephro-toxicity 

 Anemia 

 Anosmia 

 Ulceration 

 Carcinogenesis effects 

0.06 

Lead  

 Mining 

 Smelting 

 Lead–acid 

batteries 

 Metal products 

 Ceramic products 

 Ammunitions 

 Electric cables 

 Shield against X-

rays and nuclear 

radiations 

 Pigments  

 Chemicals 

 Effect the metabolism and act 

as inhibitor 

 Mental retardation 

 Gastrointestinal diseases 

 Kidney damage 

 Loss of focus and memory 

 Exhaustion and restlessness 

 Joint pain 

 Adverse effect on blood 

pressure 

 Adverse effect on the 

peripheral and central nervous 

system 

0.1 

Nickel 

 Electroplating 

 Silver refineries 

 Different alloys 

 Batteries 

 Dying 

 Printing 

 Tanning 

 Ghee 

manufacturing 

sectors 

 Cancer 

 Dermatitis or Ni itch,  

 Nausea and vomiting 

 Dry cough 

 Nephrotoxicity 

 Hematological effects 

 Aminoaciduria and proteinuria 

 Inhibits the enzymes, proteins  

 Asthma and Erythema 

 Extremely carcinogenic 

0.2 

Zinc 

 Electroplating 

 Smelting 

 Mining 

 Galvanizing 

 Metal processing 

 Rodenticides 

 Herbicide 

  Paint 

 Wood preservative 

 Solubilizing agents 

 Effect calcification of bone 

 Alzheimer‘s disease 

 Corrosive and harmful to the 

mucous membranes 

 Adverse effect on 

gastrointestinal tissue 

 Throat burning 

 Abdominal pain and diarrhea 

 Hematological changes  

 Anemia 

15 

(*Source: See section 2.1.3 to 2.1.6) 
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In Pakistan, like other countries of the world, the level of the metal pollution of 

fresh water bodies, especially the rivers, is no longer within safe limits for human 

consumption. Earlier baseline studies have identified elevated levels of certain trace 

metals in local freshwater systems, especially rivers and lakes, arising mainly from 

agricultural and industrial processes (Ashraf et al., 1991; Tariq et al., 1991). 

The effluents from industrial estate of Model Town Hymak (Islamabad, Pakistan) 

have contaminated the water of river Soan with heavy metals such as nickel, chromium, 

cadmium and lead (Mian et al., 1998). Qadir et al. (1998) indicated that the industrial 

effluents discharged by different industries in the industrial area of Sheikhupura, Lahore 

and Kala Shah Kaku are source of pollution for the soil and water with salts and heavy 

metals in their respective areas.  

Aslam et al. (2011) studied the residual concentrations of heavy metals in the milk 

of cattle and goats in the surrounding area of Faisalabad city during summer season. It 

was found that the concentration of cadmium, chromium, nickel, arsenic and mercury 

were higher than literature values. The residual levels of cadmium, lead, arsenic and 

mercury were higher in case of goat milk while nickel and chromium concentrations were 

higher in cattle milk. 

Rauf et al. (2009) aassessed the heavy metal contamination in the sediments of 

river Ravi. The sediments concentration (g g
-1

) for nineteen sampling sites were found 

in the range from 0.99 to 3.17 for cadmium, 4.60 to 57.40 for chromium, 2.22 to 18.53 for 

cobalt and 3.38 to 159.79 on the basis of sediments dry weight. The copper concentration 

was found to be the highest for the Taj Company nulla and cadmium concentration was 

minimum at Lahore Siphon. Metal concentration in sediments were found in order of Cu 

> Cr > Cd > Co. These sediments polluted with heavy metals act as secondary pollution 

source which may pollute the flowing water in river. 

Rauf et al. (2009a) conducted a research study for determining the cadmium and 

chromium concentrations in various parts of three fish species at three stations i.e. Lahore 

Siphon, Shahdera Bridge and downstream of Baloki Headworks on river Ravi, Pakistan. 

It was found that fish liver has highest capacity to accumulate these metals. Cadmium and 

chromium concentrations were found 4.26 ± 1.57 and 6.23 ± 1.14 μg g
-1

 respectively. The 

minimum concentrations were found in gills which were 0.10 ± 0.53 and 1.46 ± 0.52     

μg g
-1

 for cadmium and chromium respectively. Metals levels were highest at Baloki most 
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probably due to addition of polluted effluents containing sewage and industrial 

wastewater. 

It has been reported that the heavy metals concentrations in scalp hair and nail 

samples can be used as indicator for human exposure of heavy metals (Shan & Ikram, 

2012). The heavy metal contents were determined in the drains and tube well water, soil 

and plant samples from the area of Korangi being irrigated using industrial effluent. The 

concentration (mg l
-1

) was found in the range of 0.004-5.62 for chromium, 0.04-5.58 for 

iron, 0.005-5.5 for zinc, 0.02-5.35 for nickel, 0.004-2.4 for cadmium, 0.05 to 2.25 for 

lead, 0.01-1.79 for manganese and 0.005-1.19 for copper in various wastewater samples. 

Similarly in the plant samples the concentrations of heavy metals were greater than the 

recommended values. The metal concentrations were found to be within the limits for soil 

and plant samples for the area being irrigated by tube well water (Saif et al., 2005). 

Abbas et al. (2003) conducted a survey in order to find the heavy metals contents 

in nullah Dek, Bisharat and Aik. During this survey work, samples of polluted water from 

these three nullahs soils were analyzed for the concentrations of heavy metals. Heavy 

metals were present at all sampling locations. The concentrations of cadmium and nickel 

were found within safe limits while the strontium was present in excess.  

Tariq et al. (2006) conducted a study to evaluate various industrial effluents of 

Hayatabad Industrial Estate (HIE) Peshawar. Total twelve samples were analyzed. It was 

found that the concentrations of heavy metals like cadmium, chromium, copper, 

manganese, nickel and lead were higher than the permissible concentrations values as 

given by WHO and US EPA standards for drinking water. These results showed that the 

polluted industrial effluent may lead to contaminations of ground water. It was 

recommended that each industry should establish a wastewater treatment plant in order to 

cope with increasing contamination and environmental degradation. 

It can be concluded that the heavy metals have adverse impacts on the aquatic 

system and human life. Local small industries do not have wastewater treatment facilities 

because of their economic capacity. Hence effective and cheaper treatment technology is 

required to remove the heavy metals from the industrial effluents. 
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2.2 CONVENTIONAL TREATMENT METHODS 

Discharge of industrial wastewater, polluted with heavy metals, into surface water 

sources is harmful for public health. It may become the part of food chain. Heavy metals 

are persistent in nature and non-biodegradable. Throughout the world prevalence of heavy 

metal bio-magnification in fish, oysters, mussels, sediments and other components of 

aquatic ecosystems have been reported (Naimo, 1995; Sayler et al., 1975).  

A lot of research has been under taken for the development of technologies and 

methods to remove toxic heavy metals from wastewater. In the past few decades different 

methods have been developed for treatment of heavy metals.  

The industrial effluent such as electroplating and metal finishing, contain different 

toxic heavy metals. The conventional method for the removal of toxic heavy metals 

includes chemical precipitation, flocculation and coagulation, flotation, complexation, 

solvent extraction, cementation, evaporation, ion exchange, adsorption, membrane 

process and biological operation (Rich & Cherry, 1987; Peters & Shem, 1993). A brief 

description of these processes is as under: 

2.2.1 Chemical Precipitation 

The chemical precipitation is achieved by addition of hydroxide, carbonate and 

sulphide. In hydroxide precipitation heavy metals are converted into their hydroxides with 

the addition of lime or sodium hydroxide. Dean et al. (1972) reported that iron, zinc, 

nickel and cobalt are completely removed by hydroxide precipitation without any 

modification. But precipitation of mercury, cadmium, lead and chromium is slow and 

incomplete. The factors controlling the precipitation process include attribute of the metal 

ion for hydrolysis, oxidation state, pH, chelating agent, contact time, agitation speed, 

settling and filtering properties of the metal precipitate.  

The chlorination is required for effective precipitation if metal is present in the 

form of complex organic compounds. Lanouette (1977) mentioned that it becomes 

difficult to remove the heavy metals ions through precipitation if more than one metals 

are present in the wastewater as each metal will be precipitated at different optimum pH 

value. Peter and Ku (1984) reported that the complexing or chelating agents hinders metal 

hydroxide precipitation. Cyanide has adverse effect on the formation of metal hydroxide. 

The metal hydroxides formed during the precipitation are amorphous and colloidal in 
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nature and result in toxic sludge. The thickening and dewatering of sludge is difficult 

because of large volume and amorphous particles. Another disadvantage of the 

precipitation process is variations in the solubility of metal hydroxide at a fixed pH. 

Metals hydroxide precipitates are resoluble on change of pH of the solution. 

The application of calcium or sodium carbonate for the precipitation of heavy 

metal ions is limited. The better results have been reported for the removal of lead and 

cadmium using carbonate precipitation. Carbonate sludge have better dewatering and 

filtration characteristics as compared with the hydroxide sludge. But for the zinc and 

nickel the characteristics of the sludge were same as in case of hydroxide precipitation.  

Better metal removal can be achieved using the sulphide precipitation as heavy 

metals form more stable sulphides. Metal sulphide sludge showed enhanced dewatering 

and thickening characteristics as compared with the hydroxide sludge. The limitation of 

the process is risk of the sulphide toxicity and the evolution of hydrogen sulphide (H2S) 

gas. The odour problem is associated with soluble sulphides systems and reaction tank 

should be closed and evacuated to control the odour problem. In sulphide precipitation 

both soluble sulphides i.e. sodium sulphide and sodium hydrosulphide and slightly 

soluble sulphides in the form of slurry i.e. ferrous sulphide are being used. In case of 

ferrous sulphide, the hydrogen sulphide is absent but the regents are required in larger 

amount than stoichiometric quantities and hence greater amount of sludge is generated. In 

soluble sulphide precipitation process particulates are fine and colloidal due to rapid 

reaction. This result in poor filtering and settling characteristics of sludge (EPA, 1980). 

Peters and Ku (1984) reported that Ethylenediaminetetraacetic acid (EDTA) showed 

adverse effect on the removal of zinc by hydroxide and sulphide precipitation due to 

chelates formation. Similarly the presence of EDTA and crown ether decreases the 

efficiency of cadmium sulphide precipitation. 

Although chemical precipitation is an effective method, however, it becomes 

costly treatment option due to the loss of heavy metals with the sludge. Huge quantities of 

chemical are required for the precipitation of heavy metal ions which make the process 

uneconomical. Chemical precipitation process produces large volume of secondary 

pollutants in the form of caustic sludge which is toxic (Kurniawan et al., 2006; Bodzek et 

al., 1999). At low concentration of heavy metal ions the hydroxide precipitation is 

ineffective. Metal hydroxides precipitate have tendency to re-dissolve. Metal ions 

precipitation remains incomplete in the presence of complexing or chelating agents. For 
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the finer precipitates the filtration becomes difficult. The process is costly as huge amount 

of chemicals and reagents are involved and large treatment plants are required. The huge 

volume of sludge is generated with high water content which required dewatering and 

disposal into landfills. The sludge containing metal hydroxide and gypsum required large 

land for its disposal and result in secondary pollutants.  

The disadvantages of limestone precipitation treatments includes armouring 

problem, neutralization of acidic water and construction cost is higher due to installation 

of mixing chambers, aerators and clarifiers in treatment plant (Taylor et al., 2005). 

2.2.2 Coagulation and Flocculation 

Coagulation is physiochemical reaction by which the heavy metals ions are 

precipitated from the solution by electrical charges. In coagulation process opposite 

charges present on particles are neutralized, which can be accomplished by electrical or 

chemical methods. Coagulant agents like aluminum salt, iron salt and lime have been 

investigated for the removal of heavy metals from the industrial wastewater. The 

cadmium removal efficiency of coagulation is dependent on pH and lower as compared 

with lime softening (EPA, 1978; Danials, 1975). In flocculation process the destabilized 

particles are agglomerated by slow mixing. The insoluble fractions of heavy metals ions 

like chromium, copper, iron, nickel and zinc are removed in coagulation and flocculation 

process. Demerits of coagulation include increased primary sludge which is aesthetically 

unpleasing because of brown colour, additional solids which are more difficult to dewater 

and thicken and result in increased operational cost and expertise. Fast mixing, high 

temperature and optimum pH are critical to achieve the desired results from coagulation 

process (Vesilind, 2003). 

Flocculation is a process in which microscopic particles or colloids bind into floc 

by addition of clarifying or flocculent agent. Using the coagulation and flocculation, the 

insoluble heavy metal ions like copper, chromium, iron, nickel and zinc can be captured. 

Coagulation and subsequent flocculation are used for removal of heavy metals when 

present in high concentrations. But the process is expensive and inefficient due to 

addition of large quantities of chemical additives and production of toxic sludge in huge 

volumes. This process is expensive as additional chemical in the form of oxidants, 

flocculants and coagulants are required (Kurniawan et al., 2006). 
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2.2.3 Flotation 

Flotation process is widely used for wastewater treatment. In air flotation process 

air is passed in the wastewater. The solids and dispersed liquid are separated when air 

rises. Wastewater with higher concentrations of heavy metals is then separated from rest 

of the solution. Although flotation is inexpensive operation but it has been proven 

effective for the removal of heavy metals concentrations less than 150 mg l
-1

 and has 

limited application (Kurniawan et al., 2006). 

2.2.4 Membrane Based Technologies 

In the membrane processes semi-permeable membranes are used for discerning 

contaminants. In ultra-filtration process the pore size of the membrane is (1000-100,000 

Dalton) which retained the larger molecules. For the removal of heavy metal ions which 

are small in size, a complexing agent is added to combine the heavy metal ions into a 

larger molecule. Ultrafiltration have low operating cost and give the removal efficiency 

up to 90%. Its applications are limited due to membrane fouling which decreases 

throughput with the passage of time (Kurniawan et al., 2006). 

In nano-filtration pore size is smaller and its surface charge is negatively charged. 

Membrane surface remove the cationic species like heavy metal ions because of electrical 

charge and larger neutral molecules due to their size. Efficiency of nano-filtration is better 

than the ultrafiltration but its operating cost is higher and throughput is less (Kurniawan et 

al., 2006). 

In reverse osmosis process on the wastewater solution, the pressure higher than 

the osmotic pressure is applied due to which the water molecules passes through the 

selectively permeate membrane. It is very effective process for the purification of water 

but it is expensive as high pressure is required for the operation (Kurniawan et al., 2006). 

It has limited application as pre-treatment is requires for the removal of suspended 

solids. It is sophisticated and expensive method which required higher technical expertise 

for its operation. The major problem with the membrane based process is the membrane 

stability for continues application. 

The lifetime of membranes is limited because of fouling problems due to 

particulate matter, scaling and biofouling. The periodic replacement of membrane makes 

the process uneconomical and its cost is an important factor to analyze the economic 
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viability. More energy is required because of the constant electricity supply for the 

process (Nguyen et al., 2012). 

2.2.5 Electrochemically Based Technologies 

The removal of charged heavy metal ions from the solution has also been 

investigated using different electrochemical techniques. In these techniques a 

combination of above mentioned separation techniques and electric potential is applied. 

In electrodialysis process membrane separation is used in the presence of an 

electric potential. The anions present in the wastewater solution moves toward the anode 

through the membranes while cations i.e. heavy metals move towards cathode and get 

separated. This process coops a highly concentrated heavy metal solution which is helpful 

for recovery of heavy metals. But due to membrane fouling the process is limited to very 

dilute and comparatively clean wastewaters (Kurniawan et al., 2006). 

In membrane electrolysis a single membrane which is permeable to heavy metal 

ions is used to separate the cathode and anode in the wastewater. When current is applied, 

heavy metal ions are deposited on the cathode in solid state and counter ions are released 

from anode. The removal efficiency is about 90 % but it is relatively expensive because 

of the amount of energy involved (Kurniawan et al., 2006). Metal hydroxides are 

produced during this process which chokes the membrane. 

In electrochemical precipitation process, the chemical precipitation method is used 

in combination of electric potential. Removal efficiency is higher and can be used for the 

higher concentrations of heavy metals. Its demerits are similar with chemical precipitation 

and also energy consumption is higher (Kurniawan et al., 2006). 

Electrodialysis reversal (EDR) is more complex as additional plumbing and 

control system is required which increase the capital and operating costs. This process 

cannot be used for the secondary effluent as high levels of Mn, Fe, H2S, chlorine and 

hardness effect the process (Hendricks, 2006).  

In electrode position process, the heavy metal ions can be recovered from the 

waste solution by using insoluble anodes. Spent solutions from the cleaning process of 

sulphuric acid can be concentrated with copper sulphate when acid is present as residue. 

In the process, copper is deposited on cathode electrolytically as a result sulphuric acid is 

regenerated (Ahalya et al., 2003). 
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2.2.6 Xanthate Process 

In this process the commercial starch reacts with the sodium hydroxide and carbon 

disulphide which produces insoluble starch xanthate. In order to improve the stability of 

insoluble starch xanthate, magnesium sulphate is used, which also enhances the sludge 

settling rate. The heavy metals ions are attached with the insoluble starch xanthate by 

replacing the sodium and magnesium ions. In batch process solid insoluble starch 

xanthate is added at pH higher than 3 while in continuous process it is added in slurry 

form. Insoluble starch xanthate has an average capacity for the removal of metal ion 

about 1.1 to 1.5 meq per g (Anon, 1978). 

The binding capacity of soluble starch xanthate was found to be in order of Cr 

(VI)> Cu (II)> Cd(II) and for insoluble starch xanthate it was Cr (VI) > Cu (II). Biding 

capacity for the insoluble starch xanthate is higher than soluble starch xanthate (Tare et 

al., 1988). 

2.2.7 Solvent Extraction 

Solvent extraction is applied in hydrometallurgical process and it has been used 

for the treatment of effluent and waste reprocessing. It involves an aqueous phase which 

contains the heavy metal ions and an organic phase consisting of suitable organic solvent. 

In solvent extraction process selective complexing agents are used for the removal of 

heavy metals (Ramachandra et al., 2006). The extracted metal can be recovered from the 

organic solvent by adding an aqueous solution capable of stripping the metal from 

organic phase. The metal ions concentration in strip liquor is increased about 100 times of 

the original solution. The organic solvent can be recycled after removing the impurities.  

2.2.8 Evaporation  

Different types of evaporators are used to concentrate and recover the costly 

plating chemicals used in electroplating industry. For recovery, the collected rinse is 

boiled and the concentrate is recycled to the plating process. In electroplating industry 

rising film evaporators, flash evaporators, submerged tube evaporators and atmospheric 

evaporators are used (U.S. EPA, 1979). The capital and operational costs are high for the 

evaporators based recovery systems. 
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2.2.9 Cementation 

In the cementation process the metal ions present in solution are replaced by metal 

which is higher in electromotive services. Cementation is useful for the treatment of 

reducible metal ions. For the application of cementation process, the difference in the 

electromotive force among the two metals should be large enough. Usually scrap iron 

which is readily available is used for the cementation process because of its low cost. In 

cementation process long contact time is required. Angelidis et al. (1988) reported the 

removal of lead ion using iron sphere packed bed. Cementation can be used only for small 

flow. In cementation process the toxic metals are only replaced with less toxic metal 

(Case, 1974). 

2.2.10 Adsorption 

In the adsorption process wastewater is brought in contact with a solid adsorbent 

and heavy metal ions are adsorbed on the solid. Commonly used adsorbents are activated 

carbon, agricultural wastes and industrial by products which have been investigated for 

the removal of heavy metal ions from wastewaters. Adsorption process has been 

investigated for the removal of heavy metal ions due to the affinity of activated carbon for 

the heavy metal ions.  

Its disadvantages include low removal efficiency and lack of cost effective 

adsorbents. Other disadvantages of this process include limited separation of heavy 

metals, production of secondary pollutants and increased cost. The presence of humic 

acid, iron, aluminum and calcium has negative impact on the efficiency of adsorption 

process (Kurniawan et al., 2006). 

2.2.11 Ion Exchange 

In ion exchange process a solid insoluble resin is added in the wastewater, which 

contains the same charge as on heavy metal ions. As a result of replacement reaction the 

heavy metals ions are captured by the resins. Selective ion exchange resins are available 

for certain heavy metals. The cations of heavy metals are interchanged with H
+
 or Na

+
 of 

the ion exchange resins. The ion exchange resins may be synthetic polymer as well as 

natural material (Van der Heen, 1977). Some custom-made zeolites (zeocarb and 

chalcarb) showed higher affinity for nickel and lead metal ions (Groffman et al., 1992) 
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Ion exchange is very attractive process because of the recovery of metal ions and 

selectivity for the metal ions using the ligands. But the wastewater requires extensive pre-

treatment for the ion exchange process to avoid resin contamination. Currently available 

resins are not capable to remove all the heavy metal ions from the wastewater. The 

demerits of ion exchange process are its high cost and some metals ions are removed only 

partially (Kurniawan et al., 2006). 

In the presence of competing mono and divalent ions in large quantity, the ion 

exchange process becomes ineffective. The ion exchange process lacks in the selectivity 

for specific metal ions. Wastes are generated during the process of regeneration of ion 

exchange resins. The organic substances present in the wastewater reduce the process 

efficiency due to fouling.  

In case the water supplies contain higher concentration of calcium, than the 

sulphuric acid which is used for the regeneration of cation resin, produces calcium 

sulphate that result in resin fouling and drain pipes blocking. Secondly, underground 

anaerobic water supplies contain soluble iron on aeration produced ferric hydroxide 

precipitant, which may block the resin beads (Stella et al., 2004). 

2.2.12 Biological Processes  

One way of biological removal of heavy metals in phytoremediation, in which 

certain plants are used to remove the heavy metals from contaminated soil, sediment and 

water. But it is a time consuming process for the removal of heavy metal ions and also the 

plant cannot be regenerated.  

The main disadvantages of conventional processes as described in above 

paragraphs are; incomplete metal ions removal, large amount of reagent and high energy 

requirements, generation of toxic sludge and other waste products (Ahalya et al., 2003).  

2.3 BIOSORPTION AND BIOSORBENTS 

Expanding knowledge and concern about environment led to search for new 

techniques during 1970s which are capable for economical treatment of heavy metals 

polluted wastewater. The search for new process focused on biosorption processes 

depending on metal binding capacities of different biological materials. 

Research has shown biosorption is an ideal substitute for removal of heavy metals from 

industrial effluents. Naturally occurring biosorbent or exhausted biomass can be used 



Chapter 2  Literature Review 

  

- 26 - 

effectively for the biosorption process. It is a quick process of passive metal removal by 

dead biomass. Results are credible for the removal of heavy metals using biosorption 

technique. The binding capacities of few biomasses are similar with commercial artificial 

cation exchange resins. 

2.3.1 Biosorption Process 

Biosorption is a characteristic of certain types of microbial biomass in inactive 

and dead form to bind the heavy metal ions even from very dilute solutions. Biomass 

shows this characteristics acting as ion exchange resin of biological origin. The functional 

group present in the bacteria, fungi and algae were found to be accountable for the 

biosorption process.  

There are two phases in biosorption process viz. one is solid (sorbent or 

biosorbent) and second is liquid phase (sorbate, metal bearing solution). The heavy metals 

have higher binding affinity for the biosorbent. These are bound and attracted by the 

biosorbent by different mechanisms such as adsorption, complexation, chelation, 

coordination, ion exchange, precipitation and reduction. The process carries on till 

equilibrium is achieved between the amount of sorbate in solid phase and its 

concentration in the liquid phase. The distribution between the solid and liquid phases is 

determined by degree of biosorbent affinity for particular sorbate i.e. metal ions. The 

saturated biosorbent can be regenerated using the desorption agent and can be reused. 

Subsequently the deposited metal ions can be recovered from the concentrated wash 

solution (Volesky, 2003). 

There are different sources of biosorbent; forests, sea and freshwater plankton, 

fish and algae, all living creature, including animals are all ―biomass/adsorbents‖. The 

renewable nature of biomass, get energy by sunshine for it growth, makes it never-ending 

group of chemicals of all types. 

2.3.2 Advantages of Biosorption 

Biosorption process has a number of advantages over the conventional treatment 

process for the removal of heavy metal ions from wastewater (Volesky, 1990). Some of 

the merits of biosorption process are listed below (Ahluwalia & Goyal, 2007; Patterson et 

al., 1998; Chen, 1997; Chen & Gan, 1999; Kratochvil & Volesky, 1998). 

1. The biosorbents are cheaper as they are prepared from waste/abundant materials. 
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2. The metal sorbing performance of the biomass varies in term of selectivity and it 

can be more or less dependent on different factors. The selectivity of biosorbent 

for the heavy metals depends on the biomass type, biomass preparation, solution 

components, and physicochemical treatment. 

3. Biosorbents can be regenerated using the appropriate desorbing agent and can be 

reused in continuous process. 

4. The secondary pollutant or sludge is not generated during the biosorption process, 

as usually found in many conventional treatment methods like chemical 

precipitation. 

5. During the regeneration process the metal ions are concentrated and metal can be 

recovered easily. 

6. Biosorption process has competitive performance with other similar technique 

such as ion exchange method. Low cost of biosorption is a competitive advantage 

over costly ion exchange resins.  

7. Biosorption process is efficient for the removal of low concentration of heavy 

metals while most of conventional techniques are not effective or become 

expensive for metal concentrations less than 100 ppm. 

8. Biosorption process is energy saving as it can be operated in wide range of 

temperature and pH  

9. Minimum amount of additional chemical is required for the biosorption process. 

10. Additional nutrients are not required for the biosorption process. 

2.3.3 Biosorption Capacity of Different Biosorbents 

Biosorbents used for bioremediation are waste biomass which is obtained from 

agricultural crops, algae, bacteria and fungi and naturally found in abundant quantities. 

Many chemical groups present in these biomasses have been recommended to contribute 

for biosorption of heavy metal ions (Ahalya et al., 2003). Many microorganisms of 

different groups such as bacteria, cyanobacteria, fungi, yeast and algae have capability of 

binding a variety of heavy metals to varying extents. The characteristics of different 

microorganisms in the sequestration and recovery of heavy metal(s) by biosorption has 
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been documented (Gadd, 1988; Geoffrey et al., 1978; Wase & Foster, 1997; Volesky, 

1990; Greene & Darnall, 1990).  

Many of the biosorption studies have been accomplished with living biomass. 

However, use of living biomass for metal removal is not usually feasible in all conditions 

due to certain intrinsic disadvantages. As industrial effluents have high levels of 

contaminated metals under extremely varying pH conditions. These conditions are not 

favourable to the growth and sustainability of microbial population. The merits of using 

non-living biomass for the biosorption process are given below: 

1. Growth independent dead biomass is not an issue to toxicity limitation.  

2. Waste biomass from fermentation industry can be used as a cheaper source. 

3. The process is not controlled by physiological limitation of microbial cells. 

4. Metal binding on the biomass surface is very high resulting in efficient metal 

removal and uptake. 

5. The biosorption process becomes rapid as non-living biomass act like an ion 

exchange resins. 

6. Processing conditions for dead biomass are not limited to those favourable for the 

growth of cells. Hence during the biosorption process operating conditions such as 

metal concentrations, pH and temperature may change in a wide range.  

7. There is possibility of metals recovery using the appropriate desorbing agent. In 

case recovered metals are insignificant and if the biomass is abundant, the 

biomass can directly be incinerated which eliminates further treatment. 

Biosorption process basically involves ionic, chemical and physical adsorption. 

Different types of ligands found on the cell walls are capable in metal chelation. These 

include amine, carboxyl, hydroxyl, phosphate and sulphydryl groups. Metal ions could be 

absorbed by complexing with reactions sites on negatively charged cell surface. Table 2.2 

to Table 2.5 presents a list of microorganisms used by different researchers for the 

removal of cadmium, lead, nickel and zinc. 
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Table 2.2: Biosorption capacity of microbial biosorbents for cadmium ions 

Biosorbent Uptake 

Capacity 

(mg g
-1

) 

Initial 

Concentration 

(mg l
-1

) 

Temperature 

 

(
o
C) 

Reference 

C. Vulgaris (dried) 111.1 200 20 (Aksu, 2001) 

Chlorella vulgaris 86.6 250 25 (Aksu & Gonmez, 2006) 

Aspergillus niger (dried) 96.7 25.8 25 (Amini et al., 2009) 

Ca-alginate gel beads 40.1 600 25 
(Bayramoglu et al., 

2006) 

Streptomyces biomass (dead) 52.8 5 - (Butter et al., 1998) 

Pseudomonas aeruginosa 

(inactive) 
43 500 Room (Chang et al., 1997) 

Pseudomonas aeruginosa 58 500 Room (Chang et al., 1997) 

Penicillium simplicissimum 61.35 - 28 (Fan et al., 2008) 

Aspergillus niger 405 14.1 20 25 
(Filipovic-Kovacevic et 

al., 2000) 

Saccharomyces cerevisiae 8.56 19 25 (Ghorbani et al., 2008) 

S. cerevisiae + ethnol 31.75 - - (Goksungur et al., 2005) 

Phormidium sp. (B1) 37.06 500 25±2 (Iqbal & Saeed, 2011) 

Loofa sponge discs (B2) 5.32 500 25±2 (Iqbal & Saeed, 2011) 

Hybrid disc biosorbent 48.53 500 25±2 (Iqbal & Saeed, 2011) 

Alginate gel beads 36.6 500 25 (Kacar et al., 2002) 

JL322 Actinomycetes Live 22.81 - 18-20 (Kefala et al., 1999) 

JL322 Actinomycetes Dead 35.98 - 18-20 (Kefala et al., 1999) 

AK61 Actinomycetes Live 23.02 - 18-20 (Kefala et al., 1999) 

AK61 Actinomycetes Dead 44.44 - 18-20 (Kefala et al., 1999) 

Aerobic granular sludge 172.7 - - Liu, 2003 

Enterobacter sp. J1 46.2 500 25 (Lu et al., 2006) 

Alginate 30.913 150 23±1 (Mata et al., 2009) 

Alginate 1B:1A 66.8846 150 23±1 (Mata et al., 2009) 

Dried activated sludge 60.7019 65.38 20 
(Remenaarova et al., 

2010) 

Spirulina platensis 62.5 500 50 (Seker et al., 2008) 

Streptomyces rimosus 63.3 600 0 (Selatnia et al., 2004) 

Aspergillus niger PVA 69.44 50 30 (Tsekova et al., 2010) 

Pseudomonas veronii 2E 53.9573 2 32 (Vullo et al., 2008) 

Microsphaeropsis sp. LSE10 247.5 - 30 (Xiao et al., 2010) 

R. oryzae, 31.4751 - 23±2 (Yin et al., 1999) 

R. oligosporus 39.3439 - 23±2 (Yin et al., 1999) 

A. oryzae 44.9644 - 23±2 (Yin et al., 1999) 

R. arrhizus 62.9502 - 23±2 (Yin et al., 1999) 
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Table 2.3: Biosorption capacity of microbial biosorbents for lead ions 

Biosorbent Uptake 

Capacity 

(mg g
-1

) 

Initial 

Concentration 

(mg l
-1

) 

Temperature 

(
o
C) 

Reference 

Aspergillus niger (dried) 19.28 30 30 (Amini et al., 2008) 

Rhodococcus opacus 95.2 200 35 (Bueno et al., 2011) 

Pseudomonas aeruginosa 70 500 Room (Chang et al., 1997) 

Pseudomonas aeruginosa  110 500 Room (Chang et al., 1997) 

Bacillus sp. ATS-2 (silca gel) 4.89 250 20 (Cabuk et al., 2006) 

Bacillus cereus (dried) 23.25 80 25 (Colak et al., 2011) 

Bacillus pumilus (dried) 29.97 80 25 (Colak et al., 2011) 

Aspergillus niger (NaOH) 32.6 250 35 (Dursun, 2006) 

Chlorella vulgaris (powder) 169 250 25 (El-Naas et al., 2007) 

Penicillium simplicissimum 87.72 - 28 (Fan et al., 2008) 

Pseudomonas aeruginosa  79 150 - (Gabr et al., 2008) 

Pseudomonas aeruginosa  123 150 - (Gabr et al., 2008) 

Pseudomonas aeruginosa 93 150 - (Gabr et al., 2008) 

Spirulina maxima (CaCl2) 190.624 - 20 (Gong et al., 2005) 

S. cerevisiae (ethnol treated) 60.24 - - (Goksungur et al., 2005) 

Oedogonium sp.  (dried & 

mesh) 
145 200 25 

(Gupta & Rastogi, 

2008A) 

Nostoc sp.  (dried & mesh) 93 200 25 
(Gupta & Rastogi, 

2008A) 

Spirogyra species (dried) 140 200 25 (Gupta & Rastogi, 2008) 

Bacillus cereus 36.71 100 25 Jian-hua, 2007 

Mucor rouxii 769 200 25 (Lo et al., 1999) 

Aspergillus niger 714 - - (Lo et al., 1999) 

Rhizopus Stolonifer 417 - - (Lo et al., 1999) 

Rhizopus oryzae 222 - - (Lo et al., 1999) 

Enterobacter sp. J1 50.9 500 25 (Lu et al., 2006) 

Alginate 58.016 150 23±1 (Mata et al., 2009) 

Alginate 1B:1A 113.546 150 23±1 (Mata et al., 2009) 

Distillery sludge (NaOH) 91.74 - 30 (Nadeem et al., 2008) 

Bacillus sp. 88 200 - (Nourbakhsh et al., 2002) 

Phaseolus vulgaris L. (dried) 42.77 250 20 (Ozcan et al., 2009) 

Rhizopus arrhizus (inactive) 58.6 200 25 (Sag & Kutsal, 1997) 

Spirulina platensis 98.63 500 25 (Seker et al., 2008) 

Streptomyces rimosus (NaOH) 137 - - (Selatnia et al., 2004) 

Cephalosporium aphidicola 92.4112 100 30 (Tunali et al., 2006) 

Pseudomonas putida 270.37 100 25 (Uslu & Tanyol, 2006) 
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Table 2.4: Biosorption capacity of microbial biosorbents for nickel ions 

Biosorbent Uptake 

Capacity 

(mg g
-1

) 

Initial 

Concentration 

(mg l
-1

) 

Temperature 

(
o
C) 

Reference 

Aerobic activated sludge 238.1 - 25 (Aksu et al., 2002) 

Chlorella vulgaris 63.25 250 45 (Al-Rub et al., 2004) 

Alginate bead (gel) 25.6 - 25 (Al-Rub et al., 2004) 

Chlorella vulgaris (dead) 13.9 - 25 (Al-Rub et al., 2004) 

Chlorella vulgaris (gel) 31.3 - 25 (Al-Rub et al., 2004) 

Aspergillus niger (dried) 4.82 - - (Amini et al., 2008) 

Pseudomonas aeruginosa 70 150 - (Gabr et al., 2008) 

Pseudomonas aeruginosa 113.6 150 - (Gabr et al., 2008) 

Pseudomonas aeruginosa 77 150 - (Gabr et al., 2008) 

Bacillus subtilis 1.2 3 - (Hinc et al., 2010) 

Escherichia coli (BL21) 34.34 306.3 mM 28 (Kao et al., 2008) 

Escherichia coli (GB) 42.43 306.3 mM 28 (Kao et al., 2008) 

Escherichia coli (GP) 35.33 306.3 mM 28 (Kao et al., 2008) 

Calcium alginate 58.46 5.112 mM 25 (Ozdemir et al., 2005) 

Chryseomonas luteola 71.8407 5.112 mM 25 (Ozdemir et al., 2005) 

Chryseomonas luteola TEM05 63.2715 5.112 mM 25 (Ozdemir et al., 2005) 

Chryseomonas luteola 

TEM05+EPC 
71.5473 5.112 mM 25 (Ozdemir et al., 2005) 

Enteromorpha prolifera  65.7 100 30 (Ozer et al., 2008) 

Streptomyces coelicolor 11.1 150 25 (Ozturk et al., 2004) 

Baker‘s yeast (dried) 11.4 1000 - 
(Padmavathy et al., 

2003) 

Rhizopus arrhizus (inactive) 76.4 - - (Sag & Kutsal, 1997) 

Spirulina platensis 40.86 500 50 (Seker et al., 2008) 

Mucor hiemalis (dead) 21.49 50 - 
(Shroff & Vaidya, 

2011) 

Table 2.5: Biosorption capacity of microbial biosorbents for zinc ions 

Biosorbent Uptake 

Capacity 

(mg g
-1

) 

Initial 

Concentration 

(mg l
-1

) 

Temperature 

(
o
C) 

Reference 

Thiobacillus ferrooxidans 82.61 - 25 (Celaya et al., 2000) 

Streptomyces rimosus 27.4 300 25 (Chergui et al., 2007) 

Penicillium simplicissimum 77.52 - 28 (Fan et al., 2008) 

Aspergillus niger 405 4.7 20 25 
(Filipovic-Kovacevic et 

al., 2000) 

Pseudomonas aeruginosa 83.3 - 30 (Joo et al., 2010) 
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Biosorbent Uptake 

Capacity 

(mg g
-1

) 

Initial 

Concentration 

(mg l
-1

) 

Temperature 

(
o
C) 

Reference 

Bacillus cereus 66.6 - 30 (Joo et al., 2010) 

SFNPW 66.14 500 25±2 (Iqbal & Saeed, 2006) 

P. chrysosporium (free) 46.62 500 25±2 (Iqbal & Saeed, 2006) 

Escherichia coli (BL21) 10.084 1257 28 (Kao et al., 2008) 

Escherichia coli (GB) 22.266 1257 28 (Kao et al., 2008) 

Escherichia coli (GP) 24.577 1257 28 (Kao et al., 2008) 

Powdered waste sludge 82.6 - 25 (Kargi & Cikla, 2006) 

Plain Ca-alginate bead 98.26 1000 28 (Lai et al., 2008) 

Streptomyces ciscaucasicus 

(live) 
42.75 150 - (Li et al., 2010) 

Streptomyces ciscaucasicus 

(dead) 
54 150 - (Li et al., 2010) 

Aerobic granules 164.5 200 26 (Liu et al., 2003) 

Streptomyces rimosus 30 - 20 (Mameri et al., 1999) 

Streptomyces rimosus +NaOH 80 - 20 (Mameri et al., 1999) 

Dried activated sludge 33.3438 65.38 20 
(Remenaarova et al., 

2010) 

Pseudomonas aeruginosa 

AT18 
74.5 320 26-30 (Silva et al., 2009) 

The major issue with most of the previous studies is the use of biosorbents in 

powdered form. This form does not allow the cyclic use of biosorbents. The reason is that 

the post separation of biosorbents is difficult and costly when used in powdered form. 

Due to these problems, biosorbents are discarded after single use. This results in toxic 

sludge rich in heavy metals. Its treatment and disposal poses another problem. Secondly, 

many of these biosorbents have low biosorption capacity. Hence, larger size of equipment 

is required for the biosorbents with lower biosorption capacity. This results in increase of 

operational cost of the biosorption process. The above issues were the major hurdles in 

the wide spread use of biosorbents for metal ion removal. Thus there is a need to prepare 

biosorbents having higher biosorption capacity and making them fit for cyclic use. In 

order to achieve this, mechanical properties of biosorbents were enhanced through 

immobilization and then their cyclic use was investigated. This would make their use cost 

effective and prospective which otherwise is not possible. 
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2.3.4 Application of Biosorption in Industrial Wastewater Treatment 

The biosorption phenomena have been extensively discussed in the literature. There 

are more than 13,000 scientific research papers on it in peer reviewed journals. In most of 

these works, lab prepared metal bearing solutions were used for the study. There are few 

references where the biosorption was studied using industrial effluents bearing these 

metals. 

