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Abstract

The industrialization of world has witnessed several changes in the environment. The
outcome of this effect is a huge generation of unwanted, toxic and hazardous substances/
chemicals that tend to leach into landfills and contaminate surface waters thus polluting air,

water and soil. All this, in total, contributes to environmental pollution.

E-waste is one of the fastest growing waste streams that is a major contributor of
environmental metal pollution. Various industries in the electronic sector releases heavy metals
in the environment through their effluents. Pollution of the natural environment by these heavy
metals is a worldwide problem as they cannot be destroyed and most of them have toxic effects
on living organisms, when present beyond their permissible levels. Several physical and
chemical methods proposed for removal of these heavy metals have become obsolete due to
some major reasons such as high capital input and reduced efficiency at dilute concentrations of
the metal solutions, generation of hazardous by-products or inefficiency when the concentration
of the pollutant is below 100 mg I". This necessitates cost effective and environmental friendly

techniques for their removal.

Biological methods solve these drawbacks since they are easy to operate, do not produce
secondary pollutants, sludge and show higher efficiency at low metal concentrations. Microbes
found in heavy metal rich habitats have resistance mechanisms to tolerate high concentrations of
heavy metals by efflux, complexation, cell wall adsorption, transformation to a less toxic state,

expression of polyamines, metallothioneins, phytochelatins, synthesis of metal binding peptides

Vi



and so on. These potent abilities of the microbes could thus be exploited to remediate heavy
metals. However, there are several disadvantages and demerits associated with the direct use of
bacterial biomass. Microbial masses are basically small particles with low density, little rigidity
and poor mechanical strength. Immobilization of these microbes on suitable polymers is one of
the key elements for practical application of the biosorbent in upscale metal removal studies.
This eventually enhances the adsorption capacity of the biosorbent.

This thesis focuses on the isolation and characterization (chemical and microbiological)
of the electronic industry effluent to explore for some novel heavy metal resistant microbial
strains to remediate heavy metals. Various culture independent and dependent methods of
identification involving biochemical tests and molecular biology based methods like 16 S r -
DNA sequencing and lipid analyses (FAME analysis) were carried out to identify and confirm
the strains isolated from an electronic industry effluent. Several adsorbents were prepared by
using the biomass as such and subsequent immobilization of the microbe on various biopolymer
matrices for enhanced remediation of lead, cadmium and zinc. Various parameters such as effect
of pH, temperature, concentration, contact time, interference from diverse ions etc, were
optimized to achieve maximum adsorption of the metal cations. Additionally, physicochemical
characterizations (SEM-EDAX, XRD, FTIR) of the adsorbent before and after metal adsorption
were also carried out to analyze the metal adsorption on the adsorbent.

Our study showed the presence of a diverse group of resistant microbes and revealed a
total of ten bacterial and two fungal isolates. All these isolates were found to survive in presence
of heavy metals like cadmium, lead and zinc and were resistant to antibiotics like ampicillin,
tetracycline, streptomycin, penicillin and chloramphenicol as indicated by their Minimum

Inhibitory Concentrations (MIC). Such resistant isolates harbor possibilities of metal
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adaptive/selective pathways which render them as economically beneficial bio-sorbent and a
better alternative in bioremediation of heavy metals.

One of the isolated microbe Halomonas sp. strain BVR 1, was selected as our model
organism for this study based on its heavy metal resistance for the removal of heavy metals. The
surface characterizations of the adsorbent before and after adsorption of metal ions showed
significant differences indicative of effective metal binding. Langmuir isotherm gave good fit to
the experimental data with a maximum adsorption capacity of 12.023 mg g, 11.11 mg g™ and
9.152 mg g for cadmium, zinc and lead respectively.

To achieve a high metal binding capacity and metal selectivity, Halomonas BVR 1 was
immobilized in sodium alginate, chitosan and graphene oxide. These combinations of the
adsorbents proved to be beneficial as the adsorption capacities of the metal ions increased

significantly by two folds.

Halomonas BVR 1 has been proved to be a good host for metal cations, understanding the
physiology of this organism under heavy metal stress and delineating the genetic basis of its
heavy metal resistance is of paramount importance. In this context, we demonstrate a correlation
between cellular content of three major polyamines (putrescine, spermidine and spermine) upon
exposure to lead in this bacteria. The physiological response to lead occurs within 6 h post metal
treatment. During the same time interval there was a surge in the growth of bacteria along with
the enhancement in putrescine levels. The FTIR data of the extracted polyamines post metal
treatment also showed significant shift in the spectral peaks in comparison to the ones without
any metal treatment. Thus, it could be hypothesized that, the endogenous polyamines contribute

towards scavenging lead in these bacteria.
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The present study also proved the genetic contribution of heavy metal resistance in this strain to
be plasmid mediated. Plasmid curing experiments affirmed plasmid mediated heavy metal
resistance. Additionally, genetic transformation of a non metal resistant lab strain E.coli and the
cured strain of Halomonas BVR 1 with the isolated plasmid increased their metal tolerance level
by 50 % confirming the genetic determinant to be present on the plasmid.

Keywords: E-waste, Halomonas BVR 1, Heavy metal, Bioremediation, Adsorption isotherms,

Kinetics, Thermodynamics, Heavy metal stress, Polyamines, Plasmid



Table of contents

Certificate

Acknowledgement

Abstract Vi
Abbreviations & Symbols Xi
List of figures Xiii
List of Tables XVii
1. Introduction 3
2. Characterization and remediation of electronic industry effluents. 26
3. Enhancing metal remediation by immobilization of Halomonas BVR 1
) ) . 83
in chitosan and Graphene Oxide.
4. Halomonas BVR 1 immobilized in Sodium alginate for effective
removal of cations and their modelling studies to assess the upscale 128
removal of heavy metal lead.
5. Understanding the effect of heavy metal stress on Halomonas BVR 1
and delineating the genetic basis of its heavy metal resistance. 166
6. Summary, Conclusions and Future Perspective 196
References 202
Appendix | 225
List of publications 235
o . 236
Brief biography of the Supervisor
Brief biography of the Co-supervisor 237
Brief biography of the Candidate 237




Abbreviations & Symbols

e-waste Electronic waste
pL Micro litre
°c Degree Celsius
AAS Atomic Absorption Spectrophotometer
B Langmuir constant
CETP Common Effluent Treatment Plant
Co Initial Concentration
DNA Deoxy ribonucleic Acid
dNTPs Deoxy Ribonucleotide Triphosphate
EDAX Energy Dispersive X-Ray Spectroscopy
EDTA Ethylene Diamine Tetra Acetic Acid
EPA US Environmental Protection Agency
FAME Fatty Acid methyl Ester
FTIR Fourier Transform Infrared Spectroscopy
G Gram
GMOs Genetically Modified Organisms
GO Graphene Oxide
H Hours
IAA Isoamyl alcohol
KDa Kilo Dalton
Kint Intra-particle diffusion constant
M Molar
MIC Minimum Inhibitory Concentration
Min Minute
mL milli litre

Xi



MSA Multiple Sequence Alignment
MTs Metallothioneins
n & Ks Freundlich constants
Ng Nano Gram
Nm Nanometer
oD Optical Density
PAs Polyamines
PCR Polymerase Chain Reaction
mg L Parts per million
do Maximum adsorption capacity
Qe Equilibrium concentration
rDNA ribosomal DNA
RL Dimensionless constant in Langmuir isotherm model
RNA Ribonucleic acid
ROS Reactive Oxygen Species
Rpm Revolutions Per Minute
SDS Sodium Dodecyl Sulphate
SEM Scanning Electron Microscopy
T Time
WHO World Health Organization
AG® standard Gibb’s free energy
AHP standard enthalpy
AS° standard entropy

Xii



List of Figures

Filgll(J)re Caption/Legend P.I?I%e
1.1 Schematic representation of the environmental pollutants as per EPA guidelines. 4
1.2 Schematic representation Percentage contribution of various electronic sectors. 7
1.3 Schematic representation of protective mechanisms of bacteria under metal stress. 13
1.4 Depiction of metal microbe interaction. 18
15 Overview of the remediation of heavy metals. 23
21 Gram staining depiction of strains isolated. 35
292 Resistance patterns of the microbes towards antibiotics. 41
53 MIC of strains against various heavy metals. 44
24 1.5 Kb amplicon of 16 S r-DNA of one of the isolate. 47
25 Multiple Sequence Alignment of the variable regions of all the strains. 49
26 Phylogenetic analysis of the isolated strains. 50
27 FAME profiles of the four different strains Halomonas,Bacillus,Pseudomonas, Kocuria. 53
28 Phylogenetic relationship of the isolated Pseudomonas with the other strains. 54
2.9 Fungal DNA isolated. 55
2.10 A-D | SEM Images of the biomass before and after adsorption. 60
2.11 A-D | EDAX spectrum of the biomass before and after adsorption. 61
2.12 A-D | FTIR spectrumof the biomass before and after the metal adsorption. 64
2.13 Effectof pH on the metal adsorption. 65
2.14 A-D | Adsorption isotherms for the removal of cadmium,lead and zinc using Halomonas BVR1. 68
2.15 A-D | Kinetic Plots for the adsorption of cadmium,lead and zinc using Halomonas BVR1. 73
2.16 A-D | Van't Hoff plot showing the variation of InK against 1/T. 77
3.1 [llustration of the microbe immobilized in chitosan crosslinked with glutaraldehyde. 85

Xiii




3.2

SEM and optical images of the adsorbent (Halomonas BVR 1 immobilized in chitosan )

before and after the metal adsorption. 89
3.3A-D EDAX analysis of the adsorbent (Halomonas BVR 1 immobilized in chitosan ) before and 90
after metal adsorption.
3.4A-B FTIR of the adsorbent (Halomonas BVR 1 immobilized in chitosan ) before and after 92
metal adsorption.
35 Percentage of metal removal at different pH. 93
3.6 A-D Adsorption isotherms for the removal ofcadmium,lead and zinc using Halomonas BVR1 94
immobilized in chitosan.
3.7A-D Kinetic Plots for the adsorption of cadmium, lead and zinc using Halomonas BVR1 97
immobilized in chitosan.
3.8A-D : e : : e
Intra-particle diffusion plot for intraparticle diffusion. 98
3.9 Van't Hoff plot showing the variation of InK against 1/T. 100
3.10 .
Effect of eluent on desorption. 104
3.11 A-D : . A,
SEM and EDAX analysis of the adsorbent (Halomonas BVR1 immobilized in graphene 107
oxide) before and after adsorption.
3.12 XRD pattern of the adsorbent (Halomonas BVR1 immobilized in graphene oxide) before 109
and after metal adsorption
3.13 FTIR analysis of the adsorbent (Halomonas BVR1 immobilized in
: . 111
graphene oxide)before and after metal adsorption.
314 A. Effect of pH on the adsorption of metal ions.
' B.Mechanistic interaction of the biosorbent with the metal ions. 112
3.15 A-D | Cadmium adsorption isotherms using Halomonas BVR1 immobilized in graphene oxide 114
for the removal of cadmium, lead and zinc.
3.16 A-D | Lead adsorption isotherms (A: Langmuir isotherm, B: Freundlich isotherm, C:D-R
. : L 115
isotherm, D: Elovich isotherm)
3.17 A-D | Zinc adsorption parameters (A: Langmuir isotherm, B: Freundlich isotherm, C: D-R
; . S 116
isotherm, D: Elovich isotherm)
318A-C A)Pseudo Second order, B)Pseudo first order and C)Weber Morris diffusion plots. 118
3.19 , -
Van't Hoff plot depicting InK Vs. 1/T. 120
3.20 A) Concentration of HCI against % desorption  B) Regeneration efficiency of adsorbent | 123
3.2l Effect of sample volume on metal adsorption 124

Xiv




4.1

Structure of sodium alginate.

128
4.2 A-D FTIR analysis of the adsorbent (Halomonas BVR 1 immobilized in sodium alginate) 133
before and after metal adsorption.
4.3 A-D SEM image of the immobilized adsorbent (Halomonas BVR 1 immobilized in sodium
. . 134
alginate) before and after metal adsorption.
4.4 A-C EDAX of the adsorbent (Halomonas BVR 1 immobilized in sodium alginate) before and 135
after metal adsorption.
4.5 Effect of pH on metal removal. 136
4.6 Adsorption isotherms A) Langmuir isotherm, B) Freundlich isotherm, C) Elovich isotherm 138
and D) DR isotherm for heavy metals lead, cadmium and zinc.
4.7 Kinetic plots A) Pseudo first order B) Pseudo second order C) Intraparticle diffusion and D) 142
Van't Hoff's plots depicting In K Vs. 1/T for heavy metals Lead, Cadmium and Zinc.
4.8 Depiction of the adsorbent used for column packing. 147
4.9 Schematic representation of the experiments carried out for modeling studies. 148
4.10 Breakthrough curves for 20, 30, 40 and 50 mg L™ of lead at 2.3 mL min™. 150
411 Breakthrough curves for 20, 30, 40 and 50 mg L™ of lead at 15 mL min™. 151
412 Breakthrough curves for 20 mg L™ concentration of Pb(NOs), in 100 mL MilliQ water at
' the maximum flow rate 15 mL min™. Eight runs performed with a total of 800mL treated for| 151
1hr 45mins.
413 Breakthrough curves for 20 mg L™ concentration of Pb(NOs), in 250 mL MilliQ water at
' the maximum flow rate 15 mL min™. Four runs performed with a total of 800 mL treated for| 152
1 hr 45 mins.
Dithizone test for the Halomonas BVR 1 immobilized sodium alginate beads before and
4.14 X
after adsorption. 153
415 Comparison of experimental data and generated breakthrough curves using Linear Model
' for 20, 30, 40 and 50 mg L™ of Pb(NOs), in 100 mL in MilliQ water at the least flow rate | 161
of 2.3 mL min™’,
416 Comparison of experimental data and generated breakthrough curves using Langmuir
' Model for 20, 30, 40 and 50 mg L™ of Pb(NO3), in 100 mL in Milli Q water at the least 162
flow rate of 2.3 mL min™.
Comparison of experimental data and generated breakthrough curves using Freundlich
4.17 Model for 20, 30, 40 and 50 mg L™ of Pb(NO3), in 100 mL in MilliQ water at the least
-t 163
flow rate of 2.3 mL min™.
51 Growth curve of Halomonas BVR 1 in the presence and absence of metal. 174
5.2 Extracellular concentration of metal in growth medium.

