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SUMMARY

The present investigations aimed to study the removal of lead and zinc ions from

aqueous streams by non-viable fungal biosorbents Aspergillus caespitosus and

Aspergillus flavus NA-9 respectively first in batch and then by immobilized

biosorbents in columns.

Fungal isolates A. caespitosus, A. sp. RBSS-303 and A. flavus HF5 were found

to be the most efficient for lead while A. flavus NA9, P. formosus DTO 63f4 and

A. oryzae SV/09 were selected for zinc removal after screening a number of

fungal biomass. Different experimental parameters i.e. culture age, initial pH of

solution, contact time, temperature, biomass dosage and initial metal

concentration were optimized in batch experiments individually for Pb(II) and

Zn(II) removal using respective biosorbents. The highest Pb(II) taken up capacity

by A. caespitosus, A. sp. RBSS-303 and A. flavus HF5 were found to be

351.7±5.7, 235.1±1.8 and 326.5±3.1 mg/g dry weight respectively while in case

of Zn(II) taken up capacity was 287.8±11.1, 199.6±2.5 and 165.6±1.8  mg

Zn(II)/g dry weight of A. flavus NA9, P. formosus DTO 63f4  and A. oryzae

SV/09 respectively was observed at 600 µg ml-1 initial metal concentration at

optimized values of pH (Pb(II) 4.5 and Zn(II) 5.0), temperature 30 °C and pulp

density 0.5 g/L. Rapid sharp uptake of metal ions was observed within 2 hours

and maximum removal was obtained after 6 hours of contact time.

Langmuir, Freundlich and Dubinin-Raduskevich isotherms were established to be

linear for all the selected biosorbents for both Pb(II) and Zn(II) biosorption. The

values of thermodynamic parameters i.e. change in free energy, enthalpy and

entropy of the system with increase in temperature established the endothermic

nature of the adsorption process. The experimental data both for Pb(II) and

Zn(II) biosorption fits very well to pseudo second order and saturation mixed

order kinetic models with high correlation coefficient values.

The Pb(II) uptake from binary solution was inhibited in order of Cu > Ni > Zn > Mn,

while the order of co-cations showing inhibitions of zinc uptake was Pb > Cu >

Mn > Ni. In case of anions the decreasing trend of anionic ligands for inhibition of
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both  Pb(II) and  Zn(II) biosorption capacity is in  order of chloride > nitrite >

sulphate > acetate.

Desorption studies were carried out using HCl, Na2CO3, Na2SO4, NaOH,

NaHCO3, CH3COONa, NaNO3 and distilled water. Correspondingly 85.5, 75.3,

73.7% recovery of Pb(II) was obtained by A. caespitosus, A. sp. RBSS-303 and

A. flavus HF5 and 83.3, 71.3, 70.1% Zn(II) was stripped out from A.  flavus NA9,

A. oryzae SV/09 and P. formosus strain DTO 63f4 at optimized pulp density of

0.83 g metal loaded biomass/litre (w/v) after 2 hours of incubation using 0.01M

HCl.  Sorption/desorption cyclic studies upto five cycles were generated both for

Pb(II) and Zn(II) ions. The percentage loss in sorption capacity was 3.9% by A.

sp. RBSS-303, 12.2% by A. caespitosus and 26.6% by A. flavus HF5 for Pb(II),

while 23.7, 10.1, 34.9% decrease in sorption capacity was observed for Zn(II)

using A. oryzae SV/09, A. flavus NA9 and P. formosus DTO 63f4, respectively.

Mechanistic study was carried out by selective blocking of functional groups

(chemical modifications) of the biomass, study of light metals release during

biosorption and using other instrumental techniques. The decrease in biosorption

capacity values by 58.9, 56.6, 38.1 41.8% for Pb(II) and 62.8, 32.9, 36.8,22.3%

for Zn(II) using  carboxylic acid, amino, hydroxyl groups blocked and lipid

extracted biomass respectively as compared to native (control) biomass,

depicted the contribution of these functional groups in sorption mechanism. The

biosorption phenomenon is assisted by the release of light metals (Na+, K+, Mg+2

and Ca+2) during biosorption of Pb(II) by A. caespitosus and Zn(II) by A. flavus

NA9  and  concentration of Ca+2 release is maximum and Mg+2 is minimum. It

was further supported by SEM-EDAX and TEM analysis of metal loaded and

unloaded biomass. The nature of biosorbent–Pb/Zn interactions in mono and

binary solutions was elucidated by FT-IR characterization that revealed the

involvement of –SO3 and –CN groups along with other groups.

Novel polymeric bead materials were designed by immobilizing fungal sp. A.

caespitosus for Pb(II) and A. flavus NA9 for Zn(II) in calcium alginate as well as

gluteraldehyde cross linked calcium alginate. For all the designed biopolymer

beads Ca-alginate alone (CAB), Ca-alginate cross linked gluteraldehyde
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(GCCAB), fungus immobilized Ca-alginate (FL/FZ CAB) and fungal immobilized

gluteraldehyde cross linked Ca-alginate beads (FL/FZ GCCAB), the BET and

Langmuir surface area were within the range 0.17–0.41m2/g and 0.203-0.889

m2/g respectively with average pore diameter 7.66-11.59 nm, confirming the

occurrence of mesopores.  The comparative batch reactor studies showed

excellent performance with sorption capacity values of 391.1±2.9, 414.5±3.1,

645.5±2.0 and 670±2.3 mg/g dry weight for Pb(II) using CAB, GCCAB, FLCAB,

FLGCCAB respectively. While in case of Zn(II) the observed  sorption capacity

values were 162±1.9 (CAB), 187.4±3.1 (GCCAB), 284.7±2.1 (FZCAB) and

321.4±1.94 mg/g dry weight (FZGCCAB). The Pb(II) sorption showed good fit to

Langmuir isotherm, while the Zn(II) sorption data was best fitted to Freundlich

model.

Feasibility for practical applicability was evaluated using a set of columns packed

with these polymeric bead particles, using industrial effluent. However among

these gluteraldehyde cross linked calcium alginate fungal immobilized material

was experienced the most efficient with percent Pb(II) removal of (89.5, 81.3,

74.1 and 66.3%) and  desorption of (92.8, 83.7, 76.2 and 60.8%) for FLGCCAB,

FLCAB, GCCAB and CAB respectively and in case of  Zn(II) maximum 83.9%

removal from effluent  with 89.6% desorption was experienced from FZGCCAB,

while  62.5, 52.2 and 49.6% metal removal with (79.5, 65.8 and 56.3%)

desorption was observed from FzCAB, GCCAB and CAB respectively. For

repeated use sustainability was checked upto three sorption-desorption cyclic

studies with restored efficiency using FLGCCAB (Pb) and FZGCCAB (Zn) even

after third cycle.
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CHAPTER 1

INTRODUCTION

Massive amounts of organic and inorganic compounds are discharged mainly into

bodies of water as a result of current patterns of industrial activity and urbanization

with a tendency to carry on for an indefinite period. This situation has become a

serious threat to the environment with ultimate accumulation of toxins all through the

food chain (VIJAYARAGHAVAN et al., 2005). Among these various health hazard

substances, heavy metals are the most toxic characteristically equal or higher than

5.0 g/cm3 specific density, sub classified into three groups: toxic metals including Cu,

Ni, Hg, Cr, Co, Sn, Pb, Zn, Cd, As, etc., precious metals like Au, Ru Pd, Pt, Ag, etc.

and radionuclide U, Ra, Am, Th, etc. (WANG AND CHEN, 2006).

As the final consumer the dilemma has a soaring value to humans, since

biomagnifications on all level of this chain takes place. These positively-charged

heavy metals form complexes by binding with negatively-charged organic molecules.

Human body has need for about 70 heavy metals as trace elements but the natural

body functions affected badly by their overdose and observed numerous damaging

indications from gastrointestinal, neurological, and reproductive to immunological

systems (CHOJNACKA, 2010).

The increasing awareness of this issue resulted legal standards for standards for

maximum satisfactory concentrations of discharged metal ions into water and soil

became more restrictive (CHOJNACKA, 2010). Therefore, for efficient and practical

solution to this problem and for the revitalization of resources from waste water

stream, this area has become a critical environmental research topic (PARK et al.,

2010).

Heavy and precious metals are being used in operations of large number of

industries such as mining, smelting, textile, electroplating, leather tanning, dying,

paints, pigments and semiconductor. As a result, their waste streams contain

significant concentrations of these metal ions (FAROOQ et al., 2010).
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The demand for a cleaner world for us and the next generations, has ed on the

development and use of integrated restraint green approaches to cut the toxicity and

quantity of waste given out with high efficiency. Different physical and chemical

engineering processes including resins, precipitation, oxidation-reduction,

electrochemical processes, sedimentation and membrane processes such as

reverse osmosis have been designed and adapted to treat the metal contaminants

from industrial effluents (KHAN AND HUANG, 2004).

These conventionally used methods  are sometimes commercially unfeasible due to

many inherent limitations such as high running cost, high capital cost (drawback of

ion-exchange and chemical coagulation), membrane process and ultrafilteration

(low efficiency), adsorption by using activated carbon (no regeneration of these

metals), chemical precipitation creating yet another disposal problem. Moreover,

these techniques become inadequate to treat metal ions containing waste water

stream due to their low concentrations of 100 mg/l or below (CERIBASI AND YETIS,

2001). On this basis the search for new optimal technology is the need to get rid of

pollutants to the lower point of requisite by regulation (VEGLIO AND BEOLCHINI,

1997).

Therefore the search for novel and efficient technologies that combine both metal

removal and recovery has gained momentum to swap the conventional methods

(RAO AND PARWATE, 2002). These objectives explored the attention to

biosorption/bioaccumulation that according to VOLESKY AND HOLAN (1995) is the

removal of various materials due to attractive forces by viable and non-viable

biomass present is called biosorption, while bioaccumulation is the mechanism of

both active and passive uptake modes by living materials with more available

binding sites to retain the pollutant. Amongst species bioaccumulation organisms

have to be resistant to excessive accumulation of pollutants and do not have

protective mechanisms against their high load inside the cell (KOCBERBER AND

DONMEZ, 2007).

The bioaccumulation process is not very flexible as the use of living organisms; cell

maintenance is cost prone and may not be a choice for the continuous treatment of

organic/inorganic highly toxic contaminants. Just the once, toxicant level become too
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high or the process operated for a long time, the amount of toxicant accumulated will

get to saturation. However, biosorption has certain inherent advantages over

bioaccumulation. As biosorption is a metabolically- passive process independent of

the physiological constraints of living cells, no requirement for pricey growth media,

need no energy and is free from biological metabolic cycle. This is a simple

reversible process and metal can be recovered easily making reuse of the materials

quite feasible. Several mechanisms like ion exchange, adsorption, chelation and

diffusion through cell membranes are involve in biosorption, which vary from each

other, depending on the processing of the biomass,  used species, their origin  and

on the solution chemistry.

Biosorbents primarily fall into the following categories: bacteria (Gram-positive

bacteria, Gram-negative bacteria, cyanobacteria), fungi (molds , mushrooms, and

yeast), algae (micro-algae, macro-algae, green seaweed, brown seaweed and red

seaweed), industrial wastes (fermentation, beverage/food wastes,

activated/anaerobic sludges), agricultural wastes (fruit/vegetable wastes, wheat

bran, rice straws, soybean hulls), natural residues (plant residues, weeds,  sawdust,

tree barks), other chitosan-driven materials, cellulose-driven materials, and other

biomaterials (AKAR AND TUNALI, 2006 ; FARINELLA et al. 2008 ; SAWALHA et al.

2007 ; VILAR et al. 2009 ; AHLUWALIA AND GOYAL, 2004). These biomaterials

either alive or dead, isolated parts or their products may have high metal-binding

capacity, but only low-cost waste biological materials with high loading capacity,

selectivity, affinity and rapid  metal uptake rate are significant in selecting a

biosorbent. There are several advantages of fungi over bacteria in biological

wastewater treatment, in addition to being a source of important fungal byproducts

such as amylase, chitin, and lactic acids.

Fungi are an attractive option in wastewater treatment processes over other

biomaterials due to easy and massive growth with inexpensive substrate. Other

biomaterials generate heaps of waste sludge, account for approximately forty to sixty

percent operation cost of effluent treatment plant. Fungi notably change the

economy of effluents treatment plant that alter the organic matter of wastewater into

valuables fungal protein, used as a source of animal feed and in human diets also
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(GUEST AND SMITH, 2002). Fungi are more effective than bacteria in metabolizing

complex carbohydrates and can generate a large range of enzymes and

biochemicals (LEEUWEN et al., 2003).

Thus, presently there is an increased concern of better and new fungal biosorbents

identification, with promising affinity of metal ions. The limitation of this technology is

that the large-scale production of effective biosorbent materials has not been

reputable and limited reports of practical applications.

During the past 30 years a large amount of research work focusing on toxin metal

ions biosorption has been published at assessing the metal-binding capacity and to

reveal the principles of this effective metal-concentration phenomenon. However, on

determining the compatibility of the biosorbent and to scale up the process little

investigation has been made for real industrial effluents. Therefore, the

commercialization of the technique has not been successful so far based on

experiences from conventional sorption operations. Biosorption is in its

developmental phase and in future more development in performance and financial

side can be expected. A thorough and deep study is essential, to develop good

commercial biosorbents, to optimize the physicochemical conditions and  better

understanding  of biosorption mechanisms together with reuse and recycling of

biosorbents (VOLESKY AND NAJA, 2005).

In the present work, the fungal isolates of Aspergillus caespitosus and Aspergillus

flavus have been selected for biosorption of lead and zinc respectively after

screening locally isolated fungi. The toxic metals remediation has been reported by

various biomaterials, but no report is available on lead biosorption by fungus

Aspergillus caespitosus and after iron, aluminum and copper lead and zinc are the

4th and 5th mostly used competing metals. The zinc biosorption was preferred due

to insufficient literature availability.

Lead is a post transition, soft, and malleable poor metal with symbol Pb (plumbum).

The oxidizing forms of lead are +2 and +4 that are easily reduced to metal. By

International bodies (WHO) 15-10 mg/day is the recommended dietary allowance for

adult to children. According to EPA, 5 ppm is the drinking water limit (SUD et al.,

2008).  Electroplating, manufacturing of batteries, pigments, ammunition, smelting,
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paper industries and mine drainage give inputs of lead toward the aquatic

environment.

Pb is a toxic metal, forms complex in enzymes with oxo-groups and sulfur groups

that involve in all steps of hemoglobin synthesis and porphyrin metabolism

(ADEMORATI, 1996). Overdose of lead can result in loss of appetite, anemia, and

muscular pains, losing IQ, cause sterility, high blood pressure and brain damage

(VOLESKY, 1993; SCHUMANN, 1990).

Metallic chemical element zinc is also known as Spelter. It is a d-block element, 24th

most abundant element and has five isotopes. With the oxidation state +2 this

moderately reactive metal acts as a strong reducing agent. In the European Union

Dangerous Substances Directive, zinc has been registered as second hazardous

material. Environmental Quality Standards being set 40 µg zinc/l for marine waters

and at 50–500 µg zinc per litre for fresh water that based on water hardness. Zinc is

discharged into the environment naturally at the same time from industrial activities

of mankind. It is being used in steel production, coal burning, coating of metals like

iron, accelerators for rubber vulcanization, in wood preservative, as catalysts,

ceramics, textiles fertilizers, pigments , ointments, coating to prevent rust, in dry cell

batteries, and in  making alloys like bronze and brass (USDHHS, 1993).  Zn (II) is an

essential element to man, being a cofactor in many enzyme systems and is also

reported to compete with Pb (II) for uptake into cells. Continuous longer use of zinc

can damage pancreas, anemia and also lower levels of high-density cholesterol

while it can result in short term sickness called ‘‘metal fume fever” and anxiety

(UKHUM et al., 2005).

1.1. Objectives
1. Screening of various fungal cultures for their Pb(II) and Zn(II) binding

potential.

2. Optimization of physico-chemical parameters such as biosorbent age, pH of

biosorbent solution, temperature, shaking speed, pulp density, initial

biosorbent concentration etc. for bio-removal of Pb(II) and Zn(II) by selected

biosorbents.
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3. Application of different equilibrium, kinetic and thermodynamic models to

biosorption data.

4. To examine the effect of various pretreatments on the capacities of
selected biosorbents to optimize the biomass- metal interaction.

5. Fourier Transform Infrared Spectroscopy (FT-IR), Transmission Electron

Microscopy (TEM), Scanning Electron Spectroscopy and Energy Dispersive

X-ray Spectroscopy (SEM-EDAX) etc. studies to characterize the biosorbents

and to propose the mechanism of metal accumulation by microbial

biosorbents.

6. Optimization of elution parameters to attain maximum desorption of metal

ions from loaded biosorbents and repeated use of biosorbent in cyclic

sorption-desorption studies.

7. Immobilization of biosorbent to suitable polymer matrix to get better

performance in sorption /desorption cyclic studies.

8. Demonstration of the technology for implementation on the large scale by

conducting flow experiments using fixed bed columns.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Heavy Metals Toxicology
Industrial activities and technological development have been continuously on the

increase resulting in release of heavy metals into the ecosystem. For human use,

the controlled concentration of toxic metals in waters has proven to be a

considerable challenge.

According to VOLESKY(1994), among the toxic  metals the big three (Hg, Pb, Cd)

are prominent due to their leading impact on surroundings but in view of PURANIK

AND PAKNIKER, (1997) chromium, arsenic, copper and zinc are also lethal; lead

and cadmium are neurotoxin metals.

These heavy metals, which humans are exposed to through atmospheric, terrestrial

and aquatic routes, having complex and interesting chemistry. Their detrimental

effect causes kidney dysfunction, hepatic damage, hypertension, renal disturbances,

lung paucity, bone abrasions, cancer and neurotoxicity (PAPANDREOU et al. 2007;

OZTURK, 2007).

ZAMIL et al. (2009) proposed  these toxic metals cause environmental pollution and

generate 5.15 million tons of  Ni, Pb, Se, V, As, Cd, Cr, Cu, Hg and Zn in total per

annum waste disposal globally from  industrial, agricultural and  military processes

all around the world.

Therefore, sequestering of toxin metals from aqueous solutions via bio-sorption have

been encouraged for comprehensive understanding about deleterious effects of

these noxious metals in surroundings and implementation of strict environmental

protection laws.

2.2 Metal Immobilization by Biosorbents
As all metal materials show affinity for metal ions and other pollutants, enormous

materials have been investigated as biosorbents. VIJAYARAGHAVAN AND YUN,

(2008) basically classified the biosorbents into micro organism (fungi, yeast, bacteria
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and algae), industrial and agricultural wastes and other polysaccharide materials etc.

Such studies are based on identification of efficient and cost-effective fungal strains

as biosorbents for lead and zinc from waste water stream. The already studied

biosorbents are summarized in Table 2.1, 2.2 for lead and zinc respectively.

2.2.1 Bacterial Biosorbents
Various bacterial biosorbents were used for radionuclide CrIII, PbII, CoII ZnII and CrII

remediation as peptidoglycan and carboxyl groups in Gram-positive bacterial cell

walls while phosphate groups contributes appreciably in Gram-negative species for

binding metal ions (PINAKI et al. 2004; BUENO et al. 2008; NGWENYA, 2007;

CALFA AND TOREM, 2008).

2.2.2 Algal Biosorbents
Algae were also used as metal biosorbents (GARNHAM, 1997). The composition of

algal cell walls includes cellulose, mannan, xylans, alginic acid and proteins. These

give binding sites such as hydroxyl, amino, imidiazole, amine, sulphate and

phosphate groups. CRIST et al. 1981 studied the nature of bonding between algal

cell walls and metallic ions. Chlorella vulgaris dry biomass was studied for

biosorption of cadmium and nickel (AKSU AND DONMEZ, 2006). Seaweeds were

applied for the removal of lead (SENTHILKUMAR et al. 2007) from aqueous

solution. ROMERA et al. 2007 studied comparative uptake capacity of different

metal ions using various algae species.  MURPHY et al. (2007) investigated

Spirogyra sp. to remove fluoride and chromium from aqueous phase. VILAR et al.

(2009) removed copper by algae Gelidium.

2.2.3 Fungal Biosorbents
The structural components of fungal cell wall i-e, chitins, glucans, mannans,

proteins, polysaccharides and lipids make sure the involvement of different

functional groups in metal ions binding to prop up the eco-friendliness. Application of

various fungal strains in biosorption of heavy metal concluded fungal
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accumulation/precipitation can occur with viable or dead microorganisms (FOMINA

AND GADD, 2002; MURALEEDHARAN et al., 1991).

2.2.4 Agro-based Biosorbents
Among  agricultural wastes the, peanut skin (RANDALL et al. 1994), banana pith

(LOW et al.1995), sunflower stalk (GANG AND WEIXING, 1998), alfalfa

(TORRESDEY et al. 2002) wheat bran (DUPOND AND GUILLON, 2003, sugarcane,

coconut fiber (IGWE et al. 2005), sugar-beet pulp ((REDDAD et al. 2003), maize

cob and husk (IGWE AND ABIA, 2003) , tobacco dust (QI AND ALDRICH, 2008),

wheat straw (DOAN et al. 2009) and bael leaves (CHAKRAVARTY et al. 2010) are

the mainly used biosorbents. According to IGWE AND ABIA, (2003) the sorption

modes for agricultural by-products are intrinsic adsorption and columbic interaction.
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Table 2.1 Maximum biosorption capacities for Pb(II) uptake by different
sorbents

Biosorbent qmax (mg/g) References

Rhizopus arrhizus 104.0 (TOBIN et al., 1984)

Arthrobactor sp. 130.0 (FOUREST AND ROUX, 1992)

Rhizopus arrhizus 55.6 (FOUREST AND ROUX, 1992)

Sargassum natans 310.0 (FOUREST AND ROUX, 1992)

Penicillium chrysogenum 116.0 (NIU et al., 1993)

Pseudomonas aeruginosa 110.0 (CHANG et al., 1997)

Aspergillus niger 34.4 (DURSAN et al., 2003)

Anaerobic granular biomass 25.0 (HAWARI AND MULLIGAN, 2005)

Aspergillus flavus 13.4 (AKAR AND TUNALI, 2006)

Dried Activated sludge 14.1 (WANG et al., 2006)

Wild Cocoyam 49.5 (JNR et al., 2006)

Tea waste 34.0 (AMARASINGHE AND WILLIAM, 2007)

Rose water 47.7 (JAVED et al., 2007)

Cystein modified biomass 29.9 (TONG et al., 2007)

Nopal cladode 0.02 (MIRETZKY et al., 2008)

Green algae Spirogyra sp. 52.0 (GUPTA et al., 2008)

Egg shell powder 63.6 (KUMAR et al., 2010)

Bael   leaves 104.0 (CHAKRAVARTY et al., 2010)
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Table 2.2 Maximum biosorption capacities for Zn(II) uptake by different
sorbents

Biosorbents qmax (mg /g) References

Citrobacter strain MCMB-181 23.6 (PURANIK AND PAKNIKAR, 1999)

Sargassa sp. 70.0 (KOVACEVIC et al., 2000)

Fungal biomass 98.0 (KOVACEVIC et al., 2000)

Myriophyllum spicatum 15.5 (KOVACEVIC et al., 2000)

Sargassum sp. 24.3 (ESTEVES et al., 2000)

Animal bones 11.5 (BANAT et al., 2000)

Thiobacillus ferrooxidans 82.6 (CELAYA et al., 2000)

Penicillium chrysogenum 25.5 (TAN AND CHENG, 2003)

(Alkaline pretreatment)

Aspergillus niger 405 4.70 (LIU et al., 2003)

Pseudomonas putida 6.9 (PARDO et al., 2003)

Pseudomonas putida CZ1 17.7 (CHEN et al., 2005)

Living & non-living 27.4 (CHEN et al., 2005)

Carrot residue(CR) 29.6 (NASERNEJAD et al., 2005)

Neem leaves 44.6 (ZAFAR et al., 2008)

Neem bark 38.4 (ZAFAR et al., 2008)

Dead biomass of E.crassipes 8.90 (SARASWAT AND RAI, 2010)
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2.3 Factors Affecting Biosorption
The maximum biosorption potential of any biomaterial is evaluated by focusing on

influencing factors like temperature, solution pH, biosorbent size, initial solute

concentration, and biosorbent dosage and agitation rate. The solution pH affect the

biosorption efficiency of biosorbents by changing the chemical speciation of

metals/dyes by hydrolysis, redox reactions, complexation (ESPOSITO et al. 2002).

There is diversity in optimal pH for different biosorption system. Temperature from

20 οC to 35 οC has modest effect on biosorption although at high temperatures

biosorption capacity increases by increased kinetic energy and surface activity of

solute at the same time physical smash up of biosorbent is also possible, while living

cell systems are facilitated at low temperature. However, biosorption evaluation at

normal temperature is always attractive, as practical replication at this condition is

easy (OZER AND OZER, 2003; VIJAYARAGHAVAN AND YUN, 2007).

The initial concentration of toxin metals and biosorbent dosage also seem important

parameters that have impact on biosorption, as at high metal ion concentration

resulting high metal uptake (BINUPRIYA et al. 2006). The identification of maximum

saturation potential of biosorbent is necessary to determine the highest possible

initial solute concentration at which experiments should be conducted. For

biosorbent dosage, higher uptakes and lower percentage removal efficiencies of

metal ions were observed at low biosorbent dosage and vice versa

(TANGAROMSUK et al. 2002).

Similarly taking into account the desorption efficiency and renewal of biomass the

optimization of contact time is essential (WANG AND CHEN, 2006).

The biosorbent particle sizes also play fundamental job in biosorption phenomenon.

Small particles favor biosorption with increasing surface area in a shorter

equilibration time. At the same time, biosorbent should be effectively stable to bear

up the applicable condition and pressures during regeneration cycles for its effective

use (VOLESKY, 2001).



13

2.4 Biomass Modification
Since biosorption mainly occurs on the surface of the biomass, therefore a number

of chemical and physical modifications can change its biosorptive capacity and

function (PINO et al. 2006).

2.4.1 Physical Modification
Both viable and non-viable biomass show biosorption capacity but dead biomass is

preferred due to ease of use, storage, regeneration and reuse. Physical

modifications such as heating, autoclaving, freeze drying and boiling are easy and

economical, but less efficient as compared to chemical modification (SPINTI et al.

1995).

2.4.2 Chemical Modification
To make a better biosorbent chemical pretreatment is more effective than physical

treatment either by increasing surface binding sites or by blocking of inhibiting

moieties (NAEEM et al. 2006). The biosorptive capacity of microbial biomass can be

enhanced by using genetic engineering techniques or optimizing culture conditions.

Chemical treatment evaluates the contribution of different functional group (FAA et

al. 2008). The effect of carboxylic group on Cu2+, Zn2+ and Ni2+ sorption was

explored by  ester formation  using CH3OH/H+(CHUBAR et al. 2004). The

involvement of carboxyl, amines and phosphates groups in cadmium sorption was

observed by alkylation using methyl iodide, formaldehyde–formic acid and triethyl

phosphate and nitro methane respectively (PANDA et al. 2006). The Pb2+ uptake

capacity of acetone-washed yeast is evaluated after chemically modification of

hydroxyl, amino and carboxylic groups. Selective extraction of polyphenols and fats

also changes the biosorbent efficiency (PAGNANELLI et al. 2003). Addition of

polymeric chains of different monomers (acrylic acid, ethylenediamine,

hydroxylamine, acrylonitrile and urea) is another way to introduce more binding sites

on raw biomass (CAPASSO et al. 2004).
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2.5 Mechanistic Study of Biosorption
The experimental techniques, species and involved binding sites are reported in

Table 2.3 for toxic metal sorption studies since 2000 to explore the sorption

phenomenon.

