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The rising concern for pollution due to heavy metals has led to the search for improved methods 

and materials for their detoxification. Chromium, one of the major industrial pollutants is not an 

exception. Conventional methods such as precipitation, solvent extraction, reverse osmosis etc., 

are known for the removal of toxic chromium. However, due to their various disadvantages such 

as sludge formation, solvent disposal and cost factor there is a need to develop newer, cost 

effective and also environment friendly adsorbents with appropriate modifications so as to 

increase the adsorption capacity of the metal ions. Natural materials that are available in large 

quantities or certain waste from agricultural operations have good potential to be used as low 

cost adsorbents, because of accessibility and environment friendly nature. In this context, the use 

of microbial cells immobilized in various matrices (such as Saccharomyces cerevisiae (Yeast)-

cellulose, Aspergillus-clay, Rhizobium-MWCNT, Nitrosomonas-MOF etc.,) offers a viable and 

cost effective alternative compared to conventional methods of heavy metal decontamination 

from a variety of industrial effluents. The interdisciplinary approach involving chemistry and 

biotechnology offers greener solutions to mitigate heavy metal pollution originating from 

wastewaters. 

The thesis begins with an overview of the chromium chemistry which includes its history, 

occurrence, characteristics, and toxicity. It mainly focuses on recent literature review on the 

removal of the toxic metal.  

The chapter two presents the materials and methods used for the work. 

The chapter three focuses on the developed yeast-matrix combinations divided into two parts : 

The first part of the work presented in this chapter highlights the convergence of chemistry and 

biotechnology through the microwave assisted preparation of baker’s yeast (Saccharomyces 

cerevisiae) immobilized in glutaraldehyde cross linked cellulose as a novel and green adsorbent 

for the removal of toxic Cr(VI). Microwave assisted preparation is a new approach to immobilize 

a microorganism and it ensured that just 200 s was enough for the incorporation of yeast in the 

biopolymer matrix. The yeast immobilized biopolymer acts as a good host to accommodate the 

Cr(VI) oxy anion. The hexavalent chromium could be adsorbed effectively at pH 2.5 and the 



                   
 

                                                                                                                               Abstract 
                                                                                                              

v 
 

functional groups present in the microbe and cellulose play a dominant role in the interaction. 

The proof of concept was established through analytical characterization techniques.  

Thermodynamic feasibility, second order kinetics and Langmuir isotherm model authenticates 

the experimental biosorption data. The yeast impregnated cellulose adsorbent could be 

regenerated using sodium hydroxide.  Yeast and cellulose are non-toxic, inexpensive and easily 

obtainable and this lucid methodology provides a sustainable alternative for chromium 

remediation. 

The second part deals with the immobilization of the same eukaryote (Saccharomyces 

cerevisiae i.e., baker’s yeast) in multiwalled carbon nanotubes (MWCNTs) for the effective 

adsorption of hexavalent chromium. The carboxylic groups were introduced into the MWCNTs 

during oxidation using potassium permanganate and were subjected to EDC-HOBT coupling to 

bind with microbial cell surface. The elaborate investigative techniques were used to characterize 

the developed biosorbents. Experimental variables such as pH, adsorbent dosage, kinetics, 

isotherms and thermodynamics were investigated and it was observed that the system follows 

pseudo second order kinetics with a best fit for Langmuir isotherm. Electrostatic interactions 

between the functional groups in the microbial cell wall and hydrochromate anion at pH 2.0 

propel the adsorption mechanism. The lab scale column studies were performed with higher 

volumes of the Cr(VI) contaminated water. Sodium hydroxide was used as the desorbing agent 

for reuse of the biosorbents. The sustainable biosorbents show prospects to treat chromium 

contaminated water. 

The fourth chapter focuses on fungi immobilized in various matrices. 

The first part illustrates the isolation of Aspergillus species (fungi) from bread and its 

immobilization in sodium montmorillonite (an inorganic clay material). This biosorbent has good 

ability to remove toxic Cr(VI) from acidic medium. FTIR, SEM-EDAX, optical imaging and 

TGA techniques were used to explore the characteristics of the biosorbent before and after 

Cr(VI) adsorption. Optimum pH and temperature for Cr(VI) biosorption were 2.0 and 30
◦
C, 

respectively and the kinetics followed the pseudo second order model. The biosorbent 
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regeneration was accomplished using sodium hydroxide. As a proof of concept, the method was 

validated in an industrial effluent wastewater sample BCR-715 a certified reference material and 

an electroplating industry effluent. 

The aim of the second part in chapter 4 was to investigate the removal of hexavalent chromium 

from aqueous solution through batch and fixed bed column experiments using a dead biomass of 

isolated Aspergillus fungal species immobilized in epichlorohydrin crosslinked cellulose.  

Parameters such as pH, isotherms, kinetics and temperature effect were studied with a view to 

understand the adsorption efficiency. Biomass as low as 0.4 g could adsorb a  Cr(VI) 

concentration of 5 mg L
-1

 completely within 3 hours from an aqueous volume of 30 mL. 

Optimum pH and temperature for Cr(VI) biosorption were 2.0 and 30
◦
C, respectively. Kinetic 

studies favour the pseudo second order model. The biosorbent–Cr(VI) interactions were 

corroborated by FTIR, SEM, EDAX and XPS analysis.  Emphasis is laid on various column 

modelling studies at different bed heights, flowrates, and concentrations of Cr(VI) and the 

experimental data obtained was in good agreement with Bed Depth Service Time (BDST) model. 

The synergism of Aspergillus and cellulose as a potential biosorbent was also validated in a 

synthetic mixture of diverse ions and a certified industrial effluent wastewater sample (BCR-

715). 

Chapter five deals with another interesting combination that can be very useful to alleviate 

heavy metal toxicity. Towards this direction, the potential of endomycorrizhal fungal spores in 

conjunction with a clay mineral as a novel approach was explored for chromium (VI) adsorption. 

The immobilization of AMF (Arbuscular Mycorrhizal fungus) spores in montmorillonite (in its 

Na
+ 

form) provides a good platform to adsorb hexavalent chromium. The adsorption was 

observed at pH 2.0-3.0 involving the electrostatic interaction between the functional groups 

present in the fungi-clay biosorbent surface and tetraoxohydrochromate (VI) anion. Diverse 

characterization techniques such as FT-IR, XPS, SEM, confocal microscopy and XRF were used 

to observe the interaction of chromium with the biosorbent. Batch adsorption studies involving 

the experimental variables such as pH variation, kinetics, isotherms and thermodynamics were 

performed. The system followed pseudo second order kinetics obeying monolayer adsorption. 
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The biosorbent was stable and regenerated for three adsorption-desorption cycles using sodium 

hydroxide. 

Chapter six is divided into two parts: 

The first part deals with the immobilization of a prokaryote (Rhizobium) in multiwalled carbon 

nanotubes (MWCNTs) for the effective removal of hexavalent chromium. The COOH 

functionalization of MWCNTs was achieved by covalent method using potassium permanganate 

as the oxidant.  The interaction between microbe and MWCNTs was attained using EDC-HOBT 

coupling. The analytical characterization techniques were used to characterize the developed 

biosorbent. The batch parameters such as pH, adsorbent dosage, kinetics, isotherms and 

thermodynamics were optimized. The developed system follows pseudo second order kinetics 

with a best fit for Langmuir isotherm. The lab scale column studies were conducted to treat 

higher volumes of the Cr(VI) contaminated water with sodium hydroxide as the desorbing agent 

for the regeneration of the biosorbent.  

The method developed in the second part of chapter 6 demonstrates immobilization of 

Rhizobium (isolated from soil) in sodium montmorillonite provides a conducive environment to 

capture hexavalent chromium. Additionally, various characterization techniques were done to 

observe the impact of sequestration. The batch parameters such as pH variation, kinetics, 

isotherms, thermodynamics etc., were studied. Pseudo second order kinetics coupled with a 

higher regression coefficient value for Freundlich isotherm and a Langmuir adsorption capacity 

of 22.22 mg g
-1 

was observed for the adsorption process. The adsorption rate was enriched by 

charge interactions between protonated clay-rhizobium surface and hexavalent chromium ions in 

acidic medium. The biosorbent was stable and easily recovered using sodium hydroxide. 

Preliminary column studies were done to test the efficiency of the developed biosorbent at larger 

volumes in laboratory scale.  

Another interesting application was developed in the final part, chapter seven of the thesis. In 

this work a novel biosorbent, Nitrosomonas modified Zirconium metal organic framework 

(MOF) biosorbent is proposed as a sustainable approach for the effective remediation of toxic 
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hexavalent chromium. Detailed analytical characterization of the synthesized biosorbent was 

performed using various techniques such as Powder X-ray Diffraction (PXRD), Fourier 

Transform Infrared (FTIR), X-ray Photoelectron Spectroscopy (XPS), Thermo Gravimetric 

analysis (TGA), Optical microscopy, Field Emission Scanning Electron Microscopy (FESEM), 

High Resolution Transmission Electron Microscopy (HRTEM) , surface area and porosity 

measurements. The developed biosorbent has a surface area of 921 m
2
g

-1
. Important batch 

adsorption parameters such as pH variation, adsorbent dosage, kinetics, isotherms and 

temperature variation were studied. A multilayer Freundlich adsorption and pseudo second order 

kinetics drive the exothermic biosorption process. The electrostatic interactions between the 

biosorbent surface and metal ions aid towards understanding the adsorption mechanism.  

Laboratory scale column studies were conducted and the regeneration of the biosorbent was done 

using sodium hydroxide. The validity of the method was tested in a certified reference material 

BCR-032 (Moroccan rock phosphate) for the removal of total chromium.  

 

Keywords: Chromium(VI),  Saccharomyces cerevisiae,  Cellulose, Immobilization, Microwave, 

Biosorption, Aspergillus, Sodium montmorillonite, Ultrasonication, AMF spores, Rhizobium sp, 

MWCNTs, Nitrosomonas sp, Zr- Metal Organic Framework (MOF), Analytical characterization, 

DNA isolation, Polymerase chain reaction, Phylogenetic tree, Adsorption kinetics, isotherms and 

thermodynamics, column studies, column modeling studies. 
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The global water crisis is a major issue of this century. Earth, the blue planet is covered largely 

with water sources of which the potable water sources are quite minimal. 1 The presence of heavy 

metals such as Cd, Cr, Hg, Cu, Pb, Ni, Zn etc., in the water bodies beyond the tolerance limit is a 

serious environmental concern.2,3 In a world-wide environmental quantitative assessment given 

by Nriagu and Pachyna 4 it was established that human activities play a major role in heavy 

metal pollution which lead to deleterious effects in the ecological food chain. Complexation of 

heavy metals with the ligands containing S, N and O donor atoms results in the structural 

changes of proteins coupled with enzyme inhibition and hydrogen bond breakage, thereby 

altering the biological mechanisms. 5 Amidst the toxic heavy metals, chromium (Cr) is a major 

concern because of its varied industrial applications causing harmful effects when released into 

the environment. 6 Out of the several conventional techniques such as ion exchange, 

precipitation, liquid-liquid extraction, and membrane based techniques, solid phase extraction 

(SPE) has been utilized extensively for the removal of various metals7,8 including chromium. 

Considering the multiple drawbacks such as higher operational capital costs, use of organic 

solvents and sludge disposal problems, adsorption techniques provide a more viable and 

sustainable option for treating wastewaters containing heavy metals. Adsorption can be 

performed using batch and column methods. The ease of regeneration of the adsorbent and 

relative cost effectiveness are some of the inherent advantages associated with the process.9,10 An 

overview of chromium chemistry and the remediation techniques for  chromium sequestration is 

presented in the following pages. 

1.1.Chromium Chemistry 

1.1.1. History, Occurrence and Characteristics of Chromium 

Around 200 years ago the French chemist Nicholas-Louis Vanquelin discovered an interesting 

element in the crocoite ore also known as Siberian red lead, which reflects different colors such 

as red, yellow, green in its compounds and named as Chromium  according to Greek word 

chroma  meaning colour. 11 With an atomic number 24 chromium is a silvery, shiny, brittle hard 

metal with a high melting and boiling points as 1857 oC and 2672 oC respectively. Chromium 

exists in various oxidation states in the range -2 to + 6 but the trivalent and hexavalent forms are 



more predominant. 12 The existence of chromium in earth and universe varies as 15 ppm by mass 

is found in universe, 20ppm in the sun, 140ppm in the rocks on the earth, 0.6 ppb in sea water, 

1ppb in water streams and 30 ppb by mass in humans.  The principal ore from which the Cr is 

extracted is known as chromite ore (FeCr2O4) which is a blackish silvery white metal and weakly 

magnetic.11 The trivalent chromium upon hydrolysis produces  various cationic species as 

CrOH2+, Cr(OH)2
+, Cr(OH)4

- which are mononuclear, neutral species such as Cr(OH)3, poly 

nuclear species as Cr2(OH)2 and Cr3(OH)4
5- respectively. At pH values less than the pKa (5.8) of 

HCrO4
- anion, the hexavalent chromium is present as dichromate and hydrogen chromate oxy 

anion (HCrO4
-).  Although the hydrogen chromate oxy anion can exist in equilibrium with 

dichromate, (2HCrO4   Cr2O7  + H2O) it is only at pH<2 and high Cr(VI) concentrations, the 

existence of dichromate anion would be more probable. 13 According to Hard soft acid base 

(HSAB) principle Cr is a hard acid and it interacts strongly with the hard bases such as nitrogen 

and oxygen donor ligands.  

 

Figure 1.1 Chromium speciation at varying  pH13 

 

 



1.1.2. Toxicity of Cr 

The appealing orange colour dichromate anion finds extensive application in electroplating, 14  

catalyst production, cement industries and the radiant green Cr(III) salts are known for their 

utility in leather tanning. 15 Chromium alloy coatings (CrAlSiN) are used in high speed 

machining applications as it enhances the metal resistant properties by encountering oxidation 

and corrosion.16 Minimal amount of Cr (III) is required for glucose metabolism in the body 

which is available in foods such as broccoli, yeast, cheese, cereals etc.  Cr(III) has low mobility 

and solubility whereas most of the Cr(VI) is a man-made carcinogen and  its contamination is in 

limelight because of its high mobility and solubility causing cytotoxicity and genotoxicity.17 

Intracellularly, Cr(VI) undergoes reduction by producing various reaction intermediates such as 

Cr(V), Cr(IV), reactive oxygen species(ROS), peroxides, radicals and finally to Cr(III) which 

causes oxidative damage to DNA, proteins and lipids.18 The chronic exposure to Cr(VI) could 

also lead to renal, respiratory, gastrointestinal, cardiovascular and haematological ailments.19 

Prolonged exposure causes lung cancer usually observed as an occupational hazard.20   

As a potent environmental pollutant causing deleterious effects on humans the International 

Agency for Research on Cancer (IARC) classified Cr(VI) as type I carcinogen.21 Hence, the 

United States Environmental Protection Act (USEPA) 22 has stipulated the maximum tolerable 

level of Cr in drinking water to be 0.05 mg L-1  and it is imperative to develop environmentally 

benign methods to detoxify chromium that is discharged from the industrial effluents.  

1.2. Remediation methods for Cr(VI) 

Common heavy metal contaminated water treatment technologies include ion exchange, 

adsorption, precipitation, chelation, reverse osmosis, solvent extraction, membrane separation 

etc..7,8 The conventional methodology of reducing Cr(VI) to the less hazardous Cr(III) and 

subsequent precipitation as the green Cr(OH)3 is associated with the problem of sludge handling 

and further safe disposal.  Hence, there is a need to shift the focus towards green and cost 

effective methods as viable strategies. It is noteworthy to mention here that, in comparison to the 

chemical adsorbents, biomass immobilized sorbents are more environment friendly. Hence, bio-

sorption is regarded as an effective proposition for heavy metal removal as they are cost effective 



and further the ample availability of biomass could be utilized to treat larger volume of the liquid 

waste effluents. 23 Microorganisms possess a high surface area-to-volume ratio and hence offer a 

good contact interface for heavy metal interaction. 24 Most of the fungi, bacteria and algae have 

good potential to adsorb heavy metals 25-28 and the ease with which they tolerate higher 

concentrations renders them metal resistant. 29  

1.2.1. Biosorption of heavy metals  

Biosorption encompasses the use of living as well as non-living microorganisms. The removal of 

pollutants by living microorganisms involves principally a metabolism dependent active 

bioaccumulation process.30 The bioaccumulation depends on the extra and intracellular 

processes. The extracellular polysaccharides generated by the microorganism plays an important 

role in the biosorption using living cells. The utility of living microorganisms is more significant 

in metabolism dependent processes such as sewage treatment, anaerobic digestion etc. However, 

there are practical limitations in the application of living organisms for heavy metal removal. 

This is due to the fact that at higher metal ion concentrations and when requisite amount of metal 

ions are tolerated by the microorganisms, the metabolism is disturbed leading to the death of the 

microbes.31 Hence, with living cells, the biosorption processes are prone to the pH variation and 

also dependent on the stress response generated by the toxic metal ion. These shortcomings are 

overcome when non-living microorganisms are used for the removal of metal ions. 31 

The removal of metal ions by non-living microorganisms involves a metabolism independent, 

passive biosorption mechanism. The binding of metals involves the coordination with the various 

active chelating functional groups in the cell surface. There are considerable advantages of using 

dead cells for biosorption over the living cells. In the case of dead cells, the growth of microbe 

and its application for metal removal are two distinct processes. These can be controlled more 

effectively thereby increasing the removal of metal ion by the biosorbent. Dead cells can be 

stored and used over a longer time period and are not affected by the metal toxicity and 

furthermore an uninterrupted nutrient supply to preserve the microbe is not required.  With dead 

cells, the adsorption parameters such as isotherms, kinetics etc can be studied easily by taking a 

known weight of the biosorbent. Living cells in the wet condition have larger water content and 



are prone to decay over a time period.32 Hence, non-living microorganisms are easily amenable 

for surface modification using appropriate matrix support.  Therefore, the immobilization of dead 

microbes onto a suitable support gives higher rigidity and is also effective for column operations 

to treat a large sample volume, thereby enhancing the ease of regeneration of the biosorbent. 33 

The metal microbe interactions in bioremediation is summarized schematically in Fig 1.2. 

 

 

 

Figure 1.2 Metal microbe interactions during bioremediation34 

1.3. Recent literature review on the use of microbes for sequestration of Cr(VI) 

Literature reports have suggested that there has been extensive research for the heavy metal 

removal using microbes. Several organisms are still being tested to remove heavy metals from 

industrial wastes with higher adsorption capacity. The following microbes in combination with 

suitable matrices were explored for the removal of Cr(VI) in the current study. 

 



1.3.1. Saccharomyces cerevisiae 

Saccharomyces cerevisiae (S.cerevisiae) is a eukaryotic unicellular microbe commonly known as 

easily available and  is known to have broad applications in food industry35 such 

as wine making, brewing, baking etc., As S. cerevisiae is classified under Generally Recognized 

as Safe (GRAS) product, it is widely used in industrial water treatment36 Immobilized yeast cells 

in a microporous hollow fiber fermenter have been utilized to generate ethanol.37 Yeast 

immobilized in delignified cellulose has been used in wine making.38 Since yeast can be 

cultivated on a large scale in an inexpensive growth media and the yield obtained would  also be  

very high, yeast is chosen as biosorbent for removal of several heavy metals. Also, it is available 

in large quantities as a byproduct in many food industries. Krauter et al. studied the removal of  

Cr(VI) from the ground water by 39  

Ksheminska et al. made a comparative study on sensitivity of the yeast Pichia guilliermondii, 

towards the accumulation of Cr(III) and Cr(VI).40  The removal of Uranium (VI) by the living 

and heat killed cells of S.cerevisiae was studied by Lu et al. where the adsorption of the metal 

ions is high in dead cells. 41 Machado et al. have reported the removal of heavy metals by yeast 

and the competitive effect of inorganic ligands and metal ions present in the electroplating 

effluents. 42 

1.3.2.  Aspergillus sp 

Fungal species are known to have good potential in removing toxic metals such as cadmium, 

lead, copper, chromium etc. from aqueous medium. Aspergillus species finds applications in 

biotechnological processes such as citric acid production, transformations of progesterone, citral 

etc. Aspergillus is also used to synthesize extracellular enzymes such as amylase, lipase and 

pectinase and the Food and Drug Administration (FDA) has recognised these enzymes to be safe 

and non-toxic.33 The lipase enzymes secreted by Aspergillus finds applications as a biocatalyst in 

various industrial processes such as additives to detergents, synthesis of enantiopure drugs and 

food ingredients.43,44  The xylanase enzyme produced by Aspergillus is also used for 

biobleaching. 45 



Filamentous fungi such as Aspergillus sp are known for their excellent potential to remediate 

hexavalent chromium.46 Pre-treatment of Aspergillus niger with CTAB followed by 

immobilization in a polysulfone matrix47 gives a biosorption capacity of 3.1 mg g-1.  A removal 

efficiency of 29% has been reported using dead mass of the same fungal species.48 Das et al  49 

reported the interaction of chromium with Aspergillus versicolor using Atomic force microscopy 

(AFM), FTIR and Transmission electron microscopy (TEM). The XPS studies revealed that   

bound Cr was in the form Cr(III) involving adsorption coupled reduction.  Mungasavalli et al.47 

reported that the pre-treated Aspergillus niger could adsorb chromium effectively with 15.2 mg 

g-1 Langmuir adsorption capacity. It has been reported that the live Aspergillus niger shows 

adsorption capacity for heavy metals such as Pb, Cu and Cd in the range 0.75-2.3 mg g-1, while 

pre-treated and immobilized Aspergillus niger in matrices such as polyurethane matrix 50,51 

shows adsorption capacities greater than 20 mg g-1 indicating it is easy to modify the inactive 

surface of microbes which enhances the adsorption capacity.  

1.3.3. Arbuscular Mycorrhal Fungus (AMF) spores 

The synergistic association between phycomycetes fungi and plant roots results in the formation 

of arbuscular mycorrhiza and the spores produced by these fungi are mainly located in the 

rhizosphere soil. 52,53 Arbuscular mycorrhiza (AMF) is also known to regulate the heavy metal 

uptake by soya bean (Glycine max) depending on the concentration of the heavy metals in the 

soil. 54 Arbuscular mycorrhizae present in sunflower plants increases the tolerance towards 

higher chromium concentrations.55 Gil-Cardesa et al. reported 56 that Ricinus communis and 

Conium maculatum used Cr- mycorrhizal stabilisation mechanism for the removal of Cr from 

soil near an industrial site. During unfavourable conditions, the vegetative cells of the microbes 

enter the dormant stage of their life cycle as spores and preserve the genetic material. To 

encounter the environmental stress and to provide mechanical strength, the outer hyaline layer of 

AMF spore wall is composed of chitin, cellulose and mannan polysaccharides. 57  

1.3.4. Rhizobium sp 

The prokaryotic nitrogen fixing bacteria Rhizobium is a symbiotic, rod shaped, gram negative 

bacteria which is a potential biofertilizer for plants and also helps in biological nitrogen fixation 



thereby influencing the agricultural productivity and is used in controlling root rot infections 

caused by fungi.58,59 The legumes inoculated with Rhizobium inoculants is a common agriculture 

practice, which is a cost effective process to provide nutrients to the bacteria. Sludge generated 

from the agro based industries are  rich in carbon and nitrogen sources and augments the growth 

of Rhizobium thereby offering a green alternative to treat waste water as well as reducing the cost 

of inoculant preparation.60 As per the reports the activated biomass of Rhizobium leguminosarum 

could remove upto 77.3±4.3 % Cr(III) at 35oC at pH 7.0.61 An ND2 Rhizobium isolate from the 

root nodules of Phaseolus vulgaris turned out to be a potential biosorbent for Cr(VI) removal as 

well as promoting the growth properties of plant thereby increasing the agricultural 

productivity.62  

1.3.5. Nitrosomonas sp 

Nitrogen is an important and essential component of life on earth and microbial transformations 

play a major role in its availability to plants through nitrogen cycle. The nitrifying bacteria such 

as Nitrosomonas and Nitrobacter play a major role in nitrogen cycle.63 Nitrosomonas is a rod 

shaped gram negative chemolithotroph which derives its energy by converting ammonia to 

nitrite. 63 The conversion of ammonia by Nitrosomonas is a two-step nitrification process 

mediated by the enzymes ammonia mono oxygenase (AMO) and hydroxylamine oxido reductase 

(HAO). Initially AMO converts ammonia to hydroxylamine and subsequently gets converted to 

nitrite by HAO respectively. Nitrosomonas has potential applications in biotechnology such as 

bioremediation and degradation of halogenated aliphatic hydrocarbons and aromatic 

compounds.64  

1.4. Recent literature review on the proposed matrices for sequestration of hexavalent 

chromium 

1.4.1. Biopolymer based adsorbents 

Biopolymers are bio degradable, environment friendly, non-petroleum based materials and serve 

as excellent solid supports for the heavy metal removal.65  Cellulose, chitin, chitosan, lignin and 

lignocellulose are the commonly used  biopolymers for the metal ion adsorption. Cellulose is a 



natural polysaccharide (C6H10O5)n with inter and intra molecular hydrogen bonding having good 

stability. -4) linked D-glucose  units. (Fig 1.3) I  and 

I  are the two crystalline forms of native cellulose. The algal and bacterial cellulose is rich in I  

whereas I  is largely present in plants. The hydrophobic nature of cellulose is attributed to the 

glycosidic bonds. Unmodified or native cellulose has low ability to absorb metals due to the less 

availability of adsorption sites. Therefore modifications of cellulose such as functionalization or 

direct immobilization were studied for metal removal. 66,67  

 

Figure 1.3. Structure of Cellulose 

The modifications in cellulose can be achieved (i) by altering the backbone of the cellulose by 

incorporation of metal binding or chelating agents (ii) grafting the polymers chains with 

chelating ligands. Various metal ions such as Cu(II), Cr(VI), Hg(II), Pd(II) are efficiently 

adsorbed using chemically modified  cellulose by graft copolymerization method using 

acrylamide, acrylic acid and glycidylmethacrylate . 68,69 The immobilization of  ionic liquids onto 

cellulose is also an interesting application towards the metal detoxification. The metal ions are 

trapped in the cellulosic layers owing to the interactions between ionic liquid and cellulose.70,71 

Kalidasan et al. developed ionic liquid immobilized in cellulose adsorbents such as the Aliquot 

336-cellulose polymer blend72  and also tertabutylammonium iodide73 with cellulose to study its 

potential application in Cr(VI) removal with adsorption capacities 38.94 mg g-1 and 16.67 mg g-1 

respectively.  

Chitosan, a nitrogenous polysaccharide is a modified biopolymer synthesized from chitin. It is 

-1-4)-2amino-2deoxy-D-glucopyranose (Fig 1.4).74 Chitosan is 

produced by the alkaline N-deacetylation of chitin which is widely preset in exoskeleton of 

crustaceans. Due to the growing need for the new sources of low cost adsorbents, problems on 



waste disposal, increasing cost of other adsorbents make chitosan one of the best materials which 

is biodegradable, abundantly available and of relatively low cost. The presence of functional 

groups such as amines and hydroxyl groups on the chitosan helps in adsorption/chelation of 

metal ions and the modifications of chitosan enhanced the metal adsorption capacity.75 The 

modifications such as grafting/ crosslinking through crosslinking agents such as glutaraldehyde, 

epichlorohydrin, enhance the adsorption efficiency of chitosan.76 The n-butylacrylate grafted 

chitosan was prepared using microwave by Kumar et al. 77 with a Cr(VI) adsorption capacity of 

17.16 mg g-1. The crosslinked chitosan was protonated using HCl and was treated to remove 

Cr(VI) efficiently (191.4 mg g-1). 78 Several chitosan based composites such as crosslinked 

chitosan-bentonite complex,79 Fe loaded chitosan-carbonized rick husk composite,80 Fe2O3 

Nanoparticles Encapsulated chitosan beads81 could remove Cr(VI) and the adsorption capacities 

were reported to be in the range  88-153 mg g-1. 

 

. 

 

                                                       Figure 1.4.  Structure of chitosan 

 

Some of the recently reported cellulose and chitosan modified adsorbents for Cr(VI) ion removal 

are tabulated in Table 1.1  

 

 

 



Table 1.1 Cellulose and chitosan based adsorbents for Cr(VI) removal 

 

 

Type of adsorbent pH Adsorption capacity 

(mg g-1) 

Reference 

n-butylacrylate grafted 

chitosan 

3.5 17.16 77 

Protonated crosslinked 

chitosan 

5.0 191.4 78 

Fe2O3 Nanoparticles 

Encapsulated chitosan 

beads 

4.0 153.85 81 

Cellulose-sodium 

montmorillonite 

3.8-5.5 22.2  82 

Cellulose-magnetite 

composites 

4.0 11.56 83 

Reticulated chitosan 

micro/nanoparticles 

 

2.0 124 84 

Polyethylenimine 

(PEI) grafted cellulose 

2.0 229.1 85 

Chitosan/MWCNT/Fe3O4 

composite 

2.0 335-360.1 86 

Beta-cyclodextrin chitosan 

modified walnut shell 

biochars 

5.0 206 87 

Heterocyclic modified 

chitosan 

3.0 85.0 88 



1.4.2. Clay based adsorbents 

Clays are the natural scavengers on earth for many of the pollutants (either anions or cations) 

involving mechanisms such as ion exchange, adsorption and intercalation. They belong to the 

class of hydrous aluminosilicates which dominantly compose the colloid fraction of soils, rocks, 

sediments and water. The perceivable ions present on the clay surface are Ca2+, Mg2+, Na+, H+, 

K+, NH4
 + and SO4 

2 , Cl , PO4 
3  and NO3 . The ion exchange occurs without affecting the clay 

structure and the advantages such as large surface area, high cation exchange capacity, layered 

structure, mechanical and chemical stability to make them as excellent adsorbent materials.89 

Majorly clays are classified under the types 2:1 or 1:1 respectively. 

(i)1:1 Type clays 

These 1:1 clays are composed of single sheets each of aluminium octahedron and silicon 

tetrahedron such as kaolinite. (Fig 1.5) The absence of isomorphic substitution in either of the 

sheets leads to chargeless surfaces. Therefore, substitution of cations or anions cannot take place 

between the sheets except for the water molecules. The two layers are held intact due to the 

hydrogen bonding between the hydroxyl groups in octahedral sheets and the oxygen in 

tetrahedral sheets of adjacent layers.  

 

 

                                                  Figure 1.5. Structure of kaolinite 89 



(ii)2:1 Type clays 

These are smectite type of 2:1 clays such as montmorillonite which essentially has two silica 

tetrahedral sheets and an alumina octahedral sheet. In view of stacking of the layers, Vander 

Waals gap is evident between the layers and the isomorphic substitution of ions among the 

tetrahedron and octahedron sheets gives the entire three sheet layer an overall negative charge 

which is counterbalanced by metal cations such as Na, Mg, Ca, Fe, Li present in the interlayer 

spacing. 89,90 

 

                                                   Figure 1.6. Structure of Montmorillonite 89 

Montmorillonite 

Montmorillonite is a 2:1 type of clay with an aluminum tetrahedron sheet sandwiched between 

two silica octahedral sheets with exchangeable cations which counteract the negative charge 

produced in the isomorphic substitution. (Fig 1.6) The mechanism of metal removal occurs by 

ion exchange as well as adsorption. In view of outer sphere complexes by cations such as Ca+2, 

Na+, the solute ions are easily exchanged leading to fast kinetics. pH also plays an important role 

in cation exchange and with increasing pH precipitation of metal ions may occur. The swelling 

of the interlayers occur when exposed to water where the procedure depends on valences and 

atomic radii of the exchangeable cations. Due to their large surface area, high cation exchange 

capacity (CEC), swelling abilities it is widely used in water treatment. The surface modifications 

of clays and clay composites have received major attention due to diverse applications.89,90 Chen 



et al.91 developed Chitosan/montmorillonite Fe3O4 microspheres by micro emulsion process 

which has a particle size of 100 µm which has a Cr(VI) removal capacity of 58.82 mg g-1. A 

blend of cellulose-sodium montmorillonite developed by Kumar et al.82 could remove good 

amount of  Cr(VI). The montmorillonite modified with cetylpyridinium bromide97 effectively 

adsorbs Cr(VI) anions over a wide pH range from 3.0 to 6.0. Mg-Al hydrotalcite modified 

kaolinite clay92 and a nano composite film of Chitosan/halloysite clay94 were developed which 

could remove good amount of Cr(VI). Recently reported literature for the removal of hexavalent 

chromium from aqueous phase using clay based supports is tabulated below in Table 1.2. 

                                Table 1.2.  Clay based adsorbents for Cr(VI) removal 

Adsorbent pH Langmuir adsorption 

capacity 

(mg g-1) 

Reference 

Chitosan  sodium 

montmorillonite Fe3O4 

microspheres 

5.0 58.82 91 

Cellulose-sodium 

montmorillonite  
3.8-5.5 22.2 82 

Mg-Al hydrotalcite modified 

kaolinite clay  
2.5-11.5 15.85 92 

Bentonite clay  2.0 5.9 93 

Chitosan/halloysite clay  

Nanocomposite  

3.0 142 

 

94 

Micelle clay complex  2.0 9.43 95 

Montmorillonite-supported 

magnetite nanoparticles 

2.0-2.5 15.3 96 

Cetylpyridinium bromide 

(CPB) modified clay 

3.0-6.0 18.05 97 

 



1.4.3. Carbonaceous materials 

Several carbonaceous materials such as activated carbon, carbon nanotubes, graphene oxide and 

their modifications are used in the sequestration of various pollutants. Owing to the excellent 

properties such as great adsorption capacity, large surface area, low cost, abundant availability, 

activated carbons (from various sources) are in demand globally mainly because of their use in 

applications related to their environmental mitigation. The main sources of the commercially 

activated carbon are coal and  agricultural by products.98 Few recently reported activated carbon 

and its modification as adsorbents for Cr(VI) are prepared from mango kernel and modified 

using phosphoric acid could adsorb 7.8 mg g-1 of Cr(VI). 99 Labied et al. developed activated 

carbon from the waste lignocellulosic material which absorbs 62% of hexavalent chromium.100 

As high as 99% of Cr(VI) adsorption was attained by the carbon produced from the Terminalia 

nuts activated with ZnCl2. 
98 

Nano- sized materials with their outstanding properties have attracted the attention of scientists 

and could efficiently be utilized for varied applications. The sp2 hybridized carbon nano tubes 

(CNT) are one of the interesting forms of elemental carbon categorized into two varieties. The 

first type is multiwalled carbon nanotubes (MWCNTs) which has concentric rings with a definite 

spacing between the layers and the second form is single walled carbon nanotubes (SWCNTs) 

which has a cylindrical single layer. To overcome the hydrophobicity and to improve the 

hydrophilicity of the surface of CNTs covalent or noncovalent methods are often employed. 101 

In covalent surface modification the hydrophilic groups are incorporated exterior to the CNTs 

sidewalls causing little or more damage. The noncovalent modification is performed by 

adsorption of surfactants in which there is no damage to the structure and properties of CNTs. 