175

XV




5.3 Membrane damage assay of the cells in the presence of metal. 176
>4 Respiratory activity of the cells in the presence of the metal. 180
55 Polyamine content in the control and metal treated cells as determined Othrough 182
fluorescence.
5.6A-C . : .
Mass data of the polyamines over a period of time. 183
57 FTIR analysis of the polyamines from control and metal treated bacterial cells. 184
5.8 SDS gel analysis of the varying proteome expression profiles of the control 185
bacteria and under stress.
59 Plasmids isolated from various strains 190
5.10 Restriction digestion of the isolated plasmid from Halomonas BVR 1 101
511 Transformed bacterial growth in the presence of heavy metal. 192
512 Metal evaluation of test, transformed and wild strain

193

XVi




List of Tables

: Page
Table No. Caption No.
11 Various microorganisms used for metal removal. 15
1.2 Functional groups on bacterial cell wall for binding metal. 17
2.1 Chemical characterization of the effluents. 30
29 Heavy metal analysis of the effluents. 31
23 Details of the biochemical tests. 37
2.4 Biochemical and morphological characteristics of the isolated strains. 40
25 Carbohydrate utilization pattern by the isolated strains. 40
2.6 Primers for amplification of 16 S r -DNA. 46
57 List of the strains isolated. 49
2.8 Isotherm parameters obtained from chosen models. 71
Kinetic and intraparticle rate constant data for the adsorption of metal
2.9 . 76
ions.
210 Thermodynamic data for the adsorption of metal ions. 78
2.11 Effect of diverse ions on the adsorption of metal ions. 79
Adsorption capacity comparison against various bacterial and fungal
2.12 . 80
strains.
Isotherm parameters obtained from various models for microbe
3.1 immobilized chitosan as biosorbent. %
39 Kinetic and Intraparticle rate constant data for the adsorption of metal ions.| gg
33 Thermodynamic data for the adsorption of metal ions. 101
3.4 Effect of diverse ions on the adsorption of metal ions. 102
35 Comparison of the maximum adsorption capacities of the other | 103

XVii




adsorbents.

36 Adsorption parameters calculated from their respective models for
: : ) - . 117
microbe immobilized graphene oxide adsorbent.
3.7 Kinetic parameters for the adsorption of metal ions. 119
3.8 Thermodynamic data for the adsorption of metal ions. 120
3.9 Effect of various ions on the removal of lead, cadmium and zinc. 122
310 Comparison of the maximum adsorption capacities of the other 195
adsorbents.
4.1 Isotherm parameters obtained through various models using microbe
: . - . ; 139
immobilized sodium alginate adsorbent.
4.2 Kinetics and Intraparticle rate constant data for the adsorption of metal 140
ions.
4.3 Thermodynamic data for the adsorption of the metal ions. 143
4.4 Effect of interfering ions metal adsorption. 144
4.5 Recovery of lead with various eluents. 145
4.6 Comparison of the adsorption capacities with other similar adsorbents. 146
17 List of parameters considered to obtain the numerical model.
: 159

XViii




CHAPTER |
INTRODUCTION



INTRODUCTION

Rapid industrialization, changing consumerist life style and industrial pollution in recent years
increased significantly with an increase in the consumer demand and anthropogenic activities [Klaus et
al, 2005]. This outcome results in a huge generation of unwanted, toxic and hazardous
substances/chemicals. These substances tend to get leached into landfills, contaminate surface waters,
thus contributing to environmental pollution.

Environmental pollutants

The major pollutants in air include sulfur oxides, carbon monoxide, nitrogen oxides, volatile
particulate matter and organic compounds [Sharma et al, 2013]. They result in various environmental
effects such as acid rains, smog, eutrophication, ozone depletion and global climate change. The
associated health effects mainly include respiratory illness, pulmonary and neurological disorders.

All these contaminants fall under the category of either hazardous waste or non-hazardous

wastes (Fig.1.1). The details listed by EPA for these wastes are as follows:



ENVIRONMENTAL POLLUTANTS

Non —
Hazardous
Wastes

Hazardous
Wastes

Does not meet any of the
characteristics as mentioned
against hazardous wastes

More than one chemical and defined
by characteristics such as ignitability,
reactivity, corrosivity and toxicity

Sources: by-products of
industrial, domestic and
other commercial activities

Fig 1.1: Schematic representation of the environmental pollutants as per EPA guidelines. (EPA
September 2005).

Among the various types of pollutions caused due to these pollutants, environmental metal
pollution from natural as well as anthropogenic sources and minerals is rapidly increasing [Oancea et
al, 2003]. Heavy metals are grouped under the category of hazardous waste and thus their disposal

needs to be addressed.

Heavy metal and their hazardous health effects

Pollution of the environment due to heavy metals is a worldwide problem as these metals
cannot be destroyed and some of them have toxic effects on living organisms, when present beyond
desired levels. [Mmolawa et al, 2011]. The term ‘heavy metal’ refers to any metallic element that has a
density between 3.5 g/cm®to above 7g/cm®. It is toxic or poisonous even at low concentrations

[Duruibe et al, 2007]. Heavy metals include cadmium (Cd), lead (Pb), zinc (Zn), silver (Ag), mercury



(Hg), arsenic (As), copper (Cu), iron (Fe), chromium (Cr) and platinum (Pt) group elements. Heavy
metals can be emitted into the environment by both anthropogenic and natural factors, which include
forest fires, volcanic activity, dust particles, coal powder stations, automobile exhausts etc. Among
these heavy metals, WHO has classified lead, cadmium, mercury and Arsenic to be extremely

hazardous and are extensively studied for their effects on human health. [Morrow et al, 2010].

Cadmium

Cadmium occurs naturally in ores together with copper, lead and zinc [Dinis et al, 2011].
Sources that release cadmium, include industrial emissions and application of fertilizer, sewage sludge
to farm land, that leads to contamination of soils. This eventually increases cadmium uptake by crops
grown for human consumption [Muhammad et al, 2012]. The uptake process of soil cadmium by
plants is enhanced at low pH 4 [Veeraiah et al, 2013]. Metallic cadmium has mostly been used as an
anticorrosion agent, a principle called as cadmiation [Gairola et al, 1991]. Cigarette smoking is a
major source of cadmium exposure. Inhalation of cadmium fumes or particles can be life threatening,
and leads to acute pulmonary effects. Although deaths are uncommon, periodic cases still occur
[Nriagu, 1979]. Animal experiments have also suggested that cadmium may be a risk factor for
cardiovascular diseases. The IARC has classified cadmium as a human carcinogen (group I) on the
basis of sufficient evidence in both humans and experimental animals [Huff et al, 2007].
Mercury

A major use of mercury is as an electrode in the chlor alkali industry in the electrochemical
process of manufacturing chlorine. [Handbook of chlor alkali technology Volume I]. Metallic mercury
is also used in thermometers, barometers and instruments for measuring blood pressure. Methyl

mercury poisoning has a prolonged latency and the main symptoms relate to nervous system damage



[Bernard, 1984]. A high dietary intake of mercury from consumption of fish has been hypothesized to

increase the risk of coronary heart disease [Yoshizawa et al, 2002].

Lead

The general population is exposed to lead from air and food in roughly equal proportion.
During the last century, lead emissions have further polluted our ambient air environment, with over
50% of lead emissions originating from petrol [Tong et al, 2000 ]. Occupational exposure to inorganic
lead occurs in mines and smelters as well as welding of lead painted metal, and in battery plants. Up to
50% of inhaled inorganic lead may be absorbed in the lungs [Mohajer et al, 2013].

Adults take up 10-15% of lead in food and about 50% gets adsorbed via the gastrointestinal
tract in children. In adults, inorganic lead does not penetrate the blood—brain barrier, whereas in
children, this barrier is less developed and leads to its easy penetration. The symptoms of acute lead
poisoning include abdominal pain, headache, irritability and various symptoms related to the nervous
system. Recent research has shown that long-term low-level lead exposure in children may also lead to

decreased intellectual capacity [Ruiz et al, 2008].

Electronic waste / e waste: a major source of heavy metals

One of the major source of all these heavy metals is the electronic industry. Rapid economic
growth, coupled with urbanization and a growing demand for consumer goods, has increased both the
production and consumption of the electronic waste [Pinto, 2008]. The Indian Information Technology
(IT) industry has contributed significantly to the digital revolution being experienced by the world and
has been one of the major drivers responsible for the change in economy in the last decade. Electronic

gadgets and appliances have infiltrated every aspect of our daily lives, providing our society with easy



information acquisition and exchange. Various industries in the electronic sector (Fig. 1.2)
investigated by Greenpeace International that contribute of heavy metal pollution through their
effluents were the manufacturing units of printed wiring boards (PWBSs), semiconductor chip

manufacturing, and component assembly

Industry & Audio & video
medical 15%
18%
Home

appliances 6%

Automotive
B%

Data
Aerospace & processing
defence 25%
7%

Telecom
21%

Figure 1.2: Percentage contribution of various electronic sectors.

Composition of electronic goods is very diverse and broadly consists of ferrous and non-
ferrous metals. Iron and steel constitutes about 50% of e-goods while non-ferrous metals constitute

about 13%. Non-ferrous metals include aluminum, copper and other precious metals [Pinto, 2008].

The same frienzied technology of electronic production that is considered as a key source for

future modern societal development, it does not have so-modern downside to it i.e the electronic waste



(e-waste). This knowledge electronic society is simultaneously creating its own toxic footprints
[Oteng-Ababio, 2012]. The fate and effects of the hazardous chemicals and substances generated

during the manufacture of these products have been very poorly documented.

E-waste broadly covers waste from all electronic and electrical appliances that comprises of
items such as mobile phones, refrigerators, computers, televisions (TVs), digital music
recorders/players, washing machines and many other household consumer items (Guidelines for

environmentally sound management of e-waste) .

The increasing ‘market penetration’ in the developing countries, ‘replacement market’ in the
developed countries and ‘high obsolescence rate’ make e-waste one of the fastest growing waste
streams [Kurniawan et al, 2006]. This new kind of waste is posing a serious challenge in disposal and
recycling to both developed and developing countries. Though India has some of the world's most
advanced high-tech software and hardware developing facilities, its recycling sector is in the nascent
stage. The hazardous waste management has now been complicated with the dumping of e-waste
(‘'green passport' according to Gutierrez), particularly computer waste, into India from developed
countries [Pinto, 2008]. This has made e-waste management an issue of environment and health

concern.

Even though India is trying to devise various environmental friendly ways to dispose e-waste,
the spectre of this waste destroying the nation’s ecological health is alarming. According to a report
named “E-waste in India” by Rajya Sabha Secretariat, E-waste from old computers would jump by
400 per cent in China and by 500 per cent in India by 2020. Such predictions highlight the urgent need
to address all the problems related to e-waste (recycling or treatment of the e-waste effluents) in

developing countries like India which is a dumping ground for e-waste. Furthermore, the collection



and management of E-waste and the recycling process is yet to be properly regulated. Considering the
growth rate, the volume of e-waste is estimated to reach nearly 2 million Metric Tonnes by 2025. This
figure shows that e-waste is a serious matter of concern for countries like India (Economic Times
news bulletin, Jun 03, 2016).
In our study, one such e- waste stream i.e; electronic industry effluent has been considered as a source
for the isolation of heavy metal resistant organisms.
Over view of the metal remediation processes

Heavy metals released from these electronic industrial effluents and e-waste recycling units
can be treated by various methods. Chemical methods include chemical oxidation or reduction or
formation of an insoluble gas, chemical precipitation [Barakat et al, 2011]. Also, it includes, other
processes like ion exchange, solvent extraction and electrolytic recovery. Physico-chemical
precipitation include ferrite treatment, carbonate precipitation and sulfide precipitation. These
processes results in the formation of insoluble metal oxide salt sludge. The various disadvantages
associated with these methods involves high chemical requirement, and sludge generation [EPA
guidelines, Office of air and radiation, 2010]. Solvent extraction utilizes membrane systems for the
removal of heavy metals. The end product is in the form of concentrated metals ions present in solvent
stream [Quintelas et al, 2008]. lon exchange involves an adsorption based phenomenon in which the
metal ions bind on the immobilized solid support of the column. Electrolytic recovery gives us a solid
metal at the end of the process. However, Intensive energy is needed to bring about this process. All
these proposed methods of metal removal are inefficient owing to some of the reasons such as high
capital input [Gakwisiri et al, 2012], reduced efficiency at dilute concentrations of the metal solutions,

generation of hazardous by-products or inefficiency when the concentration of the pollutant is below



100mg I™* [Gavilescu, 2004; Wang and Chen 2009]. This necessitates cost effective and environmental
benign techniques for their removal.
Alternate green methodology

Biological methods solve these drawbacks since they do not produce secondary pollutants and
sludge, are easy to operate and show higher efficiency at low metal concentrations [Chen et al. 2005].
One of the viable environmental friendly option proposed to remediate heavy metals are
microorganisms. Microbes found in heavy metal rich habitats have developed resistance mechanisms
to tolerate high concentrations of heavy metals by efflux, complexation and transformation to a less
toxic state or as terminal electron acceptor as in case of anaerobic respiration [Gadd, 1990].
Mechanism of metal tolerance in microbes

Bacteria have a high surface to volume ratio and provide a large contact area for interactions
with the surrounding environment [Brandl et al, 2001]. The net negative charge of the cell envelope
make these organisms prone to accumulate metal cations from the environment [Silvahy et al, 2010].
This accumulation is linked to the concentration and the speciation of the metal which also determines
whether the metal is useful or harmful to the bacterial cell. Homoeostasis is therefore essential and
bacteria have developed a fine-tuned regulatory system of incorporation and excretion of the metal.
Some of the mechanisms that protect the bacterial cells against heavy metal stress have been briefed
here (Fig 1.3):
Redoxolysis: Metals are microbially oxidized or reduced during oxidation-reduction processes. As
result, metal mobility is decreased depending on the type of metal and its oxidation state [Weber et al,

2010].
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Acidolysis: The mechanism is also called proton-induced metal solubilization. Protons released from
microorganisms results in changes of the metal mobility. These protons are bound to the surface and
aids in replacement of metal ions from the aqueous solutions.