Hanif et al., (2007) investigated the removal of nickel using the Cassia fistula 

biomass for different industrial effluents. He reported only the percent removals. Proper 

batch and dynamic studies were carried out which are necessary for the design of the 

proper treatment system. Akar et al., (2009) investigated the nickel removal from 

wastewater using silica gel immobilized waste biomass. Uptake capacity was found 21 

mg g
-1

 for initial concentration of 100 mg l
-1

. 

Salem et al., (2014) studied electroplating wastewater with initial concentration of 

nickel as 12.48mg l-1 using modified loquat bark. The removal efficiency was reported to 

be 92.4 %. Vimala et al., (2014) studied the removal of cadmium from industrial 

wastewater using the macrofungus Pleurotus platypus. But the regeneration efficiency 

was about 90 % and biosorption capacity was found to 10.57 mg g
-1

. 

Some biosorbents have been developed for the commercial applications for 

sequestering metals from aqueous solution which included AlgaSORBTM, B.V. Sorbex, 

AMT-BIoclaimTM, Bio-Fix and RAHCO Bio-Beads.  But due to low technology 

readiness level these commercial biosorbents could not sustained. Hence, we may say that 

the biosorption technology is in developing stage. Commercial application of the 

biosorption process required better understanding of this process, which has been 

focussed in this research work. 

2.4 ARTIFICIAL NEURAL NETWORK MODELING 

In general, Artificial Neural Network (ANN) is a set of highly interconnected 

simple processing elements which are called neurons. It is usually composed of input, 

hidden and output layers, each containing a number of neurons. Input layer is composed 

of input data or parameters of the problem under study, and the solution of the problem is 

presented in output layer.  Hidden layer/s is/are usually included to deal with highly 

nonlinear and complex problems. The required numbers of the neurons in the hidden 
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layer, to have more accuracy in predicting a set of known output data, are determined by 

trial and error method (Basheer & Najjar, 1996).  

Artificial neural networks have been used as alternative approach because of their 

potential to describe highly nonlinear and complex relationship between variables. During 

the last decade, ANN models have already been applied in various field of environmental 

engineering such as wastewater treatment (Zhu et al., 1998; Gontarski et al., 2000; Pai et 

al., 2007); membrane filtration (Sahoo & Ray, 2006; Chen & Kim, 2006), groundwater 

quality (Singh & Deo, 2007), biofilter (Rene et al., 2008), reverse osmosis (Libotean et 

al., 2009), electrodialysis (Sadrzadeh & Mohammadi, 2009) and river water quality 

(Singh et al., 2009). 

ANN modelling approach is appropriate for the biosorption process as the 

relationship between the variables and process parameters are nonlinear. Simulation 

based on ANN model can forecast the behaviour of the batch and dynamic biosorption 

process system under different operating conditions. ANN predictive model is supportive 

to optimize and predict the process efficiency. It can be used for scaling up of the batch 

and dynamic biosorption wastewater treatment system. 

2.4.1 Basics of Neural Network 

The neurons are interconnected through connection carrying weights, which 

represent relative importance of an input neuron towards the output neuron and a bias 

which is much like weight but have a constant input 1. The comprehensive information 

on artificial ANN is presented in literature (Hagan et al., 1996). For a single input neuron, 

the input p is multiplied by a weight w and summed in 1 multiplied by a bias b which 

goes to the transfer function to generate the output a as demonstrated in Fig. 2.1. 

 

Fig. 2.1: A typical single input neuron 
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Neural network or more precisely ANN can be defined as a computing system 

made up of a number of simple, highly interconnected processing elements, which 

process information by their dynamic state response to external inputs. The basic building 

block of an ANN is the neuron. An artificial neuron consists of three basic components 

that include weights, thresholds or bias and activation function as shown in Fig. 2.2.  

 

Fig. 2.2: Components of a neuron 

Here the activation function is F(pw+b) where pw is the weighted sum of the 

inputs as given in equation (2.1) and b is a bias value. The weights are initialized to some 

small random values and during training get updated. The activation function F performs 

a mathematical operation on signal output. There are various functions that can be used 

for F; the most common ones include log-sigmoid transfer function ‗logsig‘, hyperbolic 

tangent sigmoid transfer function ‗tansig‘ and linear transfer function ‗purelin‘. 
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Input layer consists of neurons that receives information from external sources 

and passes this information to the network for processing. Hidden layer consists of 
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output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected. 

difference between the desired response and the 

portion of this error is propagated backward through the network. According to the error 

the weights and

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

specified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

 

Chapter 2 

 

2.4.2 Multilayer Feed Forward Network

Multilayer feed 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected. 

Learning

difference between the desired response and the 

portion of this error is propagated backward through the network. According to the error 

the weights and

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

 

 

Multilayer Feed Forward Network

Multilayer feed forward

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected. 

Learning in a neural network is called training. The error is determined from the 

difference between the desired response and the 

portion of this error is propagated backward through the network. According to the error 

the weights and bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

Fig. 2

Input Layer

 

 

Multilayer Feed Forward Network

forward network consists of multiple layers which 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected. 

neural network is called training. The error is determined from the 

difference between the desired response and the 

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

2.3:  Multilayer feed forward neural network

Input Layer  

  

  

- 36 - 

Multilayer Feed Forward Network

network consists of multiple layers which 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected. 

neural network is called training. The error is determined from the 

difference between the desired response and the 

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

Multilayer feed forward neural network

 Hidden Layer

 

 

Multilayer Feed Forward Network 

network consists of multiple layers which 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

propagation neural networks are usually fully connected.  

neural network is called training. The error is determined from the 

difference between the desired response and the calculated/predicted

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

Multilayer feed forward neural network

Hidden Layer  

 

network consists of multiple layers which 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

neural network is called training. The error is determined from the 

calculated/predicted

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation. 

Multilayer feed forward neural network 

 Output Layer

 Literature R

network consists of multiple layers which has input and 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

neural network is called training. The error is determined from the 

calculated/predicted response and a 

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as th

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

for the data which can then be used for further analysis and interpretation.  

 

 

Output Layer 

Literature Review

has input and 

output layers and one or more hidden layers as shown in Fig. 2.3. Back propagation 

network is the most prevalent and generalized neural network currently in use. In back 

neural network is called training. The error is determined from the 

response and a 

portion of this error is propagated backward through the network. According to the error 

bias values are adjusted at each of the neuron, in order to minimize the 

error in the network response for the same inputs. This corrective procedure is called back 

propagation. This procedure continues so long as the individual or total errors exceed a 

pecified level or until there are no measurable errors. At this point, the neural network 

will be trained and may be used as an analytical tool on other data. New inputs are 

presented to the input pattern where they are processed by the hidden layers as though 

training were taking place, however, at this point the output is retained and no back 

propagation occurs. The output of a forward propagation run will be the predicted model 

eview 



Chapter 2  Literature Review 

  

- 37 - 

2.4.3 MATLAB Neural Network Toolbox 

The ANN design process consists of seven primary steps: data collection, creates 

the network, configure the network, initialize the weights and biases, train the network, 

validate the network and use the network. The information used to define a neural 

network is stored to the objects of Neural Network Toolbox. ANN architecture consists of 

definite number of layers and neurons in each layer, and the interconnection scheme 

between the neurons. Back propagation algorithm requires an input layer, an output layer 

and a hidden layer. The number of hidden layers depends upon the problem complexity. 

The numbers of neuron in input and output layer are problem specific. Training algorithm 

controls the interconnections between neurons. For the solution of a particular problem 

the network is configured by arranging the network. 

The MATLAB function ‗newff‘ requires three arguments to create the feed 

forward network object. The first two arguments are sample input vectors and target 

vectors which are used to set up network input and output dimensions and parameters. 

The third argument consists of the sizes of each hidden layer whereas the size of output 

layer is determined from the targets. More optional arguments can also be provided as 

describe in ‗newff‘ syntax. For this study feed forward back propagation network was 

created using the MATLAB Neural Network Toolbox function ‗newff‘. Its syntax and 

description is given below: 

newff(P,T,[S1 S2...S(N-l)],{TF1 TF2...TFNl}, BTF,BLF,PF,IPF,OPF,DDF)) 

takes  

P  RxQ1 matrix of input vectors. 

T SNxQ2 matrix of target vectors. 

Si Sizes of N-1 hidden layers, S1 to S(N-1) 

(Output layer size SN is determined from T.) 

TFi   Transfer function of i
th

 layer, was {tansig purelin}. 

BTF  Back propagation network training function, was 'trainlm'. 

BLF  Back propagation weight/bias learning function, was 'learngdm'. 

PF  Performance function, was 'mae'. 

IPF  Row cell array of input processing functions, was 'mapminmax'. 

OPF  Row cell array of output processing functions 'mapminmax'. 

DDF  Data division function, was 'dividerint'; 
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and  it returns an N layer feed-forward back propagation network. 

Where 

‗tansig‘ is hyperbolic tangent sigmoid transfer function. Transfer functions 

calculate a layer's output from its net input. It is mathematically equivalent to 

tanh(N). 

‗purelin‘ is linear transfer function. 

‗trainlm‘ is Levenberg-Marquardt training function that updates weight and bias 

values according to Levenberg-Marquardt optimization. 

‗learngdm‘ is gradient descent with momentum weight and bias learning 

function. 

‗mae‘ is a network performance function. It measures network performance as 

the mean of absolute errors. 

‗mapminmax‘ is min and max input/output processing function which processes 

matrices by normalizing the minimum and maximum values of each row. 

‗divideint‘ is interleaved data division function which divide vectors into three 

sets using interleaved indices for training, validation, and testing. 

The biosorption process is quite complex. It is due to the involvement of numerous 

parameters resulting in nonlinear relationships. ANN has potential to describe highly 

nonlinear and complex relationship between variables. Previously, ANN model has been 

applied for the prediction of percentage removal of heavy metal ions (Turan et al., 2011; 

Turp et al., 2011; Yetilmezsoy & Demirel, 2008). However, percentage removal is not an 

appropriate parameter to report the removal capacity of the biosorbents (Volesky, 2003). 

Instead, biosorption capacity, taking into consideration the biosorbent dose, is the most 

appropriate way to report and compare removal efficiency. No previous study is available 

where ANN model has been tested to predict biosorption capacity for batch biosorption 

process. If found successful, experimental work and time involved in batch and pilot 

studies for evaluating biosorption capacities could be significantly reduced by using 

ANN. Similarly the ANN can be useful for the automated control of biosorption process. 
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3 CHAPTER 3          

    MATERIALS AND METHODS 

3.1 MATERIALS 

A brief description of chemicals, culture media and microorganisms used in this 

research work are given in this section. The details of methodology for the batch and 

continuous biosorption and desorption process is also discussed. The methods used for 

the characterization of the biosorbents are elaborated. In the end of this chapter the 

procedure adopted for the Artificial Neural Network (ANN) modeling and simulation is 

described. 

3.1.1 Chemicals 

All the chemicals which include; calcium chloride (Merck, Germany), 

hydrochloric acid 37% (Merck, Germany), sodium chloride (Merck, Germany), sodium 

hydrooxide (Merck, Germany), tartaric acid (Merck, Germany), nickel sulphate (BDH, 

England), cadmium sulphate (BDH, England) were purchased from local suppliers. All 

these chemicals were of analytical grades. All solutions used in the experiments were 

prepared just before their use. 

3.1.2 Microorganisms 

Three bacterial strains of Bacillus sp. namely Bacillus circulans (NRRL B-380), 

Bacillus licheniformis (NRRL B-14368) and Bacillus subtilis (NRRL NRS-1315) were 

used in this research work. Three yeast strains of Candida sp. namely Candida lipolytica 

(NRRL Y-1095), Candida tropicalis (NRRL Y-1552) and Candida utilis (NRRL Y-900) 

were also used in this research work. The fresh slants of pure cultures were collected from 

Institute of Industrial Biotechnology, Government College University (Lahore, Pakistan).  

3.1.3 Culture Media 

All the ingredients used for the preparation of culture media which include; 

Bacteriological Agar (Oxoid, England), Nutrient Broth (Oxoid, England), Yeast Malt 

Broth (Oxoid, England), Bacteriological Peptone (Lab-M, UK), Malt Extract (Lab-M, 

UK),  Yeast Extract (Lab-M, UK),  Glucose anhydrous (BDH, England),were of 
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biological grade and purchased from the local suppliers.  For every experimental run, 

fresh and sterilized culture media was used for culturing of microorganisms. 

3.2 METHODS 

The methods used for the preparation of biosorbents, batch biosorption studies and 

dynamic biosorption studies for the removal of heavy metals ions are discussed in this 

section. 

3.2.1 Production of Biomass for Candida sp. 

The parent cultures of all the strains were maintained on agar slants as shown in 

Fig. 3.1 and were sub-cultured every 4 weeks. All the Candida sp. were pre-cultured 

separately by transferring a loop full of the microorganism from the slant to the test tube 

containing about 10 mL of culture media as shown in Fig. 3.2 and incubated at specific 

temperature. The pre-cultures were then used for the production of biomass in shake flask 

experiment. The composition of culturing media and experimental conditions for pre-

culture were same with the shake flask experiments and details are given in the following 

sections.  

           

Fig. 3.1: Slants culture on nutrient agar   Fig. 3.2: Pre-culture in YM broth  
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Candida tropicalis slants were cultured on yeast malt agar (pH 6.2) containing 

glucose (10.0 g l
-1

), peptone (5.0 g l
-1

), yeast extract (3.0 g l
-1

), malt extract (3.0 g l
-1

) and 

agar (20.0 g l
-1

) for 24 hours (h) at 25 °C (Akyilmaz & Dinckaya, 2005). The yeast cells 

were pre-cultured in test tubes for 24 h at 30 °C on an orbital shaker at 150 rpm in YM 

broth containing 10 g l
-1

 glucose, 3 g l
-1

 yeast extract, 3 g l
-1

 malt extract and 5 g l
-1

 

peptone (pH 6.2). A 5 ml broth of pre-culture was transferred into a 500 ml Erlenmeyer 

flask containing 200 ml of the culture media. These flasks were then placed in incubator. 

When the expected activity in the cells was reached, yeast cells were separated using 

centrifugation at 4500 rpm for 20 min (Chen et al., 2002). The sterilized culture media is 

shown in Fig 3.3 and culture of Candida sp. grown using shake flask is shown in Fig. 3.4.  

 

Fig. 3.3: Typical sterilized culture medium 

 

Fig. 3.4: Typical cultures of Candida sp. 
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Candida lipolytica strain was cultivated in the inoculation medium (glucose 2%, 

peptone 0.6%, malt extract 0.3% yeast extract 0.3%) in Erlenmeyer flasks using the 

orbital shaker incubator at 180 rpm and 28°C (Rupcic & Maric, 1998). The biomass was 

separated using centrifuge at 4500 rpm for 20 minutes and washed twice with distilled 

water. The slants of Candida lipolytica were cultivated and maintained on Yeast Malt 

(YM) agar. 

Stock cultures of Candida utilis were maintained on slants of YM agar and stored 

at 4°C (Choi et al., 2002; Choi & Park, 2003). The cultures were grown in YM broth at 

30°C on an orbital shaker incubator at 150 rpm for 24 h. The culture broth was 

centrifuged at 4500 rpm for 20 min to separate biomass, and cells were recovered after 

washing them twice with distilled water. The centrifuge was used for the separation of 

biomass from culture media and Candida sp. biomass is shown in Fig 3.5. 

 

Fig. 3.5: Biomass of Candida sp. 
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3.2.2 Production of Biomass for Bacillus sp. 

All the culture of Bacillus sp. were pre-cultured by transferring a loop full of the 

microorganism from the slant to the test tubes containing the sterilized culture media and 

incubated at specific temperature and these pre-cultures were then used for the production 

of biomass in shake flask experiment. The composition of culturing media and 

experimental conditions for pre-culture was same with the shake flask experiments. The 

details are narrated below.  

Culture of Bacillus subtilis was grown on nutrient agar media which was 

incubated at 37 °C for 24 h (Ashipala & He, 2008). It was stored at 4 ᵒC in the laboratory. 

A test tube containing 10 mL nutrient broth was sterilized. Then a loop full of Bacillus 

subtilis was added in it. This pre-culture was incubated at 37 °C for 24 h. The culture of 

Bacillus subtilis was developed by transferring 5 ml of pre-culture in shake flask 

containing 100 ml of nutrient broth. The flasks containing inoculums were incubated at 

37 °C in an orbital shaker at 150 rpm for 24 h. The biomass was separated using 

centrifugation at 4500 rpm for 30 minutes. 

Pure cultures of Bacillus licheniformis were maintained on nutrient agar slants and 

stored at 4 °C and sub-cultured on monthly basis (Perego et al., 2003). The cells were 

then incubated in 100 ml of nutrient broth at 37 °C in shake flasks on orbital shaker at 

150 rpm for 48 h.  

The bacterial cultures of Bacillus circulans were inoculated in a 300 ml Erlenmeyer flask 

containing nutrient broth (100 ml). The contents were then incubated at 37 °C for 48 h 

under shaking at 150 rpm (Chakraborty et al., 2010). The biomass of Bacillus sp. was 

separated by centrifugation of their culture media at 4500 rpm for 30 min. 

3.2.3 Preparation of Immobilized Biosorbents 

Biosorbents were prepared by suspending 40 g l
-1

 of biomass of each culture 

separately in 2% (w/v) sodium alginate solution. The sodium alginate-cell suspensions 

were then added drop wise to well-stirred, sterilized 2% (w/v) CaCl2 solutions using a 

burette at 5±1 
o
C. Calcium-alginate gel beads having a spherical shape were formed 

instantly as shown in Fig. 3.6. Beads were left in CaCl2 solution with gentle stirring for 4 

h to allow them to harden (Ha et al., 2009; Tao et al., 2009).They were then washed with 

distilled water. The beads were dried at 70 
o
C in incubator to constant weight as shown in 
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Fig. 3.7. Then these beads were used in equilibrium, kinetic and dynamic studies. Plain 

beads without biomass were also prepared for comparing its biosorption capacity using 

the above mentioned method. 

 

Fig. 3.6: Immobilized biomass using Ca-alginate gel 

 

 

Fig. 3.7: Immobilized and dried biosorbent  

3.2.4 Batch Biosorption Studies  

In order to optimize the batch biosorption process parameters, the effect of pH, 

biosorbent dose and temperature were studied by varying these parameters. The 
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schematic diagram for batch studies of biosorption and desorption process is shown in 

Fig. 3.8. For the equilibrium studies, know mass, S (g), of immobilized biosorbent was 

added in a definite volume, V (liter), of metal bearing solution of different initial 

concentration, Ci (mg l
-1

), at optimum pH value in screw cap flasks. Afterwards, the 

screw cap flasks were placed in an orbital shaker as shown in Fig. 3.9 at 180 rpm and 

controlled temperature till the equilibrium achieved. The supernatant were analyzed for 

equilibrium (residual) concentration, Cf (mg l
-1

), by atomic absorption spectrometer 

(Prekin Elmer: AAnlyst 800) shown in Fig. 3.10. The biosorption uptake capacity, q (mg 

g
-1

), was calculated by using the equation given below (Volesky, 2003). 

S

CCV
q

fi )( 
    (3.1) 

For the kinetic studies batch biosorption experiments were performed under 

optimum operating parameters and the residual concentration of the metal ions were 

analyzed at time interval of 15 min to 60 min until the equilibrium was established. 

 

 

Fig. 3.8: Schematic diagram for batch biosorption studies 
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Fig. 3.9: Orbital shaker used for batch studies 

 

Fig. 3.10: Atomic Absorption Spectrophotometer for analysis of metal ion concentration 

Three desorbing agent i.e. 0.1 M hydrochloric acid (HCl), 0.1 M nitric acid 

(HNO3), 0.1 M sodium hydroxide (NaOH) solutions were tested for the regeneration of 

immobilized biosorbents saturated with metal ions. The biosorbent saturated with heavy 

metal ions was placed in desorbing medium and was constantly stirred in orbital shaker at 

150 rpm for 1 hour. Best desorption results was obtained using 0.1 M HCl. In order to 

determine the reversibility of the immobilized biosorbents, consecutive biosorption 
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desorption cycles were repeated five times using 0.1 M HCl solution as desorbing agents. 

After each cycle of biosorption/desorption the biosorbent was washed with deionized 

water to regenerate it for use in the succeeding cycle. 

All the experiments were performed in triplicate and mean values were used for 

the analyses. In each of the experimental set all the three values taken were within range 

of 95 % confident level. The experiments not meeting the above criteria were repeated in 

order to minimize the error in the calculations. 

3.2.5 Characterization of the Biosorbents  

The potential biosorbents which showed the highest biosorption capacity were 

characterized using the Fourier Transform Infrared (FTIR) and Scanning Electron 

Microscope (SEM) analysis as discussed below: 

3.2.5.1 FTIR Analysis 

The possible functional groups present in the biosorbents were determined by 

Fourier Transform Infrared (FTIR) spectral analysis. Disk shaped pellets were prepared 

using the grinded biosorbent and KBr. FTIR spectra were obtained using JASCO FT/IR-

4000 (shown in Fig. 3.11) spectrometer at a resolution of 4 cm
-1

 and wavenumbers  

between 400 and 4000 cm
-1

. 

 

Fig. 3.11: Fourier Transform Infrared aapparatus 
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3.2.5.2 SEM Analysis 

The morphology of the biosorbents before and after the biosorption of heavy 

metal ions was analysed using the JEOL JSM-6480 LV Scanning Electron Microscope 

(SEM). The apparatus used for the SEM analysis is shown in Fig. 3.12. The biosorbent 

was attached on the conducting tap and analysed using SEM. The biosorbents were 

observed for different magnifications ranging from 100x-2000x 

 

 

Fig. 3.12: Scanning Electron Microscope 

3.2.6 Experimental Setup for Dynamic Studies 

The schematic diagram of the packed bed column used for dynamic biosorption 

and desorption process is presented in Fig. 3.13. The experimental set-up consisted of 

vitreous column of specific volume, stock containers for heavy metal solution and 

desorption solution, a peristaltic pump controlled with flow meter, sample collector and 

waste container as shown in Fig. 3.14.  
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Three glass columns with internal diameters of 1.5 cm, 2.4 cm and 3.0 cm of 

cylindrical shape were used in the sorption and desorption studies of heavy metals ions 

using immobilized biomass of Candida sp. and Bacillus sp. The effective depth of the 

columns was 55 cm. At the top of the column an adjustable porous plunger of Teflon was 

used to change the effective depth of the column. The biosorption experiments were 

carried at the effective depth of 20 cm, 35 cm and 50 cm. A three-way valve was used to 

change the column between the biosorption and desorption cycles. The column packed 

with immobilized biomass was operated in down flow mode for the biosorption and 

desorption studies. The effluent samples were collected at regular time interval and 

concentrations of heavy metal ions in the influent and effluent were analyzed using 

atomic absorption spectrometer (Prekin Elmer: AAnlyst 800).  

The effect of the flow rate and initial metal ions concentration were studied. The 

effect of flow rate was investigated using the three different flow rates (mL min
-1

) of 5, 

15 and 20 for column bed depth of 50 cm and internal diameter of 2.4 cm. Similarly, the 

effect of influent concentration (mg l
-1

) of 15, 30 and 60 for column bed depth of 50 cm 

and internal diameter of 2.4 cm. 

 

 

Fig. 3.13: Schematic diagram of fixed bed column 
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Fig. 3.14: Fixed bed column reactor 

3.2.7 Simulation Using Artificial Neural Network 

Artificial neural network (ANN) model was used for the prediction of the 

biosorption capacity of IBSB for the removal of cadmium ions from aqueous solution. 

The batch and dynamic biosorption process was simulated using the Neural Network 

Toolbox ―nntraintool‖ available in MATLAB. A two layer feed forward back propagation 

ANN model was applied in this study. Levenberg Marquardt algorithm was used for the 

training of ANN model. At the hidden layer, hyperbolic tangent sigmoid transfer function 

was used and for output layer, linear transfer function was used. The numbers of neurons 

in the hidden layer were selected by trial and error method by minimizing the Root Mean 

Square (RMS) error and Mean Absolute Error (MAE) values. The experimental data was 

used to generate input matrix and target matrix, which were used for training and 

validation of ANN model. 
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4 CHAPTER 4          

    BATCH BIOSORPTION STUDIES 

In order to assess the practicability of biosorption process the batch studies were 

performed in laboratory. In the batch biosorption process the effects of initial pH of metal 

ions bearing solution, biosorbent dose, contact time, initial metal ions concentration and 

temperature were investigated. The equilibrium and kinetics parameters were determined 

using the isotherm and kinetic models under optimum operating conditions. 

Thermodynamic parameters were also calculated using the batch biosorption process 

data. 

4.1 CHARACTERIZATION OF BIOSORBENTS 

4.1.1 Fourier Transform Infra Red (FTIR) Spectra 

The function groups present in the biosorbents are responsible for biosorption 

process. These functional groups can be determined through FTIR spectra.  

FTIR spectra of immobilized Candida tropicals beads (ICTB) and immobilized 

Candida utilus beads (ICUB) consisted of a number of absorption peaks which indicate 

the complex nature of the biomasses. The control spectra of ICTB showed strong peak at 

(cm
-1

) 3361.32 which is assigned to bonded hydroxyl (–OH) group. In the spectra other 

dominant peaks were observed at (cm
-1

) 2921.63, 1606.41, 1423.21, 1079.94 and 1031.73 

which characterized to the C–H Stretching, N–H blend, C–C stretching in aromatic ring, 

C–O stretching of carboxyl groups and C-N bond in amines respectively (Stuart, 2004; 

Zhang et al., 2011). After the biosorption of zinc ions the peaks were shifted to (cm
-1

) 

2924.52, 1619.91, 1412.60 and 1035.59 as compared to the control spectra as shown in 

Fig. 4.1. This change may be responsible for chemical interaction of zinc ions with the 

functional groups corresponding to these peaks. Also the significant change in the 

intensity was observed for these peaks. This shows interaction between zinc ions and 

functional groups because intensity depends on change in dipole moment and total 

number of functional groups present on biosorbent surface. 

The control spectra of ICUB as presented in Fig. 4.2 showed peaks (cm
-1

) at 

3413.39, which represent bonded hydroxyl (–OH), at 2925.48 assigned to C-H stretching,  
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Fig. 4.1: FTIR spectra of ICTB for biosorption of zinc ions: (A) before and (B) after 

 

 

Fig. 4.2: FTIR spectra of ICUB for biosorption of zinc ions: (A) before and (B) after 

at 2318.98 for P–H stretching in phosphines, at 1738.51 for the C–O bonds in carboxyl 

groups, at 1617.98, 1540.85 assigned to primary and secondary amines and amides, at 
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1416.46 for aromatic rings and C–H bonds, 1248.68 C–N stretching vibration, at 1094.4 

and 1035.59 assigned to C–OH stretching in secondary and primary alcohol, respectively 

(Stuart, 2004; Han & Yun, 2007). The change in the above peaks for ICUB to new values 

of (cm
-1

) 3413.39, 2927.41, 2324.77-2356.59, 1617.98, 1541.81, 1420.32 and 1032.69 

showed the interaction between above mentioned functional groups and zinc ions for the 

biosorption process. 

For the peak corresponding to bonded hydroxyl (–OH) group, there is no shift in 

wavenumber for ICTB while it changes in case of ICUB, for zinc ions loaded biosorbent. 

Shift in the peaks for the ICUB is more prominent as compared to the ICTB. It can be 

concluded from the FTIR analysis of both species that the biosorption capacity of ICUB 

is better due to presence of more functional groups having affinity for zinc ions. 

The control spectra of ICTB have already been discussed in the FTIR spectra for 

zinc ions biosorption. The transmittance peaks have been shifted to new values of 

wavenumber (cm
-1

) 3673.73, 3323.71, 2357.55, 1643.05, 1537.95, 1367.28, 997.02, 

678.82 and 586.254 after the biosorption of the nickel ion as shown in Fig. 4.3. This 

confirms the interaction between the corresponding functional groups i.e. hydroxyl, 

carboxyl, amine, amide, alcohol etc. and nickel ions for the biosorption process. 

 

Fig. 4.3: FTIR spectra of ICTB for biosorption of nickel ions: (A) before and (B) after 
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Different transmittance peaks in the FTIR spectra confirmed that numerous 

functional groups in IBSB. The control spectra of IBSB showed peaks (cm
-1

) at 3412.4 

corresponding to bonded hydroxyl (–OH), at 2922.6 assigned to C–H stretching, at 

1740.4 which characterized the C–O bonds in carboxyl groups, at 1635.3, 1541.8 are 

assigned to primary and secondary amines and amides, at 1412.6 for aromatic rings and 

C–H bonds, 1243.8 C–N stretching vibration, at 1033.7 assigned to C–OH stretching in 

secondary and primary alcohol respectively (Han and Yun, 2007; Stuart, 2004). The 

transmittance has been shifted to new values of 3551.3, 3476.1, 3413.4, 2310.3, 2380.7, 

1617.0, 1516.7, 1425.1 and 1029.8 (cm
-1

) after the biosorption of the cadmium ions as 

shown in Fig. 4.4. This confirms the interaction between the corresponding functional 

groups and cadmium ions for the biosorption process. 

 

Fig. 4.4: FTIR spectra of IBSB for biosorption of cadmium ions: (A) before and (B) after 

The control spectra of IBSB consist of the functional groups like hydroxyl, 

carboxyl, amine, amide and alcohol etc. as already discussed in above paragraph for 

cadmium biosorption. The transmittance peaks have been shifted to new values of 

3613.95, 3323, 2357.55, 1643.05, 1537.95, 1367.28, 997.02, 678.82 and 586.25 (cm
-1

) 

after the biosorption of the lead ions as shown in Fig. 4.5. This confirms the interaction 

between the corresponding functional groups and lead ions for the biosorption process. 



Chapter 4   Batch Biosorption Studies 

  

- 55 - 

 

Fig. 4.5: FTIR spectra of IBSB for biosorption of lead ions: (A) before and (B) after 

4.1.2 Scanning Electron Microscope (SEM) Micrographs 

The change in the surface morphology of the biosorbents after the biosorption of 

cadmium, nickel, lead and zinc ions was also analysed. For this purpose, Scanning 

Electron Microscope (SEM) analysis was carried out. The selected potential biosorbents 

were analyazed before and after the biosorption of the metal ions. The SEM micrographs 

for the ICUB and ICTB are shown in Figs.4.6 (A), (B) & 4.7 (A), (B) for the analysis of 

the zinc ions biosorption effects on the surface morphology. After the biosorption of zinc 

ions the biosorbents surface showed the changes like cavity and fission. The ICUB and 

ICTB showed the rough surface.  

SEM micrographs for the biosorption of nickel ions using the ICUB and ICTB are 

presented in Fig. 4.6 (C) and 4.7 (C). Surface morphology changed notably after the 

biosorption of the nickel ions. The opening of different sizes on the surface of the 

biosorbents resulted in the high surface area during the biosorption process of nickel ions. 

This indicates of high biosorption capacity of ICTB and ICUB. 

The effects of the cadmium biosorption on the surface morphology of the IBSB 

are presented in Fig. 4.8 (B). The surface of the IBSB consisted of microporous which 

results in the more space for the biosorption of cadmium ions. The surface of the 

cadmium loaded IBSB consisted of traps and have uneven textures which indicate high 

biosorption capacity of the IBSB. 
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The SEM images for the lead loaded ICUB, ICTB and IBSB are presented in Figs. 

4.6 (D), 4.7 (D) and 4.8 (C) & (D). There are prominent changes in the surface 

morphology of the biosorbents after the biosorption of lead ions. 

 

     

 

     

Fig. 4.6: SEM micrographs of ICUB (A) unloaded, (B) zinc loaded, (C) nickel loaded, 

(D) lead loaded 
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Fig. 4.7: SEM micrographs of ICTB (A) unloaded, (B) zinc loaded, (C) nickel loaded, (D) 

lead loaded 

             

              

Fig. 4.8: SEM micrographs of IBSB (A) unloaded, (B) cadmium loaded, (C) & (D) lead 

loaded 
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4.2 OPTIMIZATION OF PROCESS PARAMETERS 

In order to find the optimum value of pH, biosorbent dose and contact time batch 

biosorption experiments were performed within a range of these parameters. This selected 

range was determined by performing preliminary lab experiments. For the removal of 

nickel ions, batch biosorption studies were conducted for six biosorbents, which include 

immobilized Candida lypolytica, beads (ICLB), immobilized Candida tropicals beads 

(ICTB), immobilized Candida utilus beads (ICUB), immobilized Bacillus subtilis beads 

(IBSB), immobilized Bacillus licheniformis beads (IBLB) and immobilized Bacillus 

circulans beads (IBCB). Removal of zinc ions was investigated using four biosorbents 

i.e., ICLB, ICTB, ICUB and IBSB. For cadmium ions four biosorbents including ICTB, 

ICUB, IBSB and IBLB were investigated. For lead ions three biosorbents viz. ICTB, 

ICUB and IBSB were investigated. The selection among the six biosorbents, developed in 

this study, used for the removal of cadmium, lead and zinc ions was on random basis.  

4.2.1 Effect of pH 

The affinity of cationic species for the functional groups present in the cellular 

biomass is strongly dependent on the pH of the solution (Joo et al., 2010).  

The effects of initial pH of solution on the biosorption capacity for zinc ions were 

studied in a range of 2.42 to 7.62, at six levels. Results are presented in Fig. 4.9. The 

initial pH of the metal ions solution is presented on x-axis and on y-axis qe represent the 

equilibrium biosorption capacity. Operational parameters are given below the figure 

caption. The error bars shown in this graph and following graphs represents the 5 percent 

error level in the measured values. In experimental work the confidence level of 95 

percent or greater was adopted. Under these operational conditions ICUB gives the 

highest equilibrium biosorption capacity of 79.23 mg g
-1

 for zinc ions. In case of 

immobilized Candida sp. i.e., ICLB, ICTB, ICUB, the optimum initial pH of zinc ions 

solution was found to be 5.17 while in case of IBSB the optimum pH value was 6.35. At 

low pH value the biosorption capacity is less. It increases with the increase of pH upto the 

optimum value. 

At more acidic pH the decrease in the biosorption capacity of the biosorbent might 

be attributed to the competition between the hydrogen ions and metal ions for the binding 

sites of the biosorbents. As the initial pH of the zinc solution increases, the surface 

charged on the biosorbent becomes more negative which enhanced the biosorption 
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capacity of the biosorbent (Hamza et al., 2010). At pH value higher than 6.5, zinc ions 

begins to precipitate which result in decrease of biosorption capacity. The results are 

similar to other research work reported in the literature. Chen et al. (2005) reported 

optimum pH of 5 using Pseudomonas putida CZ1, Fan et al. (2008) reported optimum pH 

of 5 for Penicillium simplicissimum, Joo et al. (2010) reported the optimum pH of 6 for 

Bacillus cereus and Pseudomonas aeruginosa, Tunali et al. (2006) reported optimum pH 

5-6 for Botrytis cinerea. 

 

Fig. 4.9: Effect of pH on biosorption of zinc ions 

(t = 4 h, M=1 g l
-1

, Co=100.68 mg l
-1

, T=30 
o
C) 

The effects of initial pH on the biosorption capacity for nickel ions were studied in 

a range of 2.41 to 7.56, at six different levels. Results are presented in Fig. 4.10. In the 

case of Candida sp. i.e. ICLB, ICTB and ICUB, the optimum value of initial pH of nickel 

aqueous solution was found to be 6.62 while in case of Bacillus sp. i.e. IBCB, IBLB and 

IBSB, the optimum pH was 6.04. Under the operational parameters as mentioned below 

the figure caption. The highest value of equilibrium biosorption capacity of nickel ions 

was found as 116.18 mg g
-1

 for ICTB. The decrease in the biosorption capacity for higher 
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value of the pH was due to the formation of soluble nickel hydroxylated complexes. 

Similar results have been reported by other authors. Akar et al. (2009) reported optimum 

pH of 6.5 for the biosorption of nickel ions using silica-gel-immobilized waste biomass of 

Phaseolus vulgaris L. Amini et al. (2009) reported optimum pH of 6.25 for Aspergillus 

niger in dried powder form and Padmavathy et al. (2003) reported the optimum pH of 

6.75 for Baker‘s yeast in inactive form. 

 

Fig. 4.10: Effect of pH on biosorption of nickel ions 

(t = 3 h, M=1 g l
-1

, Co=200.46 mg l
-1

, T=25 
o
C) 

The effects of initial pH on the biosorption capacity for cadmium ions are 

presented in Fig. 4.11. Value of pH varied between 2.42 to 7.62, at six different levels. In 

case of immobilized Candida sp. (ICUB and ICTB) the optimum value of initial pH of 

cadmium aqueous solution was found to be 5.17 while in case of Bacillus sp. (IBSB and 

IBLB) the optimum pH ranged from 5.18 to 5.92. Under the operational parameters as 

mentioned below the figure caption the highest value of equilibrium biosorption capacity 

of cadmium ions was found as 70.55 mg g
-1

 for IBSB for the experimental conditions. 
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Fig. 4.11: Effect of pH on biosorption of cadmium ions 

(t = 3 h, M=1 g l
-1

, Co=100.47 mg l
-1

, T=25 
o
C) 

At low pH value the biosorption capacity is less because the large number of 

hydrogen ions competes with the cadmium ions for the active binding sites of 

biosorbents. However at pH values greater than 7 the metal ions precipitate and inhibit 

the contact of metal ions with the binding sites of the biosorbents (Fan et al., 2008). 

Similar result have been reported by different authors i.e., Butter (1998) reported 

optimum pH of 5.5 for the biosorption of cadmium ions using dead biomass of 

Streptomyces. Goksungur et al. (2005) reported optimum pH of 5.5 for S. cerevisiae 

ethanol treated biomass and Amini et al. (2009) reported the optimum pH of 5.95 for 

Aspergillus niger used in dried powder form. 

The effects of initial pH on the biosorption capacity of lead ions have been shown 

in Fig. 4.12. The value of pH varied between 2.42 to 7.62 in seven different levels. In the 

case of immobilized Candida sp. i.e., ICTB, ICUB, the optimum value of initial pH of 

lead ions bearing solution was found to be 4.85 while in case of IBSB the optimum pH 

was ranged from 4.85 to 5.78. Under the operational parameters as mentioned below the 

figure caption the highest value of equilibrium biosorption capacity of lead ions was 

found as 506.71 mg g
-1

 for IBSB.  
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Fig. 4.12: Effect of pH on biosorption of lead ions 

(t = 2.5 h, M=1 g l
-1

, Co=600.74 mg l
-1

, T=25 
o
C) 

The decrease in the biosorption capacity for the pH values greater than 6 is due to 

the formation of soluble lead hydroxide compounds. The results are similar to other 

research work reported in the literature; Sag et al. (1997) reported optimum pH values as 

4.5 using inactive Rhizopus arrhizus as biosorbent. Chang et al. (1997) reported optimum 

pH of 5.5 for the biosorption of lead ions using inactive Pseudomonas aeruginosa PU21. 

Cabuk et al. (2006) reported optimum pH of 4 for Bacillus sp. ATS-2 immobilized in 

silica gel, Colak et al. (2011) reported optimum pH value as 6 both for Bacillus cereus 

and dried biomass of Bacillus pumilus and Amini et al. (2008) reported the optimum pH 

of 4.27 for dried powder of Aspergillus niger as biosorbent. 