The covalent modification is achieved by wet chemical treatment of CNTs with different 

oxidants such as HCl, HNO3, H2SO4, H2O2 and potassium permanganate.101 The modification 

enhanced the significant progress properties in the utilization of CNTs for the efficient removal 

of metal ions and pollutants as they possess large surface area, high mechanical strength, and 

excellent thermal, electrical properties. 102 Several MWCNTs as adsorbents were developed for 

the treatment of aqueous solutions contaminated with Cr(VI).  Lu  et al.103 developed magnetic 

Fe2O3 nanoparticle-MWCNTs composite and was checked for the efficient removal of Cr(VI) at 



different temperatures with a qmax of 42.02 mg g-1 at 35oC. Fe-Ag/functionalized-MWCNT/PES 

Nanostructured-Hybrid Membranes developed by Machine et al. could remove 94.8% of Cr(VI) 

from aqueous solution.104 Chitosan immobilized in nanoparticles and carbon nanotubes by 

forming a nanocomposite could efficiently remove Cr(VI) up to 84% within a short contact 

time.105 Modified magnetic carbon nanotubes developed by Wu et al. could remove hexavalent 

chromium upto 90% under acidic conditions. 106  

Yet another interesting carbonaceous material, graphene is a layered form of graphite with two 

dimensional nano structure possessing excellent thermal, mechanical, electrical and chemical 

properties. Graphene oxide (GO) synthesized from graphite and its modifications were widely 

for heavy metal sequestration. A novel magnetic graphene oxide-based material DCTA/E/MGO, 

synthesized by Guo et al. had a high Cr(VI) removal efficiency of 92.27 mg g-1. 107 He et al. 

functionalized GO using 3-aminopropyltriethoxysilane which has a good absorption capacity of 

215.2 mg g-1 for Cr(VI).108  MoS2 rGO composites developed by Jiang et al. have a Langmuir 

adsorption capacity of 268.82 mg g-1 for the metal adsorption.109 Ethylene diamine-reduced 

graphene oxide reduced Cr(VI) to Cr(III) was developed by Ma et al. 110  A novel GO- Aliquat-

336 developed by Kumar et al.111 was explored to adsorb Cr(VI) efficiently with a high  

Langmuir adorption capcity of 287.51 mg g 1. 

1.4.4. Metal Organic Frameworks 

Acclaimed for the highly ordered crystalline structure with porous nature, metal organic 

frameworks (MOF) have emerged as the hybrid class of metal ions and organic ligands in 

diverse fields. Most of the studies demonstrated that MOFs have overcome the drawbacks 

involving traditional porous materials such as zeolites, carbonaceous materials in various 

fields.112 However the reverse nature of coordination bonds in MOFs lead to lower stability is an 

important concern. There has been considerable effort to improve the stability of MOFs and in 

this direction the discovery of Uio-66 (University of Oslo) by Cavka et al. in the year 2008 was 

remarkable.113 This Zr based MOF is a cubical framework Zr6O4(OH)4 cluster with terephthalic 

acid as organic linker. The zirconium based MOFs are used widely in several applications due to 

their good aqueous, acid and thermal stabilities. They have outstanding tunable properties such 



as large surface area, high porosity, thermal and chemical stabilities with potential applications 

in gas storage, drug delivery, sensing, catalysis, ion exchange and separation. 114 

The remediation of pollutants using MOFs reported in the recent times are a fast removal of 2-

methyl-4-chlorophenoxy acetic acid (MCPA)115 by UiO-66-NH2 was achieved in 3 min with an 

adsorption capacity of 303.3 mg g-1. Yin et al. reported the rapid microwave synthesis of Zr-

MOF in 3 min and was successfully used for the removal of Pb(II). 116 Nandi et al. developed an 

ultra-microporous Ni-(4-pyridylcarboxylate)2 MOF with a cubic framework for the selective 

capture of carbon dioxide and purification of hydrogen.117 Vellingiri et al.118 studied the sorption 

behavior of a mixture of 14 semi volatile and volatile compounds composed of benzene, styrene, 

toluene, p-xylene, six volatile fatty acids, two indoles and two phenols and concluded that the 

selected MOFs exhibited strong affinity towards semi volatile compounds. Peng et al. developed 

a EDTA incorporated MOF trap for  the  capture of a total of 22 metal ions with 99% removal 

efficiency. 119 Mehelmy et al. constructed a Uio 66 NH2 and silica gel composite for efficient 

removal of Cr(VI) with an adsorption efficiency of 277.4 mg g-1, 120   IL-MIL-100(Fe)  an  ionic 

liquid and iron nano particle modified  MOF developed by Nasrollahpur et al. could efficiently 

remediate Cr (VI) with a 285.71 mg g-1 adsorption capacity  . 121 

1.5. Scope and Objectives of the Work 

The foregoing brief review reveals that convergence of biotechnology and chemistry offers 

greener alternatives in environmental remediation. A systematic literature survey was conducted 

to understand the latest trends in bio- absorbents. The microbes such as Saccharomyces 

cerevisiae, Aspergillus sp, Arbuscular mycorrhizae, Rhizobium sp, Nitrosomonas sp could either 

be isolated or procured from the culture collection centers.  The isolated biomass was evaluated 

with respect to the morphological, biochemical  and molecular biology techniques which 

involves morphology, gram staining, motility, 16S rRNA sequencing etc. Suitable quantities of 

the biomass were grown in appropriate culture media to yield the lyophilized biomass. The 

immobilization of the above mentioned microbes in solid support matrices such as cellulose, 

clay, MWCNTs, MOF was achieved by dispersing them in appropriate medium. 



The above mentioned microbe-solid support combinations have not been reported for the 

effective adsorption of hexavalent chromium. The preparation of the biosorbents was carried out 

using microwave, ultra-sonication and conventional methods. Hexavalent chromium being a hard 

acid interacts with the functional groups such as amines, hydroxyl and carboxyl groups present 

on the biosorbent surface thereby effectively fostering electrostatic interaction with 

hydrochromate anions. The work presented in the following chapters deals with the development 

of biosorbent using the following steps: 

 Isolation and identification of microbes such as yeast, Aspergillus, AMF, Rhizobium 

and Nitrosomonas from its sources or procuring from the culture collection centers. 

 Immobilization of the isolated or procured microbes in matrices such as cellulose, 

clay, MWCNTs and MOFs using microwave assisted, ultrasonication and 

conventional methods.  

 The developed biosorbents were subjected to characterization and tested for the 

efficient removal of hexavalent chromium. 

 The desorption studies were carried out to check the regeneration ability of the 

developed biosorbents.  

The analytical characterization techniques such as FTIR, FESEM, EDAX, HRTEM, XPS, 

BET, Optical and Confocal microscopy were used to characterize the biosorbents. Various 

batch parameters such as pH, adsorbent dosage, kinetics, isotherms, and thermodynamics 

were investigated and optimized. Lab scale column studies were performed to treat higher 

volumes of the metal contaminated solution and were also tested in a certified industrial 

waste water effluent.  

Chapter 3 deals with the immobilization of Saccharomyces cerevisae (yeast) in the 

biopolymer and carbon based adsorbents such as cellulose and MWCNTs for the chromium 

removal. The biosorbent preparation method, characterization, mechanism, application 

studies are discussed in detail. 

Chapter 4 provides an insight to the immobilization of filamentous fungus, Aspergillus in 

sodium montmorillonite and cellulose for adsorption of chromium. The fungal isolation from 



the bread and its complete characterization was discussed in detail. A detailed insight into 

various column modeling studies are explained.   

Chapter 5 presents a novel combination of fungal spores immobilized in clay for the 

removal of chromium. The isolation of Arbuscular Mycorrhizal Fungal spores from the soil 

was carried out and the analytical characterization of the developed biosorbent is discussed.  

Chapter 6 explores in detail about the immobilization of nitrogen fixing bacteria, Rhizobium 

in MWCNTs and sodium montmorillonite for chromium sequestration. The bacterial 

isolation from soil of legumes and its characterization is discussed in detail. 

Chapter 7 discusses the Nitrosomonas modified Zr-Metal Organic Framework for the 

effective removal of Cr(VI) and its extensive characterization. 

Chapter 8 presents the overall summary and conclusions.  

The corresponding procedures, materials and methods are listed in the next chapter.  
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The current chapter deals with the chemicals and materials used in the experiments and the 

general methodology for the sequestration and recovery of chromium.  

2.1. Chemicals and materials  

All the chemicals and reagents used in the experiments were of analytical and guaranteed grade. 

The aqueous solutions were prepared in high purity water (Millipore, Merck, Elix 10, resistivity 

18.2  cm-1). Various chemicals and materials used were cellulose (Himedia), montmorillonite 

(Sigma Aldrich), multiwalled carbon nanotubes  with an outer diameter of 30-50 nm and length 

10-30 µm (Sisco Research Laboratories, India) , zirconium oxychloride (SD Fine Chemicals ), 

terephthalic acid (Sigma Aldrich ), potassium dichromate (K2Cr2O7), diphenyl carbazide, nitric 

acid, sulfuric acid, sodium hydroxide, from Merck, India.  Hydrochloric acid, hydrogen 

peroxide,  BCR 715- waste water (trace elements) was procured from Fluka , BCR -032 

(Moroccan Rock phosphate) was obtained from Sigma Aldrich.  Methanol and acetone were 

procured from S.D. Fine Chemicals, Mumbai (India), (3-Dimethylaminopropyl)- -

ethylcarbodiimide hydrochloride (EDC), Hydroxybenzotriazole (HOBT) were obtained from 

(Sisco Research Laboratories, India).  

2.2. Isolation and identification of microbes  

Various microbes used in the adsorption experiments are Saccharomyces cerevisiae (procured), 

Aspergillus species (isolated from bread mold), endomycorrhizal spores (isolated from soil), 

nitrogen fixing bacteria such as Rhizobium (isolated from soil) and Nitrosomonas (procured) 

species immobilized in various matrices. The microbes used were either isolated or procured 

from the culture centers. The detailed identification and characterization of microorganisms can 

broadly be classified into morphological, biochemical and molecular procedures.1 Morphological 

methods are relatively easy to be performed and are rapidly done. They rely on growth and 

microscopic examination that give a general characteristic to the morphology of an organism. 

Biochemical methods involve varied set of recent technologies such as chromatography and 

spectroscopy experiments. Molecular biology based methods involve diverse range of techniques 

that involve microbial DNA. 

 



 2.3. Analytical characterization techniques used  

A JASCO 4200 model spectrophotometer was used to record the FTIR of the samples in the 

range 4000-400cm-1 by mixing the sample with potassium bromide (KBr). Thermogravimetric 

analysis (TGA) of the biosorbent was recorded using a Shimadzu DTG-60 thermal analyser 

under air/nitrogen atmosphere in the range of 30-800oC. For the elemental analysis energy 

dispersive X-ray spectrum (EDAX) was recorded using Bruker  X Flash 6/30 and to study the 

surface morphology of the biosorbents, field emission scanning electron microscopic (FESEM) 

images were captured using Carl Zeiss Supra 55 and High resolution transmission electron 

microscopic (HRTEM) images taken by Tecnai 20 (FEI) 200 kV gives an insight into the 

microstructure and the defects at atomic resolution. The elemental speciation was ascertained by 

X-ray photo electron spectroscopy using PHI 5000 Versa Prob II, FEI Inc, and the source used is 

an aluminium monochromator at 25.4W and 187.85 eV. The BET surface area, BJH pore volume 

and average pore diameter of the biosorbent were measured using a BELSORP II mini 

(Microtrac BEL Corp). LeicaDMi8 laser scanning microscopy (S/N 418513) was used to capture 

confocal images. The quantitative Cr(VI) adsorption was monitored using a 883 Basic IC plus 

Ion chromatography with a 887 professional UV/Vis detector and also using Jasco V650 model 

UV visible spectrophotometer. The total chromium concentration was ascertained with a 

Shimadzu AA-7000 model Atomic Absorption Spectrophotometer using an air-acetylene flame 

at 357.8 nm The 16S rDNA sequencing  was carried out using the Biosystems ABI 3730 xls 

Genetic analyzer at  Bioserve Pvt. Ltd., Hyderabad, India. Matrix assisted laser desorption 

ionization time of flight (MALDI-TOF) was performed using VITEK MS (Biomerieux)  

spectrometer for the confirmation of the isolated bacteria. An Olympus CH20i model optical 

microscope was used to obtain the images of the adsorbent before and after the adsorption of 

chromium. The developed biosorbents were also characterized by Rigaku Ultima IV X-ray 

diffractometer using Cu K  source at various scan rates. Ultra-sonication was done using a 

sonication bath (Biotechnics, India). 

 

 



2.4. Characterization of biosorbents 

The developed biosorbents were subjected to various characterization techniques to prove the 

formation of the desired material. Following are the instrumentation techniques that have been 

used in our work.  

2.4.1 Fourier transmission infrared spectroscopy (FT-IR): FT-IR is one of the efficient 

tools to get the chemical functional groups of the material. The interaction of infrared radiation 

with molecular bonds leads to vibrational fluctuations such as bending, wagging and stretching 

in the molecule. Different vibrational frequencies correspond to different functional groups can 

indicate the structure. The technique can therefore be used to monitor the changes in functional 

group signature peaks as a function of reaction progress. 

2.4.2 Field emission scanning electron microscopy (FE-SEM): The scanning electron 

microscopy is an important characterization technique that uses a focused electron beam.  In FE-

SEM secondary electrons are emitted from the solid sample, which are collected to create an area 

map of the secondary emission. The technique is used to determine the surface morphology and 

chemical composition (in energy dispersive spectroscopy mode) of the material samples. 

2.4.3 High resolution transmission electron microscopy (HR-TEM): In this technique, high 

energy electron beams are utilized to transmit through the sample of interest. Using the contrast 

between transmitted and non-transmitted e-beams, the image is created. This technique provides 

very high resolution image to the extent of 0.2 Å.  One would be able to measure the inter-planar 

distance for the crystalline materials using this technique. 

2.4.4 Brunauer Emmett Teller (BET) surface area measurements: This measurement 

works on the basis of physical adsorption of the gaseous molecules on the solids (BET theory). 

According to the BET theory, the gaseous molecules adsorb on the surface of the adsorbent as 

monolayer. The monolayer adsorption and desorption of the gas will be carried out and surface 

area, pore volume and pore diameter can be calculated using BET formula.  

 



2.4.5 Thermo-gravimetric analysis: TGA is a method of thermal analysis which executes the 

decomposition of material as a function of temperature. This technique shows the percentage 

mass loss, which is useful to optimize the reaction conditions like polymerization and 

calcination.  

2.4.6. X-ray photoelectron spectroscopy (XPS): XPS is a highly useful instrumentation tool to 

acquire detailed analysis of the surface at atomic level to understand the elemental composition. 

This technique was initially known as the Electron Spectroscopy for Chemical Analysis (ESCA), 

which works based on photoelectric effect (KE = h  - BE). XPS is used to find the binding 

energy of the atoms except hydrogen and helium in the periodic table. From the binding energy 

values obtained from the surface of the material, one would be able to identify the elemental 

composition and their oxidation states. 

2.5. Analysis of hexavalent chromium 

The chromium concentration in the analyte was estimated using 883 Basic IC plus Ion 

chromatography using Metrosep A Supp 1 HS column, detected using 887 professional UV/Vis 

detector. The post column derivatization method used in UV-Vis detection for chromium was at 

max 540 nm. The mobile phase used was sodium carbonate and the post column reagent was 

prepared by dissolving diphenylcarbazide in methanol and sulphuric acid. The total chromium 

was estimated by (a) speciation method using ion  chromatography and (b) using Atomic 

Absorption spectrophotometry (for total chromium) and UV-Vis (Cr VI) by oxidizing total 

chromium to Cr(VI) using NaOH, H2O2 mixture and estimating Cr(VI) as its diphenylcarbazide 

complex at 540 nm.  

2.6. Adsorption studies  

A 1000 mg L-1  stock solution of Cr (VI) was prepared by dissolving 2.826 g of potassium 

dichromate in Milli Q water. The batch adsorption studies were performed by optimizing various 

parameters such as pH, adsorbent dosage, kinetics, and thermodynamics by using an orbital 

incubator shaker (Biotechnics, India). A known weight of the biosorbent was mixed with Cr(VI) 

of a known concentration and adjusted to the required pH using H2SO4, NaOH and agitated at 

various time intervals in an orbital incubator shaker. The reaction mixture was filtered after it 



attained equilibrium and the supernatant was estimated for Cr(VI) concentration using ion 

chromatography coupled with a UV detector.2 The amount of Cr(VI) biosorbed onto  the 

developed biosorbents was calculated as 

       (2.1) 

Where, 

qe= Amount of Cr(VI) adsorbed onto biosorbent at equilibrium (mg g-1) 

Co = initial Cr(VI) concentration (mg L-1) 

Ce  = Cr(VI) concentration left in the analyte at equilibrium (mg L-1) 

V  = Volume of Cr(VI) solution used for biosorption (L) 

W  = weight of the biosorbent for Cr(VI) treatment (g) 

2.7. Adsorption isotherms  

The characteristic features of the interaction between biomass immobilized in various matrices 

and Cr(VI) could be accounted by correlating the experimental adsorption data with isotherm 

models.3 

2.7.1 Langmuir adsorption isotherm  

The Langmuir adsorption isotherm4 is based on the assumptions such as that adsorption sites 

which are available on the biosorbent surface are fixed and are of equal size. It also assumes a 

monolayer adsorption. The Langmuir equation can be used for describing equilibrium conditions 

for the adsorption behavior in various adsorbate-adsorbent systems. The linear form of the 

Langmuir equation is given by 

     (2.2) 

where, Ce is the metal ion concentration at equilibrium,  qe is the amount of adsorbate (Cr VI) 

adsorbed per gram of adsorbent at equilibrium (mg g-1); qo and b are Langmuir constants related 



to the sorption capacity and intensity, respectively. A plot of Ce/qe vs Ce gives the values for qo 

and b. The applicability of the Langmuir model was also confirmed from the dimensionless RL 

value5 which relates Co, a particular initial concentration of Cr(VI) to the energy of adsorption b 

as RL = 1/1 + bCo.  A value below unity indicates a reversible isotherm whereas values greater 

than one and equal to zero indicate unfavorable and irreversible isotherms, respectively.  

2.7.2 Freundlich isotherm  

The Freundlich adsorption isotherm6 is considered as the special case of Langmuir which gives 

an empirical relation between the  adsorbate which adsorbs onto the heterogeneous surface of an 

adsorbent. The linear form of Freundlich adsorption equation can be expressed as follows  

   (2.3) 

Where, KF and n are the Freundlich constants that represent the adsorption capacity and the 

adsorption intensity, respectively. If the value of n lies between 1 and 10, it is considered 

favorable adsorption wherein a higher n value implies7 effective interaction between the 

adsorbent and adsorbate. The plot of   log qe against log Ce gives the constants KF and n. 

2.7.3 Redlich Peterson (R-P) isotherm  

The Redlich Peterson model8 is a unique three parameter adsorption isotherm model and is a 

combination of Langmuir and Freundlich isotherms which relates to the amount of chromium 

(VI) adsorbed at equilibrium qe. The linear expression of the model is as follows 

   (2.4) 

where A is the Redlich-Peterson adsorption capacity constant, B is the isotherm constant and for 

the efficient adsorption process exponent g lies between 0 and 1.  As the R-P isotherm has three 

parameters it is perceived to be more accurate than the Langmuir and Freundlich isotherms. 

When g= 1, the R-P equation reduces to  the Langmuir isotherm equation and when g=0, it is 

similar to the Freundlich equation though the accuracy of these interpretations strongly depends 



on the fitting method.9 The parameters g and B are obtained from the slope and intercept of the 

plot ln [A(Ce / qe)- 1) against ln Ce. 

2.7.4 Dubinin Radushkevich (D-R) isotherm  

The adsorption mechanism with a Gaussian energy distribution onto the heterogeneous 

biosorbent surface is expressed by D-R isotherm.10 The electrostatic interaction between the 

protonated functional groups in the biosorbent surface and Cr (VI) is reflected through the mean 

free energy of adsorption obtained from this model which is expressed as 

  (2.5) 

     (2.6) 

                   (2.7) 

qm is the maximum adsorption capacity, obtained from the plot 

of ln qe vs 
2,  -R constant , R is universal gas constant and  E is the mean adsorption 

free energy. The D-R isotherm predicts that when the mean free energy of adsorption is less than 

8 kJ mol-1 the adsorption is more likely to be associated as physisorption.11 

2.7.5 Elovich isotherm 

The isotherm is based on the assumption that there is an exponential increase in adsorption sites 

with adsorption leading to multilayer adsorption12,13  which is governed by the following 

expression 

   (2.8) 

The Elovich isotherm parameters KE which is Elovich constant and qm which is adsorption 

capacity can be calculated from the plot of ln(qe/Ce) vs qe.  

 

 



2.7.6 Temkin isotherm 

Temkin isotherm is generally applied for the heterogeneous systems wherein as the surface area 

of the biosorbent increases (which has more sorption sites), the heat of adsorption tend to 

decrease linearly and attributed to the adsorbent-adsorbate interactions having uniformly 

distributed binding energies until it reaches a maximum value.14,15 The isotherm model is given 

by the equation  as 

  (2.9) 

Where B1= RT/b and AT is the equilibrium binding constant, B is heat of adsorption obtained by 

plotting qe against ln Ce . 

2.8. Adsorption kinetics 

The efficiency of the method developed also depends on the kinetics of adsorption.  A known 

amount of the developed biosorbent was taken and added to the known volume of Cr(VI) 

solution and adjusted at pH 2.0-3.0. The adsorption studies were performed at various time 

intervals from 5, 10, 15, 30, 60, 120, 180 min and checked for the Cr(VI) concentration 

simultaneously. The kinetics involved in the interactions between the metal and microbe 

immobilized matrix were evaluated using the pseudo first order 16and pseudo second order17 

models which are expressed in the following equations 

   (2.10) 

                          (2.11) 

Where qe and qt are the amount of chromium adsorbed onto the biosorbent at equilibrium and 

time t, respectively and k1 is the pseudo first order rate constant which is obtained from the plot 

log (qe-qt) vs time. k2 is the pseudo second order rate constant which is calculated form the plot 

t/qt vs t. Additionally, the Weber-Morris intraparticle diffusion18 (IPD) is also used to evaluate 

the adsorption kinetics and  is expressed as  

                             (2.12) 



If the plot of qt against t0.5 gives a linear plot with zero intercept IPD is considered to be the only 

rate limiting step. The adsorption mechanism involved in the Cr(VI) uptake onto the biosorbent 

is governed by the following steps 

(i)  Cr(VI) ions are transported from the bulk of the solution to the exterior of the adsorbent 

surface which is termed as external film mass transfer. 

(ii) Transport of Cr(VI) ions into the pores of the biosorbent which is termed as intraparticle 

or  pore diffusion. 

(iii) Adsorption of Cr(VI) ions onto the surface of the biosorbent. 

 

2.9 Adsorption thermodynamics 

An insight towards the spontaneity and energetics involved in the interaction between the host 

matrix (biosorbent) and the guest (Cr(VI)) can be best explained through the 
o o o) values. From the ratio of the concentrations of Cr(VI) 

present at equilibrium on the biosorbent surface and the solution phase, the equilibrium constant 

(K) was obtained at different temperatures.  These equilibrium constant values were fitted into 

equation19  

                                                         0 = -RTlnK     (13) 

Furthermore, through the slope and intercept of the plot of lnK against 1/T the entropy and 

enthalpy changes could be obtained for the interaction of Cr(VI) with the biosorbent. Essentially, 

all these parameters are categorized as extensive or additive properties and hence the first stage 

involving immobilization of the biomass as well as subsequent adsorption on to the surface 

would collectively influence the overall free energy, enthalpy and entropy changes associated 

with the adsorption.20 The average activation energy, Ea = o
ads+RT also reflects the favourable 

interaction between hexavalent chromium and the microbe immobilized matrix. The 

physisorption/chemisorption of the adsorption mechanism is determined by the magnitude of 

Ho o> 80 kJ mol-1 o< 80 kJ mol-1 is considered as 

chemisorption.21 



2.10 Column studies 

Prior to applying the methodology in a simulated waste effluent, the suitability was examined in 

a laboratory scale fixed bed column study in the aqueous solution where the metal contamination 

is at higher volumes. Based on preliminary column experimental studies, a detailed investigation 

into various parameters such as effect of bed height, flowrate and initial Cr(VI) concentrations in 

the modeling studies such as Thomas model, Yoon Nelson model, BDST models were carried 

out.22  The salient features of the column modeling adsorption studies are discussed in chapter 4. 

2.11 Application studies 

The influence of some common ionic constituents such as Fe(II), Cu(II), Ni(II), Cd(II), Pb (II), 

Mn (II), Zn(II) and chloride, nitrate, sulphate and phosphate present in the industrial wastewater 

samples were probed independently in a synthetic mixture .  Following this, the methodology 

was tested in a certified industrial effluent wastewater sample BCR 715 and BCR 032 Moroccan 

rock phosphate. The composition of these certified materials are given in Table 2.1.  

                          Table 2.1.  Composition of certified reference material 

Certified reference material Composition 

BCR  715 

Industrial effluent 

Cd (40±5 µg L-1 ), As (29±4 µg L-1), Fe ((3.00 

± 0.27) ·103 µg L-1) , Cr ((1.0±0.09).103 µg L-

1), Mn (248 ± 25 µg L-1),  Ni  ((1.20 ± 0.09) 

·103 µg L-1), Cu ((0.90 ± 0.14) ·103 µg L-1), Pb 

((0.49 ± 0.04) ·103 µg L-1), Se (29 ± 4 µg L-1) 

and Zn ((4.00 ± 0.4) ·103 µg L-1). 

BCR  032 

Moroccan Rock Phosphate 

As (9.5±0.5), Cd (20.8±0.7), B (22.6±2.2), Cr 

(257±16), Co (0.59±0.06), Hg (0.055±0.011), 

Cu (33.7±1.4), Ni (34.6±1.9), Mn (18.8±1.3), 

Ti (171±10),Ni (34.6±1.9), Zn (253±6), V 

(153±7). 
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 This chapter deals with the adsorption of chromium using Saccharomyces cerevisiae 

immobilized in carbon based matrices. Saccharomyces cerevisiae 

yeast has good potential for heavy metal removal due to its advantages such as easy cultivation 

in large scale on inexpensive media with high yield. It is a non-pathogenic microbe widely used 

in food industry. As the complete genome sequence of S.cerevisiae is available which can be 

manipulated easily, it is considered as a model microbe to study the molecular level interactions 

taking place between the metal and microbe. Literature survey reveals that S.cerevisiae is 

explored in various forms such as living cells, dead cells, pretreated cells, immobilized cells in 

matrices for effective removal of heavy metals such as   Pd, Cd, Ni, Cr, Cu, Zn.1 In the current 

work, we demonstrate an environmentally benign approach for the efficient removal of 

chromium using S.cerevisiae immobilized in matrices such as glutaraldehyde cross-linked 

cellulose and MWCNTs.  

The first part of this chapter deals with the immobilization of S. cerevisiae in glutaraldehyde 

cross-linked cellulose for the effective removal of hexavalent chromium. 

The second part of this chapter deals with the immobilization of S. cerevisiae in functionalized 

multiwalled carbon nanotubes for the effective sequestration of Cr(VI). 

 

 

 

 

 

 

 

 



3.1. Microwave assisted immobilization of yeast in cellulose biopolymer as a green 

adsorbent for the sequestration of chromium 

3.1.1 Introduction 

A greener option of microwave assisted methodology could be conceived as an energy efficient 

and expeditious process in the immobilization of the biomass.  A systematic literature search 

reveals that this technique has not been explored to immobilize a microbe in a cellulose support.  

energy transfer 2-5 in accelerating the immobilization process. Cross linking cellulose with 

glutaraldehyde 6  strengthens the microbial cell surface and the interaction between the polar 

functional groups and microwave energy augments the immobilization of yeast in the 

biopolymer matrix. Cellulose offers the advantages of a biodegradable polysaccharide and is 

known to be an excellent support to immobilize microorganisms such as E.coli.7 Various species 

of Aspergillus, Pseudomonas etc., are known to tackle chromium pollution quite well.8,9 Bacillus 

subtilus is known to remove Cr(VI) from chromium polluted mining sites.10 Alginate extracted 

from sea weeds11 can remove Cr(VI) with an adsorption capacity of 0.819 mmol g-1. The 

adsorption of trivalent chromium, cadmium and nickel has been reported using Trichoderma 

fungal species.12 Under the category of fungi, yeast (Saccharomyces cerevisiae) also has the 

ability to remove heavy metals.13-17               

However, to the best of our knowledge, immobilization of yeast in a biodegradable polymer 

matrix such as cellulose has not been reported for the detoxification of a carcinogenic metal ion 

such as chromium(VI). The hydroxyl groups available in the polysaccharide cellulose and 

diverse functional groups such as amine, hydroxyl, carboxylic etc. present on the yeast cell 

surface aids in the interaction with chromium(VI) oxyanion. With glutaraldehyde as the cross 

linking agent the covalent immobilization of the yeast cells on to the polymeric support7 would 

improve the stability of the biosorbent. Hence, an uncomplicated and novel microwave assisted 

green procedure was adopted to immobilize yeast in glutaraldehyde cross linked cellulose and its 

subsequent application to remove Cr(VI) from aqueous solution.     

                  



 3.1.2 Experimental section 

(i) Preparation of the biosorbent 

Yeast extract 

Peptone Dextrose (YEPD) medium.15,18 The media was prepared by mixing 1 g yeast extract, 2 g  

peptone and 2 g dextrose with  approximately 100 mL of distilled water and autoclaved. The 

culture was grown at 37oC and after the complete growth was maintained at 4oC. The biomass 

from the late exponential growth phase (72 h) were centrifuged (5000 rpm, 15 min) at room 

temperature and after decanting the supernatant, the biomass pellet was washed with sterile 

distilled water. The biomass was immobilized in cellulose matrix using the microwave assisted 

method. 

A simple commercial microwave oven (Sharp (Japan), R-23 GT) with a maximum power range 

of 1600 W was used for immobilization. The internal chamber is made of stainless steel and the 

oven is equipped with ten adjustable power levels and a microprocessor controlled memory key 

pad. A 2.0 g weight of the pelletized biomass was mixed with 4.0 g of cellulose (Himedia, India) 

homogenously and 0.5 mL of dimethyl formamide (DMF). 4 mL of glutaraldehyde (S.d. Fine 

Chemicals, India) was added to crosslink cellulose in 10 mL of 0.1 mol L-1 HCl solution and the 

mixture was subjected to microwave irradiation for 200 sec using only 10% of the total power 

(160 W) with intermittent time duration of 20 sec so as to ensure that cellulose does not undergo 

any degradation.  The cross linking occurs upon exposure to microwave radiation resulting in 

acetal formation.19 Immobilized yeast in the cross linked biopolymer was washed subsequently 

with Milli-Q water (Elix 3) and dried in a vacuum oven (Biotechnics, India) at 40oC.  

(ii) Adsorption studies 

The removal of Cr(VI) was studied at room temperature (250C) by equilibrating 0.4 g of the 

yeast immobilized cellulose adsorbent with a 20 mL volume of  50 mg L-1 Cr(VI) solution in a 

shaking incubator for a preset time duration (3 h) at pH 2.5. The concentration of chromium 

following equilibration was determined spectrophotometrically by adding diphenyl carbazide to 

develop the red violet color at 540 nm.20,21  



The lowest concentration of chromium that prevented the microbial growth was taken as the 

Minimum Inhibitory Concentration (MIC) and this was acquired by adding varying 

concentrations of Cr(VI) ranging from 30 to 300 mg L 1 to the freshly prepared growth medium. 

After 24 h incubation period at 26oC, the optical density of biomass was measured at 600 nm.22 

The microbe found to be highly resistant to Cr(VI) with a minimal inhibitory concentration of 

280 mg L-1. 

3.1.3 Results and Discussion 

(i) Biosorbent characterization 

The yeast cell surface is endowed with NH2, COOH and OH functional groups and could play a 

vital role in interaction with the chromium (VI) oxy anion. The plausible interaction of yeast 

with cellulose and Cr(VI) was supported through the FT-IR spectral characterization. The FT-IR 

spectrum (Fig. 3.1.) shows typical changes in the functional group vibrational frequencies after 

the adsorption of chromium onto the microbe immobilized biopolymer surface. The absorption at 

3326.4 cm-1 is ascribed to the merged NH and OH stretching vibrations. The shift to 3314.8 cm-1 

after Cr (VI) adsorption shows the involvement of amine and hydroxyl groups in the interaction. 

The absorption at 2882.1 cm-1 corresponds to C-H stretching of CH2 groups in cellulose. The 

peak at 1634.3 cm-1is attributed to the amide-I band of the protein-peptide bond of the fungal 

biomass.23 The peak at 1421.3 cm-1 in the unloaded biomass arises from symmetric C=O 

vibrations (COO-) at terminal amino acid in the biomass.24 The shift from 1030.6 cm-1 to 1024.3 

cm-1 is an indication  of the participation of C-O group of the polysaccharide in the biosorption 

process.23 The presence of a small distinct peak at 888.05 cm-1 in the Cr(VI) treated biomass, is a 

characteristic finger print region attributed to the Cr=O bond of the Cr(VI) anion.25  

The surface characteristics in the yeast immobilized cellulose matrix show some distinct 

agglomerated clusters after the adsorption of chromium (Fig. 3.2). The presence of Cr is 

observable from the peak position between 5-6 keV in the energy dispersive X ray spectrum of 

the biosorbent. The optical images also gave good evidence to the presence of adsorbed 

chromium. Initially, the image of the biosorbent was captured and then the optical image after 

chromium adsorption was obtained by the addition of diphenyl carbazide 21 to the glass slide 



containing the adsorbent. The manifestation of a red violet colour in the optical image shows that 

hexavalent chromium interacts with the biomass immobilized cellulose matrix. The addition of 

chelating agent (diphenyl carbazide) to the unloaded biomass does not give any distinct colour, 

while the metal loaded adsorbent clearly shows the difference in the image pattern (Fig. 3.3) 

thereby substantiating the presence of chromium. The thermal stability and composition (Fig. 

3.4) of yeast-cellulose biosorbent revealed that the initial loss in weight around 30-100oC is due 

to the evaporation of water. Heterolytic depolymerization26 involving the cleavage of the 

glycosidic linkage in cellulose leading to the formation of levoglucosan (anhydrocellulose) 

occurs at temperatures less than 300oC. The formation of char and other volatiles are more 

probable at higher temperatures. The surface area of the biosorbent was found to be 2.04 m2/g 

with a pore size of 53.92 nm and a pore volume of  0.0275 cm3/g.  The pore size which is almost 

close to the upper limit of mesoporous range signifies that the biosorbent surface could be 

perceived to possess a mesoporous nature.  The mesoporous nature of the yeast immobilized 

cellulose sorbent aids in the effective permeation of hexavalent chromium oxy anion and 

enhances the interaction with the surface hydroxyl groups of cellulose and the functional groups 

present in the biomass. 

 

Figure 3.1. FT-IR spectrum of yeast impregnated cellulose adsorbent and after chromium 
adsorption 

 



 

 

                                    

 

Figure 3.2. SEM images of yeast-cellulose biosorbent (A) and after chromium adsorption (B) 

and EDAX (C) after chromium adsorption 

 

 



 

   Figure 3.3. Optical images (A) before chromium adsorption (B) after chromium adsorption 

 

                      

                                         Figure 3. 4. Thermal analysis of the biosorbent  

 

 



(ii) Reproducibility of Cr(VI) adsorption under the microwave conditions 

Although, domestic microwave oven has certain limitations, it still finds good utility in some 

recently reported diverse applications such as preparation of nano sized metal oxides,27 

hydrolysis of proteins28  and conversion of glycogen to glucose.29 These applications are known 

to give good reproducibility and efficiency. Indeed, a Sharp R220A model multimode domestic 

microwave oven is also known for its utility 30 towards synthetic applications up to a reaction 

scale of 100 g.  More recently, a Sharp 889R model house hold domestic microwave oven 31 has 

also proven to be very effective in the preparation of magnetic nanoparticles with good 

reproducibility. Literature reports suggest30 that if the other experimental variables are kept 

constant, uniformity in the results are maintained in mono as well as multimode irradiation 

methods. 

The pulse irradiation mode was adopted in the proposed methodology for the biosorbent 

preparation. The reproducibility of Cr(VI) adsorption was ascertained by adopting a procedure 

reported recently28 in a study involving the protein hydrolysis using domestic microwave oven.  

Oakridge screw cap vials containing yeast and cellulose in the ratio 1:2 along with the other 

reagents were placed at four different positions inside the microwave oven to check the 

reproducibility. In order to foster uniform heating, the sample vials were placed inside a beaker 

filled with water.  The placement of samples in a water bath ensures that any excess microwave 

energy to be absorbed by the water. Samples were irradiated for a total time interval of 200 sec 

in pulse mode at 160 W power levels with a 20 sec on and 30 sec off intermittent time duration.  