Complexolysis: The mechanism is also termed ligand-induced metal solubilization. Microbial
formation of complexing or chelating agents leads to an increase of metal mobility. Metal complexes
are formed on microbial surfaces by ligand exchange and polarization of critical bonds thus facilitating
the detachment of metals species from the surface.

Mobilization: Mobilization occurs through alkylation of Alkyl groups on the bacterial surface that is
enzymatically transferred to the metal ions. The process is often described as “metal volatilization”,
because alkylated metals show an enhanced volatility as compared to their elemental or ionic forms.
One of the best known alkylation process is methylation.

Immobilization and precipitation: Soluble metal species are immobilized (precipitated) by microbially
formed complexing agents, e.g., sulfide. Metal sulfides show very low solubility such that metals are
efficiently precipitated even at low sulfide concentrations. Additionally, the bacterial activities can
result in a reduction of the acidity in an environment leading to the precipitation of metals as
hydroxides [Gadd et al, 2001].

Few molecular mechanisms of cell that involves the intracellular synthesis of biological molecules/
proteins for increased metal tolerance includes:

Polyamines: Polyamines are considered to be simple primordial stress molecules that are produced in
response to stress. Physiological polyamines putrescine, spermidine and spermine are ubiquitous
polycationic molecules that are endogenously synthesized in all organisms. Polyamines are also
known to regulate biochemical activities of DNA, RNA and proteins apart from their role in helping

bacteria to combat heavy metal stress by sequestering the toxic metal ions. Polyamines are known to
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scavenge the Reactive Oxygen Species (ROS) generated in response to heavy metal stress and protect
the cell from damage [Rhee et al, 2007].

Metallothioneins: These are one among the major proteins that play a central role in heavy metal
metabolism. Metallothioneins (MTs) are low molecular (6-7 KDa) cystein -rich protein residues that
are divided into different classes based on the amount of cystein content and structure. MTs lack
histidine and any other aromatic amino acid. The mammalian Mts have two distinct domains that can
accommodate about seven divalent metal ions and twelve monovalent metal ions [Cong et al, 2012].
The only difference between the mammalian metallothionein and the MTs present in cyanobacteria,
yeast and a few higher plants is the distribution pattern of the cystein residues. Heavy metals including
mercury (Hg), zinc (Zn), gold (Au), copper (Cu), silver (Ag), cobalt (Co), Cadmium (Cd), nickel (Ni)
and bismuth (Bi) regulate the Mts synthesis at the transcriptional level [Singh et al, 2011].
Phytochelatins: The members of the third class of Mts are considered to be phytochelatins (PCs). It
has been reviewed that PCs are used for metal complexation in plants. The biosynthesis of PCs is also
induced by certain metals [Maitani et al,1996].

Expression of metal binding pepetides: Metal binding peptides offers great advantage in metal
remediation due to the fact that they enhance the metal specificity and selectivity. These metal
peptides are either designed de-novo or selected by screening peptide libraries. Apart from the cystein
rich metallothionein protein molecules, histidine which are known to have more affinity towards the
transition metal ions, peptides comprising of a combination of cystein and histidine are being exploited
for metal remediation. Cadmium (Cd?*) and Mercury (Hg?*) binding was enhanced by the expression
of a fusion protein involving a maltose-binding protein in E. coli and a repetitive cysteine rich metal-

binding motif (CGCCG). Expression of this fused protein lead to a tenfold increase in the metal
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binding [Mejare et al, 2001]. A schematic representation of the tolerance mechanisms discussed has

been given below:
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Figure 1.3: Schematic representation of protective mechanisms of bacteria under metal stress.

Some of these mechanisms are of biotechnological importance owing to their metal removal
and recovery capacity from industrial effluents. Thus heavy-metal-resistant microorganisms suggest
their plausible role in heavy metal remediation

Bioremediation, is therefore a viable, eco-friendly and cost effective option that utilizes the
microbial cells or their metabolites for pollution abatement. This is a feasible method to accelerate the
process of decay and remove metals by encouraging the microbial and associated biota within the
contaminated site to degrade, accumulate and/or remove the pollutants from the identified site. It is a
cost effective technology and is aptly called as insitu bioremediation [Atlas and Unterman,1999].
Bioremediation has been labeled by many researchers as a technology, employed in the removal of
hydrocarbons, oil-based pollutants and many heavy metals [Atlas and Untermann, 1999, Sabate et al,
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2004, Jain et al 2011]. These days researches have focused upon the intrinsic bioremediation which
relies on degradative capacity of indigenous microorganisms, micro flora, isolated from contaminated

sites, to remove metals, without having to employ any additional treatment [Jain et al, 2005].

Heavy metal resistant microorganism for use as a biosorbent

Selection of a novel organism for its use as an effective bioadsorbent would require a detailed
characterization of the microbial communities from various heavy metal rich habitats. There has been
numerous reports on the microbial characterization of various industrial effluents. However, reports on
microbes inhabiting a electronic industrial effluent is not available till date. Screening of microbial
communities involves isolation and characterization of indigenous microorganisms that are a resident
of these effluents. Detailed identification and characterization of microorganisms can broadly be
classified into morphological, biochemical and molecular procedures [Spiegelman et al, 2005].
Morphological methods are relatively easy to be performed and is rapidly done. They rely on growth
and microscopic examination that give a general characteristic to the morphology of an organism.
Molecular biology based methods involve diverse range of techniques that involve microbial DNA.
This analysis involves a culture independent method which does not require the growth of
microorganisms nor the analysis of any secondary metabolite. This eliminates the time required for
the growth of the microorganism and any bias associated with the growth. Biochemical methods
involves more varied set of recent technologies. These involve gas chromatography and mass
spectroscopy experiments that separate a mixture of compounds and identify a range of biomolecules.
Fatty Acid methyl Ester (FAME) analysis is a kind of lipid analyses that identify the lipid profile
pattern specific to the organism. Similar to the molecular biology methods, biochemical methods is a

culture independent technique.
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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 capaity. Table 1.1 summarizes few of the important results of

metal biosorption using bacterial strains [Ahluwalia and Goyal, 2007; Vijayaraghavan and Yun, 2008].

Table 1.1: Microorganisms used for metal removal.

Heavy Organism Adsorption
metal capacity (mg g™

Ni Ascophyllum nodosum 2.316

Pb Ascophyllum nodosum 2.307

Cd Chaetomorha linum 0.48

Ni Chlorella miniata 0.237

Cu Aspergillus niger pretreated with 25.5
NaOH

Pb Aspergillus niger pretreated with 32.6
NaOH

Pb Corynebacterium glutamicum 567.7

Pd Desulfovibrio desulfuricans 128.2

Cd Staphylococcus xylosus 250.0

Pd Pseudomonas aeruginosa PU21 0.7

Pd Streptomyces noursei 1.6

Pd Penicillium sp. 5.0

Pd Aspergillus niger (live) 2.25

Pd Mucor rouxii (NapCOg pretreated) 3.26

Cd Pseudomonas putida 8.0

Cd Free cell suspended in solution Lab 14.3-20.0
culture

Cd Immobilized cells on sepiolite 10.9

Cd Penicillium digitatum 35

Cd Penicillium notatum 5.0

Cd Aspergillus niger 1.31
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The complex structure of the microorganisms implicit that there are many ways by which the
microorganism can adsorb/absorb metal ions from the surrounding environment that aids in the

biosorption of heavy metals.

Heavy metal reisistant microorgansims and their mechanism for heavy metal removal.

The heavy resistant organisms chosen as a biosorbent, remove heavy metals by one of the
following mechanisms:
Intracellular accumulation

Microbes potentially accumulate metals either by a metabolism dependent, active process or a
metabolism-independent, passive process. Thus, overall accumulation is determined by sorptivity of
the cell envelope and capacity for intracellular movement of metals into the cytosol. Passive
adsorption is likely to be the dominant mechanism in metal accumulation since it does not require
continuous supply of nutrients for growth of organisms. Active uptake into the cytosol is usually
slower than passive adsorption and is dependent on element-specific transport systems [Haferburg et
al, 2007]. This occurs rarely as it requires energy and is usually associated with the viable cells.
Additionally, microbes lack highly specific uptake systems for most metals.
Metal sorption

The surface characteristics of bacteria determine their metal-adsorption properties. The
differences in cell wall comnstruction of Gram-positive and Gram-negative bacteria influence the
sorption behaviour of different metals [Jhonson et al, 2004]. Metal sorption can be more or less
selective, depending on the organisms used and environmental conditions (e.g., pH, salinity)
[Haferburg et al, 2007]. The presence of many functional groups acts as binding site for the formation

of heavy metal crystals. These groups include hydroxyl, sulfhydryl, carboxyl, carbonyl, thioether,
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amine, sulfonate, imine, amide, imidazole, phosphonate, and phosphodiester groups (Table 1.2). The
bulk functional group chemistry of both classes of bacterial surfaces is similar, but particular single
constituents of the cell envelope can have great importance for metal binding. For example,
phosphoryl groups of lipopolysaccharides, carboxylic groups of teichoic and teichuronic acids, or
capsule forming extracellular polymers influence the metal sorption of the cell envelope [Chen et al,
2015].

Table 1.2 : Functional groups on bacterial cell wall for metal binding.

Formula of Name Formula of Name
Functional Functional
Group Group
R*— O—H | Hydroxyl R—=S
H
Sulhydryl
(o) O
/7 B Cy
e C \ Carbonyl
\ H
OH
Carboxyl
7 0
R— C— NH, [l
! Amino | R=C— ‘|3— Carbonyl
/o ﬂ Phosphate
R_c 7 R—O— P—OH
\ Ester i
O—R
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Metal Immobilization

The exopolymers or biopolymers produced by the bacteria as cell defence mechanism helps in

immobilization of the toxic heavy metals and prevents them from entering the cell (Meenakshi et al,

2004). Thus, this is also a surface phenomenon of metal removal.

Precipitation

Precipitation process may or may not be dependent on the cells metabolism. It is independent

of the cells metabolism, in case of a chemical interaction between ligands and functional group on the

bacterial cell wall [Silvahy et al, 2010].

All these processes are exploited commercially for effective bioremediation of heavy metals

effectively and is schematically represented below (Fig. 1.4).
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Figure 1.4: Metal microbe interaction.
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Microbial masses cannot be used independently for a continuous scale up operation owing to
their low density, small particle size, less rigidity, and poor mechanical strength. It may result in the
inability to regenerate/reuse, biomass swelling, solid—liquid separation problems and development of
high pressure drop in the column mode in real application [Mahamadi et al, 2014]. Increased
hydrostatic pressures generated to develop suitable flow rates in a fixed or expanded bed reactor might
cause disintegration of free biomass. All these problems can be avoided by the use of immobilized cell
systems. Hence, immobilization of these microbial masses on suitable solid support matrices ought to
be carried out to overcome these limitations. Microbial immobilization involves confinement of
microbial cells in a three dimensional mode in the lattice. This allows free diffusion of the metal ions
in and out of the lattice and ensures effective removal of metal ions from the aqueous solutions
[Haynes et al, 2010]. Thus, the enhancement of metal removal by immobilization has been sought for
owing to its long term operation capability and also the simplified treatment of effluents to larger

volumes by column studies [Gupta et al, 2016].

