STUDIES ON BIOREMEDIATION AND
NANOPARTICLE SYNTHESIS BY METAL
BIOACCUMULATING BACTERIA AND THEIR
ENZYMES

ARVIND SINHA

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2011



©Ilndian Institute of Technology Delhi (II'TD), New Delhi, 2011



STUDIES ON BIOREMEDIATION AND
NANOPARTICLE SYNTHESIS BY METAL
BIOACCUMULATING BACTERIA AND THEIR
ENZYMES

by
ARVIND SINHA
DEPARTMENT OF CHEMISTRY

Submitted
in fulfillment of the requirements of the Degree of
DOCTORAL OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2011



Dedicated to my Parents



CERTIFICATE

This is to certify that the thesis entitled “Studies on bioremediation and nanoparticle
synthesis by metal bioaccumulating bacteria and their enzymes” being submitted by
Mr. Arvind Sinha to the Indian Institute of Technology, Delhi for the award of the degree of
Doctor of Philosophy in Chemistry is a record of bonafide research work carried out by him.
Mr. Arvind Sinha has worked under my guidance and supervision, and has fulfilled the
requirements for the submission of the thesis which, to my knowledge, has reached the

requisite standard.

The results contained in this dissertation have not been submitted in part or full to any

other University or Institute for the award of any degree or diploma.

Dr. S.K. Khare
Professor of Biochemistry
September, 2011 Department of Chemistry
Indian Institute of Technology, Delhi



Acknowledgements

Accomplishment of any work requires the effort and support by many people. It would be
sheer ignorance and arrogance to believe that any work or research can be an individual
endeavor. Pursuing a Ph.D. is both painful and enjoyable experience. It’s just climbing a high
peak step by step accompanied with bitterness, hardships, frustration, encouragement and
trust and with so many people’s kind support and blessings. It’s a pleasure to thank all of
them. Those, whose names are not mentioned, kindly forgive me being rest assured that it,

not at all lessens my gratefulness towards them.

I therefore most humbly owe my sincere gratitude to my Ph.D. supervisor Professor S.K.
Khare, whose contribution comes first and foremost. Working with you has not only added
depth to my study but also gave direction to my perseverance. Your high disciplined life,
hard work and strong consistency for the work has always inspired me. No words can invoke
the gratefulness that envelops me when I look back the entire research period. Your wide
knowledge and logical way of thinking have been of great value for me. Your understanding,
encouraging and personal guidance have provided a good basis for the present thesis. Your
strategy of giving appreciable liberty to the students to perform experiments in their own but
in rational ways, works to extract best out of them. Nevertheless, the time to time supervision
of proceedings helps to be “on track”. I am deeply indebted to you for being a constant source
of encouragement, sound advice, good teaching and lots of constructive criticism & good
ideas throughout my bench work. I have no words to express my gratitude for everything you
have contributed in my Ph.D. and without your blessings it was surely impossible for me to

finish my work. I thank you from the bottom of my heart.

Prof. A.K. Singh, Head, Department of Chemistry: for providing me all the necessary

facilities.

Prof. B. Jayaram (Department of Chemistry, IIT Delhi): for providing me all the necessary

facilities for mercury estimation.

Prof. P.S. Pandey (Department of Chemistry, IIT Delhi) and Dr. Sanjay Kapoor (UDSC,
New Delhi): for being my SRC members and your kind support, guidance and helpful

discussions.

ii



Prof. B.R. Mehta (Department of Physics, IIT Delhi): for allowing me to me use your
laboratory facilities for characterizing the nanoparticles, an important part of my thesis

works.

Dr. V.N. Singh (Department of Physics, IIT Delhi): for helping me in identification and
characterization of nanoparticles. I am deeply indebted for your extensive help and teaching

on different instruments used for the nanoparticle characterization.

Prof. K.K. Pant (Department of Chemical Engineering, IIT Delhi): for your help and

valuable guidance during the adsorption kinetics experiment.

Dr. S. Deep (Department of Chemistry, IIT Delhi): for letting me use your laboratory

facilities for sonication.

Dr. A.K. Mishra (INMAS, New Delhi): for providing valuable support, encouragement and
help during my early stages of Ph.D. work.

Prof. T.K. Das (Department of Anatomy, AIIMS, New Delhi): for providing me an
opportunity to participate in the “XXIV National training programme in electron microscopy
for scientific investigators” All India Institute of Medical Sciences, New Delhi. I am deeply
indebted for your extensive help provided during the preparation of samples for transmission

electron microscopy.

Dr. L.P. Srivastava (ITRC, Lucknow) for providing me an opportunity to participate in the
“Analysis of pesticides and other organic chemicals in environmental samples” Indian

Institute of Toxicology Research, Lucknow.

I thank all the staff members of Instrumentation Lab, Department of Chemistry and IIT Delhi
for their full cooperation and support.

My sincere thanks to both of my seniors who have played a vital role in starting this Ph.D.
Dr. Anshu Gupta for teaching me the basics of microbial techniques and introducing me to
the word of metallophiles and Dr. Ruchi Gaur for providing very cheerful and cooperative

environment in the lab.

iii



Thanks to my research group Dr. Ram Karan, Ms. Chetna Joshi, Mr. Sumit Kumar, Ms.
Rajeshwari Sinha, Ms. Hemamalini, Dr. Shivani Chaturvedi, Mr. Rakib, Ms. Ayesha and Ms.

Renu.

A special thanks to Ms. Rajeshwari Sinha, Ms. Hemamalini and Dr. Shivani Chaturvedi for proof
reading my research papers and chapters. Mr. Sumit for helping me in molecular biology

experiments.