4.2.2 Effect of Contact Time 

The effect of contact time on the biosorption of zinc ions using the four biosorbent 

is shown in Fig. 4.13. In this graph ‗t‘ on the x-axis represents the contact time whereas q 

on y-axis represents the biosorption capacity. Under the experimental conditions as 

specified below the figure caption, the highest value of equilibrium biosorption capacity 

of zinc ions was found as 129.38 mg g
-1

 at contact time of 4 h for ICUB.  
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Fig. 4.13: Effect of contact time on biosorption of zinc ions 

(pH = 5.17 & 6.35*, M=1 g l
-1

, Co=240.38 mg l
-1

, T=30 
o
C) * for IBSB 

Initially, biosorption process for the zinc ions was fast and about 84, 75, 61 and  

70 % of total uptake capacity was achieved in first 60 min for ICUB, ICTB, ICLB and 

IBSB respectively. Initial high biosorption rate is due to high initial concentration of zinc 

ions and availability of empty metal binding sites on the biosorbents. This results in 

higher concentraton gradient. Gradual decrease in the number of active binding sites 

resulted in slowing down the biosorption process (Volesky, 2001; Das & Guha, 2009). 

The equilibrium was reached at contact time of 4 h which is taken as equilibrium time. 

The effect of contact time on the biosorption capacity for nickel ions is shown in 

Fig. 4.14. Under the experimental conditions as given below the figure caption the highest 

value of equilibrium biosorption capacity of nickel ions at contact time of 3 h was found 

as 111.55 mg g
-1

 for ICTB. It can be seen that the biosorption capacity increased with the 

increase of contact time. During the first rapid phase of the biosorption process, the empty 

binding sites of biosorbents were available and hence about 75 to 93 % of total uptake 

capacity was achieved in the first 60 min. Another factor for initial high biosorption rate 

was high concentration gradient for nickel ions at the start of biosorption process. Once 

the nickel ions are attached on the binding sites they offered repulsion for the nickel ions 

present in the liquid phase. Hence at higher contact time the attachment of nickel ions 
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with the biosorbent decreases. In the second phase, at higher contact time, the attachment 

of nickel ions with the biosorbent decreased due to the repulsion between the nickel ions 

present in aqueous and solid phase i.e. biosorbent. The equilibrium time was found to be 

3 h. 

 

Fig. 4.14: Effect of contact time on biosorption of nickel ions 

(pH = 5.62 & 6.04*, M=1 g l
-1

, Co=300.78 mg l
-1

, T=25 
o
C) * for Bacillus  sp. 

The results of contact time for the biosorption of cadmium ions are shown in    

Fig. 4.15. Contact time varied between 0.25 h to 4 h. Under the experimental conditions 

as given below the figure caption the highest value of equilibrium biosorption capacity of 

cadmium ions at contact time of 3 h was found as 155.87 mg g
-1

 for IBSB. About 78 to  

90 % of total uptake capacity was achieved in first 60 min; thereafter it decreased. 

Reasons are the same as stated above for other metals ions. The equilibrium time was 

almost reached at 3 h for all the four biosorbents.  

The results of biosorption studies for lead ions are shown in Fig. 4.16. Under the 

experimental conditions as given below the figure caption the highest value of 

equilibrium biosorption capacity of lead ions was found as 499.31 mg g
-1

 for IBSB. 

Contact time varied from 0.25 h to 2.5 h. It can be observed from the figure that about   

80 % of total uptake capacity was achieved in first 30 min. Thereafter, the biosorption 

process became slow, presumably after binding sites were occupied by the lead ions. The 

slow biosorption process took place due to resistance in the diffusion of lead ions on the 
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biosorbent surface as a result of repulsion of lead ions on the inner surface of biosorbents. 

The equilibrium time was found to be 2 h. 

 

Fig. 4.15: Effect of contact time on biosorption of cadmium ions 

(pH = 5.17 & 6.18*, M=1 g l
-1

, Co=300.46 mg l
-1

, T=25 
o
C) * for Bacillus sp. 

 

Fig. 4.16: Effect of contact time on biosorption of lead ions 

(pH = 4.85 & 5.26*, M=1 g l
-1

, Co=800.26 mg l
-1

, T=25 
o
C) * for IBSB 
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4.2.3 Effect of Biosorbent Dose 

The capacity of a biosorbent for any given initial concentration of the metal ions is 

affected by the dosage of biosorbent. To study the above effect on the biosorption of zinc 

ions, the dose of biosorbents varied in five levels ranging from 0.5 to 4 g l
-1

. The results 

are shown in Fig. 4.17. In this graph biosorbent dose is expressed on x-axis whereas on y-

axis ‗qe‘ represents the equilibrium biosorption capacity. It is obvious that 1 mg l
-1

 is the 

optimum biosorbent dose for all the four biosorbents. The experimental conditions are 

given below the figure caption. At the given experimental conditions, the highest value of 

equilibrium biosorption capacity of zinc ions was found as 119.4 mg g
-1

 for ICUB. The 

biosorption capacity of zinc ions for ICUB increases from 102.34 to 119.4 mg g
-1

 with the 

increase of biosorbent mass from 0.5 to 1.0 g l
-1

. 

 

Fig. 4.17: Effect of biosorbent dose on biosorption of zinc ions 

(pH = 5.17 & 6.35*, t = 4 h, Co=200. 85 mg l
-1

, T=30 
o
C) * for IBSB 

The initial increase in the equilibrium biosorption capacity with the increase in the 

biosorbent dose may be attributed to the availability of more binding sites at initial stage. 
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dose higher than 1.0 g l
-1

. The biosorption capacity of ICUB for zinc ions under the given 

experimental conditions was decreased as 74.26, 56.65 and 45.98 mg g
-1

 for biosorbent 

dose of 2, 3 and 4 g l
-1

, respectively. It is due to the fact that as the dosage of biosorbent 

increased, the amount of zinc ions adsorbed per unit mass of biosorbent decreased. 

Secondly, the decrease in the biosorption capacity at higher dose of biosorbent i.e. 2, 3, 4 

g l
-1

, may be because of the binding sites remaining unsaturated during the biosorption 

process (Bulut, 2006). 

For nickel ions, the effect of biosorbent dose was studied in five levels ranging 

from 0.5 to 4 g l
-1

. The results for six biosorbents are shown in Fig. 4.18. The detailed 

experimental conditions are mentioned below the caption of Fig. 4.18. It can be seen 

again, that 1 g l
-1

 is the optimum biosorbent dose for all the six biosorbents. For the given 

experimental conditions the equilibrium biosorption capacity of ICTB for nickel ions 

increases from 107.21 to 137.45 mg g
-1

 for the increase of biosorbent dose from 0.5 to 1.0 

g l
-1

, respectively. For the further increase in the ICTB mass i.e., 2, 3 and 4 g l
-1

 the 

biosorption capacity decreases i.e. 98.27, 68.01 and 60.01 mg g
-1

, respectively. The 

reasons are same as stated above for the zinc ions biosorption. 

 

Fig. 4.18: Effect of biosorbent dose on biosorption of nickel ions 

(pH = 6.62 & 6.04*, t = 3 h, Co=300. 18 mg l
-1

, T=25 
o
C) * for Bacillus sp. 
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The effects of biosorbent dose on biosorption of cadmium ions were conducted for 

four biosorbents. The dose varied in five levels ranging from 0.5 to 4 g l
-1

. Fig. 4.19 

exhibits the results under the experimental conditions as mentioned below the figure 

caption. Optimum biosorbent dose was found to be 1 g l
-1

 for all the four biosorbents. For 

the given experimental conditions the equilibrium biosorption capacity of IBSB for 

cadmium increases from 138.26 to 157.81 mg g
-1

 for the increase of biosorbent dose from 

0.5 to 1.0 g l
-1

, respectively. For the further increase in the IBSB dose i.e., 2, 3 and 4 g l
-1

 

the biosorption capacity decreases i.e. 92.49, 65.99 and 46.59 mg g
-1

, respectively. The 

reasons are same as already discussed for the zinc ions biosorption. 

The results for lead ions are shown in Fig. 4.20. The study was conducted for 

three biosorbents in five levels of biosorbent dose ranging from 0.5 to 4 g l
-1

. The 

optimum value for the biosorbent dose was found to be 1 g l
-1

 for all the three 

biosorbents. The experimental conditions are mentioned below the figure caption. For the 

given experimental conditions the equilibrium biosorption capacity of IBSB for lead 

increases from 465.43 to 500.31 mg g
-1

 for the increase of biosorbent dose from 0.5 to 1.0 

g l
-1

, respectively. For the further increase in the IBSB dose i.e., 2, 3 and 4 g l
-1

 the 

biosorption capacity for lead ions decreases i.e. 325.01, 231.91 and 187.83 mg g
-1

, 

respectively. The reasons are same as stated above for the zinc ions biosorption. 

 

Fig. 4.19: Effect of biosorbent dose on biosorption of cadmium ions 

(pH = 5.17 & 5.18*, t = 3 h, Co=300. 72 mg l
-1

, T=25 
o
C) * for Bacillus sp. 
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Fig. 4.20: Effect of biosorbent dose on biosorption of lead ions 

(pH = 4.85 & 5.26*, t = 2.5 h, Co=803.43 mg l
-1

, T=25 
o
C) *for IBSB 

4.2.4 Effect of Initial Concentration of Metal Ions  

Concentration gradient is a driving force to overcome the mass transfer resistance 

between aqueous solution and solid biosorbent. Therefore, higher the initial 

concentrations of metal ions larger will be the amount of metal ions adsorbed.  

The effect of the initial concentration of zinc ions for the four biosorbents i.e. 

ICUB, ICTB, ICLB and IBSB is presented in Fig. 4.21. In this graph on x-axis ‗Co‘ 

represents the initial concentration of zinc ions whereas on y-axis ‗qe‘ represents the 

equilibrium biosorption capacity of metal ions. The biosorption capacity of all four 

biosorbents increased with an increase in initial concentration of zinc ions in aqueous 

solutions. The biosorption capacity of the biosorbents increased linearly upto initial 
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-1

. Afterward the relationship was not linear due to 

decrease in the concentration gradient. The biosorption capacity of the ICUB for zinc ions 

under the given experimental conditions was found as 78.0, 119.2 and 133.05 mg g
-1

 for 

initial concentration of 100.26, 200.54 and 300.50 mg l
-1
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gradient of zinc ions is due to more availability of zinc ions for the empty binding sites. 
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concentration of zinc ions the binding sites become saturated and increase in the 

biosorption capacity was smaller at higher concentration of zinc ions. The highest 

equilibrium biosorption capacity of ICUB for zinc ions was found to be 133.05 mg g
-1

 

under given experimental conditions. 

 

Fig. 4.21: Effect of initial concentration of zinc ions on its biosorption 

(pH = 5.17 & 6.35*, t = 4 h, M=1 g l
-1

,  T=25 
o
C) * for IBSB only 

The effect of the initial concentration of nickel ions for the six biosorbents is 
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the figure. The biosorption capacity of all six biosorbents increased with the increase of 

initial concentration of nickel ions in aqueous solution. The behaviour is the same as 

exhibited by zinc ions i.e. at higher concentration the biosorption capacity increased. It 

can also be seen that increase remained linear for initial nickel ions concentration of about 

140 mg l
-1

 and thereafter became non-linear. The highest equilibrium biosorption capacity 

was exhibited by ICTB for nickel ions which were 129.98 mg g
-1

 at initial concentration 

of 460.45 mg l
-1

 at the given experimental conditions. 
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the solution could interact with the binding sites. Hence, the increase in the biosorption 

capacity is rapid at lower concentration. However, at higher concentration the binding 

sites get saturated and increase in the biosorption capacity is slower (King, 2008). 

 

Fig. 4.22: Effect of initial concentration of nickel ions on its biosorption 

(pH = 6.62 & 6.04*, t = 3 h, M=1 g l
-1

,  T=25 
o
C) * for Bacillus sp. 

For cadmium ion, the effect of the initial concentration on the biosorption 

behaviour for the four biosorbents is presented in Fig. 4.23. The experimental conditions 

are given below the caption of the figure. Similar behaviour was observed as in cases of 

nickel and zinc ions biosorption. Initially the increase in the biosorption capacity is linear 

upto initial concentration of cadmium ions of about 200 mg l
-1

. IBSB exhibits the highest 

equilibrium biosorption capacity under the given experimental conditions which was 

188.0 mg g
-1

 at initial concentration of 496.23 mg l
-1

. 

The effect of the initial concentration of lead ions on the biosorption for the three 

biosorbents is presented in Fig. 4.24. The equilibrium biosorption capacity of all three 

biosorbents increased with the increase of initial concentration of lead ions in aqueous 

solutions. The equilibrium biosorption capacity increases linearly upto lead ions 

concentration of 450 mg l
-1

 and beyond that concentration, the relationship does not 

remain linear. The highest equilibrium biosorption capacity of IBSB was found to be 

545.64 mg g
-1

 for the initial concentration of lead ions of 995.65 mg l
-1

 under given 

experimental conditions. 
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Fig. 4.23: Effect of initial concentration of cadmium ions on its biosorption 

(pH = 5.17 & 5.18*, t = 3 h, M=1 g l
-1

,  T=25 
o
C) * for Bacillus sp. 

 

Fig. 4.24: Effect of initial concentration of lead ions on its biosorption 

(pH = 4.85 & 5.26*, t = 2.5 h, M=1 g l
-1

,  T=25 
o
C) * for IBSB 
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4.2.5 Effect of Temperature 

Temperature is an important parameter for biosorption process. The rate of 

diffusion of sorbate molecules i.e. metal ions, across the external boundary layer and 

internal pores of biosorbent particle increases with the increase of temperature 

(Waranusantigula et al., 2003). Significant variation and conflicting results has been 

reported in literature for the effect of temperature on biosorption which may be due to 

different types and nature of biosorbents. 

The effect of temperature on the biosorption capacity of zinc ions was studied 

using the four biosorbents in three levels of temperature ranging from 25 
o
C to 45 

o
C. The 

results are shown in Fig. 4.25. The experimental conditions are given below the caption 

of figure. In this graph on x-axis ‗T‘ represents the temperature at which batch 

experiments were performed and on y-axis ‗qm‘ represents the maximum biosorption 

capacity as determined from Langmuir isotherm model. It can be seen that the maximum 

biosorption capacity of all four biosorbents increased with increasing temperature from 

25 
o
C to 45 

o
C. The higher temperatures facilitate the biosorption process for removal of 

zinc ions using the ICUB, ICTB, ICLB and IBSB as biosorbents.  

 

Fig. 4.25: Effect of temperature on biosorption of zinc ions 

(pH = 5.17 & 6.35*, t = 4 h, M=1 g l
-1

) * for IBSB 
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The increasing temperature enhanced the penetration of zinc ions to diffuse within 

internal structure of the biosorbents. High temperature increases the mobility of zinc ions 

and provides the energy for the interaction of zinc ions with the binding sites at the 

biosorbent surface (Dogan et al., 2004). For the zinc ions biosorption ICUB exhibit the 

highest biosorption capacity. The maximum biosorption capacity of ICUB for zinc ions 

was found to be 149.7, 158.7 and 179.0 mg g
-1

 under given experimental conditions and 

temperature of 25, 35 and 45 
o
C, respectively. The percent increase in the maximum 

biosorption capacity of ICUB was 5.7 and 11.3 % for temperature increase of 25 to 35 

and 35 to 45 
o
C, respectively. 

The temperature effects on the biosorption capacity of nickel ions using six 

biosorbents were studied. The maximum biosorption capacity of all six biosorbents 

increased with increasing temperature from 25 
o
C to 45 

o
C as shown in Fig. 4.26. The 

biosorption of nickel ions follows endothermic process. The biosorption process may be 

physical as well as chemical in nature. The higher temperature increased the number of 

active binding sites due to bond rapture (Fan et al., 2008).  

 

Fig. 4.26: Effect of temperature on biosorption of nickel ions 

(pH = 6.62 & 6.04*, t = 3 h, M=1 g l
-1

) * for Bacillus sp. 
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The temperature influenced both the equilibrium biosorption capacity and initial 

biosorption rate. For the nickel ions biosorption ICTB exhibit the highest biosorption 

capacity. The maximum biosorption capacity of ICTB for nickel ions was found to be 

160.49, 168.10 and 196.3 mg g
-1

 under given experimental conditions, mentioned below 

the caption of figure, and temperature of 25, 35 and 45 
o
C, respectively. The percent 

increase in the maximum biosorption capacity of ICTB was 4.7 and 16.8 % for 

temperature increase of 25 to 35 and 35 to 45 
o
C, respectively. 

Temperature effect on the biosorption of cadmium ions was studied using four 

biosorbents in temperature ranging from 25 
o
C to 45 

o
C. The maximum biosorption 

capacity of all four biosorbents increased with increasing temperature from 25 
o
C to 45 

o
C 

as shown in Fig. 4.27. This indicates that biosorption of cadmium ions using the ICTB, 

ICUB, IBSB and IBLB as biosorbents is endothermic in nature. For cadmium ions 

biosorption IBSB exhibit the highest biosorption capacity. The maximum biosorption 

capacity of IBSB for cadmium ions was found to be 225.56, 248.12 and 268.21 mg g
-1

 

under given experimental conditions, as detailed below the caption of the figure, and 

temperature of 25, 35 and 45 
o
C, respectively. The percent increase in the maximum 

biosorption capacity of IBSB was 10.0 and 8.1 % for temperature increase of 25 to 35 and 

35 to 45 
o
C, respectively. 

 

Fig. 4.27: Effect of temperature on biosorption of cadmium ions 

(pH = 5.17 & 5.18*, t = 3 h, M=1 g l
-1

) * for Bacillus sp. 
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Temperature effects on the biosorption of lead ions using ICUB, ICTB and IBSB 

were studied at temperature ranging from 25 
o
C to 45 

o
C. The maximum biosorption 

capacity of all three biosorbents increased with increasing temperature from 25 
o
C to 45 

o
C and results are shown in Fig. 4.28. The increase in the biosorption capacity with the 

increase of temperature might be attributed to either increase in active sites or increase in 

affinity of the binding sites for lead ions, with temperature rise. The increase in potential 

mobility of the lead ions with increase of temperature is another reason for higher 

biosorption capacity at higher temperature (Park et al., 2005). For lead ions biosorption 

IBSB exhibit the highest biosorption capacity. The maximum biosorption capacity of 

IBSB for lead ions was found to be 663.41, 726.52 and 791.8 2 mg g
-1

 under given 

experimental conditions, as detailed below the caption of the figure, and temperature of 

25, 35 and 45 
o
C, respectively. The percent increase in the maximum biosorption capacity 

of IBSB was 9.5 and 9.0 % for temperature increase of 25 to 35 and 35 to 45 
o
C, 

respectively. 

 

Fig. 4.28: Effect of temperature on biosorption of lead ions 

(pH = 4.85 & 5.26*, t = 2.5 h, M=1 g l
-1

) * for IBSB 
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formation of monolayer of heavy metal ions on the surface of the biosorbents. Langmuir 

isotherm model is also used to access the maximum uptake capacity of the biosorbents. 

Freundlich isotherm model is an empirical relationship used to assess the multilayer 

biosorption. Redlich–Peterson isotherm model contains the feature of both Langmuir and 

Fruendlish isotherm models. Dubinin–Radushkevich isotherm model is temperature 

dependent and provide the estimate for the free biosorption energy.  Here four different 

isotherm models were used for the analysis of equilibrium biosorption data. Here it is 

worth mentioned that these isotherm models were not randomly applied for the 

equilibrium data. But, these models were selected based on the significant information 

associated with them regarding the batch biosorption. The interpretations of these models 

help the better understanding of the equilibrium studies of the batch biosorption process. 

4.3.1 Langmuir Isotherm Model 

The Langmuir isotherm model is very often used to compute and compare the 

efficiency of different biosorbents. This model was originally developed for description 

of adsorption of gas on the activated carbon (Langmuir, 1916). The assumptions of this 

empirical relationship are given below: 

 The biosorption process is considered as monolayer 

 The biosorbent have finite number of binding sites 

 The binding sites are homogeneous 

 There is no interaction between the adsorbed molecules. 

The Langmuir isotherm relation is basically hyperbolic form as given in Eq. (4.1) 

(Volesky, 2003).  

 
fL

fL

e
Cb

Cb
qq




1
max      (4.1) 

where qe is equilibrium biosorption uptake capacity, Cf is equilibrium 

concentration (mg l
-1

) of the residual sorbate, qmax is maximum sorbate uptake (mg g
-1

) 

under the given conditions and bL is Langmuir constant (l mg
-1

). Langmuir constant 

represents the energy and affinity of the biding sites. It indicates the affinity of sorbate 

(metal ions) for the binding sites on biosorbent. The linear form of Langmuir isotherm is 

given in Eq. (4.2). It was used to determine the maximum uptake capacity of biosorbent 

and Langmuir constant from the slope and intercept of the linear plot between Cf and  
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Cf/qe. 

 
L

f

e

f

bqq

C

q

C

maxmax

1
    (4.2) 

The Langmuir isotherm model can be expressed in term of dimensionless 

equilibrium parameter ‗RL‘ which is also known as separation factor as given in Eq. (4.3). 

Separation factor value helps to determine the nature of biosorption process to be either 

unfavourable (RL>1), linear (RL=1), favourable (0<RL<1), or irreversible (RL=0) (Webber 

and Chakravort 1974).  
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1

1
      (4.3) 

A typical Langmuir isotherm for the biosorption of zinc ions using the four 

biosorbents i.e. ICUB, ICTB, ICLB and IBSB at 25 
o
C is shown in Fig. 4.29. In this 

graph on x-axis ‗Cf‘ represents the equilibrium concentration of zinc ions whereas on y-

axis Cf/qe is the ratio of equilibrium concentration with equilibrium biosorption capacity 

of the biosorbent for zinc ions. The experimental conditions are mentioned below the 

caption of figure. The values of the Langmuir isotherm parameters namely maximum 

biosorption capacity and Langmuir constants are summarized in Table 4.1. 

 

Fig. 4.29: Linear plot of Langmuir isotherm for biosorption of zinc ions 

(T=25 
o
C, pH=5.17 & 6.35*, t = 4 h, M=1 g l

-1
) * for IBSB 
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The value of coefficient of determination (R
2
=0.99) showed that Langmuir 

isotherm model fits reasonably well to the equilibrium data for biosorption of zinc ions. 

SSE is known as the sum of square of error values. It is calculated from the difference in 

the experimental and model predicted values of equilibrium biosorption capacity. The 

values of SSE are very small as compared to those found for Freundlich isotherm model 

which shows that the biosorption process followed the Langmuir isotherm.  

Table 4.1: Langmuir isotherm parameters for biosorption of zinc ions 

Biosorbent 
T qmax bL R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - 

ICUB 

25 149.70 0.048 1.000 99.27 

35 158.74 0.062 1.000 29.50 

45 178.96 0.078 0.998 16.76 

ICTB 

25 119.88 0.029 0.999 71.67 

35 128.60 0.038 0.999 56.99 

45 148.06 0.050 0.999 7.43 

ICLB 

25 85.10 0.015 0.998 10.64 

35 92.65 0.023 0.999 13.74 

45 106.80 0.036 1.000 7.71 

IBSB 

25 109.86 0.014 0.998 13.27 

35 121.86 0.019 0.999 10.55 

45 133.32 0.026 0.999 6.83 

ICUB shows the better affinity for the biosorption of zinc ions as compared to the 

other biosorbents. The maximum biosorption capacity of ICUB was found to be 178.96 

mg g
-1

 for zinc ions from aqueous solution at optimum pH value of 5.17, equilibrium time 

of 4 h and temperature of 45 
o
C. A high qmax value and a low bL value for ICUB showed 

that it is most efficient and suitable biosorbent for the removal of zinc ions. 

The biosorption capacity of blank calcium alginate beads was 37.52 mg g
-1

 for the 

removal of zinc ions. The separation factor ‗RL
‘
 values were calculated for various 

concentrations of zinc ions and are presented in Table 4.2. It shows favourable nature of 

biosorption process as RL values lies between 0 and 1 at all the batch experimental 

conditions. 
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Table 4.2: Separation factor for biosorption of zinc ions 

Biosorbent 
T Co (mg l

-1
) 

o
C 25.59 40.21 60.65 80.32 100.26 

ICUB 

25 0.45 0.34 0.26 0.21 0.17 

35 0.39 0.29 0.21 0.17 0.14 

45 0.33 0.24 0.17 0.14 0.11 

ICTB 

25 0.57 0.46 0.36 0.30 0.26 

35 0.51 0.39 0.30 0.25 0.21 

45 0.44 0.33 0.25 0.20 0.17 

ICLB 

25 0.72 0.63 0.53 0.46 0.40 

35 0.63 0.52 0.421 0.35 0.31 

45 0.52 0.41 0.313 0.26 0.22 

IBSB 

25 0.74 0.64 0.542 0.47 0.42 

35 0.67 0.57 0.467 0.40 0.35 

45 0.60 0.49 0.387 0.32 0.28 

 

The biosorption capacity of ICUB for the biosorption of zinc ions was found to be 

considerably higher as compared to most of the other microbial biosorbents reported in 

literature. A comparison of the other microbial biosorbents is presented in Fig. 4.30. The 

details of the experimental conditions are given in Table 2.4 (Chapter 2). 

Initial concentration of zinc ions is an important factor which directly affects the 

maximum biosorption capacity of a biosorbent. Different researchers have reported the 

biosorption capacity for initial metal ions concentration in range of 20 to 1257 mg l
-1

. In 

the Fig. 4.30 the biosorption capacity for this study is presented at 25 
o
C only. Liu et al. 

(2003) had reported maximum biosorption capacity of aerobic granules as 164.5 mg g
-1

 

with equilibrium time of 5 h at pH of 4 and temperature of 26 
o
C. Whereas in case of 

ICUB the maximum biosorption capacities (mg g-1) were 149.7 and 178.96 for 

equilibrium time of 4 h at a temperature of 25 
o
C and 45 

o
C, respectively. On the other 

hand, the immobilized biosorbents used in this study have better mechanical properties 

and ability to be used in cyclic process after regeneration.  
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Fig. 4.30: Comparison of biosorption capacity of zinc ions for various microbial 

biosorbents (*Structural Fibrous Network of Papaya Wood) 
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A typical graph of specific biosorption (Cf/qe) against the equilibrium nickel ions 

concentration (Cf) for the biosorption of nickel ions onto the six biosorbent is shown in 

Fig. 4.31. The maximum sorption capacity for the ICTB was found to be 160.49 and 

196.34 (mg g
-1

) at optimum pH 6.63, equilibrium time of 3 h, and temperature of 25 and 

45 
o
C, respectively. The value of sorption coefficient was 0.012 l mg

-1
. For the other 

biosorbents the values of Langmuir constant and maximum biosorption capacity are 

summarized in Table 4.3. 

 

Fig. 4.31: Linear plot of Langmuir isotherm for biosorption of nickel ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 3 h, M=1 g l

-1
) * for Bacillus sp. 

The biosorption capacity of the blank calcium alginate beads was 30.76 mg g
-1
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Table 4.3: Langmuir isotherm parameters for biosorption of nickel ions 

Biosorbent 
T qmax bL R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - 

IBSB 

25 90.08 0.018 0.997 34.62 

35 112.03 0.028 0.995 161.90 

45 139.41 0.037 0.999 89.49 

IBLB 

25 69.86 0.017 0.995 41.0 

35 79.68 0.028 0.997 75.1 

45 87.87 0.034 0.999 45.3 

IBCB 

25 79.88 0.014 0.997 18.46 

35 95.35 0.019 0.999 21.65 

45 116.96 0.025 0.999 42.87 

ICUB 

25 153.27 0.012 0.998 25.01 

35 167.89 0.024 0.997 107.05 

45 177.52 0.034 0.999 88.23 

ICTB 

25 160.49 0.012 0.999 16.12 

35 168.10 0.022 0.998 54.31 

45 196.34 0.040 0.998 246.94 

ICLB 

25 97.35 0.010 0.993 30.36 

35 107.06 0.016 0.998 23.32 

45 123.79 0.026 0.999  36.24 

In the Fig. 4.32 the values for the present studies were taken for 25 
o
C temperature 

as is the case with most of the referred values. Only dried aerobic activated sludge has the 

biosorption capacity higher than the ICTB. Dried activated sludge (Aksu et al., 2002) was 

used in suspension form for the removal of nickel ions and the equilibrium time was 24 h 

which is much longer (about 6 times greater) as compared with the present study for 

which equilibrium time was 3 h. Also initial concentration of nickel ions which directly 

affect the maximum biosorption capacity was higher in case of activated sludge i.e. 500 

mg l
-1

 whereas for this study it was 460.45 mg l
-1

.The suspension required centrifugation 

or filtration process for the post separation which makes the process costly. Furthermore 

no regeneration studies were carried out in order to investigate the reusability of the 

aerobic activated sludge as a biosorbent in continuous process. ICTB has advantage that it 

can be regenerated and reused but dried aerobic activated sludge cannot be used in 

continuous cyclic process. The values of RL are tabulated in the Table 4.4. These values 

show that the biosorption process for the removal of nickel ions is favourable as RL 

values range between 0 and 1. 
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Fig. 4.32: Comparison of biosorption capacity of nickel ions for various microbial 

biosorbents 
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Table 4.4: Separation factor for biosorption of nickel ions 

Biosorbent 
T Co (mg l

-1
) 

o
C 25.59 40.21 60.65 80.32 100.26 

IBSB 

25 0.69 0.58 0.48 0.41 0.36 

35 0.58 0.47 0.37 0.30 0.26 

45 0.51 0.40 0.31 0.25 0.21 

IBLB 

25 0.70 0.60 0.50 0.43 0.38 

35 0.59 0.47 0.37 0.31 0.27 

45 0.54 0.42 0.33 0.27 0.23 

IBCB 

25 0.74 0.64 0.55 0.47 0.42 

35 0.67 0.56 0.459 0.39 0.34 

45 0.61 0.50 0.402 0.34 0.29 

ICUB 

25 0.77 0.68 0.586 0.52 0.46 

35 0.62 0.51 0.412 0.35 0.30 

45 0.54 0.42 0.329 0.27 0.23 

ICTB 

25 0.76 0.67 0.575 0.51 0.45 

35 0.64 0.53 0.430 0.36 0.31 

45 0.49 0.38 0.291 0.24 0.20 

ICLB 

25 0.80 0.72 0.631 0.56 0.51 

35 0.71 0.61 0.514 0.44 0.39 

45 0.60 0.49 0.392 0.33 0.28 

A typical plot of the specific biosorption (Cf/qe) versus the equilibrium sorbate 

concentration (Cf) for the biosorption of cadmium ions using the four biosorbent namely 

ICUB, ICTB, IBSB and IBLB is shown in Fig. 4.33. The values of qmax and bL were 

determined using the slope and intercept of the plot.  

The maximum biosorption capacity for the IBSB was found to be 268.24 (mg g
-1

) 

at optimum pH 6.63, temperature of 25 
o
C. The value of sorption coefficient was 0.012 l 

mg
-1

. For the other biosorbents, the values of Langmuir constant and maximum 

biosorption capacity are summarized in Table 4.5. The biosorbents have smaller values of 

biosorption coefficient ‗bL‘ the reasons are the same as described in case of zinc ions 

biosorption. The biosorption capacity for removal of lead ions using the blank calcium 

alginate beads was found to be 92.43 mg g
-1

. 
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Fig. 4.33: Linear plot of Langmuir isotherm for biosorption of cadmium ions 

(T=25 
o
C, pH=5.17 & 5.18*, t = 3 h, M=1 g l

-1
) * for Bacillus sp. 

Table 4.5: Langmuir isotherm parameters for biosorption of cadmium ions 

Biosorbent 
T qmax bL R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - 

IBSB 

25 225.56 0.02 0.995 232.30 

35 248.12 0.04 1.000 46.99 

45 268.24 0.06 1.000 97.84 
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45 236.08 0.05 1.000 99.30 
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25 157.59 0.01 1.000 38.00 

35 169.12 0.02 0.999 58.82 
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ICTB 
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The values of RL calculated for the biosorption of cadmium ions lied in range 

corresponding to the favourable process under all the experimental conditions and results 

are presented in Table 4.6. 

Table 4.6: Separation factor for biosorption of cadmium ions 

Biosorbent 
T Co (mg l

-1
) 

o
C 25.59 40.21 60.65 80.32 100.26 

IBSB 

25 0.69 0.62 0.52 0.45 0.40 

35 0.58 0.98 0.98 0.98 0.98 

45 0.51 0.96 0.97 0.97 0.98 

IBLB 

25 0.70 0.99 0.99 0.99 0.99 

35 0.59 0.98 0.99 0.99 0.99 

45 0.54 0.97 0.97 0.98 0.98 

ICUB 

25 0.77 0.99 0.994 0.99 1.00 

35 0.62 0.99 0.988 0.99 0.99 

45 0.54 0.98 0.980 0.98 0.98 

ICTB 

25 0.75 0.99 0.995 1.00 1.00 

35 0.64 0.99 0.990 0.99 0.99 

45 0.49 0.98 0.983 0.99 0.99 

The comparison of the biosorption capacity of various biosorbents is presented in 

Fig. 4.34. The details of the experimental conditions are given in Table 2.1 (Chapter 2). 

Initial concentration of cadmium ions has been reported varying from 5 to 600 mg l
-1

. It 

can be concluded that the biosorption capacity of ICTB is higher as compared to most of 

the other biosorbents except Microsphaeropsis sp. Xiao et al. (2010) used the dried 

biomass of Microsphaeropsis sp. LSE10 as a biosorbent in powdered form. The 

equilibrium time was 12 h and initial concentration of cadmium ions was used upto 1000 

mg l
-1

. Also during the regeneration process there was a significant loss of about 13 % in 

the biosorption capacity of nickel ions for initial concentration of 100 mg l
-1

. 

The biosorption capacity for removal of cadmium ions using the blank calcium 

alginate beads was found to be 59.94 mg g
-1

. It is lower as compared to the biosorption 

capacity of IBSB i.e.225.56 mg g
-1

 (at pH of 5.17, temperature of 25 
o
C, biosorbent dose 

of 1 g l
-1

 and equilibrium time of 3 h). 
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Fig. 4.34: Comparison of biosorption capacity of cadmium ions for various microbial 

biosorbents 
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A typical linear plot for the biosorption of lead ions using the three biosorbents 

namely ICUB, ICTB and IBSB is presented in Fig. 4.35. The plot of Cf versus Cf/qe was 

used for determining the qmax and bL from the slope and intercept values. Values of the 

Langmuir isotherm parameters for different temperature are summarized in the Table 4.7. 

IBSB gives the maximum biosorption capacity as 791.82 mg g
-1

 at 45 
o
C for the 

biosorption of lead ions. The Langmuir isotherm model best fit the experimental data as 

the value of coefficient of determination (R
2
) is 0.999 for all the batch experiments. 

 

Fig. 4.35: Linear plot of Langmuir isotherm for biosorption of lead ions 

(T=25 
o
C, pH=4.85 & 5.26*, t = 2.5 h, M=1 g l

-1
)* for IBSB 

The RL values calculated for various concentrations of lead ions are given in Table 

4.8. It shows favourable nature of biosorption process as RL values lies between 0 and 1. 

The lead ions biosorption capacity of IBSB for the batch experiments was found 

to be considerably higher than most of the other biosorbents reported in literature except 

Aspergillus niger and Mucor rouxxii. Lo et al. (1999) reported that the biosorption 
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cyclic process. The major drawbacks were that biosorbent was used in freeze-dried form 

which required specialized post separation techniques and the equilibrium time of 72 h 

was also much higher as it is about 36 times greater compared with the present study. A 

comparison of biosorption capacity for different microbial biosorbents for the biosorption 

of lead ions is presented in Fig. 4.36. The details of the experimental conditions are given 

in Table 2.2 (Chapter 2).  

Table 4.7: Langmuir isotherm parameters for biosorption of lead ions 

Biosorbent 
T qmax bL R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - 

IBSB 

25 663.41 0.010 0.999 132.39 

35 726.52 0.024 0.999 1173.94 

45 791.82 0.049 0.999 2659.46 

ICUB 

25 464.15 0.013 0.999 481.73 

35 492.04 0.023 0.999 1138.42 

45 521.05 0.041 0.999 5547.21 

ICTB 

25 490.29 0.010 0.999 210.57 

35 530.44 0.017 0.999 523.64 

45 557.32 0.033 0.998 3023.14 

45 464.15 0.013 0.999 481.73 

Table 4.8: Separation factor for biosorption of lead ions 

Biosorbent 
T Co (mg l

-1
) 

o
C 25.59 40.21 60.65 80.32 100.26 

IBSB 

25 0.69 0.71 0.62 0.55 0.50 

35 0.58 0.98 0.99 0.99 0.99 

45 0.51 0.97 0.97 0.97 0.98 

ICTB 

25 0.75 0.99 0.994 0.99 0.99 

35 0.64 0.99 0.989 0.99 0.99 

45 0.49 0.98 0.980 0.98 0.98 

ICUB 

25 0.77 0.99 0.992 0.99 0.99 

35 0.62 0.98 0.986 0.99 0.99 

45 0.54 0.97 0.975 0.98 0.98 
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Fig. 4.36: Comparison of biosorption capacity of lead ions for various microbial 

biosorbents 
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4.3.2 Freundlich Isotherm Model 

The Freundlich isotherm is an empirical model. It is based on the following 

assumption (Freundlich, 1906): 

 Biosorption process is reversible and non-ideal 

 Biosorption takes place in multilayer  

 Biosorption occurs on the heterogeneous surface with non-uniform distribution of 

biosorption heat and biosorption affinities 

It was originally proposed by Freundlich for animal charcoal adsorption process. 

It represents the ratio of metal ions in solid phase (adsorbed on the given mass of 

biosorbent) to the metal ions in liquid phase (solute) is different for different 

concentrations of metal ions in the solution. Each of the binding sites has its own bond 

energy and the binding sites with higher bonding energy are occupied first. The 

biosorption energy of these biding sites exponentially decreased as they are get occupied 

by the metal ions (Foo & Hameed, 2009). The mathematical expression for the 

Freundlich isotherm is given below (Volesky, 2003). 

 









 Fn
fFCkq

1

      (4.4) 

where kF and nF are Freundlich constants. The values of Freundlich constants were 

calculated from the slope and intercept of the plot between lnq and lnCf. The linearized 

form is expressed in Eq. (4.5).  

 Ff

F

kC
n

q lnln
1

ln       (4.5) 

The value of slope ‗1/nF‘ represents the intensity of heterogeneity. The value 

below 1 represents that the biosorption process is chemisorption and 1/nF value above 1 

indicates cooperative biosorption (Foo & Hameed, 2009). Higher the value of n more will 

be the surface heterogeneity. Values of nF between 1 and 10 represents favourable 

biosorption process and larger values show that the interaction between biosorbent and 

sorbate is stronger (Site, 2001). The value of kF which is an empirical constant and related 

to the capacity of the biosorbent to adsorb the metal ions. Higher the value of kF for a 

biosorbent more will be the potential to adsorb the metal ions. 

A typical Freundlich isotherm is shown in Fig. 4.37 for the biosorption of zinc  
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ions using the four biosorbents i.e. ICUB, ICTB, ICLB and IBSB at optimum pH value of 

5.17 for Candida sp. and 6.35 for IBSB, equilibrium time of 4 h and temperature of 25 

o
C. The Freundlich isotherm parameters for the biosorption of zinc ions are summarized 

in Table 4.9.  