The temperature of the water bath after the microwave irradiation was measured as 

approximately 90oC for the middle position and 60oC at the other positions inside the oven.  The 

vials containing the biosorbent were removed from the oven and cooled under tap water. The 

biosorbent was then given water wash (Millipore), filtered and dried in a vacuum oven at 40oC.  

The reproducibility in the percentage adsorption was verified using a known concentration (30 

mg L-1) of Cr(VI) for the samples irradiated at various positions.  Similar experiments were 

conducted in the absence of a water bath and the reproducibility in both instances was verified by 

performing the experiments in triplicate. The percentage adsorption of Cr(VI) was quite effective 

and almost consistent (Table 3.1 ) with an average deviation of ±1 %.  The biosorbent was 



prepared as and when required in small amounts and quantitative adsorption could be obtained 

for the optimized Cr(VI) concentrations. The pulse mode of microwave irradiation at fixed 

power ensures there is no overheating and also takes care of the possible degradation of the 

biosorbent. Yeast, cellulose and the other reagents used in biosorbent preparation are non-toxic 

and safe to handle and hence the low and intermittent exposure to microwave radiation is safe 

enough that it does not result in the build-up of toxic vapors inside the oven.  

 

Table 3.1. Reproducibility check at different locations of the samples (in the presence and 

absence of water bath) inside the microwave oven 

 

                   With water bath Percentage (%) adsorption of Cr(VI)  

                Position 1  (Middle ) 97.0±1.02 

Position 2                           94.0±0.80 

Position 3 93.4±0.90 

Position 4                          93.0±0.85 

Without water bath  

             Position 1 (Middle ) 96.7±1.04 

Position 2 94.3±0.80 

Position 3                          93.0±0.75 

Position 4                          93.0±0.80 

  

 

 



(iii) Interaction mechanism 

The interaction between Cr(VI) and the microbe immobilized biopolymer is also influenced by 

the pH conditions prevailing in the aqueous phase and also the existence of Cr(VI) ions in 

various forms such as HCrO4
-, Cr2O7

2- , CrO4
2- and point of zero charge or isoelectric point of 

the biosorbent surface. The surface of biosorbent is neutral at a particular pH and this indicates 

the point of zero charge and was found out by performing the experiments using salt addition 

method. 32 About 0.15 g of yeast- cellulose adsorbent was added to 50 mL of 0.1 mol L-1 NaCl 

solution at different initial pH (2.0-9.0) by addition of HCl or NaOH. The experiments were 

carried out in an orbital incubator shaker at 25 C for 24 h at 120 rpm. After equilibration for 24 

h, the final pH of the solutions was measured. The point of zero charge (pHpzc) was determined 

initial  pHfinal] against pHinitial. The resultant point of zero charge was 

found to be 4.0 (Fig 3.5a) which implies that the surface charge on the biosorbent is positive 

below pHpzc and negative above pHpzc. The maximum equilibrium adsorption capacity of Cr(VI) 

was observed at pH 2.5-3.0.  At varying pH conditions, the percentage adsorption was calculated 

and it was found that effective retention occurs at pH 2.5. More than 95% of Cr(VI) could be 

held onto the biosorbent surface in an acidic environment and indeed at this pH the existence of 

chromium is most probable as HCrO4
- oxy anion. 33 At pH values less than the pKa (5.8) of 

HCrO4
- anion, the hexavalent chromium is present as dichromate and hydrogen chromate oxy 

anion (HCrO4
-).  Although, the hydrogen chromate oxy anion can exist in equilibrium with 

dichromate, (2HCrO4   Cr2O7  + H2O) it is only at pH<2 and high Cr(VI) concentrations, the 

existence of dichromate anion would be more probable 34 and hence around pH 3.0, (Fig. 3.5b) it 

is the hydrogen chromate anion that interacts with the positively charged biosorbent surface. The 

protonation of the active surface functional groups in the biomass immobilized cellulose is also 

obvious at this pH and hence the electrostatic interaction would occur between the negatively 

charged oxy anion and the positively charged biosorbent surface. Furthermore, in accordance 

with the HSAB principle Cr(VI)  as HCrO4
- (hydrochromate anion ) is harder in comparison to 

CrO4
2- anion.35 The hardness of these anions follows the order OH- > HCrO4

- > CrO4
2- and hence 

at acidic pH the hydrochromate oxyanion interacts electrostatically with the protonated 

functional groups (hydroxyl and amine) of the biosorbent surface. Glutaraldehyde cross linking 



stabilizes the biopolymer and the yeast could be immobilized in the voids present between the 

cellulose layers. The protonated amine and hydroxyl groups are involved in the ion-pair 

interaction (Fig. 3.6) and this columbic force of attraction reinforces the microbial cell surface 

and enhances the uptake of chromium. It is obvious that when the pH increases, the uptake of 

chromium by the yeast immobilized biopolymer decreases as a result of the competition between 

the oxy anion as well as hydroxide for the surface active sites present on the biosorbent. 

Electrostatic repulsion between the oxy anion and the surface negative biosorbent reduces the 

chromium uptake leading to considerably less adsorption at higher pH values. The time required 

for microwave radiation in the immobilization of yeast also had a profound influence on the 

percentage adsorption of chromium. Beyond 200 sec, there was a considerable decrease (Fig.3.7) 

in the retention of chromium. Higher time duration could probably lead to the slow degradation 

of the biopolymer thereby reducing the active adsorption sites required for the interaction with 

hexavalent chromium. With 0.4 g of the biosorbent (Fig.3.8) the uptake of hexavalent chromium 

was facile (98%) and this was observed up to 0.8 g. However, when the biosorbent dosage was 

increased to 1.0 g, there was a significant drop in the uptake of chromium.  

Higher biosorbent concentrations leads to cell agglomeration and decreases the inter-cellular 

distance by screening the solid cell layers and this results in protecting the active binding sites 

from effective interaction with the HCrO4
- ion.36 Simplistically, it can be stated that the metal ion 

uptake is higher at lower amounts of the biosorbent when the intercellular distance is higher and 

this ensures optimum electrostatic interaction between the protonated microbial cell surface and 

hexavalent chromium (VI). 

In general, adsorption coupled reduction is probable when biomass is used for the sequestration 

of chromium. Under the optimum experimental conditions, the immediate reduction of Cr(VI) to 

Cr(III) was not observed on the biosorbent surface. The emergence of pale green coloration on 

the adsorbent surface, characteristic of trivalent chromium was discernible only after 72 hours.  

However, immediately after the adsorption of hexavalent chromium, the supernatant solution 

was also checked for the presence of any trace amounts of trivalent species. The total chromium 

concentration was measured using AAS. The reduction of Cr(VI) to Cr(III) was checked by 

taking a fixed concentration of hexavalent chromium ( 30 mg L-1)  and after treating with 



biosorbent the final concentration of total chromium from AAS measurement was found to be  

2.193 mg L-1 in solution. Cr(VI) present in the supernatant was analyzed spectrophotometrically 

and was found to be 1.716 mg L-1.  The concentration of Cr(III)  (Total Cr = Cr (VI) + Cr(III)) 

was found to be 0.4764 mg L-1 in the solution phase. Hence, in alkaline medium, hexavalent 

chromium could be desorbed from the biosorbent surface as sodium chromate (Na2CrO4) with 

2.0 mol L-1sodium hydroxide solution.27

Figure 3.5. (A) Determination of pHpzc (B) Effect of pH (conditions: adsorbent dosage- 0.4 g/20 

mL, Cr(VI) concentration- 50 mg L-1, T=25oC.) 
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Figure 3.6. Schematic illustration showing the interaction of Cr(VI) and yeast cellulose 

adsorbent 

 

                                    Figure 3.7.  Variation of microwave irradiation time 



 

Figure 3.8. Effect of adsorbent dosage (conditions: pH-2.5 

Cr(VI) concentration -50 mg L-1, T=25oC.) 

  (iv) Equilibrium isotherms, kinetics and thermodynamics 

The characteristic features in the interaction between the biomass immobilized cellulose and Cr 

(VI) could be accounted by correlating the experimental adsorption data with isotherm models.55-

59 Equilibrium isotherms such as Langmuir and Freundlich are fairly popular in fitting the data. 

Several isotherm models (Fig.3.9 A-E) were tested and it was observed that the Langmuir 

isotherm plot offers a higher regression coefficient and a statistically 

0.23). The applicability of the Langmuir model was also confirmed from the dimensionless RL 

value 42 which relates Co, a particular initial concentration of Cr(VI) to the energy of adsorption 

b as RL= 1/1+bCo, and a value below unity indicates a reversible isotherm. The parameters 

obtained for the other isotherm parameters are also shown (Table 3.2) for a comparative analysis 

of the adsorption data. The  value obtained through R-P isotherm could also serve as an 

indicator in understanding the utility of Langmuir model. Essentially, from this model a 

value close to 1 was obtained and therefore the Redlich isotherm equation would now reduce to 

the simple Langmuir isotherm model. The mean free energy of adsorption (0.639 kJ mol-1) 



obtained through the Dubinin-Raduskevich (D-R) isotherm indicates the electrostatic interaction 

between the functional groups present in the biosorbent surface and the chromium (VI) oxy 

anion. The pH of the aqueous phase, temperature and adsorbent-adsorbate interactions govern 

the uptake of Cr(VI). Temkin isotherm is more suited to gas phase adsorption, since the 

biosorption from solution phase is governed by the above factors which are relatively more 

complex than the simple processes involved in gas phase adsorption. Hence, the Temkin 

isotherm model is not more appropriate to explain the adsorption data.  



 

Figure 3.9. A) Langmuir isotherm B) Freundlich isotherm C) D-R isotherm D) Temkin isotherm 

E) Redlich isotherm (conditions: pH-2.5, adsorbent dosage- 0.4 g/20 mL, T=25oC) 

 

 



Table 3.2. Model adsorption isotherm parameters 

 

In order to evaluate the kinetics involved in the interaction between the metal and the microbe 

immobilized biopolymer, the pseudo first order (Fig. 3.10 A) and second order kinetic 

models43,44 were utilized to analyse the experimental adsorption data. Under magnetic stirring for 

3 h, the uptake of Cr(VI) by the biomass immobilized cellulose was found to be maximum.  The 

Cr(VI) uptake kinetics could be best depicted using the second order plot (Fig. 3.10 B) by virtue 

of a better regression coefficient value (Table 3.3). The experimental and calculated qe values 

were found to be 2.8 mg g-1 and 3.12 mg g-1 respectively. The influence of film, particle 

diffusion or surface adsorption is the usual phenomena associated with the transport of Cr(VI). 

At higher Cr(VI) concentration, intraparticle diffusion is favoured, while at lower metal ion 

concentration where there is effective interaction between the microbe immobilized cellulose and 

Cr(VI), film diffusion would influence the adsorption kinetics.45 In fact, from the Weber-Morris 

Langmuir  qo(mg g-1 ) 

23.61 

b(L mg-1 ) 

0.0405 

R2 

0.9865 

2 

0.229 

RL 

0.4513 

Freundlich  KF(mg11/n1L1/n) 

2.893 

n 

2.7169 

R2 

0.9494 

2 

0.409 

 

Dubinin 

Radushkevich  

qm(mg g-1) 

9.9755 

2kJ-2) 

1.2227 

R2 

0.7597 

E(kJ mol-1) 

0.6395 

2 

1.120 

Temkin  A (L g-1) 

0.7784 

B (J mol-1) 

3.9367 

R2 

0.97809 

2 

0.9348 

 

Redlich-Peterson  g 

1.2075 

B(L mg-1) 

0.01721 

R2 

0.9336 

2 

0.469 

A(L g-1) 

0.9576 



intraparticle diffusion model (qt= kt t 3.10 

C) it could be inferred from the definite intercept value about the influence of boundary layer 

phenomenon in explaining the Cr(VI) uptake kinetics.  

 

Figure 3.10. A) Pseudo first order kinetics B) Pseudo second order kinetics C) Intra particle 

diffusion (conditions: pH-2.5, adsorbent dosage- 0.4 g/20 mL, T=25oC) 

                     Table 3.3 Kinetic data for chromium (VI) adsorption onto the biosorbent      
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An insight towards the spontaneity and energetics involved in the interaction between the host 

matrix (biosorbent) and the guest (Cr(VI)) can be best explained through the 
o o o) values.  From the ratio of the concentrations of Cr(VI) 

present at equilibrium on the biosorbent surface and the solution phase, the equilibrium constant 

(K) was obtained at different temperatures.  These equilibrium constant values were fitted into 
0 = -RTlnK). Since, activity (a) is directly proportional to 

concentration (C) of the Cr (VI) in low concentrations. In solution phase, in the case of a reaction 

with several components, the free energy change of the reaction can be expressed as: 

                                                    (3.1) 

Furthermore, through the plot of lnK against 1/T (Fig. 3.11) the entropy and enthalpy changes 

(Table 3.4) could be obtained for the interaction of Cr(VI) with the biosorbent. Essentially, all 

these parameters are categorized as extensive or additive properties and hence the first stage 

involving immobilization of the biomass as well as subsequent adsorption on to the surface 

would collectively influence the overall free energy, enthalpy and entropy changes associated 

with the adsorption.  

o o
cellulose-yeast 

o
cellulose-yeast-chromium    (3.2) 

o o
cellulose-yeast 

o
cellulose-yeast-chromium      (3.3) 

o o
cellulose-yeast 

o
cellulose-yeast-chromium    (3.4) 

The transport of Cr(VI) oxy anion from the solution phase to the biosorbent surface is partially 

governed by the concentration gradient across the biosorbent-solution interphase. This is 

reflected in the free energy difference and since the concentration of Cr (VI) is greater in the 

solid surface than in solution, the spontaneity in the adsorption process is illustrated through the 

m. 

Adsorption of Cr(VI) essentially occurs due to the transport of the ionic species from the bulk to 

the yeast immobilized biopolymer surface. The free energy associated with the solvation of the 

host (biosorbent) and guest (HCrO4
-) also results in better ordering and the negatively charged 

HCrO4
- oxy anion could interact with the surrounding water molecules through hydrogen 



bonding. Hence, the enthalpically favorable exothermic interaction (positive slope of lnK against 

1/T) between Cr(VI) oxy anion and the biosorbent results in large negative entropy change 

indicating better ordering at the biosorbent-solution interphase. The average activation 33,46 

energy, Ea = o
ads+RT also reflects the exothermic interaction (Table 3.4) between hexavalent 

chromium and the microbe immobilized biopolymer surface. 

 

                                                      Figure 3.11.   

          (conditions: pH-2.5, adsorbent dosage- 0.4 g, Cr(VI) concentration- 30 mg L-1) 

Table 3.4. Thermodynamic parameters for Cr(VI) adsorption 

Temperature 

(Kelvin) 
0 (kJ mol-1)  0 (J mol-1K -1) 0 (kJ mol-1) 

Ea(kJmol-1) 

303 -7.275 

-137.757 -48.949 

 

 

-43.8 

313 -5.551 

323 -4.543 

333 -2.973 

 



 (v) Laboratory scale fixed bed column studies 

Prior to applying the methodology in a simulated waste effluent, the suitability was examined in 

a laboratory scale fixed bed column study. With 2.0 g of the yeast immobilized biopolymer 

adsorbent packed onto a short glass column, 5 mg L-1 of Cr(VI) could be retained well up to a 

sample volume of 300 mL. Retention of chromium onto the biosorbent surface was equally 

effective with a flow rate of 5 mL min -1. Above this volume, there was a decrease in the 

retention efficiency (Fig. 3.12 A) and this could be attributed to bed expansion 33 thereby forcing 

the Cr(VI) out of the column. This eventually results in reducing the retention of chromium on to 

the biosorbent surface due to the weakening of the interaction between the oxy anion and the 

functional groups present in the biosorbent.  Cr(VI) could also be easily desorbed using 2.0 mol 

L-1 sodium hydroxide (Fig. 3.12 B) effectively as sodium chromate from the column. 

Since, real effluent such as tannery waste water would contain Cr(III) appreciably than Cr(VI), it 

is also necessary to check the uptake of chromium in the +3 oxidation state. It was observed that 

at pH 7.5, 10 mg L-1 of the trivalent chromium could be retained onto the biosorbent surface. 

This is quite expected at this pH, since the cationic 47 chromium (III) hydroxides 

(Cr(OH)2
+,Cr(OH)2+) can enter into an electrostatic interaction with the functional groups present 

on the biomass immobilized cellulose adsorbent surface. Trivalent chromium could be recovered 

from the biosorbent surface using dilute sulfuric acid (1.0 mol L-1) as Cr(III) sulfate.33 The 

difference in pH at which the trivalent and the hexavalent forms of chromium are retained onto 

the biosorbent surface would be very useful for the speciation of chromium.  

A simulated waste water was prepared containing 100 mg L-1 of commonly encountered ionic 

constituents such as chloride, nitrate, sulfate and phosphate and 50 mg L-1of Fe(II), Co(II), 

Cu(II), Ni(II) and Zn(II). A 10 mg L-1 solution of hexavalent chromium was mixed with the 

above ions and it was observed that 9.45 mg L-1 could be retained onto the biosorbent surface. 

The reduction in the retention efficiency at acidic pH could arise due to the interference of Fe(II), 

due to its ability to reduce +6 chromium to +3 state.33 The competition for the active adsorption 

sites from other anions could also be attributed to the decreased retention of Cr(VI).  



After elution of the hexavalent chromium, the problem of Cr(VI) disposal is an important issue 

to be taken into consideration.  Two strategies were adopted in order to avoid the direct disposal 

of higher concentration of chromium in the laboratory sink.  The hexavalent chromium in the 

eluate was diluted and reduced to the less toxic Cr(III) and preserved separately. As a second 

strategy, the Cr(VI) from the eluate was diluted and utilized for the subsequent experiments. 

Figure 3.12 (A) Effect of Sample volume (conditions: weight of adsorbent- 2.0 g, Cr(VI) 

concentration- 5 mg L-1, pH- 2.5, flow rate- 5 mL min-1)  (B)  Effect of NaOH concentration  

3.1.4. Conclusions 

This work has shown that microwave irradiation provides an effective approach to immobilize 

yeast in a biodegradable cellulose polymeric support and bioremediation as a sustainable 

alternative to detoxify chromium. The conventional method for the preparation requires 3 hours 

for the immobilization of yeast. With a simple microwave oven, it requires just 200 sec for 

immobilizing yeast and shows a good adsorption capacity of 23.61 mg g-1 for Cr(VI). In the 

range 10-30 mg L-1 Cr(VI), yeast as such shows an average adsorption of 92.6 %, whereas 

glutaraldehyde cross linked cellulose immobilized with yeast gives an average adsorption value 

of 98.8 %. The adsorption of chromium with cellulose as such was found to be only 49.6 % and 

when yeast is immobilized within the biopolymer matrix the adsorption capacity of the cellulose 



is enhanced two fold thereby improving its metal uptake to great extent. Cr(VI) as well as Cr(III) 

could be removed at acidic and alkaline pH respectively. The biosorbent could be regenerated 

using 2.0 mol L-1 

were also found to be negative and this shows the decreased randomness at the fungi 

immobilized biopolymer-solution interface. Among the various isotherms, Langmuir model gave 

a good fit to the biosorption data with a high correlation coefficient and a statistically lower chi 

square value. Further, the uptake of Cr(VI) was also in accordance with the second order kinetic 

model. Furthermore, yeast and cellulose are non-toxic and hence this low cost blend adsorbent 

serves as a promising green option for chromium remediation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.2. Saccharomyces cerevisiae immobilized in MWCNTs for the effective removal of 

hexavalent chromium 

3.2.1 Introduction 

The possibility of utilizing microbes remains promising, making the microbe immobilized 

matrices open for exploration as suitable biosorbents. The current method deals with the 

immobilization of Saccharomyces cerevisiae (yeast) in MWCNTs. A eukaryotic unicellular 

microbe Saccharomyces cerevisiae (S.cerevisiae) 

available and  is known to have broad applications in food industry48 such as wine making, 

brewing, baking etc., As S. cerevisiae is classified under Generally Recognized as Safe (GRAS) 

product, it is widely used in industrial water treatment49. Sathvika et al.50 developed  microbe 

based biosorbents with yeast immobilized in glutaraldehyde crosslinked cellulose matrix for the 

effective removal of Cr(VI) with a monolayer adsorption capacity of 26.31 mg g-1.Titania-yeast 

nanocomposite showed excellent potential of 99.2% removal for hexavalent chromium.48 

The recently reported MWCNTs adsorbents for the treatment of Cr(VI) solutions are as follows:.  

magnetic Fe2O3 nanoparticle-MWCNTs composite developed by Lu et al.51 was checked for the 

efficient removal of Cr(VI) at different temperatures with a qmax of 42.02 mg g-1 at 35oC. 

Machine et al. developed Fe-Ag/f-MWCNT/PES Nanostructured-Hybrid Membranes which 

could remove 94.8% of Cr(VI) from aqueous solution.52 Chitosan was immobilized in 

nanoparticles and carbon nanotubes by forming a nanocomposite which could efficiently remove 

Cr(VI) up to 84% within a short contact time.53 Reports involving microbe-MWCNTs 

combination for the sequestration of heavy metals are scarce. Yan et al.54 reported MWCNTs 

calcium alginate complex immobilized in Shewanella oneidensis which showed higher reduction 

capacity of Cr(VI). Pseudomonas aeruginosa was immobilized in CNTs for effective adsorption 

of various heavy metals with qmax 6.60 mg g-1 for cobalt, 6.18 mg g-1 for cadmium, 6.07 mg g-1 

for lead, 5.83 mg g-1 for manganese, 6.23 mg g-1 for chromium (III) and 5.25 mg g-1 for Ni.55 

There are no reports on the combination of yeast -MWCNTs for sequestration of Cr(VI) . The 

pristine MWCNTs were functionalized and then were involved in coupling reaction with the 



amines present on the cell wall of microbes to form amide which react with hydrochromate ion 

and thus sequesters Cr(VI) from aqueous solutions.  

3.2.2 Experimental section 

(i) Preparation of the Yeast  MWCNTs biosorbent 

The yeast grown on YEPD medium was used.50 KMnO4 is used for the oxidation of pristine 

MWCNTs as reported previously. 
56 For the initial step of oxidation, a 200 mL of 0.5 mol L-1 

H2SO4, was mixed with 0.25 g of KMnO4. In another beaker, 0.1g of MWCNTs, 200 mL of 0.5 

mol L-1 H2SO4 was added and subjected to ultra-sonication for 30 min to ensure proper 

dispersion. The sonication is followed by heat treatment of MWCNTs to 150 oC prior to the 

addition of KMnO4 solution dropwise. The solution was mixed properly and was refluxed for 5 

hours at 150 oC.  After cooled down to room temperature, 10 mL of concentrated HCl was added 

to dissolve MnO2. The oxidized MWCNTs were washed till the pH reached between 6.0-7.0 and 

then dried at 100 oC.  

For the preparation of the biosorbent, the dried MWCNTs were used along with microbes (free 

amine sources) by involving in EDC-HOBT coupling. To the DMF (dimethyl formamide) 

solvent 0.1g of oxidized MWCNTs, 0.1g each of EDC, HOBT and  3 mL of triethylamine were 

added stirred for 20 minutes. 3.0 g of yeast was added to the solution and the mixture was stirred 

overnight for the coupling reaction to take place.57 The reaction mixture was filtered, washed 

with water and dried at 80oC and further used for metal adsorption studies.  

(ii) Synthesis of probes for Cr(VI) and Cr(III) 

The hexavalent and trivalent chromium have specific binding probes to differentiate them. 

Rhodamine based sensors such as Rhodamine B hydrazide (RBH)58 and Rhodamine based 

chemo sensor (RF)59  are selected due to its spiro lactam structure and spiro ring opening of 

sensing a molecule. The probes were synthesized as described in literature 58, 59 which are 

specific for Cr(VI) and Cr(III) respectively and the samples were prepared for capturing the laser 

confocal images. 



(iii) Batch adsorption studies 

The efficiency of the method was tested by performing batch adsorption parameters such as pH, 

adsorbent dosage, kinetics, and thermodynamics. To treat 20 mL of 5 mg L-1 Cr(VI) solution at 

pH 2.0, a 0.1g of the biosorbent was used. The equilibration was attained in 180 min by using an 

orbital incubator shaker (Biotechnics, India) operating at 120 rpm maintained at 30oC. The 

concentration of Cr(VI) was  estimated using ion chromatography coupled with a UV detector. 

3.2.3 Results and Discussion 

(i) Characterization of the biosorbent 

The FTIR spectra of pristine and oxidized CNTs, multiwalled carbon nanotubes-yeast (CNTY) 

before and after Cr(VI) adsorption were recorded (Fig. 3.14).  The peak at 1732 cm-1corresponds 

to C=O of carboxylic acid confirming the oxidation with the introduction of COOH groups on 

the surface of MWCNTs. The carboxyl groups fluctuations leads to comparatively broader O-H 

stretch at 3410 cm-1 than in  pristine CNTs. Symmetric and asymmetric COO- stretchings60  gives 

rise to two peaks at 1387 cm-1 and 1625 cm-1. An amide bond at 1648 cm-1 indicate the 

successful immobilization of microbe in MWCNTs assisted by EDC-HOBT coupling and also 

this peak is due to amide-1 of protein-peptide bond from the microbes.23 The disappearance of 

carboxyl C=O peak after the amide formation indicates the involvement of carboxyl groups 

present on the surface of MWCNTs in amide formation. The band at 1546 cm-1 corresponds to 

amide-II of in plane N-H bending.61 The changes in the amide bond, O-H and  C=O 

wavenumbers after Cr(VI) adsorption  indicate they were involved in Cr(VI) uptake by 

protonating in acidic medium thereby forming electrostatic interactions with Cr(VI) . The field 

emission scanning electron microscope (FESEM) and high resolution scanning electron 

microscopy (HRTEM) images of pristine, oxidized MWCNT and the biosorbent before and after 

Cr(VI) adsorption were recorded. The tiny lumps in FESEM images (Fig. 3.14 c,d) and the 

particulates on MWCNTs in HRTEM images (Fig 3.15) indicate microbial immobilizations. The 

oxidation process caused minimal irregularities in the wall surfaces of MWCNTs60 as indicated 

in Fig. 3.15 . The elemental analysis of the biosorbent before and after adsorption of Cr(VI) was 



recorded using Energy Dispersive X-ray Spectroscopy indicating Cr(VI) adsorption onto the 

biosorbent with characteristic peak between 5-6 keV (Fig 3.14 e,f).  

 

Figure 3.13. FTIR spectra of pristine, oxidized MWCNTs, biosorbent before and after Cr(VI) 

adsorption. 

 

 



 

Figure 3.14. FESEM images of (a) pristine MWCNTs (b) oxidized MWCNTs                                                   

(c,d) Biosorbent before and after Cr(VI) adsorption respectively.  EDAX spectra of   (e,f) CNTY 

before and after Cr(VI) adsorption. 



 

Figure 3.15. HRTEM images of (a,b) pristine and oxidized MWCNTs (c,d) biosorbent before 

and after Cr(VI) adsorption. 

The strong evidence for the presence of Cr(VI) on the biosorbent surface was supported by the 

X-ray photo electron spectroscopy (XPS). The base peak was corrected to 284.8 eV in the high 

resolution carbon scan. The survey scan of the biosorbent confirmed the presence of C, N, O and 

Cr respectively. The high resolution spectra of Cr 2p gave two peaks Cr2p3/2 and Cr2p1/2. The 

deconvolution of Cr2p3/2 resulted into two peaks at 577 eV, 578 eV which represent Cr(III) and 

Cr(VI) respectively62 and Cr2p1/2 at 587 eV corresponds to  Cr(VI) as shown in Fig 3.16. 



Immediate reduction of Cr(VI) was not observed after treatment with the biosorbent due to short 

agitation period and this was confirmed through chromium speciation by ion chromatography. 

The XPS analysis showed the presence of Cr(III) and as reported earlier50 Cr(III) formation on 

the biosorbent surface was evident only after  4-5 days. This could be due to extended 

interactions of Cr(VI) with the carbon and specific iron regulated surface proteins in the 

microbes.63,64 The Brunauer Emmett Teller (BET) adsorption isotherm was used to measure the 

specific surface area of the biosorbent.65 The nitrogen adsorption/desorption curves provided by 

the BET isotherm gave the surface areas for oxidized MWCNTs as 115.72 m2 g-1and 37.029 m2 

g-1 for CNTY. The average pore volume and pore diameter was found to be as follows: Oxidized 

CNTs (1.3857 cm3 g-1, 47.897 nm) and CNTY (0.6573 cm3 g-1, 71.0 nm) respectively. The 

thermal stability of the biosorbents were studied using thermogravimetric analysis (TGA). A 

sample mass of 5.569 mg of CNTR was analyzed in air atmosphere at a flow rate of 50 mL min-1 

in the temperature range 35-800oC ramped at 10oC per minute. The TGA curve (Fig. 3.17) 

signify that biosorbent was stable at higher temperatures i.e., till 600oC and the initial loss of 

mass is due to the moisture present in biosorbent.66 

Figure 3.16. XPS spectra of (a) survey scan of CNTR (b) high resolution chromium scan spectra  

 



 

Fig 3.17  TGA of the biosorbent 

The confocal microscopy was used to differentiate the presence of chromium in its +3 and +6 

form using specific rhodamine based chemosensors. The physical properties of RBH such as 

colorless, non-fluorescent nature owes to its spirolactam structure which is highly stable and 

detects Cr(VI) whereas RF is a pale pink solid which exhibits fluorescence and detects Cr(III). 

RBH was dissolved in 10 mmol L-1 H2SO4 and added to the sample for further detection of 

Cr(VI). It was observed that after addition of RBH to the sample containing Cr(VI) it turned pink 

due to the conversion of RBH to RB in view of RBH oxidation caused by Cr(VI) in acid 

medium.58 The excitation and emission was recorded at 560 nm and 585 nm respectively. RF 

when dissolved in 10 mmol L-1 Tris-HCl is a colorless solution. The RF was added to the 

biosorbent with Cr(VI)  which did not show any fluorescence indicating no immediate reduction 

of  Cr(VI). After 4 days, the addition of biosorbent to RF turned pink due to chelation of RF with 

Cr(III) present on the surface of the biosorbent, generating a rhodamine type product in 

spirolactam by ring opening at C-N bond. 59 The excitation and emission for Cr(III) in RF was 

recorded at 525 nm and 590 nm respectively. The bright field and fluorescent images of CNTY 

are shown in Fig 3.18 i-viii. The images captured before and after addition of RBH confirmed 



the presence of Cr(VI) in sample and also Cr(III) presence was confirmed by the addition of RF 

which exhibited fluorescence.  

 

Figure 3.18. Confocal images of (i,ii) CNTY  with RBH (iii,iv) CNTY after Cr(VI) adsorption 

with RBH  (v,vi) CNTY with RF (vii,viii) Cr(VI) reduction to Cr(III) on CNTY with RF. 

(ii) Effect of pH , adsorbent dosage and interaction mechanisms  

Influence of pH plays a vital role in the uptake of Cr(VI) onto the biosorbent. A 0.1g weight of 

each of the biosorbent was weighed in a series of Erlenmeyer flasks and to that 20 mL of 5 mg L-

1 Cr(VI) solution was added and adjusted to pH 2.0-7.0 and agitated for 3 hours to attain 

equilibrium. After analysis, it was found that the biosorbents could equally adsorb hexavalent 

chromium completely at pH 2.0. At pH>2 it was observed that there was a decrease in the metal 

uptake (Fig 3.19a). This is due to the existence of Cr(VI) ions in various forms such as hydro 

chromate (HCrO4
-) at pH 2-4,  in strongly acidic medium (pH<2) it exists as dichromate (Cr2O7

2- 

) and at higher  pH as chromate (CrO4
2-). In acidic medium, the biosorbent surface which has 

functional groups such as hydroxyl, carboxylic and amide gets protonated and is involved in 

electrostatic interactions with HCrO4
- thus aiding the metal to participate in biosorption (Fig 

3.20).  Amides are usually poor leaving groups hence under highly acidic conditions (pH 2.0) the 

carbonyl oxygen of amide is protonated and further the protonation of amide nitrogen is also 



probable67 in influencing the metal uptake. According to HSAB (hard-soft acid base) principle 

CrO4
2-< HCrO4

-< OH- with regard to the hardness of the ions.50 At higher pH, the hydroxide and 

chromate ions compete each other resulting in the electrostatic repulsion thereby decreasing the 

Cr(VI) uptake .The adsorbent dosages were varied from 0.01g to 0.5 g to observe the minimal 

dosage of the biosorbent which can remediate maximum amount of Cr(VI) at pH 2.0. A 20 mL 

volume of 5 mg L-1Cr(VI) was taken with varying biosorbent dosage and agitated for 180 min 

and observed that 0.1g could adsorb Cr(VI) quantitatively indicating the saturation of adsorbent 

sites (Fig 3.19b ). 

Figure 3.19. (a) pH effect on bio sorption (conditions: weight of adsorbent- 0.1 g/ 20 mL, Cr(VI) 

concentration- 5 mg L-1)  (b) Effect of adsorbent dosage on biosorption (conditions: pH- 2.0, 

Cr(VI) concentration- 5 mg L-1) 



 

                      Figure 3.20. Interaction mechanism of the biosorbent with Cr(VI) 

(iii) Biosorption kinetics, Isotherms and Temperature effect studies 

The kinetic experiments were performed using 0.1 g of the biosorbent mixed with 20 mL of 5 mg 

L-1 Cr(VI)  at time intervals ranging from 5  180 min. The maximum uptake of the metal ion 

was observed at 180 min. The data obtained from the plots (Fig 3.21a-c) were fitted into the 

pseudo first order43, second order44 and intra particle diffusion to evaluate the adsorption 

kinetics. The kinetic parameters are presented in Table 3.5.  

The rate at which Cr(VI) gets adsorbed is mostly influenced by the diffusion mechanisms such as 

(i) the Cr(VI) from the  bulk aqueous medium is transferred onto the biosorbent surface via 

external mass transfer (ii) intraparticle diffusion wherein Cr(VI) diffuses through the pores of the 

biosorbent. The best suited kinetics depends on the experimental data which has the highest 

regression coefficient and the system follows pseudo second order kinetics with 1.844 mg g-1 

(qeexp) , 1.8848 mg g-1 (qecal).  The plot qt vs t1/2 relates to the intraparticle diffusion which is 



evaluated using qt = ki t1/2 + C where c corresponds to intercept and ki is the intra particle 

diffusion constant which is obtained from the slope of the plot. The rate at which Cr(VI)  gets 

adsorbed is mostly influenced by the diffusion mechanisms such as (i) the Cr(VI) from the  bulk 

of the solution gets transferred onto the biosorbent surface via external mass transfer (ii) 

intraparticle diffusion68 wherein Cr(VI) diffuses through the pores of the biosorbent. From the 

plot (Fig 3.21c) it was observed that the straight line deviates from the origin having a significant 

intercept indicating the boundary layer phenomenon also plays role in the adsorption kinetics of 

hexavalent chromium. 

Among several isotherms, commonly studied theoretical and empirical isotherms are Langmuir 

and Freundlich.69 The data obtained from the plots (Fig 3.21 d, e) and the equations are presented 

in Table 3.6. The system assumed a monolayer Langmuir adsorption model as it has the low chi 

square value and high R2 value. The biosorbent has an adsorption capacity of 31.6 mg g-1 with an 

R2 value of 0.96. The dimensionless constant RL value lies below unity indicating the 

reversibility of the isotherm which is represented as RL= 1/1+bCo.Where b is the Langmuir 

constant associated to adsorption energy, Co represents the equilibrium concentration of the 

heavy metal ion. The Freundlich constants n and KF are related to adsorption intensity and its 

capacity respectively. The values of n is greater than 1 indicating the favorability of metal 

adsorption onto the biosorbent. The pristine MWCNTs have an adsorption capacity of 11.93 mg 

g-1, when oxidized the uptake capacity enhanced to 16.22 mg g-1 and after the addition of yeast to 

the MWCNTs adsorption capacity increased to 31.6 mg g-1. The comparison of adsorption 

capacities of various adsorbents with the current developed biosorbents is given in Table 3.7.  

 o o) and entropy 
o) explain the spontaneity of adsorption process. The equilibrium constant K  at different 

temperatures was derived from the ratio of Cr(VI) present on the surface of the biosorbent to that 

-RTlnK).  The changes in 

1/T (Fig. 3.21f). The negative free energy values indicate the spontaneity in the biosorbent- 

sorbate interactions and the negative values of enthalpy and activation energy (Ea 
o

ads+RT) 
o values indicate the 



decrease in the disorderliness of the system with increase in temperature.50 

obtained (-72.2 kJ mol-1) indicate the system observes exothermic physicochemical adsorption. 