I really admire all of my lab members for creating a nice working atmosphere, for all the company
and friendship, for all the fun, in having the opportunity to exchange ideas and useful
conversations. Thanks for being cooperative, responsible and caring lab member and for all
you have done for me so far. I thank all of you for your help and suggestions provided during the

thesis preparation.

I also thank all pass out M. Tech and M. Sc. students for their help and cooperation.

I would like to thank the UGC and DBT for their financial support.

I wish to thank my friends Abhishek, Amit, Anand, Anurag, Chander, Mukul, Sashtri sir, Satya,
Vijay and Vivek, for helping me get through the difficult times and for all the emotional support,

camaraderie, entertainment and caring you provided.

My deepest gratitude goes to my family for their unflagging love and support throughout my life; this
thesis is simply impossible without them. I am indebted to my parents, for their care and love. They
had never complained in spite of all the hardships in their life. It was only because of your support

and constant encouragement.

I do not have enough words to express my gratitude to my brothers, sisters, brother-in-law and

sister-in-law for their love and support in this endeavor.

I am forever thankful to Almighty God.

Arvind Sinha
New Delhi

iv



Abstract

The interactions between microbes and metals have been extensively exploited for
bioremediation of heavy metals and biomineralization. The metallophiles possess endogenous
ability to exquisitely regulate their physiology to overcome the toxic effect of external metal
environment. During the process, different inorganic materials are synthesized or
transformed. In combination with bioremediation these microbial processes can be harnessed
to convert environmentally problematic metals into ‘high-end’ important metal nanoparticles.
This very concept forms the core of the thesis. The work encompasses isolation of
metallophiles, exploring mercury and manganese bioremediation by them with simultaneous

nanobiosynthesis.

Mercury has unique property to enter into vapor stage at room temperature. About
90% of the conventionally remediated mercury is recycled back into the atmosphere. Thus,
the ideal process for mercury remediation should be the one, wherein it can be trapped as
Hg”* or as Hg" (without letting it evaporate back to the environment). Manganese is less toxic
than mercury. It has been prescribed to be within safe limit of 0.1 mg L™ in drinking water.

Its nanoparticles have wide spread applications. Both these issues are addressed in the thesis.

Five mercury tolerant bacteria belonging to genus Enterobacter, Bacillus and
Pseudomonas have been isolated by mercury enrichment method from the soil samples. The
isolates were characterized using biochemical tests and 16S rDNA sequencing. Out of these
isolates, two metal bioaccumulating strains Enterobacter sp. EMB19 and Bacillus sp. EMB20
effectively remediated mercury and manganese with simultaneous synthesis of corresponding

nanoparticles. These were investigated further.



The Enterobacter sp. strain was grown in presence of mercury in culture medium for
studying the remediation profile. The lag phase was prolonged. Most of the mercury was
remediated with the growth of the cells. Culture conditions viz. pH, inoculum size, carbon
and nitrogen source were optimized for effective remediation. Under the optimized
conditions, 5 mg L of mercury (Hg®") was remediated in 72 h. TEM micrographs of the
cells revealed that the remediated mercury got accumulated in the cytoplasm. The

accumulation was further confirmed by EDAX.

The accumulated mercury particles were spherical and nanosized (average 3.75 + 0.03
nm). Higher pH, longer incubation time and low concentration of mercury favored the
synthesis. The characterization of mercury nanoparticles was done by Energy Dispersive X-
ray analysis (EDAX), High Resolution Transmission Electron Microscopy (HRTEM), X-ray
Photoelectron Spectroscopy (XPS), Powder X-ray Diffraction (PXRD) and Atomic Force

Microscopy (AFM). These were found to be Hgz(PO4), [JCPDS # 70-1798] in nature.

Elucidation of possible mechanism of mercury resistance and nanoparticle synthesis
indicated involvement of mercury reductase activity. The remediation was plasmid mediated.
The reductase was also characterized in terms of pH and temperature optimum and stability.
The enzymes showed Ky, and Viax 15.6 pM and 2.2 pmol min™ mL™ respectively. Its pH and

temperature optimum were 7.2 and 55 °C respectively.

The Enterobacter cells were also used in immobilized form. These were entrapped in
calcium alginate gel. The entrapped cells effectively removed 7.3 mg L™ of mercury from
complex industrial effluent in 72 h. Cells could be reused for four consecutive cycles. The

remediated mercury could be recovered by cell sonication.
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Alginate entrapped Bacillus sp. cells were explored for mercury remediation in batch
and continuous mode. The remediation potential was investigated by three different sorption
isotherms, Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models. The
thermodynamics and kinetics of the remediation mechanisms were also evaluated. The study
showed that the process followed pseudo-second-order kinetics and thermodynamically
favored. Maximum biosorption capacity was found to be 104.1 mg g at 30 °C and pH 7.0.
The continuous column experiment showed the process can remediate mercury upto 12 h
1

from the synthetic effluent containing 10 mg L mercury with a flow rate of 0.5 mL min-

and 30 °C at bed height of 10 cm.

The second isolate, Bacillus sp. cells were effectively used for the remediation
of manganese with simultaneous synthesis of manganese oxide nanoparticles. Complete
removal of 100 mg L manganese was achieved in 96 h. The cells while remediating
manganese synthesized intracellular monodispersed orthorhombic MnO, [JCPDS # 39-0375]
nanoparticles with average size of 4.62 + 0.14 nm. The Ex-situ synthesis of manganese oxide
nanoparticles was also explored using cell free extract. The ex-situ synthesized particles were
more discrete and uniform. The effect of incubation time and manganese concentration on
nanoparticle synthesis revealed that better accumulation is attained after 48 h and at
manganese concentration lower than 200 mg L. The nanoparticles were spherical and

uniformly dispersed into the cytoplasm. These were recoverable by cell sonication.
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