Enhanced metal removal
Immobilization in biopolymers

Use of biopolymers for immobilization and subsequent remediation of heavy metals is a
promising technology [Jan Koshtal et al, 2005]. Support matrices suitable for biomass immobilization
include alginate, polyacrylamide, polyvinyl alcohol, polysulfone, silica gel, cellulose, chitosan,
glutaraldehyde graphene oxide etc [Zang et a,l 2002, Vijayaraghavan and Yun, 2008]. The
immobilization of the microbial biomass in solid structures would create a biosorbent material with the
right size, mechanical strength, rigidity and porosity necessary for use in practical processes. The

immobilized materials can be used in a manner similar to ion exchange resins, enabling ease of metal
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removal, efficient adsorption—desorption cycles (recovery of the adsorbed metal, reactivated and re-
use of the biomass) [Veglio and Beolchini, 1997].

Various combinations of microbes immobilized polymeric matrices are still being explored that
can be used in practical biosorption [Veglio and Beolchini, 1997] to enhance metal remediation. Our
contribution adds few more novel adsorbents to this existing pool of immobilized biosorbents.

Apart from immobilization, enhancement of metal adsorption can also be achieved by the
process of genetic engineering.

Genetic engineering

Non genetically engineered biomass usually lack specificity in metal binding, which may
cause difficulties in the recovery and recycling of the desired metal(s). Several genetic approaches
have been developed to improve or redesign microorganisms, where biological metal-sequestering
systems will have greater resistance to environmental conditions, higher intrinsic capability as well as
specificity to metal ions [Bae et al, 2000; Majare & Bulow, 2001]. Many bacterial strains contain
genetic determinants of resistance to heavy metals on plasmids, transposons or can be chromosomal
mediated. The resistant determinant can hence be transferred to any non tolerant bacteria, thus
increasing the threshold of metal tolerance. The potential to alter the metabolic functions is also
advantageous, as they tend to adsorb, accumulate and sequester more number of metal ions.

Naturally occurring bacteria cannot specifically take up a single heavy metal. Genetic
engineering alters such an bacteria with the desired traits, thus increasing its specificity [Sauge-Merle
et al, 2003].

The use of recombinant bacteria to remove specific metals from contaminated water is a
promising area of research. A genetically engineered E.coli, which expresses the Hg** transport

system and metallothionein (a metal binding protein), was able to selectively accumulate 8 pmole
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Hg?*/g cell dry weight [Perpetuo et al, 2011]. The presence of the chelating agents Na*, Mg®* and Ca?*
did not affect its bioaccumulation. Krishnamurthy and wilson constructed an Ecoli strain by
introducing a gene nix A (coding for nickel transport system) that expressed a glutathione S- tranferase
metallothonein fusion protein. This recombinant strain was able to accumulate four times more nickel
than the control strains. Metal resistant R. Eutropha isolate engineered to produce a metallothionein
accumulated more cadmium than its wild type counterpart [Valls et al, 2000]. This thesis focuses on
one such genetic approach of increasing the threshold of metal tolerance in non resistant strains by
transferring the plasmid, harbouring the genetic determinant for heavy metal resistance.

Another important aspect that was considered in the present work is, understanding the
physiology of the bacterial cell under metal stress. Environmental stress has a significant negative
impact on the growth of bacteria. Irrespective of their habitat, bacteria are constantly exposed to a
variety of environmental stresses such as salinity, heat, metal stress etc. and they have evolved
numerous mechanisms to combat stress [Sharma et al, 2006]. Sensing and responding correctly to
these stresses is crucial for the survival of all bacteria [Moat et al, 2000]. Stress in bacteria leads to
increased metabolite production due to changes in physiological processes contributing to their
protective mechanisms [Ramakrishna et al, 2011]. These stress related adaptive and protective
responses include, alteration of gene expression patterns such as changes in the control of
transcription, translation, stability of transcripts and proteins etc [Ron et al, 2013]. Accumulation of
diverse range of metabolites involving amino acids and amines is commonly seen in response to
exposure to heavy metals. This indicates that fluctuations in nitrogen metabolism is central to the
heavy metal response [Sharma et al, 2006; Chen et al, 2011]. Among these metabolites, the major

players are polyamines (PA), which are ubiquitous polycationic aliphatic amines present in all living
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organisms. The three major PA's include putrescine, spermidine and spermine [Pang et al, 2007]. This

thesis focusses on this three centered interaction between the polyamines, heavy metal and bacteria.

Gaps in the existing research

1. There is no report on the microbial characterisation of the effluents from electronic industries.

2. Non- availability of the identified microbes which can remove heavy metals from electronic

industrial effluents.
3. Improvise on the existing methods of e-waste bioremediation.
4. Specific role of polyamines in a metal stressed bacteria.
Scope and objective of the work
The research work presented in this thesis represents the microbial diversity of the electronic

industry effluent and its use for bioremediation of metal cations. The overall objective has been

represented below (Fig. 1.5).
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Figure 1.5: Overview of the remediation of heavy metals.

The above brief review on the current status of the electronic waste and their hazards, shows us
that there is an urge to overcome the deficiency of the existing methods of metal removal. Since, each
methodology differs with respect to selectivity, their actual use in practice depends on the particular
analytical problem. A careful introspection reveals that there is a compelling need to look for more
effective strategies. Keeping these aspects in mind, and other factors such as biosorbent availability,

cost effectiveness, greener solvents, etc efforts were directed towards the development of novel
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microbial biosorbents that could remediate heavy metals such as lead, zinc, cadmium etc. thus solving
the existing problems of bioremediation strategies.

Detailed microbial characterization of the electronic industry effluents to explore novel heavy
metal resistant microbes for their use as biosorbent was carried out. Various physicochemical and
spectroscopic techniques were applied for the characterization and analysis of the prepared adsorbent
before and after the adsorption. The effect of various analytical parameters such as pH, concentration
of metal ions, contact time, temperature etc. were studied in detail. Thermodynamics and kinetics of
the adsorption processes were investigated in detail. The developed adsorbents were tested for the
remediation of heavy metals from real industrial samples such as battery industry effluent. The greener
aspects in the adsorption processes are illustrated through the regeneration of the metal ions from

adsorbents in a facile manner.

The following are the specific objectives proposed for the study:

» To isolate and characterize the heavy metal resistant microorganisms in the effluents from
electronic industry.

» Immobilization of the microbes on various biosorbents and testing for the best possible
combination to remediate major cations in electronic industry effluents.

» Genetic transformation of microbes to enhance the property of metal remediation.

» To understand the role of polyamines in bacteria under heavy metal stress.

» To develop a new microbial package and detoxify heavy metals.
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CHAPTER 1l

CHARACTERIZATION AND REMEDIATION OF
HEAVY METALS IN ELECTRONIC INDUSTRY
EFFLUENTS
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Characterization and remediation of heavy metals in electronic industry effluents

Introduction

Microorganisms are ubiquitous and pioneer colonizers of the environment that symbolizes the
richest repertoire of microbial and molecular diversity in nature. The available literature on the
microbial communities represents only a tiny fraction of the natural diversity representing both natural
and manmade ecosystems [Elshahed et al, 2012]. Out of the 300,000 to one million species of
prokaryotes existing on earth, only 3,100 bacteria have been described in the Bergey’s Manual of
Systematic Bacteriology [Varadarajan et al, 2014]. Industrial effluents are one such ecological niche
where diverse range of microbiota can be found. A detailed chemical and microbiological
characterization of these effluents, would thus reveal the severity of metal pollution and the microbial

community inhabiting the heavy metal rich effluents.

Ours is the first attempt, to characterize an electronic industry effluent with a view to map its
microbial population. This would reveal the presence of any metal resistant microbe that can tolerate
metals to a high concentration. Using this innate capability of the organism, microbial biosorbents can

be developed that is universally applicable to remove heavy metals.

The increasing concern about environmental metal pollution, has stimulated active research in
the field of remediation of heavy metals and significant advancement in the search for novel eco
friendly adsorbents that can effectively remediate heavy metals is in progress [Alkorta et al, 2014;
Bansode et al, 2003 Babel et al, 2003]. In this context, this part of the thesis focuses on microbial

metal adsorption.
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Some of the key factors that control and mediate the metal adsorption are

1. The type of functional groups acting as ligands for effective metal binding [Phoenix et al, 2002].

2. The type of the biosorbent (i.e. living /non-living) [Wang et al, 2009]

3. Characteristics of the metal solution (e.g. pH and the interfering ions) [Wang et al, 2009]

Microbes possess the ability to bind to metal ions present in the external environment, at their
cell surface through the carboxyl, hydroxyl and amine functional groups [Crist et al, 1981]. The metal
adsorption could involve a surface phenomenon through physisorption or an ion adsorption on the
surface of dead or live bacteria. Alternatively, microorganisms could also accumulate these metals
quite slowly according to their metabolic activity (metabolism dependent) [Gadd et al, 1990; Gadd et
al, 1992; Umrania et al, 2006]. They develop resistance mechanisms to these toxic heavy metals and
hence heavy metal resistant microorganisms have paved way to alleviate the problems of heavy metal
contaminants in various effluents [Nourbakhsh et al, 2002]. Studies involving the use of various fungi
and yeasts for the removal of toxic metals like lead and cadmium have been reported [Yoshida et al,
2006]. Kirkelund et al. [Kirkelund et al, 2012] recently reported the electrodialytic removal of
cadmium from biomass combustion fly ash. Reports also suggest the use of Bacillus subtilis, Rhizopus
arrhizus, Saccharomyces cerevisiae, algae and various halophilic bacteria for the adsorption of heavy
metals from industrial wastes [Wang et al, 2009]. All these studies illustrate that metals is known to
bind to the microbial cell surface through various biosorption mechanisms [Amoozegar et al., 2012;
Kimmek et al, 2001].

Biosorption involving microbial biomass, can be carried out using live or dead microbe.

Practically, the use of dead biomass, is beneficial as it removes the constraint of hindrance to bacterial
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growth upon exposure to high concentration of heavy metals. Moreover, use of a live microbe requires
continuous supply of nutrients to promote its growth. This would result in a high cost input.

The pH of the aqueous solution is another important parameter that changes the affinity of the
cationic and anionic functional groups on the biosorbent surface towards the metals ions [Barakat,
M.A., 2011].

To sum up all, these microbial sorbents have been drawing constant attention due to their
extraordinary ability to metabolize waste materials and thereby help in removal of the hazardous
materials from the effluents. Furthermore, the concept of zero discharge, at a low cost is the major
prerequisite for all the industries releasing effluents. Taking all the above facts into consideration, the
study of microbial flora including bacteria, fungi and actinomycetes was deliberated upon in order to
explore heavy metal resistant microbe that can be used as a wonder microbial biosorbent for the
remediation of heavy metals.

Till date, there has been no report on the microbial characterization and the presence of
microorganisms in the electronic industry effluents. This chapter, therefore, presents one of the few
studies aimed at characterizing the effluents to determine the hazardous compounds and evaluate the
microbial diversity prevalent in the effluent of a battery industry unit. It also elucidates the use of the

microbial biomass for the removal of metals like zinc, cadmium and lead.
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Chemical and microbiological characterization of the electronic industry effluent

This section deals with the chemical and microbiological characterization of the electronic
industry effluent collected from an industry located close to Hyderabad. There are many industries that
are located in and around Hyderabad namely ECIL (Electronic corporation of India Limited), HBL
Power systems, IONICS Power systems, MNR industries etc where electronic industry effluents are
available. The electronic industries generate large quantities of effluents rich in metals, phosphates,

sulphates, acids etc [Barakat et al, 2011].

The approach adopted to do this part of the work helps in understanding chemical and
microbiological characteristics of effluents and in identifying a resistant microbe for subsequent
metal adsorption studies. The 'Materials & Methods' and Results obtained for each method have been
presented together in the following sections for ease of understanding. The results have been

independently discussed

Materials and Methods

Collection points and transport of effluents

Industrial effluents were collected from entry points of CETP (Common Effluent Treatment
Plant) and Reverse Osmosis (RO) units in sterile sample collecting bottles and transported to our
laboratory for further microbiological and chemical characterization of the effluents. Various

parameters such as the pH, colour and odour were measured at the site of collection.
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Chemical characterization of effluents.

Detailed characterisation of the effluents involving Biological Oxygen Demand (BOD),

Chemical Oxygen Demand (COD), Dissolved Oxygen (DO), Chlorides, Sulphates and alkalinity were

carried out in our laboratory at BITS Pilani Hyderabad Campus. The details are given in Table 2.1.

Table 2.1 Chemical characterisation of the effluents.

Name of the
test

Materials and Methods

Reference

Result
Obtained

Chemical
Oxygen

Demand (COD)

Determination of COD was done by
adding 2.2 mL of COD solution A
(Mercury (I1) sulphate & sulphuric
acid) and 1.8mL of COD solution B
(Potassium dichromate & sulphuric
acid) to 3 mL of effluent sample. The
reaction was agitated and placed on a
thermoreactor set at 140°C for 120
min After two hours of digestion of
the sample, the reaction contents were
used for spectrophotometric analysis

Guide
manual waste
water
analysis by
Central
Pollution
Control

board

43721 mg L™

Biological
Oxygen

Demand (BOD)

BOD test is to compute a difference
between initial and final DO of the
samples incubation. A standard
protocol was followed for this
measurement

Guide

manual waste
water
analysis by
Central
Pollution
Control

board

27.39mg L™

Alkalinity

Alkalinity of the effluent sample was
calculated by titrating the sample with
0.02N H,SO4 till the pink colour of the
sample due to the addition of
phenolphtahlein indicator disappears.
Subsequent to this 2-3 drops of methyl
red indicator was also added and
titrated with 0.02N H,SO, till the
yellow colour changed to orange. The
total alkalinity was calculated by the
following formula: T-alkalinity, as mg
CaCOs/L = B x 1000/mL sample

Guide

manual waste
water
analysis by
Central
Pollution
Control

board

1096 mg L™

Chloride

Chloride measurement was carried out
by diluting the effluent sample in the
ratio of 1:2.The pH was maintained at

Guide
manual waste
water

0.16 %
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measurement

7-10. To this ImL of K,CrOy indicator
was added and the reaction mixture
was titrated with 0.0141 N AgNOs till
yellowish solution turns red. The
volume of AgNOs consumed in the
titration was noted for further
calculations

analysis by
Central
Pollution
Control

board

Total Dissolved

Solids (TDS)

Procedure was carried out in the
analytical lab of the industry from
where the samples was collected.