The enthalpy-entropy compensation is well illustrated through the corresponding values (Table 

3.8) obtained for the biosorbent.  

                Table 3.5 The kinetic parameters for the adsorption of Cr(VI) onto CNTY 

Kinetic parameters                CNTY 

Co (mg L-1)                    10 

qe (mg g-1)                  1.884 

k2 (g mg-1 min-1)                  0.064 

R2                  0.996 

k1 (min-1)                  0.026 

R1
2                  0.868 

kint (mg g-1 min-0.5)                  0.065 

 



 

Figure 3.21. (a) Pseudo first order kinetics (b) pseudo second order kinetics (c) Intra particular 

diffusion (d) Langmuir (e) Freundlich  (conditions: pH-2.0, adsorbent dosage- 0.1 g/20 mL, 

T=25oC) (f) lnK against 1/T (conditions: pH-2.0, adsorbent dosage- 0.1 g/20 mL,)                                     



                       Table 3.6 Biosorption isotherm parameters for Cr(VI) adsorption 

Langmuir 

qo(mg g-1 ) 

b (mg-1 L) R2 
 
 

2 

 
RL 

 
 
 

31.605 0.072 0.967 1.021 0.578 
Freundlich 

KF(mg1-1/ng-1L1/n) 

n R2 2  

2.172 2.2925 0.854 1.667  

 

                       Table 3.7 Comparison of adsorption capacities of various biosorbents 

Adsorbents                 pH Adsorption 

capacity (mg g-1) 

Cellulose-sodium 
montmorillonite33 

3.8-5.5 22.2 

MWCNTs calcium alginate 
complex immobilized in 
Shewanellaoneidensis54 

6.0-7.0 6.07 

Fe2O3 nanoparticle-
MWCNTs composite51 

2.0 42.02 

Activated carbon supported 
MWCNTs56 

2.0 113.29 

Present studies 

Saccharomyces cerevisiae 

Pristine MWCNTs 

Oxidised MWCNTs 

CNTY 

2.0  

11.2 

11.93 

16.22 

31.6 



                           Table 3.8 Thermodynamic parameters associated with adsorption 

Temperature 

(Kelvin) 
0 (kJ mol-1)  0 (J mol-1K -1) 0 (kJ mol-1) 

Ea(kJmol-1) 

303 -6.29 

   -217.3    -72.2            

 

 

   -69.55 

 

 

313 -4.513 

323 -0.907 

333 -0.2187 

                 

(iv) Effect of Sample volume, Regeneration and Interference studies 

Laboratory scale column studies were done to test the applicability of developed biosorbents for 

their sustainability to higher sample volume. A 1.5 g biosorbent was packed to 2 cm bed height 

in a glass column of 30 cm length with a diameter of 2 cm and was allowed to settle for a 

minimum of 2 hours to avoid air voids before the start of the experiment. A Cr(VI) concentration 

of 5 mg L-1 was prepared and the column was loaded with  50 mL of 5 mg L-1 at 5 mL min-1flow 

rate and the eluate concentration was checked periodically for every 10 mL  using ion 

chromatography. 50 mL of 5 mg L-1 Cr(VI) was completely adsorbed effectively.  Subsequently, 

300 mL of the Cr(VI) solution was loaded continuously and the heavy metal was adsorbed 

completely beyond which there was saturation owing to the non-availability of active adsorption 

sites.70 A sample volume of 350 mL was adsorbed effectively onto the biosorbent as shown in 

Fig.3.22 a. A significant property of the adsorbent is the ability to reuse thereby reducing the 

operational cost in treating pollutants. Varying sodium hydroxide concentrations (0.1-2.0 mol L-

1) were tried (Fig. 3.22 b) of which 1.0 mol L-1 sodium hydroxide was effective in desorbing 

Cr(VI) as sodium chromate.50 It was observed that in CNTY, second, third, fourth, fifth cycles 

completed 100% adsorption- desorption cycles beyond which there was a decrease in the 



adsorption percentage. 70% adsorption was observed in 6th cycle, 45% in 7th cycle as shown in 

Fig. 3.21 c. A 100 mg L-1concentration each of various cations such as Mn+2, Cu+2 Fe+2 , Co+2, 

Ni+2, Pb+2 and anions such as nitrate, chloride, sulfate were added to 5 mg L-1 Cr(VI) solution 

and the adsorption studies were carried out to observe the  influence of these ions in the uptake 

of chromium. It was observed that the adsorption percentage decreased by 2.0±0.5% attributed to 

the interference of anions which compete with hydrochromate ions to occupy the adsorption 

sites, whereas cations such as  Fe(II) and Mn (II)  have the ability to reduce Cr(VI) to Cr(III).33 

 

Figure 3.22. (a) Effect of sample volume of CNTY (conditions: weight of adsorbent- 1.5 g, 

Cr(VI) concentration- 5 mg L-1, flowrate- 5 mL min-1)  (b) Effect of varied NaOH concentrations 

on CNTY (c) Regeneration efficiency of CNTY. 



3.2.4 Conclusions 

The proposed methodology has illustrated the ability of yeast immobilized in oxidized MWCNTs 

as effective adsorbent to sequester chromium in the +6 oxidation state.  The biosorbent followed 

Langmuir isotherm with 31.6 mg g-1 adsorption capacity respectively. The biosorption process 

was exothermic, spontaneous and pseudo second order model was effective in understanding the 

adsorption kinetics. The mechanism involves electrostatic interaction between the heavy metal 

ion and biosorbent surface. Characterization techniques confirmed the interaction of microbe and 

oxidized carbon nano tubes with Cr(VI). A good sample volume of 350 mL synthetic waste 

water sample was treated in lab scale column studies which could tolerate up to 5 cycles of 

adsorption and desorption by regenerating the biosorbents using 1.0 mol L-1sodium hydroxide.  
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Convergence of biotechnology and chemistry offers greener alternatives in environmental 

remediation. Hexavalent chromium is genotoxic and carcinogenic. Methods such as biosorption 

involving the use of microbes, biopolymers and clays are environmentally benign. Fungal 

species can be obtained in considerable amount as by product from industrial fermentation 

processes. These are known to have good potential in removing toxic metals such as cadmium, 

lead, copper etc. from aqueous medium. Aspergillus species finds applications in 

biotechnological processes such as citric acid production, transformations of progesterone, citral 

etc. Aspergillus is also used to synthesize extracellular enzymes such as amylase, lipase and 

pectinase and the FDA has recognised these enzymes to be safe and non-toxic.1 Filamentous 

fungi such as Aspergillus sp are known for their excellent potential to remediate hexavalent 

chromium.2 The functional groups (carboxyl, amino, hydroxyl) present in the cell surface shows 

good binding affinity towards heavy metals through complexation, ion exchange and surface 

precipitation interactions.3  The aim of the present study is to investigate the removal of 

hexavalent chromium from aqueous solution in batch and fixed bed column experiments using 

dead biomass of isolated Aspergillus fungal species immobilized in sodium montmorillonite and 

epichlorohydrin crosslinked cellulose. 

The first part of this chapter deals with the immobilization of the isolated fungus (Aspergillus 

BRVR) in sodium montmorillonite using ultrasonication for the effective removal of hexavalent 

chromium from aqueous medium. The method developed was supported by analytical 

characterization techniques such as FTIR, SEM-EDAX, optical images studies followed by batch 

and column adsorption studies.  

The second part of this chapter deals with the immobilization of Aspergillus BRVR in 

epichlorohydrin crosslinked cellulose for the sequestration of Cr(VI) from aqueous solution. The 

adsorption of Cr(VI) onto the biosorbent was confirmed using characterization techniques such 

as FTIR, SEM-EDAX, XPS. Batch studies were performed and column studies are discussed in 

detail. 

 



4.1. Prospective application of Aspergillus species immobilized in sodium montmorillonite 
to remove toxic hexavalent chromium from wastewater 

4.1.1 Introduction 

Biosorption is regarded as an environmentally benign option to remove metal ions from 

wastewater at varying concentrations.4 Microorganisms such as bacteria, fungi and algae are 

known for their excellent ability to adsorb heavy metals from diverse wastewaters.5,6 The well-

studied bacterial and fungal species for metal adsorption includes Bacillus, Pseudomonas, 

Aspergillus and Rhizopus respectively.7-9 Aspergillus sp are known for their excellent potential to 

sequester hexavalent chromium.2 Pre-treatment of Aspergillus niger with CTAB followed by 

immobilization in a polysulfone matrix10 gives a biosorption capacity of 3.1 mg g-1.  A removal 

efficiency of 29% has been reported using dead mass of the same fungal species.11 

Biocomposites such as cellulose-clay12 and starch-montmorillonite13 effectively adsorb 

chromium in the presence of diverse ionic constituents. Clay-polymer nanocomposites and type 

of clays such as kaolinite, bentonite etc are equally efficient in the treatment of wastewater.14,15 

Acid activated kaolinite gives a Langmuir adsorption capacity of 13.9 mg g-1 for Cr (VI) 

adsorption in acidic pH medium.16 Surfactant modified montmorillonite17 has the ability to 

remove anionic chromium (VI) from water with an adsorption capacity of 18 mg g-1. The ability 

of dithionite reduced clays in the transformation of Cr(VI) to Cr(III) has been correlated with the 

ferrous content present in montmorillonite.18 

Clay minerals are recognized to be good supports and offer a defensive environment for 

microbes by forming a biofilm.19 Hence, the microbe-clay combination can even degrade 

pollutants such as volatile organic compounds. Literature reports on the immobilization of living 

fungi in a clay matrix for Cr(VI) adsorption are scarce.  Considering the advantages of non-living 

microorganisms towards enhancing the adsorption capacity as well as efficiency, we felt it 

worthwhile to investigate the combination of inorganic materials such as clay and a non-living 

fungal species to adsorb hexavalent chromium. This concept provides a good illustration of the 

convergence of chemistry and biotechnology towards the application to remove heavy metals.  In 

this work, we demonstrate the potential of a filamentous fungal strain (isolated as Aspergillus 

BRVR) in sodium montmorillonite for the effective adsorption of Cr(VI) from wastewater.  



Systematic characterization of the biosorbent, batch studies and preliminary column tests has 

been undertaken towards the development of this novel methodology. 

4.1.2. Experimental section 

(i) Production and identification of Aspergillus species 

The fungal species was isolated from bread, characterized and maintained on Sabaroud Dextrose 

Agar and broth20 having dextrose as carbon source and peptone as the respective carbon and 

nitrogen sources. After autoclaving and inoculation, the flasks were incubated at 27 C for 4-5 

days. The morphological identification of Aspergillus culture was done by staining the fungi with 

lactophenol cotton blue21 (Fig. 4.1). Harvesting of the fungi was done through filtration and 

subsequently dried overnight at 70 C and the powdered form was used for the adsorption of 

chromium.  

(ii) Isolation of fungal genomic DNA and cultivation 

Fungal DNA was isolated using the Moller s et al.22 method as reported previously.  The 

cultivated fungal culture was freeze dried overnight at -80oC. 50 mg of dried material was taken 

and 500 µl of Tris- EDTA-sodium dodecyl sulphate (TES) buffer was added and mixed 

thoroughly. 60 µg of Proteinase K was added from the stock solution and incubated for at 60oC 

for 60 min with intermittent mixing. The salt concentration was adjusted using NaCl followed by 

the addition of 1 mL of 10% CTAB and incubated for 15min. Extraction was accomplished using 

chloroform: isoamyl alcohol and precipitated with isopropanol and the DNA pellet was washed 

with ethanol and suspended in Tris-EDTA (TE) for further studies. 

(iii) PCR amplification of 18S rDNA 

The PCR amplification was performed in a 25 µl reaction mixture using 100 ng/ µl genomic 

DNA as a template having 200 ng of forward [nu-ssu- 0817-59 5'(TTAGCATGGAAT 

AATGCAATAGG)] and reverse primers [nu-ssu-1196 5'(TCTGGACCTGGTGAGTTTCC)],  

200 µM dNTP, 1µl of Taq polymerase, 2.5 µl of 10X PCR buffer, containing 1.5 mM of 

MgCl2.
23,24 The PCR programme incorporates an initial denaturation at 95oC for 3 min and 32 

cycles of denaturation at 95oC for 1min, annealing at 60oC for 1 min, extension at 72oC for 3  



min with a final extension at 72oC for 5min.  DNA of 400 bp was observed as a single band 

when resolved on 1% agarose gel (Fig. 4.2). Commercial sequencing of the gel purified samples 

was done at Bioserve Pvt. Ltd, Hyderabad, India using ABI 3730 xls Genetic analyser (Applied 

Biosystems). The sequences were identified through the BLAST search in the Gene Bank 

database (Nucleotide Blast) after the chromatogram verification. 

(iv) Preparation of biosorbent 

The Na+ form of montmorillonite was prepared from montmorillonite as described in the 

literature.25 The powdered fungi was mixed with sodium montmorillonite in 1:1 ratio in aqueous 

medium and sonicated for about 5 min to facilitate the immobilization of Aspergillus in clay 

matrix. The obtained biosorbent was filtered, washed with water and dried at 40 C in a vacuum 

oven and utilized for the adsorption of chromium (VI). 

(v) Batch adsorption procedure 

The preliminary biosorption studies were conducted at 30oC by equilibrating 0.2 g of the fungal-

clay biosorbent with 30 mL of 30 mg L-1 chromium(VI) solution taken in an Erlenmeyer flask at 

pH 2.0-2.5 using an orbital incubator shaker at 120 rpm for varying time intervals. The 

concentration of chromium remaining in the solution phase was estimated using the post column 

derivative ion chromatography technique.26 

 

Figure 4.1. Photographic image of a three day old culture of Aspergillus BRVR on SDA and           

optical image of Aspergillus BRVR under 40X objective. 



4.1.3. Results and discussion 

(i) Molecular identification of the isolated fungal strain 

The microscopic examination of Aspergillus stained with lactophenol cotton blue showed the 

presence of transparent hyphae and conidiophores with a bulging end known as vesicule

produces significant amounts of conidia or spores (Fig. 4.1). The confirmation of the isolated 

fungal strain was acquired through 18S rDNA sequencing. Comparison of 18S rDNA gene 

sequence of the isolated strain with the database (Gen Bank) showed 98% similarity with the 

Aspergillus genera. The phylogenetic tree was constructed by neighbour joining method using 

MEGA version 6.0 software to analyse the evolutionary relationships among the various 

sequences of isolated fungal strain and its nearest neighbours (Fig. 4.3). The data obtained 

confirms that the fungal strain isolated (Aspergillus BRVR) belongs to the Aspergillus genera. 

The fungal strain sequence is assigned the accession number KT699195 upon submission to 

NCBI Gen Bank database. 

 

Figure 4.2 Lane 1 Invitrogen 100 bp DNA ladder (catalogue no. 15628-019),  lane 2 Aspergillus 

BRVR 18S rDNA PCR amplified product 



 

Figure 4.3 Phylogenetic tree based on the 18S r DNA sequences of fungi using MEGA  version 

6.0 



(ii) Characterisation of biosorbent 

The fungi cell wall has diverse functional groups such as amine, hydroxyl , carboxyl and the FT-

IR spectrum (Fig. 4.4) indicates the characteristic bands corresponding to the functional groups 

in Aspergillus as well as montmorillonite.27-29 The band near 3603 cm 1 is attributed to the 

silanol groups (Si OH), while the broader band near 3402 cm 1is ascribed to the merging of N-H 

and O-H stretching vibrations in the fungus as well as the Al O H stretching vibration bands of 

montmorillonite clay. An intense peak at 1016 cm-1can be correlated to the C-O group of 

polysaccharide present in the cell walls of Aspergillus and Si- O-Si stretching vibration band of 

montmorillonite. The other peaks that are typical for montmorillonite were observed at 774 cm-1 

(Si-O stretching of quartz and silica), 663cm-1 (Si-O deformation), respectively.30 The peak at 

1627 cm-1is linked to the amide-I band of the protein-peptide bond of the fungi and also the H-

OH bonding in water. The participation of the hydroxyl groups of the fungi and the clay surface 

as well as the amine groups in Aspergillus are reflected in the spectral shift to 3418 cm-1 after the 

adsorption of hexavalent chromium along with the appearance of a sharp characteristic Cr=O 

bond vibration at 912 cm-1.31 The thermogravimetric analysis (TGA) (Fig. 4.5) gives an insight 

into the thermal stability of the clay-Aspergillus biosorbent and the first step corresponding to the 

temperature range 70oC -100°C relates to water desorption from clay, the second one at 300°C 

corresponds to dehydration of hydrated cation in the interlayer and last step at 450°C is attributed 

to the dehydroxylation of aluminosilicate of montmorillonite.32  

The interaction between the Aspergillus cell surface and the clay matrix depends on 

physicochemical (electrostatic, hydrophobic, hydrogen bonding, Van der Waals) and biological 

phenomena involving production of enzymes, polysaccharides etc.33 The surface area of sodium 

montmorillonite clay (NaMMT) used to immobilize the Aspergillus sp.  was found to be 195.17 

m2g-1 with a pore volume of 0.0841 cm3 and a pore size of 1.72 nm indicating the microporous 

nature34 of the clay.  

After the addition of fungi, the surface area of the biosorbent was found to be 69.1 m2 g-1 with a 

pore size of 6.575 nm indicating the mesoporous nature of biosorbent with a pore volume of 

0.1136 cm3 g-1. The enzymes produced by Aspergillus sp contain functional groups that can 



interact with the surface silanol hydroxyl groups of NaMMT through hydrogen bonding. Hence, 

they can act as effective sites for linkage with the enzymes produced by the fungal species. After 

intercalation of Aspergillus sp, the immobilized enzymes block the pores in the clay matrix 

thereby altering the surface area after immobilization.35 

The morphological features in the fungi immobilized clay matrix show assorted clusters and the 

hyphae (Fig. 4.6). The accompanying energy dispersive X ray spectrum of the Aspergillus 

immobilized clay surface indicated the adsorption of chromium in the range 5-6 keV (Fig. 4.7) 

and also supported well through the optical images. The Aspergillus immobilized clay was 

spread on a glass slide and the images were taken at 10X objective (Fig. 4.8). The addition of 

diphenyl carbazide36 as a complexing agent to the biosorbent containing chromium oxo anion 

showed a characteristic red violet colour indicating the presence of adsorbent Cr (VI) onto the 

fungi immobilized clay surface.  

 

 

Figure. 4.4 FTIR spectrum of sodium montmorillonite and the immobilized fungi before and 

after  Cr(VI) adsorption 



 

                             Figure 4.5 Thermogravimetric analysis of the biosorbent 

 

 

      Figure 4.6 SEM analysis of  (A) sodium montmorillonite (B) and biosorbent after adsorption 

 

 

 



 

 

              Figure 4.7 EDAX of (A) sodium montmorillonite (B) and biosorbent after adsorption  

 

 

 

                    Figure 4.8 Images of Cr(VI) in solution phase and the biosorbent surface 

 

 



(iii) pH effect and interaction of biosorbent with Cr(VI) 

The pH of aqueous phase is quite important in knowing about the existence of chromium as 

HCrO4
-, Cr2O7

2- and CrO4
2- oxy anions. 36 At a concentration of 10 mg L-1 and in the acidic pH 

range 2.0-2.5, more than 94% of Cr(VI) was adsorbed onto the fungi immobilized clay surface 

(Fig . 4.9 A). As a matter of fact, between pH 2.0-2.5 hexavalent chromium is pres

HCrO4
- (hydrochromate) oxy anion since this pH range is also lower than the pKa (~6) of the oxy 

anion.  Representing the equilibrium as 2HCrO4   Cr2O7  + H2O and when the pH is in the 

range 1.0-2.0, the existence of dichromate anion would be more probable. The hydrochromate 

anion is involved in the electrostatic interaction with the protonated functional groups (amine, 

carboxyl and hydroxyl) of Aspergillus as well as the silanol and aluminol groups 

(SiOH2
+

4
- and AlOH2

+
4
-) on the clay surface.12 The conceptual illustration 

depicting the immobilization of Aspergillus in the clay matrix and subsequent interaction with 

hexavalent chromium is shown in Fig. 4.10.  Hence, these interactions involving the clay matrix 

as well as the fungal cell surface collectively helps in influencing the adsorption performance of 

Cr(VI). At higher pH, the surface of the microbe begins to attain a negative charge coupled with 

the deprotonation of the silanol and aluminol groups of clay leading to the repulsion with the 

chromium oxy anion.  This results in the lowering of adsorption with increase in pH. 

The amount of biosorbent was also varied in the range 0.1-0.6 g (Fig. 4.9 B) using 30 mg L-1 

chromium (VI) solution. Hexavalent chromium was adsorbed very effectively with as low as 0.2 

g of the biosorbent in 30 mL aqueous phase. The presence of active surface adsorption sites 

augments the biosorption process with 0.2 g of the biosorbent and beyond this amount saturation 

is attained. 



       

 

Figure 4.9 (a) Effect of pH on adsorption (Conditions: weight of the adsorbent- 0.2 g/ 30 mL, 

Cr(VI) concentration- 30 mg L-1)   (b)  Effect of adsorbent dosage (Conditions: pH-2.0-2.5, 

Cr(VI) concentration- 30 mg L-1) 

 

 

Figure  4.10  Conceptual graphic showing the interaction of Cr(VI) and clay-fungal biosorbent 



(iv) Equilibrium adsorption isotherms and kinetics 

Biosorption is generally classified under a sub category of adsorption wherein the adsorbent is a 

microorganism. Biosorption is primarily a metabolically independent physicochemical process. 

The solution pH, temperature, effect of initial Cr(VI) concentration, speed of agitation  can 

significantly affect the biosorption. In addition to adsorption, complexation, ion exchange and 

precipitation mechanisms are also equally important. The biosorption process involves a rapid, 

reversible equilibrium adsorption process involving the binding of HCrO4
- oxy anion from 

aqueous solution onto the protonated functional groups present in the fungal cell surface. The 

biological part thus plays a vital role in the adsorption. Hence, adsorption equilibrium, kinetics 

and thermodynamics are of equal importance in biosorption processes as well. By choosing an 

appropriate concentration range of the metal ion, it is therefore possible to extend the commonly 

used isotherms (Langmuir, Freundlich, etc) to biosorption in a manner similar to other 

conventional adsorption processes.5,37 The experimental biosorption data were fitted using four 

well established isotherm models namely, Langmuir, Freundlich, Redlich-Peterson (R-P) and 

Dubinin Radukskevich (D-R)38,39 respectively (Table 4.1).The respective isotherm plots are 

shown in Fig. 4.11. Each of these gives adequate information regarding the mode of adsorption. 

The Langmuir isotherm which principally accounts for monolayer adsorption is one of the time 

tested models that is used to relate the equilibrium adsorption capacity (qe) with the equilibrium 

concentration Ce and the Langmuir adsorption capacity (qo) respectively. Freundlich isotherm is 

yet another empirical model that gives a logarithmic relationship between the adsorption 

capacity, adsorption intensity (n) and the constant KF.  

The Langmuir adsorption capacity was found to be 45.72 mg g-1 with a correlation coefficient of 

0.978. Also, the applicability to this model was established through a dimensionless parameter 

RL 
40 given as RL= 1/1+bCo, wherein b indicates the energy of adsorption. The RL value was 

higher than unity for the biosorption process and shows the validity of this particular isotherm in 

correlating the biosorption data quite well. The Freundlich constant KF and n were obtained as 

3.37 mg1-1/ng-1L1/n and 2.14 respectively with a correlation coefficient of 0.99. The value of n in 

the range 1-10 also indicates favourable biosorption and the implication of Freundlich model as 

well. The statistical chi square values for both these isotherm models were also quite low 



indicating their good fit towards describing the biosorption data.  The R-P isotherm model has 

striking similarity with Langmuir equation. The g value (0.89) which is near unity as obtained 

from the three parameter R-P isotherm model also indicates that the biosorption data can be 

explained reasonably well using the Langmuir model. The electrostatic interaction between the 

protonated functional groups in the biosorbent surface and Cr (VI) is reflected through the mean 

free energy of adsorption (-0.524 kJ mol-1) obtained from D-R isotherm model. The D-R 

isotherm predicts that when the mean free energy of adsorption is less than 8 kJ mol-1 the 

adsorption is more likely to be associated as physisorption.   

The kinetics associated with the interaction between Cr(VI) and Aspergillus immobilized 

montmorillonite was studied using the pseudo first and second order kinetic models.41,42  The 

removal of chromium Cr(VI) by the fungi immobilized clay attained its maximum within 60 

min. The data obtained from the kinetic plots (Fig. 4.12) at 30 mg L-1 Cr (VI) concentration 

shows effective correlation to the second order model as shown in Table 4.2 with the 

experimental and calculated qe values as 4.19 and 4.30 mg g-1.  Generally, particle, film diffusion 

and surface adsorption are the processes that affect the transport of Cr(VI) during agitation from 

solution phase to the Aspergillus immobilized clay surface. Intraparticle diffusion influences the 

kinetics at higher concentrations of the metal ion and at lower levels film diffusion governs the 

adsorption kinetics of Cr(VI).36 The Weber-Morris intraparticle diffusion model43 that connects 

qt 4.12) results in a finite intercept indicating the influence of 

boundary layer phenomenon in accounting for the adsorption of Cr(VI) by the fungi-clay 

biosorbent surface. 

 

 



Figure 4.11 (A) Langmuir isotherm (B) Freundlich isotherm (C) D-R isotherm (D) R-P  

isotherm (conditions: pH-2.0, adsorbent dosage- 0.2 g/30 mL, T=25oC) 

 

 

 

 

 



Table 4.1 Biosorption isotherm parameters 

 

                                           

 

 

 

 

 



 

Figure 4.12  (A) Pseudo first order kinetic plot (B) Pseudo second order kinetic plot  (C) Intra 

particle diffusion  (conditions: pH-2.0, adsorbent dosage- 0.2 g/30 mL, T=25oC) 

Table 4.2   Kinetic parameters for chromium (VI) adsorption onto the clay-fungi biosorbent 

Co(mg  L-1)   qe (mg g-1)  k2 (g mg-1 min-1)        R2        k1 (min-1)    R1
2 

kint 

(mg g-1min-

0.5) 

 

               30   4.301           0.115     0.998          0.065     0.897      0.115 



 (v) Biosorption thermodynamics  

The assessment of the spontaneity and the energetics of interaction between the host clay-

biosorbent matrix and the guest (hexavalent chromium) were obtained from the 
o o o) values.  The ratio of the concentrations of Cr 

(VI) present as HCrO4
- at equilibrium on the clay-Aspergillus surface and the aqueous phase 

gives the equilibrium constant (K) at different temperatures.36 The equilibrium constant is 

correlated with the Gib 0 = -

process. The above extensive thermodynamic properties arise due to primary and secondary 

host-guest interactions. Montmorillonite acts as a primary host in immobilizing the fungi (guest) 

and together they act as secondary host in inviting hexavalent chromium as guest. The respective 

thermodynamic properties could be expressed as 

clay-Aspergillus clay-Aspergillus-chromium     (4.1) 

clay-Aspergillus clay-Aspergillus-chromium    (4.2) 

clay-Aspergillus clay-Aspergillus-chromium  (4.3) 

The concentration gradient across the clay-fungi biosorbent surface and the viscosity of the 

medium influences the transport of chromium from the aqueous phase. Accordingly, the free 

energy change in the biosorbent surface is greater than in the solution phase as evident from the 

negative values of free energy obtained at various temperatures. The free energy is also 

associated with the solvation of the host (biosorbent) and guest (HCrO4
-) resulting in the 

lowering of chemical potential. Therefore, the enthalpically favourable exothermic biosorption 

that gives a relatively more negative entropy change signifies decreased randomness at the 

biosorbent-solution interface. The negative values of the average activation energy, Ea = 
o

ads+RT36 also reflects this exothermic interaction (Table 4.3) between hexavalent chromium 

and the fungi immobilized clay matrix. The enthalpy values obtained are quite high to account 

for a total physisorption process and are also relatively low for pure chemisorption.44 Hence, the 



interaction between the functional groups on the clay-fungal adsorbent is conceptualized as a 

physicochemical adsorption phenomenon.  

 

Figure 4.13  Plot of lnK against 1/T (conditions: pH-2.0, adsorbent dosage- 0.2 g/ 30 mL) 

 

Table 4.3  Thermodynamics of biosorption 

 

Temperature 

(Kelvin) 
0 (kJ mol-1) o(J mol-1K -1) o(kJ mol-1) 

 

Ea (kJ mol-1) 

303 -6.663 

    -182.675    -61.867 

 

 

   -61.602 

 

 

313 -4.460 

323 -2.483 

333 -1.211 



 (vi) Column studies 

The applicability of the biosorbent material for Cr(VI) removal was examined in a higher sample 

volume through preliminary laboratory scale column studies. For this purpose, a 1.5 g clay-

fungal biosorbent was packed onto a short glass column of 2 cm diameter upto a bed height of 3 

cm. A 50 mL volume of 5 mg L-1 Cr(VI) solution at pH 2.0 was loaded onto the column at a flow 

rate of 6 mL min-1.  The concentration of chromium (VI) that emerged out of the column was 

checked periodically (for every 10 mL collected in the eluate) with diphenyl carbazide as the 

derivatizing agent using ion chromatography. There was no trace of chromium detectable in the 

solution phase and this shows that the adsorption onto the biosorbent was quantitative for an 

initial concentration (5 mg L-1) of chromium and a sample volume of 50 mL. 

 Effect of sample volume  

In order to check the efficacy of the biosorbent for higher sample volumes, the initial sample 

volume was varied from 50 mL- 350 mL using 5 mg L-1 chromium (VI). The pH was maintained 

at 2.0 and loaded onto the biosorbent (1.5 g) column at a flow rate of 6 mL min-1.  The 

concentration of chromium in the aqueous phase was determined after post column derivatisation 

with diphenyl carbazide as the chelating agent using ion chromatography. We observed the 

adsorption to be quantitative up to 200 mL sample volume (Fig. 4.14 A). Beyond, 200 mL there 

was a progressive decrease in the percentage adsorption of chromium.  Since, clay materials are 

liable to undergo expansion it is probable that beyond 200 mL, the clay-Aspergillus biosorbent 

surface would expand leading to smaller voids in the packed column bed thereby resulting in the 

lowering of adsorption. . 

The number of bed volumes, empty bed residence time (EBRT) and adsorbent exhaustion rate 

(AER) was also obtained for this fixed-bed adsorption process.  

                (4.4) 

                                                               (4.5) 



           (4.6) 

The AER was found to be 7.5 g L-1 and EBRT indicated that the Cr (VI) solution was in contact 

with the biosorbent for approximately 1.6 min corresponding to 21.23 bed volumes. With larger 

amount of the biosorbent in the packed bed, there is more potential to treat still higher sample 

volumes with lower AER and higher EBRT values. 45 

Regeneration of biosorbent 

The reusability of biosorbent is quite important in order to understand the economics of the 

entire adsorption process. Sodium hydroxide was explored as a potential reagent for desorption 

since in alkaline medium, hexavalent chromium forms the yellow tetraoxochromate (CrO4
2-) oxy 

anion. The concentration of NaOH was varied between 0.5-3.0 mol L-1 and we observed the 

elution of chromium as sodium chromate36 from the biosorbent surface with 2.0-3.0 mol L-1 

NaOH to be quite high as shown in Fig. 4.14 B.  The biosorbent surface was washed with water 

and after mild acid conditioning was subjected to further use. The Aspergillus immobilized clay 

adsorbent could be reused without any apparent decrease in the efficiency for 4 adsorption-

desorption cycles. A regeneration efficiency of 86% and 78% were observed in the fifth and 

sixth cycles respectively Fig. 4.14 C. The repetitive alkaline and acid treatment of the biosorbent 

surface resulted in the reduction in the regeneration efficiency beyond four cycles. The eluted 

chromium (VI) containing solution was utilized for the other ongoing biosorption methods that 

are in progress and a part of the eluate was also diluted considerably. This solution was 

converted to the less toxic Cr(III) and collected separately. The process was undertaken so as to 

minimize the disposal of higher concentrations of the hexavalent form.  

The reduction of hexavalent chromium to the trivalent state was also not apparent after 

biosorption on the clay-fungi surface. Although, microbes have the ability to reduce Cr(VI), we 

observed the partial reduction to occur quite gradually after 4-5 days and this was seen in the 

form of a light green coloration (due to Cr(III)) appearing on the clay-Aspergillus biosorbent 

surface. This phenomenon was quite similar as observed earlier with yeast immobilized 

cellulose36 as the adsorbent for chromium (VI). Hence, the Aspergillus immobilized clay 



biosorbent is more likely to adsorb chromium quantitatively in its hexavalent form than the 

instant coupled reduction to the +3 state.  

(vii) Application to a certified wastewater sample 

The effect of some familiar ionic constituents known to be present in the industrial wastewater 

samples were probed independently in a synthetic wastewater containing 20 mg L-1 

concentrations of Fe(II), Cu(II), Ni(II), Cd(II), Pb (II), Mn (II), Zn(II) and chloride, nitrate, 

sulphate and phosphate ions and 10 mg L-1 Cr(VI).  A 9.53 ± 0.02 mg L-1  of Cr(VI) could be 

retained onto the biosorbent surface in the presence of these diverse ions.   

Following this, the methodology was tested in an industrial effluent wastewater sample BCR 715 

which is a certified mixture having low concentration of various ions as mentioned in chapter 2. 

A 5 mL volume of the waste water sample (corresponding to an amount of 5 µg Cr) was 

converted to Cr (VI) by gentle oxidation using sodium hydroxide and hydrogen peroxide46.  The 

solution was then diluted to 100 mL volume and passed through the biosorbent column (1.5 g) at 

pH 2.0. Cr (VI) was completely adsorbed onto the column and this was confirmed by finding the 

concentration of chromium left in the solution phase through ion chromatography. The adsorbed 

Cr (VI) was also eluted effectively using 10 mL of 2.0 mol L-1 sodium hydroxide. 

With 5 µg of chromium in 1.5 g of the biosorbent, the adsorption of chromium was found to be 

quantitative. Chromium was not detectable in the solution phase and this was verified by 

measuring the chromium concentration using ion chromatography in the solution phase after 

loading 100 mL of the sample.  Chromium (VI) adsorbed on the biosorbent was eluted using 10 

mL of 2.0 mol L-1 NaOH solution. The corresponding chromatogram and the concentration of 

chromium eluted are shown in Fig. 4.15. The effective concentration of chromium in the eluate 

was found to be 0.5 mg L-1 corresponding to a retention time of 2.46 min thereby resulting in a 

pre-concentration factor of 10 in the certified waste water sample. The results obtained indicate 

that the biosorbent has good potential to remove chromium from industrial waste water samples.  

Electroplating effluents that discharge hexavalent chromium are quite acidic and the industrial 

effluents are usually in the pH range 2.0-3.0.47,48 In this pH range Cr(VI) exists as hydrochromate 



(HCrO4
-) anion and interacts very well with the protonated biosorbent surface. Hence, the clay-

Aspergillus biosorbent could be well suited to treat such highly acidic actual industrial waste 

waters.  