 

Fig. 4.37: Linear plot of Freundlich isotherm for biosorption of zinc ions 

(T=25 
o
C, pH=5.17 & 6.35*, t = 4 h, M=1 g l

-1
) * for IBSB 

Table 4.9: Freundlich isotherm parameters for biosorption of zinc ions 

Biosorbent 
T kF 1/nF nF R

2
 SSE 

o
C mg g

-1
 - - - - 

ICUB 

25 15.94 0.46 2.20 0.949 2205.46 

35 19.76 0.44 2.29 0.946 2009.20 

45 23.38 0.44 2.26 0.957 1531.72 
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25 9.80 0.47 2.11 0.964 1366.61 
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45 16.87 0.44 2.27 0.956 527.84 

ICLB 

25 3.92 0.54 
1.84 0.962 635.89 

35 7.10 0.47 
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2.28 0.940 184.47 
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The 1/nF values for all biosorbents is in range of 0.40 to 0.57 representing less 

surface heterogeneities of the binding sites. The value of nF lied in a range between 1.75 

and 2.45 which represents that the biosorption process was favourable under experimental 

conditions. The Freundlich isotherm model does not fit well for the batch experimental 

data. The values of SSE are much higher ranging from 173.2 to 2205.46. The values of 

SSE showed more deviation from the experimental result for the biosorbents i.e., ICUB 

and ICTB, with higher biosorption capacity. The values of R
2
 which are ranging from0.94 

to 0.977 are lower than those for the Langmuir isotherm. The reason may be that the 

surface heterogeneity of the binding sites are less whereas the Freundlich model is more 

suitable for the description of the biosorbents with heterogeneous surface. The higher 

values of kF ranging from 4.36 to 23.38 mg g
-1 

for the biosorption of zinc ions using the 

four biosorbents show the larger biosorption capacity. 

A linearized Freundlich isotherm for nickel ion biosorption is shown in Fig. 4.38. 

Parameters for the Freundlich isotherm are summarised in Table 4.10. The results showed 

that Freundlich isotherm model fits well for the batch equilibrium experimental data. But 

the Freundlich model does not predict the equilibrium biosorption capacity as good as 

estimated by Langmuir model.  

 

Fig. 4.38: Linear Plot of Freundlich isotherm for biosorption of nickel ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 3 h, M=1 g l

-1
) * for Bacillus sp. 
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Table 4.10: Freundlich isotherm parameters for biosorption of nickel ions 

Biosorbent T kF 1/nF nF R
2
 SSE 

  
o
C mg g

-1
 - - - - 

IBSB 

25 7.43 0.42 2.39 0.971 255.25 

35 14.41 0.35 2.82 0.971 426.76 

45 17.53 0.38 2.67 0.947 1548.38 

IBLB 

25 6.39 0.39 2.54 0.982 87.74 

35 11.44 0.33 3.03 0.970 180.69 

45 13.09 0.33 3.01 0.949 399.11 

IBCB 

25 5.00 0.46 2.18 0.960 187.55 

35 8.16 0.42 2.40 0.960 372.46 

45 11.33 0.41 2.46 0.954 725.39 

ICUB 

25 5.87 0.55 1.82 0.973 821.39 

35 13.21 0.45 2.21 0.963 1666.92 

45 17.48 0.43 2.35 0.948 2874.90 

ICTB 

25 6.11 0.56 1.80 0.963 1189.88 

35 11.77 0.47 2.12 0.959 1965.03 

45 21.57 0.41 2.41 0.955 3732.52 

ICLB 

25 3.87 0.52 1.91 0.984 170.55 

35 6.79 0.47 2.15 0.961 461.56 

45 11.87 0.41 2.43 0.949 972.03 

The values of nF ranged from 1.80 to 3.03 (mg l
-1

) showing that the biosorption 

process for removal of nickel ions using the six biosorbents is favourable. Similarly the 

value of kF ranging from 5.0 to 21.57 (mg g
-1

) showed that the biosorbents have good 

capacity for the biosorption of nickel ions. 

A typical linearized plot of Freundlich isotherm for the biosorption of cadmium 

ions using the four biosorbent i.e. ICUB, ICTB, IBSB and IBLB, is shown in Fig. 4.39. 

The values of kF and nF were in a range of 5.42 to 30.46 (mg g
-1

) and 1.87 to 2.47 (mg l
-1

) 

as presented in Table 4.11, respectively. The values of kF and nF showed that the 

biosorbent have good capacity for the nickel ions and the process is favourable. These 

values are found to be good enough for the biosorbents to be used for biosorption of 

cadmium ions from aqueous solution. As the biosorbents have higher biosorption capacity 

therefore the Freundlich model does fit well with the experimental data. The predicted 

equilibrium biosorption capacity is different from experimental values. The values of SSE 

are higher enough ranging from 975.94 to 13250. 
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Fig. 4.39: Linear plot of Freundlich isotherm for biosorption of cadmium ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 4 h, M=1 g l

-1
) * for Bacillus sp. 

Table 4.11: Freundlich isotherm parameters for biosorption of cadmium ions 

Biosorbent T kF  1/nF nF R
2
 SSE 

  
o
C mg g

-1
 - - - - 

IBSB 

25 9.88 0.54 1.85 0.973 2221.97 

35 22.15 0.46 2.19 0.942 7978.69 

45 30.46 0.43 2.32 0.922 13250.26 
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25 6.31 0.53 1.87 0.967 1516.07 

35 13.13 0.45 2.24 0.963 1870.14 

45 21.08 0.41 2.47 0.948 3777.27 

ICTB 

25 5.42 0.53 1.88 0.975 975.94 

35 10.28 0.46 2.16 0.956 1544.36 

45 17.66 0.41 2.44 0.953 2714.71 
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of nF were found to be greater than unity which indicates that the biosorption process for 

the lead ions is favourable under experimental conditions (Vijayakumar et al., 2012). The 

values of Freundlich constants increased with rising temperature. The Freundlich 

isotherm does not fit well to the experimental data as the values of R
2
 are lower and SEE 

are higher than that for Langmuir isotherm model.  

 

Fig. 4.40: Linear plot of Freundlich isotherm for biosorption of lead ions 

(T=25 
o
C, pH=4.85 & 5.26*, t = 2.5 h, M=1 g l

-1
)* for IBSB 

Table 4.12: Freundlich isotherm parameters for biosorption of lead ions 

Biosorbent T kF 1/nF nF R
2
 SSE 

  
o
C mg g

-1
 - - - - 

IBSB 

25 23.64 0.54 
1.84 0.963 25408.17 

35 50.30 0.48 2.09 0.946 56123.51 

45 87.16 0.43 2.31 0.948 87511.77 

ICTB 

25 29.08 0.44 2.26 0.958 12581.13 

35 48.41 0.39 2.59 0.950 20328.17 

45 77.65 0.33 3.02 0.952 27458.74 

ICUB 

25 23.73 0.48 2.09 0.958 12703.72 

35 38.87 0.43 2.31 0.947 22755.46 

45 67.07 0.37 2.72 0.949 31132.79 
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4.3.3 R–P Isotherm Model 

The Redlich–Peterson (R–P) isotherm model includes three parameters. It 

integrates the features of both the Langmuir isotherm and the Freundlich isotherm 

models. The mathematical expression for the R-P isotherm is given below (Redlich & 

Peterson, 1959): 

 eRP

eRP
e

C

Ck
q




1
      (4.6) 

where kRP and RP are Redlich Peterson constants.  is R–P isotherm exponent 

and its values range is between 0 and 1. The above equation can be transformed to 

Langmuir isotherm equation for =1 and Henry‘s equations for =0. When liquid phase 

concentration of metal ions is much greater, the equation will be reduced to Freundlich 

isotherm equation. The R-P isotherm model can be used over wide range of concentration 

and can be applied both for homogenous or heterogeneous system due to its versatility. 

The linear from of the R-P isotherm is given in Eq. (4.7).  

)ln(1ln eRP

e

eRP C
q

Ck
 








    (4.7) 

The parameters for the R-P isotherm were estimated using the Microsoft Office 

Excel ‗Solver Add-in‘
1
 function along with the linear form of R-P isotherm. A 

minimization method was used to maximize the coefficient of determination. The values 

of R-P isotherm constants for the biosorption of zinc ions are tabulated in Table 4.13. 

Among the values of the R-P constants the value of kRP was estimated using the Solver 

Add-in in order to maximize the R
2
 value. Whereas the values of the  and RP were 

calculated from the slope and intercept of the linear plot between ln(Ce) verses 

ln(kRPCe/q-1) as presented in Fig. 4.41. R-P isotherm gives high value of coefficient of 

determination which very close to unity for the biosorption process of zinc ions using all 

the four biosorbents. It gives a better fit than the Freundlich isotherm. The values of SSE  

                                                 

1
 Solver is consists of a group of commands. It uses what-if analysis, in which values of reference cells are 

changed to see how those affect the output of formulas of the worksheet. It helps to find an optimal 

(maximum or minimum) value for a formula. Solver adjusts the values of the cells containing decision 

variable in order to satisfy the limits on constraint cells to get the desired output for the objective cell. 
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Table 4.13: R–P isotherm parameters for biosorption of zinc ions 

Biosorbent 
T  RP kRP R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - - 

ICUB 

25 0.86 0.12 9.07 0.997 134.25 

35 0.89 0.01 12.20 0.999 69.36 

45 0.82 0.26 19.62 0.998 113.04 

ICTB 

25 0.84 0.08 4.48 0.999 158.38 

35 0.90 0.08 6.14 0.999 18.21 

45 0.82 0.18 10.90 0.996 23.72 

ICLB 

25 0.91 0.02 1.35 0.983 11.35 

35 0.75 0.15 3.56 0.996 26.99 

45 1.02 0.03 3.79 0.998 16.65 

IBSB 

25 0.97 0.03 3.60 0.996 12.4 

35 0.94 0.03 2.41 0.999 13.6 

45 0.77 0.06 1.95 0.987 34.7 

 

Fig. 4.41: Linear plot of R–P isotherm for biosorption of zinc ions 

(T=25 
o
C, pH=5.17 & 6.35*, t = 4 h, M=1 g l

-1
) * for IBSB 

are also smaller in this case which shows that the R-P isotherm model gives a better 

prediction for the equilibrium biosorption capacity. In this case the values of  is close to 

1, which exhibit that the isotherm model will get the form of Langmuir isotherm. All the 
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values of  lie between 0 and 1 which indicates that the experimental conditions are 

favourable for the biosorption of zinc ions using the four biosorbents. 

The R-P isotherm linearized plots for biosorption of the nickel ions onto the six 

biosorbent is shown in Fig. 4.42 .The plot of R-P isotherm showed satisfactory fit with 

the experimental data for the biosorption of nickel ions having value of R
2
 greater than 

0.98. The R-P isotherm constants evaluated at different temperature levels along with the 

values of coefficients of determination are presented in Table 4.14. The analysis showed 

that the biosorption process of nickel ions is favourable under experimental conditions as 

 lies between 0 and 1. 

 
Fig. 4.42: Linear plot of R–P isotherm for biosorption of nickel ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 3 h, M=1 g l

-1
) * for Bacillus sp. 

The values of R-P isotherm constants for the biosorption of cadmium ions using 

the four biosorbents namely ICUB, ICTB, IBSB and IBLB are tabulated in Table 4.15. A 

typical linear plot of R-P isotherm model for the biosorption of cadmium ions is shown in       

Fig. 4.43. The high value of coefficient of determination for the biosorption process of 

cadmium ions exhibit that the R-P isotherm model fits very well with experimental data 

with higher value of R
2
 and smaller value of SSE as compared with Freundlich isotherm 

model. All the values of  were found between 0 and 1 for the biosorption of cadmium  
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Table 4.14: R–P isotherm parameters for biosorption of nickel ions 

Biosorbent 
T  RP kRP R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - - 

IBSB 

25 0.76 0.16 3.33 0.996 690.97 

35 1.55 0.56 13.51 0.996 146.41 

45 1.55 0.00 6.82 0.999 225.76 

IBLB 

25 0.71 0.32 3.87 0.997 32.15 

35 0.77 0.39 
7.85 0.997 55.57 

45 0.84 0.18 
6.03 0.999 48.35 

IBCB 

25 0.91 0.03 1.35 0.996 6.76 

35 0.83 0.08 2.89 0.999 19.48 

45 0.85 0.09 4.39 1.000 23.13 

ICUB 

25 0.80 0.05 2.33 0.998 51.85 

35 0.73 0.24 8.49 0.992 379.30 

45 0.81 0.15 9.69 0.998 259.16 

ICTB 

25 0.92 0.02 2.13 0.999 21.56 

35 0.76 0.14 6.08 0.994 335.12 

45 0.75 0.35 18.31 0.995 814.03 

ICLB 

25 0.52 1.37 1.87 0.985 43.08 

35 0.86 0.05 2.22 0.999 15.62 

45 0.83 0.10 4.93 0.998 73.12 

Table 4.15: R–P isotherm parameters for biosorption of cadmium ions 

Biosorbent 
T  RP kRP R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - - 

IBSB 

25 0.77 0.08 4.81 0.996 281.57 

35 0.93 0.11 12.49 0.998 443.57 

45 0.93 0.10 18.59 0.996 180.09 

IBLB 

25 0.87 0.04 3.20 0.999 57.54 

35 0.88 0.07 
7.58 0.998 183.53 

45 0.87 0.14 
16.23 0.998 664.42 

ICUB 

25 0.95 0.02 1.92 1.000 641.64 

35 0.75 0.18 7.34 0.994 383.64 

45 0.80 0.22 13.83 0.996 566.31 

ICTB 

25 0.85 0.03 1.75 0.999 507.26 

35 0.87 0.05 3.71 0.999 122.10 

45 0.80 0.18 10.06 0.997 410.18 
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Fig. 4.43: Linear plot of R–P isotherm for biosorption of cadmium ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 4 h, M=1 g l

-1
) * for Bacillus sp. 

ions which indicates that the experimental conditions are favourable for the biosorption 

process. Further it can be concluded that the isotherm approaching the Langmuir model as 

the values of  are close to unity. The increase in the values of kRP with the increasing 

temperature shows that biosorption capacity of the biosorbent will be higher at high 

temperature values. 

The values of R-P isotherm constants for the biosorption of lead ions using ICUB, 

ICTB and IBSB are presented in Table 4.16. The results showed that the R-P isotherm 

model fits very well to the experimental data with high values of R
2
 (greater than 0.99). 

The values of SSE are higher than the Langmuir isotherm model but are smaller than the 

Freundlich isotherm model. A typical linear plot of R-P isotherm model for the 

biosorption of lead ions is shown in Fig. 4.44.  All the values of  were found between 0 

and 1 which shows that the biosorption of lead ions is favourable under experimental 

conditions. Further, values of  are close to unity which shows that the isotherm is 
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approaching the Langmuir form. The increase in the values of kRP with the increasing 

temperature shows that biosorption capacity is directly proportional with the temperature. 

Table 4.16: R–P isotherm parameters for biosorption of lead ions 

Biosorbent 
T  RP kRP R

2
 SSE 

o
C mg g

-1
 l mg

-1
 - - - 

IBSB 

25 0.83 0.03 8.20 0.997 1553.81 

35 0.74 0.07 22.55 0.993 2378.05 

45 0.74 0.43 88.57 0.993 17174.19 

ICTB 

25 0.82 0.06 9.02 0.998 905.72 

35 0.80 0.16 22.99 0.997 2875.20 

45 0.79 0.55 
79.78 0.997 7043.72 

ICUB 

25 0.86 0.03 6.53 0.999 322.52 

35 0.84 0.07 13.59 0.999 1261.56 

45 0.78 0.34 50.89 0.996 6281.43 

ICTB 

25 0.82 0.06 9.02 0.998 905.72 

35 0.80 0.16 22.99 0.997 2875.20 

45 0.79 0.55 79.78 0.997 7043.72 

 

Fig. 4.44: Linear plot of R–P isotherm for biosorption of lead ions 

(T=25 
o
C, pH=4.85 & 5.26*, t = 2.5 h, M=1 g l

-1
)* for IBSB 
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4.3.4 D–R Isotherm Model 

In order to describe the effect of porous structure of a biosorbent, Dubinin and 

Radushkevich (D–R) model is more general than Langmuir isotherm because it does not 

assume a homogeneous surface or constant sorption potential. The mathematical 

expression is given below (Dubinin & Radushkevich, 1947): 

 )exp( 2

max DRBqq       (4.8) 

where qmax characterizes the monolayer saturation capacity (mol g
-1

), BDR is constant 

(mol
2
 kJ

-2
) related to biosorption energy and  is the Polanyi potential which is expressed 

below:  

 















fC
RT

1
1ln      (4.9) 

where R is gas constant (8.314 J mol
-1

 K
-1

) and T is absolute temperature (K). The 

linearized form of D-R isotherm is given in Eq. (4.10) (Volesky, 2003). 

 max

2 lnln qBq DR        (4.10) 

In general, the D-R isotherm equation has often been used to find out the mean 

biosorption energy. It offers useful information regarding the nature of biosorption 

process whether chemical or physical (Liu & Liu, 2008). Biosorption energy (E) can be 

calculated as follows: 

 
DRB

E
2

1
       (4.11) 

For the value of biosorption energy between 8 and 16 kJ mol
-1

 the process follows 

chemical ion-exchange, while for value of E < 8 kJ mol
-1

 the biosorption process is of 

physical nature.  

D-R isotherm for ICUB, ICTB, IBSB and IBLB is shown in Fig. 4.45 for the 

biosorption of zinc ions. The values of BDR and qmax were calculated using the slop and 

intercept of the graph between 
2
 and ln(qe). The constants of D-R isotherm for the 

biosorption process of zinc ions are presented in Table 4.17. The values of biosorption 

energy (kJ mol
-1

) are ranging from 10.26 to 11.42 for ICUB, 9.81 to 11.16 for ICTB and 

IBSB, which indicate that the pathway of biosorption process is chemical ion-exchange in 

nature for all the four biosorbents. The values of R
2
 are greater than 0.97 which shows 
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that D-R isotherm give better results than the Freundlich isotherm. But D-R isotherm 

model does not fit as good with the experimental data as Langmuir and R-P isotherm 

model. The values of SSE also support the previous statement that D-R gives better 

estimate of the equilibrium biosorption capacity than Freundlich model but results are not 

as good as in case of Langmuir and R-P isotherm models. 

 

Fig. 4.45: Linear plot of D–R isotherm for biosorption of zinc ions 

(T=25 
o
C, pH=5.17 & 6.35*, t = 4 h, M=1 g l

-1
) * for IBSB 

Table 4.17: D–R isotherm parameters for biosorption of zinc ions 

Biosorbent 
T BDR qm E R

2
 SSE 

o
C mol

2
 J

-2
 mol g

-1
 J mol

-1
 - - 

ICUB 

25 4.75E-09 0.0067 
10258 0.976 1008.26 

35 4.18E-09 0.0071 10943 0.974 1043.37 

45 3.83E-09 0.0082 11421 0.982 799.25 

ICTB 

25 5.19E-09 0.0051 9811 0.985 673.03 

35 4.43E-09 0.0053 10625 0.982 275.08 

45 4.01E-09 0.0063 11165 0.980 246.62 

ICLB 

25 6.32E-09 0.0038 8897 0.980 361.18 

35 4.91E-09 0.0037 10091 0.992 67.23 

45 4.25E-09 0.0044 10850 0.967 94.22 

IBSB 

25 5.22E-09 0.0062 9783 0.980 349.40 

35 5.70E-09 0.0057 9366 0.986 209.30 

45 6.11E-09 0.0051 9049 0.990 94.30 
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The linear plot of D-R isotherm for the biosorption of nickel ions using the six 

biosorbents is shown in Fig. 4.46. Analysis of the data illustrates that D-R isotherm gives 

apparently a good description of the biosorption process for the nickel ions. Parameters of 

D-R isotherm are presented in Table 4.18. The values of the biosorption energy were 

calculated 9.39 to 11.88 kJ mol
-1

 for nickel ions onto the six biosorbents. Furthermore, 

biosorption mechanism is ion-exchange in nature as the values of biosorption energy lies 

within range of 8-16 kJ mol
-1

. The values of SSE show that the D-R isotherm model has a 

better potential than the Freundlich model and poor as compared with the Langmuir and 

R-P isotherm model to predict the equilibrium biosorption capacity of nickel ions. 

 

Fig. 4.46: Linear plot of D–R isotherm for biosorption of nickel ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 4 h, M=1 g l

-1
) * for Bacillus sp. 

The linear plot of ln(qe) versus 
2
 through the data points for the biosorption of 

cadmium ions using the four biosorbents namely ICUB, ICTB, IBSL and IBLB is shown 

in Fig. 4.47. Analysis of the data illustrates that D-R isotherm gives a good description of 

the biosorption process for the cadmium ions. The parameters of D-R isotherm are 

presented in Table 4.19. The values of the biosorption energy were calculated. These 

values were ranging 9.39 to 11.78 kJ mol
-1

. The values of biosorption energy shows that 

the biosorption of nickel ions follow the chemical pathway. 
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Table 4.18 D–R isotherm parameters for biosorption of nickel ions 

Biosorbent 
T BDR qm E R

2
 SSE 

o
C mol

2
 J

-2
 mol g

-1
 J mol

-1
 - - 

IBSB 

25 4.44E-09 0.0032 10613 0.990 89.27 

35 3.54E-09 0.0036 11878 0.989 135.63 

45 3.70E-09 0.0050 11617 0.980 664.54 

IBLB 

25 4.21E-09 0.0023 10897 0.993 26.73 

35 3.42E-09 0.0024 12097 0.989 61.68 

45 3.43E-09 0.0028 12068 0.981 172.36 

IBCB 

25 4.99E-09 0.0030 10013 0.984 71.20 

35 4.42E-09 0.0035 10631 0.986 147.59 

45 4.20E-09 0.0043 10915 0.983 295.14 

ICUB 

25 5.76E-09 0.0067 9317 0.998 272.02 

35 4.48E-09 0.0067 10560 0.986 618.69 

45 4.16E-09 0.0071 
10959 0.981 1237.97 

ICTB 

25 5.83E-09 0.0073 9264 0.987 478.72 

35 4.74E-09 0.0070 10267 0.985 808.79 

45 3.91E-09 0.0077 11310 0.984 1487.64 

ICLB 

25 5.64E-09 0.0038 9412 0.995 46.46 

35 4.95E-09 0.0042 10051 0.986 185.00 

45 4.23E-09 0.0046 10877 0.980 426.44 

 

Fig. 4.47: Linear plot of D–R isotherm for biosorption of cadmium ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 4 h, M=1 g l

-1
) * for Bacillus sp. 
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Table 4.19: D–R isotherm parameters for biosorption of cadmium ions 

Biosorbent 
T BDR qm E R

2
 SSE 

o
C mol

2
 J

-2
 mol g

-1
 kJ mol

-1
 - - 

IBSB 

25 5.00E-09 0.0062 10.00 0.991 880.33 

35 4.00E-09 0.0066 11.18 0.973 4129.33 

45 3.67E-09 0.0071 11.67 0.959 7470.68 

IBLB 

25 5.04E-09 0.0051 9.96 0.987 823.61 

35 4.17E-09 0.0054 10.95 0.974 2273.15 

45 3.66E-09 0.0059 11.69 0.967 5030.26 

ICUB 

25 5.23E-09 0.0042 9.94 1.000 833.10 

35 4.13E-09 0.0039 10.94 0.985 830.38 

45 3.60E-09 0.0044 11.64 0.978 1846.13 

ICTB 

25 5.25E-09 0.0036 9.78 0.991 511.97 

35 4.40E-09 0.0037 11.01 0.980 770.83 

45 3.71E-09 0.0039 11.78 0.980 1316.31 

The linear plot of D-R isotherm for the biosorption of lead ions using the three 

biosorbents is shown in Fig. 4.48. Analysis of the data illustrates that D-R isotherm gives 

apparently a good description of the biosorption process for the lead ions. The parameters 

of D-R isotherm are presented in Table 4.20. The values of the biosorption energy were 

calculated as 10.05 to 13.49 kJ mol
-1

 for nickel ions onto the six biosorbents. These 

values show that biosorption mechanism is ion-exchange in nature. 

 

Fig. 4.48: Linear plot of D–R isotherm for biosorption of lead ions 

 (T=25 
o
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-1
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Table 4.20: D–R isotherm parameters for biosorption of lead ions 

Biosorbent 
T BDR qm E R

2
 SSE 

o
C mol

2
 J

-2
 mol g

-1
 J mol

-1
 - - 

IBSB 

25 4.95E-09 0.0110 10049 0.985 11513.60 

35 4.06E-09 0.0119 11098 0.975 27549.64 

45 3.40E-09 0.0124 12124 0.979 39781.29 

ICUB 

25 4.11E-09 0.0060 11034 0.998 5683.47 

35 3.43E-09 0.0059 12081 0.980 9296.70 

45 2.75E-09 0.0055 13492 0.982 11359.31 

ICTB 

25 4.50E-09 0.0068 10540 0.982 5834.63 

35 3.90E-09 0.0071 11319 0.977 11057.13 

45 3.10E-09 0.0065 12691 0.980 13713.40 

After comparing all the isotherm models it is revealed that Langmuir isotherm 

model and R-P isotherm model represent the equilibrium biosorption data slightly better 

as compared with other isotherms. This shows that the monolayer biosorption is dominant 

whereas the heterogeneity in the binding sites is less. The important equilibrium 

parameters are summarized in Table 4.21 for the temperature of 25 
o
C. In this table t 

represents the equilibrium time, qmax is the maximum biosorption capacity, nF is 

Freundlich constant, β is R-P isotherm exponent and E is biosorption energy. 

Table 4.21: Summary of important equilibrium isotherm parameters 

Biosorbent Metal ion pH t 

(h) 

qmax 

(mg g
-1

) 

nF 

 

β E 

(kJol mol
-1

) 

IBSB Cadmium 5.55 3 663.41 1.85 0.83 10.049 

IBSB Lead 4.85 2 225.56 1.84 0.77 10.00 

ICTB Nickel 6.62 3 160.49 1.80 0.92 9.264 

ICUB Zinc 5.17 4 149.70 2.20 0.86 10.258 

4.4 KINETICS STUDIES 

Kinetics models were used for interpreting the experimental results in order to 

better understand the dynamics of biosorption process. In this research work, following 

kinetic models were used to analyse the kinetic data and to estimate kinetic parameters. 

1. Pseudo first order kinetic model,  

2. Pseudo second order kinetic model,  

3. Intra particle diffusion model(Webber and Morris) and  
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Biosorption kinetic represent the metal ions removal rate which is controlled by 

the residence time of the biosorbent inside the metal bearing solution. In order to 

investigate the mechanism involved in the biosorption process the kinetic models are 

applied. The kinetic analysis is also helpful in order to determine the rate controlling step 

in the biosorption process. Kinetic parameters are required for the design of full scale 

batch process for the removal of heavy metal ions. Both first order and pseudo second 

order kinetic models are used to study the extent of uptake and determined the biosorption 

kinetics parameters. Intra particle diffusion model is important for determining the rate 

controlling step involved in the biosorption of heavy metal ions. 

All the kinetic studies were conducted at optimum values of pH and biosorbent 

dose as determined in section 4.2. The kinetic studies for the biosorption of zinc ions 

were performed at four level of initial concentrations of (mg l
-1

) i.e. 25.59, 80.32, 170.25, 

240.38. Biosorbent used were ICUB, ICTB, ICLB and IBSB at a temperature of 30 
o
C. 

The kinetic studies for the biosorption of nickel ions were performed at four level 

of initial concentration of (mg l
-1

) i.e. 25.65, 80.26, 170.51, 300.47. Optimum pH, 

biosorbent dose and a temperature of 25 
o
C were used for the studies. ICUB, ICTB, 

ICLB, IBSB, IBLB and IBCB were used as biosorbents. 

The kinetic studies for the biosorption of cadmium ions were performed in four 

levels of initial concentrations of (mg l
-1

) i.e. 25.48, 75.28, 150.86, 300.14.  Optimum pH, 

biosorbent dose and a temperature of 25 
o
C were used for the studies.  ICUB, ICTB, 

IBSB and IBLB were used as biosorbents 

The kinetic studies for the biosorption of lead ions were performed in four levels 

of initial concentrations of (mg l
-1

) i.e. 75.69, 225.47, 450.48, 800.26. Optimum pH, 

biosorbent dose and a temperature of 25 
o
C were used for the studies.  ICUB, ICTB, and 

IBSB were used as biosorbents 

4.4.1 Pseudo First Order Kinetics 

The pseudo first order kinetic equation, also known as Lagergren equation, is 

based on the concept of linear driving force. It has the following form (Lagergren, 1898): 

 
)(1 te

t qqk
dt

dq


   (4.12) 
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in which qe is the amount of metal ion sorbed onto biosorbent at equilibrium     

(mg g
-1

), qt is the amount of metal ion sorbed onto biosorbent at time t (mg g
-1

), k1 is the 

rate constant of pseudo first order biosorption (g mg
-1

 h
-1

) and t is time (h). The integrated 

form was obtained by taking definite integral at the initial conditions of qt = 0 at t = 0 and 

qt = qt at t = t and is given in Eq. (4.13). The linear form was used for the estimation of k1 

and qe from the slope and intercept of the plot of t vs. ln(qe-qt). The first order kinetics 

only accounts for the sorption sites and not biosorption process as a whole. 

 
ete qtkqq ln)ln( 1     (4.13) 

The pseudo first order kinetic parameters were determined using the linear 

regression. A typical linear plot of pseudo first order kinetic model for the biosorption of 

zinc ions, at initial concentration of 240.38 mg l
-1

, for different biosorbents, is shown in 

Fig. 4.49. In this graph ‗t‘ on x-axis represents the contact time (h) and y-axis is showing 

the natural logarithm of the difference of biosorption capacity at equilibrium and time ‗t‘. 

The kinetic parameters for first order kinetic models against different initial concentration 

of zinc ions for the biosorption process using the four biosorbents are summarized in 

Table 4.22. In this table qe,exp represents the experimentally determined value of 

equilibrium biosorption capacity. The value of the rate constant of pseudo first order 

kinetic increases with increase of initial concentration of the zinc ions. The first order  

 

Fig. 4.49: Linear plot of First order kinetic model for biosorption of zinc ions 

(Co=240.38 mg l
-1

, T=25 
o
C, pH=5.17 & 6.35*, M=1 g l

-1
) * for IBSB 
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Table 4.22: Pseudo first order kinetic parameters for biosorption of zinc ions 

Biosorbent 
Co qe k1 R

2
 SSE 

qe,exp 

mg l
-1

 mg g
-1

 (h
-1

) - - 
mg g

-1
 

ICUB 

25.59 14.79 1.17 
0.940 565.16 

23.11 

80.32 60.29 1.18 0.916 1145.03 66.17 

170.25 111.28 1.28 0.820 3127.69 115.75 

240.38 137.75 1.44 0.814 3387.28 132.80 

ICTB 

25.59 21.66 0.87 1.000 3.43 20.74 

80.32 37.72 0.90 0.974 3111.38 57.27 

170.25 62.48 0.93 0.932 8059.97 92.69 

240.38 79.47 1.02 
0.892 7264.06 

104.93 

ICLB 

25.59 15.79 0.91 0.984 5.85 15.47 

80.32 39.87 0.96 0.973 64.99 37.52 

170.25 69.09 1.03 
0.902 652.30 

59.68 

240.38 125.04 1.17 
0.900 16320.29 

69.08 

IBSB 

25.59 12.18 0.68 0.963 301.81 18.45 

80.32 46.41 0.73 0.982 52.22 45.86 

170.25 85.15 0.94 0.958 525.20 84.02 

240.38 91.45 1.00 0.951 471.71 88.70 

kinetic model gives the better description of the experimental data for some cases while 

poor fitting for other data sets as the value of coefficient of determination (ranging from 

0.814 to 1.0) is low in most of the cases. Furthermore, the first order kinetic model cannot 

predict the equilibrium biosorption capacity, qe, efficiently as the values of SSE are 

higher enough in certain cases. SEE represents the difference between the model 

predicted and experimentally determined value of equilibrium biosorption capacity. The 

biosorption process of zinc ions does not follow the pseudo first order kinetic model. 

A typical linear plot of ln(qe-qt) verses time for the nickel ions initial 

concentration of 300.47 mg g
-1

, for different biosorbents, is shown in Fig. 4.50. The 

kinetic parameters for first order kinetic model are presented in Table 4.23. The values of 

coefficient of determination for the pseudo first order kinetic model are significantly 

lower for the biosorption process of nickel ions. It can be concluded that the biosorption 

of nickel ions using the immobilized biosorbents was not represented well by pseudo first 

order kinetic model. The fluctuation in the values of k1 is small and the values of the k1 

increase with the increase in the initial concentration of nickel ions from 25.65 to 300.47 

mg l
-1

. 
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Fig. 4.50: Linear plot of First order kinetic model for biosorption of nickel ions 

(T=25 
o
C, pH=6.62 & 6.04*, t = 3 h, M=1 g l

-1
) * for Bacillus sp. 

Table 4.23: Pseudo first order kinetic parameters for biosorption of nickel ions 

Biosorbent 
Co qe k1 R

2
 SSE 

qe,exp 

mg l
-1

 mg g
-1

 (h
-1

) - - 
mg g

-1
 

ICTB 

25.21 6.54 0.75 0.923 1337.5 17.48 

80.67 27.20 1.17 0.949 1807.5 49.63 

170.48 50.99 1.39 0.944 5289.6 83.14 

300.78 39.41 1.02 0.924 13545.5 114.44 

ICUB 

25.21 14.34 0.97 0.915 1135.2 17.84 

80.67 27.73 1.06 0.939 2037.0 45.96 

170.48 55.67 1.77 0.939 7777.3 76.00 

300.78 23.90 0.76 0.977 7886.1 109.83 

ICLB 

25.21 16.94 1.02 0.914 576.7 14.05 

80.67 28.60 1.08 0.884 3668.1 32.83 

170.48 40.14 1.40 0.899 7905.7 52.64 

300.78 29.19 0.96 0.905 8566.2 69.45 

IBSB 

25.21 19.59 1.23 0.917 620.2 17.23 

80.67 24.18 1.06 0.901 2362.7 39.63 

170.48 40.23 1.17 0.857 12547.0 61.86 

300.78 63.09 1.25 0.892 4706.0 81.53 

y = -1.1493x + 3.4373 

R² = 0.9313 

y = -1.1898x + 3.8162 

R² = 0.8841 

y = -1.1288x + 3.5171 

R² = 0.8641 

y = -1.2785x + 4.1676 

R² = 0.8863 

y = -1.1499x + 4.0274 

R² = 0.865 

y = -1.2728x + 3.6979 

R² = 0.9628 
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ICTB 

25.21 17.27 1.34 0.961 764.0 15.30 

80.67 26.52 0.98 0.865 2435.2 32.36 

170.48 44.66 1.61 0.932 9356.4 46.57 

300.78 46.43 1.43 0.934 4656.2 57.73 

IBCB 

25.21 13.33 1.05 0.903 880.3 13.40 

80.67 17.66 0.54 0.981 2542.8 34.07 

170.48 48.63 1.22 
0.852 

5838.8 
52.07 

300.78 52.51 1.07 0.884 2434.3 64.28 

The pseudo first order kinetic model for biosorption of cadmium ions on ICUB, 

ICTB, IBSB and IBLB, for an initial cadmium concentration of 300.14 mg l
-1

, is shown in 

Fig. 4.51. The value of rate constant k1 (h
-1

) was determined from the slope of the linear 

plot of ln(qe−qt) against time. The values of pseudo first order kinetic model constants 

along with equilibrium biosorption capacity are presented in Table 4.24. The values for 

the coefficient of determination were relatively low for the experimental data for kinetic 

of cadmium ions using the four biosorbents. The values of qe as determined from this 

kinetic model did not match with the experimental values as given in last column of table. 

Therefore, it is suggested that the pseudo first order kinetic model is not applicable for the 

biosorption of cadmium ions. 

 

Fig. 4.51: Linear plot of First order kinetic model for biosorption of cadmium ions 

(Co=300.14 m g l
-1

, T=25 
o
C, pH=6.62 & 6.04*, M=1 g l
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Table 4.24: Pseudo first order kinetic parameters for biosorption of cadmium ions 

Biosorbent 
Co qe k1 R

2
 SSE 

qe,exp 

mg l
-1

 mg g
-1

 (h
-1

) - - 
mg g

-1
 

IBSB 

25.63 18.78 1.35 0.946 46.93 20.65 

75.16 39.83 1.34 0.884 1939.87 55.93 

150.29 78.78 1.20 0.875 4723.13 103.75 

300.76 110.93 1.28 0.889 18394.30 162.04 

IBLB 

25.63 17.59 0.95 0.896 1345.44 20.29 

75.16 76.16 1.68 0.905 1208.19 52.87 

150.29 38.48 0.29 0.942 1000.64 90.71 

300.76 51.39 0.18 0.946 1345.44 136.46 

ICUB 

25.63 23.15 1.27 0.910 1877.05 14.93 

75.16 32.74 1.14 0.893 3449.40 45.38 

150.29 58.49 1.25 0.933 11614.88 77.47 

300.76 80.17 1.26 0.884 22058.20 112.80 

ICTB 

25.63 17.94 0.28 0.988 204.94 15.10 

75.16 35.85 1.25 0.892 4369.06 41.55 

150.29 42.76 1.10 0.906 5750.36 69.04 

300.76 81.08 1.10 0.887 20927.46 102.05 

A typical plot of ln(qe−qt) versus t is shown in Fig. 4.52. It is for the biosorption of 

lead ions initial concentration of 800.26 mg l
-1

 on ICUC, ICTB and IBSB. The values of 

the constants as calculated from the linear regression are presented in the Table 4.25.  

 

Fig. 4.52: Linear plot of First order kinetic model for biosorption of lead ions 

(Co=800.26 mg l
-1

, T=25 
o
C, pH=4.85 & 5.26*, M=1 g l

-1
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Table 4.25: Pseudo first order kinetic parameters for biosorption of lead ions 

Biosorbent 
Co qe k1 R

2
 SSE 

qe,exp 

mg l
-1

 mg g
-1

 (h
-1

) - - 
mg g

-1
 

IBSB 

75.42 73.71 2.21 0.897 372.18 67.82 

225.38 199.58 2.12 0.907 1868.03 186.83 

450.74 200.14 1.99 0.899 135912.2 343.57 

800.16 362.10 2.23 0.910 141859.1 505.09 

ICTB 

75.42 67.76 2.32 0.943 180.66 64.39 

225.38 171.52 2.31 0.924 1549.63 176.04 

450.74 199.59 2.03 0.945 73783.32 304.40 

800.16 315.89 2.56 0.917 56152.57 400.51 

ICUB 

75.42 66.95 2.04 0.875 172.00 65.95 

225.38 208.58 2.76 0.903 5073.38 177.56 

450.74 257.37 2.27 0.927 20147.57 305.58 

800.16 314.32 2.43 0.909 41399.36 393.81 

However the pseudo first order kinetic model failed to estimate the value of qe 

accurately as it differed from the experimental value of qe,exp. Furthermore the values of 

coefficient of determination were considerably lower for the kinetic data of lead 

biosorption using the three biosorbents. Hence, it can be concluded that pseudo first order 

kinetic model is not suitable to predict the lead biosorption kinetic parameters. 