49626 mg L™

Sulphate

measurements

Procedure was carried out in the
analytical lab of the industry from
where the samples was collected.

328¢gL"

Heavy metals in the effluents were measured using Atomic Absorption Spectrophotometer (AAS).

They were detected as given in Table 2.2.

Table 2.2: Heavy metal analysis of the effluents.

Characteristic | Value
pH 12.0
Temperature 35°C
Zinc 40mg L™
Cadmium 1.0mg L™
Nickel 225mgL*
Aluminium Nil
Chromium Nil
Magnesium 55mg L™
Lead 25mg L™t
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Discussion: The effluents collected from the electronic industry, were found to be rich in heavy
metals like zinc, cadmium, nickel and lead in the concentrations of 40 mg L™, 1 mg L™", 22.5
mg L? and 2.5 mg L™ respectively (Table 2.2). However, the metals that are hazardous,
majorly represent the electronic industry effluent and cause acute toxicity are lead, cadmium,
zinc and mercury [Tchounwou et al, 2012]. Therefore, lead, cadmium and zinc were specifically
chosen for the present study. Surprisingly, the concentrations of sulphates (207.9 gm/lit) and
chlorides (3.54 gm/lit) was found to be reasonably high in comparison to the heavy metal
concentrations.  However, these values were within the limits of secondary Maximum
Contaminant Levels (MCLs) as per the United States Environmental Protection Agency (EPA)
(EPA, 2016). The TDS for the effluent was found to be 49626 mg L™. The acceptable MCL for
the TDS according to these guidelines is 500 mgL™. The high TDS indicated a higher amount of
dissolved ion content in the effluent sample. This might be due to the probability that the effluent
was an RO feed water and had not undergone the effluent treatment procedures. The total BODs
and COD for the effluent samples was found to be 27.39 and 437.21 respectively.

A comprehensive effluent characterization involves the microbial characterizations in
addition to the chemical characterization. Microbial characterization involve the identification
of the microbial flora inhabiting the effluent. Reviews suggest the methods for identification
and characterization of microbial communities can be grouped under three broad categories viz.,
morphological, biochemical and molecular biology based methodology. Accordingly, a detailed
microbial characterization has been performed to arrive at a taxonomic identification of the
individual starins of the microbial community present in the collected effluent [Bergey et al,
1974; Spiegelman, 2005]. The basic approach followed to identify the isolated strains is

schematically represented as
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ISOLATED STRAINS

Morphological Biochemical Molecular )

Identification of the bacterial communities in effluents

Bacterial population in the effluent sample was determined by the standard spread plate count
method with serial dilutions of the effluent and subsequent inoculation in Nutrient Agar medium (NA)
[Smrithi et al, 2012]. Isolation experiments were performed in triplicates.

Morphological identification of the microbes.

Morphological
identification

A total of ten isolates were selected based on their distinct cultural characteristics. These were

further subjected to various biochemical tests for their genus identification.

The isolates were morphologically evaluated by gram staining and motility tests. Gram staining,
also called Gram's method, is a method of differentiating two diverse groups of bacteria Gram-
positive and Gram-negative species. This test is based on the ability of a cell to retain the crystal violet
dye during staining procedure. The cell walls for gram-negative microorganisms have a lower
peptidoglycan and higher lipid content than gram-positive cells. Principally, this difference in the

microbial cell wall is amplified that helps in the identification. Originally, crystal violet is penetrated
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in both kinds of cells. lodine is subsequently added as a mordant to form the crystal violet iodine
complex so that the dye cannot be removed too easily. This step is commonly referred to as fixing the
dye. However, the subsequent treatment with the decolorizer (ethanol), removes the complex from the
gram-negative cells. In contrast, the complex is retained in a gram positive cells and hence they remain
stained. Finally, a counter stain, safranin is applied to the smear. The decolorized Gram negative
bacteria take up this counter stain readily (Bartholomew et al., 1952). The Gram staining images of the

bacteria isolated has been depicted in Fig. 2.1.
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Figure 2. 1: Gram staining depiction of isolated strains.

Gram staining revealed that M1, M3, M8, M9 and M10 were Gram positive while M2, M4, M5, M6
and M7 belonged to the group of Gram negative bacteria. (Fig 2. 1).
Some bacteria have the property to propel themselves through the liquids by means of their

flagella. The type of motility is specific to genera of the bacteria that also aids in taxonomic
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classification [Seymour et al, 2006]. Hanging drop preparation is a special kind of preparation of

wet mount that is used to observe the motility of bacteria. A drop of culture was taken on a cover slip

and was inverted on a concave slide such that the culture drop hangs in the well with support from the

overlying cover slip [Aygan et al, 2007]. This prepared mount was observed for the motility under

different magnification using optical microscope. The results have been tabulated in Table 2. 4

Biochemical characterization

The following tests presented below are grouped under the head biochemical identification of

bacteria
Inhibitory
Methyl Red test Concentration

Voges

Proaskaeu Biochemical Carbohydrate
Identification ermentation

Citrate
Indole test

The detailed test procedure principle involved and result obtained has been represented in Table 2.3.
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Table 2.3 : Details of the biochemical tests.

Name of the test Principle Materials & Methods Result obtained

Indole test Identifies the organism that is | The organism was grown in | A positive test was indicated
metabolically able to degrade | a peptone broth | by the conversion of the
tryptophan in the presence of | supplemented with | yellow colour broth to cherry
tryptophanase to indole, | tryptophan red on reaction with a
pyruvate and carbon dioxide. indicator, Kovacs reagent

(Hydrochloric acid and p-
dimethylaminobenzaldehyde in
amyl alcohol).

MR-VP The test determines whether the | The organisms were grown | A positive MR test was
microbe performs mixed acids | in a MR-VP broth at 37°C | indicated by the appearance of
fermentation when supplied with | till sufficient growth was | red colour on addition of

glucose. Methyl red test | observed. methyl red indicator that
indicates the production of acids suggests the production of acid
during metabolism, while the VP due to mixed acid
test indicates the butanediol fermentation. [Ljutov et al.,
fermentation as a part of the 1963]. Organisms that respond
bacterial cell metabolism. positive to the VP test, produce

acetoin that react with alpha-
naphthol (VP reagent #1) and
potassium  hydroxide (VP
reagent #2) to form a red color.
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Citrate test

Upon utilization of citrate as a
sole carbon and energy source,
carbonates and bicarbonates is
produced along with liberation
of carbon dioxide. This reacts
with the water and other cations
in the medium to change the pH
to alkaline.

This test exploits the use of
Simmons  citrate  agar
medium to determine the
ability of the test organism
to use citrate as a sole
carbon source. Citrate,
ammonium ions and
bromothymol blue indicator
are the sole constituents of
this agar medium

An organism that is able to
utilize citrate as a carbon
source was indicated by the
change in the colour of agar
from green to blue

i

Carbohydrate

fermentation test

The test classifies the organisms
depending on the ability of the
organism to take up the given
carbohydrate as a carbon source

phenol red broth comprising
of  trypticase,  sodium
chloride, phenol red and a
carbohydrate that acts as an
energy source is used. The
trypticase component of the
broth is a source of nitrogen
and helps in maintaining
osmotic balance and
electrolytes for the transport
of metabolites through the
cell. Durhams tubes were
also placed in an inverted
position inside the broth
tubes. Once the bacterium
was inoculated into the
broth, it ferments
carbohydrate with a
simultaneous generation of
acid

In tubes where the test
organism is able to ferment
glucose the medium colour
changes to yellow owing to the
generation of acid and
reduction in the pH. Few of the
tubes also shows the liberation
of gas (COy) which
accumulates at the tip of the
Durhams tube

Starch

Hydrolysis

The purpose of the test is to
classify an organism that has the
ability to use starch, a complex
carbohydrate made from
glucose, as a source of carbon
and energy for growth. Use of
starch is accomplished by an
enzyme called alpha-amylase.

The organism was grown on
a starch agar medium.
Subsequent to the growth
of the organism the starch
agar plate was flooded with
iodine solution

Organism capable of utilizing
the starch will have clear zones
around their growth
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The results obtained for all the tests mentioned above is tabulated in the following tables (Table 2.4

and Table 2.5).

Table 2.4: Biochemical and morphological characteristics of the isolated strains.

Strain | Shape | Motility | Grams Methyl | Vogespro | Catalase | Starch | Citrate | Indole
reaction | red skauer

M1 Rods | Motile Gram - - + - - -
Positive

M2 Rods | Motile Gram - - + + + +
negative

M3 Cocci | Sluggish | Gram - + + + - -

motile Positive

M4 Rods | Motile Gram - - + - - -
negative

M5 Rods | Motile Gram + + + - - -
negative

M6 Rods | Motile Gram - - + - - -
negative

39




M7 Rods | motile Gram - + - -
negative

M8 Rods | Motile Gram - + + -
Positive

M9 Rods | Motile Gram - + + -
Positive

M10 | Rods | Motile Gram - + - -
Positive

'+ ' indicates the strains give a positive reaction to the test; *-' indicates the strains give a negative reaction
to the test

Table 2.5: Carbohydrate utilization pattern by the isolated strains.

Strain | Sucrose (1%) | Dextrose (1%) | Galactose 1%) | Lactose (1%) | Fructose (1%o)
Acid | Gas Acid | Gas Acid | Gas | Acid |Gas | Acid | Gas

M1 |+ - + - + - + -4+ -

M2 + - - - + - + - + -

M3 - - - - - - + - - -

M4 - - - - + - + - + -

M5 + - + - + - + - + -

M6 + - + - + - - - + -

M7 + - - - + - + - + -
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M9 + - + - - - + - + -

M10 |+ - - - - - + - + -

'+' (Acid) indicates the strains produces acid ;" -* (Acid) indicates the strains does not produces acid ; '+'
(Gas) indicates the strains liberates gas;" -* (Gas) indicates the strains does not liberate gas.

Additionally, Minimum Inhibitory Concentration (MIC) against various antibiotics and
heavy metals was also carried out to analyse the resistance pattern of the isolated microbes.
The lowest concentration of the antimicrobial agent that inhibits the growth of bacteria is considered
as the MIC. To assess the susceptibility to antibiotics, disc diffusion assay methods were performed.
Approximately 2 x10' cells of each culture were plated on an LB agar plate [Aleem et al., 2003].
Different commercially procured antibiotic discs with known concentrations were added on the plate
and allowed to incubate overnight. The zones of inhibition developed was measured in millimeter and
was compared with the zone criteria distances Fig. 2.2 published by the Clinical and Laboratory

Standards Institute.
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Figure 2.2 Resistance patterns of the microbes towards antibiotics.
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Strain Ampicillin Streptomycin Tetracyclin Chloramphenicol | Pencillin

M1 Resistant Resistant Sensitive Resistant Resistant

M2 Resistant Sensitive Intermediate Resistant Resistant
Resistant

M3 Resistant Resistant Resistant Resistant Sensitive

M4 Sensitive Resistant Sensitive Resistant Resistant

M5 Resistant Resistant Sensitive Resistant Resistant

M6 Resistant Sensitive Intermediate Resistant Sensitive
Resistant

M7 Intermediate Resistant Sensitive Resistant Resistant

Resistant
M8 Sensitive Sensitive Resistant Intermediate Sensitive
Resistant

M9 Resistant Sensitive Sensitive Resistant Sensitive

M10 Resistant Sensitive Intermediate Resistant Intermediate
Resistant Resistant

When the antibiotic sensitivity of these strains were tested, most of the strains were resistant to
chloramphenicol and ampicillin except strain 8 which had intermediate resistance to chloramphenicol
and was sensitive towards ampicillin. Apart from this strain, M4, belonging to Pseudomonas genus
was also sensitive towards ampicillin. Among the different antibiotics used, majority of the strains
were sensitive to streptomycin and penicillin.

The concentration of metal that hindered the growth of the microorganism was considered as
the MIC against that specific heavy metal. A range of concentrations of the metal solutions (Lead,
zinc, cadmium and chromium (50-500 mg L)) were individually added to the LB broth cultures.
After incubation of the organism overnight, spectrophotometric readings were taken at 600nm [Malik
et al, 2000; Aleem et al, 2003]. All the ten isolated microbes were tested for their MIC towards the

heavy metals. Among these strains M3 and M8 were the least tolerant to metals. Strain 5 was one
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among the most resistant organism. It could resist lead, cadmium and zinc upto 200 mg L. Beyond
this metal concentration there was a total cessation of the growth at 250 mg L™ and above. However,
the strain was sensitive to chromium at about 150 mg L™ (Fig 2.3). M1 and M4 were the most

resistant strains that could tolerate majority metals to a relatively higher concentration.
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Figure 2.3: MIC of strains against various heavy metals.