 

Figure 4.14   (A) Effect of sample volume (conditions: weight of adsorbent- 1.5 g, Cr(VI) 

concentration- 5 mg L-1, pH- 2.0, flowrate- 5 mL min-1) (B) Effect of NaOH concentration (C) 

Regeneration efficiency of the biosorbent   

 



 

Figure 4.15 Ion chromatogram of the certified waste water sample (BCR 715) containing 

chromium. 

(viii) Application to real sample (Chrome plating effluent) 

The chrome plating effluent was collected from a small scale electroplating industry unit whose 

composition is presented in Table 4.4. 

 

 

 

 

 

 

 

 

 



Table 4.4 Composition of the chrome plating effluent 

Analyte Concentration Unit 

Fe   

Cu   

Co   

Ni   

Ba   

Pb   

Cd   

Na   

K   

Ca   

Mg   

Mn   

Zn   

Cr   

Al   

B   

 

The concentration of chromium originally present in the sample (analysed by ICP- AES) was 

found to be 278.6 mg L-1. A known volume of the effluent sample was digested using 10 mL of 

aqua-regia and diluted to bring the concentration level of chromium to 5 mg L-1.  The diluted 

chromium concentration was found to be in the +6 oxidation state as analysed through ion 

chromatography. A 4.0 g weight of the biosorbent was packed in the column and a sample 

volume of 500 mL effluent containing 5 mg L-1 Cr(VI) could be adsorbed quantitatively.   

 

 



(ix) Comparison of adsorption capacity against allied fungal strains and clays 

The isolated Aspergillus BRVR fungal strain as such showed an adsorption capacity of 13.5 mg g-

1 and the Aspergillus immobilized sodium montmorillonite (NaMMT) showed a relatively higher 

adsorption capacity of 45.75 mg g-1. The original clay material (montmorillonite) and sodium 

modified montmorillonite showed adsorption capacities of only 8.14 mg g-1 and 9.16 mg g-1 

respectively. Hence, the synergistic or co-operative effect is manifested through the effective 

microbe-NaMMT interaction with the hexavalent chromium.  

Furthermore, the biosorbent also shows relatively higher adsorption capacity in comparison with 

other allied fungal strains and some clay composites12, 49-53 as well (Table 4). The above results 

quantify the improvement in chromium removal performance. The good adsorption capacity 

shows that this biosorbent has the potential to remove chromium from wastewaters quite 

efficiently. 

Table 4.5 Comparison of maximum adsorption capacity against few fungi and biopolymer- clay 

composites 

Adsorbents Adsorption capacity (mg g-1) pH Temperature 

Agaricus bisporus49 8.0 1.0 20oC 
Rhizopus arrhizus50 23.92 1.3 30oC 
Aspergillus sydoni51 9.07 2.0 25oC 

Lentinus sajor- caju52 22.10 2.0 40oC 
Chitosan  sodium 

montmorillonite Fe3O4 
microspheres53 

58.82 5.0 30 oC 

Cellulose-sodium12 
montmorillonite 

22.20 3.8-5.5 45oC 

(Present studies) 
Aspergillus BRVR 
Montmorillonite 

Na+ Montmorillonite 
Aspergillus BRVR 

immobilized in sodium 
montmorillonite 

 
13.50 
8.14 
9.16 
45.72 

 
2.0 
2.0 
2.0 
2.0 

 
30 oC 
30oC 
30 oC 
30 oC 



4.1.4 Conclusions 

This study has illustrated the combined influence of fungi and sodium montmorillonite for the 

prospective removal of hexavalent chromium. The inorganic support imparts good stability 

thereby giving a high adsorption capacity of 45.72 mg g-1. Second order model is more 

appropriate in describing the adsorption kinetics of chromium (VI). The thermodynamics of 

biosorption process indicates the spontaneous and exothermic interaction. The preliminary 

laboratory scale column tests have indicated the prospects of this biosorbent in the scale up 

operations to a higher sample volume. The detailed fixed bed column modeling aspects which 

we plan to undertake as a further study would certainly enhance the worth of this biosorbent. The 

ability of the biosorbent to treat industrial wastewater and the regeneration using sodium 

hydroxide highlights the convergence of chemistry and biotechnology in formulating sustainable 

solutions to address heavy metal contamination. 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.2. Adsorption of chromium supported with various column modelling studies through the 
synergistic influence of Aspergillus and cellulose 

4.2.1 Introduction 

The present study explores the utility of the Aspergillus immobilized in epichlorohydrin 

crosslinked cellulose biosorbent for chromium removal and a detailed investigation into the 

column modelling studies. Biopolymers such as cellulose and chitosan function as good supports 

for chromium removal as they are easily available at low cost and are also degradable. 12,54  

Aspergillus species is also a potential microbe to remediate heavy metals.2 There are several 

reports on the Cr(VI) removal by various fungi such as  biomass of Penicillium chrysogenum by 

grafting polyethylenimine on its surface.55 The adsorbent shows good efficacy in the adsorption 

of chromium(VI) which  involves adsorption as well as partial reduction of +6 to +3 state and 

were confirmed through XPS studies. Sujoy et al 56 reported the interaction of chromium with 

Aspergillus versicolor using Atomic force microscopy (AFM) and Transmission electron 

microscopies (TEM) and the XPS, FTIR studies revealed that   bound Cr was in the form Cr(III) 

involving adsorption coupled reduction.  Mungasavalli et al 10 reported that the pre-treated 

Aspergillus niger could adsorb chromium effectively with 15.2 mg g-1 Langmuir adsorption 

capacity. Aspergillus sp immobilized in sodium montmorillonite57 is reported to have good 

potential for Cr(VI) removal with an adsorption capacity of 45.67 mg g-1 .  Microwave assisted 

preparation of biosorbent36 such as yeast immobilized in cellulose can efficiently remove Cr(VI) 

with an adsorption capacity of 23.61 mg g-1  .  

The numerous methods available for removal of chromium using batch studies have some 

limitations during scale up operations. There are few reports on the successful pilot scale up 

studies for the removal of Cr(VI) using a biofilm of Arthrobacter viscosus supported on granular 

activated carbon 58 and also by reduction with ferrous sulfate.59  Fixed bed column studies are 

operative in the treatment of larger volumes of the heavy metals contaminated waste water.60 The 

column modelling studies aid in understanding the various characteristics as well as limitations 

in the design of larger columns in industrial treatment operations. The batch experimental studies 

carried out in the present system help in understanding several features about the adsorbent-

adsorbate interaction and the maximum adsorption capacity that would be useful in column 



design along with optimizing the other vital column parameters such as bed height, flow rate etc. 

Subsequently, column modelling studies were investigated at room temperature correlating the 

above factors.  

4.2.2. Experimental Procedure 

(i) Preparation of the biosorbent 

4 g of cellulose was taken in a 100 mL beaker and 25 mL of 2.0 mol L-1 sodium hydroxide, 4 mL 

of epichlorohydrin61 (as cross linker) were added and stirred for 120 min at 55oC. An equal 

amount of the powdered fungal strain (4g) was added and stirred further for 60 min. The 

obtained biosorbent was washed with Millipore water and dried overnight at 40oC in a vacuum 

oven. 

(ii) Batch adsorption studies 

A 0.4 g amount of the Aspergillus-cellulose biosorbent was mixed with 30 mL of Cr(VI) of 

various working solution concentrations derived from simple stock solution at pH 2.0. The 

mixture was incubated in an orbital shaker incubator at a constant stirring rate of 120 rpm at 

30oC to reach equilibration. The biosorption kinetics was evaluated between 5 min to 180 min at 

a working Cr(VI) concentration of 10 mg L-1 whereas the isotherm experiments were done in the 

range from 5 mg L-1 to 450 mg L-1. The thermodynamic studies were carried in the range 303K - 

333K at a working solution concentration of 30 mg L-1 Cr(VI). The residual chromium 

concentration was estimated using the post column derivatization with diphenyl carbazide using 

ion chromatography. The concentrations of chromium were also compared using UV visible 

spectrophotometry 62,63 by complexation with diphenyl carbazide. 

(iii) Column studies 

Fixed bed column experiments were performed in a glass column with a diameter of 3.0 cm, and 

a length of 45 cm packed with the fungi-cellulose biosorbent at room temperature. A known 

amount of the biosorbent was packed to a bed height of 10 cm and 15cm and care was taken to 

avoid air voids by soaking the adsorbent in water for 2 hours prior to the start of the experiment.  

The known chromium working solution concentrations were prepared i.e., 50 mg L-1, 100 mg L-1 



and adjusted to pH 2.0 were allowed to  pass through  the column at flow rates 5 mL min-1 and 

10 mL min-1 

of 15 min and analysed for the chromium concentration. 

4.2.3. Results and discussion 

(i) Biosorbent Characterisation 

The fungal microbial cell wall has amine, carboxyl and hydroxyl functional groups that are 

useful in Cr(VI) uptake and the FTIR spectrum obtained (Fig.4.16) showed prominent changes 

before and after adsorption of Cr(VI).27 The broad band observed at 3299 cm-1 and 3314 cm-1 

before and after adsorption of chromium corresponds to the merged peak of OH and NH 

stretching vibrations and the shift in the peak confirms the involvement of the functional groups 

in the Cr(VI) uptake. The C-H stretching in CH2  of cellulose gives a peak at 2885 cm-1 and the 

peak shift from 1610- 1627 cm-1 before and after adsorption corresponds to the participation of  

amide-I band of protein-peptide linkage of the fungal cell wall. Further, the shift from 1022-1080 

cm-1 indicates the participation of C-O group of polysaccharide in biosorption. 27 The Cr =O 

bond in the finger print region appears as a small distinct peak at 881 cm-1 supporting the Cr(VI) 

biosorption as HCrO4
- onto the biosorbent surface.64 The SEM micrographs depict the 

morphological features of the biosorbent (Fig.4.17) which shows the interspersed rods of 

cellulose and fungal hyphae and further the compositions were evaluated using elemental 

analysis from the energy dispersive X-ray spectrum which gives the chromium peak between 5-6 

keV.  

 



 

Figure 4.16. FTIR spectra of the biosorbent before and after Cr(VI) adsorption 

 

Figure 4.17. (A,B) SEM of biosorbent before and after adsorption. 

(C,D) EDAX analysis of biosorbent before and after adsorption 



X-ray photo electron spectroscopy (XPS) was used to probe the surface and compositions of the 

biosorbent. The survey scan spectra showed the existence of Cr(VI), oxygen along with carbon 

peak at 284.87 eV (Fig 4.18A). The amplified narrow scan spectra of Cr 2p3/2 has a binding 

energy of 576.8 eV (Fig. 4.18B) characteristic of Cr(III) 65 and 587.6 eV which is the peak due to 

Cr (VI). In the present study, during the adsorption of hexavalent chromium there was no abrupt 

reduction of Cr(VI) to Cr(III) and it was only after 3 days a pale green coloration was observed 

on the surface of the biosorbent indicating the probable reduction to Cr(III) and it was also 

supported through the XPS characterization. A similar feature was also noticed in our earlier 

studies 36 when adsorption studies for chromium were carried out using yeast immobilized in 

cellulose matrix. The biosorbent has a BET surface area of 1.95 m2 g-1 with a pore volume of 

0.003 cm3/g and pore size of 6.153 nm indicating the mesoporous nature of the Aspergillus-

cellulose biosorbent.  The initial weight loss observed in thermal analysis of the biosorbent is 

attributed to the evaporation of water and the formation of levoglucosan below 200oC (Fig. 4.19) 

due to the cellulose glycosidic bond cleavage leading to heterolytic depolymerisation.66  

 

Figure 4.18. (A) The XPS survey scan spectra of the biosorbent after Cr(VI) adsorption (B) 

Amplified narrow scan spectra between 568-592 eV  

 



 

Figure 4.19 TGA curve of the biosorbent. 

 (ii) Effect of pH and mechanism of the biosorption 

The percentage removal of chromium increased with the decreasing pH, owing to the effective 

interaction of the functional groups in the biosorbent with the Cr(VI) species57 existing in the 

form of  HCrO4
- and Cr2O7

2-. Cr(VI) at varying pH, exists as tetraoxohydrochromate (HCrO4
-), 

chromate (CrO4 
2-) and  dichromate (Cr2O7

2-) ions. In the acidic pH around 2.0  3.0 the surface 

of the biosorbent which contains various functional groups such as amines, carboxyl and 

hydroxyl groups gets protonated and interacts electrostatically with HCrO4
- ions and hence 

adsorption takes place. This is also evident from the Cr=O peak obtained at 881 cm-1 in FT-IR 

spectrum. At pH 2.0 and at a working Cr(VI) concentration of 5 mg L-1 there was  100% Cr(VI) 

removal efficiency and the percentage adsorption  decreased with increasing pH.  As shown in  

Fig.4.20 A, HCrO4
- exists at the acidic pH (2.0) and at this acidic pH  the functional groups 

present in the fungal cell wall (NH2, OH and COOH) as well as cellulose gets protonated 

resulting in electrostatic interactions 57 (Fig.4.21) . The epichlorohydrin used for the crosslinking 

of cellulose strengthens the biopolymer and the fungus when immobilized in the crosslinked 

cellulose has increased the probability of entering the voids of cellulose layer. At higher pH, 

electrostatic repulsion occurs between the Aspergillus-cellulose biosorbent and HCrO4
- ions 

leading to decrease in Cr(VI) adsorption. Cr(III) was not immediately detectable in the 

adsorbent. This could be due to slow reduction of Cr(VI) to Cr(III) as also evident in the XPS 



spectra. Hence, the adsorption process is also accompanied by reduction after a considerable 

time period. Cr(III) exists as cationic hydroxides Cr(OH)2
+, Cr(OH)2+  in the pH range 6.5-7.5 

and  interacts with the negatively charged biosorbent surface and adsorption of Cr(III) occurs 

accordingly.46 The effect of the biosorbent amount was studied by varying the dosage of 

biosorbent from 0.1 to 0.7g. The maximum adsorption of Cr(VI) was observed at 0.4 g and after 

that the saturation observed is due to reduction of active adsorption sites.  (Fig.4.20 B) 

 

 

         

Figure 4.20.(a) Effect of pH on biosorption (conditions: adsorbent dosage- 0.4 g/30 mL, Cr(VI) 

concentration- 5 mg L-1, T=25oC) (b) Effect of Adsorbent dosage (conditions: adsorbent dosage- 

0.4 g/20 mL, Cr(VI) concentration- 5 mg L-1, T=25oC) 

 

 



 

Figure. 4.21 Schematic representation showing the interaction mechanism of biosorbent with 

hexavalent chromium (Source: Chembio draw Ultra11.0) 

 

(iii) Equilibrium kinetics, isotherms and thermodynamic studies 

Several kinetic models are proposed to conceptualize the mechanism by which metal ions are 

adsorbed onto the surface of the biosorbents. The pseudo first order and second order kinetics 

41,42   were used for the evaluation of the adsorption kinetics. Where qe and qt are amounts of 

Cr(VI) adsorbed at time t and at equilibrium in mg g-1 and k1 and k2 are the rate constants of the 

pseudo first order and second order reactions. For the study, 30 mL of 10 mg L-1 was taken with 

0.4 g of the biosorbent and the kinetic data were acquired by varying the equilibration time from 

5 min to 180 min. The maximum adsorption occurred within 180 min. From the data obtained 

(Fig.4.22A-B) the pseudo second order provides a better fitting model (Table 4.5) than the first 

order with R2 coefficient of 0.9824 and with the experimental and calculated qe values as 0.69 

mg g-1 and 0.7170 mg g-1 respectively. The transport of Cr(VI) from aqueous phase onto the 

surface of Aspergillus-cellulose biosorbent involves particle, film and surface adsorption. 



Intraparticle diffusion is favourable for Cr(VI) at higher concentration and at a lower 

concentration effective interaction between chromium and biosorbent would drive the adsorption 

kinetics.57  The Weber-Morris intra particle diffusion model 43 correlates the qt 4.22C) 

and the plot shows the role of boundary layer mechanism in accounting for the effective Cr(VI) 

uptake.  

The isotherms give further insights into the adsorption process and the commonly applied 

isotherms are Langmuir and Freundlich 68 to which the experimental data were fitted (Table 4.6). 

Out of the two isotherms, Freundlich fitted better with a regression coefficient of 0.9782 

(Fig.4.22D- 2 value 

(0.0955). Also the value of n in the range 1-10 indicates favourable biosorption. Langmuir 

isotherm that assumes a monolayer adsorption process is useful in getting the adsorption capacity 

of the biosorbent which is 23.838 mg g-1 with a R2 value of 0.8368. A dimensionless constant RL 

= 1/1+bCo is used to verify the suitability of Langmuir isotherm.69 The RL value obtained was 

below unity which indicates the biosorption is reversible.  

The Gibbs free energy, entropy and enthalpy changes are useful towards understanding the 

spontaneity and energetics of the biosorption process.  The equilibrium constant K was 

calculated from the ratio of the concentrations of Cr(VI) present in the Aspergillus-cellulose 

biosorbent surface to liquid phase 57 0 = 

-RTlnK) . From the plot between lnK and 1/T (Fig.4.22F), the changes in the enthalpy and 

entropy are obtained and the properties are attributed due to the host- guest interactions wherein 

Aspergillus immobilized cellulose acts as primary host to the hexavalent chromium. 

The transport of HCrO4
- from the solution phase to the Aspergillus-cellulose biosorbent surface 

depends on the concentration gradient across the HCrO4
- and the biosorbent interphase. The 

[Cr(VI)]biosorbent is greater than the [Cr(VI)]solution at equilibrium and this is evident from the 

negativ  Cr(VI) interaction. The chemical potential   

µHCrO4
-
 can also be related to the standard chemical potential and activity of HCrO4

- is 

represented as  

                                              µ HCrO4
- = µo HCrO4

- + RTlna HCrO4 
-
                     (4.7)                        



In dilute solutions activity (a) is directly proportional to the concentration (c), hence 

                                              µ HCrO4
- = µo HCrO4

- + RTln [HCrO4
-]                   (4.8)                             

 

Hence, the free energy of adsorption and the standard free energy can be related as 

                                   ads 
o

ads + RTln[ Cr(VI)surface  Cr(VI)solution]    (4.10)                

ads=0  

                                         o
ads = - RTln [Cr(VI)surface / Cr(VI)solution]          (4.11) 

The enthalpy-entropy compensation is quite significant in understanding the adsorption process 

that occurs between HCrO4
- and the biosorbent surface. 70 

indicates that the biosorption process is spontaneous and exothermic respectively. The negative 

values of activation energy 12 Ea 
o
ads+RT (Table 4.7) confirms the exothermic nature and the 

negative entropy shows decreased randomness at biosorbent  solution interphase. The enthalpy 

values obtained indicate the system follows physico-chemical adsorption.71 The free energy 

change also depends upon the electrostatic, hydrogen bonding and van der Waals interactions 

between t

indicates the good binding of Cr(VI) with Aspergillus-cellulose functional groups. Since, the 

adsorption experiments were carried out at various temperatures it was observed that the system 

follows exothermic adsorption indicating effective adsorbent-adsorbate interaction at room 

temperature. In addition, the Gibbs free energy and entropy changes help in understanding the 

spontaneity of the biosorption process. 

 

 

 

                                         [HCrO4
-] solution [HCrO4

-] asp-cellulose surface                 (4.9)                      



 

Figure. 4.22 (A) Pseudo first order kinetic plot  (B) Pseudo second order kinetic plot (C) Intra 

particle diffusion   (D) Langmuir isotherm (E) Freundlich isotherm (F) Plot of lnK Vs 1/T 

(conditions: pH-2.0, adsorbent dosage- 0.4 g/30 mL) 

 

 



Table 4.6. Kinetic parameters for chromium (VI) adsorption onto the fungi-cellulose biosorbent 
 

 
 

                                  Table 4.7. Biosorption isotherm parameters 

 

 

 

 

Co(mg  L-1) 

 

 

 

qe (mg g-1) 

 

k2 (g mg-1 min-1) 

 

R2 

 

k1 (min-1) 

 

  R1
2 

kint 

(mgg-1min-0.5) 

 

 

       10 

 

 

 

  0.7170 

 

        0.0771 

 

 0.982 

 

  0.0165 

 

0.903 

 

     0.03584 

 

 

Langmuir 

 

qo(mg g-1 ) 

 

      23.838 

 

b(L mg-1 ) 

 

0.0145 

 

 

r2 

 

0.8368 

 
2 

 

2.078 

 

RL 

 

0.0334 

 

 

 

Freundlich 

 

 

 

 

KF(mg1-1/ng-1L1/n) 

 

       1.226 

  

       n 

 

    2.0296 

 

 

 

 

r2 

 

0.9782 

 

 
2 

 

0.0955 

 

 



Table 4.8. Effect of temperature on biosorption 
 

Temperature      

(Kelvin) 
0 (kJ mol-1) o(J mol-1K -1) o(kJ mol-1) 

 

Ea (kJ mol-1) 

303 -4.920 

     -153.0092      -51.404 

 

 

 

 

- 51.139    

 

 

 

313 -3.383 

323 -1.809 

333 -0.4737 

                               

(iv) Preliminary Column studies 

The application of biosorbent material for Cr(VI) removal was also studied through laboratory 

scale column studies. A 2 g amount of the biosorbent was packed to 4 cm bed height in a glass 

column. A 100 mL volume of 5 mg L-1 working solution of Cr(VI) solution at pH 2.0 was loaded 

onto the column at a flow rate of 4 mL min-1.  The concentration of chromium (VI) collected was 

checked periodically (for every 25 mL collected in the eluate) with diphenyl carbazide as the 

complexing agent using UV visible spectrophotometry. Cr(VI) was adsorbed effectively in the 

glass column. 

Varying concentrations of NaOH (Fig. 4.23 A) were studied to desorb the Cr(VI) from the 

column and the biosorbent could effectively adsorb and desorb up to two full cycles. Beyond 

there is a gradual decrease in the regeneration efficiency of the biosorbent (Fig.4.23 B). A 10 mL 

of 1.5 mol L-1 sodium hydroxide could effectively desorb the Cr(VI) as sodium chromate.  

   

                                                                                                                                                (4.12) 



Since the pH of the column increased, it was washed with water and reused for further 

adsorption studies.  

 

Figure. 4.23 (A) Effect of NaOH concentration (B) Regeneration efficiency of the biosorbent. 

(v) Application studies 

A synthetic wastewater containing diverse ions (Cu+2, Pb+2, Hg+2, Fe+2, Co+2, Ni+2, chloride 

nitrate) of varying concentrations were mixed with 5 mg L-1 Cr(VI) and their results are shown in 

(Table 4.9).The adsorption studies were carried out as before and it was observed that the 

removal of Cr(VI) efficiency was greater than 90% with four different compositions and 

synthetic mixtures.  In presence of high Fe2+ (300 mg L-1) and Cl- (100 mg L-1) the reduction of  

Cr(VI) to Cr(III)  by Fe2+ and the competition of stable chloro complexes  12 of the metal ions ( 

HgCl4
2-, CoCl4

2-, NiCl4
2-) for active adsorption sites reduces the removal efficiency of Cr(VI). 

Further the methodology was tested in a certified industrial effluent wastewater sample (BCR 

715) comprising of various elements as mentioned in chapter 2. 5 mL of this sample was pre-

treated with sodium hydroxide and hydrogen peroxide [26] to oxidise all the Cr to Cr(VI) and 

final volume was diluted to 100 mL bringing the concentration to 0.05 mg L-1. The mixture was 

passed through the column containing the biosorbent and Cr(VI) was not detectable in the eluate. 

This shows that chromium as Cr(VI) is retained on the column effectively. 

 



              Table 4.9.  Recovery of Cr(VI) from simulated synthetic mixtures 

Mixture of various ions Adsorption (%) 

Cu+2( 100 mg L-1), Pb+2( 100 mg L-1), 

Hg+2( 100 mg L-1), Fe+2(100 mg L-1), 

Co+2(100 mg L-1), Ni+2 (100 mg L-1), 

Cr+6(5 mg L-1) 

96.8 ± 0.5 

Cl- (100 mg L-1) NO3
- (100 mg L-1), Cr6+ (5 

mg L-1) 

99.8  ±0.1 

Cu+2(50 mg L-1), Pb+2 (150 mg L-1) , 

Hg+2(200 mg L-1) Co+2 (50 mg L-1) 

Ni+2(150 mg L-1), Cr+6 (5 mg L-1), Cl- (100 

mg L-1), NO3
-  (150 mg L-1) 

99 ± 0.6 

Cu+2(50 mg L-1), Fe+2 (300 mg L-1) , 

Hg+2(200 mg L-1) Co+2 (50 mg L-1) 

Ni+2(150 mg L-1), Cr+6 (5 mg L-1), Cl- (100 

mg L-1), NO3
-  (150 mg L-1) 

94.6 ±1.0 

 

(vi) Column modelling studies 

Based on preliminary column experimental studies, various parameters such as effect of bed 

height, flowrate and initial Cr(VI) concentrations in the modeling studies were carried out.   

Effect of bed height, flowrate and initial Cr (VI) concentration 

The effect of bed height was determined through breakthrough curves using 50 mg L-1 Cr (VI) 

concentration and a flow rate of 5 mL min-1. The bed heights chosen were respectively 10 cm 

and 15 cm. From the plot of Ct/Co against time (Fig. 4.24A),  it was observed that break through 

time increased from 195 min  to 240 min with increase in bed height from 10 cm to 15 cm. This 

is attributed to the increase in number of active adsorption sites with increase in bed height.72  

Axial dispersion phenomenon is more important at lower bed heights thereby reducing the 

diffusion of Cr(VI). Packing the biosorbent at this bed height provides more depth in effective 



mass transfer for Cr (VI) to exit the column.73 In evaluating the performance of the biosorption, 

flow rate plays an important role. The effect was studied using different flow rates such as 5 mL 

min-1 and 10 mL min-1 at 10 cm bed height with an input concentration of 50 mg L-1 (Fig.4.24B). 

The break through time decreased from 195 min to 60 min with increase in flow rate. This is due 

to the lesser time of contact available for interaction between Cr(VI) solution and the biosorbent 

thereby decreasing the dynamic uptake of chromium. Low flow rates promote diffusion and 

increases the residence time thereby augmenting the adsorption efficiency.74 The effect of two 

different initial Cr(VI) concentrations (Co) at constant bed height of 10 cm and flow rate of 5 mL 

min-1 are shown in (Fig. 4.24C). There is a decrease in the break through time at higher Cr(VI) 

concentration from 195 min to 75 min due to the fast saturation of the active adsorption sites at 

higher Cr(VI) concentration. 75 

Application of Thomas Model  

Thomas model for column adsorption was applied to the data obtained at different bed heights 10 

cm and 15 cm, at varying flow rates 5 mL min-1 and 10 mL min-1, and Cr(VI) concentrations of 

50 mg L-1 and 100 mg L-1. The linear expression for the Thomas model for adsorption is 

expressed as 76 

     (4.13) 

Where the kTh (mL min-1.mg) is the Thomas model constant, qo (mg g-1) is the maximum 

adsorption capacity, m is mass of adsorbent (g), Q is influent flow rate (mL min-1), C0 is initial 

Cr(VI) concentration (mg L-1), and Ct is effluent Cr(VI) solution concentration (mg L-1). The 

constant kth and qo were calculated from slope and intercept of the plot obtained from the plot of 

ln [(Co/Ct)-1] vs t (min) along with the regression coefficients presented in (Table 4.10)   From 

the plots (Fig. 4.24D-F) it is observed that at a constant bed height, increase in flow rate 

decreased the sorption capacity due to faster exhaustion and lower contact time between Cr(VI) 

and the biosorbent surface. Also it was observed that as the flow rate increases the adsorption 

capacity decreases and the rate constant increases but with the increase in Cr(VI) concentration, 

both the adsorption capacity and the kTh value decreases. The obtained R2 values were low which 

explains this model could not be quite suited to fit the data. 



 

Figure 4.24 Break through curves obtained at (A) different bed heights (B) different flow rates 

(C) different Cr(VI) concentrations. Plots of Thomas model at (D) different bed heights (E) 

different Cr(VI) concentrations  (F) different flow rates . 

 



Table 4.10 Parameters obtained from Thomas model 

 

Application to Yoon Nelson model 

Yoon and Nelson proposed a model based on the postulate that the decrease in the rate of the 

probability of adsorption for the analyte (chromium) is proportional to the probability of its 

sorption and also the breakthrough concentration on the biosorbent. 77 The linearized Yoon and 

Nelson equation can be expressed as  

                                    (4.14) 

where t is the sampling time, kYN is the Yoon-Nelson rate constant, the time required for 50% 

adsorbate breakthrough (min), where kYN and  are determined from the slope and intercept of 

the plot  vs t (Fig. 4.25A-C).  

The Yoon Nelson model was also applied to the column data obtained and various parameters 

were calculated as shown in Table 4.11. The kYN values were found to decrease significantly 

with the increase in bed height and increase with increase in flow rate and influent Cr(VI) 

concentration (Table 4.11

higher flow rate and Cr(VI) concentration due to the early saturation of the column. Also the R2 

values increased with increase in flow rate and initial Cr(VI) concentration but are low indicating 

that this model might also not be very ideal to model the column data.   

Z(cm) Q(mL min-1) 

 

Co (mg L-1) qo (mg g-1 )     kTh x 10-4(mL             

                          min-1 mg-1) 

R2 

10 5 50 6984.11 3.2 0.7306 

10 5 100 6596.69 2.62 0.8512 

10 10 50 6345.59 6.4 0.9146 

15 5 50 6293.34 3.57 0.8895 



Application to Bed Depth Service Time (BDST) model 

The linear relationship between depths, Z and service time t is given by BDST model.  The 

model is based on hypothesis that the Cr(VI) is directly adsorbed onto the Aspergillus-cellulose 

biosorbent where  the intra particle diffusion and external mass transfer are negligible and 

assumes that equilibrium is not attained rapidly.78 This model is applied more in the depiction of 

the initial part of the breakthrough curve. The BDST model equation is given as 

               (4.15) 

where Co is the initial concentration of Cr(VI) (mg L-1), Ct is the concentration of Cr(VI) at 

breakthrough (mg L-1), kAB is the adsorption rate constant (L-1 mg-1 min), No is the adsorption 

capacity (mg L-1), Z is the bed depth of column (cm), Uo is the linear flow velocity of feed to bed 

(cm min-1), t the service time of column under above conditions (min). The equation can be 

written in simpler form as below 

                                                  (4.16) 

Where a represents the slope of the plot  and b is the intercept given as 

                                        (4.17) 

The values kAB and No were calculated (Table 4.12) from the plot obtained between bed height 

(Z) and service time (t) (Fig. 4.25D). At Ct/Co = 0.3, as the flowrate increases there is a decrease 

in No values and increase in rate constant ( kAB)  values indicating the external mass transfer 

dominated the system kinetics in the initial part of biosorption in the column.79 The correlation 

coefficients R2 are higher compared to the Thomas and Yoon Nelson models. 



 

Figure 4.25. Plots of Yoon Nelson model at (A) different bed heights  (B) different Cr(VI) 

concentrations  (C) different flow rates (D) Plot of BDST model  at Ct/Co= 0.3 

                                     Table 4.11. Parameters obtained from Yoon-Nelson model 

Z(cm) Q (mL min-1)   Co (mg L-1)      

kYNx10-2               

(min-1)           

R2 

10  5 50 1.604 167.201 0.7353 

10  5 100 4.7 76.212 0.8383 

10 10 50 3.211 75.86 0.9147 

15  5 50 1.304 237.99 0.8911 

 



Table 4. 12. Parameters obtained from BDST model 

Ct/Co Q(mL min-1) kAB x 10-3 (L 

mg-1 min-1) 

No (mg L-1) R2 

0.3 5 

 

1.9 

 

462.55 0.98483 

0.3 10 3.86 

 

385.72 0.93321 

 

4.2.4 Conclusions 

The fungus immobilized in epichlorohydrin crosslinked cellulose yields a Langmuir adsorption 

capacity of 23.83 mg g-1. An increase in bed height increased the adsorption capacity while an 

increase in flow rate and Cr(VI) concentration reduces the adsorption efficiency. The system 

follows pseudo second order kinetics and thermodynamically spontaneous and exothermic.  

Various column parameters were studied through the breakthrough curves and mathematical 

models such as Thomas, Yoon-Nelson, and BDST were applied to the system, of which BDST 

model was the best fit with a good adsorption capacity. The biosorbent efficiently removes 

Cr(VI) from synthetic waste water sample and certified industrial effluent sample. The 

regeneration of Cr (VI) was done using 1.5 mol L-1 sodium hydroxide and the Aspergillus-

cellulose combination has good ability to treat Cr(VI) contaminated waste water. 
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Leveraging the Potential of Endomycorrhizal Spores and Montmorillonite for Hexavalent 

Chromium Adsorption from Aqueous Phase 

5.1. Introduction 

In this chapter, we have explored the potential of endomycorrizhal fungal spores in conjunction 

with a clay mineral as a novel approach for chromium (VI) adsorption. Microbes provide 

nutrients to the plants which are not easily available from the soil. The synergistic association 

between phycomycetes fungi and plant roots results in the formation of arbuscular mycorrhiza 

and the spores produced by these fungi are mainly located in the rhizosphere soil. 1,2 Arbuscular 

mycorrhizal fungus (AMF) absorbs minerals, phosphates, nitrogen from the soil and supply to 

the plants. AMF is also known to regulate the heavy metal uptake by soya bean (Glycine max) 

depending on the concentration of the heavy metals in the soil. 3 Arbuscular mycorrhizae present 

in sunflower plants increases the tolerance towards higher chromium concentrations.4 Gil-

Cardesa et al. reported5 that Ricinus communis and Conium maculatum used Cr- mycorrhizal 

stabilization mechanism for the removal of Cr from soil near industrial site. Studies on the clay-

microbial combination for heavy metal sequestration are scarce. The current study demonstrates 

the adsorption of heavy metal chromium using the AMF spores isolated from agricultural soil. 

Cr(VI) removal was augmented using the AMF-clay biosorbent wherein the isolated AMF spores 

were immobilized in clay using ultra-sonication. The microbe-clay combination could also 

adsorb several organic pollutants as they persist in similar ecological conditions. 6 The developed 

biosorbent was tested for Cr (VI) removal in batch studies by varying pH, adsorbent dosage, 

kinetics and thermodynamics. 

5.2 Experimental section 

(i) Preparation of the AMF-clay biosorbent 

The AMF spores were isolated according to the procedure reported previously 7 from the soil 

(taken from a local groundnut (Arachis hypogea) cultivation field) and also from the commercial 

formulation (soil) provided by K.N. Biosciences, Hyderabad, India. The soil collected was 

suspended in water and stirred for few minutes to break the lumps. The soil solution was then 

passed through the sieves of 250 µm and 37 µm stacked over one another with 250 µm on the 



top. The finer particles are collected in the 37 µm sieve and water washing was done till the 

aqueous phase emerged colourless through the sieves. The particles from the 37 µm were 

collected in a beaker and centrifuged at 4000 rpm for 20 min and the supernatant was discarded. 

The particulate matter remaining at the bottom was treated with 50% sucrose solution and 

centrifuged once again and the procedure was repeated twice. After centrifugation, the 

supernatant was passed through the sieve and washed with water to remove traces of sucrose. 

Finally the spores collected in the sieve were transferred to a beaker containing water and stored 

at 4oC for short term use. The spores were then identified under the optical microscope. 

The treatment of montmorillonite with sodium chloride enables its conversion to the Na+ form as 

described earlier. 8 Ultra-sonication has been reported to be very effective for bacterial cell 

growth through convection mechanism. 9 Sonication also serves as a quick and energy efficient 

method in the preparation of adsorbents. Essentially, it results in acoustic cavitation by 

increasing the convection thereby accelerating the adsorbent preparation time. Ultra-sonication 

using a simple sonication bath was utilized in our earlier studies to immobilize Aspergillus in 

sodium montmorillonite. 10 Likewise, a table top ultrasonic bath (1.5 L) sonicator of 50W 

operating at an alternating current 230 V power supply was used also for the amalgamation of 

clay and AMF spores. Different combinations (ratios) of the AMF spores and clay were explored 

(0.25:1, 0.5:1, 1:1 ratio of spores-clay) and tested for Cr(VI) adsorption efficiency and a ratio of 

1:1 of spores to clay was found to give an average adsorption efficacy of 78%. Accordingly, a 

1.0 g of sodium montmorillonite was weighed and mixed in 20 mL of distilled water in a 100 mL 

beaker to which 1.0 g of AMF spores were added and subjected to ultra-sonication for 10 min. 