2.5.1 Potentiometric Titrations
Potentiometric titrations are helpful to estimate the acidic and basic sites with regard

to H+ and OH− to determine the biosorbent potential (CHOJNACKA et al. 2005).

Acid–base titration measure active sites of the Spirulina (HCl), two algae surfaces

(NaHCO3 ), and  olive pomace (HNO3) and reversely with NaOH, suggested the

presence of carboxylic (pKa 2–5), phosphate (pKa 5–6), hydroxyl (pKa 7–8) and

amine groups (pKa 9–11) (PAGNANELL et al. 2003; CHOJNACKA et al. 2005).

Titrations of fungal species carried out in NaClO4 media, showed four types of

functional groups and proton binding constants (NAEEM et al. 2006). Sargassum

wightii was titrated with NaOH in 1mM NaCl and explored two inflection point of

carboxyl, amines or saturated thiols (VIJAYARAGHAVAN et al. 2006). NaNO3/

NaOH were used during potentiometric titration of algal biomass and citrus peels

(VILAR et al. 2009).

The pH of sorbent surface when it takes a zero charge value is known as point of

zero charge (pHpzc), also be measured by potentiometric titrations. On solution’s pH

lower than pHpzc, the biosorbent surface has positive charge and probably

interrelates with negatively charged species, while at pH higher than pHpzc, sorbent

has negative charge and like to work with positively charged species.  The pHpzc of

grape stalks, yohimbe bark, cork, and olive stones have been determined using

potentiometric titration (FIOL AND VILLAESCUSA, 2009).
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Table 2.3 Relevant parameters on the Pb(II) and Zn(II) sorption literature

Biosorbents Species Functional group Mechanism studied tool References

Waste tea leaves Pb, Zn, Fe, Ni -COOH, -NH3 Spectroscopy (AHLUWALIA, 2004)

Citrus pectin Pb -COOH Potentiometric, Spectroscopy (BALARIA AND SCHIEWER, 2004)

Olive mill Cr, Cu, Zn -COOH, PO4 Spectroscopy, Light metal release (CAPASSO et al., 2004)

Cork biomass Cu, Zn. Ni -COOH Potentiometric (CHUBAR et al., 2004)

Grape bagasse Cd, Pb -COOH, -NH3 Spectroscopy (FARINELLA et al., 2008)

Olive stones Pb, Ni, Cu, Cd Light metal release (FIOL et al., 2006)

Mango peel Cd, Pb -COOH, -OH Spectroscopy (TEMPLETON et al., 2000)

Marine algal Pb -COOH Potentiometric, Spectroscopy (MALIK et al., 2004)

Olive oil wastes Pb -COOH Potentiometric (PETTIT AND POWELLl, 2004)

S. cerevisiae Cd, Pb, Sr, Zn Potentiometric (NAEEM et al., 2006)

Olive pomace Pb, Cu, Cd -COOH,-OH Potentiometric,

Light metal release (PAGNANELLI et al., 2003)

Citrus peels Pb -COOH Potentiometric, Spectroscopic (BALARIA AND SCHIEWER, 2008)

Sawdust Cd, Pb -COOH, PO4 Spectroscopic (COSTODES et al., 2003)

Botrytis cinerea Zn -OH, -NH3 Spectroscopic (TUNALI et al., 2006)

Polysaccharide Cu, Zn, Cd, Ni -COOH, phenolic Potentiometric (REDDAD et al., 2002)
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2.5.2 Alkaline and Alkaline-earth Metal Ions Release
The accountability of ion exchange mechanism for metal sorption is measured by

calculating the alkaline or alkaline earth metal ions or protons released in solution

from the biomass during metal uptake. The concentration of biosorbed metal ions

onto the biosorbents is balanced by the concentration of ions ( Na+, K+, Ca2+, Mg2+,

H+) released into the solution if ion exchange is only the mechanism of biosorption.

Replacement of  alkaline and alkaline-earth metal ions was one of the  mechanisms

responsible for Cu2+, Cr3+ and Zn2+ sorption using  olive mill wastewater (CAPASSO

et al. 2004),  for Ni2+, Pb2+ , Cu2+ and Cd2+ sorption by olive stones (FIOL et al.

2006), for Cu2+ sorption by yohimbe bark (ESCUDERO et al. 2008) for Cu2+, Cd2+,

Pb2+ and Ni2+ sorption by grape stalks (MARTINEZ et al. 2006) and for Mn2+sorption

by cork residues (NURCHI et al. 2008). Through scanning electron microscopy and

energy dispersive X-ray techniques  (SEM-EDAX), the existence of ion exchange

between Na+, K+ and Mg2+ of green coconut shell powder (PINO et al. 2006) and

Cd2+ and Ca2+ of husk of Lathyrus sativus (PANDA et al. 2006) was verified.

2.5.3 Spectroscopic analysis
2.5.3.1 Fourier transforms infrared spectroscopy (FTIR)
The most widely used technique Fourier transform infrared spectroscopy (FTIR),

demonstrated the functional group, s role on metal sorption. Infrared spectroscopy

gives direct qualitative and quantitative information about interactions, kind and

orientations of functional groups. Using this technique, carboxylic (CHUBAR et al.

2003 ; AKAR AND TUNALI, 2006 ; CHOJNACKA et al. 2005 ; PANDA et al. 2006 ;

FIOL et al. 2006 ;  FARINELLA et al. 2008 ; SAWALHA et al. 2007 ; YU et al., 2007 ;

BALARIA et al. 2008 ; VILAR et al. 2009), carbonyl (AHLUWALIA AND GOYAL,

2004) aromatic (PAGNANELLI et al. 2003 ;ESCUDERO et al. 2008 ; VILLAESCUSA

et al., 2004 ;  NURCHI et al. 2008 ;  REDDAD et al. 2002 ;  FIOL et al. 2008), amine

(CHOJNACKA et al. 2005, VILLAESCUSA et al. 2002 ; AKAR AND TUNALI, 2006 ;

MUNGASAVALLI et al. 2007 ; VIJAYARAGHAVAN et al. 2006 ; MURPHY et al.

2007) and hydroxyl groups (POKHREL et al. 2008 ;  CHOJNACKA et al. 2005 ;

PAGNANELLI et al. 2003 ;  MURPHY et al. 2007 ;  VILAR et al. 2009 ;  CHUBAR et
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al. 2003,  YU et al. 2007) are recognized to involve in metal ions uptake by various

biosorbents.

2.5.3.2 X-ray photoelectron spectroscopy (XPS)
XPS is a key system to obtain information for elemental analysis (qualitative and

quantitative) of surfaces used.  The involvement of nitrogen in lead sorption and the

lead–oxygen interaction (MALIK et al. 2004) on carboxyl group decreased the

concentration of nitrogen and oxygen, also shift of peaks was observed by XPS. The

confirmation of  both trivalent and hexavalent  chromium sorbtion on grape stalks

(FIOL et al. 2008) and oxidation state of bound chromium on pine needles (PARK et

al. 2008) was observed by this technique. Moreover it also explained the increasing

sorption of cadmium and lead using cross-linked baker’s yeast with cystine (YU et al.

2007).

2.5.3.3 Scanning electron microscopy (SEM)
Scanning electron microscope scanned the biomass surface images by electron

beam and give information about the morphology of native and metal interacted

biomass. The surface porosity of grape bagasse was observed by this technique in

combination with energy dispersive X- ray analysis (FARINELLA et al. 2008). The

uptake mechanism of Cu2+ and Cd2+on Botrytis cinerea surface, Pb2+ and Cd2+ on

grape stalks and Cd2+on coconut shell was studied (PION et al. 2006). SEM-EDAX

confirmed both the existence of toxin metal ions on the sorbent surface and of metal

micro precipitation (PANDA et al. 2006; FIOL et al. 2008).

2.5.3.4 X-ray absorption spectroscopy (XAS)
X-ray absorption spectroscopy examines the local structure of elements in

heterogeneous samples on theoretical basis and interprets the spectra utilizing

databases of known structures. The use of XAS and extended X-ray absorption fine

structure (EXAFS) determine the metal binding responsible ligands for Cr3+ by alfalfa

shoot biomass (TORRESDEY et al. 2002).
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2.5.3.5 Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance elucidates the binding sites involved in metal ions

sorption. The  involved functional groups  in Ni2+, Cu2+, Al3+ and Fe3+ sorption on

plant root biomass were observed by 1H NMR; those involved in Cd2+ as well as

Pb2+ on grape bagasse by 13C NMR, those in Ni2+, Cu2+ and Cd2+ using  olive stones

and those in Cu2+ and Ni2+ onto cork waste (NURCHI et al. 2007 ; FARINELLA et al.

2008).

2.6 Isothermal and Kinetic Modeling
To a sound understanding of biosorption process, the equilibrium data is usually

represented as isotherm, kinetic and thermodynamic models.

2.6.1 Biosorption isotherms
The existing sorption isotherm models have a number of constants and give basic

information about the given system. To portray the biosorption equilibrium, the

applicability of these models is based on different parameters (BASHA AND JHA,

2008). Various models have been used to describe biosorption (CHEN et al. 2007;

BEOLCHINI et al. 2006).These vary from simple single component models to

complex multi-component (PAGNANELLI et al. 2003).

2.6.1.1 One-parameter models
Among the isotherms the simplest one is Henry’s law, effectively applied at high

concentration range solute (XUE et al. 2001). The experimental data for Cd+2 and

Pb+2 sorption onto L. Variegata failed to predict the equilibrium isotherm due to low

metal concentration (BASHA AND JHA, 2008).

2.6.1.2 Two-parameter models
Langmuir described the sorption as a chemical phenomenon and gave a frequently

applied hyperbolic isotherm,
Qe = Qe

th Keq Ce /  1+ KeqCe
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in which Qe
th is the maximum theoretical uptake capacity, Qe is equilibrium

adsorption capacity and Keq represents the equilibrium constant, while Ce is

concentration of adsorbate at equilibrium.

Freundlich proposed an empirical isotherm equation, that is preferably be useful in

low to intermediate concentrations (FREUNDLICH, 1907).

Qe = kF Ce
1/nF

in which kF and nF are Freundlich constants. The maximum uptake is determined

with C0 (initial concentration) and changeable adsorbent weights

According to HALSEY, (1948)

KF = qm / C0
1/n

Where qm is the maximum Freundlich sorption (mg/g) and C0 is the solute initial

concentration in bulk solution (mg/l).

DUBININ AND RADUSHKEVICH, (1947) proposed the following isotherm for the

effect of porous nature of biosorbent

ln qe = ln qm - ßε2

By plotting ln qe against ε2 (Polanyi potential = RT ln(1 + (1/Ce), the value of qm (mole

g-1) and ß (mole2 (J2)-1) can be calculated from the intercept and slope of the straight

line. The constant ß gives an idea about the mean free energy (kJ mole-1)

Flory–Huggins isotherm explores the surface coverage effect of adsorption i.e., it

explains the two-dimensional lattice behavior of non-interacting constituent of

various sizes (FLORY AND HUGGINS, 1942)

θ / nFH(1 − θ)nFH exp(−2nFH αFH θ) = KFHCe

KFH and nFH are Flory–Huggins constants; αFH indicates the interaction between

adsorbed molecules. VIJAYARAGHAVAN et al. (2006) calculated the Gibbs free

energy change in Ni2+ sorption and JNR AND SPIFF, (2006) studied Co2+, Al3+ and

Ag+ sorption onto fluted pumpkin waste using this equation.

For multimolecular adsorption BRUNAUER et al. (1938) developed BET equation

Qe = BCeQ0 / (Cs − Ce) [(1 + (B − 1)Ce)/Cs]

in which Q0 is sorbate per unit weight of sorbent, B is a constant relating to the

energy of interaction with surface and Cs is solute saturation concentration.
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Biosorption of Zn2+ by Rhizopus arrhizus was described by applying the BET model

(PREETHA AND VIRUTHAGIRI, 2005).

Temkin isotherm is hypothesized that the heat of adsorption decreases with the

increasing coverage of sorbent (AHARONI et al. 1977)

Qe = RT/bt ln(atCe)

In which at is the Temkin isotherm constant, bt is heat of adsorption and T stands for

absolute temperature in Kelvin. Temkin isotherm applied on equilibrium data of Ni2+

sorption by Sargassum wightii was not fit satisfactorily (VIJAYARAGHAVAN et al.

2006).

Fowler–Guggenheim isotherm gives direct interaction between heat of adsorption

and adsorbed molecules.

KFGCe = (θ/1 − θ) exp 2θW/RT

Where KFG (l/mg) is the Fowler–Guggenheim equilibrium constant, θ gives fractional

coverage and W is the interaction energy among adsorbed molecules (kJ/mol)

(FOWLER AND GUGGENHEIM, 1939)

The adsorption in localized monomolecular layer is expressed by Kiselev model and

is represented as

1/Ce (1 − θ) = k1 / θ + k1kn

Where k1 (l/mg) expressed the Kiselev equilibrium constant, kn is complex formation

constant involving adsorbed molecules and θ is the fractional coverage (KISELEV,

1958).

Hill–de Boer model describes the lateral interaction mobile among adsorption and

adsorbed molecules

ln [Ce(1 − θ) / θ ] − θ / 1 − θ = −lnK1 − K2θ/RT

K1 (l/mg) stands for Hill–de Boer constant, θ the fractional coverage and K2 gives

energetic constant between biosorbed molecules (kJ/mol). When K2 = 0 shows no

interaction among adsorbed molecules, positive K2 means apparent affinity among

involved adsorbed molecules and negative value shows repulsion (HILL, 1946;

BOER, 1953).
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2.6.1.3 Three - parameter models
Sips isotherm is the combination of Langmuir and Freundlich isotherms used for

mono-component system;

Qe = Qe
th KeqCns

e / 1 + KeqCns
e

Where ηs measures the heterogeneity of binding surface. Qe
th (mmol/g) is Sips qmax

and Keq is analogous to the Langmuir affinity constant (ASHEH et al.  2000).

Redlich and Peterson proposed the following isotherm

Qe = Krp Ce /1 + αrpCβ
e

Redlich–Peterson constants are αrp and Krp and β value is in the range of zero to

one. If β is bigger than one, equation is closed to Freundlich equation, but if β = 1

then the equation is closed to Langmuir isotherm. Zn2+ biosorption by Rhizopus

arrhizus has been described by Redlich–Peterson isotherm very well (PREETHA

AND VIRUTHAGIRI, 2005).

The adsorption of aromatics onto activated carbon described by Khan isotherm,

expressed as following:

Qe = Qmax bKCe / (1 + bKCe)nK

in which bK and nK are Khan constants. It describes the dual aspect of Freundlich as

well as Langmuir isotherm.

Toth isotherm equation derived from the potential theory describing biosorption on

heterogeneous surface is expressed as

Qe = Qmax bTCe / [1 + (bTCe) 1/nT] nT

Where bT and nT are two constants. If nT = 1, reflects the Langmuir-type isotherm

equation, but could not explains Freundlich like sorption. In litreature, Toth isotherm

reasonably reported the Ni2+ sorption using Sargassum wihtii (VIJAYARAGHAVAN

et al. 2006).

2.6.2 Biosorption kinetics
Kinetic of biosorption data have been used for time evolution and scale-up of

biosorption systems under non equilibrium conditions (XU et al. 2004; KIRAN et al.

2006; RUBIN et al. 2006). The comparison of experimental and calculated qe values,

shape of graph and coefficient of determination R2 helps to make a decision which
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kinetic model is pursued by sorption. The value of R2 > 0.98 confirmed the suitability

of model for relating the kinetics (GARNI, 2005).

The first and second-order kinetic models were employed on sorption of Cu(II),

Zn(II) and Ni(II) on biosorbent. Their mathematical representation is as follows:

ln[C] =  ln[CO] – kt

1 / [C] = 1/[CO] – kt

The Lagergren equation has the following formula

log ( qe – q )  = log qe – kt / 2.303

The pseudo-second-order rate equation is represented as

[t / qt]  = 1/ k2qe
2 + t /qe

Sorbed metal ions at equilibrium and time t are represented as qe and qt

respectively, K2 is the rate constant. The theoretical and calculated qe are compared

from the plot of (t/qt) vs. time. The literature of metal ions sorption on wheat-based

biomass mostly followed the pseudo second order kinetic (FAROOQ et al., 2010). A

number of other metal-biomass systems followed the pseudo-second-order

equation, for example, CuII sorption using Cladophora crispate, Pb(II) by

Rhodotorula aurantiaca (CHO et al. 2005), and CrVI by Mucor hiemalis (TEWARI et

al., 2005). Elovich model is shown as

qt = 1/ β ln ( α β ) + 1/  β ln (t )

Where qt stands for adsorbate at time t. α and β represents reaction rate constant

and adsorption rate at zero coverage.

2.7 Desorption studies
Desorption of loaded sorbents ensure the biomass recycling along with sorbed

materials recovery. Desorption treatment may improve sorption capacities, or may

decrease the biomass efficiency (GADD, 2009). Several chemicals have been used

as desorbents (organic and inorganic acids, alkalis and complexing agents)

according to process requirements, sorbed material, and economic considerations

(GONG et al. 2005). The eluants such as CaCl2 with HCl, EDTA with HCl,

carbonates and bicarbonates, NH4OH, KHCO3, and KCN were also reported as

desorbents. The cyclic sorption desorption use of M. hiemalis proved its efficiency



23

even after five cycles  with 99% recovery of  adsorbed Cr (VI) using 0.1 N NaOH

(TEWARI et al. 2005). EDTA (0.01M) was also reported good eluent for nickel

elution with 99.1% efficiency from crab shells (VIJAYARAGHAVAN et al. 2005). For

Cd(II) desorption   various eluting agents (HNO3, HCl, H2SO4, NaOH, Na2CO3, and

NaCl) 0.1 M were investigated with the findings that  entire elution of  cadmium was

observed using  0.1 M H2SO4 and 0.1 M HCl, while 95% adsorbed Cd(II) was

removed by  HNO3 (PANDEY et al. 2008). CHAKRAVARTY et al. (2010) used 0.01M

(NaOH, HNO3) for Pb(II) desorption from bael leaves efficiently and after two cyclic

studies 5% loss of uptake capacity was also observed. AKHTAR et al. (2007)

recovered sorbed uranium up to 99.9% using HCl, with biomass regenerating

capability for five cycles. The 0.1M HCl approved good adsorbent to desorbe 85% of

lead biosorbed onto Aspergillus versicolor biomass. The five sorption–desorption

cycles can be carried out efficiently after which loss in sorption capacity was noted

(BAIRAGI et al. 2011).

2.8 Biomass immobilization for better biosorbents
For application of biosorption on industrial scale, immobilization is an appropriate

technique for commercial biosorbents, with the ability to take up metal ions in

continuous treatment. This facilitates the process by decreasing the biosorbent cost,

easy and frequent supply, renewal and reuse (TSEZOS, 2001). In support of

application, choice of good quality, low-priced and stability are important factors.

Polymeric matrices (alginate, polyacrylamide, polyvinyl alcohol, silica gel, cellulose

and glutaraldehyde) are suitable materials for biomass immobilization

(VIJAYARAGHAVAN AND YUN, 2008). The use of immobilized materials is

analogous to activated carbon and ion exchange resins as adsorption–desorption

cycles. Fluidized beds of S. platensis and C. vulgaris were effective to recover gold

from solution having FeCl2, AuCl4, CuCl2, and ZnCl2 (VIETRA AND VOLESKY,

2000). Immobilized basidiospores of P. chryosporium into Ca-alginate removed

mercury and cadmium ions. These immobilized fungal beads were regenerated with

10 mM HCl (KACAR et al. 2002). P. maltophilia cells entrapped in polyacrylamide

gel as well are efficient for gold sorption that was desorbed by 0.1 M thiourea
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solution in repetitive biosorption–desorption cycles (TSURUTA, 2004). Silica is

another important matrix with good mechanical strength. The beads of T. versicolor

immobilized in carboxymethylcellulose (CMC) were used for the biosorption of Cu2+,

Pb2+ and Zn2+ ions,  regenerated with 10 mM HCl, giving 97% metal ion recovery in

five subsequent sorption–desorption cycles (BAYRAMOGLU et al. 2003). LAGOA

AND RODRIGUES, (2007) prepared and characterized dry protonated calcium

alginate beads for lead uptake capacity. The hydrolyzed polyacrylamide in

combination with chitosan components was used to remove Pb2+, Cu2+ and Hg2+

from aqueous solutions. These gel beads were used in column system with the

removal order Pb2+ > Cu2+ > Hg2+ with easy regeneration of biosorbent (CAO et al.

2010).  YANG AND XIE, (2011) reviewed chemical modifications of alginate having

free carboxyl and hydroxy groups that are as yet unexploited commercially.

Modification of alginate hydroxyl groups was made by oxidation, sulfation, reductive-

amination and copolymerization and carboxyl groups were modified by esterification,

Ugi reaction, and amidation.

2.9 Continuous biosorption and Desorption
Continuous biosorption studies using packed bed columns are very important to

evaluate practical applications for biosorption processes with substantial engineering

merits (AKSU, 2005).

In column experiments, the column outlet with no concentration of solute would be

expected initially, that increases gradually with increasing time due to biosorbent bed

saturation with solute. Column operations in labs should continue until the inlet and

outlet solute concentration become equals with S shaped breakthrough curve.

Various parameters including the length of the sorption zone, uptake and removal

efficiency, flow rate, slope of the breakthrough curve are used to check the

performance of a packed bed biosorption, (VOLESKY et al. 2003). ZULFADHLY et

al. (2001) observed direct relation among metal uptake and bed height in a

Pycnoporus sanguineus loaded fixed column. Similar findings were also experienced

in nickel biosorption on packed bed of crab shell that increases with the increase of

bed height from 15 to 25 cm (VIJAYARAGHAVAN et al. 2004).
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For manifold cyclic use the biosorbent packed columns rapidly regenerate with

suitable elutant. Good biosorbents for column reactor process are ones that show

high removal efficiency with delayed and steep breakthrough curve

(VIJAYARAGHAVAN AND YUN, 2008).

2.10 Modelling of column data
For designing of column biosorption process the prediction of concentration- time

profile is an important factor. Several mathematical models (Bohart-Adams, Thomas,

Wolborska model, Clark model and Yoon–Nelson models) have originated for

application of fixed bed columns (VOLESKY, 2007).Mathematical expression for

Bohart–Adams model (BOHART AND ADAMS, 1920) is

C/C0 = exp [kABC0t - kABN0 Z/U0]

Thomas model (THOMAS, 1944) can be represented as under

C0/C = 1+ exp [kTH / F (Q0M - C0Veff)]

However, to allow scale up practical applications of biosorption many columns

modeling work requires to be done.

2.11 Commercial biosorbents
The first patent of commercial biosorbents was reported in 1980s (TSEZOS, 2001).

By immobilization first commercial biosorbents AlgaSORB™ using C. vulgaris and

AMT-BIOCLAIM™ using Bacillus biomass were developed (GARNHAM, 1997). In

Montreal, Canada some enterprises introduced B. V. SORBEX, Inc; biosorption

system introduced a series of biomaterial, including A. nodosum, S. natans,

Chondrus crispus, Halimeda opuntia etc. (WANG AND CHEN, 2009).

The biosorbents ‘MetaGeneR’ and “RAHCO Bio-Beads” effectively remove metal

ions from mining effiuent. AMT-BIOCLAIM TM is able for gold, cadmium and zinc

sequestration from cyanide solutions, and is suitable for metal-finishing operations.

AMT-BIOCLAIM™ (Visa Tech Ltd.) comprises of Bacillus subtilis immobilized in

polyethyleneimine and glutaraldehyde. The biosorbent BIO-FIX selectively biosorb

toxic metal ions over light metals, is made by various biomasses (Sphagnum peat
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moss, yeast, algae and bacteria) immobilized in polysulfone (VIJAYARAGHAVAN

AND YUN, 2008).

2.12 Challenges Ahead / The Road Ahead
From last three decades biosorption phenomenon has been researched extensively

but yet it is studied at the stage of laboratory scale. Attempts have not been

successful until now to scale-up and commercialization of the process. The

feasibility of biosorption process in future is based on multiple approaches. There is

need to continue fundamental research for better understanding of sorbents

selectivity, development of specific comprehensive models for kinetic or equilibria

studies of complex/hybrid biosorption systems (WANG AND CHEN, 2006). Protein

engineering and modern molecular biotechnology may help to improve the specificity

of biosorbents,

More pragmatic approach in plan of biosorbent system is to investigate the

simultaneous removal of various coexisting noxious wastes as industrial effluents

contain a variety of pollutants. It is attractive to develop and use combo-biosorbents

having a two or more types of biomass (CRINI, 2006). Immobilization and chemical

treatment considerably has increased specificity and capacity in biosorption of

biomass rather than native biomass but causes rise in cost of biosorbents overall.

So more attention should be paid and interest needs in this field to develop new,

cheap and effective methods (CRINI AND BADOT, 2008).

At the present time, biosorption research has primarily based on removal of toxic

metals and unwanted poisnous organics. On the other hand, recovery of valuable

metal assets (gold, platinum, palladium, Ruthenium) is getting concentration so as to

their inadequate deposits. For this purpose the sorbents revival, competence and

purity of recovered materials would be more significant than cost-effectiveness.

Biosorption and biosorbents are also used for purification of ionic pharmaceuticals

as antibodies, proteins and peptides. In pharmaceuticals during sterilization and

purification biosorbents heat resistance and release of impurity are improved.

To overcome these difficulties in biosorption application, research should be pushed

towards hybrid technologies involving the combination of various processes
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(flotation, biosorption, bioreduction, membrane technology, bioprecipitation,

photochemical and electrochemical) for large-scale treatment of wastewater. Thus,

the resultant novel reactors should be designed and their working conditions should

be optimized for scale up study. Therefore in future more attention should be given

towards partnership approach for demand of novel process ventures. In short the

assessment of the competing technologies, market size, cost of new biosorbents, all

these should be considered as future driving tools for biosorption technology that

delays its practical applicability.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Fungal culture growth conditions
For screening studies all fungal cultures used were obtained from Culture Collection

lab, Industrial Biotechnology Division, Nuclear Institute of Biotechnology and Genetic

Engineering, Faisalabad. These cultures were revived on Vogal’s medium plates

and screened extensively prior to use.

To obtain biosorbents, fungi were grown using shake flask method in liquid Vogal’s

medium (g/litre trisodium citrate 2.5, NH4NO2 2.0, KH2PO4 5.0, (NH4)2SO4 4.0,

CaCl2. 7H2O 0.1, MgSO4.7H2O 0.2, glucose 5.0, peptone 2.0, at pH 5.5), at 28±2 °C

in 250 ml Erlenmeyer flasks. From Vogal’s medium plates, a loop of spores were

transferred to flasks containing autoclaved Vogal’s medium to get mother liquor and

shaken on a rotary shaker (Kuhner, Switzerland ISF-1-W) for 24 hours. The 1.0 ml of

this suspension was transferred to each flask having 100 ml of pre-autoclaved

Vogal’s medium. The surface area of biomass was increased by adding 4-6 glass

beads to each flask prior to autoclaving the growth media. After 72 hours of

incubation, the stationary growth phase cultures were harvested and washed with

generous amount of distilled water. Excess water from  harvested biomass was

removed with paper towels (commercial grade), and from this wet biomass known

weight was oven dried at 85 °C for calculation of wet to dry weight conversion factor.

The freshly harvested biomass was stored in screw capped falcons for further use.