Overall the difference in the tolerance to metals might be attributed to the fact that these bacteria

have specific genetic mechanisms that aid in tolerating high levels of toxic metals. The bacterial
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association of metal and antibiotic resistance is relatively common as both the resistant genes are located
on the same mobile genetic element [Silva et al, 2012]. Therefore, the selective pressure exerted by the
metals result in an indirect selection of the antibiotic resistance pattern.

The results obtained from these tests were compared with the Bergey's manual of systemic
classification of bacteria and the available literature to arrive at a genus level confirmation of the
isolated strains. These strains were further tested to confirm their identity using molecular

characterization.

Molecular characterization

Molecular
identification

Materials and Methods
16S r DNA sequencing

Bacterial 16 S r-DNA region contains about nine hypervariable region (V1-V9) which has
considerable sequence diversity, and is characteristic to one organism. Each of these variable regions
are flanked by the conserved regions, to which the universal primers are designed [Chakravorty et al,
2007]. The 16 S r- DNA region is of 1.5 kb length. The pair of primers used to amplify this region
were 27F and 1492R (Table 2.6). These primers are of 19 nucleotide length that bind at the 27" and

1492™ position of the 1.5 kb region of 16 S r- DNA. [Robertson et al, 2016] .
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Primers Nucleotide sequence

271 F 5’-AGAGTTTGATCMTGGCTCG-3°

1492R 5’- GGTTACCTTGTTACGACTT-3’

Table 2.6 Primers for amplification of 16 S r- DNA.

In order to sequence the 16 S r- DNA region of the genomic DNA, standard sambrook protocol was
followed for the isolation of genomic DNA. (Appendix I)
PCR amplification of the 16 S r- DNA region of the genomic DNA

Bacterial genomic DNA was used as a template for amplification. The amplicons of the 16 S r-
DNA region was obtained through regular PCR or colony PCR. The standard protocol was followed
to prepare the PCR mixture (Appendix I). The thermocycling profile was set up as follows: Initial
denaturation was carried out at 94 °C for 3min followed by 34 cycles of denaturation at 94 °C for 1
min. This was followed by an annealing step at 58 °C for 50 sec. Extension was carried out at 72 °C for
2 min, and a final extension was programmed at 72 °C [Widmer et al, 1998].

One major difference in the thermocycling profiles of colony PCR, is in the initial denaturation
step. In colony PCR the time was extended to 5 min at 95 °C. This high temperature for a longer
period of time takes care of the cell wall damage of bacteria and release of the cellular contents

outside. One of the obtained amplicon is represented below Fig. 2.4:
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Figure 2.4: Lane 1 Mr-StepUp 1 Kb DNA ladder [Banglore Genei Cat # 612652070501730: 1000 bp, 2000
bp, 3000 bp, 4000 bp, 5000 bp, 6000 bp, 7000 bp, 8000 bp, 10000 bp.], lane 2 Halomonas BVR 1-16S r-
DNA PCR amplified product.

The PCR amplicons from the above reaction were commercially sequenced at Bioserve Pvt.
Ltd, Hyderabad, using ABI 3730xls Genetic analyser (Applied Biosystems). According to the
available literature, among the nine variable regions, V1-V3 is considered to be relatively significant
in identification of a species. Reports also suggest that the other variable regions are less suitable for
the identification, pertaining to their higher degree of conservation in comparison to the first three
variable regions [Chakravorty et al, 2007; Dong et al, 2014]. These variable regions were therefore
sequenced to confirm the identity.
DNA Sequencing
The gel-purified Amplicons were sequenced by commercial sequencing at :
1) Bioserve Pvt. Ltd. Hyderabad, India.
2) ABI Life Technologies-Invitrogen, Gurgaon, India.
About 50-100 ng of the purified DNA was used for sequencing PCR using BigDye® Terminator
v3.1 Cycle Sequencing Kits [Applied Biosystems]. The cycling conditions for sequencing PCR were

as follows: Initial denaturation at 97 °C for 10 sec, annealing at 55 °C for 10 sec and extension at
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60 °C for 4 min. After 35 cycles, the templates were purified using Ethanol/EDTA precipitation
method and sequenced on ABI 3730xls Genetic Analyzer.

Sequences were read multiple times (were read using Finch TV version 1.4.0) per sample
using both the forward and reverse primers. Only chromatograms lacking overlapping peaks were
judged to be pure and were chosen for further analysis. Few samples showed overlapping peaks and
were non conclusive, and were hence, eliminated. Good quality reads were selected and analysed
using the Gene Bank database (Nucleotide Blast). Based on the maximum similarity hit to the

organism reported in the database, generic and species name were assigned to the isolates.

Results and discussion

Blast hit analysis of V1-V3 variable regions of these isolates categorized them into four
different genera of Pseudomonas, Bacillus, Halomonas and Kocuria. Genus and species level
identification criteria were defined as a 16 S- r DNA sequence similarity greater than 97% and 99%
respectively when compared against the test strain sequence [Riccardi et al, 2005]. The data from the
molecular sequencing, corroborated well with the result from biochemical analysis. Four strains out of
the ten strains belonged to genera Halomonas, 3 belonged to the genera Bacillus, 2 grouped under
Pseudomonas and one was categorized under the genus Kocuria (Table 2.7). These partial sequences
(V1-V3) of the strains have been subsequently deposited with the gen bank under the accession
numbers: KT699196, KT699197, KT699198, KT699200, KT699202, KT699203, KT699204,

KT699205, KT699206 and KC178681.
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Table 2.7: List of the strains isolated.

Strain | Source of isolation Strain Name Similarity Reported strain
index
No:
M1 Entry point of RO Halomonas 96 % Halomonas clone HA 74
M2 Entry point of RO Pseudomonas 93 % Psuedomonas stutzeri
2102
M3 Entry point of CETP Kocuria 94 % Kocuria TS 13
M4 | Entry point of CETP Pseudomonas 93 % Pseudomonas balearica
S1-4-1
M5 | Entry point of RO Halomonas 94 % Halomonas clone TV-
G01-52
M6 | Entry point of CETP Halomonas 97 % Halomonas clone ACH
14S-95
M7 | Entry point of CETP Halomonas 95 % Halomonas clone NTN89
M8 | Entry point of CETP Bacillus 94 % Bacillus sps. SBRh2
M9 | Entry point of RO Bacillus 99 % Bacillus sps.4J
M10 | Entry point of CETP Bacillus 99 % Bacillus JAPSK?2

A Multiple Sequence Alingment (MSA) was also carried out using CLUSTALW to analyse the

percentage of variabilty among the strains (Fig. 2.5).

uences Translated Protein Sequences
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Additionally, to analyse the evolutionary relationship among the isolated organisms, phylogenetic tree
was constructed using Neighbour-joining (NJ) method in MEGA version 5.0. This showed clear

bunching of the ten isolates among four different genera (Fig. 2.6).
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Figure 2.6: Phylogenetic analysis of the isolated strains.
Fatty Acid Methyl Esters (FAME) analysis of the isolates was carried out as a part of molecular

identification. For this, one strain from each of the genera were selected and outsourced to Royal Life

Sciences Pvt. Limited, India for FAME analysis.

FAME analysis methodology
The Gas Chromatographic (GC) analysis of the short chain fatty acids of the microbial cells

was carried out as a part of the biochemical analysis to confirm the results from the molecular 16 S-
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rDNA sequencing. For many years now, analysis of the short chain fatty acids specific to an organism
is an important tool for bacterial identification. This wealth of information was also used in our study
to confirm the identity on the unknown genera [Clarridge et al, 2004].

Phenyl methyl silicon columns (25mX0.2mm) was used to analyze the bacterial fatty acid
methyl esters. An Agilent 6850 GC was equipped with the flame ionization detector. An initial column
temperature of 170 °C was used at injection which continued till a final temperature of 270 °C. The
injection port and detector temperature was set at 250 °C. By using hydrogen gas, the sample was
injected at a flow rate of 30mL /min. Volume of sample injected was 2 microlitre.

The FAME profile of the organisms were compared with the Sherlock Microbial Identification
System to report the identity of unknowm strain [Chen et al, 2015] (Fig 2.7).

FAME profile of the isolated Bacillus sps. had a similar profile to that of Bacillus cereus with a
similarity index of 0.717. Isolated strain Kocuria also had a profile similar to Kocuria varians with
0.358 similarity index. However, there was a little ambiguity with respect to Halomonas and

Pseudomonas species.
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Figure 2.7: FAME profiles of the four different strains A-D: Halomonas, Bacillus, Pseudomonas,
Kocuria.

Results and discussion

FAME profiles conclusively autheticated the isolated organisms as Kocuria, Psuedomonas and
Bacillus. FAME analysis of Halomonas showed it to be similar to Bacillus with a similarity index of
0.582. Reports have suggested that FAME profile of Halomonas and Bacillus are similar because of
which the identification through FAME analysis becomes difficult and inconclusive. This is because
Halomonas is a moderate halophile and exhibit a Bacillus like morphology. Moreover, a number of
Bacillus species that are moderately halophilic have been isolated from hyper saline habitat which
make their FAME profiles to be similar. The members of Halomonas in general has been difficult to
identify based on the chemotaxonomic and phenotypic characterizations [Johnson et al, 2007]. A
similar feature was observed in our study too. However, the characteristic fatty acid marker such as
15:0 anteiso, 16:0 iso and 17:0 anteiso corresponding to Halomonas genera in the database, was

observed to be present in higher percentages in our strain [Ventosa et al, 1998]. FAME profile of the
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isolated Pseudomonas showed a profile similar to Brevibactreium strain. However when a
phylogenetic dendrogram was constructed considering the FAME profiles of these strains (Fig 2.8),
our isolate bunched along with Psuedomonas balearica strain indicating its similarity to the strain.
This data was well substantiated with the 16 S r-DNA sequencing data, where, upon multiple sequence

alingnment our strain hit Psuedomonas balearica in the database with 95 % similarity index.

_ Neighbor Joining Tree
Pseudomonas-stutzeri

Pseudomonas-balearica
4

0.00 27.50 55.00 82.50 110

Eucldian distance

Figure 2.8: Phylogentic relationship of the isolated Pseudomonas with the other strains.

Fungal isolation and identification method

The effluents were plated on Sabourauds Dextrose Agar medium (SDA) and incubated at 28
°C. Morphology of the individual fungal strains was observed after staining their hyphae and spores
with Lactophenol Cotton Blue. Fungal isolates were then confirmed using the 18 S r-DNA
sequencing analysis. The fungal DNA was extracted using the protocol given by Mollers et al [Moller
et al. 1992]. About 100 mg of the fungal mycelium was extracted from the SDA plates. These were
ground manually using a pestle and motor with simultaneous addition of SET (2% SDS, 10 mM
EDTA pH 8.0 and 100mM Tris pH 8.0) buffer at 60 °C. Proteinase K at a concentration of 100 ug

was added to this mixture and was incubated at 60 °C for 60 min. Furthermore, the mixture was
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incubated for 10 min subsequent to which 5M Nacl and 10 % (w/v) CTAB was added. Later the
fungal DNA was extracted using isoamyalcohol:chloroform (24:1). Followed by this DNA was
precipitated using three volumes of cold isopropanol and single volume of sodium acetate (3M) .This
mixture was centrifuged and washed using 70 % alcohol. The fungal DNA was subsequently
resuspended in 100 pl of TE buffer (10 mM Tris pH 8.0 and 1 mM EDTA pH 8.0).

This isolated DNA was used for the amplification of the 18 S r -DNA using universal fungal
primers  nu-SSU-0817-5' (TTAGCATGGAATAATRRAATAGGA), and  nu-SSU-1536-3'
(TCTGGACCTGGTGAGTTTCC) [Borneman et al. 2000]. This set of primer has been reported to
represent major taxonomic groups of fungi that amplify a 762-bp region and contain the V4 (partial),
V5, V7, and V8 (partial) variable regions. The amplified product was gel purified and further
processesed for sequencing by Bioserve Technologies Pvt. Ltd, Hyderabad, using ABI 3730xls

Genetic analyser (Applied Biosystems).

Strain 1 Strain2 Strain 3

Figure 2.9: Fungal DNA isolated (Mr-500bp, 1000bp, 1.5kb, 3kb, 4kb, 5kb, 6kb, 8kb, 10kb).

55



Result & Discussion: 18 S r-DNA of our isolated fungal strains revealed two different types of fungal
strains. One strain was similar in morphology to the Cladophialophora genus with respect to the
culture characteristics, with the fungal colony appearing black and velvety in texture. The 18 S r -
DNA of this isolate also showed 97% similarity to Cladophialophora genus. Two other isolated strains
were 98 % similar to an unclutured hypocrea clone. These fungal isolate sequences have been
deposited with the Gen Bank under the accession numbers: KT699199 and KT699201.
Isolation of Actinomycetes

Effluents were plated on Actinomycetes Isolation Medium (AIM). However, there was no

actinomycetes population growth observed in the effluent collected.
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Biosorption of cadmium, lead and zinc using Halomonas BVR 1 isolated from an electronic
industry effluent

SYSTEM 1: Halomonas BVR 1

This section deals with the selection of a microbe based bio adsorbent and its preparation,

optimization of the various analytical parameters for the efficient removal of lead, cadmium and zinc.