4.4.2 Pseudo Second Order Kinetics 

The pseudo second order equation is based on the assumption that biosorption 

follows second order chemisorption mechanism. It is applicable over the whole period of 

biosorption process and is based upon the concept of biosorption mechanism being the 

rate controlling step. The pseudo second order kinetic proposed by Ho and McKay which 

is in line with the concept of linear driving force. It has the following mathematical form 

(Ho & McKay, 1999): 

 

2

2 )( te

t qqk
dt

dq
    (4.14) 

in which qe is the amount of metal ion sorbed onto biosorbent at equilibrium    

(mg g
-1

), qt is the amount of metal ion sorbed onto biosorbent at  time t (mg g
-1

), k2 is the 

rate constant of pseudo second order biosorption (g mg
-1

 h
-1

) and t is time (h). The linear 

form of the pseudo second order model after taking definite integral for the boundary 

conditions, qt = o for t = 0 and qt = qt for t = t, and is given in equation Eq. (4.15). It was 
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used for the estimation of k2 and qe from the slope and intercept of the plot between t and 

t/qt. 

 
2

2

1

eet qkq

t

q

t
    (4.15) 

Using the rate constant of pseudo second order, k2, the initial sorption rate, hi, can 

be calculated using the Eq. (4.20). 

 
2

2 ei qkh     (4.16) 

The kinetic parameters for the pseudo second order kinetic model were estimated 

using the linear regression analysis of experimental data of zinc biosorption as presented 

in Fig. 4.53. The biosorbents used were ICUB, ICTB, ICLB and IBSB. The kinetic 

parameters for different initial concentrations at a temperature of 30 
o
C are presented in 

Table 4.26. The results show that the second order kinetic model represents accurately the 

biosorption kinetics as the value of R
2
 is higher and value of SSE is lowest for the 

experimental data sets. Hence the biosorption process of zinc ions for each of the four 

biosorbents follows the chemisorption as rate limiting step. In chemisorption exchange 

and sharing of electrons take place between zinc ions and immobilized biosorbents which  

 
Fig. 4.53: Linear plot of Second order kinetic model for biosorption of zinc ions. 
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Table 4.26: Pseudo second order kinetic parameters for biosorption of zinc ions 

Biosorbent 
Co qe k2 hi R

2
 SSE 

(mg l
-1

) (mg g
-1

) (g mg
-1

 h
-1

) (mg g
-1

 h
-1

) - - 

ICUB 

25.59 23.89 0.204 116.61 1.000 116.61 

80.32 69.16 0.046 221.97 0.998 221.97 

170.25 118.93 0.035 496.61 0.999 496.61 

240.38 136.17 0.035 
656.93 0.999 656.93 

ICTB 

25.59 21.66 0.172 
80.89 1.000 80.89 

80.32 60.08 0.051 182.89 0.998 182.89 

170.25 96.36 0.034 319.53 0.998 319.53 

240.38 108.72 0.031 367.34 0.997 367.34 

ICLB 

25.59 17.48 0.077 23.38 0.998 23.38 

80.32 42.05 0.034 59.86 0.998 59.86 

170.25 64.58 0.027 113.65 0.997 113.65 

240.38 78.32 0.016 96.13 0.997 96.13 

IBSB 

25.59 19.49 0.118 44.74 0.999 44.74 

80.32 53.14 0.019 53.57 0.996 53.57 

170.25 91.92 0.018 152.16 0.995 152.16 

240.38 96.45 0.020 182.60 1.000 182.60 

result in involvement of valence forces in biosorption process (Ho & McKay, 1999; Wu 

et al., 2009). Also the second order kinetic model gives a better estimate for the 

equilibrium biosorption capacity (qe) of the biosorbent as compared with first order 

kinetic model. Similar kinetic behaviour for the biosorption of heavy metal ions has been 

reported in previous research work (Fan et al., 2008; Joo et al., 2010; Nuhoglu & Malkoc, 

2009) 

The experimental data was analysed for the biosorption of nickel ions using the 

six biosorbents i.e. ICUB, ICLB, IBLB, ICTB, IBSB and IBCB. The results for the 

biosorption of nickel ions initial concentration of 300.47 mg l
-1

 are presented in Fig. 4.54. 

The values of kinetic parameters such as the rate constant of biosorption, the equilibrium 

biosorption capacity and the initial biosorption rate were determined using the linear 

regression analysis and are summarized in Table 4.26. The values of coefficient of 

determination were higher which showed that second order kinetic model represents 

accurately the biosorption process. Hence the biosorption process of nickel ions using the 

six biosorbents follows the chemisorption as rate limiting step. The equilibrium 

biosorption capacity increases with increase in initial concentration of nickel ions. 
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Fig. 4.54: Linear plot of Second order kinetic model for biosorption of nickel ions 

(Co=300.14 m g l
-1

, T=25 
o
C, pH=6.62 & 6.04*, M=1 g l

-1
) * for Bacillus sp. 

Table 4.27: Pseudo second order kinetic parameters for biosorption of nickel ions 

Biosorbent 
Co qe k2 hi R

2
 SSE 

(mg l
-1

) (mg g
-1

) (g mg
-1

 h
-1

) (mg g
-1

 h
-1

) - - 

ICUB 

25.21 19.28 0.106 39.28 0.998 1.4 

80.67 51.86 0.093 249.61 1.000 8.7 

170.48 86.94 0.059 444.11 1.000 16.4 

300.78 116.86 0.067 916.83 0.999 52.8 

ICTB 

25.21 19.39 0.114 42.97 0.997 0.5 

80.67 48.45 0.078 183.27 0.999 12.1 

170.48 79.11 0.076 473.80 1.000 3.6 

300.78 111.67 0.101 1261.23 1.000 9.9 

ICLB 

25.21 17.12 0.058 16.96 0.988 1.8 

80.67 35.45 0.065 82.11 0.996 8.9 

170.48 55.24 0.074 225.48 0.997 21.6 

300.78 71.23 0.085 429.42 0.999 43.0 
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IBSB 

25.21 19.69 0.080 30.99 0.996 1.8 

80.67 41.38 0.096 164.52 0.998 3.0 

170.48 64.30 0.066 271.28 0.998 15.6 

300.78 86.16 0.040 298.05 0.998 17.2 

IBLB 

25.21 17.56 0.096 
29.68 0.998 

0.6 

80.67 34.51 0.068 81.39 0.993 2.6 

170.48 49.84 0.070 172.83 0.999 4.2 

300.78 61.40 0.060 226.64 1.000 201.0 

IBCB 

25.21 15.01 0.111 25.01 0.993 1.7 

80.67 35.86 0.093 119.82 0.998 6.0 

170.48 55.82 0.046 141.81 0.997 31.2 

300.78 68.64 0.038 179.11 0.996 23.0 

Fig. 4.55 presents a typical plot for the linearized form of the pseudo second order 

model for biosorption of cadmium ions using the four biosorbents i.e. ICUB, ICTB, IBSB 

and IBLB. The values of constants and coefficient of determination are summarized in 

Table 4.28. The values of coefficient of determination were found to be higher than 

0.995. It showed that the second order kinetics model best describes the biosorption of 

cadmium ions using the four biosorbents. Hence, the chemisorption may be the rate 

controlling step for this process. 

 

Fig. 4.55: Linear plot of Second order kinetic model for biosorption of cadmium ions 

(Co=300.14 m g l
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, T=25 
o
C, pH=6.62 & 6.04*, M=1 g l
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Table 4.28: Pseudo second order kinetic parameters for biosorption of cadmium ions 

Biosorbent 
Co qe k2 hi R

2
 SSE 

(mg l
-1

) (mg g
-1

) (g mg
-1

 h
-1

) (mg g
-1

 h
-1

) - - 

IBSB 

25.63 22.44 0.119 60.07 0.997 6.85 

75.16 58.45 0.074 253.43 0.999 25.00 

150.29 109.52 0.031 370.58 0.999 140.38 

300.76 169.54 0.025 721.58 0.999 314.71 

IBLB 

25.63 22.29 0.085 42.09 0.996 5.90 

75.16 59.84 0.032 114.57 0.999 42.92 

150.29 95.10 0.050 452.28 1.000 122.79 

300.76 140.43 0.045 892.49 1.000 182.22 

ICUB 

25.63 19.63 0.038 14.77 0.975 1.59 

75.16 48.67 0.060 143.09 0.999 74.05 

150.29 82.62 0.040 275.06 1.000 86.93 

300.76 118.43 0.033 467.17 0.999 185.50 

ICTB 

25.63 18.73 0.040 
14.16 0.959 0.68 

75.16 44.45 0.065 127.67 0.998 19.21 

150.29 72.34 0.055 286.04 0.999 71.13 

300.76 108.59 0.026 302.90 0.996 92.78 

Lead biosorption kinetics was studied using the three biosorbents i.e. ICUB, ICTB 

and IBSB. A typical kinetic plot of t/qt versus t for lead ions biosorption onto the three 

biosorbents for initial concentration of 800.26 mg l
-1

 and temperature of 25 
o
C is 

presented in Fig. 4.56. The kinetic parameters i.e. k2, qe were calculated from slope and 

intercept of the linear plots. The values of initial biosorption rate were calculated and 

presented in Table 4.29 alongwith the rate constant for second order kinetics. The values 

of coefficient of determination for second order kinetic model were higher than the first 

order kinetic model. Also, theoretical equilibrium biosorption capacity values calculated 

from the pseudo second order kinetic model agree well with the experimental value. It 

can be concluded that the biosorption of lead ions followed the pseudo second order 

kinetics model and the chemisorption may be the rate controlling step for this process 

4.4.3 Intra Particle Diffusion 

The biosorption dynamics can be illustrated by the three successive steps 

(Vadivelan & Kumar, 2005): (1) metal ions can be transported through liquid film of bulk 

solution to the exterior surface of biosorbent (2) metal ions may be diffused into the pore  
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Fig. 4.56: Linear plot of Second order kinetic model for biosorption of lead ions 

(Co=800.26 mg l
-1

, T=25 
o
C, pH=4.85 & 5.26*, M=1 g l

-1
)* for IBSB 

Table 4.29: Pseudo second order kinetic parameters for biosorption of lead ions 

Biosorbent 
Co qe k2 hi R

2
 SSE 

(mg l
-1

) (mg g
-1

) (g mg
-1

 h
-1

) (mg g
-1

 h
-1

) - - 

ICTB 

75.42 70.18 0.058 287.00 0.998 42.1 

225.38 191.42 0.022 808.58 0.999 52.8 

450.74 320.16 0.021 2133.81 0.999 374.5 

800.16 424.27 0.015 2651.20 1.000 98.9 

ICUB 

75.42 72.64 0.049 243.01 0.999 12.4 

225.38 194.13 0.023 877.40 0.998 69.5 

450.74 326.47 0.017 3180.13 1.000 124.2 

800.16 481.06 0.005 3735.00 0.999 204.3 

IBSB 

75.42 74.27 0.047 261.69 0.994 24.7 

225.38 198.18 0.032 1276.26 1.000 50.5 

450.74 357.01 0.026 3347.81 0.999 113.3 

800.16 530.23 0.015 
4200.58 1.000 

504.0 

of the biosorbent beside the biosorption of small quantity on the external surface (3) the 

biosorption of metal ions may take place on the capillary spaces and interior surface of 

the pores of biosorbents. Among these three steps, the third step is considered to be rapid 
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and negligible. Hence the overall rate of biosorption reactions is controlled by either pore 

diffusion or film diffusion being slowest step. The controlling step may be divided 

between the external and intra particle transport mechanism.  

In batch biosorption process, initially biosorption occurs on the surface of the 

biosorbent and there is also a possibility of the sorbate i.e. metal ions to diffuse into the 

interior pores of the biosorbent. Webber and Morris et al. (1963) suggested the following 

kinetic model to investigate the possibility of the intra particle diffusion. 

 
Ctkq ipdt  2

1

  
 (4.17) 

in which qt is the amount of metal ion adsorbed onto biosorbent at time t (mg g
-1

), C is 

intercept and kipd is the rate constant of intra particle diffusion (g mg
-1

 h
-1

). In case of intra 

particle diffusion the plot of t
1/2 

vs. qt will be linear and if the line passes through the 

origin the intra particle diffusion is the rate controlling step otherwise the process will be 

complex with more than one mechanism controlling the rate of biosorption.  

The values of the rate constant of intra particle diffusion were estimated using the 

slope of linear plot between qt verses t^
0.5

 as shown in Fig. 4.57, for the biosorption of 

zinc ions on ICUB, ICTB, ICLB and IBSB. The values of rate constant for intra particle 

diffusion and intercept are presented in Table 4.30. The values of intercept are ranging 

from 7.23 to 84.26 showing that the line does not pass through the origin. Therefore, pore 

diffusion is the controlling step instead of the film diffusion for the biosorption of zinc 

ions using the four biosorbents. The initial pore diffusion due to the external mass transfer 

was followed by intra particle diffusion. The values of kipd and C both increase with the 

increase in the initial concentration of zinc ions. Boundary layer effect was greater for the 

higher initial metal ions concentration (Han et al., 2009). The value of R
2
 is good in some 

case and in other it is lower. Overall model predictions for equilibrium biosorption 

capacity are good as the values of SSE are smaller ranging from 6.91 to 194.51. 

In order to check the possibility that whether the nickel ions were transported 

within pores of the biosorbents, the experimental data was analysed using the intra 

particle diffusion plot. Values of the parameter of Intra particle diffusion model are given 

in Table 4.31. Fig. 4.58 showed a typical plot of qt (mg g
-1

) versus t
0.5

 (h
0.5

), for nickel 

ions biosorption onto the six biosorbents i.e. ICUB, ICTB, ICLB, IBSB, IBLB and IBCB. 

The slope of the line is defined as the intra particle diffusion rate constant. While the 

intercept of the line describes the boundary layers effects. The values of intercept were in  
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Fig. 4.57: Linear plot of Intra Particle Diffusion model for biosorption of zinc ions 

(Co=240.38 mg l
-1

, T=25 
o
C, pH=5.17 & 6.35*, M=1 g l

-1
) * for IBSB 

Table 4.30: Intra Particle Diffusion model parameters for biosorption of zinc ions 

Biosorbent 
Co kipd C R

2
 SSE 

(mg l
-1

) (g mg
-1

 h
-1

) (h
-1

) - - 

ICUB 

25.59 4.46 13.78 0.852 10.39 

80.32 13.68 35.85 0.960 23.43 

170.25 20.69 69.64 0.938 86.10 

240.38 22.08 84.26 0.883 194.51 

ICTB 

25.59 4.64 10.95 0.869 9.80 

80.32 12.63 29.49 0.952 24.47 

170.25 18.16 51.85 0.971 30.22 

240.38 19.51 60.44 
0.980 24.01 

ICLB 

25.59 5.64 3.29 
0.933 6.91 

80.32 13.27 8.80 0.934 37.59 

170.25 18.35 18.95 0.947 56.47 

240.38 21.25 21.16 0.958 168.80 

IBSB 

25.59 5.08 7.23 0.918 6.95 

80.32 17.67 6.42 0.965 34.55 

170.25 26.34 25.75 0.960 86.39 

240.38 22.54 38.84 
0.922 340.59 
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Table 4.31: Intra Particle Diffusion model parameters for biosorption of nickel ions 

Biosorbent 
Co kipd C R

2
 SSE 

(mg l
-1

) (g mg
-1

 h
-1

) (h
-1

) - - 

ICUB 

25.21 6.64 4.95 0.944 3.5 

80.67 12.24 27.26 0.882 13.9 

170.48 20.19 46.69 0.861 37.1 

300.78 15.97 83.55 0.981 35.6 

ICTB 

25.21 6.39 5.66 0.927 3.8 

80.67 12.99 21.92 0.905 5.2 

170.48 16.01 47.09 0.908 32.4 

300.78 14.07 84.03 0.871 39.4 

ICLB 

25.21 6.68 1.03 0.995 1.3 

80.67 11.38 10.99 0.955 8.8 

170.48 13.09 28.01 
0.943 

21.0 

300.78 13.68 43.57 0.919 18.4 

IBSB 

25.21 7.23 3.56 0.963 5.6 

80.67 10.26 20.19 0.929 30.6 

170.48 15.61 32.28 0.919 45.3 

300.78 22.78 38.51 0.962 51.1 

IBLB 

25.21 6.46 3.39 0.950 4.5 

80.67 10.65 11.40 0.974 34.9 

170.48 14.03 21.07 0.913 114.2 

300.78 16.61 27.37 0.924 8.5 

IBCB 

25.21 5.31 3.14 0.975 0.4 

80.67 9.64 15.65 0.948 10.6 

170.48 17.12 19.20 0.960 18.1 

300.78 20.40 24.81 0.975 28.7 

a range of 3.14 to 84.03. For the lager values of C, at higher initial concentration of nickel 

ions, the surface biosorption have greater contribution in rate limiting step. The results are 

similar as discussed above for zinc metal ions. 

A typical linear plot for the intra particle diffusion model is presented in Fig. 4.59 

for the biosorption of cadmium ions using the four biosorbents i.e. ICUB, ICTB, IBSB 

and IBLB. The values of the constants are summarized in Table 4.32. The values of the 

rate constant for the intra particle diffusion increases with the increase in the initial 

concentrations of cadmium ions. As the plot is linear therefore the intra particle diffusion 

is involved in the biosorption process. But the intra particle diffusion is not rate 
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controlling step for the biosorption of cadmium ions as the line does not passes through 

the origin.  

 

Fig. 4.58: Linear plot of Intra Particle Diffusion model for biosorption of nickel ions. 

(Co=300.14 m g l
-1

, T=25 
o
C, pH=6.62 & 6.04*, M=1 g l

-1
) * for Bacillus sp. 

 

Fig. 4.59: Linear plot of Intra Particle Diffusion model for biosorption of cadmium ions 

(Co=300.14 m g l
-1

, T=25 
o
C, pH=6.62 & 6.04*, M=1 g l

-1
) * for Bacillus sp. 
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Table 4.32: Intra Particle Diffusion model parameters for biosorption of cadmium ions 

Biosorbent 
Co kipd C R

2
 SSE 

(mg l
-1

) (g mg
-1

 h
-1

) (h
-1

) - - 

IBSB 

25.63 6.97 7.78 0.925 6.85 

75.16 13.78 30.11 0.930 25.00 

150.29 30.38 46.60 0.920 140.38 

300.76 41.76 84.39 0.906 314.71 

IBLB 

25.63 7.79 5.28 0.947 5.90 

75.16 21.38 13.66 0.949 42.92 

150.29 22.95 49.13 0.882 122.79 

300.76 27.05 86.38 0.875 182.22 

ICUB 

25.63 7.72 0.02 0.985 1.59 

75.16 15.41 17.17 0.848 74.05 

150.29 23.54 34.08 0.917 86.93 

300.76 30.69 55.73 0.898 185.50 

ICTB 

25.63 7.29 0.12 0.993 0.68 

75.16 13.12 16.81 0.940 19.21 

150.29 18.76 34.04 0.896 71.13 

300.76 31.66 41.22 0.949 92.78 

Intra particle diffusion mechanism for the biosorption of lead ions was 

investigated using the Weber and Moris plot (q versus t
0.5

). A typical Weber and Moris 

plot for the biosorption of lead ions for the three biosorbents using initial concentration of 

800.26 mg g
-1

 at 25 
o
C is presented in Fig. 4.60. In this, slope of the line is known as rate 

constant for the intra particle diffusions and its values along with the intercept ‗C‘ are 

summarized in Table 4.33. The lines of Intra Particle Diffusion model plot does not pass 

through the origin. The large values of intercept ranging from 24.57 to 313.80 (h
-1

) 

showed that the intra particle diffusion is not rate controlling mechanism and the 

boundary layer effects are significant.  

4.5 THERMODYNAMIC STUDIES 

The thermodynamic parameters are useful for differentiating the biosorption 

process as endothermic or exothermic. These are also helpful for checking the spontaneity 

of biosorption process. In order to determine the nature of biosorption process the 

thermodynamic parameters including entropy change (S), enthalpy change (H) and the 

Gibbs free energy (G) were calculated using the values of equilibrium constants for  
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Fig. 4.60: Linear plot of Intra Particle Diffusion model for biosorption of lead ions 

(Co=800.26 mg l
-1

, T=25 
o
C, pH=4.85 & 5.26*, M=1 g l

-1
)* for IBSB 

Table 4.33: Intra Particle Diffusion model parameters for biosorption of lead ions 

Biosorbent 
Co kipd C R

2
 SSE 

(mg l
-1

) (g mg
-1

 h
-1

) (h
-1

) - - 

ICTB 

75.42 23.95 28.80 0.934 14.3 

225.38 64.31 80.55 0.956 171.3 

450.74 83.35 180.81 0.913 202.6 

800.16 115.52 230.66 0.933 2721.0 

ICUB 

75.42 27.41 24.57 0.964 35.3 

225.38 61.38 88.02 0.967 165.8 

450.74 69.03 225.86 0.930 575.1 

800.16 109.72 297.35 0.954 833.3 

IBSB 

75.42 25.79 28.39 0.976 22.3 

225.38 52.99 109.53 0.934 245.0 

450.74 69.75 240.47 0.954 895.0 

800.16 133.21 313.80 0.849 4639.5 

batch studies at different temperatures. The Gibbs free energy change, for the biosorption 

reaction, was calculated using the equation given below (Weber & DiGiano, 1996): 

 
LKRTG ln     (4.18) 
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R² = 0.8915 
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where ‗R‘ is universal gas constant (8.314 J mol
-1

 K
-1

) and ‗T‘ is absolute 

temperature (K). Similarly, the equilibrium constants may be expressed in the form of 

enthalpy change and entropy change using the Van‘t Hoff‘s equation as given below: 

 R

S

RT

H
KL





ln     (4.19) 

where ‗KL‘ is rate constant. Langmuir constant was used to calculate the values of H and 

S from slope and intercept of the plot between lnKL and 1/T. The extent of spontaneity is 

seen to increase with temperature and decrease with concentration. 

The linear plot for the Van‘t Hoff‘s equation is presented in Fig. 4.61 for the 

biosorption of zinc ions using the four biosorbents separately i.e. ICUB, ICTB, ICLB and 

IBSB. The values of thermodynamics parameters for the biosorption of zinc ions are 

summarized in Table 4.34. The values of Gibbs free energy (G) were found to be 

negative which indicate that biosorption reaction is favourable for removal of zinc ions 

using the four biosorbents. The values of enthalpy changes (H) were positive, for the 

biosorption process, using all the four biosorbent which indicate that the biosorption 

process is endothermic in nature. Similarly the positive value for the entropy change (S) 

indicates the randomness on solid liquid interface during the biosorption process. The 

small values of S reflect that entropy changes were negligible for the biosorption of zinc 

ions (Vadivelan & Kumar, 2005). 

 

Fig. 4.61: Van‘t Hoff plot of 1/T against lnKL for biosorption of zinc ions 
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Table 4.34: Thermodynamics parameter for biosorption of zinc ions 

Biosorbent 
T 

(K) 

KL 

(l mol
-1

) 

G 

(kJ mol
-1

) 

H 

(kJ mol
-1

) 

S 

(kJ mol
-1

 K
-1

) 

ICUB 

298 3133 -19.91   

308 4061 -21.24 15.04 0.118 

318 4582 -22.25   

ICTB 

298 1899 -18.67   

308 2491 -19.99 21.74 0.136 

318 3299 -21.38   

ICLB 

 

298 1504 -18.095   

308 2092 -19.546 22.80 0.1374 

318 2681 -20.835   

IBSB 

298 909 -16.85   

308 1231 -18.19 24.75 0.140 

318 1704 -19.64   

Van‘t Hoff plot for biosorption of nickel ions is shown in Fig. 4.62. The values of 

the thermodynamics parameters are summarized in Table 4.35. The negative values of the 

Gibbs free energy of biosorption at all temperatures show that the biosorption process for 

the nickel ions is feasible and spontaneous in nature under all the experimental 

conditions. The positive values for H confirm the endothermic nature of the biosorption 

of nickel ions. 

 

Fig. 4.62: Van‘t Hoff plot of 1/T against lnKL for biosorption of nickel ions 
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The small values of S show that the entropy changes were negligible. Furthermore, 

positive values of S reflect increased randomness at the biosorbent-metal ions solution 

interface during biosorption with the occurrence of ions replacement reaction (Liu & Liu, 

2008; Liu et al., 2012). 

Table 4.35: Thermodynamics parameter for biosorption of nickel ions 

Biosorbent 
T KL G H S 

(K) (l mol
-1

) (kJ mol
-1

) (kJ mol
-1

) (kJ mol
-1

 K
-1

) 

ICUB 

25 2812 -19.643 

  35 3646 -20.966 15.04 0.117 

45 4114 -21.965     

ICTB 

25 1705 -18.405 

  35 2236 -19.716 21.74 0.135 

45 2961 -21.098     

ICLB 

25 1350 -17.828 

  35 1878 -19.27 22.80 0.1365 

45 2406 -20.55     

IBSB 

25 816 -16.582 

  35 1105 -17.915 24.75 0.14 

45 1530 -19.355     

IBLB 

25 971 -17.012 

  35 1615 -18.884 28.37 0.15 

45 1988 -20.046     

IBCB 

25 808 -16.558 

  35 1140 -17.995 22.81 0.13 

45 1440 -19.194     

Van‘t Hoff plot for biosorption process of cadmium ions using the four biosorbent 

i.e. ICUB, ICTB, IBSB and IBLB is shown in Fig. 4.63. The values of the 

thermodynamic parameters are summarized in Table 4.36. The results are similar as in 

case of zinc and nickel ions. It is reported in literature that the biosorption process will be 

physical in nature for the enthalpy change from 2 to 21 kJ mol
-1

 while it will be 

chemisorption for the enthalpy change in the range of 80-200 kJ mol
-1

. The physisorption 

process takes place by the trapping of metal ions on the surface of the biosorbents and 

chemisorption process may occur at the binding sites (functional group) present in the 

biomass (Kar & Misra, 2004). The increase in the biosorption capacity of the biosorbents 

at higher temperature may be recognized to the increase in the pore size or activation 

surface of biosorbent. 
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Fig. 4.63: Van‘t Hoff plot of 1/T against lnKL for biosorption of cadmium ions 

Ven‘t Hoff plot for the biosorption of lead ions using the three biosorbents i.e. 

ICUB, ICTB and IBSB, is shown in Fig. 4.64 and different parameters are summarized in 

Table 4.37. Positive values of  showed that the biosorption process is endothermic in 

nature. The negative values of G showed that the biosorption process is feasible and 

spontaneous in nature. The positive value of S reflects that the randomness increased at 

the solid biosorbent and metal ions solution interface during the biosorption process of 

lead ions.  

Table 4.36: Thermodynamics parameter for biosorption of cadmium ions 

Biosorbent 
T KL G H S 

(K) (l mol
-1

) (kJ mol
-1

) (kJ mol
-1

) (kJ mol
-1

 K
-1

) 

ICUB 

25 1297 -17.729 

  35 2633 -20.134 48.59 0.223 

45 4446 -22.17     

ICTB 

25 1173 -17.481 

  35 2190 -19.663 46.08 0.213 

45 3777 -21.74     

IBSB 

25 1700 -18.398     

35 4405 -21.449 54.82 0.25 

45 6802 -23.293     

IBLB 

25 1623 -18.283     

35 3272 -20.689 50.69 0.23 

45 5871 -22.904     

y = -5829x + 22.08 

R² = 0.990 

y = -5329.x + 20.84 

R² = 0.991 

y = -6593.8x + 29.641 
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R² = 0.9989 
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Fig. 4.64: Van‘t Hoff plot of 1/T against lnKL for biosorption of lead ions 

Table 4.37: Thermodynamics parameter for biosorption of lead ions 

Biosorbent 
T KL G H S 

(K) (l mol
-1

) (kJ mol
-1

) (kJ mol
-1

) (kJ mol
-1

 K
-1

) 

ICUB 

25 2644 -19.491 

  35 4663 -21.595 46.05 0.220 

45 8518 -23.886     

ICTB 

25 2152 -18.981     

35 3610 -20.94 45.25 0.215 

45 6798 -23.291     

IBSB 

25 1865 -18.627     

35 5180 -21.864 66.88 0.29 

45 10153 -24.35     

4.6 DESORPTION STUDIES 

Batch experiments for heavy metals removal, using biosorbents, are not sufficient 

to judge their suitability for a continuous flow system, where the biosorbent has to be 

reused in cyclic process. In order to design and optimize the biosorption process for use in 

cyclic process, desorption efficiency of the biosorbent should be evaluated in cyclic 

biosorption and desorption process. In order to evaluate the potential of the biosorbent for 

commercial use, its regeneration is one of the important factors. Desorption process was 

investigated using the HCl (0.1 M), HNO3 (0.1 M) and NaOH (0.1 M) solution as 

y = -5829x + 22.08 

R² = 0.990 
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desorbing agent. Regeneration of the immobilized biosorbent with highest biosorption 

capacity was investigated by five consecutive biosorption and desorption cycles using 0.1 

M HCl solution as best desorbing agent. The desorption studies were only performed only 

for the potential biosorbent which gives higher biosorption capacity during batch 

biosorption for a particular metals ions. 

Desorption ratio was calculated from the comparison of concentration of nickel 

ions present in the eluted solution with the concentration adsorbed in the biosorption 

process. About 98 % of the adsorbed zinc ions were desorbed from the ICUB for 0.1 M 

HCl as desorbing agent. The desorption efficiency of 0.1 M HNO3 and NaOH was found 

to be 90.56% and 21.58 % respectively. The biosorption efficiency of regenrated ICUB 

for zinc ions from aqueous solution did not change significantly. Only a maximum of 4 % 

decrease was observed after five cycles. The results are presented in Table 4.38. It can be 

seen that ICUB has a potential to be used continuously in cyclic process for biosorption 

of zinc ions.  

Table 4.38: Zinc ions biosorption efficiency for regenerated ICUB  

Cycle No. 1 2 3 4 5 

qe (mg g
-1

) 122.6 119.0 120.8 118.7 117.9 

% Reduction - 2.9% 1.5% 3.2% 3.8% 

Nickel ions desorption for ICTB was eluted using the solutions of HCl (0.1 M), 

HNO3 (0.1 M) and NaOH (0.1 M) as desorbing agent. HCl was found as best eluting 

agent. The desorption efficiency of 0.1 M HNO3 and NaOH was found 91.75% and  

11.93 %, respectively. HCl solution (0.1M) was used for nickel ions in five repeated 

biosorption and desorption cycles for initial concentration of nickel ions of 301.48 mg l
-1

. 

The biosorption efficiency of ICTB for nickel ions did not change considerably and a 

minor decrease of about 2.79 % was observed as shown in Table 4.39. Hence the ICTB 

could be used in continuous process for the biosorption of nickel ions. 

Table 4.39: Nickel ions biosorption efficiency for regenerated ICTB 

Cycle No. 1 2 3 4 5 

qe (mg g
-1

) 127.9 126.22 125.63 126.85 124.33 

% Reduction - 1.31 1.77 0.82 2.79 
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Desorption experiments were performed for IBSB using the HCl (0.1 M), HNO3 

(0.1 M) and NaOH (0.1 M) as desorbing agent for cadmium ions. HCl showed the best 

results as desorbing agent and about 98% of the cadmium metal desorbed. The desorption 

efficiency of 0.1 M HNO3 and NaOH was found to be 89.50% and 26.29 %, respectively. 

Investigations, for cadmium ions, were carried out for initial concentration of 300.58    

mg l
-1

. Results are presented in Table 4.40. Only slight decrease in the biosorption of 

cadmium ions was observed after five consecutive biosorption and desorption cycle. 

Hence the IBSB can be successfully used in continuous biosorption process for cadmium 

ions removal. 

Table 4.40: Cadmium ions biosorption efficiency for regenerated IBSB  

Cycle No. 1 2 3 4 5 

qe (mg g
-1

) 184.35 183.6 182.02 179.73 179.15 

% Reduction - 0.406 1.263 2.506 2.820 

Desorption of lead ions onto the IBSB was investigated in batch process at 25 
o
C. 

The initial concentration of lead ions used was 600.38 mg l
-1

. Desorbing agents used were 

HCl (0.1 M), HNO3 (0.1 M) and NaOH (0.1 M). HCl was found to be the most 

appropriate desorbing solution while NaOH showed poor desorption quality. HCl (0.1 M) 

solution was able to remove the 99.26 % of the lead ions bounded with IBSB. The 

desorption efficiency of 0.1 M HNO3 and NaOH was found to be 95.95% and 14.19 %, 

respectively. It is clear from the Table 4.41 that there was only minor change in the 

biosorption capacity of the IBSB after regeneration. 

Table 4.41: Lead ions biosorption efficiency for regenerated IBSB  

Cycle No. 1 2 3 4 5 

qe (mg g
-1

) 505.8 502.15 503.54 498.79 494.82 

% Reduction - 0.721 0.446 1.385 2.170 

4.7 ANALYSIS OF VARIENCE (ANOVA) 

The analysis of variance was carried out for the batch biosorption data for 

cadmium ions removal using the IBSB as biosorbent. Microsoft Excel 2010, Data 

Analysis tool ‗ANOVA: Two-Factor Without Replication‘ was used for this analysis. The 
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summary of the ANOVA result is given in Table 4.42. The detail calculations are given in 

Appendix-A. The values were calculated for 95% confidence.  

How significant is the effect of a parameter in biosorption process can be judged 

from its P-value and Fcrit value. If P-value is less than Alpha (0.05 for Anova) and F value 

is greater than Fcrit then it implies that a specific parameter affects biosorption. Lesser is 

the P-value of a parameter from 0.05 and greater is its F value from Fcrit, greater is its 

capacity to effect biosorption. Based on the above information, it can be seen in Table 

4.42 that the temperature has the least effect. It P-value is close to 0.05 and F value is also 

close to Fcrit. From a comparison of P-value and F value for other parameters, it can be 

concluded that the parameter that affects biosorption most is initial concentration of 

metals ions; contact time comes after it; then the biosorbent dose and after that is initial 

pH.  

Table 4.42: Summery of ANOVA results for batch cadmium ions biosorption 

Parameters F P-Value Fcrit 

Concentration and 

Temperature 

Initial Concentration of Metal Ions 87.77675 2.4E-05 4.757063 

Temperature 5.043101 0.051891 5.143253 

Concentration and 

pH 

Initial Concentration of Metal Ions 32.5676 8.22E-07 3.287382 

pH 5.825886 0.003486 2.901295 

Concentration and 

Biosorbent Dose 

Initial Concentration of Metal Ions 27.80884 1.1E-05 3.490295 

Biosorbent Dose 9.761179 0.000944 3.259167 

Concentration and 

Time 

Initial Concentration of Metal Ions 163.9331 1.1E-11 3.287382 

Time 8.489814 0.000555 2.901295 

4.8 MODELING OF BATCH BIOSORPTION PROCESS 

USING ARTIFICIAL NEURAL NETWORK (ANN) 

In biosorption process numerous parameters are involved which have nonlinear 

relationships. Therefore the biosorption process is quite complex. It is difficult to simulate 

the batch biosorption results considering effects of all the process parameters using the 

conventional mathematical models (isotherm and kinetic models). Artificial neural 

networks (ANN) provide alternative approach for the simulation of biosorption process 

taking into account the effects of all the parameters. ANN has potential to describe highly 

nonlinear and complex relationship between variables. 
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The MATLAB Neural Network Toolbox ―nntraintool‖ was used for artificial 

neural network (ANN) modelling of biosorption uptake capacity using IBSB for the 

removal of cadmium ions. Ninety (90) experimental data sets were used for training, 

validation and testing of ANN model. ANN model used 70% data for training, 15% for 

validation and 15% for testing. The experimental data was divided using interleaved data 

division function (divideint) in MATLAB. A typical training and validation process is 

shown in Fig. 4.65. For training ‗train‘ function in MATLAB was used. Training occurs 

until a maximum number of epochs occur, the performance goal is met, or any other 

stopping condition of the ‗train‘ function occurs. 

 
Fig. 4.65: Training process using the MATLAB Toolbox (nntraintool) 
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The typical performance of the training, validation and testing process is shown in 

Fig. 4.66. In Fig. 4.67 a typical regression analysis is presented for the training, validation 

and test data.  

 

Fig. 4.66: Typical performance of the neural network training process 

There are no universal guidelines for the selection of architecture and algorithm to 

solve a practical problem. To obtain the optimum number of neurons (N) in the hidden 

layer, trial and error method was used. The number of the neurons in hidden layer was 

varied from 2 to 18. The performance was evaluated based on root mean square (RMS) 

error as given in Eq (4.20). RMS represents the difference between the experimental data 

sets and the values predicted from the ANN. The values of RMS error are plotted against 

the number of neurons in hidden layer as shown in Fig. 4.68.  
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Fig. 4.67: Typical regression analysis of training, validation and test data 
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Fig. 4.68: RMS errors as a function of number of hidden neurons (N) 

It can be seen in Fig. 4.68 that eleven numbers of neurons in hidden layer gave the 

optimum performance for the prediction of biosorption capacity of cadmium ions using 

IBSB as biosorbent, based on all five process parameters. The comparison between the 

selected outputs obtained from the artificial neural network modelling with the 

experimental data is presented in Table 4.43. The value of determination coefficient 

between experimental data and model result was found 0.997 as shown in Fig. 4.69. The 

complete data alongwith ANN model results are given in Appendix-B. In this table qexp 

represented the biosorption capacity as determined experimentally whereas qANN 

represents the biosorption capacity as predicted from the ANN model. The difference 

between the qexp and qANN is very small. The percent error is less than 1 % for the 95% of 

the data sets. Hence, ANN model can be successfully used for simulation and/or 

prediction of the biosorption capacity by considering all the batch experimental 

parameters together. 
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Table 4.43: Comparison of artificial neural network out and experimental data sets 

 Data 

 set 

Temp Time pH Mass Co qexp  qANN* Residual Error  

o
C  h   g mg l

-1
 mg g

-1
  mg g

-1
  mg g

-1
  % 

1 25 0.25 5.17 0.05 25.63 9.67 9.67 0.00 0.02 

4 25 2.00 5.17 0.05 25.63 17.78 17.84 -0.06 -0.33 

7 25 0.25 5.17 0.05 75.16 33.62 31.94 1.68 5.00 

10 25 2.00 5.17 0.05 75.16 50.40 50.35 0.05 0.11 

13 25 0.25 5.17 0.05 150.29 53.95 53.96 -0.01 -0.03 

16 25 2.00 5.17 0.05 150.29 93.10 93.11 -0.01 -0.01 

19 25 0.25 5.17 0.05 300.76 93.42 93.41 0.01 0.01 

22 25 2.00 5.17 0.05 300.76 147.69 147.68 0.01 0.00 

25 25 3.0 5.17 0.05 25.38 20.06 19.99 0.07 0.36 

28 25 3.0 5.17 0.05 100.54 70.40 70.16 0.24 0.34 

31 25 3.0 5.17 0.05 250.68 130.90 140.53 -9.63 -7.35 

34 25 3.0 5.17 0.05 402.40 175.28 173.68 1.60 0.91 

37 25 3.0 3.04 0.05 100.34 8.54 8.54 0.00 -0.05 

40 25 3.0 5.92 0.05 100.85 70.34 70.77 -0.43 -0.62 

43 25 3.0 3.04 0.05 200.13 120.28 120.28 0.00 0.00 

46 25 3.0 5.92 0.05 200.09 166.22 166.22 0.00 0.00 

49 25 3.0 3.04 0.05 300.09 29.11 29.11 0.00 0.01 

52 25 3.0 5.92 0.05 300.95 161.06 161.06 0.00 0.00 

55 25 3.0 5.18 0.05 75.63 55.07 54.97 0.10 0.18 

58 25 3.0 5.18 0.2 75.63 15.85 16.73 -0.88 -5.57 

61 25 3.0 5.18 0.15 150.43 38.42 38.42 0.00 -0.01 

64 25 3.0 5.17 0.1 300.81 101.10 90.42 10.68 10.56 

67 35 3.0 5.17 0.05 25.38 23.15 23.13 0.02 0.09 

70 35 3.0 5.17 0.05 100.54 86.63 86.99 -0.36 -0.42 

73 35 3.0 5.17 0.05 250.68 178.81 180.40 -1.59 -0.89 

76 35 3.0 5.17 0.05 402.40 217.17 217.07 0.10 0.05 

79 45 3.0 5.17 0.05 25.38 23.90 23.90 0.00 -0.01 

82 45 3.0 5.17 0.05 100.54 92.38 92.05 0.33 0.36 

85 45 3.0 5.17 0.05 250.68 199.36 199.29 0.07 0.03 
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Fig. 4.69: Output of neural network (qANN) versus actual values of biosorption capacity 

(qexp)  
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5 CHAPTER 5          

   DYNAMICS BIOSORPTION STUDIES 

 In the continuous flow system, for the removal of heavy metals, the contact time 

is not sufficient for the achievement of the equilibrium. Therefore, the practical 

application of the biosorbents for the removal of the heavy metals ions from the industrial 

wastewater was investigated using the fixed bed column system. The effects of various 

operating parameters i.e., fixed bed column depth, internal diameter of the column, initial 

metal ion concentration and influent flow rate, were evaluated. The model parameters 

were determined for the removal of cadmium, nickel, lead and zinc ions in continues flow 

through system. Application of ANN was also tested to predict its suitability to model 

dynamics biosorption studies. The biosorption of multiple metal ions system was also 

investigated and described in the end of this chapter. The using of multiple metals 

approach resembles the actual field conditions in industries, where multiple metals may 

be present in the wastewater. In addition, results of single and multiple metals removal 

may be correlated using the results obtained. 