3.2 Identification and evaluation of fungal isolates
3.2.1 DNA extraction
The DNA of selected fungal isolates was extracted according to CARLSON et al.

(1991). Fungal mycelia (1.5 ml) were lysed in microcentrifuge tube having glass

beads of 6 mm diameter (4 to 6), silica (100 mg), lysis buffer (1 ml) [(1% PEG 8000,

100 mM Tris–Cl, pH 9, 25 mM EDTA, 1.2 M NaCl and 2.5 % CTAB] and 2 µl

mercaptoethanol. The tubes were vortexed (Vortex-2, Genie) for 30 seconds,
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incubated for half an hour at 80 °C and followed by  centrifugation at 10,000 g for 15

minutes using centrifugation (Hettich, D-78532, Germany). The supernatants were

shifted in other tubes having 800 µl mixtures of chloroform and isoamyl alcohol with

24:1 ratio, mixed via inversion for few minutes and then centrifuged at 15,000 g for

15 minutes. The upper phase was shifted in a new microcentrifuge eppendorf and

added in same volume of isopropanol. After centrifugation at 18,000 g for 10 minutes

DNA precipitates were obtained, rinsed with 200 µl 75% ethanol, centrifuged again

at 15,000 g for 10 minutes and suspended again in 50 mM Tris–HCl pH 9 having 0.2

µg / ml EDTA/RNAse.

3.2.2 Fungal identification on the basis of morphology and internal transcribed
spacer (ITS) sequences
Based on the macroscopic and microscopic characters the selected fungal strains

were identified initially and further confirmation was carried out using molecular

approach based on the gene sequencing of the ITS regions of the ribosomal DNA

(rDNA). Universal primers ITS1 and ITS4 were used for PCR. The reactions were

carried out in 50 µl containing 1x NEB Buffer (10 x 0.5 M Tris–HCl pH 9, 0.2 M KCl,

0.2 M (NH4)2SO4, 0.02 M MgSO4 and 1% Triton), 0.001 M dNTP, 2 µM of each

primer, 0.5 µl recombinant Taq DNA polymerase and 1 µl template DNA. The PCR

reaction conditions were 95 °C for 5 min, 60 cycles of 95 °C for 30 s, 54 °C for 1 min,

72 °C for 1 min, followed by 72 °C for 10 min. Agarose gel electrophoresis was used

for confirmation of PCR products. Purified DNA was sequenced by Macrogen using

ITS1/ITS4 primer pair and the Genbank database (National Centre for Biotechnology

Information; http://www.ncbi.nlm.nih.gov) was searched for sequence similarities

using NCBI BLAST to determine the closest available database sequences.

3.3 Metal solutions
The standard stock solutions of metals Pb and Zn containing 1000 mg metal/litre

were prepared by dissolving  Pb(NO3)2 and Zn(NO3)2 powders (analytical reagent

grade) in 1% HNO3. The working solutions in different concentrations were prepared

by diluting these stock solutions with distilled water. Using stock solutions of 10 mM
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the binary solution of metals were prepared having mixture of 2 mM primary cations

(Pb(II) or Zn(II)) and changeable concentrations (1.0-10 mM) of co-cations

(manganese, copper, nickel, etc.) as well as of anions (chloride, nitrite, carbonate

and sulphate). The pH value of the solutions was adjusted with dilute HNO3 or

NaOH before adsorption experiments. Unless otherwise stated, all reagents used

were of analytical-grade (BDH, Sigma-Aldrich or Biolab brands). All glassware used

was acid-washed in 2% HNO3 for a minimum of two hours, rinsed in distilled water

overnight and oven-dried before use.

3.4 Batch biosorption trial
Batch biosorption experiments were performed in 250 ml Erlenmeyer flasks by

adding known amount of biosorbent to 100 ml of single metal ion solution of

calibrated concentration. The optimization of culture age of biosorbents, initial pH of

metal solution, temperature, pulp density and metal solution concentration was

carried out using series of experiments. The experimental setup in the absence of

biomass serves as control. 1.0 ml sample was taken at specified time interval for

determination of remaining metal ion concentration on atomic absorption

spectrophotometer (Model Varian 240 FS). Prior to analysis, sample was centrifuged

at 10,000 g for 5 minutes and cells were discarded. Supernatant was used for

residual metal concentration determination and that reading was used to determine

mg of metal ions/ g of biosorbed (dry weight) of biomass.  Biosorption was followed

for a specific period. The entire experimentation was conducted in triplicate with

average results and standard deviation reported.

3.5 Effect of cations and anions
To determine the selectivity of a biosorbent for a particular metal ion from the

mixture of metals, biosorption experiments for uptake of lead/zinc were conducted in

the presence of other cations (copper, nickel and manganese) and anions (chloride,

nitrite, carbonate and sulphate) in binary system.  The initial concentration of

lead/zinc used were 2 mM (200 ppm) and the effect of cations/anions were

investigated at metal to cation/anion ratio of 1:0.5, 1.0:1.0, 1.0:2.0 and 1.0:5 at
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optimized temperature, pH, and shaking speed. Along with lead and zinc, the

residual concentration of co-cations in supernatants was also determined to analyze

the biosorption of these cations too.

3.6 Metal elution and regeneration of biosorbents
To release the accumulated metal ions from the biosorbents for recovery purpose

and to regenerate the exhausted biosorbents, different eluting agents like distilled

water, HCl, NaOH, Na2CO3, NaHCO3, (NH4)2SO4, (NH4)2CO3 and CH3COONa were

tried at 0.01 M concentration. Metal loaded biomass sample (0.025 g) was washed

by distilled water and mixed in 30 ml of 0.01 M desorbents and shaken at 180 rpm

and 28±2 °C. After regeneration, the biomass was washed, filtered and dried finally

at 60 ºC. The loss in biomass weight was calculated. For maximum elution, pulp

density (0.1, 0.25, 0.75 and 1.0 g/l) and concentration (0.001, 0.01, 0.05 and 0.1 M)

of selected eluent were optimized. The regenerated biomass was used after that for

next sorption experiment. This sorption desorption cyclic study was carried out for

five times. All experiments were carried out in triplicate.

3.7 Biomass characterization
Biosorbents were characterized using both chemical as well as instrumental analysis

before and after metal immobilization.

3.7.1 Chemical characterization of biosorbent
1. Modification of functional groups
Sorption mainly occurs by functional groups on the surface of biosorbent therefore

their involvement can help in shedding light on mechanistic study of the process.

(i) Blocking of amines and carboxylic acid groups
Dry biosorbent (1.5 g) was treated with 10 ml gluteraldehyde (25%) and in a  1.5 ml

of 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (0.01 M) in

aqueous ethylamine (30%) for blocking of amines and carboxylic acids, respectively
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(SAITOH et al. 2000). The reaction mixture was stirred at 180 rpm for three days,

filtered, washed and then dried at 80 ºC for 8 hours.

(ii) Modification of hydroxyl groups
Modification of hydroxyl groups was carried out by reaction with acetic anhydride.

3.0 g of biosorbent was refluxed with 100 ml of acetic anhydride for 6 hours. The

biosorbent was filtered, washed with excess amount of distilled water and dried at

80ºC for 8 hours.

(iii) Extraction of lipids
Extraction of lipids was carried out by refluxing 1.5 g of biosorbent in 75 ml of

benzene for 6 hours (NAGENDRAN et al. 2007). Then the biosorbent was filtered,

washed and dried at 80 ºC for 8 hours.

3.7.2. Instrumental analysis
(i) Surface area analysis
The surface area of the adsorbents was determined using N2 gas adsorption method

with a Surface Area Analyser and Porosimeter (ASAP 2020-Micrometrics). Biomass

surface area was measured by BET (Brunauer, Emmett and Teller) and Langmuir

methods in the range of 0.1–2000 m2/g with thermal conductivity detector. Pore

volume and porosity of the biosorbent samples were measured using Pycnomatic

ATC (Thermo Electronic Corporation, Italy).

(ii) Fourier Transform Infrared (FTIR) studies
The infrared spectra of the biosorbents before and after sorption of metal ions (for 24

hours in 100 mg/L initial metal concentration) were recorded on FTIR

spectrophotometer (BX Perkin-Elmer, England), equipped with diffuse reflectance

accessory through a wavelength range of 450 to 3500 cm-1. The same was also

repeated with Ca-alginate and gluteraldehyde cross linked Ca-alginate beads.

(iii) Scanning electron micrograph (SEM) and energy-dispersive analysis of X-
rays (EDAX)
To explore the metal ion sorption mechanism, scanning electron micrograph with

energy-dispersive analysis of X-rays (SEM-EDAX) of loaded and unloaded biomass

was carried out.
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Scanning electron microscope equipped with EDX analyzer (Jeol, JSM 5910) was

used. The oven dried (at 90 °C) and grinded samples were immersed in little distilled

water followed by vortex for 3 minutes. A little quantity of sample was shifted to stub

using a pipette then vacuum dried for 2 hours at 80 °C. These samples were coated

by gold (10-4 pa) in sputter coater, as a result these samples were made good

conductors, put in SEM holder and images were collected.

(IV) Transmission electron microscopic (TEM) studies
For transmission electron microscopy biomass samples before and after metal

(Pb/Zn) sorption  were  fixed in cold buffered fixative (2.0% (v/v) gluteraldehyde in

0.1 M sodium phosphate buffer, pH 7) at 4 °C overnight, after which these samples

were exposed to osmium tetroxide for 60 minutes before undergoing  wash step

with cold buffered fixative. Samples were then dehydrated with a series of increasing

ethanol concentrations (30, 60, 90, and 100%). Once complete, the ethanol was

discarded and replaced with propylene oxide and left for 15 minutes, after which it

was replaced with fresh propylene oxide for further 30 minutes. The propylene oxide

was discarded and the specimens exposed to propylene oxide: resin (v/v) mixtures

with (50:50 and 25:75) each of which was allowed to infiltrate for 2 hours. The

specimens each were separately transferred to pure resin and allowed to infiltrate

overnight. Specimens were placed at 60 °C for 2 days  to allow the resin to

polymerise after which they were sectioned and viewed with a transmission electron

microscope at 90 kV (JEOL 1210, Japan).

3.8 Biomass immobilization to prepare beads
(i) Preparation of calcium alginate beads
2 g sodium alginate was dissolved in 50 ml of hot distilled water with continous

stirring to stay away from lumping. Then 2 gram dry biomass (biosorbent)

homogenized in 50 ml of distilled water was added under stirring condition to form a

uniform mixture having composition 2% biomass in 2% sodium alginate. This

mixture was extruded as droplets in 0.2 M CaCl2 solution through a nozzle. The

drops of sodium alginate solution upon contact with the calcium chloride solution

gelled into beads. The gel beads having approximate 20.2 mm diameter were
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restored for 4 hours at 4 oC in calcium chloride solution to form stable and water-

insoluble biomass immobilized calcium alginate beads (FCAB). The beads were

prepared using both lead (FLCAB) and zinc (FZCAB) biosorbents separately. The

beads were taken off from calcium chloride solution through filtration, rinsed with

distilled water and stored at 4 ºC for further use in biosorption experiments. Blank

beads of alginate (4% w/v) were also prepared (CAB) to be used as control in further

experiments.

(ii) Preparation of glutaraldehyde crosslinked calcium alginate beads
Thirty-five grams of previously prepared calcium alginate beads (both FCAB and

CAB) were soaked in 250 ml of 0.01 M glutaraldehyde separately for over night.

Then the beads were removed from the glutaraldehyde solution and were rinsed

thoroughly with distilled water. These beads were also stored at 4 ºC till used in

further experiments. The chemical reaction between the hydroxyl groups of calcium

alginate and glutaraldehyde was confirmed by Fourier transform infrared (FTIR)

measurements.

3.9 Metal immobilization by polymeric beads
3.9.1 Equilibrium studies
Metal stock solutions (1000 mg/l) of lead and zinc were diluted for obtaining working

solutions of required concentrations ranging from 100–600 mg/l. Batch experimental

studies were carried out with beads corresponding to 0.5 g/l dry weight per 100 ml of

Pb(II) or Zn(II) solution of desired concentration at optimized pH values  of 4.5 and

5.0 respectively in 250 ml Erlenmeyer flasks. The flasks were incubated on a

mechanical shaker at 180 rpm for 6 hours at 28±2 ºC. At the end of experiment,

adsorbent was filtered using Whatman filter paper and the metal concentration in

aqueous-phase was determined.

3.9.2 Column experiments
Batch column flow adsorption trials were performed in glass columns having 1.9 cm

diameter and 35 cm length. The columns were packed with the known quantity of
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four different types of beads each. A constant flow rate (2.5 ml/min) was maintained

through out the experiment using peristaltic pump (Watson Marlow-505S). The

effluent solution from the column exit was collected at specific time intervals until the

equilibria reached and monitored the metal ions concentration in effluent.

Breakthrough curves for the adsorption of lead and zinc by respective biosorbents

were obtained by plotting metal ions concentrations in effluent against the volume of

the effluent.

The columns were regenerated after exhaustion with metal ions using 0.01 M HCl

solution at 2.5 ml/min flow rate. After elution, the packed bed columns was washed

using distilled water. The sorption and desorption column efficiencies were

calculated according to VOLESKY et al. (2003).

Again the columns were fed with effluent and biosorption experiments were carried

out to check its efficiency followed by regeneration studies. The repeated sorption

followed by desorption studies were performed three times to assess the potential of

biosorbents for use in sorption-desorption cyclic studies.

3.10 Data Evaluation
3.10.1 Metal uptake capacity
The biosorbed amount of metal ions mg/g dry weight of biomass was calculated

using following concentration difference method:

q = (Ci − Cf) V/ W (1)

where Ci and Cf (mg/l) stand for initial and final  metal ion concentration in aqueous

phase, W (g) corresponds the  suspended biosorbent weight in V (l) volume of the

metal solution.

3.10.2 Metal elution
The value of eluted metal per gram of biomass (qdes) was calculated from desorbed

metal concentration (Cdes) as follows:

qdes ═ Cdes V / W (2)

Where W (g) shows the biomass weight in V(litres) volume of solution. The

percentage desorbtion of metal was calculated as
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Percentage desorption ═ ( qdes / q ) x100 (3)

3.10.3 Column efficiency
Percentage metal removal with respect to flow volume was calculated as follows:

Total metal removal (%) = mad / mtotal x100 (4)

Where mad is the metal ions biosorbed in column, determined by multiplication of

column flow rate and area above the breakthrough curve obtained by plotting a

graph between outlet metal concentration versus time, mtotal is the total amount of

metal ions passed through the column.

The elution efficiency (E) was evaluated from

E (%) = md / mad x100 (5)

The desorbed metal concentration (md) can be worked out from multiplication of

column flow rate and the area under the elution curve.

3.11 Application of equilibrium and kinetic models of sorption
3.11.1 Equilibrium models
For assessing biosorbent capacity and to evaluate the experimental data, the use of

sorption isotherm is the most appropriate approach. Therefore, in present study the

biosorption is examined using Langmuir, Freundlich, Dubinin-Raduskevich, Flory–

Huggins, Temkin and Kiselev adsorption models.

3.11.2 Kinetic models
The experimental data pertaining to time course studies was subjected to zero-

order, first-order, pseudo-first-order, second-order, pseudo-second-order, second-

order rate equation, saturation mixed order, Bhangham’s, Elovich, and intraparticle

diffusion models. The model predicted values were validated by correlation

coefficient R2 values along with comparison of theoretical value with experimental

one.
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CHAPTER 4

RESULTS

4.1 Screening and identification studies
Twenty five locally isolated fungal strains were screened for Zn(II) and Pb(II)

biosorption capacity. The biomass were grown in Vogel’s media, incubated at 180

rpm, 282 C and harvested after 72 hours.

The batch screening studies were conducted at initial solution pH value of 4.5 by

incubating freshly harvested wet biomass equivalent to 0.05 g dry weight in 100 ml

of metal solution (for lead  and zinc separately) having 100 mg/l initial concentration

in 250 ml Erlenmeyer flasks. The sorption capacity (q mg/g) of different isolates for

lead and zinc biosorption varied from 11.63.4 to 164.5±3.5 and 13.3±2.5 to

84.2±1.9 mg/g dry weight of biosorbent respectively (Table 4.1). After screening and

rescreening for Pb and Zn sorption, with isolates 1, 4 and 22, high values of lead

sorption capacities were observed while isolates 3, 13 and 14 were found to be

efficient for zinc biosorption potential. These six potential biosorbents were selected

for further identification, optimization of physico-chemical factors affecting the

process of biosorption.
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Table 4.1 Screening studies for Pb(II) and Zn(II) biosorption

Biosorbents Sorption Capacity q (mg/g)
Pb(II) Zn(II)

FB01 164.5 ± 3.5 33.7 ± 3.5

FB02 11.63.4 16.7±2.6

FB03 54.3 ± 2.5 58.3±2.11

FB04 148.2±5.2 31.8±3.7

FB05 12.34.3 21.8±1.7

FB06 40.13.3 13.3±2.5

FB07 41.11.8 24.9±1.9

FB08 62.91.3 32.3±2.4

FB09 14.92.6 30.9±1.0

FB10 34.02.0 17.4±3.5

FB11 59.32.2 34.4±2.5

FB12 63.43.4 19.2±1.2

FB13 58.73.6 84.2±1.9

FB14 23.42.4 40.2±3.2

FB15 20.25.7 31.0±5.2

FB16 28.7±0.9 37.6±1.5

FB17 24.93.6 33.5±1.6

FB18 33.52.7 17.8±2.5

FB19 61.62.5 21.7±3.8

FB20 40.26.1 35.0±1.4

FB21 58.72.6 24.2±2.2

FB22 65.2±3.0 26.2±2.1

FB23 29.7±4.9 27.6±4.1

FB24 71.42.4 10.2±3.8

FB25 49.7±1.6 29.6±5.5

Wet weights equivalent to 0.05 g dry weights in 100 ml of 100 mg/l metal solution
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4.2 Identification and ITS sequences of screened isolates
After screening and rescreening for Zn(II) and Pb(II)  biosorption, six potential

biosorbents isolates FB01, FB03, FB04, FB13, FB14 and FB22  were selected for

further identification and optimization of physico-chemical factors affecting the

biosorption process.

These screened isolates were first identified on morphological basis, then

reconfirmed by amplifying ITS sequences of these isolate using ITS 1 and ITS 4.

The single pattern band was observed around 524 to 626 bp. The BLAST outcomes

through the GeneBank proved the regions of similarity of these local isolates with

that available in database (Table 4.2). The fungal isolates FB01, FB03, FB04 and

FB13 were found to be closely related to Aspergillus sp. exhibiting similarity values

100, 100, 99 and 99% respectively. However, isolates FB 22 and FB14 were found

to be related to Aureobasidium sp. RBSS-303 and Paecilomyces formosus DTO

63f4 with similarity value of 100 and 99 % respectively.
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Table 4.2 Closest matches from BLAST searches of fungal sequences

Isolates Closest species match Sequence identity Overlap Sequence References
(accession code) (%) (bp)

FB01 Aspergillus caespitosus 98 902 (SUGITA, 2006)

(AB267813.1)

Aspergillus caespitosus 98 822 (HAUGLAND et al., 2004)

(AY373841.1)

FB03 Aspergillus oryzaeSV-09 99 965 (HOUPRAKEN et al., 2010)

(FJ654483.1)

Aspergillus oryzae 99 950 (BUDHIRAJA, 2011)

(JN662374.1)

FB04 Aspergillus flavus HF5 99 946 (HUANG et al., 2004)

(GU183169.1 )

Aspergillus flavus 99 959 (HAUNG et al., 2009)

(GU183163.1)

FB13 Aspergillus flavus NA9 99 970 (ATIQ et al., 2009)

(FJ654434.1)

Aspergillus flavus 99 972 (WANG, 2011)

(JN227070.1)
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Isolates Closest species match Sequence identity Overlap Sequence References
(accession code) (%) (bp)

FB14 Paecilomyces formosus DTO 63f4 98 734 (HOUBRAKEN et al., 2010)

(GU968670.1)

Paecilomyces formosus 99 699 (HOUBRAKEN et al., 2010)

(GU968655.1)

FB22 Aureobasidium sp. RBSS-303 98 776 (BRANDA et al., 2010)

(GQ911532.1)

Aureobasidium pullulans 99 809 (RIBEIRO, 2009)

(FN428912.1)
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4.3. Optimization of Physical and Environmental Parameters
To see the effect of several operational parameters on lead and zinc biosorption by

screened fungal isolates, the batch experiment series was carried out. The

biosorbent efficiency  was indicated as the amount of metal accumulated on fungal

biomass at any time (q, mg/g) or at equilibrium (qe, mg/g) and the concentration of

Pb/Zn ions that stayed behind in solution at equilibrium (Ce, mg/l).

4.3.1 Effect of physical state and culture age on biosorption capacities
For evaluation of wet/dry biomass and culture age, 0.05 g dry weights (or wet weight

corresponding to 0.05 g dry weight) of each biosorbent was incubated with 100 ml of

100 mg/l metal solution at pH 4.5, 180 rpm and 282 C. The results obtained were

shown in Fig. 4.1.

For both Pb(II) and Zn(II) biosorption, every screened biosorbent gave high uptake

capacities with dry biomass (deactivated at 80 οC) as compared to that with wet

biomass (viable, non-metabolising). In case of Pb(II), sorption capacities were

164.5±3.5, 65.2±3.0, 148.2±5.20  mg/g for viable and 174.2±4.4, 79.92.3,

160.71.3 mg/g for non viable A. caespitosus, A. sp. RBSS.303 and A. flavus HF5

respectively. While for Zn(II) biosorption, the maximum increase in sorption capacity

was 15.7% with A. flavus NA9 and 8.2% with A. oryzae SV/09 biosorbent. On the

other hand, zinc biosorption by P. formosus DTO 63f4 was not significantly

influenced by the physical state of the biosorbent (the increase is only 2.7%).

Therefore for further studies, dry biomass of respective biosorbents were used for

lead and zinc biosorption keeping in view the ease of handling the dry biomass

compared to that of wet one.

To see the effect of culture age, fungal biomass was harvested after 24, 48, 72, 96,

120, and 144 hours of growth.  Each of these biomass were incubated at 282 C

with shaking at 180 rpm employing 100 ml of 100 mg/l metal solution to measure the

Pb(II) and Zn(II) uptake in separate set of experiments.

In case of Pb(II), a significant difference in sorption capacities relative to harvesting

time was observed for all the three biosorbents studied (Fig 4.1). For A. sp RBSS-

303 and A. flavus HF5, the maximum values of biomass yields were found to be
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1.74 and 1.96 g dry weight /l respectively on harvesting the biosorbent after 96 hours

of incubation. After 96 hours, the biomass yield continued to decrease till 144 hours

of incubation. The maximum value of biomass yields observed was 2.02 g dry

weight/l for A. caespitosus on harvesting the biomass after 120 to 144 hours of

incubation (Fig.4.1). The maximum Pb(II) accumulation was found to be 174.4±4.4

and 160.7±1.3 mg/g dry weight using biomass harvested after 72 hours and it was

slightly decreased to 172.5±5.9 and 154.4±1.5 mg/g dry weight respectively when

biomass harvested after 144 hours of growth was used. For A. sp RBSS-303,

insignificant difference in uptake value was observed using biomass harvested after

24 to 144 hours of incubation and the maximum sorption capacity value was found

to be 79.3±0.25 mg/g dry weight.

For zinc sorption, the biomass was also harvested after every 24 hours of incubation

starting from 24 to 144 hours of growth. The biomass yield and respective Zn(II)

biosorption capacity for all the three selected biosorbents was shown in figure 4.2.

The Zn(II)  uptake  capacity increased with increase in biomass harvesting time from

24 to 72 hours. The maximum uptake capacity values were observed at 72 hours for

all the three biosorbents and non-significant change was observed after 72 to 144

hours of harvesting. The maximum values of biosorption capacities were found to be

58.3±2.11, 84.2±1.9 and 40.2±3.2 mg/g dry weight for A. oryzae SV/09, A. flavus

NA9 and P. formosus DTO 63f4 respectively. On the other hand, in moving from 72

to 96 hour of harvesting, a significant increase in biomass yield was observed for all

the three biosorbents. The increase in biomass yield was 5.8 and 4.7% while

decrease in sorption capacity was almost 6.6 and 1.8 % with A. oryzae SV/09 and P.

formosus DTO 63f4 respectively, however in case of A. flavus NA9 biomass yield

remained same and 3.2% increase in sorption efficiency was observed when moving

from 72 to 144 hours of harvesting time.
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Fig. 4.1. Effect of culture age on Pb(II) biosorption capacity () and biomass yields
(---), by (▲,∆) A. sp. RBSS-303 (●,) A. caespitosus and (■,□) A. flavus HF5 (W =
0.05 g, pH = 4.5, temperature = 28±2C,  Ci = 100 mg/l, V = 100 ml, agitation rate =
180 rpm).

Fig. 4.2. Effect of culture age on Zn(II) biosorption capacity () and biomass yields
(---), by  (▲,∆) A. flavus NA9, (●,) A. oryzae SV/9 and (■,□) P. formosus DTO 63f4
(W = 0.05 g, pH = 4.5, temperature = 28±2C,  Ci = 100 mg/l, V = 100 ml, agitation
rate = 180 rpm).
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4.3.2 Effect of pH and temperature on Pb(II) and Zn(II) sequestration
To observe the pH and temperature effect on biosorption of lead and zinc, time

course studies were carried out with all the selected biosorbents at pH range 3–5

and temperature 25, 30, 40 and 50 οC.

For all the biosorbents, the uptake of lead and zinc were affected strongly with initial

pH of the solution (Fig. 4.3 and 4.4). It amplified with the increase in pH from 3.0 to

4.5 showing highest value of sorption capacity at pH 4.5 for Pb(II) uptake where as

maxima were reached at pH 5 in case of zinc accumulation. Beyond this,

investigations of pH effect were not made due to metal precipitation. Apparently 100

% metal removal was observed but actually it was due to precipitation not

accumulation. It was also observed that the metal uptake usually improved by

increasing temperature from 25 to 30ºC at all the pH values.

The biosorptive removal of Pb(II)  increases from 119.5±0.6 to 174.2±4.4, 49.11.1

to 78.81.3 and 110.52.4 to 160.71.3 mg/g at pH 4.5 with A. caespitosus, A. sp.

RBSS-303 and A. flavus HF5 respectively by increasing temperature from 25–30 ºC.

Further increase in temperature from 30 to 50 ºC resulted in increase in Pb(II)

biosorption capacity from 174.2±4.4 to 191.4±3.5 mg/g dry weight with A.

caespitosus (Fig. 4.3a) but no significant increase (78.8±1.3 to 82.4±4.1 and

160.7±1.3 to 168.3±2.6 mg/g) was observed with others two biosorbents (4.3b,

4.3c). The time course studies revealed that at 30ºC the equilibrium reached after

about 6 hours but on the other hand at 50ºC, the same percentage removal was

attained very rapidly only after 0.5, 1 and 2 hours of contact time with A.

caespitosus, A. flavus HF5 and A. sp. RBSS-303 respectively.