The AMF-clay biosorbent was separated by filtration and the dry biomass was used for further 

experimental studies. 

(ii) Batch adsorption procedure 

The preliminary biosorption experiments were undertaken with 0.2 g amount of the AMF-clay 

biosorbent (spores isolated from soil collected from a local groundnut (Arachis hypogea) 

cultivation field) in 20 mL of 5 mg L-1working Cr(VI) concentration at pH 2.0. Equilibration was 

performed at 120 rpm and 30oC in an incubator shaker for a 3 h duration. The Cr(VI) 



concentration remaining in the solution phase after equilibration was quantitatively analysed 

through  ion chromatography with post column derivatization using diphenyl carbazide as the 

chelating reagent. 11 

5. 3 Results and discussion 

The AMF infected roots were stained with acid fuschin-lactic acid solution according to the 

procedure given in literature.7 The AMF hyphae (Fig.5.1b) and isolated spores were observed 

under optical microscope at 10x and 100x magnification (Fig.5.1c). The microscopic observation 

shows the plant roots colonized by AMF where hyphae and vesicles can be identified. As most 

of the Indian agricultural soils contain Glomus species 12 and also from the basic microscopic 

observation of the AMF spores isolated in the method spores were similar to those species. The 

confocal microscopy images of the spores were captured by treating AMF spores with 

rhodamine B dye and the average size of the spores was found to be 62 µm (Fig.5.1d). 

 



 

Figure 5.1 (a) Rhizosphere (b) Hyphae and vesicles of endomycorrhiza in the plant root cells (c) 

Optical Microscopic images of AMF spores observed under (i) 10x and (ii) 100x objectives (d) 

Confocal images of AMF spores after treating with Rhodamine B. (e) AMF spores immobilized 

in clay. 

(i) Characterisation of the AMF-clay biosorbent 

The AMF spore cell walls have hydroxyl, amino, carboxyl functional groups which co-ordinate 

with the metal ion and various FTIR characteristic shifts in the wavelengths are observed during 

Cr(VI) adsorption. 13 The individual spectra (AMF spores, sodium montmorillonite, AMF-clay 

biosorbent before and after Cr(VI) adsorption) were recorded. The peak at 3438 cm-1 in AMF 

spores is due to N-H and O-H stretching and absorption at 1639 cm-1 is due to amide I band of 

protein peptide bond and 1061 cm-1 indicates the involvement of C=O of polysaccharide. 



The smaller band at 3625 cm 1 is the characteristic band for clays which is ascribed to the Si OH 

functional groups. The broader band at 3439 cm 1 is due to the amalgamation of amine and 

hydroxyl vibrational frequencies of the AMF spores and also due to Al O H stretching in 

montmorillonite clay. A strong broad peak of C-O at 1045 cm-1 can be related to the cellulose in 

spore cell wall and also attributed to Si- O-Si stretching band of clay. The peak at 1639 cm-1 

indicates amide-I band 13 of the fungal spores. A small shouldering peak at 912 cm-1attributed to 

the merging of Cr=O 14 vibration in HCrO4
- and Al-Al-OH deformation in clay minerals 15,16 was 

observed after adsorption as shown in Fig 5.2a. The optical (bright field images) and electron 

micrograph images (scanning electron microscopy images) of the VAM spores on clay particles 

were captured (Fig 5.2 b,c). In order to prove that spores are not leached into the solution 

evaporation of the aqueous phase after Cr(VI) adsorption was performed. In this experiment, the 

filtrate containing residual Cr (VI) solution was taken in a petri plate and dried at 70oC, washed 

into a 37 µ sieve and the washings were collected in a beaker. The washings were observed 

under bright field imaging in confocal microscope to check the presence of spores. There were 

no indication of spores in the confocal images (Fig 5.2d,e) which shows that there is no apparent 

leaching of spores into the aqueous phase after adsorption. The elemental analysis was 

investigated through X-ray fluorescence studies (XRF) of AMF-clay biosorbent after Cr(VI) 

adsorption. Si, Al, K, Na, Mg were detected as the elements present in sodium montmorillonite 

along with Cr thereby confirming the metal adsorption between 5-6 keV (Fig 5.2f). 

 

 

 

 

 



 

Figure 5.2 (A) FTIR of AMF clay biosorbent before and after Cr(VI) adsorption. (B) Bright 

field images of the AMF-clay biosorbent (C) SEM images of the AMF-clay biosorbent (D) 

Cr(VI) filtrate before and after evaporation (E) Bright field images after the evaporation of the 

aqueous phase (F) XRF of the biosorbent after Cr(VI) adsorption 



The biosorption mechanisms are often associated with adsorption coupled reduction and hence 

the possibility of Cr(VI) reduction was investigated using XPS (X-ray photo electron 

spectroscopy) which provides the surface characterization. Elements such as C, O, N, Cr were 

evident in the survey scan spectra obtained (Fig 5.3a) and the short scan of the C1s showed a 

peak at 283.6eV (Fig 5.3b). The Cr 2p3/2 binding energy of 582.0 eV corresponds to Cr in the 

+6 oxidation state, indicating there is no perceptible reduction of Cr(III) on the AMF-clay 

biosorbent surface. 17 Hence, after biosorption there was no immediate reduction of Cr(VI) on 

the biosorbent surface. 

 

Figure 5.3. XPS spectra of the biosorbent after Cr(VI) adsorption (a) Survey scan spectra (b) 

High resolution spectra of C1s. 

(ii) Plausible mechanism for biosorption 

The hydrochromate ion (HCrO4
-) exists in the pH range 2-4 in equilibrium with dichromate anion 

(2HCrO4   Cr2O7  + H2O) but Cr2O7
2- ion is more prominent at pH less than 2 at higher 

Cr(VI) concentrations 18 while CrO4
2- is more prominent at higher alkaline pH. 19 At 5 mg L-1 of 

hexavalent chromium concentration at pH 2.0, 78% Cr(VI) was biosorbed on to the surface of 

AMF-clay biosorbent (Fig 5.4a).  

 



 

Figure 5.4. (a) pH effect on biosorption (Conditions: weight of the adsorbent- 0.2 g, Cr(VI) 

concentration- 5 mg L-1)   (b) Variation of biosorbent dosage (Conditions: pH-2.0, Cr(VI) 

concentration- 5 mg L-1) 

 

Figure 5.5. Schematic representation of AMF immobilized in clay and the interactions between 
the AMF-clay biosorbent and Cr(VI). 



The biosorbent surface containing hydroxyl, amine, carboxyl groups and the SiOH (silanol) and 

AlOH (aluminol) groups in clay are protonated (Fig 5.5) resulting in an electrostatic interaction 

with hydrogen chromate anions. 14,20With increase in pH, there is deprotonation of the functional 

groups present on AMF-clay biosorbent surface and hence decrease in adsorption was observed. 

With 5 mg L-1Cr(VI) solution containing 0.2 g of the biosorbent, an adsorption efficiency of 78% 

was attained. Beyond 0.2 g, there was no enhancement in the adsorption of Cr(VI), indicating the 

saturation of the binding sites (Fig 5.4b). Cornejo et al 21 studied the compartmentalization 

mechanism of copper in AMF spores which involved accumulation of metal in the spores. 

Spores were treated with copper sulfate over a wide time period ranging from 24 hours to 14 

days after which the blue green spores were observed indicating the accumulation of copper. In 

the present study, the spores were immobilized in clay matrix and treated with Cr(VI) for a 

relatively short time period (180 min) wherein there is effective adsorption. Beyond 180 min, 

there was a saturation in the percentage of metal uptake. Therefore, biosorption is more probable 

in this host-guest interaction rather than compartmentalization of the metal inside the spores. 

(iii) Equilibrium adsorption isotherms, kinetics and thermodynamic studies 

The biosorbent-adsorbate equilibrium was analysed using established isotherms.22,23 The 

linearized Langmuir and Freundlich isotherm plots (Fig 5.6a,b) and the corresponding isotherm 

parameters are shown in Table 5.1. Among the two models, Langmuir isotherm with a 0.987 (R2 
2 value (0.00982) was quite appropriate in describing the adsorption process. A 

dimensionless parameter RL given as RL= 1/1+bCo, 
24 where the value is below unity verifies the 

suitability and reversibility of adsorption. Further, the value of n in the Freundlich isotherm lies 

in the range 1-10 which indicates the favourability of the adsorption. The system gave Langmuir 

adsorption capacity of 11.185 mg g-1 with a high correlation coefficient. The Langmuir 

adsorption capacity of AMF spores as such was found to be 4.5 mg g-1. The comparison of 

maximum Langmuir adsorption capacities studied independently with various adsorbents 25-29 is 

shown in Table 5.2. 

 

 



Table 5.1 Isotherm parameters involved in the biosorption of Cr (VI) on AMF-clay 

biosorbent surface 

 

 

 

 

 

 

 

Langmuir 

 

q max (mg g-1 ) 

 

11.185 

 

b(L mg-1 ) 

 

0.0265 

 

 

R2 

 

 

0.9879 
 

 

2 

 

0.0098 

 

RL 

 

0.8833 

 

 

 

Freundlich 

 

 

 

KF(mg1-1/ng-1L1/n) 

0.6279 

 

 n 

 

1.7636 
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 0.9803 

 

 

2 

 

0.0269 

 

 



Table 5.2 Comparison of Langmuir adsorption capacities against few related adsorbent materials 

for Cr(VI) removal 

 

 

 

      Adsorbents 

 

 

Optimum  pH 

 

 Adsorption 

 capacity (mg g-1) 

Cellulose-sodium 

montmorillonite14  

3.8-5.5 22.2 

Aspergillus BRVR-sodium 

montmorillonite 10 

2.0 45.72 

Lentinus sajorcaju 25 2.0 22.10 

Agaricus bisporus 26 1.0 8.0 

  Montmorillonite supported    

nanoparticles27  

2.0-2.5 15.3 

Bacterial cellulose 28 1.5 5.13 

 29 4.0 5.78 

(Present studies) 

AMF spores 

AMF spores immobilized in 

sodium montmorillonite 

 

2.0 

2.0 

 

 

 

4.5 

11.185 

 

 

 



The kinetic studies were performed at a Cr (VI) concentration of 10 mg L-1. Cr(VI) was adsorbed 

to the extent of 45% within five minutes and the percentage adsorption continued to increase 

steadily and attained a maximum of 73% at 180 min. The pseudo first order 30 and second order 

equations 31 were utilized to evaluate the adsorption kinetics. 

The obtained data from the kinetic plots (Fig 5.6c,d) at 10 mg L-1 concentration of Cr(VI) is 

tabulated in Table 5.3 and the adsorption follows second order kinetics with experimental and 

calculated qe values as 0.77 mg g-1and 0.74 mg g-1.  The processes such as particle, film diffusion 

and surface adsorption play major part in the Cr(VI) uptake from the solution onto the AMF 

immobilized clay surface. The biosorption kinetics is determined by the intraparticle diffusion at 

higher Cr(VI) concentrations and the effective interactions through pore diffusion play major 

role at a lower concentrations. 20 The relation between qt 5.6e) is given by the Weber-

Morris intra particle diffusion model 22 and the obtained plot with a non-zero intercept elucidates 

the impact of the boundary layer mechanism towards Cr(VI) uptake.  

Table 5.3 Kinetic parameters influencing the biosorption process 

 

 estimated to evaluate the 

feasibility and nature of the adsorption process. The free energy change involving the 

concentration gradient across the biosorbent-solution interphase is given as 

 

Co(mg  L-1) 

 

 

 

qe (mg g-1) 

 

k2 (g mg-1 min-1) 

 

R2 

 

k1 (min-1) 

 

  R1
2 

kint 

(mg g-1min-

0.5) 

 

 

       10 

 

 

 

0.7735 

 

        0.0763 

 

 0.984 

 

  0.0212 

 

0.8918 

 

     0.0379 



    (5.1) 

                                 (5.2) 

 

 At equilibrium, 

                                                          r
0 = -RTlnK                                     (5.3) 

The transfer of hexavalent chromium from the aqueous medium onto the AMF immobilized clay 

surface could be visualized as a host-guest interaction. The biosorbent acts as a host to the 

connects lnK and 1/T is shown in Fig 5.6f and the significant thermodynamic parameters are 

tabulated in Table 5.

negative values of enthalpy and also the activation energy 10 (Ea 
o

ads+RT) indicates a 

physico-chemical exothermic adsorption. 32 The enthalpically favourable process is driven by the 
0) while the negative entropy indicates the decrease in 

randomness at the AMF-clay adsorbent surface. 

 

 

 



 

Figure 5.6. (a) Langmuir isotherm (b) Freundlich isotherm (c) plot depicting pseudo first 

order kinetics (d) Plot depicting pseudo second order kinetics (e) Weber-Morris plot 

showing the variation of qt against t1/2  (f inst 1/T 

(conditions: pH-2.0, adsorbent dosage- 0.1 g/20 mL) 



 

           Table 5.4 Thermodynamic parameters associated with the biosorption of Cr (VI) 

Temperature      

(Kelvin) 
0 (kJ mol-1) o (J mol-1K -1) o (kJ mol-1) 

 

Ea (kJ mol-1) 

303 -2.504 

-79.215 -26.530 

 

 

 

- 23.88 

 

 

 

313 -1.725 

323 -0.893 

333 -0.110 

 

(iv) Regeneration of the AMF-clay biosorbent and application studies 

Biosorbents should possess the ability to be used for repeated adsorption-desorption cycles 

which is reflected in the regeneration of the biosorbent surface.  Also the desorbing agents 

should be mild enough so as to protect the biosorbent surface from deterioration during 

regeneration. In this regard, NaOH (1.5 mol L-1, 3 mL) was used to desorb 5 mg L-1 Cr(VI)  

thereby eluting Cr as  sodium chromate from the AMF-clay biosorbent surface. 

A simulated waste water mixture prepared with various ionic components such as Ni+2, Cu+2 

Hg+2,  Pb+2,  Fe+2, Co+2,  chloride , nitrate, sulphate each at a concentration 100 mg L-1 was 

added to 5mg L-1 Cr(VI) solution. There was a reduction in Cr(VI) adsorption from 78% to 70% 

in the presence of these ionic constituents. This could be attributed to the fact that Fe (II) has the 

ability to reduce Cr (VI) to Cr (III). Sulfate, chloride and nitrate would also compete with the 

tetraoxohydrochromate anion for the active AMF-clay biosorbent sites and furthermore the 

adsorption is also affected by the formation of stable tetrachloro complexes of other metal ions 

that lessens the active biosorption sites for Cr(VI) adsorption. 14,20 



5.4. Conclusions 

The developed AMF-clay biosorbent has the potential to adsorb Cr(VI) at pH 2.0-3.0 up to an 

extent of 78% at 5 mg L-1 concentration. Langmuir adsorption capacity obtained was 11.185 mg 

g-1 and the system kinetics followed pseudo second order by attaining equilibrium in 180 min. 

The immobilization of AMF spores in sodium montmorillonite enhanced the Langmuir 

adsorption capacity from 4.5 mg g-1 to 11.185 mg g-1. The exergonic system thermodynamics 

yields a negative entropy (-79.215 J mol-1 K-1) and enthalpy (-26.530 kJ mol-1). The regeneration 

of the biosorbent using NaOH was facile and this AMF-clay combination would prove to be 

quite beneficial to adsorb hexavalent chromium from diverse matrices. However, compared to 

the vegetative cells of yeast or Aspergillus wherein there is more surface area, the AMF spores 

possess comparatively lesser adsorption capacity.  The AMF-clay combination would certainly 

open the doors towards exploring other supports involving cellulose, silica or alumina as a 

practical approach for heavy metal remediation.  
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6.1. Potential Application of Rhizobium species Immobilized in Multi Walled Carbon 

nanotubes to Adsorb Hexavalent Chromium 

The convergence of biotechnology and nanoscience offers a sustainable alternative in treating 

contaminated waters. Hexavalent chromium, being carcinogenic deserves effective and 

sustainable methods for sequestration. In the current study, a nitrogen fixing bacteria 

(Rhizobium) immobilized in multiwalled carbon nanotubes and sodium montmorillonite for the 

effective sequestration of hexavalent chromium is demonstrated.  A prokaryotic nitrogen fixing 

bacteria Rhizobium is a symbiotic, rod shaped, gram negative bacteria which is a potential 

biofertilizer for plants. It also helps in biological nitrogen fixation thereby influencing the 

agricultural productivity and is used in controlling root rot infections caused by fungi.1,2 The 

legumes inoculated with Rhizobium inoculants is a common agriculture practice, which is a cost 

effective process to provide nutrients to the bacteria. Sludge generated from the agro based 

industries is rich in carbon and nitrogen sources which help in the growth of Rhizobium thereby 

offering a green alternative to treat waste water as well as reducing the cost of inoculant 

preparation.3 

The first part of this chapter deals with the immobilization of Rhizobium sp in multiwalled 

carbon nanotubes for the effective removal of hexavalent chromium. 

The second part of this chapter deals with the immobilization of Rhizobium sp in sodium 

montmorillonite for the effective sequestration of Cr(VI). 

 

 

 

 

 

 



6.1.1 Introduction 

Greener alternatives such as biosorbents which involve the use of microbes and biopolymers are 

more environmentally benign in nature. The direct use of microbes in its native form for metal 

removal has several disadvantages such as poor mechanical strength, difficulty in microbe 

separation from the solution and there is always a possibility of loss of microbial mass after 

regeneration studies. To combat the disadvantages, microbes are immobilized in suitable 

matrices which help to improve of cell strength, rigidity, porosity and metal removal ability.4 

The current developed method deals with the immobilization of nitrogen fixing bacteria in 

MWCNTs for the effective Cr(VI) removal.  

Several MWCNTs adsorbents were developed for the treatment of aqueous solutions 

contaminated with Cr(VI).  Lu et al.5 developed magnetic Fe2O3 nanoparticle-MWCNTs 

composite and was checked for the efficient removal of Cr(VI) at different temperatures with a 

qmax of 42.02 mg g-1 at 35oC. Fe-Ag/f-MWCNT/PES Nanostructured-Hybrid Membranes 

developed by Machine et al. could remove 94.8% of Cr(VI) from aqueous solution.6 Chitosan 

was immobilized in nanoparticles and carbon nanotubes by forming a nanocomposite which 

could efficiently remove Cr(VI) up to 84% within a short contact time.7 Reports involving 

microbe-MWCNTs combination for the sequestration of heavy metals are scarce. Yan et al.8 

reported MWCNTs calcium alginate complex immobilized in Shewanella oneidensis which 

showed higher reduction capacity of Cr(VI). Pseudomonas aeruginosa was immobilized in 

CNTs for effective adsorption of various heavy metals with qmax 6.60 mg g-1 for cobalt, 6.18 mg 

g-1 for cadmium, 6.07 mg g-1 for lead, 5.83 mg g-1 for manganese, 6.23 mg g-1 for chromium (III) 

and 5.25 mg g-1 for Ni.9 Following a thorough literature review, there are no reports on the 

combination of Rhizobium -MWCNTs for sequestration of Cr(VI) . The pristine MWCNTs were 

oxidized and then were involved in coupling reaction with the amines present on the cell wall of 

microbes to form amide which react with hydrochromate ion and thus sequesters Cr(VI) from 

aqueous solutions.  

 



6.1.2 Experimental section 

(i) Isolation and identification of microbial species 

Rhizobium species was isolated from soil that was collected from nearby legume crop fields and 

followed a simple isolation procedure using standard pour plate technique on a YMA medium 

containing yeast extract, mannitol, NaCl, MgSO4, K2HPO4, Congo red and agar. The inoculated 

plates were incubated at 37oC for 48 hours. Based on the morphological characteristics of the 

colonies, four isolates of the bacteria were selected (BI 1, BI 3, BI 4, BI 6). Further the isolates 

were subjected to morphological tests such as gram staining and motility tests, biochemical tests 

popularly known as IMVIC tests and molecular characterizations for the bacterial confirmation.10 

(ii) Genomic DNA isolation and 16S rDNA PCR amplification 

The bacterial genomic DNA was isolated according to a standard DNA isolation protocol.11,12 

The strains isolated were grown in 5 mL YMA medium at 37oC overnight and mid log phase of 

the culture obtained was harvested as a pellet by centrifugation. The pellet obtained was re-

suspended in 500 µL of TEG buffer (Tris-50mM EDTA-50mM Glucose -20%) for the cell lysis. 

Further it was treated with lysozyme and RNAase at 37oC for 40 min followed by action of 10 % 

SDS solution at 37 oC for 60 min. Isolation was accomplished by adding equivalent quantities of 

Phenol, Chloroform and Isoamyl alcohol followed by precipitating with 90% isopropanol (ice 

cold). The white DNA precipitate which was obtained was washed with 70% ethyl alcohol and 

suspended in 30 µL TE (Tris-EDTA) buffer for further analysis.  

The amplification of 16S rDNA was performed using Polymerase chain reaction (PCR). The 

PCR reaction was setup using 25 µL reaction mixture containing 200 µM dNTP, 1µL of Taq 

polymerase, 10X PCR buffer (2.5µL) with MgCl2 (1.5 mM), 100 ng/ µl genomic DNA, with 200 

-AGAGTTTGATCMTGGCTCG- -   

GGTTACCTTGTTACACTT- .13 The PCR program was operated starting with initial 

denaturation at 94oC for 4 min, followed by denaturation for 1min at 94oC for 32 cycles, 

annealing at 58.5oC for 50 min, extended for 2 min at 72oC followed by a final extension at 72oC 

for 10 min14 and the obtained product was resolved using electrophoresis. The purified amplicons 



were commercially sequenced. The sequences obtained were used to carry out a NCBI blast 

search analysis to confirm the identity of bacteria as Rhizobium BVR.  

(iii) Preparation of the Rhizobium  MWCNTs biosorbent 

The isolated Rhizobium species was grown in yeast- mannitol broth medium and spun down to 

make a pellet. Pristine MWCNTs were oxidized using KMnO4 as reported previously.15
 A 200 

mL of 0.5 mol L-1 H2SO4, was mixed with 0.25 g of KMnO4 as an initial step for oxidation. In 

another beaker, 0.1g of MWCNTs, 200 mL of 0.5 mol L-1 H2SO4 was added and subjected to 

ultra-sonication for 30 min to ensure proper dispersion. After sonication the solution containing 

MWCNTs was heated up to 150 oC prior to the addition of KMnO4 solution dropwise. The 

mixed solution was refluxed for 5 hours at 150 oC and cooled down to room temperature 

proceeded by the addition of 10 mL of concentrated HCl to dissolve MnO2. The oxidized 

MWCNTs were washed till the pH reached between 6.0-7.0 and then dried at 100 oC.  

The dried MWCNTs were further used in the preparation of biosorbent along with microbes (free 

amine sources) by involving in EDC-HOBT coupling. To 0.1g of oxidized MWCNTs, 0.1g each 

of EDC, HOBT were added. The solvent used was DMF (dimethyl formamide) and 3 mL of 

triethylamine was added to the above mixture and stirred for 20 minutes. 3.0 g of Rhizobium 

BVR was added to the solution and the mixture was stirred overnight for the coupling reaction to 

take place.16 The coupling mixture was filtered, washed with water and dried at 80oC for 4 hours 

before proceeding for metal adsorption studies.  

(iv) Synthesis of probes for Cr(VI) and Cr(III) 

Cr(VI) and Cr(III) have specific binding probes to differentiate them. Rhodamine based sensors 

are selected due to its spiro lactam structure and spiro ring opening of sensing a molecule. 

Rhodamine B hydrazide (RBH)17 and Rhodamine based chemo sensor (RF)18 were synthesized 

as described in literature which are specific for Cr(VI) and Cr(III) respectively and the samples 

were prepared for capturing the laser confocal images. 

 



(v) Batch adsorption studies 

The batch adsorption studies were performed by optimizing various parameters such as pH, 

adsorbent dosage, kinetics, thermodynamics. A 0.1g of the biosorbent was used to treat 20 mL of 

5 mg L-1 Cr(VI) solution at pH 2.0. The equilibration was attained in 180 min by using an orbital 

incubator shaker operating at 120 rpm maintained at 30oC. The concentration of Cr(VI) was  

estimated using ion chromatography coupled with a UV detector.  

6.1.3 Results and Discussion 

(i) Molecular identification of the isolated microbial strains 

The morphological study of the gram stained bacteria (BI 1,3,4,6) showed the presence of rod 

shaped (BI 4,6) and cocco bacilli (BI 1,3) gram negative bacteria (Fig. 6.1a.). The isolated 

bacteria formed circular, translucent, white mucoid colonies on YMA Congo red medium which 

is a positive test for Rhizobium.  Further biochemical tests were performed and the results of four 

isolates were tabulated in Table 6.1. 16S rDNA sequencing was performed to confirm the genus 

of the bacterial isolates with 1500 bp amplicon obtained after PCR (Fig. 6.1b,c). Among the 

sequences obtained, the database available in NCBI gene bank BI 6 strain showed 99% similarity 

to Rhizobium species (Fig. 6.2a) and thus bacterial isolate was named as Rhizobium BVR which 

was used for further study. The sequence was assigned an accession number MF136764 when 

submitted to NCBI Genbank. The MALDI TOF spectrum also confirmed the isolated strain to be 

Rhizobium (Fig. 6.2b). The evolutionary relationships as seen in the phylogenetic tree (Fig. 6.3) 

generated using MEGA 6.0 version showed the Rhizobium BVR is distantly related to other 

Rhizobium species.  

 

 

 

 



 

 

Figure 6.1.(a) Gram stain image of Rhizobium BVR (b) Gel picture of amplified products of 16S 

rDNA (1.5kb) of the bacterial isolates;  lane 1- 100bp DNA ladder Invitrogen (cat no: 

15628050)]; 3 -  bacterial isolate BI 1, ; 4-  bacterial isolate BI 3; 6 -  bacterial isolate BI 4; 7- 

bacterial isolate BI 6. (c) Gel elution image of BI 6 [1 kb DNA ladder , Thermo scientific (cat 

no: SM1331)] 

 



 

 

Figure 6.2  (a) Blast search for BI 6 sequence confirming Rhizobium species (b) MALDI TOF of 

Rhizobium BVR. 

 



 

 

Figure 6.3 Phylogenetic tree of the  Rhizobium BVR created using MEGA (version 6.0) 

 

          

         



Table 6.1 Morphological and biochemical characteristics of the bacterial isolates 

Strain  Shape  Motility Gram 
test 

Indole Methyl 
red 

Voges-
Prokasver 

Citrate Starch 

           

BI1  Cocco 
bacillus 

 

 

Motile Gram 
negative 

    +      -     -    -    + 

BI3  Cocco 
bacillus 

 

 

Motile Gram 
negative 

    +      -     -    -    + 

BI4  Rods  Motile Gram 
negative 

    -      -     -    +    - 

BI6  Rods  Motile Gram 
negative 

    -      -     -    +    - 

           

(ii) Characterization of the biosorbent 

The FTIR spectra of pristine and oxidized CNTs, multiwalled carbon nanotubes-Rhizobium 

(CNTR) before and after Cr(VI) adsorption were recorded (Fig. 6.4).  The pristine MWCNTs 

was oxidized using KMnO4 and H2SO4. The peak at 1732 cm-1corresponds to C=O of carboxylic 

acid confirming the introduction of COOH groups on the surface of MWCNTs. The carboxyl 

groups fluctuations leads to comparatively broader O-H stretch at 3410 cm-1 than in  pristine 

CNTs. Symmetric and asymmetric COO- stretchings19  gives rise to two peaks at 1387 cm-1 and 

1625 cm-1. The successful immobilization of microbe in MWCNTs is assisted by EDC-HOBT 

coupling by forming amide bond at  1648 cm-1 and also this peak is due to amide-1 of protein-

peptide bond from the microbes.20 The disappearance of carboxyl C=O peak after the amide 

formation indicates the involvement of carboxyl groups present on the surface of MWCNTs in 

amide formation. The band at 1541cm-1 corresponds to amide-II of in plane N-H bending.21 After 

Cr(VI) adsorption the changes in the amide bond, O-H and  C=O wavenumbers  indicate they 



were involved in Cr(VI) uptake by protonating in acidic medium thereby forming electrostatic 

interactions with Cr(VI) . The field emission scanning electron microscope (FESEM) and high 

resolution scanning electron microscopy (HRTEM) images of pristine, oxidized MWCNT and 

the biosorbent before and after Cr(VI) adsorption were recorded. The tiny lumps in FESEM 

images (Fig. 6.5c,d) and the particulates on MWCNTs in HRTEM images (Fig 6.6c) indicate 

microbial immobilizations. The oxidation process caused minimal irregularities in the wall 

surfaces of MWCNTs19 as indicated in Fig. 6.6 . The elemental analysis of the biosorbent before 

and after adsorption of Cr(VI) was recorded using Energy Dispersive X-ray Spectroscopy 

indicating Cr(VI) adsorption onto the biosorbent with characteristic peak between 5-6 keV (Fig 

6.5 e,f).  

 

Figure 6.4. FTIR spectra of pristine, oxidized MWCNTs, biosorbent before and after Cr(VI) 

adsorption. 



 

Figure 6.5. FESEM images of (a) pristine MWCNTs (b) oxidized MWCNTs                                                   

(c,d) Biosorbent before and after Cr(VI) adsorption respectively.  EDAX spectra of   (e,f) CNTR 

before and after Cr(VI) adsorption. 



 

 

Figure 6.6. HRTEM images of (a,b) pristine and oxidized MWCNTs (c,d) biosorbent before and 

after Cr(VI) adsorption. 

The presence of Cr(VI) on the biosorbent surface was also strongly supported by the X-ray photo 

electron spectroscopy (XPS). The base peak was corrected to 284.8 eV in the high resolution 

carbon scan. The survey scan of the biosorbent confirmed the presence of C, N, O and Cr 

respectively. The high resolution spectra of Cr 2p gave two peaks Cr2p3/2 and Cr2p1/2. Cr2p3/2 is 

deconvoluted into two peaks at 577 eV, 578 eV which represent Cr(III) and Cr(VI) respectively22 

and Cr2p1/2 at 587 eV corresponds to  Cr(VI) as shown in Fig 6.7. Instant reduction of Cr(VI) 



was not observed after treatment with the biosorbent due to short agitation period and this was 

confirmed through chromium speciation by ion chromatography. The XPS analysis showed the 

presence of Cr(III) and as reported earlier23 Cr(III) formation on the biosorbent surface was 

evident only after  4-5 days. This could be due to extended interactions of Cr(VI) with the carbon 

and specific iron regulated surface proteins in the microbes.24,25 The Brunauer Emmett Teller 

(BET) adsorption isotherm was used to measure the specific surface area of the biosorbent.26 The 

nitrogen adsorption/desorption curves provided by the BET isotherm gave the surface areas for 

oxidized MWCNTs as 115.72 m2 g-1and 69.81 m2 g-1 for CNTR. The average pore volume and 

pore diameter was found to be as follows: Oxidized CNTs (1.3857 cm3 g-1, 47.897 nm) and 

CNTR (0.9183 cm3 g-1 , 52.613 nm) respectively. The thermal stability of the biosorbents were 

studied using thermogravimetric analysis (TGA). A sample mass of 2.43 mg of CNTR was 

analyzed in air atmosphere at a flow rate of 50 mL min-1 in the temperature range 35-800oC 

ramped at 10oC per minute. The TGA curves (Fig. 6.8) signify that biosorbent was stable at 

higher temperatures i.e., till 677oC and the initial loss of mass is due to the moisture present in 

biosorbent.27 

 

Figure 6.7 XPS spectra of (a) survey scan of CNTR (b) high resolution chromium scan spectra  

 



 

Figure 6.8 TGA of the biosorbent 

The presence of chromium in its +3 and +6 form were also differentiated using laser confocal 

microscopy using specific rhodamine based chemosensors. The physical properties of 

Rhodamine b hydrazide (RBH) such as colorless, non-fluorescent nature owes to its spirolactam 

structure which is highly stable and detects Cr(VI) whereas rhodamine-furfural complex (RF) is 

a pale pink solid which exhibits fluorescence and detects Cr(III). RBH was dissolved in 10 mmol 

L-1 H2SO4 and added to the sample for further detection of Cr(VI). It was observed that after 

addition of RBH to the sample containing Cr(VI) it turned pink due to the conversion of RBH to 

RB in view of RBH oxidation caused by Cr(VI) in acid medium.17 The excitation and emission 

was recorded at 560 nm and 585 nm respectively. RF when dissolved in 10 mmol L-1 Tris-HCl is 

a colorless solution. The RF was added to the biosorbent with Cr(VI)  which did not show any 

fluorescence indicating no immediate reduction of  Cr(VI). After 4 days, the addition of 

biosorbent to RF turned pink due to chelation of RF with Cr(III) present on the surface of the 

biosorbent, generating a rhodamine type product in spirolactam by ring opening at C-N bond. 18 

The excitation and emission for Cr(III) in RF was recorded at 525 nm and 590 nm respectively. 

The bright field and fluorescent images of CNTR are shown in Fig 6.9a-h. The images captured 
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before and after addition of RBH confirmed the presence of Cr(VI) in sample and also Cr(III) 

presence was confirmed by the addition of RF which exhibited fluorescence.  

 

Figure 6.9. Confocal and bright field images of the bio sorbent after Cr(VI) adsorption: (a,b) 

CNTR  with RBH (c,d) CNTR after Cr(VI) adsorption with RBH  (e,f) CNTR with RF (g,h) 

Cr(VI) reduction to Cr(III) on CNTR with RF. 

(iii) Effect of pH , adsorbent dosage and interaction mechanisms  

Influence of pH plays a vital role in the uptake of Cr(VI) onto the biosorbent. A 0.1g weight of 

each of the biosorbent was weighed in a series of Erlenmeyer flasks and to that 20 mL of 5 mg L-

1Cr(VI) solution was added and adjusted to pH 2.0-7.0 and agitated for 3 hours to attain 

equilibrium. After analysis, it was found that the biosorbents could equally adsorb hexavalent 

chromium completely at pH 2.0. At pH>2 it was observed that there was a decrease in the metal 

uptake (Fig 6.10a). This is due to the existence of Cr(VI) ions in various forms such as hydro 

chromate (HCrO4
-) at pH 2-4,  in strongly acidic medium (pH<2) it exists as dichromate (Cr2O7

2- 

) and at higher  pH as chromate (CrO4
2-). In acidic medium, the biosorbent surface which has 

functional groups such as hydroxyl, carboxylic and amide gets protonated and is involved in 

electrostatic interactions with HCrO4
- thus aiding the metal to participate in biosorption as 



depicted in chapter 3 Fig 3.20.  Amides are usually poor leaving groups hence under highly 

acidic conditions (pH 2.0) the carbonyl oxygen of amide is protonated and further the 

protonation of amide nitrogen is also probable28 in influencing the metal uptake. According to 

HSAB (hard-soft acid base) principle CrO4
2-< HCrO4

-< OH- with regard to the hardness of the 

ions.23 At higher pH, the hydroxide and chromate ions compete each other resulting in the 

electrostatic repulsion thereby decreasing the Cr(VI) uptake .The adsorbent dosages were varied 

from 0.01g to 0.5 g to observe the minimal dosage of the biosorbent which can remediate 

maximum amount of Cr(VI) at pH 2.0. A 20 mL volume of 5 mg L-1Cr(VI) was taken with 

varying biosorbent dosage and agitated for 180 min and observed that 0.1g could adsorb Cr(VI) 

quantitatively indicating the saturation of adsorbent sites (Fig 6.10b ). 