5.1 EFFECT OF FLOW RATE 

To discuss the effect of flow rate on biosorption, cadmium was chosen. Flow rates 

used were 5, 10 and 20 (ml min
-1

). The initial concentration of cadmium ions was kept 

constant as 30.420.38 mg l
-1

and the bed height was 50 cm with internal diameter of the 

column as 2.4 cm containing IBSB as biosorbent. The initial pH of the cadmium ions 

solution ranged from 5.18 to 5.92 (the optimum pH value determined from batch studies; 

Section 4.2.1). Experiments were performed at room temperature ranging from 19 
o
C to 

25 
o
C. A typical plot of ratio of effluent metal ions concentration to the influent metal 

ions concentration as a function of time or volume of the treated effluent is called 

breakthrough curve. The breakthrough curves for the biosorption of cadmium ions are 

presented in Fig. 5.1 for different flow rates. In Fig. 5.1 on x-axis ‗V‘ represent the 

volume of the treated effluent in liters containing cadmium bearing solution and on y-axis 

‗Ct/Co‘ is the ratio of the effluent to influent concentration. Effluent concentration 

represents the residual concentration of cadmium at column outlet. There are three 

breakthrough curves corresponding to the flow rate of 20, 10 and 5 ml min
-1

. For all the 

experiments breakthrough time was assumed as the time when the effluent concentration 
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reaches 5 % of the influent concentration of the metal ions. The break through time for 

the removal of cadmium ions using the IBSB was found to be 98.2, 240.0 and 534.6 (h) 

for the flow rate of 20, 10 and 5 ml min
-1

, respectively. At breakthrough time the volume 

of the treated cadmium solution was 117.8, 144.0 and 160.4 liters for the flow rate of 20, 

10 and 5 ml min
-1

, respectively. At low flow rate the removal efficiency of the column 

increased. Hence more volume of the metal bearing solution can be treated before the 

column gets exhausted. Volume of the treated effluent at breakthrough time was 

increased with the decrease in the flow rate. At low flow rate, better removal was 

observed, due to more residence time. Low flow rate enhanced both the external mass 

transfer process and intra-particle diffusion process (Vijayaraghavan et al., 2004). 

However, in fixed bed column system, the residence time was not enough to attain the 

equilibrium. 

 

Fig. 5.1: Cadmium biosorption breakthrough curves for IBSB at different flow rate 

(initial cadmium concentration of 30.42 mg l
-1

, bed height of 50 cm and column diameter 2.4 cm, 

Q5=5 ml min
-1

, Q10= 10 ml min
-1

, Q20= 20 ml min
-1

, and H50= Column depth of 50 cm) 

5.2 EFFECT OF INITIAL CONCENTRATION  

Initial concentration of cadmium varied in a range of 15.24 to 60.24 mg l
-1

 at a 

fixed flow rate of 20 ml min
-1

, the bed depth was 50 cm and internal diameter of the 

column was 2.4 cm. IBSB was used as biosorbent.  
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The breakthrough curves at different initial concentrations are presented in       

Fig. 5.2. There are three breakthrough curves corresponding to the cadmium ions 

concentration (mg l
-1

) of 15.24, 30.78 and 60.24. The breakthrough time was found to be 

191.1, 98.2 and 45.4 h for the initial cadmium ions concentration of 15.24, 30.78 and 

60.24 mg l
-1

resepectively. At low concentration of cadmium ions the removal efficiency 

is better. The volume of the treated effluent was 54.4, 117.8 and 191.1 liters for the initial 

concentration of cadmium ions of 60.23, 30.78 and 15.24 mg l
-1

, respectively. At lower 

concentration of cadmium ions the breakthrough time increases/prolongs and hence the 

volume of the treated effluent at the breakthrough was increased. At lower concentration, 

the diffusion rate is low because of lower concentration gradient between solid and liquid 

phases. At higher concentration the biosorbent bed gets saturated quickly which result in 

decrease of breakthrough and exhaustion time. However, the biosorption capacity 

increased with the increase of initial concentration of cadmium ions. Also the 

breakthrough curves are more steep and favorable at higher concentration of cadmium 

ions. This is because the driving force, between the metal ions present in aqueous solution 

and metal ions adsorbed on the biosorbent, increases at the higher concentrations. This 

improved the column performance (Padmesh et al., 2006; Aksu & Gonen, 2004). 

 

Fig. 5.2: Cadmium biosorption breakthrough curves at different initial concentrations 

(flow rate 20 ml min
-1

, bed height of 50 cm and column diameter 2.4 cm) 
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5.3 EFFECT OF COLUMN BED DEPTH 

The effect of the column bed depth was investigated by varying the bed height 

from 20 cm to 50 cm while the other parameters were kept constant. The flow rate was 20 

ml min
-1

, the initial concentration of cadmium ions was 30.78 mg l
-1

 and the internal 

diameter was 2.4 cm. The breakthrough curves at different bed depth are presented in   

Fig. 5.3. There are three breakthrough curves corresponding to the bed depth of 20, 35 

and 50 cm. The volume of the treated effluent containing cadmium ions was 16.9, 61.3 

and 117.8 liters corresponding to the column bed depth of 20, 35 and 50 cm, respectively. 

The increase in the bed depth of the column improved the removal efficiency. The 

breakthrough time for the removal of cadmium ions using the IBSB was found to be 14.1, 

51.1 and 98.2 h for the bed depth of 20, 35 and 50 cm, respectively. The reason is that 

with the increase of the bed height the axial dispersion is decreased and diffusion of the 

metal ions is increased. At higher bed depth the metal ions have more time for the 

diffusion on the biosorbent. Other studies also reported similar behavior (Hasan et al., 

2010). 

 

Fig. 5.3: Cadmium biosorption breakthrough curves at different bed depth 

(initial concentration of 30.42 mg l
-1

, flow rate 20 ml min
-1

 and column diameter 2.4 cm, Q20=flow rate of 

20 ml min
-1

, H20= bed depth of 20 cm, H35= bed depth of 35 cm and H50= bed depth of 50 cm) 
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5.4 EFFECT OF COLUMN DIAMETER 

The effect of the fixed bed column internal diameter on its biosorption using the 

IBSB was investigated in a range of 1.5 to 3.0 cm at a flow rate of 20 ml min
-1

, the bed 

depth was 50 cm and influent concentration of cadmium ions was 30.370.41 mg l
-1

. The 

breakthrough curves at different internal diameter of the column are presented in Fig. 5.4. 

There are three breakthrough curves corresponding to the column internal diameter of 1.5, 

2.4 and 3.0 cm. The volume of the treated effluent was 48.6, 117.8 and 144.3 liters for the 

column internal diameter of 1.5, 2.4 and 3.0 cm respectively. For the same flow rate and 

initial concentration of the cadmium ions the column with higher internal diameter shows 

better removal efficiency.  The volume of the treated effluent increased with the increase 

of internal diameter, because surface area increased. The column with higher internal 

diameter has more binding sites available for the biosorption of cadmium ions. 

 

Fig. 5.4: Cadmium biosorption breakthrough curves at different column internal diameter 

(initial concentration of 30.42 mg l
-1

, bed height of 50 cm and flow rate 20 ml min
-1

, ID = Internal Diameter 

of the column) 
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5.5 MODEL STUDIES OF COLUMN DATA 

The practical applicability, in industrial wastewater treatment, of the biosorption 

process can be assessed using the continuous column process. The performance of the 

column system is evaluated using the breakthrough curves with the help of column 

models. Adam Bohart Model, Clark Model, Yoon Model, Yan Model, Thomas Model, 

Belter Model and Bed Depth Service Time (BDST) Model were applied to evaluate the 

performance of fixed bed column for the removal of cadmium, lead, nickel and zinc ions. 

For all the four metal ions nine set of experiments were carried out and the operational 

parameters are listed in Table 5.1 to 5.4.  

Table 5.1: Fixed bed column operating conditions for biosorption of cadmium ions  

Set 

No. 

Bed Height 

 

(cm) 

Flow Rate 

 

(l h
-1

) 

Metal Ions 

Concentration 

(mg l
-1

) 

Column 

Diameter 

(cm) 

Mass of IBSB 

Filled in Column 

(g) 

1 50 1.2 30.78 2.4 68.4 

2 35 1.2 30.78 2.4 49.2 

3 20 1.2 30.78 2.4 27.5 

4 50 0.6 30.45 2.4 68.4 

5 50 0.3 30.04 2.4 68.2 

6 50 1.2 60.24 2.4 68.6 

7 50 1.2 15.24 2.4 68.4 

8 50 1.2 30.37 3 105.3 

9 50 1.2 30.24 1.5 27.0 

Table 5.2: Fixed bed column operating conditions for biosorption of nickel ions  

Set 

No. 

Bed Height 

 

(cm) 

Flow Rate 

 

(l h
-1

) 

Meta Ions 

Concentration 

(mg l
-1

) 

Column 

Diameter 

(cm) 

Mass of ICTB 

Filled in Column 

(g) 

1 50 1.2 30.01 2.4 58.0 

2 35 1.2 30.01 2.4 39.9 

3 20 1.2 30.01 2.4 22.7 

4 50 0.6 30.45 2.4 58.0 

5 50 0.3 30.45 2.4 58.0 

6 50 1.2 59.85 2.4 58.0 

7 50 1.2 15.20 2.4 57.9 

8 50 1.2 30.87 3 88.2 

9 50 1.2 30.18 1.5 22.3 
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Table 5.3: Fixed bed column operating conditions for biosorption of lead ions  

Set 

No. 

Bed Height 

 

(cm) 

Flow Rate 

 

(l h
-1

) 

Meta Ions 

Concentration 

(mg l
-1

) 

Column 

Diameter 

(cm) 

Mass of IBSB 

Filled in Column 

(g) 

1 50 1.2 30.78 2.4 68.4 

2 35 1.2 30.78 2.4 49.2 

3 20 1.2 30.78 2.4 27.5 

4 50 0.6 30.78 2.4 68.4 

5 50 0.3 30.42 2.4 68.4 

6 50 1.2 60.84 2.4 67.4 

7 50 1.2 15.34 2.4 67.5 

8 50 1.2 30.37 3 105.3 

9 50 1.2 30.24 1.5 27.0 

Table 5.4: Fixed bed column operating conditions for biosorption of zinc ions  

Set 

No. 

Bed Height 

 

(cm) 

Flow Rate 

 

(l h
-1

) 

Meta Ions 

Concentration 

(mg l
-1

) 

Column 

Diameter 

(cm) 

Mass of ICUB 

Filled in Column 

(g) 

1 50 1.2 30.21 2.4 55.5 

2 35 1.2 30.21 2.4 39.4 

3 20 1.2 30.21 2.4 23.1 

4 50 0.6 30.21 2.4 55.6 

5 50 0.3 30.21 2.4 55.5 

6 50 1.2 60.47 2.4 56.0 

7 50 1.2 15.32 2.4 56.2 

8 50 1.2 30.56 3 87.5 

9 50 1.2 30.06 1.5 22.6 

All these experiments were performed at room temperature. While the initial pH of the 

metal ions solutions was kept at optimum values as determined in batch studies; already 

discussed in Section 4.2. From the batch studies it was found that IBSB gives the better 

performance for the removal of cadmium and lead ions. Whereas, ICTB and ICUB give 

the better performance for the removal of nickel and zinc ions, respectively. Based on the 

batch experimental results IBSB was used for the removal of cadmium and lead ions, 

while for removal of nickel and zinc ions ICTB and ICUB were used as biosorbents. In 

the following sections the details of the column models are provided along with their 
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mathematical expressions. The values of the parameters for the column models were also 

determined under the experimental conditions as given above in Tables 5.1 to 5.4. 

5.5.1 Adam Bohart Model 

Adams and Bohart model for the fixed bed column describe the relationship 

between the bed depth ‗Z‘ and service time ‗t‘ as given in Eq. (5.1). Service time is the 

time required for the column to reach the breakthrough point with biosorption of a 

specific percentage of heavy metal ions onto the biosorbent (Bohart & Adams, 1920). 

  

  
 

       

 
     

  
 ⁄
 
          

  (5.1) 

where, Co is influent metal ions concentration (mg l
-1

), Ct is effluent concentration 

of metal ion (mg l
-1

) at time t, u is linear velocity (flow rate/cross sectional area) (cm h
-1

), 

Z is packed column depth (cm), kAB is Adams Bohart rate constant (l mg
-1

 h
-1

) and No is 

maximum volumetric biosorption capacity of bed (mg l
-1

). The values of the 

characteristics parameters of this model i.e. kAB and No were determined using MATLAB 

tool for nonlinear regression (nlinfit). These values are summarized in Table 5.5.  

Table 5.5: Adams Bohart model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

kAB  No kAB  No kAB  No kAB  No 

l h
-1

 mg
-1

 mg l
-1

 l h
-1

 mg
-1

 mg l
-1

 l h
-1

 mg
-1

 mg l
-1

 l h
-1

 mg
-1

 mg l
-1

 

1 
0.0012 

14197 0.0020 4474 0.0002 136120 0.0016 3075 

2 0.0013 7435 0.0019 1976 0.0002 81299 0.0031 1565 

3 0.0019 2471 0.0030 711 0.0002 40044 0.0068 632 

4 0.0005 37843 0.0011 11817 0.0001 352960 0.0007 8043 

5 0.0003 117200 0.0004 28307 0.0003 79369 0.0003 22937 

6 0.0011 6845 0.0010 2456 0.0002 113610 0.0012 2291 

7 0.0010 27558 0.0013 6833 0.0001 150410 0.0019 4273 

8 0.0014 19311 0.0016 5863 0.0002 284630 0.0012 4303 

9 0.0013 4100 0.0024 1236 0.0002 29836 0.0025 945 

The value of maximum volumetric biosorption capacity (No) of the column bed 

increases with the increase of bed height for all the four metal ions. While the maximum 

volumetric biosorption capacity deceases with the increase of flow rate and internal 
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diameter of the column. Similar results have been reported for the adsorption of copper 

ions using the iron oxide coated zeolite (Han et al., 2009). The effects of the initial 

concentration of the metal ions on the maximum volumetric biosorption capacity are 

negligible. The value of the kAB increases with the increase of flow rate which shows that 

external mass transfer is dominating process in overall kinetics (Aksu & Gonen, 2004).  

The main drawback of this model is that its results can be used for a limited range of the 

experimental conditions (Kuan et al., 1998). 

5.5.2 Thomas Model 

The successful design of the fixed bed biosorption system required the prediction 

of concentration of metal ions - time profile for effluent. Thomas model provides the 

biosorption rate constant and solid phase concentration of metal ions which is helpful for 

predicting the concentration- time profile, also known as breakthrough curve (Thomas, 

1944). 

The assumption for the Thomas model is plug flow conditions in the bed under 

isotherm and isobaric process conditions. It uses the Langmuir isotherm for equilibrium 

and second order reversible reaction for kinetics. This model is suitable when external 

and internal diffusion limits are absent for the biosorption process. Thomas model was 

used to describe the biosorption process in continuous flow system and is expressed in 

Eq. (5.2) (Aguayo-Villarreal et al., 2011).  
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where, Co is influent concentration of metal ions (mg l
-1

), Ct is effluent 

concentration at time t (mg l
-1

), Q is volumetric flow rate (l h
-1

), V is throughput volume 

(l), m is mass of the biosorbent in fixed bed column (g), kTH is Thomas rate constant (l 

mg
-1

 h
-1

) and qo is maximum solid phase concentration of the metal ions (mg g
-1

). The 

linear form of Thomas model is given in Eq. (5.3). The values of the kinetic coefficient 

kTH and the biosorption capacity of the column can be determined from the slope and 

intercept of the linear plot of ln(Ct/Co-1) against t. 
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The values of the Thomas rate constant and the maximum uptake capacity were 

determined using MATLAB tool for nonlinear regression (nlinfit) according to the Eq. 

(5.2) and results are summarized in Table 5.6. The value of maximum uptake capacity 

increases with the increase of bed height while Thomas rate constant have inverse relation 

with the maximum uptake capacity. The value of maximum uptake capacity changes from 

48.93 to 75.21 mg g
-1

 for the increase of column bed depth from 20 to 50 cm for the 

biosorption of cadmium ions at initial concentration of 30. (mg l
-1

),flow rate of 20 (ml 

min
-1

) and column internal diameter of 2.4 cm. While the values of the maximum uptake 

deceases with the increase in the flow rate and internal diameter of the column for all the 

four metal ions.  

The experimental uptake capacity for the cadmium ions biosorption were 73.08, 

61.29, 46.95, 84.06, 95.62, 69.76, 71.35, 54.07 and 94.40 mg g
-1

 for the nine experimental 

sets respectively as detailed in Table 5.1. The values of the maximum uptake capacity 

predicted from the Thomas model were very close with those determine experimentally. 

Similar results were observed for the other metal ions. The residence time inside the 

column was much less as compared with the equilibrium time as determined from batch 

biosorption studies. Hence based on kinetic analysis it can be concluded that the 

performance of the fixed bed column is much better as compared with batch biosorption 

process. 

Table 5.6: Thomas model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

kTH  qo kTH  qo kTH  qo kTH  qo 

l h
-1

 mg
-1

 mg g
-1

 l h
-1

 mg
-1

 mg g
-1

 l h
-1

 mg
-1

 mg g
-1

 l h
-1

 mg
-1

 mg g
-1

 

1 0.0023 75.21 0.0039 49.20 0.0003 230.82 0.0032 42.88 

2 0.0028 63.45 0.0040 39.66 0.0005 203.03 0.0061 35.98 

3 0.0041 48.93 0.0070 31.28 0.0007 178.57 0.0139 29.50 

4 0.0011 85.65 0.0021 56.85 0.0002 252.25 0.0014 48.92 

5 0.0005 98.49 0.0008 62.34 0.0006 195.30 0.0007 49.99 

6 0.0023 72.83 0.0021 51.38 0.0005 195.98 0.0033 42.17 

7 0.0021 73.78 0.0027 43.20 0.0007 200.64 0.0044 41.58 

8 0.0028 56.48 0.0033 37.55 0.0004 168.25 0.0022 36.41 

9 0.0029 99.86 0.0050 67.53 0.0007 278.51 0.0050 62.81 
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The reason is that the concentration gradient remains constant in the packed bed 

column system while in batch biosorption process the concentration gradient decreases 

with the time. In packed bed column system the metal solution is continuously passed 

through the column. Hence large concentration of metal ions is available at the interface 

of the biosorption zone. 

5.5.3 Yoon – Nelson Model 

The assumption of Yoon and Nelson model is that the rate of decrease in the 

probability of biosorption of metal ions is proportional to the probability of the metal ions 

biosorption and the metal ions breakthrough on the biosorbent. The mathematical form of 

Yoon and Nelson model is represented as follow (Yoon & Nelson, 1984):  
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where, Ct is concentration of metal ions (mg l
-1

) at time t (h), Ce is equilibrium 

concentration of metal ions (mg l
-1

), KYN is rate velocity constant (h
-1

),  is the time 

required for 50 % biosorption breakthrough (h
-1

). The parameter of the Yoon – Nelson 

model can be determined by linear regression using the equation given below: 

 
YNYN

to

t KtK
CC

C











ln     (5.5) 

The values of the velocity rate constant and the time for 50 % biosorption 

breakthrough were determined using MATLAB tool for nonlinear regression (nlinfit) 

according to the Eq. (5.4) and results are summarized in Table 5.7. The value of the rate 

constant increased with the increase of flow rate and initial concentration of metal ions. 

The value of the 50% breakthrough time decreased with the increase of flow rate 

and initial concentration of metal ions. While the values of the rate constant decreased 

and 50% breakthrough increased with the increase of column bed depth and internal 

diameter for all the metal ions. The experimental values of the 50% breakthrough times 

for the biosorption of cadmium ions were found 140.21, 84.06, 36.18, 321.02, 747.38, 

69.80, 277.92, 164.49 and 74.78 (h) for the nine experimental sets as listed in Table 5.1. It 

can be seen from the Table 5.7 that the experimental and Yoon Nelson model predicted 

values for the 50% breakthrough time are very much similar. If we assume the 

breakthrough curve is symmetrical then the quantity of metal ions adsorbed at 50 % 
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breakthrough time () is half of the removal capacity. It can be calculated as a function of 

initial concentration of metal ions and flow rate as given in equation below: 

    
   

 
    (5.6) 

Table 5.7: Yoon-Nelson model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

KYN 
 

KYN 
 

KYN 
 

KYN 
 

l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h 

1 0.072 139.28 0.118 79.2 0.011 427.45 0.098 65.65 

2 0.085 84.51 0.120 43.9 0.015 270.45 0.183 39.10 

3 0.126 36.43 0.209 19.7 0.021 132.95 0.420 18.80 

4 0.035 320.64 0.063 180.5 0.005 934.24 0.041 150.06 

5 0.015 745.34 0.023 395.8 0.017 243.97 0.022 306.12 

6 0.140 69.11 0.124 41.5 0.033 180.93 0.199 32.55 

7 0.032 275.93 0.084 102.9 0.010 735.74 0.067 127.12 

8 0.086 163.20 0.101 89.39 0.012 486.14 0.068 86.88 

9 0.087 74.30 0.150 41.6 0.022 207.22 0.151 39.35 

Table 5.8: Comparison of biosorption capacity calculated from Yoon-Nelson model and 

experimental values 

 Set No 

  

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

qExp qYN qExp qYN qExp qYN qExp qYN 

mg g
-1

 mg g
-1

 mg g
-1

 mg g
-1

 mg g
-1

 mg g
-1

 mg g
-1

 mg g
-1

 

1 73.08 75.21 47.64 49.20 229.01 230.82 41.60 42.88 

2 61.29 63.45 38.58 39.66 196.96 203.03 34.73 35.98 

3 46.95 48.93 29.60 31.28 175.57 178.57 28.66 29.50 

4 84.06 85.65 55.25 56.85 243.92 252.25 47.80 48.92 

5 95.62 98.20 61.07 62.34 189.12 195.30 48.36 49.99 

6 69.76 73.04 50.05 51.38 186.00 195.98 40.37 42.17 

7 71.35 73.78 49.27 51.25 190.30 200.64 39.80 41.58 

8 54.07 56.48 39.43 43.20 161.00 168.25 35.04 36.41 

9 94.40 99.86 62.97 67.53 272.87 278.51 59.25 62.81 
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In Eq. (5.6) qYN is biosorption capacity (mg g
-1

) as determined from Yoon-Nelson 

model, Co is initial concentration of metal ions (mg l
-1

), Q is flow rate (l h
-1

) and m is 

mass of the biosorbent (g). The values of the biosorption capacity as determined from the 

Yoon – Nelson model are presented in Table 5.8. In Table 5.8 qexp represents the 

biosorption capacity as calculated from the experimental data. The values of biosorption 

capacity determined from Yoon – Nelson Model are very close to the experimental 

calculated values. 

5.5.4 Dose Response Model 

Yan proposed a logistic equation based on the static analysis of the experimental 

data of the fixed bed column which is expressed as follow (Yan et al., 2001): 
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where, qo is maximum uptake capacity (mg g
-1

) and ‗a‘ is constant for Yan‘s 

model. This model is also named as Dose Response Model in literature. 

The values of model‘s parameters, qo and a, were calculated using MATLAB tool for 

nonlinear regression analysis (nlinfit) according to the Eq. (5.7). The results for all the 

four metal ions are summarized in Table 5.9. The values of qo were almost same as 

determined using the Thomas model and hence the experimental data. The values of the 

maximum uptake capacity remain almost constant for all the three inlet concentration of 

the metal ions. The values of the Yan constant ‗a‘ increased with the increase of column 

bed depth and internal diameter of the column. While values of Yan constant decreased 

with the increase of flow rate which show the similar trend as that of other models rate 

constant.  

Table 5.9: Dose Response model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

a qo a qo a qo a qo 

- mg g
-1

 - mg g
-1

 - mg g
-1

 - mg g
-1

 

1 9.95 74.81 9.37 48.89 4.56 224.75 6.41 42.20 

2 7.08 62.71 5.25 38.85 3.70 196.18 7.46 35.64 

3 4.58 47.70 4.12 30.16 2.59 166.38 7.89 29.21 
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4 11.08 85.24 11.57 56.63 4.71 246.34 6.29 48.14 

5 11.41 98.06 9.57 61.86 3.98 188.56 6.77 49.47 

6 9.57 72.44 5.28 50.26 5.90 193.56 6.18 41.68 

7 8.57 73.26 5.49 42.88 7.15 199.23 8.51 41.30 

8 14.13 56.33 8.85 37.31 5.77 166.17 5.39 35.94 

9 6.46 98.54 6.21 66.54 4.44 271.63 6.09 61.97 

5.5.5 Clark Model 

Clark model contains the Freundlich Equation and as well as mass transfer 

concept. The mathematical form of the model is expressed in Eq. (5.8) (Aksu, 2005). 
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Where, Cb is breakthrough concentration of metal ions (mg l
-1

) and tb
,
 the 

breakthrough time (h), nF is the Freundlich constant. The values of the Cb were taken as 

the 5% of the inlet concentration of the metal ions for all the experiments. The nF values 

as determined from the batch biosorption process at 25 
o
C and optimum operating 

parameters i.e. 1.85, 2.39, 1.84 and 2.2 for cadmium, nickel, lead and zinc ions 

respectively were used here.  

The values of the constant kc and tb were determined using the nonlinear 

regression tool of MATLAB i.e. ‗nlinfit‘ according to the Eq. (5.8). The results are 

summarized in Table 5.10. The values of the experimental breakthrough time for 

cadmium ions were found 98.16, 51.06, 14.09, 240.02, 534.58, 45.37, 191.09, 120.22 and 

40.50 (h) for the nine experimental sets respectively. The values of the breakthrough time 

as determined by Clark model are very close to the experimental values except for the 

breakthrough time at low flow rate (5 ml min
-1

) which is bit higher than the experimental 

value. Similar results were observed for the other three metal ions. 

5.5.6 Belter Model 

Belter model is an empirical model consisting of two parameters and it is 

represented in Eq. (5.9) given below (Chu, 2004).  
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where, erf(x) is the error function of x, t0.5 represents the time at which the 

effluent concentration reached half of the influent concentration of metal ions and  is 

standard deviation The model parameters were determined from the nonlinear regression 

of the experimental data of breakthrough curves using the MATLAB tool ‗nlinfit‘ 

according to the Eq. (5.9). The Belter model parameters for biosorption of all the four 

metal ions are presented in Table 5.11. 

Table 5.10: Clark model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

kc tb kc tb kc tb kc tb 

l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h l h
-1

 mg
-1

 h 

1 0.0799 99.52 0.097 52.35 0.012 163.66 0.087 34.21 

2 0.071 47.46 0.098 17.39 0.016 74.36 0.162 22.22 

3 0.141 13.95 0.172 4.56 0.124 1.25 0.374 11.48 

4 0.039 239.04 0.052 129.93 0.006 393.81 0.037 75.77 

5 0.017 559.29 0.019 257.97 0.019 78.21 0.020 165.29 

6 0.155 48.67 0.103 16.16 0.037 94.51 0.179 17.25 

7 0.035 186.29 0.0481 68.57 0.011 448.86 0.060 81.70 

8 0.097 130.29 0.119 61.37 0.014 255.58 0.061 41.85 

9 0.098 41.72 0.123 20.45 0.024 75.56 0.134 18.85 

Table 5.11: Belter model parameters for fixed bed biosorption 

Set 

No. 

Cadmium Ions Nickel Ions Lead Ions Zinc Ions 

t0.5 
 

t0.5 
 

t0.5 
 

t0.5 
 

h - h - h - h - 

1 139.18 0.171 79.20 0.180 427.66 0.369 65.67 0.265 

2 84.50 0.236 43.96 0.318 270.41 0.429 39.08 0.238 

3 36.40 0.367 19.69 0.414 132.76 0.591 18.80 0.214 

4 320.57 0.151 180.41 0.148 933.52 0.342 150.11 0.273 

5 745.21 0.148 395.72 0.187 243.47 0.403 306.00 0.251 

6 69.06 0.175 41.55 0.327 180.43 0.282 32.47 0.259 

7 275.98 0.191 137.16 0.299 734.19 0.227 126.98 0.196 

8 163.19 0.119 89.78 0.187 485.04 0.280 86.76 0.287 

9 74.37 0.260 41.51 0.271 207.08 0.379 39.38 0.284 
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The experimental values of the 50% breakthrough times for the biosorption of 

cadmium ions were found 140.21, 84.06, 36.18, 321.02, 747.38, 69.80, 277.92, 164.49 

and 74.78 (h) for the nine experimental sets respectively. These values are very close to 

the one determined from the Belter model. Similar results were found for other metal 

ions. 

Belter equation also showed very good fit to the experimental column data for the 

biosorption of all four metal ions. A linear relationship was found between the values of 


2
 and Q/L when the flow rate and column bed depth were varied and other parameter 

like cadmium concentration, column diameter remained constant. Similarly an inverse 

relationship was found between t0.5 and Q
^0.25

 under varying flow and keeping other 

parameter constant. A linear relationship was obtained between t0.5 and ‗m‘ whereas the 

relationship between 
2
 and ‗m‘ was inversed for varying column diameter and keeping 

other conditions as constant. Similar results have been reported by Brady et. al (1999) for 

the biosorption copper ions. 

5.5.7 Prediction of Breakthrough Curves Using Column Models 

A typical breakthrough curve is shown in Fig. 5.5. In this figure experimental data 

points along with the breakthrough curve as predicted from the Adams Bohart, Thomas, 

Yoon – Nelson, Does Response, Clark and Belter model are presented. The Adams 

Bohart Model successfully predicted the break through curve for the biosorption. The 

Thomas model gives a very good fit with the experimental data. The Yoon Nelson Model 

gives a very good fit for the experimental data as shown for typical breakthrough curve 

for experimental set No. 1.  

Dose Response model gives satisfactory curve fitting with the experimental data but the 

results are not as good as for other models. It may be due to the empirical nature of the 

Dose Response model. Clark Model also predicts the breakthrough curve being very good 

under all the experimental conditions. The Belter Model predicts the whole breakthrough 

curves very well. Hence these models give good approximation of the experimental 

behaviour of the biosorption process. 
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Fig. 5.5: A typical breakthrough curve for biosorption of cadmium ions for Set No. 1 

5.5.8 Bed Depth Service Time Model 

Bed Depth Service Time (BDST) is modified form of the Adams and Bohart 

model. It is a simple model, which states that service time (t) and bed height (Z) of 

column have a liner relationship in terms of process concentrations of metal ions and 

biosorption kinetic parameters as given in Eq. (5.10) (Bohart & Adams, 1920).  
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where, Co is initial influent concentration of metal ions (mg l
-1

), Cb is breakthrough  

concentration of metal ion (mg l
-1

), F is linear flow rate (cm h
-1

), Z is packed column 

depth (cm), ka is rate constant (L mg
-1

 h
-1

) and No is maximum sorption capacity of bed 

(mg l
-1

). The linear form (y = ax + b) of BDST design model is given in Eq. (5.11).  

 








 1ln

1

b

o

oo

o
b

C

C

kC
Z

FC

N
t     (5.11) 



Chapter 5   Biosorption Dynamics Studies 

  

- 160 - 

The biosorption capacity of the column ‗No‘, which is defined as the time required 

for saturation of a unit length of the biosorbent in biosorption zone. The value of the rate 

constant represents the rate of metal ions transfer from metal solution to biosorbent. The 

values of the constants were determined from slope and intercept of the linear graph 

between the tb and Z as shown in Fig. 5.6.  

The value of the No and k are given below in Table 5.12. These values are for 

cadmium ions influent concentration of 30.78 (mg l
-1

), column internal diameter of 2.4 

(cm) and flow rate of 20 (ml min
-1

). A comparison between the breakthrough time 

determined experimentally and calculated using the BDST model, is presented in Table 

5.12 for the biosorption of cadmium ions. 

Table 5.12: Parameters of BDST model for biosorption of cadmium ions  

(initial concentration of 30.42 mg l
-1

, flow rate 20 ml min
-1

 and column diameter 2.4 cm) 

Ct/Co a b k No R
2
 

- - - (l mg
-1

 h
-1

) (mg l
-1

) - 

0.05 2.80 -43.65 0.0022 22751 0.9952 

0.20 3.16 -39.30 0.0012 25670 0.9998 

0.40 3.37 -35.76 0.0004 27385 0.9999 

 

Fig. 5.6: Linear plot of BDST model for the biosorption of cadmium ions  

(initial concentration of 30.78 mg l
-1

, flow rate 20 ml min
-1

 and column diameter 2.4 cm) 

y = 2.8025x - 43.65 
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A comparison between the breakthrough time as predicted using the BDST model 

with the experimental value is presented in Table 5.13. Where tb represents the 

breakthrough time as determined from the BDST model and texp represented the 

experimental breakthrough time. Both of these values are very close to each other. The 

minimum bed depth (Dmin) for which tb = 0 and is defined as theoretical depth of fixed 

bed column able to prevent the metal ions concentration from exceeding Cb, was 

calculated using the following equitation. These values are also presented in Table 5.13. 
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Table 5.13: Comparison of breakthrough time between experimental and BDST 

calculated, for biosorption of cadmium ions 

Ct/Co 

Column Depth 50 cm Column Depth 35 cm Column Depth 20 cm Dmin 

tb texp tb texp tb texp 

- (h) (h) (h) (h) (h) (h) (cm) 

0.05 96.47 98.16 54.44 51.06 12.40 14.09 15.58 

0.20 118.80 120.35 71.37 68.26 23.94 25.49 12.43 

0.40 132.90 134.28 82.30 79.54 31.70 33.08 10.60 

The constants obtained from BDST model can be used for the scale up of the 

fixed bed column operation for the removal of heavy metal ions. In order to predict the 

performance of the fixed bed column for various initial metal ion concentrations. 

Hutchins proposed the following equations for calculation of new slope and intercept 

(Hutchins, 1973). 
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where a2 is new slope, b2 is new intercept  for new initial metal ions concentration 

Co2. The breakthrough time for the initial cadmium ions concentration of 15.23 and 60.98 

(mg l
-1

) were predicted using the above equations and values are presented in Table 5.14 

and 5.15, respectively. The predicted values are little higher than the experimentally 

determined values for lower concentration of cadmium ions i.e. 15.23 mg l
-1

. There was 

about 10 percent error in the predicted values of breakthrough time for cadmium ions 
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initial concentration of 15.23 mg l
-1

. Whereas, the predicted values are little smaller than 

the experimentally determined values for higher initial concentration of cadmium ions i.e. 

60.98 mg l
-1

 with an error of about 7 percent. 

Table 5.14: Predicated breakthrough time based on the BDST constants for cadmium ions 

for initial concentration of 15.23 mg l
-1

 (Internal diameter 2.4 cm and flow rate 20 ml min
-1

) 

Ct/Co a1 b1 Co1 C02 a 2 b 2 Z tb te 

-   (mg l
-1

) (mg l
-1

)   (cm) (h) (h) 

0.05 2.80 -43.65 30.59 15.23 5.63 -68.72 50 212.72 191.09 

0.20 3.16 -39.30 30.59 15.23 6.35 -61.87 50 255.67 233.68 

0.40 3.37 -35.76 30.59 15.23 6.78 -56.30 50 282.46 263.07 

0.05 2.80 -43.65 30.59 15.23 5.63 -68.72 35 128.29 - 

0.20 3.16 -39.30 30.59 15.23 6.35 -61.87 35 160.41 - 

0.40 3.37 -35.76 30.59 15.23 6.78 -56.30 35 180.83 - 

Table 5.15: Predicated breakthrough time based on the BDST constants for a cadmium 

ions for initial concentration of 60.98 mg l
-1

 (Internal Diameter 2.4 cm and flow rate 20 ml min
-1

) 

Ct/Co a1 b2 Co1 C o2 a 2 b 2 Z tb te 

-   (mg l
-1

) (mg l
-1

)   (cm) (h) (h) 

0.05 2.80 -43.65 30.59 60.98 1.41 -26.46 50 43.83 45.37 

0.20 3.16 -39.30 30.59 60.98 1.59 -23.83 50 55.48 58.63 

0.40 3.37 -35.76 30.59 60.98 1.69 -21.68 50 62.93 68.12 

0.05 2.80 -43.65 30.59 15.23 5.63 -68.72 35 128.29 - 

0.20 3.16 -39.30 30.59 15.23 6.35 -61.87 35 160.41 - 

0.40 3.37 -35.76 30.59 15.23 6.78 -56.30 35 180.83 - 

It is stated that for the design data, under the change in volumetric flow rate, the 

new slope with the intercept will remain unchanged for particular biosorption system and 

slop can be written as (Taty-Costodes et al., 2005). 

 2

1

12
Q

Q
aa 

    (5.15) 

Using the above relation the breakthrough time was predicted for the flow rate of 

10 ml min
-1

 and 5 ml min
-1

 and the values are presented in Table 5.16 and 5.17, 

respectively. The predicted values of breakthrough time are little less than the 

experimentally determined values for flow rate of 10 ml min
-1

 and 5 ml min
-1

. There was 
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about 2 percent error in the predicted values of breakthrough time for flow rate of 10 ml 

min
-1

 and 10 percent error in predicted breakthrough time for flow rate of 5 ml min
-1

.  