The uptake of Zn(II) by all the three biosorbents was strongly affected by initial pH

of solution (Figures 4.4 a, b, c). From these figures, it was observed that Zn(II)

biosorption by A. flavus NA9 increased from  28.61.1 to 97.54.4 mg/g with an

increase in pH from 3 to 5. With A. oryzae SV/09 and P. formosus DTO 63f4, the

Zn(II) accumulation was 25.83.6 and 26.44.1 mg/g respectively at pH 3.5 and

these values increased to almost three times at initial pH value of 5.0. Again

investigations of pH effect beyond 5.0, like Pb(II) biosorption, were complicated due

to metal precipitation in solution as visualized from control samples
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With an increase in temperature from 25 to 30 ºC, the Zn(II) accumulation by A.

flavus NA9, and A. oryzae SV/09 was increased by 46.8 and 40.2% respectively

after 6 hours of contact time at optimum initial pH value of 5.0 (Figures 4.4a and

4.4b) while the prominent increase of 71.2% was observed with P. formosus DTO

63f4 under same experimental conditions (Fig, 4.4c). On further increase in

temperature from 30-50 C, only 5.7% increase was observed with A. flavus NA9,

while an increase of about 21% was found with P. formosus DTO 63f4. With A.

oryzae SV/09 a plateau was reached at 30ºC and no increase in sorption capacity

was observed by further increasing temperature from 30 to 50 ºC. However, the

biosorption capacity values (equilibrium values) attained at 30 ºC after 6 hours of

contact time were reached after only 2 hours of contact time at 50 C by all the

biosorbents.

.
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Fig. 4.3(a) Biosorption of Pb(II) by A. caespitosus on 3-D graphics for response
biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs. Temperature °C ;
(c) Temperature °C vs. contact time (hours). ( Pulp density = 0.05 g/ 100ml, Ci = 100
mg/l, agitation rate = 180 rpm)

25 oC
30 oC

40 oC
50 oC
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25oC
30oC

40oC

50oC

Fig. 4.3(b) Biosorption of Pb(II) by A. sp. RBSS-303 on 3-D graphics for response
biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs. Temperature °C ;
(c) Temperature °C vs. contact time (hours). (Pulp density = 0.05 g/ 100ml , Ci = 100
mg/l, agitation rate = 180 rpm)
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Fig. 4.3(c) Biosorption of Pb(II) by A. flavus HF5 on 3-D graphics for response
biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs. Temperature °C ;
(c) Temperature °C vs. contact time (hours). (Pulp density = 0.05 g/ 100ml, Ci = 100
mg/l, agitation rate = 180 rpm)

25oC
30oC

40oC
50oC



50

Fig. 4.4(a) Biosorption of Zn(II) by A. flavus NA9 on 3-D graphics for response
biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs. Temperature °C ;
(c) Temperature °C vs. contact time (hours). (Pulp density = 0.05 g/ 100ml, Ci = 100
mg/l,  agitation rate = 180 rpm)

25oC
30oC

40oC
50oC
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Fig. 4.4(b) Biosorption of Zn(II) by A. oryzae SV/09 on 3-D graphics for response
biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs. Temperature °C ;
(c) Temperature °C vs. contact time (hours). (Pulp density = 0.05 g/ 100ml, Ci = 100
mg/l,  agitation rate = 180 rpm)

25°C
30°C

40°C
50°C
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Fig.4.4(c) Biosorption of Zn(II) by P. formosus DTO 63f4on 3-D graphics for
response biosorbent optimization (a) pH vs. contact time (hours) ; (b) pH vs.
Temperature °C ; (c) Temperature °C vs. contact time (hours). (Pulp density = 0.05
g/ 100ml , Ci = 100 mg/l,  agitation rate = 180 rpm)

25oC 30oC
40oC

50oC
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4.3.3. Effect of biomass concentration on uptake capacities
The effect of biosorbent dosage on both Pb(II) biosorbing capacity and degree of

removal from aqueous solution containing 200 mg Pb/l  for a period of 6 hours

incubation was also investigated (Fig. 4.5). Maximum values of biosorption capacity

(328.78.8, 195.32.1, and 282.06.9 mg/g dry weight for A. caespitosus, A. sp.

RBSS-303 and A. flavus isolate HF5 respectively) were observed at 0.1 g/l biomass

concentration that decreased (to 195.3±0.8, 161.1±3.7, 212.9±1.6 mg/g dry weight

for A. caespitosus, A. sp. RBSS-303 and A. flavus HF5 respectively) at 0.75 g/l

biomass concentration. However, the extent of percentage Pb(II) removal from

aqueous solution was found to increase with increase in cell concentration and

percentage removal values of 66.5, 59.5 and 52.5% were attained for A.

caespitosus, A. sp. RBSS-303 and A. flavus HF5 respectively at 0.75 g dry weight

of biosorbent/l of Pb(II)  solution.

For Zn(II), the biosorption capacity and percentage removal values were also

determined at different biosorbent dosage using A. flavus NA9, A. oryzae SV/09 and

P. formosus DTO 63f4 as biosorbents (Fig. 4.6). The values of percentage removal

first increased sharply by increasing biomass concentration from 0.1 to 0.5 g/l for all

the three biosorbents giving 60.7, 38.0 and 38.1% removal for A. flavus NA9, A.

oryzae SV/09 and P. formosus DTO 63f4 respectively at pulp density value of 0.5

g/l. With the increase in biomass concentration from 0.5 to 0.75 g/l, a small

increased in percentage removal was observed and it reached to the maximum

values of 62.3, 41.0 and 42.1% for A. flavus NA9, A. oryzae SV/09 and P. formosus

DTO63f4 respectively. In contrast, the values of sorption capacity decreased with

increase in biosorbent dose and maximum value of sorption capacity were found to

be 166.3±3.2, 129.4±2.1 and 126.6±5.2 mg/g of A. flavus NA9, A. oryzae SV/09 and

P. formosus DTO 63f4 respectively at 0.1 g/l biomass concentration and at this pulp

density the extent of Zn(II) removal was only 19.3, 10.6 and 13.2% respectively.
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Fig. 4.5 Pb(II) uptake capacities () and % removal (----) by (▲,∆)) A. sp. RBSS-
303 (●,) A. caespitosus and (■,□) A. flavus HF5 as a function of biomass
concentration (Ci = 200 mg/l, V = 100 ml, pH = 4.5, temperature = 28±2C, agitation
rate = 180 rpm, contact time=6 hours)

Fig. 4.6 Zn(II) uptake capacities () and % removal (----) by (▲,∆)) A. oryzae SV/09
(●,) A. flavus NA9 and (■,□) P. formosus DTO 63f4 as a function of biomass
concentration (Ci = 200 mg/l, V = 100 ml, pH = 5.0, temperature = 28±2C, agitation
rate = 180 rpm, contact time = 6 hours)
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4.3.4. Effect of initial Pb(II) and Zn(II) concentration on uptake capacities
The effect of initial Pb(II) concentrations on biosorption capacity using A.

caespitosus, Aureobasidium sp. RBSS.303 and A. flavus HF5 as biosorbent was

studied by incubating biomass (0.05 g ) with Pb(II) solutions (100 ml ) of different

concentrations ranging from 100 to 600 mg/l (Fig 4.7). The observed result was the

taken up Pb(II) by cells as determined after 4 hours contact time increased with an

increase in initial concentration of Pb(II) from 100 to 500 mg/l quickly for each used

biosorbents. This increase in uptake was more prominent for A. sp. RBSS-303 as

compared to others. For, A. flavus HF5 the maximum biosorption capacity was

found to be 326.5±3.1 mg/g at 500 mg/l initial concentration with no increase in

uptake capacity with further increase in initial Pb(II) concentration to 600 mg/l. The

concentrations of Pb(II) taken up by A. caespitosus and A. sp. RBSS-303 were

341.5±7.1 and 214.8±0.9 mg/g respectively at 500 mg/l initial concentration that

increased to 351.6±5.7 and 235.1±1.8  respectively mg/g at initial Pb(II)

concentration of 600 mg/l.

The effect of initial Zn(II) concentration from 100 to 600 mg/l on biosorption of these

ions by all the three biosorbents is shown in Fig.4.8. Analysis of the results indicate

that by increasing initial Zn(II) concentration up to 600 mg/l, zinc taken up capacity

increases to 287.8±11.1 and  199.6±2.5 mg/g dry weight after 6 hours of contact

with A. flavus NA9 and P. formosus DTO 63f4 respectively. However, in case of A.

flavus NA9, the increase in biosorption capacity was very prominent (from 91.6±1.7

to 251.3±1.63 mg/g after 6 hours of contact time) when initial metal concentration

was increased from 100 to 500 mg/l. By increasing the initial concentration from 500

to 600 mg/l, very slight increase in metal uptake (from 251.3±1.63 to 287.8±11.1

mg/g after 6 hours of contact time) was observed indicating that the binding sites

were almost saturated by Zn(II). While using A. oryzae SV/09, Zn(II) uptake after 4

hours contact time increased from 63.5±3.0 to 165.6±1.8 mg/g  with increase in

initial Zn(II) concentration from 100 to 400 mg/l then a plateau was reached on

further increase in initial metal concentration.

The distribution coefficient values for Pb(II) biosorption by different biosorbents was

shown in figures 4.9. A high value of distribution coefficient attribute to a good
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biosorbent. A. caespitosus, and A. flavus HF5 exhibited maximum K values of

8749.11 and 8189.28 mg/ml at Ce of 18.79 and 18.48 mg Pb(II)/l respectively. The

loading capacity of A. sp. RBSS-303 was 1309.64 mg/ml at Ce of 61.02 mg Pb(II)/l.

At higher initial concentration of Pb(II) it decreased in the order of 908.8, 875.1 and

528.3 mg/ml at Ce of 386.9, 389 and 444.9 mg  Pb(II)/l respectively with 0.5 g/l

biomass concentration. Therefore A. caespitosus appeared to be a better biosorbent

for Pb(II) as compared to others on the basis of distribution coefficient.

Figure 4.10 revealed the distribution coefficient values for Zn(II) biosorption at

different initial concentrations by different biosorbents used in present studies. The

highest value of distribution coefficient was 1596.45 mg/ml at Ce of 57.39 mg Zn(II)/l

that decreased to 617.6 mg/ml at Ce of 450.9  mg Zn/l with A. flavus NA9. By using

A. oryzae SV/09 and P. formosus DTO63f4, the maximum values of distribution

coefficient approached to 890.0 and 970.8 mg/ml at Ce of 71.4 and 101.7 mg Zn(II)/l

respectively with 0.5 g/l biomass concentration. These findings revealed that A.

flavus NA9 was a potential biosorbent for Zn(II)  biosorption as compared to other

biosorbets.
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Fig. 4.7 Time course studies on effect of initial Pb(II) concentrations on biosorption
by A. caespitosus, A. sp. RBSS.303 and A. flavus HF5 (W = 0.05 g, V = 100 ml,
agitation rate = 180 rpm, temperature =28 ± 2 °C, pH  = 4.5 )

A. caespitosus

A. flavus HF5

A. sp. RBSS, 303
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Fig.  4.8 Time course studies on effect of initial Zn(II) concentrations on biosorption
by A. flavus NA9, A. oryzae SV/09 and P. formosus DTO 63f4 (W = 0.05 g, V = 100
ml, agitation rate = 180 rpm, temperature =28±2°C, pH  = 5.0 )

A. flavus
NA9

Paecilomyces
formosus DTO
63f4

A. oryzae
SV/09
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Fig. 4.9 Distribution coefficient for Pb(II) biosorption by (▲) A. sp. RBSS-303 (●) A.
caespitosus and (■) A. flavus HF5 (0.05 g dry weight / 100 ml of Pb(II) solutions of
various concentrations incubated for 6 hours at 180 rpm and 282C)

Fig. 4.10 Distribution coefficient for Zn(II) biosorption by (▲) A.  oryzae strain SV/09
(●) A.  flavus NA9 and (■ ) P. formosus DTO 63f4 (0.05 g dry weight / 100 ml of
Pb(II) solutions of various concentrations incubated for 6 hours at 180 rpm and
282C)
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4.4 Equilibrium and Kinetic Studies
4.4.1 Equilibrium studies
Figures 4.11 (a, b, c) and 4.12 (a, b, c) are Langmuir, Freundlich and Dubinin-

Raduskevich adsorption isotherms at various initial concentrations (from 100-600

ppm) of Pb(II) and Zn(II) respectively using various biosorbents.

The values of correlation coefficients from Langmuir plots were 0.99, 0.99 and 0.76

for A. caespitosus , A. sp. RBSS-303 and A. flavus HF5 respectively (Fig. 4.11a) at

various initial Pb(II) concentrations. The values of “qmax” and “b” were calculated

from intercept and slope of the straight lines and were summarized in Table 4.3. The

values of “qmax” were in agreement with experimental values in case of A.

caespitosus. while “qmax” for A. sp. RBSS-303 was high and low in case of A.flavus

HF5  as compared to experimental values.

Langmuir plots for Zn(II) biosorption using all the three biosorbents (Fig. 4.12a)

showed  that the model was not followed by any biosorbent significantly. However,

the values of correlation coefficients were high with all the biosorbents (Table 4.4).

The essential feature of Langmuir isotherm is separation factor (RL) and surface

coverage (θ) values. The RL value for Pb(II) biosorption with all the three biosorbents

ranges from 0 to 1.0  (Table 4.3). The surface coverage values increased from 0.82

to 0.96 for A. caespitosus, from 0.89 to 0.97 for A. sp. RBSS-303 and 0.85 to 0.96

for A. flavus HF5 with an increase in initial Pb(II) concentration from 100  to 600

mg/l. The RL value for Zn(II)  biosorption ranged from 0.61 to 0.22, 0.65 to 0.25 and

0.81 to 0.47 with an increase in initial Zn(II) concentration from 100  to 600 mg/l with

A. oryzae SV/09, A. flavus NA9 and P. formosus DTO63f4 respectively. While

surface coverage (θ) values increased in going from 100  to 600 mg Zn(II)/l for A.

oryzae SV/09 (0.38 to 0.77), A. flavus NA9 (0.34 to 0.74) and P. formosus

DTO63f4 (0.18 to 0.52).

For Pb(II) biosorption, the values of correlation coefficients from Freundlich plots

were 0.98, 0.99 and 0.96 for A. caespitosus, A. sp. RBSS-303 and A. flavus HF5

respectively (Fig. 4.11b). The values of “KF” and “n” were calculated from intercept

and slope of the straight lines respectively and were summarized in Table 4.3. The

values of Freundlich “qmax” were in harmony with experimental values in case of
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A.flavus HF5 while for A. sp. RBSS-303 experimental “qmax” value is about near to

Freundlich “qmax” value as compared to Langmuir isotherm.

For Zn(II) biosorption  the  values of correlation coefficients from Freundlich plots

were 0.99, 0.95 and 0.90  by A. oryzae SV/09, A. flavus NA9 and P. formosus

DTO63f4 respectively (Fig. 4.12b). The “KF” and “n” values were calculated from

intercept and slope of the straight lines and summarized in Table 4.4.   The “qmax”

value was closer to experimental “qe” value in case of A. flavus NA9 with 7%

deviation whereas the other two biosorbents not considerably followed this model.

The Dubinin-Raduskevich adsorption isotherms for Pb(II) biosorption showed

highest value of correlation coefficients 0.99 for A. sp. RBSS-303 however, for A.

caespitosus , and A. flavus HF5 these values were 0.98 and 0.94 respectively (Fig.

4.11c). The values of “qmax” calculated from intercept were high as compared to the

experimental “qe” values for all the three biosorbents and from slope of the straight

lines, Es (sorption energy)  and “” values were calculated (Table. 4.3).

The values of correlation coefficient from Dubinin-Radushkevich adsorption

isotherms were 0.88, 0.80 and 0.90 for A. oryzae SV/09, A. flavus NA9 and P.

formosus DTO63f4 respectively during Zn biosorption (Fig. 4.12c). The values of

“qmax” and “” were calculated from intercept and slope of the straight lines. From the

values of “”, sorption energy (Es) values were also calculated and were given in

Table. 4.4. The value of “qmax” (162.3 mg/g dry weight) was in good agreement with

experimental “qe” (162.7 mg/g) value for A. oryzae SV/09 while these values were

high for other biosorbents used for Zn(II) biosorption.
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Fig.4.11 Langmuir (a), Freundlich (b) and Dubinin-Radushkevich (c) adsorption
isotherms plots of  Pb(II) biosorption to (●) A. caespitosus, (▲) A. sp. RBSS-303
and (+) A. flavus HF5 respectively

b

a

c
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Fig. 4.12 Langmuir (a), Freundlich (b) and Dubinin-Radushkevich (c) adsorption
isotherms plots of  Zn(II) biosorption to (●) A. oryzae SV/09 (▲) A. flavus NA9 and
(+) P. formosus DTO 63f4 respectively

a

b

c
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Table 4.3 Comparison of qmax obtained from adsorption isotherms for Pb(II) biosorption

Biomass Langmuir Freundlich DubininRadusskevic

qe qmax b RL qmax KF n qmax Es

(mg/g) (ml/mg) (J/mol)

A. caespitosus 351.2 351.0 4.6x10-2 0.17 403.5 87.4 4.1 689.1 -38.6

A. sp. RBSS-303 235.1 307.0` 5.7x10-2 0.15 271.5 88.2 1.8 973.8 -26.1

A. flavus HF5 346.6 274.8 8.2x10-2 0.11 346.3 83.7 4.5 522.4 -16.6

Es: sorption energy qe: equilibrium sorption capacity

qmax: maximum sorption capacity b: Langmuir constant

KF : adsorption capacity n: adsorption intensity
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Table 4.4 Comparison of qmax obtained from adsorption isotherms for Zn(II) biosorption

Biomass Langmuir Freundlich DubininRadusskevich

qe qmax b RL qmax KF n qmax Es

(mg/g) (ml/mg) (J/mol)

A. flavus NA9 287.8 327.4 6.5x10-3 0.61 308.9 10.5 4.1 326.8 -14.5

A. oryzae SV/09 162.7 222.2` 5.5x10-3 0.65 191.8 6.6 1.8 162.3 -8.6

P. formosus DTO 63f4 199.6 269.5 2.3x10-3 0.81 54.6 1.9 1.3 361.1 -6.8

Es: sorption energy qe: equilibrium sorption capacity

qmax: maximum sorption capacity b: Langmuir constant

KF : adsorption capacity n: adsorption intensity
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4.4.2. Kinetic Studies
In present studies, ten kinetics models were used to analyze adsorption kinetics of

Pb(II) and Zn(II) using respective biosorbents at temperature 25, 30, 40 and 50 ºC

with initial  solution concentration of 100 mg metal per litre. The experimental data

both for Pb(II) and  Zn(II) biosorption summarized in Tables 4.5  and 4.6 respectively

fits very well to pseudo-second-order and saturation-mixed-order kinetic models with

highest correlation coefficient values (0.99) using all biosorbents.

The values of K2, rate constant of pseudo-second-order (g/mg.min) and qe,

adsorption  capacity at equilibrium (mg/g) were calculated  from the slope and

intercept of straight  lines, obtained by plotting t /qt against t for  Pb(II) ( Fig. 4.13a)

and Zn(II)  (Fig. 4.14 a)  biosorption. The values of correlation coefficients from

pseudo-second-order plots were high and comparison of the theoretical values of

“qe” were in good agreement with experimental “qe” values at all temperatures.

In saturation-mixed-order kinetic model, plot of Co-Ct / t vs. 1/t lnCo/Ct gave straight

lines with correlation coefficient values of 0.99 at all temperatures with all the

biosorbents for Pb(II) (Fig. 4.13b)  and Zn(II) (4.14b)  biosorption . The values of rate

constants K(mg/l) and ko(mg/l. min.) calculated from slope and intercept of  straight

lines are summarized in Table 4.5 for Pb(II) and in Table 4.6 for Zn(II) biosorption.
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Fig. 4.13 (a), pseudo-second-order and  (b) saturation mixed order kinetic plots of
Pb(II) biosorption using(––) A. caespitosus (……) A. sp. RBSS-303 and (- - - ) A.
flavus HF5 respectively at (+)25, (●) 30, (▼) 40 and (■) 50 °C temperature

b

a
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Fig. 4.14 (a), pseudo-second-order and (b) saturation mixed order kinetic plots of
Zn(II) biosorption using( –– ) A. flavus NA9 (……) A. oryzae SV/09  and (- - - ) P.
formosus DTO63f4 respectively at (+ )25, (●) 30, (▼) 40 and (■) 50 ◦C temperature

a

b
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Table 4.5 Evaluation of pseudo-second-order and saturation mixed order
kinetic models, rate constants and qe estimated for Pb(II) biosorption (Ci = 100
mg/l, pH= 4.5, biosorbent (dry weight) = 0.5 g/l, agitation rate = 180 rpm,
temperature = 282C)

Biosorbents Temperature (°C)

25 30 40 50

A. caespitosus
qe, expt 125.0±2.6 174.2±4.4 176.7±2.3 183.6±2.6

Pseudo-second-order
qe 131.57 186.21 169.49 188.67
K2 3.5x10-4 3.9x10-4 -8.8x10-4 1.4x10-2

Saturation mixed order
K 84.4 65.9 49.3 42.6
Ko 5.9x10-2 1.0x10-1 1.8x10-1 7.1x10-1

A. sp. RBSS-303
qe, expt 54.32.6                79.9 2.4 82.2 4.9 93.31.8

Pseudo-second-order
qe 56.6 75.9 75.5 82.3
K2 3.1x10-4 1.3x10-4 -4.3x10-2 -2.2x10-2

Saturation mixed order
K 91.9 92.1 71.8 81.9
Ko 8.0x10-3 2.5x10-3 2.7x10-3 6.9x10-3

A. flavus HF5
qe, expt 110.6±2.1 160.7±1.7 164.9±1.3 168.4±2.4

Pseudo-second-order
qe 111.0 160.8 171.9 177.6
K2 2.7x10-3 8.4x10-4 -3.2x10-3 4.9x10-4

Saturation mixed order
K 79.6 62.8 27.0 55.5
Ko 4.2x10-2 1.9x10-1 2.4x10-2 1.1x10-1

qe: equilibrium sorption capacity qe, expt : experimental sorption capacity
K2: second-order rate constant Rval: Correlation coefficient
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Table 4.6 Evaluation of pseudo-second-order and saturation mixed order
kinetic models, rate constants and qe estimated for Zn(II) biosorption (Ci = 100
mg/l, pH= 5.0, biosorbent = 0.5 g/l, agitation rate = 180 rpm, temp. = 282C)

Biosorbents Temperature (°C)

25 30 40 50

A. flavus NA9
qe, expt 43.3 97.5 94.5 105.0

Pseudo-second-order
qe 44.2 85.5 100.9 100.3
K2 7.8x10-4 2.5x10-4 1.9x10-4 1.7x10-4

Saturation mixed order
K 84.7 66.6 50.1 43.47
Ko 0.06 0.11 0.18 0.07

A. oryzae SV/09
qe, expt 29.02.6                63.6 2.4 70.7 4.9 74.01.8

Pseudo-second-order
qe 23.8 66.6 71.4 76.9
K2 0.07 0.03 0.02 0.02

Saturation mixed order
K 100 100 100 100
Ko 1.1x10-3 8x10-3 1.3x10-2 1.4x10-2

P. formosus DTO 63f4
qe, expt 28.2±2.1 46.9±1.7 52.9±1.3 59.4±2.4

Pseudo-second-order
qe 28.6 50.0 55.5 62.5
K2 8.7x10-2 5.8x10-2 5.0x10-2 2.0x10-2

Saturation mixed order
K 100 100.7 100.8 100.8
Ko 5.8x10-4 6.0x10-4 5.3x10-3 8.8x10-3

qe: equilibrium sorption capacity qexpt : experimental sorption capacity
K2: second-order rate constant Rval: Correlation coefficient
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4.4.3. Thermodynamic Studies
The solubility and diffusion rate of adsorbate molecules from the solution increased

with increase in temperature affecting the sorption capacity of biosorbent.

Thermodynamic parameters ΔGº, ΔHº and ΔSº are highly helpful to characterize a

biosorbent. Of present studies, the biosorption data at initial lead and zinc

concentration 100 mg/l in separate set of experiments at temperature 298, 303, 313,

323ºK were used to determine these parameters.

The ΔGº values decreased from -2.08 to - 8.92 KJ/mole with A. caespitosus, from

2.21 to 0.26 KJ/mole using Aureobasidium sp. and from -0.53 to -5.11 KJ/mole with

A. flavus HF5 in going from 298 to 323 ºK (Fig. 4.15). From slope and intercept of

the plot between ΔGº vs T, the values of ΔSº, K and ΔHº were calculated. The

values of ΔSº and ΔH º for A. caespitosus, A. sp. RBSS-303 and A. flavus HF5

were found to be 26.2, 6.6, 16.0 J/mole K and 75.37, 21.5, 46.3 KJ/mole respectively

For Zn(II) biosorption,  ΔGº (KJ/mole ) values decreased from 2.94 to 0.11, from

4.89 to 1.16 and from -0.56 to -5.37 with A. flavus NA9, A. oryzae SV/09, and P.

formosus DTO 63f4 respectively by increase in  temperature from 298 to 323 ºK

(Fig. 4.16). The values of ΔSº (9.7, 1.2, 16.8 J/mole K) and ΔHº (31.4, 40.5, 48.6

KJ/mole ) were determined from the slope and intercept of the plot between ΔGº and

T for A. flavus NA9, A. oryzae SV/09 and P. formosus DTO 63f4 respectively.
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Fig.4.15. Thermodynamic studies of Pb(II) biosorption by (●) A. caespitosus (▲) A.
sp. RBSS-303 and (+) A. flavus HF5 at different temperatures

Fig.4.16. Thermodynamic studies of Zn(II) biosorption by (●) A. oryzae SV/09 (▲) A.
flavus NA9 and (+) P. formosus DTO 63f4 at different temperatures
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4.5. Regeneration of Biosorbents
Screening of superb eluent for metal elution

During Pb(II) and Zn(II) desorption studies, seven different eluent solutions were

screened after 1 and 2 hours contact time with metal loaded biosorbents.

For Pb(II) desorption, the results of screening studies are presented in Table 4.7.

The initial pH of eluting agents employed, varied from 2.6 (hydrochloric acid) to 12.0

(sodium hydroxide). Fig. 4.17 depicting the plot of pH of eluting agents vs. elution

efficiency gave a liaison among pH of eluting agents and their respective eluting

efficiency values. At pH value of 2.6 (HCl), maximum elution was observed to be

85.5, 75.3 and 73.7% from A. caespitosus, A. sp. RBSS-303 and A. flavus isolate

HF5 respectively. The elution efficiency decreased with increase in pH value and at

pH value 7.2 (H2O), little elution was observed. Elution efficiency again reached to

the values 68.6, 49.6 and 59.1% at pH 11.3 (sodium carbonate) and dropped to

17.0, 2.4 and 14.8% at pH 12.0 (NaOH) for A. caespitosus, A. sp. RBSS-303 and A.

flavus HF5 respectively.

For Zn(II) desorption, results of screening studies were summarized in Table 4.8.