 

Figure 6.10. (a) pH effect on bio sorption  (Conditions: weight of the adsorbent- 0.1 g, Cr(VI) 

concentration- 5 mg L-1/20 mL)   (b) Effect of adsorbent dosage on biosorption   (Conditions: 

pH-2.0, Cr(VI) concentration- 5 mg L-1/20 mL) 

 (iv) Biosorption kinetics, isotherms and temperature effect studies 

The kinetic experiments were performed using 0.1 g of the biosorbent mixed with 20 mL of 5 mg 

L-1 Cr(VI)  at time intervals ranging from 5  180 min. The maximum uptake of the metal ion 

was observed at 180 min. The data obtained from the plots (Fig 6.11a-c) were fitted into the 



pseudo first order29, second order30 and intra particle diffusion equations to evaluate the 

adsorption kinetics. The kinetic parameters are presented in Table 6.2.  

The rate at which Cr(VI) gets adsorbed is mostly influenced by the diffusion mechanisms such as 

(i) the Cr(VI) from the  bulk aqueous medium is transferred onto the biosorbent surface via 

external mass transfer (ii) intraparticle diffusion wherein Cr(VI) diffuses through the pores of the 

biosorbent. The best suited kinetics depends on the experimental data which has the highest 

regression coefficient and the system follows pseudo second order kinetics with 1.8026 mg g-1 

(qe exp), 1.826 mg g-1 (qe cal). The plot qt vs t1/2 relates to the intraparticle diffusion which is 

evaluated using qt = ki t1/2 + C where c corresponds to intercept and ki is the intra particle 

diffusion constant which is obtained from the slope of the plot. The rate at which Cr(VI)  gets 

adsorbed is mostly influenced by the diffusion mechanisms such as (i) the Cr(VI) from the  bulk 

of the solution gets transferred onto the biosorbent surface via external mass transfer (ii) 

intraparticle diffusion31 wherein Cr(VI) diffuses through the pores of the biosorbent. From the 

plot it was observed that the straight line deviates from the origin having a significant intercept 

indicating the boundary layer phenomenon also plays role in the adsorption kinetics of 

hexavalent chromium. 

Among several isotherms, commonly studied theoretical and empirical isotherms are Langmuir 

and Freundlich.32 The data obtained from the plots (Fig 6.11d, e) and the equations are presented 

in Table 6.3. The system assumed a monolayer Langmuir adsorption model as it has the low chi 

square value and high R2 value. The biosorbent has an adsorption capacity of 24.8 mg g-1 with an 

R2 value of 0.96. The dimensionless constant RL value lies below unity indicating the 

reversibility of the isotherm (RL= 1/1+bCo )   where b is the Langmuir constant associated to 

adsorption energy, Co represents the equilibrium concentration of the heavy metal ion. The 

Freundlich constants n and KF are related to adsorption intensity and its capacity, respectively. 

The value of n is greater than 1 indicating the favorability of metal adsorption onto the 

biosorbent. The pristine MWCNTs have an adsorption capacity of 11.93 mg g-1, when oxidized 

the uptake capacity enhanced to 16.22 mg g-1 and after the addition of Rhizobium to the 



MWCNTs adsorption capacity increased to 24.82 mg g-1. The comparison of adsorption 

capacities of various adsorbents with the current developed biosorbents is given in Table 6.4.  

 o o) and entropy 
o) explain the spontaneity of adsorption process. The equilibrium constant K  at different 

temperatures was derived from the ratio of Cr(VI) present on the surface of the biosorbent to that 

-RTlnK).  The changes in 

enthalpy and entropy of the 

1/T (Fig. 6.11f). The negative free energy values indicate the spontaneity in the biosorbent- 

sorbate interactions and the negative values of enthalpy and activation energy (Ea 
o

ads+RT) 
o values indicate the 

decrease in the disorderliness of the system with increase in temperature.23 

obtained (-31.6 kJ mol-1) indicate the system observes exothermic physicochemical adsorption. 

The enthalpy-entropy compensation is well illustrated through the corresponding values (Table 

6.5) obtained for the biosorbent.  

 

 



 

Figure 6.11. (a) Pseudo first order kinetics (b) pseudo second order kinetics (c) Intra particular 

diffusion (d) Langmuir (e) Freundlich (f) lnK against 1/T (conditions: pH-2.0, adsorbent dosage- 

0.1 g/20 mL) 



                   Table 6.2 The kinetic parameters for the adsorption of Cr(VI) onto CNTR 

Kinetic parameters                  CNTR 

   

Co (mg L-1)                     10    

qe (mg g-1)                   1.826 

k2 (g mg-1 min-1)                   0.041 

R2                   0.986 

k1 (min-1)                   0.017 

R1
2                   0.915 

kint (mg g-1 min-0.5)                   0.074 

 

 

Table 6.3 Biosorption isotherm parameters for Cr(VI) adsorption 

Langmuir 

qo(mg g-1 ) 

b (mg-1 L) R2
 

 
 

2 RL 

 

24.82 0.043 0.962 0.46 0.695 
Freundlich 

KF(mg1-1/ng-1L1/n) 

n R2 2  

2.172 2.178 0.895 0.61  

 

 

                        



Table 6.4 Comparison of adsorption capacities of various biosorbents based on both          

microbe and CNTs 

 

Adsorbents  

pH 

Adsorption 

capacity (mg g-1) 

Cellulose-sodium 

montmorillonite34 

3.8-5.5 22.2 

MWCNTs calcium alginate 

complex immobilized in 

Shewanellaoneidensis8 

6.0-7.0 6.07 

Fe2O3 nanoparticle-

MWCNTs composite5 

2.0 42.02 

Activated carbon supported 

MWCNTs15 

2.0 113.29 

(Present studies) 

Rhizobium BVR 

Pristine MWCNTs 

Oxidized MWCNTs 

CNTR 

 

 

 

 

2.0 

 

 

 

9.50 

11.93 

16.22 

24.82 

 

 



                 Table 6.5 Thermodynamic parameters associated with adsorption 

Temperature 

(Kelvin) 
0 (kJ mol-1)  0 (J mol-1K -1) 0 (kJ mol-1) 

Ea(kJmol-1) 

303 -3.705 

   -91.1    -31.6            

 

 

  -29.0 

 

 

313 -3.186 

323 -2.329 

333 -0.997 

 

 (v) Effect of sample volume, regeneration and interference studies 

Laboratory scale column studies were done to test the applicability of developed biosorbents for 

their sustainability to higher sample volume. A 1.5 g biosorbent was packed to 2 cm bed height 

in a glass column of 30cm length with a diameter of 2 cm and was allowed to settle for a 

minimum of 2 hours to avoid air voids before the start of the experiment. A Cr(VI) concentration 

of 5 mg L-1 was prepared and the column was loaded with  50 mL of 5 mg L-1 at 5 mL min-1flow 

rate and the eluate concentration was checked periodically for every 10 mL  using ion 

chromatography. 50 mL of 5 mg L-1Cr(VI) was completely adsorbed effectively.  Subsequently, 

300 mL of the Cr(VI) solution was loaded continuously and the heavy metal was adsorbed 

completely beyond which there was saturation owing to the non-availability of active adsorption 

sites.33 A sample volume of 250 mL was adsorbed effectively onto the biosorbent as shown in 

Fig.6.12 a. A significant property of the adsorbent is the ability to reuse thereby reducing the 

operational cost in treating pollutants. Varying sodium hydroxide concentrations (0.1-2.0 mol L-

1) were tried (Fig. 6.12 b,c) of which 1.0 mol L-1sodium hydroxide was effective in desorbing 

Cr(VI) as sodium chromate.23 It was observed that there were four complete adsorption-

desorption cycles (100%) and the decrease in adsorption was observed from 5th cycle.  



A 100 mg L-1concentration each of various cations such as Mn+2, Cu+2 Fe+2 , Co+2, ,Ni+2, Pb+2 

and anions such as nitrate, chloride, sulfate were added to 5 mg L-1 Cr(VI) solution and the 

adsorption studies were carried out to observe the  influence of these ions in the uptake of 

chromium. It was observed that the adsorption percentage decreased by 2.0±0.5% attributed to 

the interference of anions which compete with hydrochromate ions to occupy the adsorption 

sites, whereas cations such as Fe(II) and Mn (II)  have the ability to reduce Cr(VI) to Cr(III).34 

 

Figure 6.12. (a) Effect of sample volume of CNTR (conditions: weight of adsorbent- 1.5 g, 

Cr(VI) concentration- 5 mg L-1, pH- 2.0, flowrate- 5 mL min-1)  (b) Effect of varied NaOH 

concentrations on CNTR (c) Regeneration efficiency of CNTR. 



6.1.4 Conclusions 

In conclusion, this work has highlighted the confluence of biotechnology and nano materials as 

an emerging area towards heavy metal remediation. The proposed methodology has illustrated 

the ability of nitrogen fixing bacteria immobilized in oxidized multiwalled carbon nano tubes as 

effective adsorbent to sequester chromium in the +6 oxidation state.  The biosorbent followed 

Langmuir isotherm with 24.86 mg g-1 adsorption capacity respectively. The biosorption process 

was exothermic, spontaneous and pseudo second order model was effective in understanding the 

adsorption kinetics. The mechanism involves electrostatic interaction between the heavy metal 

ion and biosorbent surface. Characterization techniques confirmed the interaction of microbe and 

oxidized carbon nano tubes with Cr(VI). A 200 mL sample volume of synthetic waste water 

sample was treated in lab scale column studies which could tolerate up to 4 cycles of adsorption 

and desorption by regenerating the biosorbents using 1.0 mol L-1sodium hydroxide.  

 

 

 

 

 

 

 

 

 

 

 



6.2. Efficacy of Sodium Montmorillonite-Rhizobium combination as a prospective 

biosorbent to sequester hexavalent chromium 

6.2.1 Introduction 

Combination of interdisciplinary techniques is quite efficient in developing biosorbents for 

heavy metal sequestration. The current study demonstrates Cr(VI) removal using the clay-

Rhizobium biosorbent. Immobilisation of Rhizobium (isolated from soil) in sodium 

montmorillonite provides a conducive environment to capture hexavalent chromium. A simple 

and an economically reliable process like adsorption would be feasible for sequestration of heavy 

metals. 35 Adsorbents such as carbon nanotubes,36 graphene oxide,37 modified resins,38 modified 

activated carbon39etc have been reported to sequester Cr(VI).  To meet several disadvantages of 

chemical adsorbents, greener alternatives have emerged. Several reports are there on biosorption 

as a sustainable removal technique to apprehend toxic and detrimental substances. 

Recently reported biosorbents for the sequestration of Cr(VI) include Saccharomyces cerevisiae 

immobilised in crosslinked cellulose23 using microwave immobilisation could remove upto 

23.61mg g-1, whereas the activated biomass of Rhizobium leguminosarum40 could remove 

upto84.4±3.6% Cr(III) at 35oC at pH 7.0. Aspergillus BRVR immobilised in sodium 

montmorillonite41 and cellulose42also showed good efficacy in adsorbing Cr(VI). An interesting 

feature, adsorption coupled reduction of Cr(VI) using dead biomass of Aspergillus niger was 

reported by Park et al .43 Also there are several reports on adsorption of Cr(VI) using clays such 

as montmorillonite supported magnetite nanoparticles could adsorb upto 15.3 mg g-1 Cr(VI), 

clay-biopolymer composites such as cellulose-clay34 also show good potential for Cr(VI) 

removal, clays also help in Cr(VI) reduction wherein Cr(VI) reduction is correlated to the 

Fe+2containing dithionite reduced smectite.44,45 There are less reported studies on the clay-

microbial combination for heavy metal sequestration.  The developed clay-Rhizobium biosorbent 

was tested for Cr(VI) removal in batch studies by varying pH, adsorbent dosage, kinetics and 

thermodynamics. 

 



6.2.2 Experimental section 

(i) Preparation of the Clay-Rhizobium biosorbent 

The sodium form of montmorillonite (NaMMT) was prepared by treating montmorillonite with 

sodium chloride as described in literature.46 The isolated Rhizobium BVR was grown in YMA 

broth medium and complete characterization of the microbe has been reported in our earlier 

studies (Chapter 6.1) and assigned an accession number MF136764 by NCBI genbank.  The 

grown culture was centrifuged to obtain a pellet. A 2.0g weight of Rhizobium was mixed with 

1.0g of NaMMT in aqueous medium and subjected to sonication for about 8 min (50W, 230V) to 

ensure the bacterial surface immobilization in sodium montmorillonite. The NaMMT- Rhizobium 

biosorbent was filtered, rinsed with water and dried for further experimental studies. 

 (ii) Biosorption studies 

The biosorption experiments were optimized by conducting batch studies using 0.2 g of the 

prepared NaMMT-Rhizobium biosorbent in 30 mL of 5 mg L-1working Cr(VI) solution. The 

temperature variations at different time intervals with a agitation speed of 120 rpm was 

performed in an incubator shaker. The Cr(VI) concentration left in solution was quantitatively 

analyzed using ion chromatography technique through post column derivatization using diphenyl 

carbazide. 

6.2.3 Results and Discussion 

(i) Characterization of the Clay-Rhizobium biosorbent 

The frequency shifts in the IR spectrum reveals the participation of hydroxyl, amino, carboxyl 

functional groups present in the microbial cell walls.20 The characteristic band for clays was 

observed at 3643 cm 1 corresponding to the Si OH functional groups.  The hydroxyl and amine 

functional groups and also the Al-O-H stretching vibrations together contribute to the broad band 

at 3454 cm 1.  The Si- O-Si stretching of clay was observed at 1114 cm-1 and the amide-I band at 

1640 cm-1 20 could be attributed to the bacteria and hydrogen bonding in water.  The other 

characteristic peaks for montmorillonite at 792 cm-1 and 688 cm-1 indicates the broadening of 



quartz and silica and Si-O bond deformation respectively.34 A shouldering peak at 918 cm-1  

corresponding to Cr=O  after adsorption of hexavalent chromium34 is  an evidence for metal 

adsorption as shown in Fig 6.13.  

 

                                  Figure 6.13 FTIR of sodium montmorillonite, biosorbent 

                                                       before and after Cr(VI) adsorption 

The morphological features of the Rhizobium immobilized in clay captured using SEM showed 

assorted clusters (Fig. 6.14) and also the elemental analysis through EDAX showed the presence 

of elements such as Na, K, Al, Si respectively.  The presence of Cr peak between 5-6 keV after 

adsorption confirmed Cr(VI) adsorption. (Fig. 6.14). The possible reduction of Cr(VI) was 

explored using X-ray photo electron spectroscopy since microbial adsorption mechanism is often 



coupled with  reduction. The survey scan revealed the presence of elements such as 

C,O,N,Cr.(Fig 6.15) and the short scan of the C1s peak was corrected to 284.8eV(Fig 3b).The 

binding energies  in the survey scan showed a peak at   576.9 eV that corresponds to Cr(III) and 

585.7eV which is characteristic of Cr(VI).47 It was observed that there was no immediate 

reduction after biosorption of Cr(VI) and the clay-rhizobium surface turned pale green only after 

few days signifying the formation of Cr(III).  

 

Figure 6.14 SEM and EDAX images of the biosorbent (a) before Cr(VI) adsorption (b) after 

Cr(VI) adsorption 

 

 



 

Figure 6.15 XPS spectra of the biosorbent after Cr(VI) adsorption (a) Survey scan spectra (b) 

High resolution spectra of C1S. 

Specific rhodamine based sensors were utilized in the characterization to differentiate Cr(III) and 

Cr(VI) with laser confocal microscopy by using probes such as RBH and RF as discussed in 

Chapter 6.1.  The bright field and fluorescent images are shown in Fig 6.16. The images captured 

before and after addition of probes which confirmed the presence of Cr(VI) and Cr(III) 

respectively. The pink color formation indicates the presence of chromium in their respective 

oxidation states using the above probes.17,18 

 



 

Figure 6.16. Confocal using laser source and bright field images of the biosorbent after Cr(VI) 

adsorption (a,b) without RBH (c,d) with RBH (e,f) without RF (g,h) with RF 

(ii) Effect of pH, adsorbent dosage and interaction mechanism for biosorption 

In accordance with the pH of the aqueous phase, hexavalent chromium is present as hydrogen 

chromate (HCrO4
-), dichromate (Cr2O7

2-) and chromate (CrO4
2-) oxy anions respectively. The 

dichromate and hydrogen chromate anions exist in equilibrium and the plausible mechanism 

indicates the existence of HCrO4
- at pH greater than or equal to 2.0.47 Quantitative adsorption 

was observed on the surface of the biosorbent at pH 2.0 for a 30 mL volume of 5 mg L-1 

hexavalent chromium concentration. (Fig 6.17a). The functional groups such as amine, carboxyl, 

hydroxyl (from microbial surface), silanol and aluminol groups (from clay) are protonated at pH 

2.0 resulting in electrostatic interactions with hydro chromate ions .34 According to Hard-Soft 

acid base concept, Cr(VI) in the form of  hydrochromate anion reacts with protonated nitrogen 

and oxygenated functional groups of the biosorbent resulting in electrostatic interactions.25 At pH 

2.0 and at a adsorbent dosage of 0.2 g, 30 mL  of 5 mg L-1 Cr(VI) was adsorbed completely 

beyond which saturation of active binding sites was observed. (Fig 6.17b). With increase in pH, 



decline in adsorption was observed due to the deprotonation of functional groups present on the 

surface of clay-Rhizobium biosorbent.  

Figure 6.17    (a) pH effect on biosorption (Conditions: weight of the adsorbent- 0.2 g/ 30 mL, 

Cr(VI) concentration- 5.0 mg L-1)  (b) variation of adsorbent dosage (Conditions: pH-2.0, Cr(VI) 

concentration- 5.0 mg L-1) 

(iii) Equilibrium adsorption isotherms, kinetics and thermodynamic studies 

The association between the adsorbent and the adsorbates at equilibrium was studied using 

isotherms.48 The data obtained (Table 6.6) from isotherm studies is very useful in understanding 

the mechanism and was fitted with two classical isotherms (Langmuir and Freundlich).49 The 

data obtained (Fig 6.18 a,b) depicts the increase in adsorption at higher Cr(VI) concentrations 

gradually leading to saturation. The Langmuir model assumes monolayer sorption in which 

metal ion adsorption occurs on a homogenized surface and there is no contact between the 

adsorbed ions. The multilayer adsorption which occurs on a heterogeneous surface is described 

by Freundlich model. Among of the two models, Freundlich isotherm, with a R2 value of 0.99 
2 value of 0.03 was quite appropriate in describing the adsorption process. The 



favorability of adsorption is also indicated by the value of the exponent n which lies between 1-

10. The Langmuir adsorption capacity of the system was found to be 22.22 mg g-1 with 0.93 as 

correlation coefficient and RL (a dimensionless parameter) given as RL= 1/1+bCo,
 50 was below 

unity and this confirmed the suitability and reversibility of adsorption. Rhizobium BVR strain as 

such could adsorb Cr(VI) with an adsorption capacity of 11.5 mg g-1.  

The kinetics of the Cr(VI) adsorption data is shown in Fig 6.18c,d for various contact times 

ranging from 5 min to 180  min. An adsorption efficacy of 60% was achieved during initial five 

minutes and later the adsorption rate continued to rise steadily and attained equilibrium at 180 

min. The adsorption kinetics were evaluated using the pseudo first order29 and second order 

kinetics.50 A working solution of 10 mg L-1 Cr(VI) was used for the kinetic studies.  The data 

obtained from the kinetic plots (Fig. 6.18c,d) are tabulated in Table 6.7. The system followed 

pseudo second order kinetics with observed and calculated qe values as 1.0446 and 1.020 mg g-1.  

The Cr(VI) uptake is  majorly driven by the mechanisms such as film, particle diffusion and 

surface adsorption. At high Cr(VI) concentrations, intraparticle diffusion plays a major role 

whereas at low metal concentrations pore diffusion takes place.10 The boundary layer mechanism 

for efficient metal uptake is well explained by Weber-Morris intra particle diffusion model and 

was obtained by plotting qt .18e) and ascertained through the non-zero intercept. 

reaction. The transfer of chromium from solution phase occurs onto the immobilized bacterial 

cell surface wherein montmorillonite acts as the primary host and the clay-bacteria biosorbent 

r) can be 

explained as a summation from clay-rhizobium surface and clay-rhizobium-chromium surface. 

r clay-rhizobium surface clay-rhizobium-Cr                                  (6.1) 

The reaction Gibbs free energy is related to the enthalpy and entropy changes as 

r clay-rhizobium Cr - clay-rhizobium-Cr                                              (6.2) 



At equilibrium,  

  (6.3) 

r r 
0

 + RTln                                     (6.4) 

Since, activity (a) is directly proportional to concentration (C) of the Cr (VI) in low 

concentrations, 

r r 
0
 + RTln                (6.5) 

Hence 

        r r 
0

 + RTlnK                                                             (6.6) 

r
  = 0 

                                   o
r = - RTlnKeq                                                                (6.7) 

From the plot of lnK against 1/T (Fig 6.18f) the thermodynamic parameters namely, enthalpy 

and entropy changes were obtained from slope and intercept (Table 6.8). The biosorption process 

was spontaneous as observed from negative free energy values. Further, from the negative values 

-40 kJ mol-

1) also indicates physico-chemical adsorption phenomenon.42 The 

to the decreased randomness at the clay-rhizobium-aqueous interface.  

                         

 

 

 

 



 

Figure 6.18. (a) Langmuir isotherm (b) Freundlich isotherm (c) Plot of psuedo first order 

kinetics(d)Plot of  Pseudo second order kinetics (e) intra particle diffusion (f) Van t Hoff 

plot.(conditions: pH-2.0, adsorbent dosage- 0.2 g/30 mL) 



Table 6.6 Isotherm parameters involved in the biosorption mechanism 

 

 

Table 6.7 Biosorption kinetics 

 

                                           

 

 

Langmuir 

  

qo(mg g-1 ) 

22.22 

b(L mg-1 ) 

0.0087 

R2 

0.9315 

2 

0.0685 

RL 

0.9199 

 

Freundlich  

 

KF(mg11/n1L
1/n) 

0.5058 

n 

1.5755 

R2 

0.9935 

2 

0.0386 

 

 

Co(mg  L-1) 

 

 

 

qe (mg g-1) 

 

k2 (g mg-1 min-1) 

 

R2 

 

k1 (min-1) 

 

  R1
2 

kint 

(mg g-1min-0.5) 

 

 

       10 

 

 

 

1.0446 

 

        0.0584 

 

 0.9943 

 

  0.0231 

 

0.9031 

 

     0.034 



                                           Table 6.8 Biosorption thermodynamics 

 

 

 

 

 

(iv) Column studies 

Effect of sample volume  

A higher volume of metal ion solution was tested with the developed biosorbent by performing 

small scale column studies. A 2.0 g of biosorbent was packed in a glass column of 30 cm length 

and 2 cm width up to a bed height of 3 cm.(Fig 6.19 a) A 50 mL volume of 5 mg L-1 Cr(VI) was 

passed through the column and assessed periodically (10 mL portions) for the presence of Cr(VI) 

using UV visible spectrophotometry with diphenyl carbazide as the complexing agent.12  A 

breakthrough volume was determined to be 150 mL and a  sample volume of 150 mL could be 

treated quantitatively beyond which the saturation of active adsorption sites which decreased the 

metal ion adsorption.33 (Fig 6.19c) At higher volumes, the swelling of clay results in expansion 

of the bed and reduces the adsorption efficiency.   

Regeneration of the Clay-Rhizobium biosorbent and application studies 

The reusability of clay-rhizobium biosorbent was tested using desorbing agents that were 

selected carefully not to inflict any damage to the biosorbent surface. The Cr(VI)  adsorbed onto 

the biosorbent surface was eluted as sodium chromate using 10 mL of 1.5 mol L-1 NaOH 34 (Fig 

6.19d). Quantitative adsorption of chromium was achieved in the first two cycles and in the third 

cycle the adsorption was 78%, followed by 62% and 46% in the fourth and fifth cycles 

Temperature           

(Kelvin) 
0 (kJ mol-1) o(J mol-1K -1) o(kJ mol-1) 

303 -2.11 

     -65.202      -21.765 
313 -1.273 

323 -0.646 

303 -2.11 



respectively (Fig 6.19e). The eluted Cr(VI) was converted to Cr(III) (less toxic) and diluted to 

ppb levels to minimize direct disposal of higher levels of hexavalent chromium. 

The effects of diverse ionic constituents were studied independently as well as in a mixture in the 

concentration range as reported earlier. 34 Accordingly, the interference studies were performed 

by preparing a synthetic mixture containing ions such as Cu+2, Pb+2, Co+2, Ni+2,  Fe+2,  nitrate, 

chloride  and sulphate at 100 mg L-1 level using 5 mg L-1 Cr(VI) solution. Due to the interference 

of sulphate and  Fe+2 , reduction in  Cr(VI) adsorption was observed and  the formation of stable 

metal chloro complexes [CoCl4
2-, NiCl4

2-] also compete with hydrochromate ions thereby 

lowering the  percentage adsorption of hexavalent chromium from aqueous phase.34 

 

 

 

 

 



 

 

Figure 6.19. (a) Diagrammatic representation of Column setup for Cr(VI) treatment (b) 

Breakthrough curve (c) Effect of sample volume (conditions: pH-2.0, adsorbent dosage- 2.0 g , 

flow rate- 5 mL/min) (d) Effect of varied NaOH concentrations (e) Regeneration efficiency 

 

 

 



6.2.4. Conclusions 

The developed clay-Rhizobium biosorbent is environmental friendly and showed good efficacy 

in adsorbing Cr(VI) liquid phase. The adsorption followed pseudo second order kinetics and 

equilibrium is attained in 180 min with a Langmuir adsorption capacity of 22.22 mg g-1. 

Protonated surface functional groups on the rhizobium cell surface and montmorillonite, 

promotes effective interaction with the hydrochromate ions from liquid phase. The 

thermodynamics of adsorption was observed to be less random, exothermic, and spontaneous 
o = -65.202 J mol-1K -1 o = -21.705 kJ mol 1 ) and free 

energy changes. The presence of Cr(VI) and trace Cr(III) were confirmed by XPS and confocal 

microscopy though Cr(VI) reduction is not instantaneous. The regeneration of the biosorbent 

using NaOH was effective up to two cycles from a sample volume of 150 mL was also validated 

in a synthetic mixture of diverse ions at 100 mg L-1 concentration.  
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A co-operative endeavor by nitrifying bacteria, Nitrosomonas and zirconium based metal 

organic framework to remove hexavalent chromium 

7.1. Introduction 

This chapter deals with the synthesis of Nitrosomonas modified metal organic framework 

(MOF). Nitrosomonas is a rod shaped gram negative chemolithotroph which derives its energy 

by converting ammonia to nitrite which is further transformed to nitrate by nitrite oxidizing 

bacteria known as nitrification.1 Nitrosomonas, has potential applications in biotechnology such 

as bioremediation and degradation of halogenated aliphatic hydrocarbons and aromatic 

compounds.2 The zirconium based MOFs are used widely in several potential applications in gas 

storage, drug delivery, sensing, catalysis, ion exchange, separation due to their  tremendous 

aqueous, acid and thermal stabilities extremely high surface area, high porosity.3,4  Uio-66 

(University of Oslo) is a cubical framework Zr6O4(OH)4 clusters and terephthalic acid (H2bdc) as 

organic linker. 3 The remediation of  Cr(VI) by MOFs reported in the recent times include using  

a  composite of Uio-66 NH2 and silica gel 5 and  IL-MIL-100(Fe)  is an  ionic liquid and iron 

nano particle modified  MOF developed by Nasrollahpur et al. could efficiently remediate Cr 

(VI). 6 However, there are no reports of microbe modified MOF synthesis and the current method 

developed elaborates the microwave assisted microbial-MOF synthesis and its application for the 

hexavalent chromium removal. 

7. 2. Experimental section 

(i) Microwave synthesis of Uio-66  

The Zirconium based metal organic framework was synthesized using microwave assisted 

method as reported in literature.3 A 25mL volume of  dimethylformamide solution taken in a 

beaker followed by the addition of  a 1.0g of  ZrOCl2 (3.1mmol) , 0.515g of H2bdc  (3.1mmol), 

6mL of acetic acid and 0.33mL of water and stirred for 15 min. The mixture was transferred to a 

30mL glass vial and subjected to microwave irradiation in a microwave reactor at a temperature 

of 120oC with 15 min hold time. The solid was isolated from the mixture by centrifugation and 

soaked in DMF for 12 hours. Subsequently, the product was left in acetone for 24 hours and 

washed.  The final product obtained was dried at 60oC and used for the adsorption of Cr(VI).  



 (ii) Preparation of the biosorbent 

The Nitrosomonas sp was maintained in the following medium. A 1200 mL volume of distilled 

water was taken in a flask- I followed by the sequential addition of  (NH4)2 SO4 (4.95 g), 

KH2PO4 (0.62 g), MgSO4 .7H2O (0.27 g), CaCl2.2H2O (0.04g), CuSO4.5H2O (0.2 mg) 

respectively. The solution was mixed thoroughly and autoclaved. FeSO4 (0.5 mL, 30 mM in 50 

mM EDTA at pH 7.0) was filter sterilized separately and added to the above mixture. In another 

conical flask (II) KH2PO4 (8.2 g) and NaH2PO4 (0.7 g) was dissolved in 300 mL autoclaved 

water and filter sterilized. The conical flask (III) medium consists of 0.6 g sodium carbonate 

dissolved in 12 mL of autoclaved water and filter sterilized. The contents of the three conical 

flasks were combined and divided into required aliquots for culturing the bacteria. The culture 

medium was incubated at 26oC in dark and bacterial growth was observed after 6-7 days 7 and 

the medium was centrifuged to obtain the bacterial pellet. A 1 g weight of the bacterial pellet was 

added to the reagents used in Uio-66 preparation, stirred for 15 min and synthesized using 

microwave irradiation as explained in the earlier section. The combinations of Nitrosomonas 

based biosorbents such as Nitrosomonas-cellulose, Nitrosomonas-clay, Nitrosomonas-MWCNTs 

were also prepared to compare the removal efficiency of hexavalent chromium. The above 

mentioned combinations were developed based on the method reported previously. 8,9 

 (iii) Adsorption studies 

The various parameters such as pH, adsorbent dosage, kinetics, isotherms and thermodynamics 

were optimized using batch adsorption studies.  A 10 mL of 5 mg L-1 of Cr(VI) solution was 

added to 0.1 g of the biosorbent and the pH of the medium was adjusted to 4.0. The homogenous 

mixing was performed in an orbital incubator shaker, for 180 min at a temperature of 30oC at a 

speed of 120 rpm. The chromium concentration in the aqueous phase was obtained using Ion 

chromatography 10 with the post column derivatization method using a   UV-Vis detector at 540 

nm. The mobile phase used was sodium carbonate and the post column reagent was prepared by 

dissolving diphenylcarbazide in methanol and sulphuric acid. 

 

 



7. 3 Results and Discussion 

(i) Analytical Characterization of the biosorbent 

The phase purity and crystallinity of the adsorbent material was established through the powder 

-66 and bacterial 

modified MOF (BMOF) were found to be 7.409o and 7.493o respectively. The nano crystallite 

size was calculated using the Debye-Scherrer formula  where Dp is the average 

-66 and 23.92 nm 

for BMOF and as shown in Fig 7.1a the purity of the as synthesized Uio-66 was in correlation 

with the simulated MOF. ,11 The FTIR spectra (Fig.7.1b) of the as synthesized Uio-66 and the 

biosorbent before and after adsorption were recorded. The peak at 3399 cm-1 in the biosorbent 

could be attributed to amine and hydroxyl groups from the microbe cell surface. The peak at 934 

cm-1 could be indexed to Cr=O bond indicating chromium adsorption onto the biosorbent 

surface. The peaks at 1578, 1392 cm-1 indicate the presence of carboxylate ligand of MOF. The 

peaks 661 cm-1 , 552 cm-1  and 487 cm-1 correspond to the stretching bands of Zr-O2 and Zr-O, 

respectively. 12 Thermal stability of the MOF was ascertained through thermogravimetric 

analysis (TGA) as depicted in Fig 7.1c. The initial weight loss between 30oC and 140oC is 

attributed to the removal of moisture, carbon dioxide and trapped molecules of DMF in the MOF 

framework and the dehydroxylation process of Zr clusters occurred below 400oC. The 

decomposition of organic linker was observed around 450oC-600oC. 3,12   The complexing agent 

diphenylcarbazide when added to the biosorbent after metal adsorption turned purple indicating 

the presence of Cr(VI) which was identified through the optical microscopy images (Fig 7.2).   

 



 

 

 

Figure 7.1. PXRD patterns of (a) (i) simulated Uio-66 (ii) as synthesized Uio-66 (iii) microbial 

modified Uio-66 (b) FTIR of Uio-66, BMOF and BMOF after Cr(VI) adsorption (c) TGA of the 

adsorbents. 



 

Figure 7.2.  Optical images of the biosorbent before and after Cr(VI) adsorption under 20X 

objective. 

The morphological characteristics of the adsorbent was obtained through the surface 

characterization such as FESEM and HRTEM techniques (Fig 7.3 and 7.4). The material 

synthesized was observed to be porous and the similar morphologies for MOF and BMOF 

indicate the structural features are not destroyed after microbe modification. The average particle 

size from the particle distribution curves of Zr-MOF and BMOF were found to be 54 nm and 39 

nm as measured from the HRTEM images (Fig 7.4). The elemental mapping done using EDAX 

spectral analysis indicated the presence of Zr, Cl, C, O, N and Cr on the biosorbent surface (Fig 

7.3). The XPS study reveals the oxidation state of chromium present on the biosorbent surface. 

The Fig 7.5a shows the survey scan spectra of the biosorbent after chromium adsorption and Fig 

7.5b shows the high resolution spectra of chromium. The Cr 2p3/2 peak at 577 eV corresponds to 

Cr(III) and peak at 580 eV corresponds to Cr(VI) whereas the Cr2p1/2 peak at 587 nm is 

attributed to Cr(VI). The immediate reduction of Cr(VI) was not observed and the prolonged 

contact of the Cr(VI) with carbon in the biosorbent showed a  pale green appearance on the 

surface indicating the presence of Cr(III). 8,11 The BET surface area and porosity were calculated 

using N2 adsorption-desorption isotherms. The isotherms (Fig 7.6) obtained belongs to type IV 

isotherm 13 and the surface area of the as synthesized MOF was found to be 1232 m2 g-1 with a 

pore volume and pore diameter of 1.23 cm3g-1 and 4.0052 nm respectively. The surface area of 

the bacteria modified MOF was found to be 921 m2 g-1 with a pore volume of 0.849 cm3 g-1.  The  



mean pore diameter of 3.6898 nm obtained from Barrett-Joyner-Halenda (BJH) plots (Fig 7.6) 

indicate the mesoporous nature of the adsorbent.  

 

 

 

 



 

Fig 7.3. FESEM images of (a) as synthesized Uio-66 (b) BMOF (c) BMOF after Cr(VI) 

adsorption. EDAX spectra and elemental mapping of (d) the biosorbent before adsorption (e) 

biosorbent after Cr(VI) adsorption. 