Materials and Methods

Selection of a microbe based bio sorbent for metal removal

From the set of isolated microbial flora discussed earlier in this chapter, organisms belonging
to the genera Bacillus and Pseudomonas were not selected for further studies as there has been
enormous work on the remediation of metals using these organisms. Genera Kocuria was also
eliminated as it is a pathogenic strain to work with and requires a Class Il Bio Safety Cabinet for its
culturing. Among the four isolates that belonged to the genera Halomonas, M5 strain i.e Halomonas
BVR 1 was chosen as our standard organism for all the further experimentation. This bacterial strain
was chosen based on its high level resistance to various heavy metals and antibiotics. Moreover, this

strain has not been reported till date for the remediation of metal cations.

Preparation of the biosorbent

Halomonas BVR 1 was inoculated into 100 mL LB containing 0.5 mol L™ NaCl and incubated
at 37 "C for 48 hrs. The cells were grown to late exponential phase, harvested at 4 “C by centrifugation
and the pellet was washed three times with deionized water. This was dried in a hot air oven at 40 °C.

The dried pellet was used as a biosorbent.
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Preparation of the metal solutions and their analysis

Heavy metals analysed in our study were cadmium, lead and zinc. The standard stock solutions
of the metals were prepared using CdCl,, Pb(NOs), and ZnSQO, respectively. The concentration of the
metal solutions in the agqueous medium was measured using Atomic Adsorption Spectrophotometer
(AAS-Shimadzoo 7000) and lon selective electrode (Hanna).

Optimization of various parameters studied for efficient adsorption of the metal ion

Optimization of the various parameters involving adsorption isotherms, Kinetics, and
thermodynamics has been carried out. The physicochemical characterization of the biosorbent before
and after adsorption was performed to evaluate the effectiveness of heavy metal adsorption. The
theory and basis of the isotherms, kinetics and thermodynamics has been given in detail in the

Appendix I.

Adsorption Studies

A 20 mL volume of a known concentration of each of the metal solution was equilibrated with a
known weight of the prepared biosorbent in an orbital incubator shaker (Biotechnics, India) at room
temperature for varying time periods. The amount of metal adsorbed (mg g*) at equilibrium ge can be
obtained by the expression

(Co-Co) V

e = ———— (1)
W

where C, and C are the initial and final concentrations of metal in solution, V is the volume of aqueous
phase (L) and W is the weight (g) of the biosorbent used in the batch adsorption study. All of these above

mentioned procedures were also carried out for the systems 2-4 discussed later in this thesis
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Physicochemical Characterisations of the biosorbent

The scanning electron microscopy images (SEM) and energy dispersive spectral analysis (EDAX)
of the adsorbent, before and after the adsorption of metal ions were recorded with a Hitachi-S520 model,
Japan. Microbial pellet before and after adsorption was processed for SEM analysis as per the standard
protocol [Fischer et al, 2012]. Pellet was fixed in 4% glutaraldehyde in 0.02 mol L™ phosphate buffer (pH
6.9) for 1 h. This was followed by washing the pellet twice in distilled water. Pellet was later washed with
10%, 20%, 30%, 50%, 70%, 90%, 100% alcohol, for 20 min at each step. Pellet was air dried and used for
SEM-EDAX analysis. The pH measurements were done using an Elico LI-127 pH meter (Elico, India).
ISE HI98185 ion meter equipped with ion selective electrode (Hanna Instruments, USA) was used to
measure the concentration of metal ions at various stages of the adsorption process. The amount of metal
adsorbed was also confirmed through AAS measurements (Analyst 300 — Perkin Elmer) using an air—

acetylene flame.
Results and discussion

The biosorbent after metal adsorption appeared as a dense homogenous surface in contrast
to the biosorbent before metal adsorption that showed a rough surface. This difference indicates effective
interaction of metal ions. The morphological change in the biomass (Fig. 2.10A-D) subsequent to metal
adsorption was also evident from the shiny and bright areas in the SEM micrographs which highlight the

electrostatic affinity [Guo et al, 2012] between the biosorbent and divalent metal ions.
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Figure 2.10A) SEM image of the adsorbent before adsorption B) SEM image of the adsorbent after
cadmium adsorption C) SEM image of the adsorbent after lead adsorption. D) SEM image of the
biosorbent after Zinc adsorption.

EDAX analysis

The EDAX spectral analysis (Fig. 2.11A-D) of the Halomonas pellet gave some interesting
insights to the process of adsorption. The EDAX pattern after metal adsorption indicates the
electrostatic and coordinate bonding between metal ions and other negatively charged groups present in
the cell wall of the bacterium. The peaks of C, N, O, P, and Ca corresponding to cell surface functional
groups were retained after treatment with M*2 solution. Additionally, the M*? (Pb*?, Cd*?, Zn*?) peak
was distinctive on the cell surface, indicating that M*> was adsorbed by the cells. In general, the
biosorption processes involve an ion exchange mechanism [Krishnani et al, 2008a] wherein, some of

the Ca ions in the biosorbent surface were exchanged for the respective metal ions (Cd*?, Pb*?, Zn*?)
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respectively. In this system too, the Ca peak intensity decreased [Guo et al, 2012] that further indicates

that Ca was released in the process of M*? adsorption. These observations confirm the presence of ionic

exchange mechanism in the M*? adsorption.

l 10|
15—} A 1l B
fl il
8|
Il il
10 ||||| |
| el
i ]

_ . privaqsy . - S E EW\'#EF"N&L )
o s 10 15 o ' T

20
Energy (keV)

Spectrum 2

1 2 3 4 ] g T g 1
Full Zcale 1767 cts Curzor: 0.000 kewFull Scale 1767 otz Cursar: 0000

Figure 2.11 A) EDAX spectrum of the adsorbent before adsorption B) EDAX spectrum of the adsorbent

after cadmium adsorption C) EDAX spectrum of the adsorbent after lead adsorption D) EDAX
spectrum of the adsorbent after zinc adsorption.

FTIR spectral characterization:Methodolgy

The FTIR spectral analysis of the Halomonas sps. was performed using a Jasco

4200 FTIR spectrometer in the range 400-4000 cm™. The biosorbent (free and metal treated) was

dried overnight and this was followed by encapsulation into dry potassium bromide (KBr) powder.
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The prepared pellet was then scanned and the spectra of control and metal treated biomass were
recorded.

Results and discussion: In the FTIR spectral analysis of the biomass (Fig. 2.12), we observed
characteristic bands corresponding to O-H and N-H stretching vibrations at 3396 cm™* and 1651 cm™
respectively. The C—H and the C-O stretching were observed at 2916 cm™ and 1103 cm ™" respectively
[Sarkar et al, 2011]. The phosphoryl bending vibrations were observed at 978 cm™. A characteristic
peak at 1809 cm™ corresponding to C=0 was also observed in the adsorbent [Souza et al., 2008]. The
spectrum showed characteristic difference in the peaks of the biomass after adsorption of cadmium.
The N-H bending vibration at 1651 cm™* was shifted to 1646 cm™* after the adsorption with cadmium
[Elzinga et al, 2007]. The hydroxyl peak broadened with a corresponding shift from 3396 cm™ to
3412 cm . Similarly, the C-O stretching vibration observed at 1103 cm™" resulted in a shift to 1131
cm . Cadmium is mainly known to bind to carboxyl and phosphate groups. Accordingly, an increase
in the peak intensity with a corresponding shift in the phosphoryl vibrations confirms the same
[Elzinga et al, 2007]. These changes could be attributed to the effective interaction of cadmium with
the organic functional groups on the cell wall.

FTIR pattern of the adsorbent after lead adsorption also suggested the
involvement of various functional groups in metal binding. The spectral shift of peak from 2916 cm™
to 2928 cm™ suggest the involvement of C-H in lead binding. The peaks corresponding to the O-H
and N-H also shifted to 3354 cm™ and 1615 cm™ respectively depicting their involvement in metal
binding [Sarkar et al, 2011].

The change in the FTIR pattern of the adsorbent subsequent to zinc adsorption

also is indicative of the metal adsorption. The functional group, C=C at 1404 cm™ shifted to 1421 cm™
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is indicative of this group in zinc adsorption. Similar to the other two metals, the shift in the N-H

stretching to 1640 cm™ indicates effective zinc adsorption [Elzinga et al, 2007].
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Figure 2.12 A) FT-IR spectrum of pellet before adsorption B) FT-IR spectrum of pellet after cadmium
adsorption C) FT-IR spectrum of pellet after lead adsorption. D) FT-IR spectrum of pellet after zinc

adsorption.

Effect of pH on adsorption.

The effect of pH has an important role in most adsorption processes. The adsorption of metals

was found to be maximum above pH 8 (Fig. 2.13), and it is expected that the surface precipitation
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and complexation mechanisms would favour metal ions uptake. In acidic pH, the functional groups in

the cell surface attain a positive charge leading to repulsion between such groups and metal ions

[Chakravarthy et al, 2012]. Lead adsorbed effectively at pH above 8.5, while adsorption of zinc was

maximum at 8 pH. This can be attributed to the fact that at this pH the strong negatively charged

groups such as carboxyl anions are available for metal binding.
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Figure 2.13 Effect of pH on adsorption

Equilibrium adsorption isotherms reflect the distribution of the metal ion between the biomass

and aqueous phase at equilibrium as a function of concentration.

Isotherm studies

The detailed theory and methodology of adsorption isotherms, kinetics and thermodynamics is given

in Appendix |

Langmuir isotherm

The Langmuir adsorption capacity, g, and the constant b (adsorption energy) obtained from the

slope and intercept of the plot of Ce/qe against equilibrium concentration, C, (Fig. 2.14A) for cadmium
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were found to be 12.023 mg g ' and 0.108 L mg ' (Table 2.8) respectively with a regression
coefficient of 0.89. The maximum adsorption capacity obtained for the removal of zinc and lead was
11.11 mg g* and 9.152 mg g ' respectively. Therefore, it can be inferred that this adsorbent could
effectively remove cadmium as compared to lead and zinc. The following sections, hence deals in
detail with the mechanistic interaction of cadmium and the biosorbent. The value of R for the
adsorption of cadmium (C, = 80 mg L™) and lead on the biomass was found to be 1.103 and 0.0037
respectively which signifies effective adsorption [Mohan et al, 2012]. The R, value incase of zinc
adsorption (1.801) was higher than the other two metals. This indicates that adsorption of zinc did not

favour Langmuir isotherm.

Freundlich isotherm

An efficient adsorption process yields the Freundlich constant 'n' in the range 1 and 10. A
higher value of n implies stronger interaction between the adsorbent cell surface and divalent metal
ions. The logarithmic plot of g, against C. (Fig. 2.14A) gives the constants Kg and n for the adsorption

of cadmium as 4.920 mg**" g* L1 "

and 7.215 respectively (Table 2.8). Adsorption of zinc obeyed
the Freundlich model of multilayer adsorption with a higher regression coefficient than Langmuir
isotherm. Also, the n value in case of zinc adsorption was highest (8.354) indicating that the sorption

was favorable. Moreover, the value of 1/n = 0.15 which indicates the normal adsorption phenomenon

[Venkatesh et al, 2010].

Dubinin—Radushkevich [D-R] and Elovich isotherm

The adsorption mechanism and the interaction between divalent metal ion and the bacterial cell
surface can also be modeled through D-R isotherm to understand the mechanism of interaction
between the metal ions and biosorbent [Igwe et al, 2007]. This isotherm relates important parameters

adsorption energy B and Polanyi potential & to ge and Q.

66



Inge=Ingm—P &
The slope and intercept of the plot of In qe versus € (Fig. 2.14 A) gives B and qm (Table 2.8)

and the adsorption energy is related to the mean free energy of adsorption (E pr).

Eor-1/(28) *°
A mean free energy of adsorption of 5.6274 kJ mol ™ obtained for the adsorption of cadmium
on the bacterial cell surface is ascribed to physical adsorption. In case of lead and zinc adsorptions

also, a physisorption mechanism was observed owing to its free energy value less than 8 kJ mol ™.

The Elovich model can be expressed as, [Hamdaoui et al., 2007]

Where Kg is the Elovich constant (L mg ™). The relevant isotherm parameters (Table 2.8) are obtained

from the plot of In [q./Ce] against g. (Fig. 2.14A).
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Figure 2.14A Cadmium adsorption (A) Langmuir isotherm (B) Freundlich isotherm (C) Elovich isotherm
(D) D-R isotherm
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Figure 2.14B Lead adsorption (A) Langmuir isotherm

Elovich isotherm.
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Figure 2.14C Zinc adsorption (A) Langmuir isotherm (B) Freundlich isotherm (C) Elovich isotherm (D)

D-R isotherm.
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Table 2.8 Isotherm parameters obtained from chosen models.

SI. No. Isotherm models Parameters Cadmium Lead Zinc
1.
Langmuir 9o(mg g™ 12.023 9.152 11.11
b (Lmg? 0.108 5.747 0.050
RL 1.103 0.0037 1.801
r2 0.8947 0.912 0.887
2.
Freundlich Ke(mg'gt LY™) 4.920 0.960 5.128
n 7.215 1.405 8.354
r2 0.731 0.847 0.928
3.
Dubinin- gm(mg g 7.358 5.299 6.253
Radushkevich
B 0.0158 4.7966 1.256
E (kJ mol™) 5.6274 0.322 4.325
, 0.404 0.0151 0.69
r
4.
Elovich Om 1.885 9.157 5.365
Ke 19.144 0.371 5.365
r? 0.512 0.2116 0.356

Kinetics of adsorption

The uptake of metals by the Halomonas sp./biosorbent depends on the contact time and hence
the study of the kinetics of adsorption is an essential factor. The pseudo first order and pseudo second
order kinetic models [Lagergren et al, 1898; Ho et al, 2006] relate the amount of metal adsorbed on the
cell surface at equilibrium and at various time intervals to the respective kinetic rate constants (k; and

k).