Hydrochloric acid at initial pH of 2.6 showed the maximum eluting efficiency in the

order of 83.3, 71.3 and 70.1% after 2 hours incubation with Zn(II) loaded biomass of

A. flavus NA9, A. oryzae SV/09 and P. formosus DTO 63f4 correspondingly. Sodium

carbonate and sodium acetate gave 35.8 and 68.6% elution from A. flavus NA9

after 2 hours incubation, whereas from A. oryzae SV/09 25.9, and 43.3% and from

P.  formosus DTO 63f4, 24.9 and 55.1% elution was observed after 1 hour of

incubation with aforesaid eluents respectively. The percentage elution values ranged

from 9 to 26%, using other desorbents having initial pH from 6.1 to 8.5 (distilled

water, sodium nitrate, sodium acetate) (Fig.4.18).
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Table 4.7. Desorption of Pb(II) from loaded biomass by various desorbents

A. caespitosus A. sp. RBSS-303 A. flavus HF5

Desorbents pHi pHf % Elution after pHf % Elution after pHf % Elution after

(0.01 M) 1 h 2 h 1 h 2 h 1 h 2 h

HCl 2.5 2.6 80.9 85.5 2.7 62.5 75.3 2.4 65.0 73.7

H2O 6.1 7.1 6.6 9.1 6.1 2.0 1.5 6.0 5.7 7.9

NaNO3 7.5 7.7 9.3 13.8 7.8 4.3 3.9 7.8 8.1 11.9

NaHCO3 7.6 7.5 13.4 15.7 8.6 0.9 1.3 7.4 9.3 13.5

CH3COONa 8.7 8.3 15.2 14.0 8.6 2.0 1.0 8.4 12.0 13.1

Na2SO4 9.3 8.1 13.6 25.3 7.8 6.9 6.7 8.0 17.0 21.9

Na2CO3 11.3 8.0 67.4 68.6 9.3 42.4 49.6 9.6 58.1 59.1

NaOH 12.0 9.0 11.6 17.0 8.9 6.8 2.4 9.1 10.0 14.8

0.025 g Pb(II) loaded biosorbent was suspended in 30 ml of desorbent. Results are average of 3 readings with

RSD < 5
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Table 4.8 Desorption of Zn(II) from loaded biomass by various desorbents

A.  flavus NA9 A. oryzae SV/09 P. formosus 63f4

Desorbents pHi pHf % Elution after pHf % Elution after pHf % Elution after

(0.01 M) 1 h 2 h 1 h 2 h 1 h 2 h

HCl 2.4 2.5 81.1 83.3 2.4 61.1 71.3 2.4 67.9 70.1

H2O 7.2 9.1 26.3 11.9 8.2 8.9 9.3 8.2 11.4 10.8

NaNO3 7.8 6.2 17.8 12.7 7.9 22.3 18.7 7.9 19.5 17.7

NaHCO3 8.5 8.0 4.57 20.0 9.1 13.2 20.2 9.1 11.7 15.4

CH3COONa 8.9 8.9 16.7 28.4 8.3 22.8 24.0 8.4 22.2 17.1

Na2SO4 10.0 6.1 16.6 35.8 8.6 25.9 25.3 8.6 24.9 21.5

Na2CO3 11.7 7.6 67.4 68.6 9.3 43.3 39.3 9.5 55.1 51.6

NaOH 12.3 9.5 12.4 13.7 9.4 19.7 15.8 9.4 23.8 19.5

0.025 g Zn(II) loaded biosorbent was suspended in 30 ml of desorbent. Results are average of 3 readings with

RSD < 5
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Fig. 4.17 Effect of pH of desorbing agents on elution of lead from Pb(II) loaded
biomass (▲) A. sp. RBSS-303, (●) A. caespitosus and (■) A. flavus HF5 (0.025 g
dry weight of metal laden biomass was shaken for 2 hours with 30 ml of eluent at
180 rpm and 28±2 C)

Fig. 4.18 Effect of pH of desorbing agents on elution of Zn(II) from loaded biomass
by (▲) A. oryzae SV/09 (●) A.  flavus NA9 and (■) P. formosus DTO 63f4 (0.025 g
dry weight of metal laden biomass was shaken for 2 hours with 30 ml of eluent at
180 rpm and 28±2 C)
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4.5.2. Optimization of pulp density for maximum elution efficiency
To obtain maximum elution efficiency, experiments were conducted to optimize pulp

density (solid/liquid) using 0.01 M hydrochloric acid as eluent for both Pb(II) and

Zn(II) loaded biosorbents by incubating 0.025 g of metal-loaded biomass with 5.0,

10, 20, 30 and 50 ml of eluting solution. Analysis of eluting agent was made after 2

hours of incubation at 282 C and 180 rpm.

From Fig. 4.19, it was observed that the values of percentage elution increases by

increasing the pulp density from 0.5 to 0.83 g/l for all the three biosorbents. Whereas

in moving from 0.83 to 5 g/l pulp density, the elution efficiency decreased from 85.5

to 34.1, 75.3 to 32.1 and 73.7 to 36.3% for A. caespitosus, A. sp. RBSS-303 and A.

flavus HF5 correspondingly.

During Zn(II) desorption, experiments were also carried out to optimize pulp density

(solid/liquid) to obtain maximum elution efficiency by 0.01 M hydrochloric acid (Fig.

4.20). 0.025 g of Zn(II)-loaded biomass was incubated with 30 ml of eluting solution.

Analysis of eluting agent after 2 hours of incubation indicated that with increase in

pulp density percentage elution decreased, although maximum elution efficiency of

A.  flavus NA9, A. oryzae SV/09 and P. formosus strain DTO 63f4 was 83.3, 71.3

and 70.1%  at solid/liquid of 0.83g of zinc loaded biomass/litre of eluent and this

value was not changed significantly upto 1.25 g/l pulp density. Further increase in

pulp density to 2.5 and 5 g/l resulted in decrease of percentage elution values.
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Fig. 4.19 Effect of pulp density on elution of Pb(II) by 0.01 M hydrochloric acid after 2
hours of incubation at 180 rpm and 28±2C

Fig. 4.20 Effect of pulp density on elution of Zn(II) by 0.01 M hydrochloric acid after 2
hours of incubation at 180 rpm and 28±2C
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4.5.3. Sorption/desorption cyclic studies

For sorption/desorption cyclic studies, both for zinc and lead, metal loaded biomass

was generated after incubating 0.5 g biosorbent per litre of metal solution having

initial concentration of 100 ppm for 6 hours. The elution studies were carried out at

optimized pulp density (0.83 g of metal loaded biomass per litre of 0.01 M HCl) after

2 hours of incubation at 282 C and 180 rpm.

In the case of Pb(II), the values of sorption capacity decreased from 174.2 to 152.9

and from 79.9 to 58.8 mg/g with A. caespitosus and A. sp. RBSS-303 and non-

significant change (from 160.7 to 154.4 mg/g) was observed with A. flavus HF5 in

going from first to fifth cyclic (Fig. 4.21). The decrease in uptake capacity in

successive five cycles was A. sp. RBSS-303 > A. caespitosus > A. flavus HF5. The

maximum decrease in % elution was experienced with A. sp. RBSS-303 while its

value is almost same using A. caespitosus and A. flavus HF5 during five cycles.

According to Zn(II) sorption/desorption cyclic studies (Fig. 4.22), the values of

sorption capacity obtained in the first cycle were 97.5, 63.5 and 41.3 mg/g that

decreased to 74.6, 57.7 and 26.9 mg/g in fifth cycle using A.  flavus NA9, A. oryzae

SV/09 and P.  formosus DTO 63f4 respectively. Up to five cycles, the percentage

decrease in elution efficiency observed was 9.9, 15.4 and 15.7 % with P. formosus,

A.  flavus NA9 and A. oryzae SV/09 respectively (Table 4.9).
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Fig. 4.21 Batch sorption-desorption cyclic studies for Pb(II)  biosorption capacity
() and % elution (----) using (●) A. caespitosus, (▲) A. sp. RBSS-303 and (■) A.
flavus HF5 ( Biosorption: Pulp density 0.5 g/l, Pb(II)  concentration 100 mg/l, pH 4.5,
incubated for 6 hours. Elution studies: Pulp density 0.83 g/l, incubated for 2 hours at
180 rpm and 28±2C)

Fig. 4.22 Batch sorption-desorption cyclic studies for Zn(II)  biosorption capacity ()
and % elution (----) using (▲) A. oryzae SV/09, (●) A. flavus NA9 and (■) P.
formosus DTO 63f4 (Biosorption: Pulp density 0.5 g/l, Zn(II)  concentration 100
mg/l, pH 5.0, incubated for 6 hours. Elution studies: Pulp density 0.83 g/l, incubated
for 2 hours at 180 rpm and 28±2C)



81

Table 4.9. Percentage decrease in Pb(II) and Zn(II) sorption capacities after
five succeeding sorption-desorption cycles

Metal Biosorbents Sorption Capacity (mg/g) % Decrease in

1st 5th Sorption Capacity

Pb A. caespitosus 174.2 152.9 12.2

A. sp. RBSS-303 79.9 58.8 26.4

A. flavus HF5 160.7 154.4 3.9

Zn A. flavus NA9 97.5 74.6 23.7

A. oryzae SV/09 63.6 57.7 10.1

P. formosus DTO 63f4 41.4 26.9 34.9
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4.6. Effect of Competing Ions on Biosorption Capacities
4.6.1. Biosorption of other heavy metal cations
The Pb(II) biosorption by A. caespitosus in the presence of other co-cations Mn(II),

Zn(II), Ni(II), and Cu(II) in binary system along with biosorption of co-ions as a

function of their concentration was investigated. The initial concentration of Pb(II)

was 2mM (200 ppm) and the effect  of cations  was investigated at Pb(II) to cation

molar ratio of  1:0.5, 1.0:1.0, 1.0:2.0 and 1.0:5.0 at pH values of 4.5 and 28±2 °C.

Solutions of all the metals were prepared from their nitrate salts.

From Fig. 4.23, it was evident that A. caespitosus could adsorb significant amount of

cations studied and the presence of manganese, zinc and nickel increased lead (Pb)

sorption, while the presence of copper decreased it considerably. In moving from

single metal solution to binary metal solution, the uptake of lead (Pb) by A.

caespitosus increased from 227.9 mg/g dry wt. (control) to 350.5, 375.0 and 334.4

mg/g dry wt. in the presence of Zn(II), Ni(II), and Mn(II) in binary solution at Pb(II)  to

cation ratio of 1:1. The maximum inhibition of Pb(II) uptake was experienced in

presence of Cu(II) at Pb:Cu of 1:1 and Pb(II) sorption capacity decreased from 227.9

mg/g dry wt. (control) to 162.6 mg/g dry weight. Further increase in Cu(II)

concentration resulted in increase in Pb(II)  biosorption although it is significantly

less compared to other cations.  Further increase in Pb(II) to cation ratio to 1:5,

resulted in 11.9, 15.4, 3.5 and 17.6% decrease in Pb(II)  uptake in the presence of

cations  in the order of Zn, Ni, Mn  and Cu.

The Zn(II) biosorption by A. flavus NA9 in the presence of co-cations Mn, Ni, Pb and

Cu in binary system along with biosorption of co-ions as a function of their

concentration was also investigated at pH value of 5.0. The other conditions are

similar to that used in Pb (II) biosorption by A. caespitosus.

It was observed that zinc uptake by A. flavus NA9 significantly decreased in the

presence of all cations as compared to Zn(II) uptake from single metal solution (Fig.

4.24). The Zn(II)  uptake decreased from 128.7 mg/g dry wt. (control) to 83.6, 96.5,

94.5 and 89.5  mg/g dry wt. in the presence of Pb, Ni, Mn and Cu respectively at 1:1

ratio. Further, the extent of inhibition in Zn(II) sorption was also enhanced at

increasing co-cation concentrations. By increasing Zn(II)  to cation ratio from 1:1 to
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1:5, the 16.9, 11.4, 10.6 and 13.6% decrease in Zn(II)  biosorption capacity values

were observed with Pb, Ni, Mn and Cu respectively. The order of co-cations

showing increased inhibitions of Zn uptake by A. flavus NA9 was Pb > Cu > Mn > Ni.
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Fig. 4.23 Biosorption of Pb(II)  and other cations by A. caespitosus from binary
mixture at different Pb(II) to cation ratios
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Fig. 4.24 Biosorption of Zn(II)  and other cations by A. flavus NA9 from binary
mixture at different Zn(II)  to cation ratios
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4.6.2. Light metals release during Pb(II) and Zn(II) biosorption
To study the release of light metals (Na, K, Mg and Ca) throughout the biosorption of

Pb(II) (by A. caespitosus) and Zn(II) (by A. flavus NA9), the time course experiments

were conducted. The involvement of these light metal ions in Pb(II) sorption capacity

at initial Pb(II) concentration of 100 ppm (1mM) was shown in Table 4.10. These

results had indicated that Pb(II) biosorption is assisted by these ions and the order of

release during Pb(II) biosorption was Ca2+ > K+> Na+> Mg2+. The concentration of

Ca2+ release was maximum and Mg2+ was minimum while the Na+ and K+ were just

about equal. Maximum release of Na+ (1.12.1 mmoles/g) and K+ (1.10.1

mmoles/g) was observed after 2 hours of contact at Pb(II) biososption value of

0.72.0 mmoles/g that raise up to 0.84 in next 4 hours of incubation. Whereas the

Ca2+ and Mg2+ released were 1.61.1 and 0.011.4 mmoles/g that remain same

throughout the experiment.

Contribution of light metal ions Na+, K+, Mg2+ and Ca2+ on Zn(II) biosorption by A.

flavus NA9 was studied at 100 ppm (1mM) sorbate concentration and results are

presented in Table 4.11. From these results, it was inferred that all the four light

metals were released from biosorbent during biosorption of Zn(II) with a similar

approach as in case of Pb(II) biosorption. The maximum values were found to be

1.561.2, 1.911.0 mmoles/g for Na+ and Ca2+ with the Zn(II) sorption value of 0.89

mmoles/g after one hour of contact time. While the removal of Mg2+ and K+ were

0.020.2 and 1.60.8 mmoles/g respectively with the increase of Zn(II) sorption

value upto 1.3 mmoles/g.
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Table 4.10. Quantitative determination of light metals released during
biosorption of Pb(II) from A. caespitosus

Time Pb biosorbed Light metals released

mg/g (mmoles/g) mg/g (mmoles/g)

(Hours) Na K Mg Ca

0.5 133.9 (0.6) 17.8 (0.7) 44.4 (1.0) 0.39 (0.01) 111.1 (1.6)

1.0 141.8 (0.6) 21.8 (1.0) 45.7 (1.1) 0.44 (0.01) 110.8 (1.6)

2.0 159.7 (0.7) 25.1 (1.1) 46.6 (1.1) 0.45 (0.01) 111.7 (1.6)

4.0 162.9 (0.7) 27.2 (1.1) 46.2 (1.1) 0.45 (0.01) 111.6 (1.6)

6.0 174.3 (0.8) 27. 7(1.2) 47.3 (1.2) 0.46 (0.01) 111.3 (1.6)
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Table 4.11. Quantitative determination of light metals released from A. flavus
NA9during Zn(II) biosorption

Time Zn biosorbed Light metals released

mg/g (mmoles/g) mg/g (mmoles/g)

(Hours) Na K Mg Ca

0.5 48.6 (0.7) 33.3 (1.4) 54.2 (1.3) 0.9 (0.02) 151.7 (1.8)

1.0 58.7 (0.8) 33.3 (1.4) 56.7 (1.4) 1.1 (0.02) 152.3 (1.9)

2.0 70.9 (1.0) 35.4 (1.5) 57.3 (1.4) 1.1 (0.02) 152.3 (1.9)

4.0 76.4 (1.1) 36.1 (1.6) 58.1 (1.5) 1.1 (0.02) 152.3 (1.9)

6.0 97.4 (1.3) 36.1 (1.6) 63.4 (1.6) 1.1 (0.02) 153.1 (1.9)
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4.6.3. Effect of anions
The effect of different anions on Pb and Zn biosorption was studied using respective

sodium salts and 2mM initial metal concentrations in separate set of experiments.

Sodium ions were considered not to show a significant inhibition effect being not

taken up by the cells.

The biosorption efficiency of A. caespitosus for Pb(II) in the presence of CH3COO- ,

Cl–, NO3
– and SO4

-2 is shown in Fig. 4.25. Among these ligands, Cl– decreased the

Pb(II) biosorption from 227.4 to 205.6 mg/g at 1:1 ratio. Whereas, in presence of

nitrate, sulfate and acetate no considerable change in uptake capacity  was

observed at 1:1  molar ratio. By increasing cation to anion ratio to 1:5, the Pb(II)

biosorption capacity value decreased to 198.3, 119.1, 207.3, 196.4 mg/g dry weight

in the presence of  sulphate, chloride, acetate and nitrate  accordingly.

The anionic effect of ligands (CH3COO -, Cl–, NO3
– and SO4

2–) on Zn(II) biosorption

using A. flavus NA9 is presented in Fig. 4.26. In the presence of NO3
–, SO4

–2 and

CH3COO –, no considerable change in  Zn(II) uptake capacity  was observed at 1:1

cation to anion molar ratio. However, Cl– decreased the biosorption capacity value

from 132.3 to 97.7 mg/g even at 1:1 molar ratio. On increasing cation to anion ratio

to 1:5, decrease in  Zn(II) biosorption capacity from 132.3 mg/g  to 115.3 mg/g

(SO4
–2), to 92.6 mg/g (Cl–), to 106.5 mg/g (CH3COO–) and 98.3 mg/g (NO3

–) was

observed. The decreasing trend of anions for inhibition of both  Pb(II) and  Zn(II)

biosorption capacity is in the order of chloride > nitrite > sulphate > acetate.
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Fig.4.25 Pb(II) biosorption in the presence of different anions by A. caespitosus
(Pb(II) conc.= 2mM, biomass conc.= 0.5 g/l, initial pH= 4.5) Control refer to uptake of
sorbate in absence of anions

Fig.4.26 Zn(II) biosorption in the presence of different anions by A. flavus NA9 (Zn(II)
conc. = 2mM, biomass conc.= 0.5 g/l, initial pH= 5.0) Control refer to uptake of
sorbate in absence of anions
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4.7. Characterization of biosorbent surface
4.7.1. Effect of chemical pretreatments
To clarify the contribution of functional groups on the surface of biosorbent in metal

biosorption capacity, the metal uptake ability of pretreated and untreated biomass

was studied at 100 mg/l initial metal concentration under optimized condition of pH,

temperature and pulp density.

The involvement of different functional groups in Pb(II) and Zn(II) sorption capacity

was shown in Table 4.12. Pb(II) biosorption capacity reduced by 58.9, 56.6, 38.1

and 41.8 % accordingly using  carboxylic acid, amino, hydroxyl groups blocked and

lipid extracted A. caespitosus as compared to native (control) biomass.

In case of Zn(II) biosorption, A. flavus NA9 uptake capacity decreased by 62.8% by

blocking  carboxyl acid substituents. The masking of amine and hydroxyl groups

resulted in 32.9 and 36.8 % reduction in sorpion capacity respectively while benzene

treated biosorbent showed 22.3% reduction in Zn(II) biosorption (Table 4.13).

.
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Table 4.12 Effect of chemical pretreatment of biosorbents on Pb(II) biosorption
by A. caespitosus

Sr.no. Chemical treatment Decrease in qe Wt. loss

(%) (%)

1 Masking of amines 56.6 26.3

2 Blocking of carboxylic acids 58.9 45.2

3 Acetylation of hydroxyl 41.8 53.3

4 Extraction of lipids 38.1 55.6

Table 4.13 Effect of chemical pretreatment of biosorbents on Zn(II) biosorption
by A. flavus NA9

Sr.no. Chemical treatment Decrease in qe Wt. loss

(%) (%)

1 Masking of amines 32.9 20.2

2 Blocking of carboxylic acids 62.8 49.5

3 Acetylation of hydroxyl 36.8 46.4

4 Extraction of lipids 22.4 52.3
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4.7.2. Instrumental analysis
Biosorption of Pb and Zn by A. caespitosus and A. flavus NA9 respectively was

studied using Fourier transform infrared spectroscopy (FTIR) , scanning electron

microscopy (SEM), energy dispersive X-ray analysis (EDAX), and transmission

electron microscopy (TEM).

4.7.2.1. Fourier transforms infrared spectroscopy (FTIR)
The nature of biosorbent–Pb/Zn interactions was elucidated by recording the FTIR

spectra in the range of 400–4000 cm-1of unloaded and metal loaded biomass

following 6 hours of contact time

Fig. (4.27 a, and b) showed the FTIR spectra of A. caespitosus biomass before and

after lead biosorption. The broad band positioned around 3430 cm-1 was assigned to

the stretching vibration of hydroxyl groups. The presence of multiple absorption

bands at 3000-3400 cm-1 revealed the existence of –OH and –NH groups of the

biomass. The absorption band at 2927 cm-1 is attributed to –CH stretching modes of

–CH2 and –CH groups. The absorbance at 1638 cm-1 is due to C = O of carboxylic

acids. Absorption at about 1412 cm-1 and 1032 cm-1 are indicative of the bending of

CH3 and C–N stretching vibrations respectively. The bands centered on 1234 cm-1

and 1080 cm-1 can be assigned to the –SO3 and –CN stretching vibrations.

The interference of metal ions Mn, Cu, Ni and Zn on biosorption of Pb(II) by A.

caespitosus was also elucidated by FTIR spectra (Fig.4.27 c-f). This biomass also

biosorbed co-cations from binary metal solutions that was evident from detailed

examination of corresponding FTIR spectra. The spectrum of Pb and Mn loaded

biomass from binary solution exhibits a band shifting from 3572 to 3643 cm-1 and

3267 to 3154 cm-1 due to the stretching of hydroxyl groups, carboxylic groups and

double bonded carbon oxygen  groups on the biomass surface.  Two new bands

appeared at 2403 and 2128 cm-1.  However, the absorption band at 1543 cm-1 that

appeared in Pb loaded biomass disappeared in this spectrum.  The FTIR spectrum of

biomass after exposure to binary mixture of Pb and Zn, closely resemble to that

obtained from Pb and Mn loaded biomass with new bands at 2116 cm-1 instead of

2128 cm-1. These spectra also revealed almost the same effect in the region 1600 to
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400 cm-1. The comparison of spectra after exposure to binary solutions of Pb and Ni

and Pb and Cu with unloaded biomass showed the appearance of two new peaks at

2854 and 2305 cm-1 and one new peak at 2185 cm-1 respectively as well as

disappearance of the peak at wave numbers 3572 and 3267 cm-1.

The FTIR spectra of powdered A. flavus NA9 before (Fig. 4.28a) and after

Zn(II) biosorption (Fig. 4.28b) following 6 hours of contact with Zn(II) solution were

taken in the range of 4000-400 cm-1. Comparison of spectrum of native biomass to

Zn(II) loaded biomass revealed that a peak at 3624 cm-1 (non-bonded hydroxyl

groups) disappeard after Zn(II) biosorption indicating the involvement of this group in

zinc sorption. Moreover, band shifting from 3520 to 3510 cm−1
(stretching of hydroxyl

groups of carboxylic groups) and from 3255 to 3282 cm−1 (double bonded carbon

oxygen groups) was also observed after Zn(II) biosorption. Strong absorption bands

at 2926cm−1 can be assigned to the –CH stretch. The shifting in other absorption

bands detected was from 1533 to 1516 cm-1 (secondary amine group), 1436 to 1452

cm-1 (stretch in carboxyl groups), 1056 to 993 cm-1 (C=O stretching) and 538 to 536

cm-1 (-C-C- group) The absorption band at 464 cm-1 (-SO3 group)  totally disappeard

after Zn(II) biosorption. These bands appeared to be involved in zinc adsorption.

Figure 4.28 c-f revealed the involvement of metal ions Mn, Cu, Ni and Zn on

biosorption of Zn(II) by A. flavus NA9. The spectrum of Zn and Mn loaded biomass

from binary solution exhibits a band shifting from 3432 to 3543 cm-1 and 3267 to 3218

cm-1 due to the stretching of hydroxyl groups and carboxylic groups. A new band

appeared at 2403 cm-1. The FTIR spectrum of Zn and Pb and Zn and Ni loaded

biomass showed the same effect of absorption band from 1500 to 3500 cm-1 with

new bands at 1548 cm-1 and 2843 cm-1. The  spectra  Zn and Cu after exposure to

binary solutions showed the appearance of a new peak at 2185 cm-1 with

disappearance of the peak at wave numbers 3438 and 3154 cm-1.
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Fig.4.27 FTIR characterization of A.  caespitosus biomass  (a) before  and  (b-f)
after Pb(II) biosorption from (b) single metal solution; from binary metal solutions in
the presence of (c) Mn, (d) Cu, (e) Ni and (f) Zn.
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Fig.4.28  FTIR characterization of A.  flavus NA9   biomass  (a) before  and  (b-f)
after Zn(II) biosorption from (b) single metal solution; from binary metal solutions in
the presence of (c) Mn, (d) Cu, (e) Ni and (f) Pb.
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4.7.2.2. Scanning electron microscope (SEM) and energy dispersive X-ray
analysis (EDAX)
To investigate the adsorption process further, the unloaded and Pb(II) loaded

biomass were observed under the scanning electron microscope (SEM) and EDAX

(energy dispersive X-ray analysis). SEM micrographs of powdered dead fungal

biomass show a smooth surface before adsorption (Fig. 4.29a) and after Pb

adsorption the surface of the biomass appear to be prominently rough as it  was

covered with many clusters of small Pb crystals (Fig. 4.29b). Energy dispersive X-ray

analysis (EDAX) studies of Pb(II) biosorption by dried powdered A. caespitosus

biomass after 24 hours of contact time with 100 mg/l Pb(NO3)2 solution at pH 4.5

were shown in Fig. 4.30. The spectra revealed the presence of mass percent

elements C (44.13), O (48.26), P (2.22), Cl (0.96) and K (4.44) with no Pb(II) deposits

in native biomass (Fig 4.30a). While after Pb exposure the spectra showed the major

peaks of Pb(II) with 30.9 mass percent by replacing the peaks for K and Cl and

decreased the mass percent of other elements as C (39.27), O (28.54), P (1.24) (Fig

4.30b). These findings suggest that sorption, precipitation and ion exchange on the

surface might be the major mechanisms for removal of Pb(II) from waste water using

A. caespitosus.

In order to see the effect of Zn(II) sorption on biosorbent surface, scanning electron

microscopy (SEM) images and Energy dispersive X-ray analysis (EDAX) were

obtained before and after Zn(II) biosorption. In SEM studies, the surface of A. flavus

NA9 before zinc biosorption did not show any traces of zinc (Fig. 4.31a) while after

adsorption it was seemed to be covered by zinc crystals (Fig. 4.31b). EDAX studies

depicted the presence of K, C, O and P on biosorbent surface before biosorption

(Fig. 8a) . In Zn(II) loaded biomass beside these elements, Zn(II) appeared at 1.0,

8.5 and 9.8 keV (Fig. 4.32b) and K present between 3-4 keV disappeared after zinc

biosorption that pointed out its contribution in biosorption process through ion

exchange process. The involvement of this cation during biosorption (ion-exchange)

process was also strengthened by the release of this cation during biosorption

(Table 4.11).
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Fig.4.29. Scanning electron micrographs of A. caespitosus biomass (a) before and

(b) after 6 hours of exposure to 100 mg/l of Pb(NO3)2 solution at pH 4.5

a

b
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Fig.4.30. EDX analysis of A. caespitosus biomass (a) before and (b) after Pb(II)

biosorption
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Fig.4.31 Scanning electron micrograph of A. flavus NA9 biomass (a) before and (b)

after 6 hours of exposure to 100 mg/l of zinc nitrate solution at pH 5.0.

a

b
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Fig. 4.32 EDX analysis of A. flavus NA9 biomass (a) before and (b) after Zn(II)

biosorption
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4.7.2.3. Transmission electron microscopy (TEM)

Transmission electron micrograph of freshly harvested biomass prior to metal

accumulation was compared with that of a TEM image obtained after 6 and 24 hours

of exposure to Pb(II) and Zn(II) bearing solutions.

Fig. 4.33a showed A. caespitosus cell without exposure to Pb(II) solution. Obviously,

no Pb(II)  deposition was observed on the cell surface, cell membrane and inner

cellular parts in the cytoplasm. After 6 hours contact with Pb(II) solution (Fig. 4.33b),

biosorbed Pb(II) was mainly found attached onto the surface of the cell wall and cell

membrane and  Pb(II) accumulation after  24 hours was also seen within the cell.