 



 

Figure 7.4. HRTEM images and particle size distribution curves of (a) as synthesized Uio-66 (b) 

microbial modified Uio-66 

 

 



 

 

 

Figure 7.5. XPS spectra of (a) survey scan of the biosorbent (b) high resolution scan of 

chromium 



 

       Figure 7.6. BET and BJH measurements for (a) as synthesized Uio-66 (b) the biosorbent 

(ii) Interaction mechanisms in biosorption 

The biosorption of metal ion is majorly influenced by pH and the isoelectric charge on the 

surface of the biosorbent. where the biosorbent surface becomes neutral. A 50 mL volume of 

0.01 mol L-1 NaCl was added to 0.15 g of the biosorbent and adjusted at various pH values 

ranging from 2.0-8.0 and allowed to homogenise for 24 hours in an orbital shaker at 28oC. The 

final pH was measured after equilibration and a plot of initial pH against difference in initial and 

final pH ( pH) indicated that the surface of the biosorbent remains protonated at or below pH 

4.0. (Fig 7.7a) The existence of varying ionic forms of   hexavalent chromium is dependent on 

the pH of the medium.  Hydrogen chromate (HCrO4
-) and dichromate (Cr2O7

2-) exist in the pH 

range 2.0-4.0 whereas chromate ions (CrO4
2-) predominate at higher pH values.8 At pH 4.0, 

maximum adsorption (100%) of Cr(VI) was observed (Fig 7.7b) with a 10mL volume of 5 mg L-

1 Cr(VI) indicating the protonation of the functional groups such as amines, carboxyl and 



hydroxyl groups  present on the biosorbent surface and the electrostatic interactions with 

hydrogen chromate ions (Fig 7.8). At higher pH, decrease in the percentage adsorption was 

observed and this could be attributed to the deprotonation of functional groups on the surface of 

the biosorbent. The biosorbent surface provides sites for the metal ion to adsorb and hence 

adsorbent dosage is also a vital parameter in biosorption. Different weights of the biosorbent 

were taken ranging from 0.05 g to 0.6 g and the maximum adsorption occurred at 0.1 g beyond 

which the adsorption remained constant indicating the saturation of binding sites (Fig 7.7c).   

 

Figure 7.7.  (a) Point of zero charge of the biosorbent for adsorption study (b) Effect of pH 

effect sorption  (Conditions: weight of the adsorbent- 0.1 g, Cr(VI) concentration- 5 mg L-1/10 

mL) (c) Effect of adsorbent dosage (Conditions: pH-4.0, Cr(VI) concentration- 5 mg L-1/10 mL) 



 

Figure 7.8. Illustration of plausible interaction mechanism of the biosorbent with Cr(VI) (pink 

rod shape represents microbe, Zr-blue, O-green, C-orange, H-violet, Cr(VI)- yellow) 

(iii) Equilibrium adsorption isotherms, kinetics and thermodynamic studies 

The mechanism of biosorption is well understood using isotherms that correlate the 

concentration of the metal ion in the liquid and solid phases at constant temperature. The most 

commonly used Langmuir and Freundlich 14 models were chosen for the isotherm studies (Fig 

7.9a,b). The monolayer adsorption is well described by Langmuir model which is assumed to 

take place on homogenised biosorbent surface whereas the multilayer Freundlich model is on 

heterogeneous surface. From the data obtained (Table 7.1) it was observed that the biosorption 

follows Freundlich model with a high R2 2 value (0.131) and 

furthermore the sorption intensity (n) also is in the interval 1-10 indicating the suitability of the 

adsorption model. The Nitrosomonas sp as such has a Langmuir capacity of 8.98 mg g-1 whereas 

as synthesized Uio-66 MOF has an adsorption capacity of 13.33 mg g-1. The microbe modified 

MOF has a Langmuir adsorption capacity of 23.69 mg g-1 with a low R2 value of 0.87  and high 
2 value (0.262). The suitability and reversibility of the adsorption was verified by the 

dimensionless constant RL which lies below unity. 15 The adsorption capacity was compared 

against other matrices such as cellulose, clay and multiwalled carbon nanotubes.  It was found 



that the Nitosomonas-MOF combination could remove Cr(VI) with a higher adsorption capacity 

as compared to the other matrices (Table 7.2) . 

 

                               Table 7.1  Isotherm parameters for Cr(VI) adsorption 

 

Table 7.2  Isotherm parameters for Cr(VI) adsorption 

Developed adsorbents             pH Langmuir adsorption capacities (mg g-1) 
Nitrosomonas-Cellulose 
biosorbent 

3.0 17.3 

Nitrosomonas-Clay 
biosorbent 

2.0                                     20.5 

Nitrosomonas-CNTs 
biosorbent 

2.0 22.26 

 
Only Nitrosomonas 
 
Only Uio-66 
 
Nitrosomonas-MOF 
biosorbent 
 

 
 

4.0 
 

4.0 
 

4.0 

 
 

8.98 
 

13.33 
 

23.67 
 
 

 

 

 

 

 

Langmuir qo(mg g-1 ) 
 

b (mg-1 L) R2
 

 
       2 RL 

 

23.69 0.0113 0.877 0.262 0.898 

 

Freundlich KF(mg1-1/ng-1L1/n) n R2 
 

2  

1.166 2.136 0.9254 0.131  



The kinetic models such as pseudo first order,16 pseudo second order, 17 and intra particle 

diffusion18 were used to evaluate the biosorption kinetics. A 0.1 g weight of the biosorbent was 

mixed with 10 mL of 10 mg L-1 Cr(VI) at different time intervals ranging from 5 min to 180 min. 

Initially, with fast adsorption of Cr(VI) adsorption percentage was around 60% in 5 min  

followed by mass transfer and later a slower intra particle diffusion. A 100% metal uptake was 

achieved at 180 min and the data obtained from the plots (Fig 7.9c,d ) are presented in Table 7.3 

. The well-known diffusion kinetic mechanisms hypothesized are (i) external mass transfer 

involving the transfer of Cr(VI) ions on the MOF-bacteria biosorbent surface and (ii) intra 

particle diffusion . The system followed pseudo second order kinetics with a high R2 value of 

0.994. The experimental as well as calculated qe values were found to be as 0.818 mg g-1 and  

0.865 mg g-1 respectively.  The relation between qt 7.9e) is given by the Weber-

Morris intra particle diffusion model and the obtained plot with a finite intercept accounts for the 

the impact of  boundary layer mechanism towards the effective Cr(VI) uptake.  

Table 7.3  The kinetic parameters for the adsorption of Cr(VI) 

Co (mg L-1) qe (mg g-1) k2 (g mg-1 min-1) R2 k1 (min-1) R1
2 kint (mg g-1 min-0.5) 

10 0.865 0.075 0.994 0.2805 0.878 0.04 

 

The spontaneity and energetics of the adsorption process ascertained was explained through 

changes. The enthalpy and the entropy values were obtained from the plot of lnK against 1/T 

(Fig 7.9 f) where K is the equilibrium constant obtained from the ratio of the concentration of 

Cr(VI) in the solid and liquid phases. The overall free energy depends on the free energy 

involving the interaction between the MOF- Nitrosomonas before and after adsorption. The 

Gibbs free energy change is explained as follows: 

                                    r MOF-Nitrosomonas surface MOF-Nitrosomonas-Cr            (7.1) 

The reaction Gibbs free energy is related to the enthalpy and entropy changes as 



r MOF-Nitrosomonas Cr  - MOF-Nitrosomonas-Cr                                        (7.2)                                       

At equilibrium,  

                 (7.3)     

r r 
0
 + RTln                                (7.4) 

In dilute solution activity (a) is directly proportional to concentration (C) of the Cr (VI) ion 

                     Therefore,    r r 
0

 + RTln    (7.5) 

The parameters obtained are tabulated in Table 7.4 where the negative free energy indicates the 

spontaneous nature of biosorption mechanism while the negative enthalpy and activation energy 

(Ea 
o

ads+RT) values indicate that the system follows exothermic adsorption. The negative 

entropy values reveal the decreased randomness at the MOF-bacteria-solution interphase. The 

magnitude of enthalpy change lies between physisorption and chemisorption values (20-80 kJ 

mol-1 ) and hence the system follows physico-chemical adsorption process. 8,9  The enthalpy 

entropy compensation points to the fact that the biosorption process is enthalpically driven rather 

than favourable entropy. 

                            Table 7.4 Temperature variation studies during biosorption 

T (kelvin) Go (kJ mol-1) So (J mol-1 K-1) Ho (kJ mol-1) Ea (kJ mol-1) 
303 -3.78  

-118.23 
 

-39.707 
 

-37.06 313 -2.92 
323 -1.51 
333 -0.27 

 



 

Figure 7.9. (a) Langmuir isotherm (b) Freundlich isotherm (c) Pseudo first order kinetics (d) 

Pseudo second order kinetics (e) Intra particular diffusion (f) lnK against 1/T (conditions: pH-

4.0, adsorbent dosage- 0.1 g/10 mL) 

 



(iv) Lab scale column studies, Regeneration and Interference studies 

Column studies were performed using a glass column of dimensions 30 cm in length and 2 cm 

diameter. A 2.0 g weight of the biosorbent was prepared as a slurry in aqueous medium and 

packed in the column up to a bed height of 3 cm. A 50 mL volume of  5 mg L-1 of Cr(VI) was 

loaded onto the column and checked intermittently (every 10 mL) for presence of Cr(VI) in the 

eluate. Another 50 mL volume of the metal ion solution was loaded on the column and the above 

procedure was repeated. A 200 mL volume of Cr(VI) was adsorbed effectively beyond which 

there was saturation of active adsorption sites (Fig 7.10a) on the biosorbent surface. 19 

The quality of an adsorbent is assessed through the regeneration capacity. The desorption of 

Cr(VI) is expected to be more facile under alkaline conditions. Accordingly, varying 

concentrations of NaOH (0.5-3.0 mol L-1 ) were tried to desorb the chromium(VI) oxyanion. 

Quantitative desorption was achieved using 1.5 mol L-1 NaOH (Fig   7.10b) as sodium chromate 

in the eluate. The percentage desorption decreased gradually to 76% and 56% after 4-5 cycles as 

shown in Fig 7.10c. The eluted Cr(VI) was converted to less toxic Cr(III) using suitable reducing 

agents to minimise the disposal  of hexavalent chromium.  

(v) Application studies 

A synthetic waste water mixture was prepared by adding various cations (Ni+2, Mn+2, Cu+2 , 

Hg+2,  Fe+2, Pb+2, Co+2) and anions (chloride , nitrate, sulphate) at 100 mg L-1 level to  5 mg L-1 

Cr(VI) solution. The interference of Mn(II) and Fe(II) was observed through the which caused 

the reduction of Cr(VI) and also the chloro complexes  which are formed could compete with the 

hydrochromate ions  affecting the adsorption efficiency. 20  

Certified reference material BCR-032, is a natural Moroccan phosphate rock that consists 

elements (mg kg-1) such as As (9.5±0.5), Cd(20.8±0.7), B (22.6±2.2), Cr (257±16), Co 

(0.59±0.06), Hg (0.055±0.011), Cu (33.7±1.4), Ni (34.6±1.9), Mn (18.8±1.3), Ti (171±10),Ni 

(34.6±1.9), Zn (253±6) and V (153±7) respectively. A 1.0 g weight of the rock sample was 

digested using aqua regia for 10 min at 50oC filtered and diluted to 100 mL.  The total chromium 

concentration was verified through AAS at 357.8 nm.  The total chromium was found to be 262 



mg kg-1 which was in close proximity with the Cr as certified in the rock sample. A 10 mL 

volume of the phosphate rock solution was taken and chromium was oxidised to Cr(VI) by 

adding NaOH and H2O2 . A 0.4 g of the BMOF biosorbent was added to 10 mL of phosphate 

rock solution and adjusted at pH 4.0 and agitated in an incubator shaker for 180 min. The Cr was 

absorbed completely and further 1.5 mol L-1 NaOH could desorb 95% of Cr(VI) and was 

confirmed through AAS measurement 

 

Figure 7.10. (a) Effect of sample volume (conditions: weight of adsorbent- 2.0 g, Cr(VI) 

concentration- 5 mg L-1, pH- 4.0, flowrate- 5 mL min-1)  (b) Effect of desorbing agent on the 

biosorbent (c) Regeneration efficiency of the biosorbent 



7.4. Conclusions 

The proposed MOF - Nitrosomonas combination has highlighted the significant impact and 

convergence of biotechnology and a porous material to remove toxic hexavalent chromium. With 

the backing of sound analytical characterization techniques, the interaction of chromium with the 

biosorbent was well established. The porosity of metal organic framework in conjunction with 

the functional groups (NH2, COOH, OH) on the bacterial cell surface augments the affinity 

between the hydrochromate anion and the biosorbent through electrostatic interaction 

mechanism. With a Langmuir adsorption capacity of 23.69 mg g-1 and facile adsorption-

desorption kinetics and favorable thermodynamics a removal efficiency of greater than 95% was 

achieved with this biosorbent. The proof of concept was validated in the removal of chromium in 

a certified rock phosphate sample with high efficiency. The reusability of the biosorbent was 

ascertained through the facile desorption using NaOH for three adsorption-desorption cycles. In 

principle, microbe modified MOF represents an interesting confluence of biotechnology and 

material science towards the development of sustainable methods for the removal of diverse 

pollutants from the environment. 
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8.1. Summary and Conclusions 

To combat the disadvantages of the chemically modified adsorbents there is a necessity to 

develop novel green methods such as microbe immobilized adsorbents for the sequestration of 

toxic hexavalent chromium. To accomplish this, biosorbents were developed using microbes 

such as Saccharomyces cerevisiae, Aspergillus sp, Arbuscular Mycorrhizal Fungal spores, 

Rhizobium sp, Nitrosomonas sp and immobilized in various supports such as cellulose, clay, 

carbon nanotubes and metal organic frameworks in different combinations.     

The first method presented in the thesis provides an effective approach to immobilize yeast in a 

biodegradable cellulose polymeric support using microwave irradiation and bioremediation as a 

sustainable alternative to detoxify chromium. The conventional method for the preparation 

requires 3 hours for the immobilization of yeast. With a simple microwave oven, it requires just 

200 sec for immobilizing yeast and shows a good adsorption capacity of 23.61 mg g-1 for Cr(VI). 

In the range 10-30 mg L-1 Cr(VI), yeast as such shows an average adsorption of 92.6 %, whereas 

glutaraldehyde cross linked cellulose immobilized with yeast gives a quantitative average 

adsorption value of 98.8 %. The adsorption of chromium with cellulose as such was found to be 

only 49.6 % and when yeast is immobilized within the biopolymer matrix the adsorption 

capacity of the cellulose is enhanced two fold thereby improving its metal uptake to great extent. 

Cr(VI) as well as Cr(III) could be removed at acidic and alkaline pH respectively. The biosorbent 

could be regenerated using 2.0 mol L-1 

at the fungi immobilized biopolymer-solution interface. Among the various isotherms, Langmuir 

model gave a good fit the biosorption data with a high correlation coefficient and a statistically 

lower chi square value. Further, the uptake of Cr(VI) was also in accordance with the second 

order kinetic model. Furthermore, yeast and cellulose are non-toxic and hence this low cost blend 

adsorbent serves as a promising green option for chromium remediation. Quite optimistically, 

from the results obtained it can be concluded that this method would also enhance the potential 

of microwave chemistry in biosorbent preparation to detoxify various other pollutants. 



The second method developed has highlighted the confluence of biotechnology and nano 

materials as an emerging area towards heavy metal remediation. The proposed methodology has 

illustrated the ability of yeast immobilized in oxidized multiwalled carbon nano tubes as 

effective adsorbent to sequester chromium in the +6 oxidation state.  The biosorbent followed 

Langmuir isotherm with 31.6 mg g-1 adsorption capacity respectively. The biosorption process 

was exothermic, spontaneous and pseudo second order model was effective in understanding the 

adsorption kinetics. The mechanism involves electrostatic interaction between the heavy metal 

ion and biosorbent surface. Characterization techniques confirmed the interaction of microbe and 

oxidized carbon nano tubes with Cr(VI). A good sample volume of synthetic waste water sample 

was treated in lab scale column studies which could tolerate up to 5 cycles of adsorption and 

desorption by regenerating the biosorbents using 1.0 mol L-1sodium hydroxide. On an optimistic 

note, biotechnology and nanoscience complement each other by opening diverse possibilities in 

detoxifying the pollutants from industrial waste water.  

The third method has illustrated the combined influence of fungi and sodium montmorillonite for 

the prospective removal of hexavalent chromium. The fungus was isolated from bread and the 

molecular biology techniques confirmed the genera to be Aspergillus. The use of clay as a 

support reinforces the interaction between the functional groups present in the cell wall of 

Aspergillus and chromium.  The inorganic support imparts good stability thereby giving a high 

adsorption capacity of 45.72 mg g-1. Second order model is more appropriate in describing the 

adsorption kinetics of chromium (VI). The thermodynamics of biosorption process indicates the 

spontaneous and exothermic interaction. The preliminary laboratory scale column tests have 

indicated the prospects of this biosorbent in the scale up operations to a higher sample volume. 

The ability of the biosorbent to treat industrial wastewater and the regeneration using sodium 

hydroxide highlights the convergence of chemistry and biotechnology in formulating sustainable 

solutions to address heavy metal contamination. 

The Aspergillus- cellulose biosorbent was found to be effective for the removal of Cr(VI) both in 

batch and column studies with a good efficacy. The fungus immobilized in epichlorohydrin 

crosslinked cellulose yields a Langmuir adsorption capacity of 23.83 mg g-1. An increase in bed 

height increased the adsorption capacity while an increase in flow rate and Cr(VI) concentration 



reduces the adsorption efficiency. Pseudo second order model is appropriate for the 

thermodynamically spontaneous and exothermic adsorption process. Various column parameters 

were studied through the breakthrough curves and mathematical models such as Thomas, Yoon-

Nelson, and BDST were applied to the system, of which BDST model was the best fit with a 

good adsorption capacity. The biosorbent efficiently removes Cr(VI) from synthetic waste water 

sample and certified industrial effluent sample. The regeneration of Cr (VI) was done using 1.5 

mol L-1 sodium hydroxide and the Aspergillus-cellulose combination has good ability to treat 

Cr(VI) contaminated waste water. 

The chapter 5 involves an interesting application of fungal spores immobilized in clay for the 

metal removal. The isolation of Arbuscular Mycorrhizal Fungal spores is quite challenging as 

compared to the vegetative cells of microbes (yeast, Aspergillus).  Further, we found that the 

spores as such gave a low uptake efficiency for chromium. Yet, when it is immobilized in a 

suitable support such as clay there was an enhancement in the metal uptake. The developed 

AMF-clay biosorbent has the potential to adsorb Cr(VI) at pH 2.0-3.0 up to an extent of 78% at 5 

mg L-1 concentration. Langmuir adsorption capacity obtained was 11.185 mg g-1 and the system 

kinetics followed pseudo second order by attaining equilibrium in 180 min. The immobilization 

of AMF spores in sodium montmorillonite enhanced the Langmuir adsorption capacity from 4.5 

mg g-1 to 11.185 mg g-1. The exergonic system thermodynamics yields a negative entropy (-

79.215 J mol-1 K-1) and enthalpy (-26.530 kJ mol-1). The regeneration of the biosorbent using 

NaOH was facile and this AMF-clay combination would prove to be quite beneficial to adsorb 

hexavalent Cr from diverse matrices. However, compared to the vegetative cells of yeast or 

Aspergillus wherein there is more surface area, the AMF spores possess comparatively lesser 

adsorption capacity.  The AMF-clay combination would certainly open the doors towards 

exploring other supports involving cellulose, silica or alumina as a practical approach for heavy 

metal remediation.  

The next proposed methodology has illustrated the ability of nitrogen fixing bacteria, Rhizobium 

immobilized in oxidized multiwalled carbon nano tubes as effective adsorbent to sequester 

chromium in the +6 oxidation state. The microbe was isolated from soil and the microbiology 

and molecular biology techniques confirmed the genus to be Rhizobium. The biosorbent 



followed Langmuir isotherm with 24.86 mg g-1 adsorption capacity respectively. The biosorption 

process was exothermic, spontaneous and pseudo second order model was effective in 

understanding the adsorption kinetics. The mechanism involves electrostatic interaction between 

the heavy metal ion and biosorbent surface. Characterization techniques confirmed the 

interaction of microbe and oxidized carbon nano tubes with Cr(VI). A good sample volume of 

synthetic waste water sample was treated in lab scale column studies which could tolerate up to 4 

cycles of adsorption and desorption by regenerating the biosorbents using 1.0 mol L-1 sodium 

hydroxide.  

The clay-Rhizobium biosorbent showed good efficacy in adsorbing Cr(VI) which is relatively 

economical, environmental friendly and easily degradable. The system followed pseudo second 

order kinetics attaining equilibrium in 180 min with a Langmuir adsorption capacity of 22.22 mg 

g-1. The thermodynamics of adsorption was observed to be less random, exothermic, and 

spontaneous with negative entropy ( o = -65.202 J mol-1K -1 ) , enthalpy ( o = -21.705 kJ mol
1 ) and free energy changes. The presence of Cr(VI) and Cr(III) are confirmed by XPS and 

confocal microscopy though Cr(VI) reduction is not instantaneous. The regeneration of the 

biosorbent using NaOH was up to two full cycles to a sample volume of 150 mL, promising the 

effective removal for Cr(VI).  

The MOF - Nitrosomonas combination has highlighted the significant impact and convergence 

of biotechnology and a porous material to remove toxic hexavalent chromium. With the backing 

of sound analytical characterization techniques, the interaction of chromium with the biosorbent 

was well established. The porosity of metal organic framework in conjunction with the 

functional groups (NH2, COOH, OH) on the bacterial cell surface augments the affinity between 

the hydrochromate anion and the biosorbent through electrostatic interaction mechanism. With a 

Langmuir adsorption capacity of 23.69 mg g-1 and facile adsorption-desorption kinetics and 

favorable thermodynamics a removal efficiency of greater than 95% was achieved with this 

biosorbent. The proof of concept was validated in the removal of chromium in a certified rock 

phosphate sample with high efficiency. The reusability of the biosorbent was ascertained through 

the facile desorption using NaOH for three adsorption-desorption cycles. In principle, microbe 

modified MOF represents an interesting confluence of biotechnology and material science 



towards the development of sustainable methods for the removal of diverse pollutants from the 

environment. 

In the quest to develop the good biosorbents for removal of Cr(VI), the proposed four microbes 

in the work were immobilized in  each  of the four solid supports thereby developing a total of 

sixteen biosorbent combinations. Each of these possess their distinct merits with regard to the 

adsorption capacity, regeneration ability and scale up to larger volumes. The summary of all the 

developed methods is divided based on the individual microbe and its four combinations of solid 

supports and are tabulated in Tables 8.1- 8.4. 

8.2. Scope for future work 

The results obtained in this study offer many new and interesting possibilities for future research. 

Some of them are listed below: 

 The developed biosorbents would open up the scope for the better selectivity and 

enhancement of the sequestration of chromium.  

 The biosorbents developed would serve the effectiveness to adsorb the chromium in 

diverse industrial effluents. 

 Larger volumes of metal contaminated waters could be treated by scaling up through 

various column modeling studies. 

 With proper optimization of experimental variables, the biosorbents as a microbial 

consortia could also open up the possibility to sequester other toxic metal ions. 

 

 

 

 

 

 



Table 8.1. Summary of the yeast immobilized biosorbents developed for Cr(VI) removal 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g-1) 

Kinetics Thermodynamics 

Saccharomyces 

cerevisiae-

cellulose 

2.5-3.0 23.61 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae -clay 

2.0 26.35 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae - 

MWCNTs 

2.0 31.6 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae - MOF 

4.0 34.53 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

 

 

 

 

 

 

 

 



Table 8.2. Summary of the  Aspergillus immobilized biosorbents developed for Cr(VI) removal 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g-1) 

Kinetics Thermodynamics 

Aspergillus-

cellulose 

2.5-3.0 28.83 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-clay 2.0 45.72 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-

MWCNTs 

2.0 35.12 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-

MOF 

4.0 40.8 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

 

 

 

 

 

 

 

 



Table 8.3. Summary of the Rhizobium immobilized biosorbents developed for Cr(VI) removal 

 

 

 

 

 

 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g-1) 

Kinetics Thermodynamics 

Rhizobium-

cellulose 

2.5-3.0 19.7 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-clay 2.0 22.2 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-

MWCNTs 

2.0 24.82 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-MOF 4.0 26.31 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 



Table 8.4. Summary of the Nitrosomonas immobilized biosorbents developed for Cr(VI) 

removal 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g-1) 

Kinetics Thermodynamics 

Nitrosomonas-

cellulose 

2.5-3.0 17.3 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

clay 

2.0 20.5 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

MWCNTs 

2.0 22.26 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

MOF 

4.0 23.67 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 
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8.1. Summary and Conclusions 

To combat the disadvantages of the chemically modified adsorbents there is a necessity to 

develop novel green methods such as microbe immobilized adsorbents for the sequestration of 

toxic hexavalent chromium. To accomplish this, biosorbents were developed using microbes 

such as Saccharomyces cerevisiae, Aspergillus sp, Arbuscular Mycorrhizal Fungal spores, 

Rhizobium sp, Nitrosomonas sp and immobilized in various supports such as cellulose, clay, 

carbon nanotubes and metal organic frameworks in different combinations.     

The first method presented in the thesis provides an effective approach to immobilize yeast in a 

biodegradable cellulose polymeric support using microwave irradiation and bioremediation as a 

sustainable alternative to detoxify chromium. The conventional method for the preparation 

requires 3 hours for the immobilization of yeast. With a simple microwave oven, it requires just 

200 sec for immobilizing yeast and shows a good adsorption capacity of 23.61 mg g
-1

 for Cr(VI). 

In the range 10-30 mg L
-1

 Cr(VI), yeast as such shows an average adsorption of 92.6 %, whereas 

glutaraldehyde cross linked cellulose immobilized with yeast gives a quantitative average 

adsorption value of 98.8 %. The adsorption of chromium with cellulose as such was found to be 

only 49.6 % and when yeast is immobilized within the biopolymer matrix the adsorption 

capacity of the cellulose is enhanced two fold thereby improving its metal uptake to great extent. 

Cr(VI) as well as Cr(III) could be removed at acidic and alkaline pH respectively. The biosorbent 

could be regenerated using 2.0 mol L
-1

 sodium hydroxide. The negative free energy (ΔG) and the 

enthalpy changes (ΔH) confirm the spontaneous and exothermic aspects of the biosorption 

process. The ΔS values were also found to be negative and this shows the decreased randomness 

at the fungi immobilized biopolymer-solution interface. Among the various isotherms, Langmuir 

model gave a good fit the biosorption data with a high correlation coefficient and a statistically 

lower chi square value. Further, the uptake of Cr(VI) was also in accordance with the second 

order kinetic model. Furthermore, yeast and cellulose are non-toxic and hence this low cost blend 

adsorbent serves as a promising green option for chromium remediation. Quite optimistically, 

from the results obtained it can be concluded that this method would also enhance the potential 

of microwave chemistry in biosorbent preparation to detoxify various other pollutants. 
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The second method developed has highlighted the confluence of biotechnology and nano 

materials as an emerging area towards heavy metal remediation. The proposed methodology has 

illustrated the ability of yeast immobilized in oxidized multiwalled carbon nano tubes as 

effective adsorbent to sequester chromium in the +6 oxidation state.  The biosorbent followed 

Langmuir isotherm with 31.6 mg g
-1

 adsorption capacity respectively. The biosorption process 

was exothermic, spontaneous and pseudo second order model was effective in understanding the 

adsorption kinetics. The mechanism involves electrostatic interaction between the heavy metal 

ion and biosorbent surface. Characterization techniques confirmed the interaction of microbe and 

oxidized carbon nano tubes with Cr(VI). A good sample volume of synthetic waste water sample 

was treated in lab scale column studies which could tolerate up to 5 cycles of adsorption and 

desorption by regenerating the biosorbents using 1.0 mol L
-1

sodium hydroxide. On an optimistic 

note, biotechnology and nanoscience complement each other by opening diverse possibilities in 

detoxifying the pollutants from industrial waste water.  

The third method has illustrated the combined influence of fungi and sodium montmorillonite for 

the prospective removal of hexavalent chromium. The fungus was isolated from bread and the 

molecular biology techniques confirmed the genera to be Aspergillus. The use of clay as a 

support reinforces the interaction between the functional groups present in the cell wall of 

Aspergillus and chromium.  The inorganic support imparts good stability thereby giving a high 

adsorption capacity of 45.72 mg g
-1

. Second order model is more appropriate in describing the 

adsorption kinetics of chromium (VI). The thermodynamics of biosorption process indicates the 

spontaneous and exothermic interaction. The preliminary laboratory scale column tests have 

indicated the prospects of this biosorbent in the scale up operations to a higher sample volume. 

The ability of the biosorbent to treat industrial wastewater and the regeneration using sodium 

hydroxide highlights the convergence of chemistry and biotechnology in formulating sustainable 

solutions to address heavy metal contamination. 

The Aspergillus- cellulose biosorbent was found to be effective for the removal of Cr(VI) both in 

batch and column studies with a good efficacy. The fungus immobilized in epichlorohydrin 

crosslinked cellulose yields a Langmuir adsorption capacity of 23.83 mg g
-1

. An increase in bed 

height increased the adsorption capacity while an increase in flow rate and Cr(VI) concentration 
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reduces the adsorption efficiency. Pseudo second order model is appropriate for the 

thermodynamically spontaneous and exothermic adsorption process. Various column parameters 

were studied through the breakthrough curves and mathematical models such as Thomas, Yoon-

Nelson, and BDST were applied to the system, of which BDST model was the best fit with a 

good adsorption capacity. The biosorbent efficiently removes Cr(VI) from synthetic waste water 

sample and certified industrial effluent sample. The regeneration of Cr (VI) was done using 1.5 

mol L
-1

 sodium hydroxide and the Aspergillus-cellulose combination has good ability to treat 

Cr(VI) contaminated waste water. 

The chapter 5 involves an interesting application of fungal spores immobilized in clay for the 

metal removal. The isolation of Arbuscular Mycorrhizal Fungal spores is quite challenging as 

compared to the vegetative cells of microbes (yeast, Aspergillus).  Further, we found that the 

spores as such gave a low uptake efficiency for chromium. Yet, when it is immobilized in a 

suitable support such as clay there was an enhancement in the metal uptake. The developed 

AMF-clay biosorbent has the potential to adsorb Cr(VI) at pH 2.0-3.0 up to an extent of 78% at 5 

mg L
-1

 concentration. Langmuir adsorption capacity obtained was 11.185 mg g
-1

 and the system 

kinetics followed pseudo second order by attaining equilibrium in 180 min. The immobilization 

of AMF spores in sodium montmorillonite enhanced the Langmuir adsorption capacity from 4.5 

mg g
-1 

to 11.185 mg g
-1

. The exergonic system thermodynamics yields a negative entropy (-

79.215 J mol
-1

 K
-1

) and enthalpy (-26.530 kJ mol
-1

). The regeneration of the biosorbent using 

NaOH was facile and this AMF-clay combination would prove to be quite beneficial to adsorb 

hexavalent Cr from diverse matrices. However, compared to the vegetative cells of yeast or 

Aspergillus wherein there is more surface area, the AMF spores possess comparatively lesser 

adsorption capacity.  The AMF-clay combination would certainly open the doors towards 

exploring other supports involving cellulose, silica or alumina as a practical approach for heavy 

metal remediation.  

The next proposed methodology has illustrated the ability of nitrogen fixing bacteria, Rhizobium 

immobilized in oxidized multiwalled carbon nano tubes as effective adsorbent to sequester 

chromium in the +6 oxidation state. The microbe was isolated from soil and the microbiology 

and molecular biology techniques confirmed the genus to be Rhizobium. The biosorbent 
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followed Langmuir isotherm with 24.86 mg g
-1

 adsorption capacity respectively. The biosorption 

process was exothermic, spontaneous and pseudo second order model was effective in 

understanding the adsorption kinetics. The mechanism involves electrostatic interaction between 

the heavy metal ion and biosorbent surface. Characterization techniques confirmed the 

interaction of microbe and oxidized carbon nano tubes with Cr(VI). A good sample volume of 

synthetic waste water sample was treated in lab scale column studies which could tolerate up to 4 

cycles of adsorption and desorption by regenerating the biosorbents using 1.0 mol L
-1 

sodium 

hydroxide.  

The clay-Rhizobium biosorbent showed good efficacy in adsorbing Cr(VI) which is relatively 

economical, environmental friendly and easily degradable. The system followed pseudo second 

order kinetics attaining equilibrium in 180 min with a Langmuir adsorption capacity of 22.22 mg 

g
-1

. The thermodynamics of adsorption was observed to be less random, exothermic, and 

spontaneous with negative entropy (ΔS
o
 = -65.202 J mol

-1
K 

-1
 ) , enthalpy (ΔH

o
 = -21.705 kJ mol

−1 ) and free energy changes. The presence of Cr(VI) and Cr(III) are confirmed by XPS and 

confocal microscopy though Cr(VI) reduction is not instantaneous. The regeneration of the 

biosorbent using NaOH was up to two full cycles to a sample volume of 150 mL, promising the 

effective removal for Cr(VI).  

The MOF - Nitrosomonas combination has highlighted the significant impact and convergence 

of biotechnology and a porous material to remove toxic hexavalent chromium. With the backing 

of sound analytical characterization techniques, the interaction of chromium with the biosorbent 

was well established. The porosity of metal organic framework in conjunction with the 

functional groups (NH2, COOH, OH) on the bacterial cell surface augments the affinity between 

the hydrochromate anion and the biosorbent through electrostatic interaction mechanism. With a 

Langmuir adsorption capacity of 23.69 mg g
-1

 and facile adsorption-desorption kinetics and 

favorable thermodynamics a removal efficiency of greater than 95% was achieved with this 

biosorbent. The proof of concept was validated in the removal of chromium in a certified rock 

phosphate sample with high efficiency. The reusability of the biosorbent was ascertained through 

the facile desorption using NaOH for three adsorption-desorption cycles. In principle, microbe 

modified MOF represents an interesting confluence of biotechnology and material science 
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towards the development of sustainable methods for the removal of diverse pollutants from the 

environment. 

In the quest to develop the good biosorbents for removal of Cr(VI), the proposed four microbes 

in the work were immobilized in  each  of the four solid supports thereby developing a total of 

sixteen biosorbent combinations. Each of these possess their distinct merits with regard to the 

adsorption capacity, regeneration ability and scale up to larger volumes. The summary of all the 

developed methods is divided based on the individual microbe and its four combinations of solid 

supports and are tabulated in Tables 8.1- 8.4. 

8.2. Scope for future work 

The results obtained in this study offer many new and interesting possibilities for future research. 

Some of them are listed below: 

 The developed biosorbents would open up the scope for the better selectivity and 

enhancement of the sequestration of chromium.  

 The biosorbents developed would serve the effectiveness to adsorb the chromium in 

diverse industrial effluents. 

 Larger volumes of metal contaminated waters could be treated by scaling up through 

various column modeling studies. 

 With proper optimization of experimental variables, the biosorbents as a microbial 

consortia could also open up the possibility to sequester other toxic metal ions. 
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Table 8.1. Summary of the yeast immobilized biosorbents developed for Cr(VI) removal 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g
-1

) 

Kinetics Thermodynamics 

Saccharomyces 

cerevisiae-

cellulose 

2.5-3.0 23.61 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae -clay 

2.0 26.35 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae - 

MWCNTs 

2.0 31.6 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Saccharomyces 

cerevisiae - MOF 

4.0 34.53 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 
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Table 8.2. Summary of the  Aspergillus immobilized biosorbents developed for Cr(VI) removal 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g
-1

) 

Kinetics Thermodynamics 

Aspergillus-

cellulose 

2.5-3.0 28.83 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-clay 2.0 45.72 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-

MWCNTs 

2.0 35.12 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Aspergillus-

MOF 

4.0 40.8 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 
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Table 8.3. Summary of the Rhizobium immobilized biosorbents developed for Cr(VI) removal 

 

 

 

 

 

 

 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g
-1

) 

Kinetics Thermodynamics 

Rhizobium-

cellulose 

2.5-3.0 19.7 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-clay 2.0 22.2 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-

MWCNTs 

2.0 24.82 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Rhizobium-MOF 4.0 26.31 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 
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Table 8.4. Summary of the Nitrosomonas immobilized biosorbents developed for Cr(VI) 

removal 

Biosorbent pH Langmuir 

adsorption 

capacity (mg g
-1

) 

Kinetics Thermodynamics 

Nitrosomonas-

cellulose 

2.5-3.0 17.3 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

clay 

2.0 20.5 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

MWCNTs 

2.0 22.26 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

Nitrosomonas-

MOF 

4.0 23.67 Pseudo second order Exothermic, 

spontaneous, 

negative entropy 

 