Table 5.16: Predicated breakthrough time based on the BDST constants for cadmium ions 

for flow rate of 10 ml min
-1

 (Initial concentration 30.59 mg l
-1

, Internal diameter 2.4 cm) 

Ct/Co a1 b F1 F2 a2 Z tb te 

-   (cm h
-1

) (cm h
-1

)  (cm) (h) (h) 

0.05 2.80 -43.65 265.39 132.70 5.60 50 236.59 240.02 

0.20 3.16 -39.30 265.39 132.70 6.32 50 276.89 280.07 

0.40 3.37 -35.76 265.39 132.70 6.75 50 301.55 308.11 

0.05 2.80 -43.65 265.39 132.70 5.60 35 152.52   

0.20 3.16 -39.30 265.39 132.70 6.32 35 182.03   

0.40 3.37 -35.76 265.39 132.70 6.75 35 200.35   

Table 5.17: Predicated breakthrough time based on the BDST constants for cadmium ions 

for flow rate of 5 ml min
-1

 (Initial concentration 30.59 mg l
-1

, Internal diameter 2.4 cm) 

Ct/Co a1 b F1 F2 a2 Z tb te 

-   (cm h
-1

) (cm h
-1

)  (cm) (h) (h) 

0.05 2.80 -43.65 265.39 66.34 11.21 50 516.91 534.58 

0.20 3.16 -39.30 265.39 66.34 12.65 50 593.17 645.10 

0.40 3.37 -35.76 265.39 66.34 13.49 50 638.95 721.88 

0.05 2.80 -43.65 265.39 66.34 11.21 35 348.74   

0.20 3.16 -39.30 265.39 66.34 12.65 35 403.43   

0.40 3.37 -35.76 265.39 66.34 13.49 35 436.54   

5.6 APPLICATION OF ARTIFICIAL NEURAL NETWORK 

The MATLAB Neural Network Toolbox ―nntraintool‖ was used for Artificial 

Neural Network (ANN) modelling of effluent concentration of the metal ions, 

breakthrough curves and Thomas & Dose Response Model for dynamic studies using 

fixed bed column.  

5.6.1 Modeling of Effluent Concentration of Cadmium Ions 

A two layer ANN model was developed for the modeling of the effluent 

concentration of fixed bed column for the biosorption of cadmium ions using IBSB. The 
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input layer consists of six neuron which include the time, influent concentration of metal 

ions, bed depth of column, flow rate, column internal diameter and the mass of the 

biosorbent filled inside the column. Output layer was consisting of one neuron 

corresponding to the effluent concentration of the cadmium ions.  

A feed forward backpropagation algorithm network was used. For the input layer 

log sigmoid ‗logsig‘ and for hidden layer linear function ‗purelin‘ were used as transfer 

function. Levenberg Marquardt optimization function ‗trainlm‘ was used for the training 

of the Artificial Neural Network (ANN). Two hundred and ninety one (291) experimental 

data points from nine different sets were used for training, validation and testing of ANN 

model. ANN model used 70% data for training, 15% for validation and 15% for testing 

using interleaved data division function (divideint) in MATLAB.  

The optimum number of neuron in hidden layer was determined using the Mean 

Square Error (MSE) function to measure the performance of network by varying the 

number of neuron from 1 to 21. The relation between the MSE and number of neuron in 

hidden layer (N) is presented in Fig. 5.7. The optimum numbers of neuron corresponding 

to the minimum value of MSE, were found to be 12.  

 

Fig. 5.7: MSE values as a functions of neurons in hidden layer for modelling of effluent 

concentration of cadmium ions 
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The comparison between the outputs obtained from the artificial neural network 

modelling with the experimental data is presented in Appendix-C. The value of 

determination coefficient between experimental data and model result was found 0.9996 

as shown in Fig. 5.8. The high value of the determination coefficient showed good 

reliability of the ANN model. Also due to large number of experimental data sets, which 

were used for the modelling, the value of mean square error was small enough 0.2289. 

 

Fig. 5.8: Output of neural network (CANN) versus actual values Cexp) of effluent 

concentration of cadmium ions 

5.6.2 Modeling of Breakthrough Curves 

A feed forward backpropagation algorithm network with similar training and 

transfer function as stated in Section 5.6.1 was used for the modelling of the breakthrough 
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concentration of metal ions, bed depth of column, flow rate, column internal diameter and 

the mass of the biosorbent filled inside the column. Output layer was consisting of seven 

neuron corresponding to the breakthrough time for the effluent concentration of 1%, 2%, 
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t1, t2, t5, t20, t50, t80 and t93 respectively. The optimum numbers of neuron in hidden layer 

were determined to be 4 as shown in Fig. 5.9. Nine (9) experimental data sets were used 

for training, validation and testing of ANN model. ANN model used 70% data for 

training, 15% for validation and 15% for testing using interleaved data division function 

(divideint) in MATLAB.  

 

 

Fig. 5.9: MSE values as a functions of number of neurons in hidden layer for modelling of 

breakthrough curves of cadmium ions 

The comparison between the outputs obtained from the artificial neural network 

modelling with the experimental data is presented in Appendix-D. The value of 

determination coefficient between experimental data and model result was found 0.9985 
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Fig. 5.10: Output of neural network (tANN) versus actual values (texp) of breakthrough time 

for cadmium ions biosorption 

5.6.3 Modeling Using Thomas and Dose Response Model Parameters  

ANN was used for the modelling of the column model‘s characteristics 

parameters. All the column models contain two characteristics parameters. Their ANN 

modelling results will be similar. However, only two models i.e. Thomas model and Dose 

Response model were selected for ANN modelling, due the reasons stated before. In case 

of Thomas model the values of rate constant i.e. kTH were much smaller than unity. 

Therefore to measure the network performance based on Mean Square Error (MSE) 

during the training process of ANN is difficult. This difficulty was overcome by scaling 

up the values of kTH upto 1000x for training purposes. Similar is the case with other 

column models except Dose Response model. In Dose Response model values of the both 

of the constants were greater than unity and it was easier to measure the performance of 

ANN model. A feed forward backpropagation algorithm network as described in Section 

5.6.1 was used for the modelling of the breakthrough curves using the Thomas and Dose 

Response model parameters as output. The input layer consists of five neurons which 

include the influent concentration of metal ions, bed depth of column, flow rate, column 
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Dose Response model constants i.e. a & qo. The optimum numbers of neuron in hidden 

layer were determined to be 6 and 8 for Thomas and Dose Response models respectively 

as shown in Fig. 5.11 and 5.12. Nine (9) experimental data sets were used for training, 

validation and testing of ANN model. ANN model used 70% data for training, 15% for 

validation and 15% for testing using interleaved data division function (divideint) in 

MATLAB 

 

Fig. 5.11: MSE values as a functions of number of neurons in hidden layer for modelling 

of Thomas model 

 

Fig. 5.12: MSE values as a functions of number of neurons in hidden layer for modelling 

of Dose Response model 
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The comparison between the outputs obtained from the artificial neural network 

modelling with the experimental data is presented in Appendix-E. The value of 

determination coefficient between experimental data and ANN model result for the 

Thomas model was found to be 0.9989 as shown in Fig. 5.13. While for the Dose 

Response model the value of determination coefficient was 0.9995. The high values of 

the determination coefficient showed good reliability of the ANN model for predicting 

Thomas and Dose Response model constants. 

 

Fig. 5.13: Output of neural network (ANN) versus actual values (EXP) of constants for 

Thomas model 
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Fig. 5.14: Output of neural network (ANN) versus actual values (Exp) of constants for 

Dose Response model 

5.7 DESORPTION STUDIES  

Desorption experiments were carried out using the HCl as desorbing agent for set No. 1. 

For the cadmium ions the fixed bed column regeneration was studied in three biosorption 

and desorption cycles. The breakthrough curves for the biosorption of the cadmium ions 

are presented in Fig 5.15 for the three continuous cycles. The total 216 liters of the 

cadmium ions solution with influent concentration of 30.48 mg l
-1

, column flow rate of 20 

ml min
-1

, column bed depth of 50 cm and column internal diameter of 2.4 cm was treated 

in each cycle. For the regeneration of the column 0.1 M HCl solution was used. About 

97% of the absorbed cadmium ions were removed by 3 liters volume of the desorbing 

agent as shown in Fig. 5.16. Whereas, the overall removal efficiency was about 98 %. In 

this graph VHCl represents the volume of 0.1 M HCl used as desorbing agent and Cmetal 

represents the concentration of the metal ions (mg l
-1

) in regenerated effluent. During the 

cyclic process the biosorption capacity of the biosorbent showed negligible decrease. This 

showed that IBSB can be used in a continuous fixed bed column for the removal of 

cadmium ions. 
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Fig. 5.15: Breakthrough curves for biosorption of cadmium ions in cyclic process on 

IBSB 

 

 

Fig. 5.16: Elution curves for desorption of cadmium ions in cyclic process 
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For the nickel ions the fixed bed column regeneration was studied in three 

biosorption and desorption cycles, using ICTB. The breakthrough curves for the 

biosorption of the nickel ions are presented in Fig 5.17 for the three continuous cycles.  

 

Fig. 5.17: Breakthrough curves for biosorption of nickel ions in cyclic process on ICTB 

 

Fig. 5.18: Elution curves for desorption of nickel ions in cyclic process on ICTB 
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The total 127 liters of the nickel ions solution with influent concentration of 30.16 

mg l
-1

, column flow rate of 20 ml min
-1

, column bed depth of 50 cm and column internal 

diameter of 2.4 cm was treated in each cycle. For the regeneration of the column 0.1 M 

HCl solution was used. About 97% of the absorbed nickel ions were removed by 2 liters 

volume of the desorbing agent as shown in Fig. 5.18. Whereas, the overall removal 

efficiency was about 98 %. This showed that ICTB can be used in a continuous fixed bed 

column for the removal of nickel ions. 

For the zinc ions the fixed bed column regeneration was studied in three 

biosorption and desorption cycles. The breakthrough curves for the biosorption of the 

zinc ions are presented in Fig 5.19 for the three continuous cycles. The total 125 liters of 

the zinc ions solution with influent concentration of 30.44 mg l
-1

, column flow rate of 20 

ml min
-1

, column bed depth of 50 cm and column internal diameter of 2.4 cm was treated 

in each cycle. For the regeneration of the column 0.1 M HCl solution was used. About 

97% of the absorbed zinc ions were removed by 2 liters volume of the desorbing agent as 

shown in Fig. 5.20. Whereas, the overall removal efficiency was about 98 %. This 

showed that ICTB can be used in a continuous fixed bed column for the removal of zinc 

ions. 

 

Fig. 5.19: Breakthrough curves for biosorption of zinc ions in cyclic process on ICUB 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120 140

C
t/
C

o
 

V (liters) 

Cycle-1

Cycle-2

Cycle-3



Chapter 5   Biosorption Dynamics Studies 

  

- 174 - 

 

Fig. 5.20: Elution curves for desorption of zinc ions in cyclic process 
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removal of lead ions. 
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Fig. 5.21: Elution curves for desorption of lead ions using 0.1 M HCl 
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Fig. 5.22: Breakthrough curves for combine biosorption of cadmium, nickel and zinc ions 

on ICUB 

The saturated column was regenerated using the 0.1 M HCl as desorbing agent. 

The results are presented in Fig. 5.23 which showed that 94 % of cadmium, 97% of nickel 

and 94 % of zinc ions were desorbed just with 1.6 liter volume of HCl solution. In Fig. 

5.23 the VHCl represents the volume of the 0.1 M HCl used for the desorption process and 

Cmetal represents the concentration of the metal ions in the desorbing solution of HCl at 

outlet. Total desorption efficiency of 0.1 M HCl solution was found about 99 % for 

solution total volume of 4 liters. 

The combine biosorption process for cadmium, nickel and zinc ions using the 
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bed height of 50 cm. The flow rate was 20 ml min
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Fig. 5.23: Elution curves for combine desorption of cadmium, nickel and zinc ions on 

ICTB using 0.1 M HCl as desorbing agent 

 

Fig. 5.24: Breakthrough curves for combine biosorption of cadmium, nickel and zinc ions 

on IBSB 
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multiple ions biosorption process the metal ions with higher value of the maximum 

biosorption capacity adsorbed more effectively. 

The saturated column was regenerated using the 0.1 M HCl as desorbing agent. 

The results are presented in Fig. 5.25 which showed that 93 % of cadmium, 95% of nickel 

and 92 % of zinc ions were desorbed just with 2 liters volume of HCl solution. Total 

desorption efficiency of 0.1 M HCl was found about 99 % for solution total volume of 5 

liters. 

 
Fig. 5.25: Elution curves for combine desorption of cadmium, nickel and zinc ions 

on IBSB using 0.1 M HCl as desorbing agent 
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2. An initial concentration of 30 mg/L of heavy metal was assumed in the 

wastewater. 

3. Volume of wastewater treated per Kg of IB, in one pass, was calculated using 

uptake capacity of the IB. This complete one biosorption cycle. 

4. After treating above volume of wastewater, IB will be regenerated using 

desorbing agent (0.1 M HCl) and again used for the next cycle. Cost of 

desorption was calculated. 

5. Fresh IB will be used for 15 cycles (sorption-desorption) before being 

discarded and replaced with fresh IB. 

6. Trained personnel will handle packed column, regeneration of IB, replacement 

of IB after 15 cycles. Their labour cost in also included. 

The cost involved for the above arrangement is shown in Table 15.8. Back up 

calculations for this table are added as Appendix-F. Hence, the total estimated cost 

involved comes out to be $ 1.41, 1.92, 1.97 and 2.10 (per m
3
 of wastewater treated) for 

the removal of lead, cadmium, nickel and zinc ions with influent concentration of 30 mg 

L
-1

, respectively. 

Table 5.18: Treatment cost per m
3
 of wastewater using IB in pack bed column 

Biosorbent C1 - IBSB IBSB ICTB ICUB 

Metal C2 - Pb Cd Ni Zn 

Uptake Capacity C3 mg g
-1

 230 75 49 42 

Initial metal 

concentration 
C4 mg L

-1
 30 30 30 30 

Treated Volume for 

Each Cycle 
C5 m3 kg

-1
 7.7 2.5 1.6 1.4 

Treated volume in 15 

cycles 
C6 m3 kg

-1
 115 37.5 24.5 21.0 

Cost of IB C7 US $ m
-3

 0.23 0.69 0.72 0.84 

IB Regeneration  Cost C8 US $ m
-3

 0.02 0.05 0.08 0.20 

Operational Cost of 

packed bed column 
C9 US $ m

-3
 1.17 1.17 1.17 1.17 

Total cost/m
3
 C7+C8+C9 US $ m

-3
 1.41 1.92 1.97 2.10 

The other most competitive technology that may be employed for heavy metal 

removal from wastewater is ion exchange process. In it, synthetic resins are used that cost 

$ 50-70 per kg (Volesky, 2003). While the cost of IBSB, ICTB and ICUB is $ 25.96, 
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17.62 and 17.62 per Kg (see Appendix-F for details). Another advantage of IBs as 

compared to ion exchange is that these can be used for the removal of multiple metal 

ions. Resin in ion exchange can be used for single metal. For each metal, a separate resin 

is used.  

Ion exchange resign are costly as compared with the IBs. However, in ions 

exchange process other aspect of the operational costs and procedures are almost same 

with the biosorption process. A cost comparison of IB and ion exchange is given in Fig. 

5.26. It can be seen that treatment cost using IB is 100-200% less when compared with 

ion exchange. The difference in the cost for the ion exchange process is more dominant 

for the metal with lesser molecular weight. The detailed cost analysis for ion exchange 

process is also presented in Appendix – F. 

 

 

Fig. 5.26: Cost comparison for wastewater treatment (per m
3
) using ion exchange and 

IBs.  
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6 CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 Conclusions drawn and some recommendation from the present study are 

presented in the following sections. 

6.1 CONCLUSIONS 

The following conclusion can be drawn on the basis of present research study: 

1. It can be concluded that the pH of the metal bearing solution strongly effect the 

biosorption capacity of the biosorbent. It was observed that the optimum pH value 

for the Candida sp. (ICLB, ICTB and ICUB) was 5.17, 4.85, 6.62 and 5.17 for the 

biosorption of cadmium, lead, nickel and zinc ions, respectively. The optimum pH 

value for the Bacillus sp. (IBCB, IBLB and IBSB) was found to be 5.18-5.92, 

4.85-5.78, 6.04 and 6.35 for the biosorption of cadmium, lead, nickel and zinc 

ions, respectively. 

2. The optimum biosorbent dosage was found to be 1 g l
-1

 for all the biosorbents and 

the metal ions investigated in this study. The equilibrium time was 3, 2, 3 and 4 

hours for the biosorption of cadmium, lead, nickel and zinc ions from aqueous 

solution, respectively. 

3. Biosorption capacity increased with rise in temperature. There was about 20 

percent increase in the biosorption capacity for cadmium using IBSB, nickel using 

ICTB and zinc using ICUB while for lead onto IBSB there was about 10 percent 

increase when temperature rose from 25 
o
C to 45 

o
C. 

4. ANOVA analysis shows that the Temperature is the least significant parameter in 

batch biosorption process. Whereas the most significant factor was the initial 

concentration of the metal ions with P-value of 1.1E-11 and F value of 163.9331. 

The order of the significant of the other parameters was Time > Biosorbent Dose 

> pH > Temperature. 

5. The equilibrium data followed the Langmuir isotherm and Redlich–Peterson 

isotherm models. 

6. The maximum biosorption capacity was determined using the Langmuir isotherm 

model. The experimental conditions were 25 
o
C, equilibrium time and optimum 

values of pH and biosorbent dosage. The maximum biosorption capacity for 

IBSB, IBLB, ICUB and ICTB was found to be 225.56, 188.82, 157.59 and 139.81 
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mg g
-1

 for the removal of cadmium ions, respectively. The maximum biosorption 

capacity for IBSB, ICUB and ICTB was 663.41, 464.15 and 490.29 mg g
-1

 for the 

removal of lead ions, respectively. The maximum biosorption capacity for IBSB, 

IBLB, IBCB, ICUB, ICTB and ICLB were 90.08, 69.86, 79.88, 153.27, 160.49 

and 97.35 mg g
-1

 for the removal of nickel ions, respectively. The maximum 

biosorption capacity for IBSB, ICUB, ICTB and ICLB was 109.86, 149.70, 

119.88 and 85.10 mg g
-1

 for the removal of zinc ions, respectively. 

7. The nF value of the Freundlich constant ranging from 1.84 to 3.03 showed that the 

biosorption process is favourable and there is strong interaction between the metal 

ions and biosorbents. 

8. All the values of  as determined from the Redlich–Peterson isotherm model were 

found between 0 and 1 which shows that the biosorption is favourable under 

experimental conditions. Further values of  are close to unity which show that 

the isotherm is approaching the Langmuir form. 

9. The value of the biosorption energy as determined from the Dubinin–

Radushkevich isotherm model is ranging from 8.89 to 13.49 kJ mol
-1

 which 

showed that the biosorption process follows chemical ion-exchange process. 

10. The kinetics data for cadmium, lead, nickel and zinc ions followed the second 

order kinetic model which revealed chemisorption as rate limiting step. 

11. Thermodynamic analysis of the batch experimental data for cadmium, lead, nickel 

and zinc ions revealed that the biosorption process is endothermic, feasible and 

spontaneous in nature.  

12. It can be concluded from the batch experimental studies that IBSB is the most 

efficient biosorbent for the removal of cadmium ions with optimum pH value of 

5.18-5.92 and equilibrium time of 3 h. IBSB was found to be more efficient 

biosorbent for the removal of cadmium and lead ions. IBSB can be used as an 

efficient biosorbent for the removal of lead ions at optimum pH value of 4.85-5.78 

and equilibrium time of 2 h. ICTB can be used as an efficient biosorbent for the 

removal of nickel ions at optimum pH value of 6.62 and equilibrium time of 3 h. 

ICUB can be used as an efficient biosorbent for the removal of zinc ions at 

optimum pH value of 5.17 and equilibrium time of 4 h. 

13. The saturated biosorbents were successfully regenerated using the HCl as 

desorbing agent. The regeneration of the biosorbent eliminates the production of 
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toxic secondary sludge. This shows that the biosorbents have the potential for 

commercial use for removal of toxic heavy metals in continuous process. 

14. The FTIR analysis revealed that the functional groups i.e. hydroxyl group, 

carboxyl group, amines, amides, primary and secondary alcohol are involved in 

the biosorption process. 

15. The results of the dynamics studies showed that the treatment efficiency increased 

with the increase of bed depth and decrease in flow rate. The Adam Bohart model, 

Clark model, Yoon-Nelson model, Thomas model, Belter model and BDST model 

fitted well to the experimental data. The constants for these models were obtained 

using the MATLAB tool for nonlinear regression. Thomas model and Dose 

Response model provide the maximum uptake capacity of the fixed bed column. 

Whereas Yoon-Nelson model, Clark model and Belter model predict the 50 %, 5 

% and 50 % breakthrough time respectively. BDST model adequately predicted 

the breakthrough time under varying conditions of initial concentration of 

cadmium ions, flow rate and bed depth of the column. 

16. Breakthrough time was taken as time at which effluent metal ions concentration 

reaches 5% of influent metal ions concentration. Column with internal diameter of 

2.4 cm and bed depth of 20, 35 and 50 cm, flow rate of 20 ml min
-1

 could treat 

significant volume of metal bearing solutions at breakthrough time: 

a.  16.9, 61.3 and 117.8 liters of cadmium ions solution with initial 

concentration of 30.75 mg l
-1

 respectively. 

b. 188.7, 86.9 and 20.3 liters of lead ions solution with initial concentration of 

30.78 mg l
-1

 respectively. 

c. 62.1, 26.2 and 7.1 liters of nickel ions solution with initial concentration of 

30.01 mg l
-1

 respectively. 

d. 44.3, 27.6 and 14.4 liters of zinc ions solution with initial concentration of 

30.21 mg l
-1

 respectively. 

17. The maximum uptake capacity (mg g
-1

) as determined from Thomas model for the 

fixed bed column with internal diameter 2.4 cm and bed depth of 50 cm for 

continuous flow of 20 ml min
-1

 was 75.21, 49.20, 230.82 and 42.88 for the 

biosorption of cadmium, lead, nickel and zinc ions, respectively, with approximate 

initial concentration of 30.44 mg l
-1

.  

18. The saturated column can be regenrated successfully using the HCl as desorbing 

agent. The results of the regenration of metal loaded column for three cycles show 
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that the immobilzed biosorbents application for the removal of cadmium, lead, 

nickel and zinc ions is practicable. 

19. ANN model predicted very well the equilbrium biosorption capacity for the batch  

process and breakthrough curves for the continous process for the removal of 

cadmium ions from aqeous solution. ANN model can be used for the design and 

automation of treatment plant for the removal of heavy metals. 

20. This research work established that the immobilized biosorbents prepared from 

Bacillus sp. and Candida sp. can be effectively used for the removal of heavy 

metals from the industrial wastewater. The optimum operating parameter as 

determined from this study can be used for the design of field application of the 

biosorption process. 

21. Cost of heavy metal removal using IBs is 2 to 3 times less than the most 

commonly used method i.e. Ion Exchange, which is a major finding of this study. 

6.2 RECOMMENDATIONS FOR FUTURE STUDY 

Based on the present research, following areas are identified for further investigation. 

1. Pilot scale study may be conducting using the industrial effluent. The industrial 

effluents containing the heavy metals ions include ghee industry, electroplating 

industry, battery manufacturing industry, galvanizing and metal processing 

industry, dying and finishing unit of textile industry. 

2. Optimum value of the pH required to be investigated in detail for the treatment of 

the multiple metal ions from the aqueous solution. 

3. The concentrated metal ions solution was obtained from desorption of the metal 

loaded biosorbents using HCl as desorbing agent. A further study can be 

conducted to investigate the recovery of the metal ions from the concentrated 

solution using the electrolysis or precipitation process. 

4. The effect of the size of the biosorbent on the biosorption capacity needs further 

research. 

5. Further physical and chemical characterization of the biosorbents is required using 

the Thermogravimetry-Differential Scanning Calorimetry (TG-DSC), X-ray 

Diffraction (XRD), and the point of zero charge (pH pzc ) analysis. 

6. Mechanisms of the biosorption process using the potentiometric titration methods 

need to be evaluated. 
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Appendix-A 

ANOVA Results for Batch Biosorption of Cadmium Ions 

ANOVA analysis was carried out for the batch biosorption process of cadmium ions 

using IBSB as biosorbents. Details of data used and ANOVA results are given below: 

(I) Effect of Temperature on Biosorption Capacity: 

 

 

Biosorption Capacity (mg g
-1

)  

Temperature (
o
C) 25 35 45 

In
it

ia
l 

m
et

al
 i

o
n
s 

co
n
ce

n
tr

at
io

n
  

(m
g
 l

-1
) 

25.38 20.06 23.15 23.90 

75.18 54.14 65.53 68.84 

150.56 98.32 124.56 134.22 

300.16 156.35 197.93 221.04 

 

Parameters SUMMARY Count Sum Average Variance 

Initial metal ions 

concentration (mg l
-1

) 

25.38 3 67.11 22.37 4.1427 

75.18 3 188.51 62.83667 59.46303 

150.56 3 357.1 119.0333 345.1105 

300.16 3 575.32 191.7733 1074.627 

Temperature (
o
C) 

25 4 328.87 82.2175 3468.94 

35 4 411.17 102.7925 5752.13 

45 4 448 112 7335.949 

 

Source of Variation SS df MS F P-value F crit 

Rows 48564.51 3 16188.17 87.77675 2.4E-05 4.757063 

Columns 1860.141 2 930.0707 5.043101 0.051891 5.143253 

Error 1106.546 6 184.4243 

   Total 51531.2 11 
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(II) Effect of Biosorbent Dose on Biosorption Capacity: 

 

 

Biosorption Capacity (mg g
-1

)  

Biosorbent Dose (g l
-1

) 0.5 1.0 2.0 3.0 4.0 

In
it

ia
l 

m
et

al
 i

o
n
s 

co
n
ce

n
tr

at
io

n
  

(m
g
 l

-1
) 

25.38 19.48 23.65 11.32 7.18 5.45 

75.18 50.66 55.07 29.26 20.22 15.85 

150.56 88.61 98.45 53.62 38.42 30.50 

300.16 138.26 157.81 92.48 65.99 53.44 

 

Parameters 

 

Count Sum Average Variance 

Initial metal ions 

concentration (mg l
-1

) 

25.38 5 67.08 13.416 62.06123 

75.18 5 171.0536 34.21071 315.8584 

150.56 5 309.5817 61.91633 913.8601 

300.16 5 507.9825 101.5965 2043.478 

Biosorbent Dose (g l
-1

) 

0.5 4 297.0094 74.25235 2619.793 

1 4 334.98 83.745 3378.509 

2 4 186.67 46.6675 1233.231 

3 4 131.8033 32.95083 649.2522 

4 4 105.235 26.30875 432.7634 

 

Source of Variation SS df MS F P-value F crit 

Rows 21804.33 3 7268.11 27.80884 1.1E-05 3.490295 

Columns 10204.71 4 2551.179 9.761179 0.000944 3.259167 

Error 3136.316 12 261.3597 

   Total 35145.36 19     
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(III) Effect of pH on Biosorption Capacity: 

 

 

Biosorption Capacity (mg g
-1

)   

pH 3.04 4.12 5.18 5.92 6.45 7.15 

In
it

ia
l 

m
et

al
 i

o
n
s 

co
n
ce

n
tr

at
io

n
  

(m
g
 l

-1
) 

25.38 12.34 20.22 23.38 23.87 20.04 15.43 

75.18 18.29 50.65 55.09 54.89 52.31 43.89 

150.56 21.45 91.23 98.67 99.03 90.23 73.45 

300.16 29.11 149.22 160.55 161.06 151.61 126.74 

 

Parameters 

 

Count Sum Average Variance 

Initial metal ions 

concentration (mg l
-1

) 

25.38 6 115.28 19.21333 20.45975 

75.18 6 275.12 45.85333 199.0532 

150.56 6 474.06 79.01 881.32 

300.16 6 778.29 129.715 2584.672 

pH 

3.04 4 81.19 20.2975 48.78009 

4.12 4 311.32 77.83 3111.252 

5.18 4 337.69 84.4225 3528.323 

5.92 4 338.85 84.7125 3541.708 

6.45 4 314.19 78.5475 3195.381 

7.15 4 259.51 64.8775 2261.996 

 

Source of Variation SS df MS F P-value F crit 

Rows 40798.63 3 13599.54 32.5676 8.22E-07 3.287382 

Columns 12163.84 5 2432.768 5.825886 0.003486 2.901295 

Error 6263.685 15 417.579    

Total 59226.16 23     
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(IV) Effect of Time on Biosorption Capacity: 

 

 

Biosorption Capacity (mg g
-1

)   

Time (h) 0.25 0.5 1 2 3 4 

In
it

ia
l 

m
et

al
 i

o
n
s 

co
n
ce

n
tr

at
io

n
  

(m
g
 l

-1
) 

25.38 9.67 13.11 16.42 17.78 20.29 20.65 

75.18 33.62 41.18 46.74 50.40 54.12 55.93 

150.56 53.95 70.71 83.66 93.10 97.86 103.75 

300.16 93.42 118.00 136.37 147.69 155.87 162.04 

 

Parameters 

 

Count Sum Average Variance 

Initial metal ions 

concentration (mg l
-1

) 

25.38 6 97.92 16.32 18.2356 

75.18 6 281.99 46.99833 70.99274 

150.56 6 503.03 83.83833 348.9115 

300.16 6 813.39 135.565 669.1225 

Time (h) 

0.25 4 190.66 47.665 1257.968 

0.5 4 243 60.75 2009.773 

1 4 283.19 70.7975 2666.957 

2 4 308.97 77.2425 3156.873 

3 4 328.14 82.035 3431.243 

4 4 342.37 85.5925 3757.102 

 

Source of Variation SS df MS F P-value F crit 

Rows 47394.22 3 15798.07 163.9331 1.1E-11 3.287382 

Columns 4090.776 5 818.1552 8.489814 0.000555 2.901295 

Error 1445.536 15 96.36904    

Total 52930.53 23     
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Appendix-B 

ANN Simulation Results of Batch Biosorption Process for Cadmium Ions 

For the ANN modeling for batch biosorption process the following five parameter were 

used as input: 

Temp = Temperature for batch biosorptionprocess (
o
C) 

Time = Contact time for batch biosorption process (h) 

pH = Initial pH of the cadmium ions bearing solution  

m = biosorbents dose (g l
-1

) 

Ci = initial concentration of cadmium ions (mg l
-1

) 

Output parameter was the biosorption capacity as determined from batch experiment 

(qexp, mg g
-1

). In this process qANN represent the ANN model predicted value for the 

biosrotpion capacity. Comparison between experimental calculated biosorption capacity 

and ANN model predicted values for the batch biosorption process of cadmium ions 

using IBSB as biosorbents is presented below: 

Temp Time pH m Ci qexp qANN 
o
C h   g l

-1
 mg l

-1
 mg g

-1
 mg g

-1
 

25 0.25 5.17 1 25.63 9.67 9.58 

25 0.50 5.17 1 25.63 13.11 20.52 

25 1.00 5.17 1 25.63 16.42 23.91 

25 2.00 5.17 1 25.63 17.78 17.49 

25 3.00 5.17 1 25.63 20.29 21.25 

25 4.00 5.17 1 25.63 20.65 20.56 

25 0.25 5.17 1 75.16 33.62 30.32 

25 0.50 5.17 1 75.16 41.18 41.28 

25 1.00 5.17 1 75.16 46.74 48.53 

25 2.00 5.17 1 75.16 50.40 50.65 

25 3.00 5.17 1 75.16 54.12 54.01 

25 4.00 5.17 1 75.16 55.93 51.23 

25 0.25 5.17 1 150.29 53.95 54.01 

25 0.50 5.17 1 150.29 70.71 67.93 

25 1.00 5.17 1 150.29 83.66 83.49 

25 2.00 5.17 1 150.29 93.10 93.11 

25 3.00 5.17 1 150.29 97.86 98.72 

25 4.00 5.17 1 150.29 103.75 89.74 

25 0.25 5.17 1 300.76 93.42 93.40 
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Temp Time pH m Ci qexp qANN 
o
C h   g l

-1
 mg l

-1
 mg g

-1
 mg g

-1
 

25 0.50 5.17 1 300.76 118.00 106.46 

25 1.00 5.17 1 300.76 136.37 136.35 

25 2.00 5.17 1 300.76 147.69 147.79 

25 3.00 5.17 1 300.76 155.87 155.70 

25 4.00 5.17 1 300.76 162.04 162.04 

25 3.0 5.17 1 25.38 20.06 21.08 

25 3.0 5.17 1 50.26 37.46 37.49 

25 3.0 5.17 1 75.18 54.14 54.02 

25 3.0 5.17 1 100.54 70.40 70.37 

25 3.0 5.17 1 150.56 98.32 98.85 

25 3.0 5.17 1 200.45 122.00 121.02 

25 3.0 5.17 1 250.68 130.90 139.59 

25 3.0 5.17 1 300.16 156.35 155.54 

25 3.0 5.17 1 351.16 165.89 165.51 

25 3.0 5.17 1 402.40 175.28 173.99 

25 3.0 5.17 1 448.21 181.98 182.05 

25 3.0 5.17 1 496.23 188.00 184.53 

25 3.0 3.04 1 100.34 8.54 8.66 

25 3.0 4.12 1 100.29 66.83 66.70 

25 3.0 5.18 1 100.03 70.55 70.12 

25 3.0 5.92 1 100.85 70.34 82.47 

25 3.0 6.45 1 100.32 68.23 68.21 

25 3.0 7.15 1 100.98 57.68 60.15 

25 3.0 3.04 1 200.13 120.28 120.16 

25 3.0 4.12 1 200.54 127.31 127.38 

25 3.0 5.18 1 200.85 132.33 121.70 

25 3.0 5.92 1 200.09 166.22 166.30 

25 3.0 6.45 1 200.27 161.72 167.90 

25 3.0 7.15 1 200.97 157.18 157.17 

25 3.0 3.04 1 300.09 29.11 29.12 

25 3.0 4.12 1 300.54 149.22 149.27 

25 3.0 5.18 1 300.87 160.55 155.78 

25 3.0 5.92 1 300.95 161.06 161.03 

25 3.0 6.45 1 300.06 151.61 150.01 

25 3.0 7.15 1 300.23 126.74 126.73 

25 3.0 5.18 1 75.63 55.07 54.21 

25 3.0 5.18 2 75.63 29.26 26.71 

25 3.0 5.18 3 75.63 20.22 20.09 

25 3.0 5.18 4 75.63 15.85 16.19 

25 3.0 5.18 1 150.43 98.45 99.22 
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Temp Time pH m Ci qexp qANN 
o
C h   g l

-1
 mg l

-1
 mg g

-1
 mg g

-1
 

25 3.0 5.18 2 150.43 53.62 53.71 

25 3.0 5.18 3 150.43 38.42 38.54 

25 3.0 5.18 4 150.43 30.50 39.56 

25 3.0 5.17 1 300.81 154.57 155.71 

25 3.0 5.17 2 300.81 101.10 102.52 

25 3.0 5.17 3 300.81 76.08 76.06 

25 3.0 5.17 4 300.81 62.38 62.42 

35 3.0 5.17 1 25.38 23.15 25.12 

35 3.0 5.17 1 50.26 44.91 45.47 

35 3.0 5.17 1 75.18 65.53 65.80 

35 3.0 5.17 1 100.54 86.63 86.10 

35 3.0 5.17 1 150.56 124.56 123.98 

35 3.0 5.17 1 200.45 155.89 156.81 

35 3.0 5.17 1 250.68 178.81 181.74 

35 3.0 5.17 1 300.16 197.93 197.42 

35 3.0 5.17 1 351.16 209.60 208.54 

35 3.0 5.17 1 402.40 217.17 217.38 

35 3.0 5.17 1 448.21 223.07 223.01 

35 3.0 5.17 1 496.23 227.85 225.00 

45 3.0 5.17 1 25.38 23.90 23.27 

45 3.0 5.17 1 50.26 47.12 46.45 

45 3.0 5.17 1 75.18 68.84 69.58 

45 3.0 5.17 1 100.54 92.38 92.47 

45 3.0 5.17 1 150.56 134.22 134.08 

45 3.0 5.17 1 200.45 170.09 169.68 

45 3.0 5.17 1 250.68 199.36 199.18 

45 3.0 5.17 1 300.16 221.04 221.00 

45 3.0 5.17 1 351.16 234.27 234.40 

45 3.0 5.17 1 402.40 241.64 241.65 

45 3.0 5.17 1 448.21 248.76 247.77 

45 3.0 5.17 1 496.23 251.91 251.89 
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Appendix-C 

ANN Simulation Results for Prediction of Breakthrouogh Curves  

First six columns of the table consist of the input data 

Co  Influent concentration of cadmium ions  

Q  Inflow rate  

Z  Fixed bed column depth  

ID  Column internal diameter 

t  Time  

Ceff,exp Experimental values of effluent concentration of cadmium ions 

Ceff,ANN ANN model predicted values of effluent concentration of cadmium ions 

In the following table the comparison of the experimental determined values of effluent 

cadmium ions concentration is made with the ANN model predicted values in last two 

columns. 

Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.78 20 50 2.4 68.40 5 0.025 -0.0394 

30.78 20 50 2.4 68.40 10 0.0036 -0.0113 

30.78 20 50 2.4 68.40 20 0.0091 0.0546 

30.78 20 50 2.4 68.40 25 0.014 0.0882 

30.78 20 50 2.4 68.40 30 0.011 0.1183 

30.78 20 50 2.4 68.40 40 0.034 0.157 

30.78 20 50 2.4 68.40 45 0.4 0.1635 

30.78 20 50 2.4 68.40 50 0.08 0.1646 

30.78 20 50 2.4 68.40 60 0.17 0.1785 

30.78 20 50 2.4 68.40 65 0.12 0.2113 

30.78 20 50 2.4 68.40 70 0.34 0.2754 

30.78 20 50 2.4 68.40 75 0.28 0.3799 

30.78 20 50 2.4 68.40 80 0.51 0.532 

30.78 20 50 2.4 68.40 90 1.03 1.0072 

30.78 20 50 2.4 68.40 95 1.28 1.3577 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.78 20 50 2.4 68.40 98 1.52 1.6200 

30.78 20 50 2.4 68.40 104 2.25 2.3113 

30.78 20 50 2.4 68.40 110 3.45 3.3242 

30.78 20 50 2.4 68.40 120 5.98 6.0889 

30.78 20 50 2.4 68.40 130 10.96 10.459 

30.78 20 50 2.4 68.40 135 12.54 13.1212 

30.78 20 50 2.4 68.40 140 15.24 15.9175 

30.78 20 50 2.4 68.40 145 18.84 18.6751 

30.78 20 50 2.4 68.40 150 21.34 21.2311 

30.78 20 50 2.4 68.40 155 23.47 23.4565 

30.78 20 50 2.4 68.40 160 25.31 25.2717 

30.78 20 50 2.4 68.40 165 26.56 26.6547 

30.78 20 50 2.4 68.40 170 27.54 27.6412 

30.78 20 50 2.4 68.40 175 28.34 28.3152 

30.78 20 50 2.4 68.40 180 28.58 28.7899 

30.78 20 35 2.4 49.20 5 0.04 0.0247 

30.78 20 35 2.4 49.20 10 0.12 0.0814 

30.78 20 35 2.4 49.20 20 0.24 0.202 

30.78 20 35 2.4 49.20 25 0.15 0.2814 

30.78 20 35 2.4 49.20 30 0.45 0.3871 

30.78 20 35 2.4 49.20 40 0.74 0.7321 

30.78 20 35 2.4 49.20 44 1.09 0.9535 

30.78 20 35 2.4 49.20 48 1.39 1.2572 

30.78 20 35 2.4 49.20 51 1.531 1.5631 

30.78 20 35 2.4 49.20 54 1.96 1.9615 

30.78 20 35 2.4 49.20 60 3.08 3.154 

30.78 20 35 2.4 49.20 65 4.87 4.6969 

30.78 20 35 2.4 49.20 70 6.84 6.8376 

30.78 20 35 2.4 49.20 75 9.46 9.5438 

30.78 20 35 2.4 49.20 80 12.6 12.6495 

30.78 20 35 2.4 49.20 85 16.04 15.9153 

30.78 20 35 2.4 49.20 90 19.1 19.0999 



Appendix-C 

  

- 219 - 

Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.78 20 35 2.4 49.20 95 21.54 21.9977 

30.78 20 35 2.4 49.20 100 24.35 24.4494 

30.78 20 35 2.4 49.20 105 26.24 26.3496 

30.78 20 35 2.4 49.20 110 27.58 27.6519 

30.78 20 35 2.4 49.20 115 28.64 28.3679 

30.78 20 35 2.4 49.20 120 28.42 28.5587 

30.78 20 20 2.4 27.50 3 0.22 0.2450 

30.78 20 20 2.4 27.50 6 0.58 0.4153 

30.78 20 20 2.4 27.50 9 0.85 0.7817 

30.78 20 20 2.4 27.50 12 1.24 1.2490 

30.78 20 20 2.4 27.50 14 1.518 1.6082 

30.78 20 20 2.4 27.50 18 2.45 2.5409 

30.78 20 20 2.4 27.50 21 3.57 3.5797 

30.78 20 20 2.4 27.50 24 5.2 5.0551 

30.78 20 20 2.4 27.50 27 7.12 7.0392 

30.78 20 20 2.4 27.50 30 9.48 9.5034 

30.78 20 20 2.4 27.50 33 12.23 12.3118 

30.78 20 20 2.4 27.50 36 15.21 15.2561 

30.78 20 20 2.4 27.50 38 17.22 17.1855 

30.78 20 20 2.4 27.50 40 19.16 19.0231 

30.78 20 20 2.4 27.50 42 20.48 20.7286 

30.78 20 20 2.4 27.50 44 21.98 22.2767 

30.78 20 20 2.4 27.50 46 23.56 23.6559 

30.78 20 20 2.4 27.50 48 25.04 24.8655 

30.78 20 20 2.4 27.50 50 26.11 25.9128 

30.78 20 20 2.4 27.50 52 26.98 26.8097 

30.78 20 20 2.4 27.50 54 27.33 27.5709 

30.78 20 20 2.4 27.50 56 28.1 28.2117 

30.78 20 20 2.4 27.50 58 28.78 28.7472 

30.45 10 50 2.4 68.40 12 0.004 0.0271 

30.45 10 50 2.4 68.40 24 0.01 0.0192 

30.45 10 50 2.4 68.40 36 0.003 0.0154 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.45 10 50 2.4 68.40 48 0.0045 0.0157 

30.45 10 50 2.4 68.40 60 0.0056 0.0204 

30.45 10 50 2.4 68.40 72 0.023 0.0291 

30.45 10 50 2.4 68.40 84 0.034 0.0416 

30.45 10 50 2.4 68.40 96 0.048 0.0577 

30.45 10 50 2.4 68.40 108 0.09 0.0769 

30.45 10 50 2.4 68.40 120 0.11 0.0993 

30.45 10 50 2.4 68.40 132 0.13 0.1255 

30.45 10 50 2.4 68.40 144 0.18 0.1568 

30.45 10 50 2.4 68.40 156 0.21 0.1964 

30.45 10 50 2.4 68.40 168 0.26 0.2502 

30.45 10 50 2.4 68.40 180 0.31 0.3275 

30.45 10 50 2.4 68.40 192 0.42 0.4406 

30.45 10 50 2.4 68.40 204 0.65 0.601 

30.45 10 50 2.4 68.40 216 0.96 0.8224 

30.45 10 50 2.4 68.40 224 0.78 1.0219 

30.45 10 50 2.4 68.40 232 1.21 1.2934 

30.45 10 50 2.4 68.40 240 1.521 1.6749 

30.45 10 50 2.4 68.40 248 2.19 2.1971 

30.45 10 50 2.4 68.40 256 2.87 2.8709 

30.45 10 50 2.4 68.40 264 3.68 3.7022 

30.45 10 50 2.4 68.40 272 4.78 4.7136 

30.45 10 50 2.4 68.40 280 6.08 5.9404 

30.45 10 50 2.4 68.40 288 7.29 7.407 

30.45 10 50 2.4 68.40 296 9.08 9.1075 

30.45 10 50 2.4 68.40 304 11.06 10.9998 

30.45 10 50 2.4 68.40 312 13.24 13.0177 

30.45 10 50 2.4 68.40 320 14.96 15.0899 

30.45 10 50 2.4 68.40 328 17.03 17.1538 

30.45 10 50 2.4 68.40 336 18.86 19.1602 

30.45 10 50 2.4 68.40 344 20.65 21.0697 

30.45 10 50 2.4 68.40 352 22.97 22.8466 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.45 10 50 2.4 68.40 360 24.77 24.4524 

30.45 10 50 2.4 68.40 368 25.87 25.8422 

30.45 10 50 2.4 68.40 376 26.62 26.9629 

30.45 10 50 2.4 68.40 384 27.34 27.7537 

30.45 10 50 2.4 68.40 392 28.24 28.1475 

30.45 10 50 2.4 68.40 400 28.34 28.0745 

30.04 5 50 2.4 68.40 12 0.008 0.0344 

30.04 5 50 2.4 68.40 24 0.0015 0.0094 

30.04 5 50 2.4 68.40 40 0.003 -0.0107 

30.04 5 50 2.4 68.40 56 0.0076 -0.0174 

30.04 5 50 2.4 68.40 72 0.001 -0.0131 

30.04 5 50 2.4 68.40 88 0.023 -0.0011 

30.04 5 50 2.4 68.40 104 0.006 0.0154 

30.04 5 50 2.4 68.40 120 0.008 0.0333 

30.04 5 50 2.4 68.40 136 0.071 0.0503 

30.04 5 50 2.4 68.40 152 0.075 0.0654 

30.04 5 50 2.4 68.40 168 0.12 0.0786 

30.04 5 50 2.4 68.40 184 0.09 0.0913 

30.04 5 50 2.4 68.40 200 0.014 0.1058 

30.04 5 50 2.4 68.40 224 0.18 0.1361 

30.04 5 50 2.4 68.40 248 0.09 0.1784 

30.04 5 50 2.4 68.40 272 0.14 0.2121 

30.04 5 50 2.4 68.40 296 0.21 0.175 

30.04 5 50 2.4 68.40 320 0.28 0.1438 

30.04 5 50 2.4 68.40 344 0.57 0.5676 

30.04 5 50 2.4 68.40 368 0.45 0.7039 

30.04 5 50 2.4 68.40 392 0.65 0.6544 

30.04 5 50 2.4 68.40 416 0.88 0.8698 

30.04 5 50 2.4 68.40 440 0.98 0.985 

30.04 5 50 2.4 68.40 464 1.04 1.0318 

30.04 5 50 2.4 68.40 488 1.15 1.1343 

30.04 5 50 2.4 68.40 512 1.28 1.3234 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.04 5 50 2.4 68.40 536 1.516 1.5602 

30.04 5 50 2.4 68.40 560 1.87 1.813 

30.04 5 50 2.4 68.40 584 2.15 2.1818 

30.04 5 50 2.4 68.40 608 2.89 2.891 

30.04 5 50 2.4 68.40 632 4.07 4.4391 

30.04 5 50 2.4 68.40 656 7.62 7.6176 

30.04 5 50 2.4 68.40 680 7.65 8.9197 

30.04 5 50 2.4 68.40 704 9.99 10.006 

30.04 5 50 2.4 68.40 728 12.71 12.6707 

30.04 5 50 2.4 68.40 752 15.57 15.6374 

30.04 5 50 2.4 68.40 776 18.45 18.3968 

30.04 5 50 2.4 68.40 800 21.02 20.942 

30.04 5 50 2.4 68.40 824 23.16 23.1807 

30.04 5 50 2.4 68.40 848 25.04 25.0262 

30.04 5 50 2.4 68.40 872 26.38 26.4672 

30.04 5 50 2.4 68.40 896 27.68 27.5483 

30.04 5 50 2.4 68.40 920 28.35 28.3357 

30.04 5 50 2.4 68.40 944 28.84 28.8946 

60.24 20 50 2.4 68.60 3 0.25 0.0402 

60.24 20 50 2.4 68.60 6 0.18 0.1552 

60.24 20 50 2.4 68.60 9 0.15 0.2636 

60.24 20 50 2.4 68.60 12 0.31 0.3651 

60.24 20 50 2.4 68.60 15 0.41 0.4594 

60.24 20 50 2.4 68.60 18 0.53 0.5473 

60.24 20 50 2.4 68.60 21 0.68 0.6304 

60.24 20 50 2.4 68.60 24 0.73 0.7127 

60.24 20 50 2.4 68.60 27 0.86 0.8013 

60.24 20 50 2.4 68.60 30 0.95 0.9088 

60.24 20 50 2.4 68.60 33 1.16 1.0565 

60.24 20 50 2.4 68.60 36 1.32 1.2776 

60.24 20 50 2.4 68.60 39 1.51 1.6231 

60.24 20 50 2.4 68.60 42 2.38 2.1647 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

60.24 20 50 2.4 68.60 45 2.75 2.993 

60.24 20 50 2.4 68.60 48 4.85 4.202 

60.24 20 50 2.4 68.60 50 5.78 5.2537 

60.24 20 50 2.4 68.60 52 6.49 6.5079 

60.24 20 50 2.4 68.60 54 7.89 7.9532 

60.24 20 50 2.4 68.60 56 9.14 9.5716 

60.24 20 50 2.4 68.60 58 11.34 11.3563 

60.24 20 50 2.4 68.60 60 13.58 13.3379 

60.24 20 50 2.4 68.60 62 15.87 15.6062 

60.24 20 50 2.4 68.60 64 18.56 18.3136 

60.24 20 50 2.4 68.60 66 21.74 21.6401 

60.24 20 50 2.4 68.60 68 24.67 25.707 

60.24 20 50 2.4 68.60 70 30.74 30.4563 

60.24 20 50 2.4 68.60 72 36.74 35.5752 

60.24 20 50 2.4 68.60 74 40.67 40.5685 

60.24 20 50 2.4 68.60 76 44.33 44.9657 

60.24 20 50 2.4 68.60 78 48.28 48.5073 

60.24 20 50 2.4 68.60 80 51.28 51.1765 

60.24 20 50 2.4 68.60 84 54.87 54.4989 

60.24 20 50 2.4 68.60 88 56.28 56.2793 

60.24 20 50 2.4 68.60 92 57.28 57.4212 

60.24 20 50 2.4 68.60 96 58.87 58.3344 

15.24 20 50 2.4 68.40 8 0.048 0.0223 

15.24 20 50 2.4 68.40 16 0.095 0.0903 

15.24 20 50 2.4 68.40 24 0.075 0.1265 

15.24 20 50 2.4 68.40 32 0.11 0.1218 

15.24 20 50 2.4 68.40 44 0.082 0.0654 

15.24 20 50 2.4 68.40 52 0.095 0.0474 

15.24 20 50 2.4 68.40 60 0.16 0.0823 

15.24 20 50 2.4 68.40 68 0.19 0.163 

15.24 20 50 2.4 68.40 76 0.21 0.251 

15.24 20 50 2.4 68.40 84 0.25 0.3084 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

15.24 20 50 2.4 68.40 96 0.31 0.3218 

15.24 20 50 2.4 68.40 104 0.35 0.311 

15.24 20 50 2.4 68.40 112 0.3 0.3147 

15.24 20 50 2.4 68.40 120 0.37 0.3478 

15.24 20 50 2.4 68.40 128 0.42 0.4102 

15.24 20 50 2.4 68.40 136 0.49 0.4892 

15.24 20 50 2.4 68.40 144 0.53 0.5652 

15.24 20 50 2.4 68.40 152 0.58 0.6184 

15.24 20 50 2.4 68.40 160 0.63 0.6382 

15.24 20 50 2.4 68.40 168 0.61 0.631 

15.24 20 50 2.4 68.40 176 0.65 0.6232 

15.24 20 50 2.4 68.40 184 0.7 0.656 

15.24 20 50 2.4 68.40 192 0.77 0.7719 

15.24 20 50 2.4 68.40 200 0.85 0.9989 

15.24 20 50 2.4 68.40 208 1.38 1.3429 

15.24 20 50 2.4 68.40 216 1.93 1.7929 

15.24 20 50 2.4 68.40 224 2.42 2.3337 

15.24 20 50 2.4 68.40 232 2.83 2.9584 

15.24 20 50 2.4 68.40 240 3.87 3.6714 

15.24 20 50 2.4 68.40 248 4.43 4.4822 

15.24 20 50 2.4 68.40 256 5.23 5.3929 

15.24 20 50 2.4 68.40 264 6.21 6.3878 

15.24 20 50 2.4 68.40 276 7.23 7.952 

15.24 20 50 2.4 68.40 288 9.67 9.444 

15.24 20 50 2.4 68.40 300 10.77 10.7144 

15.24 20 50 2.4 68.40 312 11.34 11.703 

15.24 20 50 2.4 68.40 324 12.67 12.4333 

15.24 20 50 2.4 68.40 336 13.08 12.973 

15.24 20 50 2.4 68.40 348 13.37 13.398 

30.37 20 50 3 105.30 5 0.03 -0.2217 

30.37 20 50 3 105.30 10 0.009 -0.0379 

30.37 20 50 3 105.30 20 0.078 0.1493 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.37 20 50 3 105.30 25 0.17 0.1599 

30.37 20 50 3 105.30 30 0.097 0.1349 

30.37 20 50 3 105.30 40 0.076 0.0611 

30.37 20 50 3 105.30 45 0.1 0.0469 

30.37 20 50 3 105.30 50 0.22 0.0588 

30.37 20 50 3 105.30 60 0.19 0.1448 

30.37 20 50 3 105.30 65 0.17 0.1994 

30.37 20 50 3 105.30 70 0.24 0.2502 

30.37 20 50 3 105.30 75 0.38 0.2968 

30.37 20 50 3 105.30 80 0.25 0.3484 

30.37 20 50 3 105.30 90 0.47 0.5395 

30.37 20 50 3 105.30 95 0.78 0.7097 

30.37 20 50 3 105.30 98 0.92 0.8349 

30.37 20 50 3 105.30 104 1.08 1.1071 

30.37 20 50 3 105.30 110 1.26 1.3372 

30.37 20 50 3 105.30 120 1.51 1.4707 

30.37 20 50 3 105.30 130 1.89 1.8661 

30.37 20 50 3 105.30 135 2.25 2.6752 

30.37 20 50 3 105.30 140 3.96 3.9614 

30.37 20 50 3 105.30 145 5.24 5.4775 

30.37 20 50 3 105.30 150 7.28 7.1205 

30.37 20 50 3 105.30 155 9.47 9.2004 

30.37 20 50 3 105.30 160 12.87 12.123 

30.37 20 50 3 105.30 165 15.45 15.8359 

30.37 20 50 3 105.30 170 19.75 19.7151 

30.37 20 50 3 105.30 175 23.45 23.0374 

30.37 20 50 3 105.30 180 25.45 25.4401 

30.37 20 50 3 105.30 185 26.7 26.9524 

30.37 20 50 3 105.30 190 27.89 27.7917 

30.37 20 50 3 105.30 195 28.15 28.197 

30.37 20 50 3 105.30 200 27.91 28.3589 

30.37 20 50 3 105.30 205 28.35 28.4101 
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Co Q Z ID m t Ceff,exp Ceff,ANN 

(mg l
-1

)  (ml min
-1

) (cm) (cm) (g) (h) (mg l
-1

) (mg l
-1

) 

30.37 20 50 3 105.30 210 28.56 28.4358 

30.24 20 50 1.5 27.00 5 0.48 0.5163 

30.24 20 50 1.5 27.00 10 0.67 0.6515 

30.24 20 50 1.5 27.00 20 1.2 0.8549 

30.24 20 50 1.5 27.00 25 0.98 0.9168 

30.24 20 50 1.5 27.00 30 1.21 0.9784 

30.24 20 50 1.5 27.00 40 1.47 1.3633 

30.24 20 50 1.5 27.00 45 1.89 1.9238 

30.24 20 50 1.5 27.00 50 2.57 2.9451 

30.24 20 50 1.5 27.00 55 4.78 4.572 

30.24 20 50 1.5 27.00 60 6.9 6.85 

30.24 20 50 1.5 27.00 65 9.97 9.674 

30.24 20 50 1.5 27.00 70 11.58 12.8091 

30.24 20 50 1.5 27.00 75 15.28 15.9786 

30.24 20 50 1.5 27.00 80 19.45 18.9553 

30.24 20 50 1.5 27.00 90 23.87 23.8838 

30.24 20 50 1.5 27.00 98 26.85 26.798 

30.24 20 50 1.5 27.00 104 28.47 28.4906 

30.24 20 50 1.5 27.00 110 28.75 29.8587 
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Appendix-D 

ANN Simulation Results for Thomas Model Parameters 

(I) Experimental conditions for the fixed bed column biosorption of cadmium ions using 

IBSB as biosorbent used as Input Matrix for ANN Model 

Bed Height 

 

Flow Rate 

 

Meta Ions 

Concentration 

Column 

Diameter 

Mass of 

IBSB  

Co Q Z ID m 

(mg l
-1

) (ml min
-1

) (cm) (cm) (g) 

30.78 20 50 2.4 68.4 

30.78 20 35 2.4 49.2 

30.78 20 20 2.4 27.5 

30.45 10 50 2.4 68.4 

30.04 5 50 2.4 68.4 

60.24 20 50 2.4 68.6 

15.24 20 50 2.4 68.4 

30.37 20 50 3 105.3 

30.24 20 50 1.5 27 

(II) Targeted matrix consisting of Thomas model parameters as calculated from the 

experimental data and ANN model predicted Thomas parameter values  

Thomas modal parameter from 

experimental data 

Thomas model parameters from ANN 

Simulation 

qo kTH qo kTH 

mg g
-1

 l h
-1

 mg
-1

 mg g
-1

 l h
-1

 mg
-1

 

75.211 0.0023 75.1427 0.002295 

63.447 0.0028 68.3198 0.002833 

48.9309 0.0041 48.8805 0.004099 

85.6458 0.0011 88.5483 0.001356 

98.4904 0.0005 98.4877 0.00051 

72.8281 0.0023 72.8264 0.0023 

73.775 0.0021 73.1958 0.002085 

56.4836 0.0028 54.8265 0.002837 

99.8628 0.0029 99.8667 0.002899 

(III) ANN model predicted Thomas model parameters for different operating conditions 

Co Q Z ID m qo kTH 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) (mg g
-1

) (l h
-1

 mg
-1

) 

5 20 50 2.4 68.4 73.7057 0.000716 

10 20 50 2.4 68.4 74.1602 0.001722 

20 20 50 2.4 68.4 74.3823 0.002225 
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Co Q Z ID m qo kTH 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) (mg g
-1

) (l h
-1

 mg
-1

) 

25 20 50 2.4 68.4 74.4325 0.00227 

30 20 50 2.4 68.4 74.4689 0.002283 

40 20 50 2.4 68.4 74.4547 0.002284 

50 20 50 2.4 68.4 74.1394 0.00228 

60 20 50 2.4 68.4 72.9209 0.00229 

70 20 50 2.4 68.4 69.1197 0.002345 

80 20 50 2.4 68.4 63.3616 0.002499 

30 3 50 2.4 68.4 113.3023 0.000459 

30 5 50 2.4 68.4 98.5266 0.000503 

30 6 50 2.4 68.4 93.8008 0.000569 

30 9 50 2.4 68.4 86.3389 0.000855 

30 10 50 2.4 68.4 84.8613 0.000965 

30 12 50 2.4 68.4 82.338 0.0012 

30 15 50 2.4 68.4 78.9767 0.001605 

30 18 50 2.4 68.4 76.1711 0.002032 

30 20 50 2.4 68.4 74.4689 0.002283 

30 24 50 2.4 68.4 70.3736 0.002676 

30 21 50 2.4 68.4 73.56 0.002393 

30 24 50 2.4 68.4 70.3736 0.002676 

5 20 50 1.5 27 96.4608 0.002545 

10 20 50 1.5 27 97.2715 0.002617 

20 20 50 1.5 27 98.7737 0.002754 

25 20 50 1.5 27 99.3688 0.002824 

30 20 50 1.5 27 99.8208 0.002896 

40 20 50 1.5 27 100.265 0.003047 

50 20 50 1.5 27 100.197 0.003207 

60 20 50 1.5 27 99.9461 0.003372 

70 20 50 1.5 27 100.0669 0.00355 

80 20 50 1.5 27 101.1391 0.003777 

20 20 50 3 105.3 60.5649 0.000954 

25 20 50 3 105.3 62.0904 0.002238 

30 20 50 3 105.3 62.6446 0.002832 

40 20 50 3 105.3 60.7913 0.003116 

50 20 50 3 105.3 53.6255 0.003336 

60 20 50 3 105.3 38.834 0.003749 

70 20 50 3 105.3 27.1968 0.004178 

80 20 50 3 105.3 26.5718 0.00443 

5 20 35 2.4 47.88 62.31 0.002251 

10 20 35 2.4 47.88 63.39 0.002859 

20 20 35 2.4 47.88 63.8987 0.003094 
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Co Q Z ID m qo kTH 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) (mg g
-1

) (l h
-1

 mg
-1

) 

25 20 35 2.4 47.88 63.7874 0.003125 

30 20 35 2.4 47.88 63.526 0.00315 

40 20 35 2.4 47.88 62.4359 0.003213 

50 20 35 2.4 47.88 59.7905 0.003333 

60 20 35 2.4 47.88 53.0583 0.003596 

70 20 35 2.4 47.88 37.7758 0.004136 

80 20 35 2.4 47.88 20.568 0.004796 

5 20 20 2.4 27.36 54.0407 0.003094 

10 20 20 2.4 27.36 54.3025 0.00358 

20 20 20 2.4 27.36 52.65 0.00386 

25 20 20 2.4 27.36 51.0779 0.003968 

30 20 20 2.4 27.36 49.1708 0.004085 

40 20 20 2.4 27.36 44.5186 0.004352 

50 20 20 2.4 27.36 38.7778 0.00465 

60 20 20 2.4 27.36 31.5864 0.004956 

70 20 20 2.4 27.36 21.9785 0.00526 

80 20 20 2.4 27.36 17.7804 0.005519 

30 20 15 2.4 20.52 41.6026 0.004555 

30 20 20 2.4 27.36 49.1708 0.004085 

30 20 25 2.4 34.2 55.7156 0.003667 

30 20 30 2.4 41.04 60.0995 0.003377 

30 20 35 2.4 47.88 63.526 0.00315 

30 20 40 2.4 54.72 67.2088 0.002911 

30 20 45 2.4 61.56 71.1939 0.002624 

30 20 50 2.4 68.4 74.4689 0.002283 

30 20 20 1.5 10.8 34.2496 0.005074 

30 20 35 1.5 18.9 57.6241 0.004396 

30 20 20 3 42.12 60.2957 0.003209 

30 20 35 3 73.71 60.68 0.003099 

30 20 50 2 46.80 81.5512 0.001795 

30 20 50 3 105.27 62.6509 0.002832 

30 20 50 4 187.14 23.6813 0.001175 
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Appendix-E 

ANN Simulation Results for Dose Response Model Parameters 

(I) Experimental conditions for the fixed bed column biosorption of cadmium ions using 

IBSB as biosorbent used as Input Matrix for ANN Model 

Bed Height 

 

Flow Rate 

 

Meta Ions 

Concentration 

Column 

Diameter 

Mass of 

IBSB  

Co Q Z ID m 

(mg l
-1

) (ml min
-1

) (cm) (cm) (g) 

30.78 20 50 2.4 68.4 

30.78 20 35 2.4 49.2 

30.78 20 20 2.4 27.5 

30.45 10 50 2.4 68.4 

30.04 5 50 2.4 68.4 

60.24 20 50 2.4 68.6 

15.24 20 50 2.4 68.4 

30.37 20 50 3 105.3 

30.24 20 50 1.5 27 

(II) Targeted matrix consisting of Dose Response model parameters as calculated from 

the experimental data and ANN model predicted Dose Response parameter values  

Dose Response model parameter from 

experimental data 

Dose Response model parameters 

from ANN Simulation 

a qo a qo 

- mg g
-1

 - mg g
-1

 

9.95 74.81 9.1685 74.7885 

7.08 62.71 7.6314 62.5825 

4.58 47.7 4.5955 47.7845 

11.08 85.24 9.5087 85.5042 

11.41 98.06 11.1874 97.7756 

9.57 72.44 9.8882 72.4457 

8.57 73.26 9.2283 73.2929 

14.13 56.33 12.2419 58.1557 

6.46 98.54 6.7605 98.2308 

(III) ANN model predicted Thomas model parameters for different operating conditions 

Co Q Z ID m a qo 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) - (mg g
-1

) 

5 20 50 2.4 68.4 9.3379 71.352 

10 20 50 2.4 68.4 9.2818 72.389 

20 20 50 2.4 68.4 9.1916 73.9388 

25 20 50 2.4 68.4 9.1695 74.4358 
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Co Q Z ID m a qo 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) - (mg g
-1

) 

30 20 50 2.4 68.4 9.167 74.7543 

40 20 50 2.4 68.4 9.2309 74.8838 

50 20 50 2.4 68.4 9.4258 74.2759 

60 20 50 2.4 68.4 9.8621 72.5658 

70 20 50 2.4 68.4 10.7798 68.8562 

80 20 50 2.4 68.4 12.4922 61.8629 

30 3 50 2.4 68.4 11.5933 96.9525 

30 5 50 2.4 68.4 11.1826 97.8108 

30 6 50 2.4 68.4 10.8825 97.1103 

30 9 50 2.4 68.4 9.6902 89.3396 

30 10 50 2.4 68.4 9.4371 85.7012 

30 12 50 2.4 68.4 9.247 80.0048 

30 15 50 2.4 68.4 9.208 76.2139 

30 18 50 2.4 68.4 9.178 75.1063 

30 20 50 2.4 68.4 9.167 74.7543 

30 24 50 2.4 68.4 9.1869 74.0144 

30 21 50 2.4 68.4 9.1665 74.593 

30 24 50 2.4 68.4 9.1869 74.0144 

5 20 50 1.5 27 8.0645 84.2781 

10 20 50 1.5 27 7.8433 86.5441 

20 20 50 1.5 27 7.3464 91.7623 

25 20 50 1.5 27 7.069 94.7783 

30 20 50 1.5 27 6.775 98.0667 

40 20 50 1.5 27 6.1619 105.2413 

50 20 50 1.5 27 5.5812 112.4616 

60 20 50 1.5 27 5.117 118.6428 

70 20 50 1.5 27 4.8139 123.1358 

80 20 50 1.5 27 4.6675 125.9575 

5 20 50 3 105.3 9.5936 61.5558 

10 20 50 3 105.3 9.8035 62.7862 

20 20 50 3 105.3 10.5504 62.9973 

25 20 50 3 105.3 11.2206 61.4098 

30 20 50 3 105.3 12.1618 58.4309 

40 20 50 3 105.3 14.5268 49.2547 

50 20 50 3 105.3 16.0775 40.2414 

60 20 50 3 105.3 16.1104 33.9977 

70 20 50 3 105.3 15.2295 30.4613 

80 20 50 3 105.3 14.2251 28.9238 

5 20 35 2.4 47.88 7.7564 53.3645 

10 20 35 2.4 47.88 7.6561 54.2146 



Appendix-E 

  

- 234 - 

Co Q Z ID m a qo 

(cm) (ml min
-1

) (mg l
-1

) (cm) (g) - (mg g
-1

) 

20 20 35 2.4 47.88 7.5728 57.3765 

25 20 35 2.4 47.88 7.5745 59.6867 

30 20 35 2.4 47.88 7.5774 62.2267 

40 20 35 2.4 47.88 7.5221 66.7509 

50 20 35 2.4 47.88 7.372 69.4966 

60 20 35 2.4 47.88 7.172 70.7031 

70 20 35 2.4 47.88 6.987 71.0037 

80 20 35 2.4 47.88 6.8741 70.7871 

5 20 20 2.4 27.36 4.2365 48.9108 

10 20 20 2.4 27.36 4.3235 48.4782 

20 20 20 2.4 27.36 4.4603 47.9364 

25 20 20 2.4 27.36 4.5213 47.8098 

30 20 20 2.4 27.36 4.5851 47.7807 

40 20 20 2.4 27.36 4.74 48.1068 

50 20 20 2.4 27.36 4.9404 49.4176 

60 20 20 2.4 27.36 5.1492 52.8164 

70 20 20 2.4 27.36 5.3406 58.4926 

80 20 20 2.4 27.36 5.5168 64.0362 

30 20 15 2.4 20.52 4.5592 47.199 

30 20 20 2.4 27.36 4.5851 47.7807 

30 20 25 2.4 34.2 4.6717 49.2552 

30 20 30 2.4 41.04 5.2176 53.1093 

30 20 35 2.4 47.88 7.5774 62.2267 

30 20 40 2.4 54.72 9.2081 70.4873 

30 20 45 2.4 61.56 9.2257 73.7395 

30 20 50 2.4 68.40 9.167 74.7543 

30 20 20 1.5 10.80 7.0236 57.8638 

30 20 35 1.5 18.90 8.1287 83.7178 

30 20 20 3 42.12 4.4945 47.4656 

30 20 35 3 73.71 4.9162 49.8336 

30 20 50 2 46.80 8.7167 78.4751 

30 20 50 3 105.27 12.1574 58.4518 

30 20 50 4 187.14 13.8185 15.3271 
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Appendix-F 

Cost of Wastewater Treatment Using New Biosorbents 

(I) Cost for Preparation of IBSB per Kg 

Biomass of Bacillus subtilis (BS) could be produced using nutrient broth as 

culture media in fermenter. The yield is assumed as 0.66 for calculating the wet 

mass of BS. The material and labour cost for preparation of biosorbents are given 

below: 

Cost of Nutrient Broth = $ 10 / kg 

Fermenter operational cost = $10 / kg 

Total cost for production of BS Biomass = ($ 10 / kg)/0.66 + $ 10 / kg 

           = $ 25.15 / kg 

The biomass of BS will be immobilized using sodium alginate and calcium 

chloride. 0.5 kg of sodium alginate and 50 L of 0.2 M CaCl2 solutions are required 

for immobilizing the 1 kg of biomass of BS. This will produce 2 kg of wet IBSB 

which on drying in oven at 70 
o
C will produce 1.33 kg of IBSB. After 

immobilization, 1.33 kg of biosorbent will be obtained from 1 kg of the biomass 

of each microorganism. Hence, in order to calculate the total cost per kg for each 

biosorbent, production cost per kg of biomass is divided by a factor of 1.33.  

Cost of sodium alginate = $ 5 / kg 

Cost of CaCl2 = $ 0.2 / kg 

Total cost for immobilization material = $ 2.05 / kg of biomass 

Operational cost for converting biomass into beads = $1 / kg 

Operational cost for drying the immobilized beads = $ 4 / kg 

Total operational cost for immobilization of the biomass = $5 / kg 

Total cost for immobilization of biomass = $ 2.05 / kg + $ 5 / kg 

            = $ 7.05 / kg 

Total cost for preparation of IBSB= ($ 25.15 / kg)/1.33 + $ 7.05 / kg 

               = $ 25.96 / kg 
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(II) Cost for Preparation of ICTB or ICUB per Kg 

Biomass of Candida tropicalis (CT) could be produced using yeast malt broth as 

culture media in fermenter. The yield is assumed as 0.66 for calculating the wet 

mass of CT.  

Cost of Yeast Malt Broth = $ 4 / kg 

Fermenter operational cost = $8 / kg 

Total cost for production of CT Biomass = ($ 4 / kg)/0.66 + $ 8 / kg 

           = $ 14.06 / kg 

The procedure and material for the immobilization of biomass of CT will be the 

same as discussed for IBSB. The cost for the production of ICUB will be the same 

as for ICTB because both use same culturing media. 

Total cost for preparation of ICTB= ($ 14.06 / kg)/1.33 + $ 7.05 / kg 

                = $ 17.62 / kg 

Total cost for preparation of ICUB= $ 17.62 / kg 

If the biomass for these biosorbent is obtained from the industrial source as a 

waste product of different industrial processes i.e. manufacturing of ethanol, 

dicarboxylic acid, xylitol, ethyl acetate and microbial protein etc., then the total 

cost of the biosorbent will be reduced. 

Biomass processing cost = $ 1 / kg 

Total cost for preparation of ICUB or ICTB using industrial waste as a 

source of their biomass = $ 7.81 / kg 

(III) Volume of Wastewaters Treated 

The volume of the wastewater treated was calculated by utilizing the uptake capacity of 

IBs as determined in dynamic studies (details are given in section 5.5.2). 

Uptake capacity of IBSB for removal of lead = 230 mg / g = 230,000 mg / kg 

Initial concentration of lead in wastewater = 30 mg / L 

Volume of lead influent that can be treated in one cycle = 230,000/30 L / kg  

            = 7,667 L / kg = 7. 7 m
3
 / kg 
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Uptake capacity of IBSB for removal of cadmium = 75 mg / g = 75,000 mg / kg 

Initial concentration of cadmium in wastewater = 30 mg / L 

Volume of cadmium influent that can be treated in one cycle = 75,000/30 L / kg  

       = 2,500 L / kg = 2.5 m
3
 / kg 

Uptake capacity of ICTB for removal of nickel = 49 mg / g = 49,000 mg / kg 

Initial concentration of nickel in wastewater = 30 mg / L 

Volume of nickel influent that can be treated in one cycle = 49,000/30 L / kg  

       = 1,633 L / kg = 1.6 m
3
 / kg 

Uptake capacity of ICUB for removal of zinc = 42 mg / g = 42,000 mg / kg 

Initial concentration of zinc in wastewater = 30 mg / L 

Volume of zinc influent that can be treated in one cycle = 42,000/30 L / kg  

       = 1,400 L / kg = 1.4 m
3
 / kg 

After one time use in single cycle, IB will be regenerated for its reuse in next cycle. The 

regeneration cost details are given below 

(IV) IB Regeneration Cost 

In regeneration process 0.1 M HCl solution will be passed through the saturated (heavy 

metal loaded) column to regenerate it.  

Cost of 0.1 M HCl per cycle = $ 0.08 

Operation and Labour cost per cycle = $ 0.05 

Total cost of regeneration per cycle = $ 0.13 

The unit cost (per m
3
) of regeneration process can be calculated by dividing the total cost 

of the regeneration involved in each cycle by the total volume of the wastewater treated in 

one cycle. 

Regeneration cost of IBSB for removal of lead = $ 0.13 / 7.7 m
3
 = $ 0.02 / m

3
 

Regeneration cost of IBSB for removal of cadmium = $ 0.13 / 2.5 m
3
 = $ 0.05 / m

3
 

Regeneration cost of ICTB for removal of nickel = $ 0.13 / 1.6 m
3
 = $ 0.08 / m

3
 

Regeneration cost of ICUB for removal of zinc = $ 0.13 / 1.4 m
3
 = $ 0.10 / m

3
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(V) Operational Cost for Packed Bed Column 

It is the cost which would be incurred for the operation and maintenance of the 

packed bed column system. The operation of packed bed column requires primary 

settling, pumping, pH optimizing and column regeneration. The cost based on per 

unit volume of the wastewater treated is given below. It is assumed that the initial 

concentration of the heavy metal ions is about 30 mg L
-1

 and discharge is 20 m
3
 

per day for the electroplating process which is generated during the surface plating 

operation. In surface plating metal is dipped in metal solution and then it is rinsed. 

The wastewater is generated from washing, rinsing and batch dumps which 

contain soluble form of metal. Pumping cost is calculated by considering energy 

requirements of 0.1 kWh m
-3

 @ $ 0.2 per kWh. 

Personnel and maintenance cost = $ 1 / m
3
 

Chemicals, utilities, lab and office supplies cost = $ 0.1 / m
3
 

Pre-treatment cost (settling) = $ 0.05 / m
3
 

Pumping cost = $ 0.02 / m
3
 

Overall operating cost for packed bed column = $ 1.17 / m
3 

(VI) Cost Analysis for Ion Exchange Process 

The cost of the ion exchange resins was assumed $ 50 per kg. Other operational 

parameter was kept the same as for the biosorption process. The influent 

concentration of metal was assumed 30 mg L
-1

. 

Equivalent weight of lead = molecular weight / valence = 207.2 / 2 = 103.60 

Equivalent weight of cadmium = 112.41 / 2 = 56.21 

Equivalent weight of nickel = 58.69 / 2 = 29.35 

Equivalent weight of zinc = 65.38 / 2 = 32.69 

Total weight of metal per m
3
 with initial concentration of 30 mg L

-1
 = 30000 mg 

Equivalence of lead = weight in grams / equivalent weight  

         = 30000 / 103.60 = 289.57 meq 

Equivalence of cadmium = 30000 / 56.21 = 533.76 meq 

Equivalence of nickel = 30000 / 29.35 = 1022.26 meq 

Equivalence of zinc = 30000 / 32.69 = 917.71 meq 

Capacity of resin i.e. Chelex resin = 0.4 meq mL
-1

 

Density of Chelex resin = 0.00065 kg L
-1
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Mass of Chelex resin required for lead = 289.57 / 0.4 x 0.00065= 0.47 kg m-3 

Mass of Chelex resin required for cadmium = 533.76 / 0.4 x 0.00065= 0.87 kg m-3 

Mass of Chelex resin required for nickel = 1022.26 / 0.4 x 0.00065= 1.66 kg m-3 

Mass of Chelex resin required for zinc = 917.71 / 0.4 x 0.00065= 1.49 kg m-3 

It was assumed that ion exchange resin can be reused for 15 times. The cost of the 

ion exchange resin for the removal of heavy metals from per m3 of wastewater is 

given below: 

Cost of Chelex resin for lead = 50/(15/0.47) = 1.57 $ per m3 

Cost of Chelex resin for cadmium = 50/(15/0.87) = 2.89 $ per m3 

Cost of Chelex resin for nickel = 50/(15/1.66) = 5.54 $ per m3 

Cost of Chelex resin for zinc = 50/(15/1.49) = 4.97 $ per m3 

Regeneration of the ion exchange resin involved two steps. In first step resin is 

converted into hydrogen form using the acid and this step is similar to biosorbent 

regeneration. In second step desired anionic form is converted using the hydroxide 

solution of the desired cation. Hence the regeneration cost of the ion exchange 

resin was assumed double as in case of biosorption process. However, the the 

operation and maintenance cost of the packed bed column system was kept the 

same as for biosorption process. Hence, the total estimated cost involved comes 

out to be $ 2.78, 4.16, 6.87 and 6.34 (per m3 of wastewater treated) for the 

removal of lead, cadmium, nickel and zinc ions with influent concentration of 30 

mg L-1, respectively 

 