The kinetic plots (Fig. 2.15) and the parameters (Table 2.9) yield a higher regression
coefficient for the second order kinetic model in case of all the metal ions. This indicates that the
experimental data can be well described through this model. In addition, the experimental and

calculated equilibrium adsorption capacity values for cadmium were found to be 3.7 mg g* and 4.9
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mg g * as per the second order kinetic model. Diffusion processes such as film, pore and surface
diffusion [Sengil, 2009] could also influence the transport of the metal ions from the bulk to the
bacterium cell surface. Intraparticle diffusion of the metal from the bulk into the pores of the biomass
could also influence the kinetics of sorption. The Weber and Morris [Weber et al, 1963] intraparticle

diffusion model gives the intraparticle diffusion rate constant ki (Table 2.9).
gt = kint \/t +C

The Weber—Morris plot (Fig. 2.15) yielded a finite intercept for all the metals under study and
this is attributed to the fact that boundary layer effect also could influence the uptake of the metal ion

from the bulk to the bacterium cell surface.
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C) Plot of g, against square root of time
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Table 2.9 Kinetic and intraparticle rate constant data for the adsorption of metal ions

Metals Second order Regression  |First order Regression Intraparticle rate
rate constant o rate coefficient constant
min~] . Kint [Mg g~ min™7]
ki [min™]
Cadmium 0.0110 0.9682 0.062 0.886 0.3684
Lead 0.0100 0.996 0.027 0.994 0.166
Zinc 0.0123 0.99 0.023 0.98 5.53

Thermodynamics of adsorption

The effect of temperature on the adsorption of divalent metal ions over the bacterium cell

surface was studied. The equilibrium constant K is evaluated from the ratio of concentration of ions

adsorbed on the microorganism to that in the solution phase. The In K against 1/T plot gives A H°

(Enthalpy) and A S° (Entropy) respectively (Fig. 2.16). The negative free energy change and the

exothermic adsorption nature of the adsorption process (Table 2.10) indicates that metal adsorption on

the bacterium cell surface is spontaneous [Yousif et al, 2016]. The Halomonas sp. thereby functions as

an excellent host towards the adsorption of cadmium and the host-guest interaction is manifested

through the surface active hydroxyl, carboxyl and amino groups present in the bacterium strain.
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Table 2.10

Thermodynamic data for the adsorption of metal ions

Temperature | AG° AG® AG® Metal ions | AS° [J mol™ | AH® [kJ
[K] Cadmium | Lead Zinc K™ mol™]
293 .

-20.082 -11.575 -3.325 Cadmium -545.91 -180.034
303
-28.438 -10.076 -5.299
313
-10.885 -3.747 -7.526 Lead -330.07 - 108.73
323
-7.696 -0.993 -4.595
Zinc - 48.81 -11.64

Effect of interfering ions on adsorption of metal ions

The influence of certain cations and anions that could be commonly associated with the electronic

industry effluents were investigated at different concentrations.

lons such as nickel and cobalt did not

interfere up to 70 mg L™ in the adsorption of lead and cadmium. Beyond 60 mg L™ concentration cadmium

and iron caused a reduction in lead adsorption. Cobalt and manganese showed their interference at 60 mg L

'in case of zinc adsorption. Anions such as chloride and sulphate did not affect the adsorption of metals

when their concentration levels were in the range 60 mg L™. Nitrate and phosphate caused a decrease in the

percentage adsorption of lead and cadmium beyond 80 mg L™. Sulphates were the major anions that

interfered with the metal adsorption beyond 70 mg L™ and caused a reduction upto more than 20 percentage

(Table 2.11). The adsorption of the metal ions significantly reduced beyond 75 mg L™ of other cations.

Presence of anions beyond 80 mg L™ also affected the adsorption of metal ions.
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Table 2.11 Effect of diverse ions on the adsorption of metal ions.

% % % % % %
Concentr | adsorption | adsorptio | adsorptio | Concent | adsorption | adsorpti | adsorption
ation of | of cadmium | noflead |nofzinc | rationof | of cadmium | on of of zinc
Anions Cations lead
mg I mg I
89+0.6 90+0.8 92+0.7 NI* NI* NI*
SO4* (60) Zn*
(100)
95+1.5 93+0.6 NI* 99+1.3 98+0.5 NI*
PO, (80) Ni?* (70)
NI* NI* NI* 98+0.6 99+0.2 91+0.3
CI" (60) Co?*(70)
92+0.8 96+0.1 NI* NI* NI* 89+0.8
NO3 (70) Mn?*
(60)
NI* 94+1.2 NI*
Fe®* (60)
NI* NI* NI*
Mg
(50)
NI* 95+0.7 NI*
Cd** (60)

*NI: No Interference

Comparison with other strains

The developed method was compared in terms of the adsorption capacity against other

bacterial and fungal strains. The comparison Table 2.12

shows that Halomonas sp. has good

adsorption capacity towards the metal ions when compared with other reported strains. Halomonas sp

proved to be very effective in binding cadmium, lead and zinc on its surface.
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Table 2.12 Adsorption capacity comparison against various bacterial and fungal strains

S.No. Strain cadmium Strain Lead Strain Zinc
pardo et a Adsorp_ttlon Adsorp_ttlon Adsorption
ardo eta capacity (Abbas et al., capacity (Abbas et al., capacity
2003 1 1
2014) 2014)
Kapoor et al
2007
1 Pseudomona 8.0 Stenotrophomonas 0.41 Pseudomonas 1.33
s putida maltophilia Aeruginosa
2 Free cell 14.3-20.0 Brown 1.04 Sulphate- 5.6
suspended in algae(Fucus reducing
solution Lab vesiculous) bacteria(SRB)
culture
3 Immobilized 10.9 Pleurotus 4.84 Geobacillus 12.3
cellson ostreatus themocatenulatus
sepiolite
4 Penicillium 3.5 Candida spp 1.03 Green algae 7.62
digitatum
5 Penicillium 5.0 Saccharomyces 0.60 Saccharomyces 11.8
notatum cervisiae cervisiae
6 Apergillus 1.31 - - - -
niger
7 Halomonas 12.023 Halomonas BVR 9.15 Halomonas BVR 11.11
> BVR 1 (Present study ) 1(Present study )
1(Present
study )

Conclusions

This part of the thesis adds knowledge on the unique microbial diversity prevalent in

electronic industry effluent, a man-made ecosystem. We report the isolation of a total of ten bacterial

strains and two fungal strains from the effluent collected. These bacterial strains belonged to four

different genera of Bacillus, Halomonas, Pseudomonas and Kocuria, while the fungal strains belonged
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to the genus Cladophialophora and Hypocrea. No actinomycetes were observed in this effluent. These
microbial strains, with an ability to thrive in complex metal rich environment add to the repertoire of
natural microbial diversity. One of these microbes (Halomonas BVR 1) was chosen to remediate heavy
metals based on its high level of metal tolerance. This microbe functions as an effective adsorbent for
the remediation of heavy metals due to the presence of functional groups such as carboxyl, amine,
hydroxyl and phosphate that facilitate metal binding and removal from aqueous solutions. The surface
characterization of the adsorbent also showed binding of the heavy metals ion on to the surface of the
adsorbent. Langmuir isotherm gave good fit to the experimental data with a maximum adsorption
capacity of 12.023 mg g™, 11.11 mg g™ and 9.152 mg g™ for cadmium, zinc and lead respectively.
This microbial adsorbent has more specificity to cadmium owing to its higher adsorption capacity in
comparison to the other heavy metals. The adsorption was found to be significantly dependent on the
pH, contact time and temperature. The adsorption favoured langmuir adsorption in case of cadmium
and lead while it obeyed Freundlich isotherm for zinc adsorption. The pseudo second order kinetic
model was best suited for the adsorption of all the metals and thermodynamics depicted the process to
be spontaneous and exothermic. The highlight of the method is that although the effluent contains
large concentrations of salts (chlorides, nitrates and phosphates), their effect on the adsorption of metal
ions was negligible. Overall Halomonas BVR 1 was able to remove cadmium upto a concentration of
100 mg I This biomass was able to remove lead and zinc upto a concentration of 80 mg I and 50

mg I respectively thus making the process economical and benign in environmental remediation.
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CHAPTER I
ENHANCED METAL REMEDIATION BY IMMOBILIZATION OF
Halomonas BVR 1 IN CHITOSAN AND GRAPHENE OXIDE
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Enhanced metal remediation by immobilization of Halomonas BVR 1 in chitosan and Graphene

Oxide

Introduction

The most challenging feature in a successful biosorption experiment involves the selection of a
promising biosorbent from the vast materials available in nature [Michalak et al, 2013]. Considerable
research studies have been conducted to explore efficient biosorbents for the removal of heavy metals
from effluents. For a full scale biosorption experiment, the biological materials with high metal binding
capacity and high metal selectivity is essentially an important prerequisite. Various biomass from the
fermentation wastes or activated sludge act as candidate biosorbents for heavy metal remediation [Das et
al, 2008]. Recently, there has been a tremendous increase in the use of microogansims belonging to
diverse genera and groups as prominent biosorbents. Many bacterial species (e.g. Bacillus, Pseudomonas,
Streptomyces, Escherichia, Micrococcus etc), have already been tested for metal uptake [Xu et al, 2012;
Mameri et al, 1999; Joo et al, 2010 ]. However, there are several disadvantages associated with the direct
use of bacterial biomass. Microbial biosorbents are basically small particles with low density, little rigidity
and poor mechanical strength. Moreover, solid liquid separation problems, biomass swelling and difficulty
in regeneration are other important demerits of using the biomass alone for metal removal [Das et al,
2008]. Nevertheless, a lot of variation occurs in the metal adsorption capacity with various adsorbents

[Abas et al, 2013].

Immobilization technique is one of the key elements for the practical application of biosorption,
especially by dead biomass, that enhances the adsorption capacity of the adsorbent. Nonetheless, the type of
polymeric matrix determines the mechanical strength and chemical resistance of the final biosorbent to be

utilized for successive sorption—desorption cycles.
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There are several reports on the immobilized biosorbents which can be used in practical biosorption.
Serbus et al. (1973) invented a new sorbent for treating heavy metal ions containing biological (telomic
plants or algae) and water-insoluble polymeric parts. Pieschel et al. (2003) developed phosphorylated
cellulose containing material by using phosphoric acid or ammonium phosphate in the presence of urea. As
this modified biosorbent exhibited improved mechanical strength, this was used to treat heavy metals from
aqueous solutions. Using ceramic material as substrate, Boddu et al. (2004) prepared an innovative
composite biosorbent, chitosan-coated substrate. This proposed composite biosorbent was used to remove a
number of metal ions including As(V), As(lI1), Cu(ll), Cr(\V1), Ni(ll), Pb(Il), and Hg(ll) from aqueous
solutions. A biosorption system composed of a bacterial biofilm of Arthrobacter viscosus supported in

synthetic faujasite zeolite was also developed by Simdes et al. (2008).

There have been several reports on the immobilized biosorbents, nevertheless we aimed at developing
novel adsorbents by immobilizing our isolated bacteria on various polymeric matrices so as to remediate
cadmium, lead and zinc with a higher adsorption capacity and low cost. This thesis focuses on preparation
of biosorbent by immobilizing Halomonas BVR 1 on various polymeric matrices such as chitosan, sodium
alginate and graphene oxide and remediation of lead, cadmium and zinc. Among these, use of chitosan and
Graphene Oxide (GO) as polymers for immobilization of Halomonas BVR 1 and removal of cadmium, lead

and zinc has been dealt with in detail in this chapter.

Chitosan is a green and biodegradable polymer endowed with amino and hydroxyl groups ideally suited
for metal chelation. Furthermore, crosslinking with glutaraldehyde enhances the physical and biological
stability by imparting mechanical strength to the polymer matrix especially during scale up operations in
column studies. The deacetylated form of chitin i.e., chitosan has proved its worth towards metal
complexation [Varma et al, 2004; Sowmya et al, 2011; Miretzky et al, 2009 ]. Chitosan is a renewable

biopolymer composed of -2-amino-2-deoxy-d-glucopyranose and residual 2-acetamido-2-deoxy-d-

84



glucopyranose units. The free amine and hydroxyl groups present in the chitosan polymer chain interacts
with various metal ions through ion exchange and/or chelation mechanism [Chakrabarty et al, 2014].
Additionally, this polymer is of paramount importance to researchers as their applications include properties
such as biocompatible, biodegradable, non-toxic, hemostatic, bacteriostatic, fungistatic, anticancerogenic,
anticholesteremic, antibacterial, mucoadhesive, selective and capable for the adsorbing metals, high in
mechanical strength, cheap and susceptible to chemical modifications [Kocack et al, 2012]. In the present
chapter, data representing the immobilization of the indigenously isolated Halomonas BVR 1 in chitosan

cross linked with glutaraldehyde for the remediation of metal cations has been elucidated (Fig. 3.1).
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