Both extra and intracellular biomineralization resulted in solid Pb(II) phases that form

fibrils and concentric bodies.

Figure 4.34 shows A. flavus NA9 biomass with Zn(II) deposition on the outside of the

cell wall. By contrast, the control had no electron dense areas around the cell wall. In

addition to the metal deposits around the outside of the cell, discrete particles were

observed within the cytoplasm of the fungal cells. The metal appeared to be evenly

distributed throughout the cytoplasm, rather than being associated with a particular

cellular structure.
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Fig. 4.33. Transmission electron microscopic studies of freshly harvested A.

caespitosus biomass (a) before (b) after Pb(II) biosorption

a

b

c
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Fig. 4.34. Transmission electron microscopic studies of (A) freshly harvested A.

flavus NA9 biomass (a) before and (b) after Zn(II) biosorption

a

b

c
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4.8. Immobilization of Biomass
4.8.1. Preparation and characterization of polymeric bead particles
In this work, four different types of alginate beads (Fig. 4.35) were prepared as

potential biosorbents to scale up the process:

 Blank calcium alginate  beads (CAB)

 Gluteraldehyde cross-linked calcium alginate beads (GCCAB)

 Fungus entrapped calcium alginate  beads (FCAB)

(i) A. caespitosus entrapped calcium alginate beads (FLCAB) for Pb(II) sorption

(ii) A. flavus NA9 entrapped calcium alginate beads (FZCAB) for Zn(II) sorption

 Biomass entrapped gluteraldehyde cross linked calcium alginate gel beads

(FGCCAB)

(i) A. caespitosus entrapped calcium alginate beads (FLGCCAB) for Pb(II)

sorption

(ii) A. flavus NA9 entrapped calcium alginate beads (FZGCCAB) for Zn(II)

sorption

Some properties of these materials are summarized in table 4.14. The stability of

biosorbents is important for treatment of real effluent applications. Therefore,

stability of CAB, GCCAB, FLCAB, FZCAB, FLGCCAB and FZGCCAB were examined

by immersing in distilled water having neutral pH for 1 month on rotary shaker at 200

rpm and 30◦C. The percentage loss of initial weight observed after one month were

12.7, 10.3, 15.4, 13.8, 14.8 and 13.7 for CAB, GCCAB, FLCAB, FLGCCAB, FZCAB

and FZGCCAB respectively.
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Fig. 4.35. Ca-alginate polymeric beads (a), Gluteraldehyde cross-linked Ca-alginate

beads (b), A.caespitosus immobilized Ca-alginate beads (c), A.caespitosus

immobilized Gluteraldehyde cross-linked Ca-alginate beads (d), A.flavus NA9

immobilized Ca-alginate beads (e), A.flavus NA9 immobilized Gluteraldehyde cross-

linked Ca-alginate beads (f).

Table 4.14. Characterization of polymeric bead particles

Beads Surface Area (m2/g) Pore Dia (nm) Pore Vol. (cm³/g)

BET Langmuir BJH BJH

CAB 0.177 0.203 7.66 0.00108

GCCAB 0.289 0.466 7.86 0.00447

FLCAB 0.399 0.746 9.53 0.00308

FLGCCAB 0.481 0.795 11.69 0.00482

FZCAB 0.336 0.873 10.21 0.00373

FZGCCAB 0.493 0.889 11.13 0.00429
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4.8.2. Fourier transform infrared characterization of polymeric bead particles
Fourier transform infrared spectrum decoded the crosslinking of gluteraldehyde with

alginate polymeric bead particals. The peaks at 667cm-1, 954 cm-1 from sodium

alginate and 659 cm-1, 963 cm-1 from gluteraldehyde cross-linked calcium alginate

beads, portray the existence of C-H bending and disubstituted alkene respectively.

Vibration of amide was observed from peaks at 1653 cm-1 and 1737 cm-1. The peaks

at 2931 cm-1 and 2987 cm-1 are attributed to the –CH2 groups. The presence of

symmetric and asymmetric carboxylic anion can be attributed to existence of peaks

at 1614 cm-1and 1429 cm-1 in case of sodium alginate beads and gluteraldehyde

cross-linked calcium alginate. The shifting of peaks with some other new peaks

appear at 1734 cm-1 and 2700 cm-1 attributed the cross linking of gluteraldehyde with

sodium alginate having -OH moiety. Similarly FT-IR spectra for A. caespitosus

immobilized sodium alginate showed the peaks at 1054 cm-1, 1637 cm-1, 2858 cm-1,

3259 cm-1, while the peaks in A. caespitosus immobilized cross linked sodium

alginate showed the peaks shifting  at 1069 cm-1, 1644 cm-1, 2900 cm-1, 3244 cm-1 of

OH stretching of polysaccharides, peptidic bond by stretching of C=O and C\N

(Amide I), asymmetric stretching, vibration of CH2 and  Stretching vibration of OH,–

NH stretching  of polymeric compounds. New intense bands at 1250 cm-1 , which

could be assigned to the formation of an acetal ring and ether linkage as a result of

the reaction between the hydroxyl thereby, the resulting polymer tends to have a

hydroxyl groups of sodium alginate and the aldehydes of gluteraldehyde group. The

peaks at 3645 cm-1 and 3595 cm-1 be evidence for OH stretching after

gluteraldehyde cross linking.

In A. flavus NA9 immobilized sodium alginate showed the peaks at 1529 cm-1, 2922

cm-1, 1734 cm-1 while the peaks in A. flavus NA9 immobilized cross linked sodium

alginate showed the peak shifting at 1559 cm-1, 3220 cm-1 due to stretching vibration

of C\N and deformation vibration of N\H (Amide II), proteins (peptidic bond) and

symmetric stretching, vibration of CH2 stretching vibration of C=O (shoulder)

carboxylic acids. New intense peaks at 1738 cm-1 and 1250 cm-1 showed the

aldehydic group of gluteraldehyde and acetal   linkage of   covalent linkage between

sodium alginate and gluteraldehyde.
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4.8.3. Metal biosorption by immobilized bioreactor
In order to characterize the sorption kinetics of these alginate particles, metal uptake

experiments were carried out with single metal solutions in batch reactor system by

incubating immobilized material corresponding to 0.05 g dried weight at 282C and

180 rpm with 100 ml of metal solution having initial concentration in the range of 100

to 600 mg metal/l of solution. To design an efficient operating system and to

understand the adsorbate–adsorbent interaction, the experimental data for both

metal ions  was analyzed using Langmuir, Freundlich, Sips, Temkin, Florry, Kiselev,

BET and Redlich–Peterson isotherm models.

The biosorption efficiency of Pb(II) after 6 hours of incubation is given in figure 4.36.

Analysis of the results indicated that by increasing initial Pb(II) concentration up to

600 mg/l, biosorption efficiency increased from 104.3±0.9, 122.3±5.2, 179.1±0.91,

196.4±2.6 mg/g dry weight to 398.4±5.9, 402.7±5.1, 651.6±3.3, 663±2.5 mg/g dry

weight after  6 hours of incubation with CAB, GCCAB, FLCAB and FLGCCAB

respectively. Among different applied models, Pb(II) sorption showed good fit to the

Langmuir isotherm model equation (Fig 4.38).

1/ Ce = bqm 1/qe - b

All the model parameters are described in Table 4.15. The “goodness of fit” of the

experimental data with the calculated data from the isotherm model is assessed by

R2 (linear coefficient) value. Separation factor (RL), a dimensionless constant

showed the practicability of the isotherm as with all the sorbents RL value is less

than 1.0 and greater than 0; that indicated the favorable uptake of Pb(II) from

solution.

In case of Zn(II), the increase in biosorption capacity was found to be increased from

105.7±2.3 to 173.9±2.9 mg/g dry weight with CAB, from 112.4±2.6 to 188.3±1.8

mg/g dry weight with GCCAB, from 127.2±0.9 to 291.6±1.6 mg/g dry weight with

FZCAB and  from 132.07±2.6 to 324±2.1 mg/g dry weight with FZGCCAB. The

analysis of zinc sorption data (Fig. 4.37) showed high uptake capacity with

increasing initial metal ions concentration from 100 to 400 mg/l and plateau was

observed on further increase in initial metal ions concentration. The present sorption

data were found to be best fitted to Freundlich model compared to other models
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considering high correlation coefficient values. The values of KF (maximum

adsorption capacity) and n (adsorption intensity) were determined from the linear

plot of lnqe versus lnCe (Fig. 4.39) and were presented in Table 4.16. The values of

1/n were between 0.1 and 1.0; this confirmed the favorable conditions for Zn(II)

adsorption.



110

Fig.4.36 Comparison of Pb (II) sorption capacity onto beads (●) CAB(▲) GCCAB (♦)
FLCAB (■) FLGCCAB (V= 100 ml, agitation rate = 180 rpm, temperature = 28±2 ºC,
pH = 4.5).

Fig.4.37 Comparison of Zn(II) sorption  capacity onto differet beads (●) CAB(▲)
GCCAB (♦) FZCAB (■) FZGCCAB (V=100 ml, agitation rate = 180 rpm, temperature
= 28±2 ºC, pH = 5.0).
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Fig.4.38 The Langmuir isotherm plots for Pb(II)  biosorption by (●) CAB (▲) GCCAB
() FLCAB and (■) FLGCCAB.

Fig.4.39 The Freundlic isotherm plots for Zn(II) biosorption by (●) CAB (▲) GCCAB
() FZCAB (■) FZGCCAB.
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Table 4.15. Comparison of Langmuir isotherm constants for Pb(II) biosorption
by different immobilized materials

CAB GCCAB FLCAB FLGCCAB

qexp(mg/g) 398.4±5.9 413.8±5.1 651.6±3.3 670.0±2.5

qmax(mg/g) 387.4 508.9 693.8 745.2

Rval 0.92 0.98 0.97 0.96

K(l/mg) 1.1 x10-3 2.8 x10-3 1.2 x10-3 4.8 x10-3

RL 0.81 0.78 0.82 0.85

Table 4.16. Comparison of Freundlich isotherm constants for Zn(II) biosorption
by different immobilized materials

CAB GCCAB FzCAB FzGCCAB

qexp.(mg/g) 173.9±5.9 188.3±5.1 291.6±3.3 312.6±2.5

qmax(mg/g) 169.4 182.9 298.3 340.5

Rval. 0.95 0.91 0.96 0.99

K(l/mg) 29.4 18.1 13.9 10.4

n 2.8 1.9 1.9 1.75
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4.8.4. Effect of contact time
The time course studies were conducted with 100 ml of 500 mg metal ions/l at

282C and 180 rpm by incubating 0.05 g dried immobilized biomass for 6 hours.

The extent of adsorption for Pb(II) with CAB, GCCAB, FLCAB, FLGCCAB is

368.5±1.8, 376.2±1.1,  441.5±2.1, 507.5±1.4 mg/g dry weight in first 15 minutes and

it attained equilibrium after 2 hours with almost maximum sorption capacity values of

391.1±2.9, 414.5±3.1, 645.5±2.0 and 670±2.3 mg/g accordingly. On further increase

in incubation time to 6 hours, only slight increase in uptake capacity was observed

(Fig. 4.40).

The rapid uptake was also experienced durimg zinc biosorption in first 15 minutes

and equilibrium was established in 2 hours contact time. In moving from 15 minutes

to 2 hours the sorption capacity increased from 143.8±3.5 to 162±1.9 mg/g (CAB),

162.7±1.7 to 187.4±3.1 mg/g (GCCAB), 253.8±2.5 to 284.7±2.1 mg/g (FZCAB), and

273.8±1.06 to 321.4±1.94 mg/g (FZGCCAB). After this equilibrium period, the

amount of metal ions adsorbed did not change significantly with time (Fig. 4.41).
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Fig.4.40 Time course studies for Pb(II) sorption  by (●) CAB, (♦) GCCAB, (■)  FLCAB
and (+) FLGCAB (V  =  100 ml, agitation rate = 180 rpm, temperature = 28±2ºC,  pH
= 4.5)

Fig.4.41 Time course studies for Zn(II) sorption  by (●) CAB, (♦) GCAB, (■) FzCAB,
and (+) FZGCCAB (V  =  100 ml, agitation rate = 180 rpm, temperature =28±2 ºC, pH
= 5.0)
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4.8.5. Column studies with paint industry effluent

Four types of immobilized particles were also tested with paint industry effluent in

column studies to scale up the process. The experiments were performed at natural

pH value of the effluent. Table 4.17 summarized the paint industry effluent analysis.

To check the suitability of column operations for Pb(II) and Zn(II), two sets of four

columns each (Fig. 4.42) (glass column height 24 cm, Id 1.5 cm) were packed with

(CAB, GCCAB, FLCAB, FLGCCAB) and (CAB, GCCAB, FZCAB, FZGCCAB). The

effluent was passed through the sorbent column at 2.5 ml/min in down flow mode

and the concentration of metal ions was determined after every 250 ml runoff. The

total uptake capacities were calculated by integrating the experimental breakthrough

curves between break through and saturation point.

The breakthrough curves for Pb(II) sorption were depicted in Figure 4.43. The

sorption efficiency order observed by these four columns was FLGCCAB > FLCAB >

GCCAB > CAB. The run was continued until biosorbent was completely exhausted,

the observed exhaustion point was 8.75 litres for FLGCCAB, 8 litres for FLCAB, 7.25

litres for GCCAB and 6.25 litres for CAB. In case of Zn(II) removal, FZGCCAB

beads saturated after passing 11 litre effluent,  FZCAB beads showed exhausation

after passing 10.25 litre, GCCAB and CAB beads got saturated after passing 10.5

litre of effluent from each column (Fig. 4.44).

After the column was exhausted, the remaining effluent was drained off from the

column by pumping air and desorption was carried out by the solvent elution method

with 0.01M HCl. Eluant solution was pumped into the column at room temperature at

fixed flow rate of 2.5 ml/min. From the start of the experiment, effluent samples at

different time intervals were collected from the bottom of the column for analysis.

The desorption profile of Pb(II) showed  the rate of desorption increased sharply

and maximum values of desorption were reached with 1.75 and 2 litres of desorbent

from GCCAB and CAB respectively,  while 1.25 litres of desorbent showed

maximum desorption with each FLGCCAB and  FLCAB then gradually decreased

and attained a minimum with about 2 litre HCl solution (Fig. 4.45 ). However among

these FLGCCAB was observed to be the most efficient by integrating the area under

the curves with percent desorption of 92.8, 83.7, 76.2 and 60.8 for FLGCCAB,
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FLCAB, GCCAB and CAB respectively. In regeneration of Zn(II) loaded column, Fig.

4.46 showed  the elution curves with GCCAB and CAB   are  more dispersive, so  to

desorb the same quantity of zinc higher eluant volume is needed as compare to

FZGCCAB and  FZCAB. The maximum 89.6 % desorption was experienced from

FZGCCAB, while 65.5, 52.2 and 49.6 % metal desorption was observed from FzCAB,

GCCAB and CAB respectively.

Among all the four biosorbents i.e. CAB, GCCAB, FCAB and FGCCAB,

gluteraldehyde crosslinked biopolymer (FGCCAB) proved good sorbent due to solid

and rigid support being cross-linked, chemically inert, stable with high removal and

recovery of lead and zinc. Therefore, FGCCAB was selected for further sorption–

desorption cyclic studies upto three subsequent cycles.

4.8.6. Sorption-desorption cyclic studies
To check the sustainability of selected sorbents for repeated use, the sorption–

desorption cyclic studies were performed upto three cycles using FLGCCAB for

Pb(II) and FZGCCAB for Zn(II) removal and recovery from same industrial effluent.

From figures 4.42 and 4.43, it was observed that there was no significant loss in

column efficiency in three cycles. Sorbed Pb(II) could be recovered resulting in

76.2–92.8% elution in subsequent three sorption–desorption cycles. Similar behavior

was also observed for Zn(II) sorption–desorption experiments. The results indicated

that the column saturated early gradually from first to third cycle, with slight decrease

in sorption capacity, as a result, the percentage desorption also decreased. Other

metals (Fe, Cu, Cr, Ni and Mg) present in effluent did not affect the sorption capacity

of the column.
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Table 4.17 Analysis of paint industry effluent determined

Parameters Results

pH (pH unit) 5.5 ± 0.5
TSS mg/l 2350.0 ± 50.0
TDS mg/l 1366.7 ± 115.5
EC µmhos/cm 1125 ± 73.5

Heavy Metals (mg/l)
Zn 9.59 ± 0.5
Fe 7.44 ± 0.2
Cu 0.59 ± 0.1
Cr 0.94 ± 0.03
Ni 1.92 ± 0.2
Mg 1.15 ± 0.02
Pb 3.95 ± 0.2

1 e Wastewater characteristics

nt.

Table 4.18 Pb (II) uptake capacities of alginate-based sorbents from literature

Sorbent maxi Reference

(mg/g)

AGCCAB 670±2.5 this work

Alginate dry beads 339 (Lagoa & Rodrigues, 2007)

Alginate gel beads 286 (Bayramoglu et al., 2006)

Ca alginate-based ion-exchange resin 622 (Chen et al. 2002)

Cross linked alginic acid 249 (Dhakal et al. 2005)
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Fig. 4.42 Column studies packed with CAB, GCCAB, FCAB, and FGCCAB (left to

right) for lead and zinc removal from paint industry effluent
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Fig. 4.43. Breakthrough curves for Pb(II) sorption from paint industry effluent using
(Ο) CAB, () GCCAB, (●) FLCAB and ()FLGCCAB at 2.5 ml/min flow rate

Fig. 4.44. Breakthrough curves for Zn (II) sorption from paint industry effluent using
(Ο) CAB, () GCCAB, (●) FZCAB and () FZGCCAB at 2.5 ml/min flow rate
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Fig. 4.45 Pb (II) desorption using 0.01M HCl for regeneration of column (Ο) CAB,
() GCCAB, (●) FLCAB and () FLGCCAB at 2.5 ml/min flow rate.

Fig. 4.46 Zn (II) desorption using 0.01M HCl for regeneration of column (Ο) CAB,
() GCCAB, (●) FZCAB and () FZGCCAB at 2.5 ml/min flow rate.
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Fig.4.47 Pb (II) Sorption – desorption cyclic studies unto three cycles from paint
industry effluent   using FLGCCAB

Fig. 4.48 Zn (II) Sorption – desorption cyclic studies unto three cycles from paint
industry effluent   using FzGCCAB
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CHAPTER 5

DISCUSSION

5.1. Screening and Identification Studies
Among a huge range of biological materials environmentally ubiquitous organisms,

fungi play very important roles in heavy metal uptake and recycling with the simple

manipulation, genetically and morphologically (KAPOOR AND VIRARAGHAVAN

1995; WANG AND CHEN, 2009). Therefore in the present studies, 25 locally

isolated fungal strains were screened for their lead and zinc biosorption potential.

There was a significant difference in biosorption capacity of these ions by various

strains due to different cellular structure and biochemistry. The exterior cellular plane

of fungi consists of chitosan, chitin amino, and hydroxyl and amido group, therefore

have exclusive property of binding both anions and cations (CHOJNACKA, 2010). In

these studies, the values of lead uptake capacities, 164.5 ± 3.5, 65.2±3.0, and

148.2±5.2 mg/g dry weight for A. caespitosus, A. sp RBSS-303 and A. flavus HF5

respectively, were significantly high as reported elsewhere for other biosorbents

(Table 2.1). Screening for zinc accumulation revealed A. oryzae SV/09, A. flavus

NA9 and Paecilomyces formosus DTO 63f4 as the most potential biosorbents (Table

4.1) with zinc biosorption capacity 58.3±2.1, 84.2±1.9, and 40.2±3.2 mg/g dry weight

respectively. These values were also found to be higher than reported in literature

for fungal biosorbents (Table 2.2) (KOVACEVIC et al., 2000).

These strains were identified after DNA extraction, PCR amplification using ITS

region DNA sequencing. The nucleotide sequence results have been deposited to

the NCBI nucleotide sequence database (Gene Bank). It was formerly highlighted

that a number of strains related to the genus Aspergillus have ability to biosorb

heavy metal ions (ALLURI et al., 2007; PARUNGAO et al., 2007); therefore several

thousands of 18S rDNA sequences are available.
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5.2. Optimization of Physical and Environmental Parameters
Many factors can affect biosorption phenomenon, including type and nature of the

biosorbent, biosorbate, pulp density, initial metal concentration and other important

physical and chemical parameters.

5.2.1. Effect of physical state and culture age on biosorption capacities
Biosorption has been experienced with both living and non-living forms of biomass.

In the present studies for lead biosorption, all the three biosorbents gave slightly

high values of sorption capacities with dry biomass as compared to that obtained

with wet biomass (Fig. 4.1). The percentage increases in sorption capacities were

5.56, 18.30 and 7.78 for A. caespitosus, A. sp RBSS-303 and A. flavus HF5,

respectively. This may be due to the fact that after heat, cutting and grinding, the

potential binding sites from intracellular components become exposed/developed for

metal biosorption (PARK et al,. 2010). The same trend was also shown during

uranium accumulation by dry biomass of Myxococcus xanthus (GONZALEZ-MUNOZ

et al., 1997). Similarly, ZOUBOULIS et al., (2004) demonstrated higher uptake of Cd

and chromate by non-living biomass of Bacillus laterosporus and Bacillus

licheniformis as compared to that of living biomass. In contrast, AKHTAR et al.,

(2007) has observed high efficiency of uranium biosorption capacity by live cells of

T. harzianum than dried biomass, this may be due to combination of metabolic

uptake and physical adsorption of metal ions.

In the case of zinc biosorption, both viable and non-viable Paecilomyces formosus

DTO 63f4 showed almost the same value of biosorption capacity. Analogous

performance has also been observed during zirconium accumulation onto C.

tropicalis (AKHTAR et al., 2008). With the other two strains A. oryzae SV/09 and A.

flavus NA9 used for zinc biosorption, the metal uptake was greater with dry biomass

compared to that wet one. Therefore the dry biomass was used for further studies.

Another variable by which biosorption of heavy metals has been shown to be

affected is the age of the cells. In present studies, biosorption capacities of lead

(PbII) as well as zinc (ZnII) were also observed to be highly dependent on culture age

of the biomass. All the used fungal strains for lead and zinc biosorption studies
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showed maximum biosorptive potential when harvested after 48-72 hours of

incubation after inoculation. With further increase in culture age, the biosorption

potential decreased significantly or remained unchanged (Fig.4.1 and 4.2). Similar

trend was also reported for uptake of Am241 by R. arrhizus (LIAO et al., 2008) and S.

cerevisiae cells of 24 hours age could remove two times more silver from solution

when compared to cells harvested after 96 hours. With culture age the alteration in

chemistry of cell wall and intracellular components, may be the reason for variation

in sorption capacity (BAIK et al., 2002; AKHTAR et al., 2007).

Taking into account both biosorption capacity values and biomass yields, it was

observed that from 24 to 72 hours of incubation, both biosorption capacity values

and biomass yields increased for all the biosorbents. In moving from 72 to 96 hours,

mostly biomass yields increased while change in uptake capacity was insignificant.

From 96 hours to onward both sorption capacity and biomass yield remain

unchanged. Therefore the use of biosorbent harvested after 96 hours can lead to the

improved process economics.  Taking into account both biosorption capacity value

and biomass yield, 96 hours old cultures were used in succeeding experiments.

5.2.2. Effect of pH and temperature on metals accumulation
Previous reports suggested that, the pH and temperature directly manipulate the

uptake as well as the mechanism of metal ions biosorption by influencing the

solubility of metals and its adsorption rate (SEPEHR et al., 2005; GIRALDO AND

MORENO, 2008). Therefore, for screened biosorbents, the effect of initial pH of

solution and incubation temperature (25-50 oC) on Pb/Zn biosorption, time course

studies were performed at initial pH values of 3, 3.5, 4.0, 4.5 and 5.0.

Biosorbents exposed to metal solution at pH below 3, shows negligible uptake due

to competition among metal cations and hydronium ion (H3O+). Therefore, the limited

sorption of both Pb(II) and Zn(II) was observed on biosorbent surfaces at low

solution pH (4.0 and below), most likely due to the ion exchange between these

cationic species and antagonistic effects with hydronium ion and to some extent little

ionization of acidic functional groups of cell wall (CHERGUI et al., 2007). Present

study exhibited maximum uptake at the pH range 4.0-5.0, above and below this pH
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considerable decline in sorption capacity was evident which proved the pH being

highly sensitizing factor (Fig. 4.3 and 4.4). In a solution having pH ≤ 3.5, these  metal

ions mainly are present in the form of the PbO2
2+ and ZnO2

2+ and intensifies the

competition between H3O+ and these ions for the binding sites. While, with the

increase in pH > 5.5 the uptake capacity increased to a certain limit as the solubility

of lead and zinc decreases due to hydrolysis (TSEZOS et al., 2001). AKHTAR et al.,

(2007) also reported similar results with T. harzianum during uranium biosorption.

As the pH raises, more negative charged functional groups such as carboxyl,

phosphate, cyanide, imidazole, and amino are exposed on the biosorbent that

subsequently attract positively charged metal ions. The decrease in metal ions

uptake exhibited by fungus at pH > 5.0 can be enlightened on the basis that at

higher pH values these ions gather inside the cells, and or the intra-fibular capillaries

of the cell walls by a mutual sorption and micro precipitation mechanism, therefore,

biosorption studies are insignificant at higher pH (BEVERIDGE et al., 1986). In

general,  insoluble  precipitates of  metal ions formed in basic  pH range in

investigated solutions, as the solubility products (Ksp) of lead hydroxides is 10-19 M3

and  10-17 M3 for zinc hydroxide. As Pb2+ , Pb(OH)4
-2 and Pb(OH)2 are the

dominant ionic species of lead that exists at pHs < 5.5, above 12.5 and  between

5.5 < pH < 12.5 accordingly. In the same way, Zn exists as free Zn2+ ions in

solutions of whole acidic pH range. More than pH 6.0, it begins to precipitate out as

Zn (OH)2 and thus, no more ‘available’ for biosorption (BASUALTO et al., 2006).

The Pb(II) and Zn(II) uptake was significantly declined at higher pH by all the

biosorbents used in present studies. Therefore, further experiments on biosorption

were investigated at pH values 4.5 and 5.0 for Pb and Zn respectively, as an optimal

value.

Temperature is directly related to the potential diffusion of the biosorbent and the

kinetic energy of metal ions. So, change in temperature changes the amount of

metal removed by the biosorbents. However, large discrepancy on temperature-

biosorption interaction has been reported. ANTUNES et al. (2003) showed that in a

range of 25 to 55 οC, temperature did not affect biosorption of copper by brown

seaweed, Sargassum sp., considerably. At the same time, other authors reported



126

some enhancement in biosorption with increase in temperature, such as biosorption

of Pb(II) by fungus Cephalosporium aphidicola (TUNALI et al., 2006), and

biosorption of copper, zinc and cadmium by dried seaweeds, E. maxima and

Laminaria pallida (NIGRO et al., 2002). Similar to these results in this study

adsorption of lead and zinc was observed to be increased in going the temperature

from 25 to 50 oC. However, contrary to finding of VEGLIO AND BEOLCHINI (1997),

that on increasing the temperature from 20 to 35 oC, biosorption seems to be

effected less significantly, in our results there was a sharp increase in lead

accumulation in moving from 25 to 30 oC with all biosorbents but on further increase

in temperature the uptake capacity rises a little bit with A. caespitosus and remain

almost constant with A. sp RBSS-303 and A. flavusHF5. Metal ions removal by

biosorption is endothermic, thus higher temperature usually improves the adsorbate

removal by increasing its kinetic energy and surface activity of biomass

(VIJAYARGHAVAN AND YUN, 2008).

All the three biosorbents used for zinc sorption showed highest adsorption at 30 oC

however, on rising the temperature from 30 to 50 oC, the sorption capacity by

Paecilomyces formosus DTO 63f4 keep raising, whereas Zn uptake by A. flavus

NA9, and A. oryzae SV/09-09 remained constant that may possibly be due to

physical smash up of biosorbent at high temperature (PARK et al., 2010). The

researcher has reported that removal of Cd(II) by B. licheniformis was not affected

by rise in temperature, where as uptake of Cr(VI)  by the same biosorbent was

slightly affected by increase in temperature from 25 to 50 C (ZOUBOULIS et al.,

2004). These contradictory comments onto the effect of temperature on biosorption

with different studies might be due to different types of biosorbent and/or different

geographic locations from where the same-type of biosorbent was obtained.

In the present studies, microbial biosorbents A. caespitosus showed 81.0, 88.6, and

86.1% of lead removal efficiency in first one hour and reached to maximum in next

4-6 hours, with further increase in contact time up to 24 hours, a plateau was

reached with no further increase in uptake capacity at 30 οC. Whereas, at 50 οC the

same maximum capacity value was attained with A. caespitosus only after 30

minutes (Fig. 4.3a) and within 1 hour by using other biosorbents (Fig. 4.3b and 4.3c).
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This uptake is in harmony with reported result that within 25 minutes of interaction

90% adsorption of cadmium is attained (HERRERO et al., 2006). Similar results of

rapid sharp increase followed by a slower uptake rate was observed for biosorption

kinetics of Ni(II) and Pb(II) by Phanerochaete chrysosporium and with seaweed

biomass, (CERIBASI AND YETIS,  2001; LODERIRO et al., 2006).

According to  (Fig. 4.4a), zinc uptake with A. flavus NA9 was 45.48, 97.53 mg/g

after 6 hours, 94.56 mg/g after 4 hours and 93.14 mg/g after 30 minutes at 25, 30,

40 and 50 οC correspondingly. Kinetic studies with A. oryzae SV/09-09 and

Paecilomyces formosus DTO 63f4 revealed uptake values of 74.8, 46.8 mg/g after 6

hours at 30 οC and 78.2, 62.2 mg/g after 2 hours at 50 οC, respectively (Fig. 4.4b

and 4.4c). These results authenticated that biosorption was a two phase

phenomenon, at the earlier stages surface adsorption of metal ions take place into

the active sites of the biomass causing rapid uptake followed by film transport, which

involves slow intracellular diffusion of metal (SAGLAM et al., 2002).

5.2.3. Effect of biomass concentration on uptake capacities
Previous reports suggested that, biosorbent concentration affects the biosorption

capacity of different biosorbents and it was found that the removal efficiency

increased while specific metal ions uptake decreased by increasing biomass

concentration (AKHTAR et al., 2007; CHAKRAVARTY et al., 2010). The same trend

was distinctly evident in our studies and the percentage removal of lead and zinc

increased from their aqueous solutions with increasing biomass concentration (Fig.

4.5 and 4.6). The parallel correlation between metal removal efficiency and

adsorbent dose can be linked to the increasing surface area of the vacant binding

sites (ARGUN et al., 2007). In contrast the specific uptake capacities reduced with

raising biomass amount from 0.1 to 0.75 g/l both in lead and zinc biosorption

profiles. This descending trend in sorption capacity would be a result of smaller

amount of cell surface available for metal binding at high biomass concentration that

may reduce the efficient biosorption area due to cell aggregation (GONG et al.,

2005). However, in the presence of high biomass concentration, there is a quick

superficial adsorption that produces a lower metal concentration in solution than
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when the cell concentration is lower. The adsorption capacity  of Cr, Cu, Ni  and Zn

metals, increased with increasing biomass concentration of Eichhornia crassipes

and cork biomass (up to 0.5 g) leading to the corresponding increase in adsorption

sites ( CHUBAR et al., 2004,  SARASWAT and  RAI, 2010) and stabilized afterward

due to cell crowding and consequent reduction in intercellular distance (PARVATHI

et al., 2007). The lead removal efficiency increased with increase of adsorbent dose

from 0.01 to 0.5 g bael leaves and it reached a maximum (85% approximately) at

around 0.2 g and then remained almost constant (CHAKRAVARTY et al., 2010). The

positive correlation between adsorbent dose and metal removal efficiency can be

related to the increasing surface area of the available binding sites (ARGUN et al.,

2007).

5.2.4. Effect of initial metal concentration on uptake capacities
The initial metal concentration plays a key role to overcome the mass transfer

resistance among the aqueous and solid phases during the phenomenon of

biosorption. Therefore, the amount of metal ions adsorbed was proned to be higher

with a higher initial concentration which may be owed to high chances of collision

between metal ions and biosorbent particles (NUHOGLU AND MALKOC, 2009).

In the current studies, it was observed that the metal ions taken up by the

biosorbents increased rapidly as the initial concentrations of both lead and zinc

increased from 100 to 500 mg/l. Further increase in initial metal ions concentration,

resulted in little increase in sorption capacities (Fig. 4.7 and 4.8). The findings are in

harmony with the biosorption of lead using dead cells of B. vesicular where the lead

uptake increased up to 550 mg/l and as the initial lead concentration was further

reached to 600 mg/l, no further increase in metal uptake was observed indicating

that the binding sites were completely saturated by lead ions (RESMI et al., 2010).

A. sp RBSS-303 and A. flavus NA9 seem to be far more efficient for lead and zinc

uptake respectively as compared to other biosorbents. From  the plot of the

biosorption capacity versus time  it was observed  that the lead uptake capacity was

only 50% with all the biosorbents and in case of Zn (II)  the initial uptake rate is rapid

of about 80% in the first one hour contact time with A. flavus NA9 and Paecilomyces
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formosus DTO 63f4. It was only due to the accessibility of   adsorbent surface area.

Initially, large accessible surface area is available to metal ions as a result the

adsorption rate is high. The bare surface lessened rapidly with increasing coverage,

and competition for sorption sites among metal ions take place. Thus, with the

passage of time the slower adsorption rate was observed that leads to equilibrium. It

is also seen that the initial Pb(II) concentration of 500 ppm showed the highest initial

uptake. The same trend was observed with 300 mg/l initial Pb(II) concentrations on

amount of Pb (II) adsorbed on palm shell-based activated carbon (AROUA et al.,

2008).  RAO et al., (2010) revealed that at higher metal ions concentrations (50-

1000 mg/l), the loading capacity of cadmium ions increased from 2.23 to 25.64 mg/g

due to increase of driving force i-e concentration gradient while the percentage

removal decreased from 89.04 to 51.28% that was characterized as lack of active

sites to accommodate more available metal ions in the solution.

Loading capacity of an adsorbent or adsorption distribution coefficient (K) is defined

as the ratio of equilibrium concentration in solid and aqueous phase and it has a unit

of (mg metal/g biosorbent)/ (mg metal/ml solution) or ml/g biosorbent. Fig. 4.9 and

4.10 illustrate decreasing trend of computed values of (K) for increasing

concentrations (Ce) of Pb(II) and Zn(II), which showed the decreased lead

concentration in the continuous aqueous phase than at the sorbent–water interface.

Parallel attitude was also observed during Pb(II) biosorption using pyrolysed

Pongamia pinnata pods carbon (NADEEM et al., 2009).

5.2.5. Application of Equilibrium and Kinetic Models
5.2.5.1. Equilibrium models
Equilibrium sorption studies give basic information for assessing biosorbent capacity

and applicability of these models on a given system (BASHA AND JHA, 2008). The

experimental behavior is explained and predicted on isotherm models by all the

researchers. The Langmuir and Freundlich models are mainly used to fit

experimental data of metal biosorption capacity and their diversity among different

species (YU et al., 2001; PAGNANELLI et al., 2002; WANG AND CHEN, 2009;

SURYAVANSHI AND SHUKLA, 2010).
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In the present studies, for Pb(II) and Zn(II) biosorption by different biosorbents

Langmuir, Freundlich and Dubinin-Raduskevich isotherms were establish to be

linear (Fig. 4.11 and 4.12).

The experimental maximum values of Pb(II) sorption on A. caespitosus were

concordant to the calculated values using Langmuir model that increases with an

increase in temperature. While with A. sp RBSS-303 and A. flavus HF5, the Qmax

values from Langmuir isotherm were found to be deviated by 30.2 and 20.5%

respectively when compared to that of experimental values (Table 4.3). The

Langmuir model (R2 = 0.97) also fits better for Pb(II) adsorption onto bael leaves as

compared to Freundlich model (R2 = 0.8) (CHAKRAVARTY et al., 2010). Similar

results were also observed in Hg (II) sorption by A. niger (MODY et al., 2009). The

copper biosorption by brown alga Fucus serratus (FS) gives a better description of

investigated results with the Langmuir isotherm than the Freundlich equation

(ABSCHIN et al., 2008).

In case of zinc biosorption, the deviation of qmax values from that of qe values were

found to be 13.8, 36.6 and 35.0%  from Langmuir and 7.3, 17.9 and 77.6%  from

Freundlich isotherms by A. flavus NA9, A. oryzae SV/09 and Paecilomyces

formosus DTO 63f4 respectively. The more deviation observed in Langmuir model

may be due to the metal sorption according to non-interactive binding of metal ions

to the biomass surface in Langmuir model compared to multilayer sorption in

Freundlich isotherm. The irregular pattern of isotherm and biosorption may be due to

complex nature and presence of multiple active sites on the biosorbent.

The dimensionless equilibrium parameter (RL) values, if lies greater than 0 and

lesser than 1 indicate the favorable biosorption process (NADEEM et al., 2009).

Present studies (Table 4.3 and 4.4) proved the favorable lead and zinc biosorption

with all used biosorbents. ASHRAF et al., (2010) also reported the favourable

sorption of lead, copper, zinc and nickel on the biosorbent Mangifera indica as

separation factor values lies between zero and one.

The proportion of metal loaded biomass surface was calculated by plotting a graph

between surface coverage values (θ) and metal ions concentration. The results

demonstrate the direct relationship in initial lead ions concentration and biomass
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surface coverage until the surface is saturated. Surface coverage values for Pb (II)

on absorbents are in the order of A. sp RBSS-303 > A. flavus HF5 = A. caespitosus.

In case of Zn(II) surface coverage values were approaching unity with decreasing

order A. oryzae SV/09 > A. flavus NA9 > P. formosus DTO63f4. The surface

coverage values were approaching unity with increasing solution concentration

indicating effectiveness of Ni (II) biosorption by Cassia fistula (HANIF et al., 2007).

In our studies A. sp RBSS-303, A. flavus HF5 for Pb (II) and A. flavus NA9 for Zn (II)

sorption have close Freundlich qmax with the experimental qe with high correlation

coefficient values. The Freundlich parameters KF (relative sorption capacity) and 1/n

specify whether the sorption nature is favorable or unfavorable (BASAR et al., 2006).

The values of these constants (KF, n ) are enlisted in Table 4.3 for Pb(II)  sorption

onto A. sp RBSS-303, A. flavus HF5 and Table 4.4 showed Zn(II) sorption  by A.

flavus NA9. These results predict that Freundlich isotherm is followed by the sorption

data very well with the interpretation that biosorbents possess heterogeneous

surface with identical adsorption energy in all sites and the adsorbed metal ion

interacts only with the active sites but not with others. However this interpretation

should be reviewed with caution, as the biosorption and isotherm exhibit an irregular

pattern.

The values of qmax computed from Dubinin-Raduskevich isotherm were far away

from the experimental qe value for all the biosorbents used for Pb(II) and Zn(II)

biosorption (Table 4.3, 4.4), except A. oryzae SV/09 that have close qmax obtained

from Dubinin-Raduskevich isotherm with qe but at the same time the correlation

coefficient value is very low i.e. 0.80. Moreover, the straight lines obtained also not

passed through the origin that is basic requirement of this model.

5.2.5.2 Kinetic studies

For time evolution and scale-up studies kinetic of biosorption data have been used

under non equilibrium conditions (RUBIN et al., 2006). The comparison of

experimental and calculated qe values, shape of graph and value of R2 > 0.98 help

to describe the kinetics of system (AL-GARNI, 2005). If the values of equilibrium

uptake calculated from kinetic plots does not equal to the experimental equilibrium
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uptake then the reaction is not likely to follow the particular kinetic model even

though this plot may has high correlation coefficient with the experimental data (HO

AND MCKAY, 2000).

In present studies, the applications of different kinetic models to Pb and Zn

biosorption  data   suggested that  biosorption by all the biosorbents  followed the

pseudo-second-order and saturation mixed order equations, at temperature 25, 30,

40 and 50 ºC with initial  solution concentration 100 mg/l and pH values of 4.5 for

Pb(II) and 5.0 for Zn(II). The values of qe obtained from pseudo-second order kinetic

model showed high harmony experimental qe values as shown in Table 4.5 and 4.6

for Pb(II) and Zn(II) biosorption respectively. The copper biosorption by U. reticulate

also pursued pseudo-second-order kinetics (VIJAYARAGHAVAN et al., 2004).

Similarly immobilized P. chrysosporium and naked loofa-sponge discs used as

biosorbent to remove Pb(II) and Cd(II) from aqueous solution followed the pseudo-

second order kinetic model (NIKAZAR et al., 2008). Lead sorption by bael leaves

was also best described by pseudo-second order kinetics ((CHAKRAVARTY et al.,

2010). This model is based on the hypothesis that chemical sorption concerning

valence forces among biomass and metal ions through sharing of electrons might be

rate limiting step (HO AND MCKAY, 2000).

In case of saturation mixed order kinetic models for Pb(II) and Zn(II) biosorption, the

R2 values with all the biosorbents are 0.99 (Table. 4.5, 4.6) but  rate constants

K(mg/l ) and k0 (mg/l. min) showed no direct relationship in these constants with

increasing temperature. In literature the lead and cadmium biosorption by brown

algae Sargassum sp. biomass showed a direct relationship in these rates of

biosorption with increasing initial metal concentrations (NADDAFI et al., 2005).

5.2.5.3. Thermodynamic control
In fundamental thermodynamics concept, the spontaneity of a process is determined

by both energy and entropy factors. The thermodynamic parameters such as the

enthalpy change (∆H), the  change in entropy (∆S) and  change  in Gibbs free

energy (∆G) of the sorption process were studied by many researchers for different

metals (CHAKARVERTY et al., 2010). The value of ∆Gº addresses the feasibility of
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a certain reaction, ∆Hº shows the route of energy in the system, a positive value

shows an endothermic process and a negative value indicates an exothermic

process (NUHOGLU AND MALKOC, 2009). The ∆Sº suggests increasing or

decreasing randomness in the system.

For the present studies, to understand the sorption mechanism, the values of these

thermodynamic parameters were depicted in figures 4.13 and 4.14. For lead and

zinc biosorption, the ΔG◦ values decreased with increase in temperature with all the

biosorbents used in present studies. The decrease in ∆Gº value, with increase in

temperature indicated the endothermic nature of the biosorption process and it was

thereby favored with increase in temperature (BABARINDE et al. 2008). At all

investigated temperatures, biosorbents A. caespitosus and A. flavus HF5 for lead

and P. formosus DTO 63f4 for zinc have negative ∆G◦ values indicated  the

spontaneity of the process and also the  mechanism of physical adsorption (JNR

AND SPIFF, 2005). CRINI AND BADOT, (2008) removed dye from aqueous solution

using natural polysaccharide in batch studies also concluded that the free energy of

the process at all temperatures was negative and changed with the rise in

temperature. On the other hand A. pullulans for lead and A. flavus NA9 and A.

oryzae SV/09 for zinc sorption have positive value of ΔG◦. According to QAISER et

al., (2009) the values of ΔG° increased from 1.46 to 4.77 KJ/mole for Pb(II)  and

decreased from 5.97 to 5.31 KJ/mole for Cr (II) biosorption onto groundnut hull by

increasing temperature from 20-40 °C.

In our studies the enthalpy changes (ΔH) and entropy change (ΔS) was found to be

positive for all the biosorbents used for lead and zinc biosorption, which confirmed

the endothermic nature of the adsorption process. The positive ΔH indicates that an

increase in the temperature is tended to increasing the adsorption capacity.

However, positive values of ΔS suggested the increased randomness at the

solid/solution interface during the adsorption of metal ions onto adsorbent (FAROOQ

et al. 2010). For Ni (II) biosorption using C. vulgaris, the mechanism was found

endothermic and the enthalpy change was 11.0 kJ mol-1 while the entropy change

was 39.0 J mol-1 K-1 (AKSU, 2002). SINGH et al. (2010) determined that in the

process of Cd(II) sorption by wheat bran, all  three thermodynamic parameters were
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negative,  indicated the feasibility and spontaneity of the process, and on the other,

the process was exothermic and increase in temperature caused a decrease in the

sorption capacity.

5.3 Regeneration of Biosorbents
5.3.1. Screening of superb eluent for metal elution
In perspective of practical application, recovery of adsorbed metal ions and

reusability of adsorbents are of crucial importance for the treatment of industrial

effluents (BISHNOI AND GARIMA, 2005). On the other hand, nearly all researchers

focused only on the sorption capacity of examined biosorbent, with no consideration

on regeneration of bimass necessary for practical applicability (VIJAYARAGHAVAN

AND YUN, 2008). Therefore, in the present studies, this feature was explored

through desorption using a variety of desorbents. At the same time, pulp density was

also optimized to use minimum volume of desorbent with the maximum metal ions

concentration. According to VIJAYARAGHAVAN et al., (2004) pulp density

optimization is a key factor for metal biosorption, the volume of the solution should

be adequate for utmost solubility for desorbed metal.

The biosorbents be reprocessed for five sorption-desorption cycles using seven

different desorbing agents for recovering the sorbed lead and zinc from the loaded

biomass. The order of elution efficiency among these desorbents is HCl > Na2CO3 >

Na2SO4 > NaOH > NaHCO3 > CH3COONa > NaNO3 > distilled water with all the

biosorbents used for lead biosorption. Whereas, the order of zinc eluting efficiency is

HCl > Na2CO3 > Na2SO4 > CH3COONa > NaHCO3 > NaOH > NaNO3 > distilled

water for all the three biosorbents. The maximum desorption of Pb (70-80%) and Zn

(67-83%) was carried out with hydrochloric acid. SAEED AND IQBAL, (2003) also

found 0.2M HCl as one of the most effective desorbent for desorption of Pb(II), Cd(II)

and Cu(II) from the metal loaded Ulmus and Fraxinus tree leaves.  PANDEY et al.,

(2008) suggested that in acidic pH adsorption was inhibited and efficient desorption

of metal loaded biomass could be carried out. They found that inorganic acids (HCl,

H2SO4 and HNO3) efficiently removed the Cd(II) loaded to the biomass.



135

Sodium bicarbonate, sodium nitrate and distilled water did not give considerable

elution of Pb (6-15%) and Zn (8-22%) (Table 4.7 and 4.8). The pH profile of different

desorbents used for elution of Pb(II) and Zn(II) from exhausted biosorbents showed

two maximal desorption values i.e. at acidic and basic pH values (Fig.4.17 and

4.18). The desorption efficiency was again raised up to 68.6, 49.6 and 59.1% using

A. caespitosus, A. sp RBSS-303 and A. flavus HF5 for Pb(II). Zn (II) elution was

also increased by sodium carbonate from all the biosorbents (Table 4.8).

GONZALEZ-MUNOZ et al. (1997) reported sodium carbonate (0.1M) as competent

desorbent for uranium (82% desorption) removal from Myxococuss xanthus

biomass. Similar results were also reported by AKHTAR et al., (2007) while working

with T. harzianum for uranium sorption. According to KUYUCAK AND VOLESKY,

(1989) the elution of metal ions by alkaline eluents indicated that these metals were

adsorbed as anionic species.

The optimization study of solid to liquid ratio (S/L) for Pb(II) and Zn(II) desorption

was also accomplished.  Fig. 4.19 revealed that maximum Pb elution was achieved

at optimized pulp density i.e. 0.83 g/l when pulp density varies from 0.5 to 2.5 g/l

with 0.01 M hydrochloric acid for all the three biosorbents. On the other hand in case

of zinc, the same percentage of zinc recovery was achieved with 0.01 M

hydrochloric acid at pulp density of 0.83 and 1.25 g/l with all the three biosorbents

(Fig.4.20). In literature, the maximum elution efficiency (60±2%) from zirconium

loaded C. tropicalis was reported using 0.1M sodium bicarbonate as desorbent up to

pulp density value of 1.0 g/l.  Further increase in pulp density to 1.6 g/litre resulted in

decrease of percentage elution value of eluent (AKHTAR et al., 2008). According to

our findings high elution efficiency favors 0.01 M hydrochloric acid at pulp density of

0.83 g/l to be employed as a suitable lead and zinc desorbing agent.

5.3.2. Sorption/desorption cyclic studies
Biosorbent regeneration is important to decrease the cost and dependency of the

process

constant availability of sorbent and use it in subsequent sorption-desorption cyclic

studies. Therefore, regeneration and reuse efficiency of biosorbents was also
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investigated upto five sorption–desorption cycles to assess the biosorption of

regenerated biomass in repetitive cycles. In case of Pb(II) biosorption, about 12, 26

and 3.9% loss in Pb(II) sorption capacity was observed after five sorption–desorption

cycles of reuse by A. caespitosus, A. sp. RBSS 303  and A. flavus HF5 respectively

(Fig.4.21). In case of zinc biosorption, decrease in sorption capacity was almost 23,

10.1 and 34.9% with A. oryzae SV/09, A. flavus NA9 and Paecilomyces formosus

DTO 63f4 for five subsequent sorption-desorption cycles (Fig. 4.22). The decline in

metal sorption in frequent regeneration cycles was justified due to loss of Ca+2 and

Mg+2 ions from biomass surface as a result of adsorption–elution of metals by acid

treatment (XINJIAO, 2006). JALALI-RAD et al. (2004) had also documented that

recovery of cesium adsorbed to Ferro cyanide algal sorbents was a destructive

process. Similarly highest mercury and lead desorption was reported with 0.05 M

HCl on nonviable activated sludge biosolids (KILIC et al. 2008).

Fungal biosorbents A. caespitosus and A. flavus NA9 showed 12 and 23% reduction

in biosorption for Pb(II) and Zn(II) respectively but still have a maximum sorption

capacity as compared to other screened biosorbents. At the same time this

drawback can be compensated by easy and massive growth of these fungal

isolates. Therefore, further optimization, immobilization and scale up studies were

carried out by these biosorbents.
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5.4. Effect of competing ions on biosorption capacities
5.4.1. Biosorption of other heavy metal cations
These studies are important in view of the application of a biosorbent in the

treatment of industrial effluent that has a variety of cationic and anionic species.

Some studies had pointed out that these ionic species supplementary to the ions of

interest generally have a detrimental effect on metal accumulation (SUH AND KIM,

2000).

According to AKSU, (1997) generally synergism, antagonism or non-interaction is

the three types of interactive sorption behaviors that might be exhibited by heavy

metals mixture. Synergism and antagonism respectively show higher and lower

effect of mixture as compared the individual effects of each constituent in the

mixture.

In the present studies, the presence of Zn(II), Mn (II) and Ni(II) increased Pb(II)

biosorption by A. caespitosus significantly, indicating that Pb(II) adsorption was more

efficient to respective biosorbents than Ni, Mn and Zn from bimetal solutions (Fig.

4.23). However, presence of Cu retarted lead biosorption considerably. AHLUWALI

and GOYAL, (2010) reported 98% removal of Cr (VI) with simultaneous removal of

Fe (92%), Zn (39%) and Ni (22.7%) from synthetic multi-metallic mixture by P.

chrysosporium in the initial 20 min of contact time. Similarly, significant increase in

uranium biosorption has been reported by T. harzianum in the presence of Pb2+

(AKHTAR et al., 2007). TOHAMY et al. (2004) documented the decline in Fe3+ and

Pb+2 biosorption in the presence of copper using C. jeikeium, P. putida, A.

calcoaceticus and A. delafeldii.

At Pb(II) to cation ratio of 1:5, the inhibition of Pb(II) uptake was experienced in

presence of all cations studied. With increase in cation ratio, the biosorption of other

cations increased significantly. This progressive intrusion in biosorption of co-cations

showed the overlap in sorption site at high metal ions concentration, due to

increasing cumulative metal ions concentration in binary solution. All these cations

showed higher biosorption capacity than for lead at higher lead to cation ratio. This

may be due to reason that all these cations belong to borderline metal ions and
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these could bind with all types of ligands with different preferences (WANG AND

CHEN, 2009).

In the case of Zn(II) biosorption, all competing ions inhibited its biosorption to some

extent (Fig. 4.24). These results suggest a competition for the metal binding sites on

the cell surface. In concord to our findings, GOKSUNGUR et al., (2005) reported

lower biosorption capacities of the ethanol-treated yeast for Pb, Cu and Cd ions in

competitive condition  than that under the non-competitive environment Similar

behavior of A. flavus biosorbent for removal of lead and copper ions from binary

solution was experienced (AKAR AND TUNALI, 2006).  The decline of metal uptake

in competitive circumstances was due to increased competition among similar ions

for biosorption.  PANDEY et al., (2008) studied binary combination of Cd (II) with

different competing ions and resulted that the metal affinity of the biomass for single

metal ion system has been analogous to that equimolar ratio of mixed metal ions

system. Beyond that with increasing concentration of the foreign metal ions there

was an inhibition effect on the target ion removal efficiency. This may be endorsed to

the lower availability of the binding sites. According to our results, Ni presents the

least inhibitory affect on both lead and zinc biosorption. Presence of Cu showed

maximum inhibition on Pb (II) sorption while during Zn (II) biosorption the maximum

inhibitory effect was observed in the presence of Pb in competitive system. It can be

justified with the knowledge that the greater the atomic weight, electro negativity,

electrode potential and ionic size, the greater will be the affinity for sorption. QI and

ALDRICH, (2008) hypothesized the co-cation behavior as the extent of this reduction

for the individual species is possibly related to the electro-negativities of the cations.

In contrast, screening or competition for the binding sites on the biomass surface

could result in the metal ions mutually improving their individual affinity for the

biomass, leading to a synergistic effect.

Zn(II) uptake by A. flavus NA9 is not affected significantly in the presence of Cu(II)

and Ni (II) as co-ions in binary metal solution and the presence of Pb(II) show

significant effect on Zn(II) sorption. Zn(II) sorption reduces from 18.9 to 15.1 mg/g

dry wt. in the presence of Pb(II) as compared to sorption by Mangifera Indica L

biomass in single metal solution (ASHRAF et al,. 2010).
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5.4.2. Light metals release during Pb(II) and Zn(II) biosorption
In biosorption of metal ions the significance of ion exchange phenomenon has been

repeatedly converse. To explore the involvement of ion exchange in metal sorption,

the commonly used procedure is to determine the concentration of light metal ions

(Na+, K+, Ca2+, Mg2+, and H+) released from the sorbent to the solution after metal

uptake. Determination of these ions can contribute towards the balance of the

concentration of uptake of heavy metal during biosorption phenomenon (NURCHI et

al., 2010). Ion exchange was considered as one of the mechanisms accountable for

Cu2+, Zn2+ and Cr3+ sorption by the organic polymeric fraction of olive mill

wastewater (CAPASSO et al., 2004), for Pb2+, Ni2+, Cu2+ and Cd2+ sorption by olive

stones (FIOL et al., 2006), for Pb2+,Cd2+, Cu2+ and Ni2+ sorption by grape stalks

(MARTINEZ et al., 2006), for Cu2+ sorption by yohimbe bark (ESCUDERO, 2008)

and for Mn2+ sorption by cork residues (NURCHI et al., 2008). Moreover, the

comparative magnitude of biosorbent liberated counter-ions appears to be a function

of its composition. The Mg2+, Ca2+, Na+ and K+ ions eluted during Cu2+ biosorption

indicated the 44%, 75% and 77% contribution of ion-exchange mechanisms to the

total biosorption process by peat, crab carapace and microalgae respectively

(COCHRANE et al., 2006).

In present studies, it was observed that both alkaline and alkaline-earth metals have

been released and cumulative release of these ions (molar basis) was more

compared to total amount of metal ions sorbed during both ions of lead and zinc

sorption. This non-stichiometric exchange of ions in our results may be justified by

considering that it is not necessary that all the ions released during biosorption really

contributed to the phenomenon of biosorption. Our findings has indicated that

leaching of calcium ions are much higher than magnesium ions from both A

.caespitosus and A. flavus NA9 used for Pb(II) and Zn(II) immobilization. In contrary

to our findings, ABSCHIN et al., (2008) have shown that the release of magnesium

is slightly higher that calcium ions from F. serratus during biosorption of copper. The

main cation exchangeable ions in sawdust are Ca(II) and Mg(II) that mainly involve

in ammonium ion biosorption (WAHAB et al., 2010). The release of calcium,
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magnesium, sodium and potassium during biosorption of Zn(II) by a Sargassum sp.

was also documented, although sodium and potassium were released in smaller

quantities compared to calcium and magnesium (COSTA et al., 2001).

5.4.3. Effect of anions
Biosorption of metal ions from aqueous stream is strongly affected in the presence

of soluble anionic ligands that are often present along with metals in domestic and

industrial waste water stream. In the present studies, effect of such ligands on

biosorption of Pb(II) by A. caespitosus and Zn(II) by A. flavus NA9 was determined.

Presence of chloride ions significantly inhibited the biosorption of both lead and zinc.

The observed efficiency decreased by more than 50% in the presence of chlorides

compared to that of its absence. Among acetate, sulphate and nitrite, acetate

showed least inhibition. In another finding concerning copper, chromium and zinc, no

considerable exclusion efficiency could be observed among single and multi-

component solutions of metal in presence of NO3
– and SO4

–2 anions (KOVACEVIC

et al., 2000). AKHTAR et al., (2007) reported the inhibition order of EDTA > cyanide

> tartrate > acetate > citrate > sulphate > chloride > nitrate during uranium and

zirconium biosorption using T. harzianum and C. tropicalis respectively.

5.5. Characterization of biosorbent surface
5.5.1. Effect of chemical pretreatments
Chemical treatments allow evaluating the contribution of each functional group by

selective blocking. PANDA et al., (2006) determined the involvement of carboxyl,

primary and secondary amines using methyl iodide and formaldehyde–formic acid in

cadmium sorption onto different biomass. To show the involvement of carboxyl

groups in Cr3+ biosorption on alfalfa biomass, esterification followed by hydrolysis

were carried out used by (TORRESDAY et al., (2002).

The chemical modifications or blocking of functional groups of A. caespitosus and A.

flavus NA9 (Fig. 4.18, 4.19 and Table 4.9) resulted in significant decrease in

biosorption efficiency of these biosorbents.
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The reduction of 58.9 and 62.8% in Pb(II) and Zn(II) uptake by carboxylic groups

blocked biosorbents revealed the input of this group during biosorption. AKHTAR et

al., (1996) also noticed the similar decreasing trend in copper sorption due to

participation of carboxyl group in cell wall of A. niger. The drastic reduction of

96.34% in Pb (II) biosorption by ethanol pretreated S. cerevisiae showed carboxyl

group contribution in Pb (II) biosorption (NAGENDRAN et al., 2007). Similarly during

biosorption of Pb (II) on activated sludge biosolids, carboxylic acids were proved to

be the most competent functional groups (ZHANG AND BANKS, 2006; NORTON et

al., 2004).

In present research, the extractability of Pb(II) by A. caespitosus and Zn (II) by A.

flavus NA9 was also reduced up to 56.6 and 32.9% by blocking the amino groups.

MAZLUM et al., (2008) also suggested that the most efficient functional group in Hg

(II) biosorption was amine group which was followed by phosphoryl and carboxylic

acidic groups.

The 38.1 and  22.3% reduction in Pb(II) and Zn(II) biosorption by benzene

pretreated A. caespitosus and A. flavus respectively revealed the involvement of

lipid functional groups in the cell wall of these biosorbents in biosorption

phenomenon. NAGENDRAN et al., (2007) reported the 35.68% decrease in Pb (II)

biosorption capacity using Saccharomyces cerevisiae. This decrease can be

attributed to either lipid extraction or due to structural changes resulted to harsh

conditions of the extraction process.

The Pb(II) and Zn(II) uptake decreased by 41.8 and 36.8% by hydroxyl group

blocked biosorbents compared to controlled biomass. CHOJNACKA et al., (2005)

reported major input of hydroxyl group during cadmium, chromium and copper

biosorption by alga spirulina sp.  This research showed that electrostatic attraction

and complexation seem to be important mechanism of biosorption of this metal

cation.
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5.5.2. Instrumental Analysis
5.5.2.1. Fourier transforms infrared spectroscopy (FTIR)
To acquire information on metal-biomass interactions, FTIR has proven an influential

mean to get structural and bonding information’s.

The FTIR spectra of Pb(II) loaded biomass showed no noteworthy shifts or

transformation in any of the characteristic absorbance bands at 3341, 2926, 1638,

and 1406 cm-1 exception of a peak shift at 1071 to 1030 cm-1. However, appearance

of a new band at 1539 cm-1 and the disappearance of a band at 1233 cm-1 after Pb

(II) biosorption, implied the involvement of –SO3 and –CN groups in biosorption of Pb

(II) ions. According to WANG AND CHEN, (2009) the binding of Pb(II) with –SO3 and

–CN groups is due to covalent nature. As Pb(II) belongs to Class B metal ions that

indicate attraction for third type of ligands at the same time also form strong binding

with second type of ligands. In our case, -SO3 and –CN groups belong to second and

third types of ligands respectively. The interference of other metal ions like Mn, Cu, Ni

and Zn on biosorption of Pb(II) by A. caespitosus (Fig. 7 c-f) was observed by shifting

of bands for hydroxyl, carboxylic acid groups and alkanes (symmetrical bending of

CH2),  that revealed the vibrations associated with these groups were shifted in the

presence of all the cations. Involvement of these functional groups are documented

by a number of researchers such as VILAR et al., (2009) during Cu biosorption by

Algal biomass (hydroxyl, carboxyl), and MURPHY et al. (2007) for Cu biosorption by

marine macroalgae (carboxyl, amino, sulfonate, hydroxyl).

The FTIR spectra of A. flavus NA9 before (Fig. 4.28a) and after Zn(II) biosorption

revealed that a peak at 3624 cm-1 disappeared after Zn(II) biosorption indicating the

involvement of non-bonded hydroxyl groups in sorption. AKAR AND TUNALI, (2006)

reported the contribution of hydroxyl and amino groups during Zn(II) biosorption by

Botrytis cinerea (KILIC et al., 2008). The shifting of absorption bands from 3520 to

3510 cm−1 (carboxylic groups) and 3255 to 3282 cm−1 carbonyl groups was also

observed after Zn(II) biosorption proved their contribution of adsorption respectively.

Similarly, waste tea leaves showed the involvement of carbonyl and amine groups

during Pb, Zn, Fe and Ni biosorption (AHLUWALIA AND GOYAL, 2004). WANG
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AND CHEN, (2009) hypothesized the involvement of these functional groups as; Zn

(II) belongs to borderline ions that have high affinity with all the ligands.

5.5.2.2. Scanning electron microscope (SEM) and energy dispersive X-ray
analysis (EDAX)
Scanning electron microscopy is a useful technique in studying the natural sorbent

morphology and its modification after sorbate interactions (NURCHI et al., 2010).

In present study, Pb(II) and Zn(II) loaded biomass showed the presence of dense

metal crystals (Fig. 4.29b and 4.31b). When this metal loaded biomass was

analyzed by EDAX, peaks indicating the presence of Pb(II) and Zn(II) were

observed. The appearance of Pb(II) and Zn(II) signal with the disappearance of K+

signal was observed after metal biosorption. Furthermore, involvement of P and Cl

was examined from the spectrum (Fig. 4.30, 4.32), that facilitates the confirmation of

ion exchange mechanism. NUHOGLU AND MALKOC, (2009) using EDAX and XRD

analysis also showed the deposition of nickel crystals on the surface of nickel-

exposed cells of waste pomace of olive oil factory. FARINELLA et al., (2009) made

use of SEM-EDAX to examine the surface porosity of grape bagasse for Pb (II) and

Cd (II) sorption. In the same way SEM-EDAX also confirmed the presence of metals

and micro precipitation of  Cu2+ and Cd2+ on Botrytis cinerea surface (MARTINEZ

et al., 2006), Cd2+ and  Pb2+ on grape stalks (PION et al., 2006).

5.5.2.3. Transmission electron microscopy (TEM)
Transmission electron microscopy was carried out to ascertain the metal sorption

mechanism. The presence of metals was detected by TEM as electron-dense areas

(dark areas) on the biomass specimens (MOORE et al. 2009).

Transmission electron micrographs of freshly harvested A. caespitosus and A. flavus

NA9 before and after Pb(II) and Zn(II) sorption were studied to establish the sorption

mechanism respectively.

Fig. 4.28a, 4.29a showed A. caespitosus and A. flavus NA9 cell without exposure to

Pb(II) and Zn(II) solutions respectively. Obviously, no metal deposition was observed

on the cell surface, cell membrane and inner cellular parts in the cytoplasm. After 6
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hours of   contact time (Fig. 4.28b and 4.29 b), biosorbed lead and zinc was mainly

found attached onto the surface of the cell wall and cell membrane and no

accumulation was seen within the cell. MACASKIE et al. (2005) investigated the

production of palladium crystals by the bacterium Desulfovibrio desulfuricans and

reported that the nanoparticle crystals were only formed on the outside of the cell. In

present study as the time of exposure to metal solution was increased from 6 hours

to 24 hours, penetration of Pb(II) and Zn(II) within the cell was observed (Fig. 4.28c

and 4.29 c). This is supported by the observations made by AKHTAR et al., (2008)

that uranium ions deposited on the outside and inside of the cell wall during uranium

accumulation by fungus Trichoderma harzianum.

5.6. Immobilization of Biomass
5.6.1.1. Preparation and characterization of polymeric bead particles
A large variety of dormant biomaterials efficiently sorbs organic and inorganic

components in industrial effluent. However their performance is a cause for concern

due to less resistance against the applied mechanical pressure and difficult

separation during column operation mode for practical application.

Hence, there have been continuous efforts to increase the stability of biomass and

resistance to different chemicals of effluents. Immobilization of biomass in polymeric

materials reveal great potential, particularly in packed or fluidized bed reactors, with

easy biomass handling, increasing mechanical strength, control of particle size and

small clogging under continuous flow conditions (HU AND REEVES, 1997). Variety

of alginate-based sorbents has been reported for metal ion sorption. However, a

comparison among these sorbents and an assessment based on their sorption

potential for practical application are often missing.

In most reported fungal immobilization practices, the fungal mycelia are implanted in

a viscous matrix (sodium/calcium alginate) or polymers (polypropylene, polysulfone

and polyacrylamide) or cross-linked co-polymer (ethyl acrylide ethylene glycol

dimethacrylate) or silica for discerning, competent and inexpensive metal removal

(WANG, 2002). Adequate results have been accounted for commercially available

biosorbents such as Alga SORBTM; material having algal cells immobilized in a
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silica matrix, Bio-fix beads; prepared by blending the biomass in a mixture of

polysulphone in dimethyl-formide (VIJAYARAGHAVAN AND YUN, 2008).

Considering these aspects, in present studies, four different polymeric bead particles

of calcium alginate were used for   removal and recovery of Pb(II) and Zn(II). Ca-

alginate is an economical and easily available biopolymer, non-toxic and highly

selective for certain ion species. Therefore potentially screened fungal biomass A.

caespitosus (Pb) and A. flavus (Zn) were immobilized to the biopolymer Ca-alginate.

However, in view of MIKHAILOV et al., (2009) Ca-alginate is smashed up by cation

exchange or chelation during metal ions accumulation and is not stable at higher

pHs for extended use. It was also observed that Ca-alginate itself is a good

adsorbent (AKSU et al., 1998). Therefore bifunctional cross-linking reagents,

gluteraldehyde make it possible to prepare covalently cross linked microcapsules

and granules of different polymeric materials to overcome all the aforementioned

limitation.

Using these ideas in the present study, Ca-alginate alone, Ca-alginate cross linked

gluteraldehyde, fungus immobilized Ca-alginate and fungal immobilized

gluteraldehyde cross linked Ca-alginate beads were assessed to design a novel

material for biotechnological removal and recovery process (Fig. 4.30).

For CAB, GCCAB, FLCAB, FLGCCAB, FZCAB, FZGCCAB biopolymers, the BET and

Langmuir surface area were within the range 0.17– 0.41m2/g and 0.203-0.889 m2/g

respectively. The measured pore volume and BJH adsorption cumulative surface

area of pores of the biosorbent samples are presented in Table 4.14. Porosity is

defined as the fraction of adsorbent volume that is endorsed to the pores detected

and it was examined by nitrogen adsorption/desorption, a recognized practice to

explore the presence of pores from meso to micropore range. The average pore

diameter (7.66-11.59 nm), confirmed the occurrence of mesopores on all beads. The

pore diameter and surface area obtained for CAB and fungal immobilized CAB were

smaller than GCCAB and fungal immobilized GCCAB particles. This showed the

little change in the structure of chemically cross-linked beads. WAN NGAH AND

FATINATHAN, (2010) observed almost similar pore diameter but increased surface
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area for chitosan-GLA beads than chitosan and chitosan-alginate beads prepared

for Pb(II) sorption.

The physical stability is also important in treatment of industrial waste water. In

present investigations, all the prepared bead particles i.e. CAB, GCCAB, FLCAB,

FLGCCAB, FZCAB, FZGCCAB showed good stability when incubated at 200rpm and

30ºC for 1 month on rotary shaker in distilled water having neutral pH. The order of

stability was GCCAB > CAB > FZGCCAB, FLGCCAB > FLCAB, FZCAB. AKHTAR et

al. (2009) reported greater stability of Ca-alginate immobilized Trichoderma

harzianum beads compared to agar and agarose preparations of same biosorbent

for uranium sorption from aqueous streams.

5.6.1.2. FTIR characterization of polymeric bead particles
FTIR spectra of the sodium alginate beads cross-linked with gluteraldehyde showed

two significant changes to confirm the cross linking reactions in all the beads.

The absorbance of peaks at 1734 cm-1, 2700 cm-1, which were attributable to the

aldehyde of gluteraldehyde. Secondly, increase in the absorbance of a peak at 1250

cm-1 which could be assigned to the formation of an acetal ring and ether linkage as

a result of the reaction between the hydroxyl of sodium alginate. The resulting

polymer tends to have hydroxyl groups of sodium alginate and the aldehydes of

gluteraldehyde.

From these spectral changes, it can be seen that, as the gluteraldehyde content in

the reaction solution increases, more acetal rings and ether linkages formed as a

result of the reaction between sodium alginate and gluteraldehyde. The significant

aldehyde peaks are also cross-linking reaction between sodium alginate and

gluteraldehyde.

5.6.2. Metal biosorption by immobilized bioreactor
Experimental informations regarding the evaluation of Pb(II) and Zn(II) uptake by

alginate beads from  aqueous solutions having metal concentrations (100-600 mg/l)

at 180 rpm and 28±2 ◦C was studied and adsorption data was analyzed using
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Langmuir, Freundlich, Sips, Temkin, Florry, Kiselev, BET and Redlich–Peterson

isotherm.

Fig. 4.31 and 4.32   illustrated the increased biosorption capacity with increasing

initial metal ions concentration for all the beads. However the steep increase was

observed at lower concentration that reached maximum at initial metal concentration

value of 500-600 mg/l. This trend was also observed for Cu, Zn and Ni ions

adsorption with calcium alginate immobilized algae Scenedesmus quadricauda

(BAYRAMOGLU AND ARICA, 2009). RORRER et al., (1998) put in plain words the

distinctive adsorption behavior using pore-blockage mechanism: in low concentrated

metal solution adsorption preferentially took place on binding sites in micropores and

form cluster due to low rate of metal ion diffusion, micropore blockage of binding

sites rendering the ions in the interior of the beads for adsorption, while in

concentrated metal solution, metal ions shoot deep of the matrix. The increasing
order of biosorption capacity was CAB < GCCAB< FLCAB, FZCAB < FLGCCAB ≈

FZGCCAB. However the  qmax with dead dried A. caespitosus (Pb) and A. flavus

NA9(Zn) was lower than the immobilized  particles  due to no aggregate formation,

increasing surface area and free admittance of  metal ions to sorption sites in

immobilized material (AKHTAR et al., 2004). The 663±2.5 and 324±2.1 mg/g were

maximum biosorption capacity values that were achieved using FLGCCAB and

FZGCCAB for Pb(II) and Zn(II) respectively. It is noteworthy that only 2.8% and 11.2

% increase in adsorption behavior of Pb(II) and Zn(II) was seen when fungal

immobilized covalently cross-linked (FGCCAB) and fungal immobilized un-cross-

linked alginate beads (FCAB) were evaluated. GOTOH et al., (2004) observed no

significant differences between covalently cross-linked and un-cross-linked alginate

immobilized beads in the adsorption activity of Ca and Cu(II), however for Mn(II) the

steady level with cross-linked beads was slightly higher as compared to un-cross-

linked alginate beads. Contrary to our results immobilization of C. vulgaris

decreased the Cu (II) biosorption properties of the biomass due to diffusion

limitations (AKSU et al., 1998).

The data generated by use of immobilized materials for Pb(II) biosorption showed

good fit to Langmuir isotherm model by plotting 1/Ce vs. 1/qe (Fig. 4.33), while in
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case of  Zn(II) sorption Freundlich  isotherm showed good correlation coefficient

value  in studied concentration range (Fig. 4.34).. This indicated that uptake of Zn(II)

ions occurs on the heterogeneous adsorbent surface and does not follow the ideal

monolayer adsorption behavior.  The isotherms for covalently cross-linked and un-

cross-linked alginate gel beads in a single-metal system of Cu, Mn, and Ca, both the

bead types exhibit non-Langmuir behavior (GOTOH et al., 2004). Non-Langmuir

adsorption isotherm for the sorption of Ca and Ni on glutaraldehyde cross-linked

chitosan beads were also reported by JUANG AND SHAO, (2002).

5.6.3. Effect of contact time
The time course study is an imperative factor for consideration of wastewater

treatment and other related applications (SHAKINAH et al., 2002).

The outcome of the contact time on adsorption extent of Pb(II) and Zn(II) at 500 mg/l

initial metal ion concentrations is shown in Fig. 4.35 and 4.36. The curves of the

amount of adsorbed metal ions versus time were smooth and continuous. The extent

of adsorption with these bead particles was high in early contact time and attained

equilibrium after 2 hours as compared to biosorption capacity experienced with free

biomass that equilibrated after 6 hours. Subsequent to this equilibrium period, the

adsorbed metal ions did not change a lot with time. The changes in removal rate

with contact time might be due to the fact that, initially, all adsorbent sites were

vacant and the solute concentration gradient was high. The rate of uptake was rapid

in the early stages, gradually decreased, and became constant after equilibrium was

attained during chromium removal using agro wastes from industrial effluent

(SHARMA, 2003).

5.6.4. Column studies with paint industry effluent
To evaluate the feasibility of biosorption dynamics for practical applicability, sorption

column studies were eventually conducted through a set of bed (Fig. 4.37) packed

with CAB, GCCAB, FLCAB, FLGCCAB for Pb(II) and CAB, GCCAB, FZCAB,

FZGCCAB for Zn(II) sorption with a downward flow. The experimental breakthrough

curves obtained by plotting effluent concentration versus the volume of the effluent
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revealed faster and more effective adsorption of metal ions during the initial phase.

Subsequent metal adsorption decreased as a consequence of the progressive

saturation of the binding sites of the packed bed.

Breakthrough for FCAB and FGCCAB occurred much later compared to that for CAB

and GCCAB because of the higher metal (Pb/Zn) uptake capacities of FCAB and

FGCCAB compared to that of CAB and GCCAB. The breakthrough occurred after

passing 3, 3.75, 5.25 and 6.25 litres of Pb(II) containing paint industry effluent by

CAB, GCCAB,  FLCAB and FLGCCAB packed columns (Fig. 4.38). In case of Zn (II)

sorption with CAB, the breakthrough occurred with 2.5 litres while with GCCAB,

FZCAB and FZGCCAB breakthrough reached after 3.75, 4.5 and 5.25 litres

respectively (Fig.4.39).

When the packed bed reached saturation level and the concentration of effluent

coming out of the column is same as that of influent, the regeneration of the

adsorption bed to recover and regenerate the adsorbate and adsorbent became

quite indispensable. The restoration could be brought about by a variety of

techniques, including thermal decomposition, steam washing, and solvent extraction.

In this study, maximum desorption of lead and zinc was obtained from  FLGCCAB

and FZGCCAB packed columns just after passing 1.25 and 1.75 litres of 0.01 M HCl

respectively and it resulted in steeped elution curves. The elution of lead and zinc

from other sorbents resulted in more dispersed curves with decreased steepness

(Fig. 4.40 and 4.41).

5.6.5. Sorption-desorption cyclic studies
Keeping in view the proficient sorption as well as desorption efficiency of FLGCCAB

and FZGCCAB columns for lead and zinc respectively, the further sorption–

desorption cyclic studies up to 3 cycles were conducted with these columns. The

plots of comparative adsorbed metal concentrations versus volume of effluent are

given in figures 4.42 and 4.43 for an inlet Pb(II) and Zn(II) concentration of 3.9 and

9.9 mg/litre respectively.

The maximum adsorption capacity of the biosorbents was observed in first cycle and

subsequently decreased in other two cycles for FLGCCAB. As a result, the
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percentage desorption also decreased from the first cycle to the second cycle.

Similar behavior was observed in the third cycle of the adsorption–desorption

experiments.

For Zn(II), the uptake capacity observed in first cycle was restored even after third

cycle. The metal removed from the effluent in the third sorption-desorption cycle was

also efficiently recovered.

This information is significant for choosing optimum working parameters and

launching practical applicability for treatment of industrial waste effluent. A

comparison of Pb/Zn accumulation characteristics as well as capacities of

gluteraldehyde cross linked Ca–alginate immobilized A. caespitosus and A. flavus

NA9 matrix confirmed higher lead and zinc uptakes respectively than the other

alginate based biosorbents used successfully alongside these commercial

immobilized biomass systems (Table 4.18). Other polysaccharide materials such as

cellulose and chitin beads (ZHOU et al., 2004), and Pestan, a fungal extracellular

polysaccharide ((MOON et al., 2006), have lower affinity for lead ions than alginate

beads. SUH AND KIM, (2000) compared the removal of lead from aqueous solutions

with several sorbents, an ion-exchange resin (SK1B), a zeolite, activated carbon,

activated sludge, and biomass from A. pullulans and Saccharomyces cerevisiae.

Novel alginate based  gel beads were prepared and they were demonstrated to be

an effective adsorbent for removal of  Pb(II) and Zn(II) from aqueous solutions.

Additionally, a high desorption efficiency was obtained after being regenerated by

soaking in 0.01M HCl, which will improve the economical benefits of the process.
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APPENDIX
Abbreviations and notations
b Langmuir constant

CAB Blank calcium alginate beads

Cdes Concentration of metal desorbed into the eluent (mg/litre)

Ce Equilibrium metal ion concentration (mg/litre)

Cf Final metal ion concentration (mg/litre)

Ci Initial metal ion concentration (mg/litre)

Es Sorption energy (J/mole)

FCAB Fungus entrapped calcium alginate  beads

FGCCAB Biomass entrapped gluteraldehyde cross linked calcium alginate gel

beads

FLCAB A. caespitosus entrapped calcium alginate beads for Pb(II) sorption

FLGCCAB A. caespitosus entrapped calcium alginate beads for Pb(II) sorption

FZCAB A. flavus NA9 entrapped calcium alginate beads for Zn(II) sorption

FZGCCAB A. flavus NA9 entrapped calcium alginate beads for Zn(II) sorption

GCCAB Gluteraldehyde cross linked calcium alginate beads

K Adsorption distribution coefficient. (mg metal g-1.biosorbent . mg-1.ml-1)

k2 Pseudo-Second Order rate constant

KF Freundlich adsorption capacity

n Adsorption intensity

q Biosorption capacity (mg/g)

qdes Eluted metal contents per gram of the biosorbent  (mg/g)

qe Amount of biosorption at equilibrium (mg/g)

qmax Maximum amount of metal ions per unit mass (mg/g)

qt Amount of biosorption at time ‘t’ (mg/g)

V Volume of metal ion solution (Litre)

W Weight of biosorbent (g)
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No

.

Pos.

[°2Th.]

d-

spacing

[Å]

FWH

M

[°2Th.]

Rel.

Int.

[%]

Matche

d by

Area

[cts*°2Th.

]

Backgr.[cts

]

Heigh

t [cts]

1

72.517

1

1.3024

4

0.86

4 100 12.29 29 14

Fig.  X-ray diffraction spectrum of freshly harvested A. caespitosus
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Fig.  X-ray diffraction spectrum of freshly harvested A. caespitosus biomass after 6

hours of exposure to 100 mg/l of Pb(NO)3 solution at pH 4.5

No.

Pos.

[°2Th.]

d-

spacing

[Å]

FWHM

[°2Th.]

Rel.

Int.

[%]

Matched

by

Area

[cts*°2Th.] Backgr.[cts]

Height

[cts]

1 23.7713 3.74316 0.1771 97.62 7.29 58 41

2 30.49 2.93191 0.4723 59.52 11.94 42 25

3 46.3201 1.96017 0.3542 33.33 4.92 30 14

4 72.6388 1.30055 0.432 100 23.8 24 42
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Fig.  X-ray diffraction spectrum of freshly harvested A. flavus NA9

No.

Pos.

[°2Th.]

d-

spacing

[Å]

FWHM

[°2Th.]

Rel.

Int.

[%]

Matched

by

Area

[cts*°2Th.] Backgr.[cts]

Height

[cts]

1 21.3642 4.15915 1.417 35.14 21.07 -4 13

2 29.8705 2.99129 0.5904 100 23.62 -1 37

3 59.6232 1.54943 3.456 13.51 20.8 -2 5
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No.

Pos.

[°2Th.]

d-

spacing

[Å]

FWHM

[°2Th.]

Rel.

Int.

[%]

Matched

by

Area

[cts*°2Th.] Backgr.[cts]

Height

[cts]

1 20.8761 4.25527 2.3616 64.15 75.68 43 34

2 23.7969 3.73918 0.1771 100 8.85 42 53

3 30.5343 2.92775 0.2362 60.38 7.12 39 32

4 45.6956 1.9855 2.8339 1.89 12.12 30 1

5 72.5785 1.30148 0.432 100 30.22 25 53

Fig.  X-ray diffraction spectrum of freshly harvested A. flavus NA9 biomass   after

6 hours of exposure to 100 mg/l of Zn(NO)3 solution at pH 5.0
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