
Biosorption
Edited by Jan Derco and Branislav Vrana

Edited by Jan Derco and Branislav Vrana

Municipal and industrial wastewaters contain a wide spectrum of pollutants. Their 
effective removal presents a challenge for water treatment technology. Biosorption 

of nutrients and pollutants has been used in sewage treatment since the discovery of 
the activated sludge process. It is a passive uptake process by which pollutants are 

adsorbed on the surface of cell walls and/or dissolved in structures of microorganism 
cells that are present in sludge. Sorbed pollutants remain in the sludge and can be 

potentially released back into the environment depending on their condition and the 
reversibility of the pollutant-sludge interaction. An overview of typical biosorption 

applications for the removal of nutrients, organic pollutants, and metals in wastewater 
treatment is provided in different areas of their use for the protection of aquatic 

ecosystems and human health. This book will be of interest to operators of wastewater 
treatment plants and sludge treatment and disposal facilities as well as to researchers 

and university students in the field of environmental engineering.

Published in London, UK 

©  2018 IntechOpen 
©  Bogomil Mihaylov / unsplash

ISBN 978-1-78923-472-5

Biosorption



BIOSORPTION

Edited by Jan Derco and Branislav Vrana



BIOSORPTION

Edited by Jan Derco and Branislav Vrana



Biosorption
http://dx.doi.org/10.5772/intechopen.68261
Edited by Jan Derco and Branislav Vrana

Contributors

Alessandro Presentato, Elena Piacenza, Emanuele Zonaro, Silvia Lampis, Giovanni Vallini, Raymond J. Turner, Saba 
Shamim, Filomena Costa, Teresa Tavares, Sudhamani Muddada, S L Ramyakrishna Kanamarlapudi, Vinay Kumar 
Chintalpudi, Jan Derco

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Biosorption
Edited by Jan Derco and Branislav Vrana

p. cm.

Print ISBN 978-1-78923-472-5

Online ISBN 978-1-78923-473-2

eBook (PDF) ISBN 978-1-83881-299-7

DBF_prva objava


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,550+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

112,000+
International  authors and editors

115M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editors

Prof. Ján Derco, DSc, is a professor of Chemical Engi-
neering at the Institute of Chemical and Environmental 
Engineering, Faculty of Chemical and Food Technolo-
gy, Slovak University of Technology (SUT), Bratislava, 
Slovakia. He graduated in Chemical Engineering from 
the Slovak University of Technology, Bratislava. Prof. 
Derco obtained his PhD and DSc degrees from the same 

university. He worked at the Department of Environmental Engineering, 
Faculty of Chemical Technology, SUT, where he also performed most of 
his research. The main areas of his scientific interest include environmen-
tal engineering, biological wastewater treatment, modeling, design and 
optimization of ozone-based oxidation processes, and investigation of the 
degradation of hazardous substances.

Branislav Vrana, PhD, is an associate professor and a 
senior researcher of Environmental Chemistry at the Re-
search Centre for Toxic Compounds in the Environment 
(RECETOX), Faculty of Science, Masaryk University. 
He graduated in Chemical Engineering from the Slovak 
University of Technology, Bratislava, in 1994. Dr. Vrana 
received his MS degree in Biochemical Technology, in 

1998, and his PhD degree in Biotechnology. He has been working interna-
tionally at research centers (UFZ Helmholtz Center for Environmental Re-
search, Germany and Water Research Institute, Slovakia) and universities 
(University of Portsmouth, UK and Masaryk University, Czech Republic) 
with a focus on the investigation of the fate of environmental pollutants in 
aquatic environments. Dr. Vrana’s main research activities include the de-
velopment of sampling techniques and analytical methods for assessment 
of the priority and emerging contaminants in aquatic environments with a 
special focus on passive sampling techniques.



Contents

Preface VII

Chapter 1 Introductory Chapter: Biosorption   1
Ján Derco and Branislav Vrana

Chapter 2 Biosorption of Heavy Metals   21
Saba Shamim

Chapter 3 Biosorption of Multicomponent Solutions: A State of the Art of
the Understudy Case   51
Filomena Costa and Teresa Tavares

Chapter 4 Application of Biosorption for Removal of Heavy Metals from
Wastewater   69
Sri Lakshmi Ramya Krishna Kanamarlapudi, Vinay Kumar
Chintalpudi and Sudhamani Muddada

Chapter 5 Microbial-Based Bioremediation of Selenium and Tellurium
Compounds   117
Elena Piacenza, Alessandro Presentato, Emanuele Zonaro, Silvia
Lampis, Giovanni Vallini and Raymond J. Turner



Contents

Preface XI

Chapter 1 Introductory Chapter: Biosorption   1
Ján Derco and Branislav Vrana

Chapter 2 Biosorption of Heavy Metals   21
Saba Shamim

Chapter 3 Biosorption of Multicomponent Solutions: A State of the Art of
the Understudy Case   51
Filomena Costa and Teresa Tavares

Chapter 4 Application of Biosorption for Removal of Heavy Metals from
Wastewater   69
Sri Lakshmi Ramya Krishna Kanamarlapudi, Vinay Kumar
Chintalpudi and Sudhamani Muddada

Chapter 5 Microbial-Based Bioremediation of Selenium and Tellurium
Compounds   117
Elena Piacenza, Alessandro Presentato, Emanuele Zonaro, Silvia
Lampis, Giovanni Vallini and Raymond J. Turner



Preface

This edited volume is a collection of reviewed and relevant research chapters concerning the
developments within the chemical, biochemical, and environmental fields of study. This
book includes scholarly contributions by various authors and is edited by experts pertinent
to chemical engineering. Each contribution comes as a separate chapter complete in itself
but directly related to the book’s topics and objectives.

This book contains five chapters. It will be of interest to operators of wastewater treatment
plants and sludge treatment and disposal facilities as well as to researchers and university
students in the field of environmental engineering.

Ján Derco
Slovak University of Technology

Bratislava, Slovakia

Branislav Vrana
Masaryk University

Brno, Czech Republic



Preface

This edited volume is a collection of reviewed and relevant research chapters concerning the
developments within the chemical, biochemical, and environmental fields of study. This
book includes scholarly contributions by various authors and is edited by experts pertinent
to chemical engineering. Each contribution comes as a separate chapter complete in itself
but directly related to the book’s topics and objectives.

This book contains five chapters. It will be of interest to operators of wastewater treatment
plants and sludge treatment and disposal facilities as well as to researchers and university
students in the field of environmental engineering.

Ján Derco
Slovak University of Technology

Bratislava, Slovakia

Branislav Vrana
Masaryk University

Brno, Czech Republic



Chapter 1

Introductory Chapter: Biosorption

Ján Derco and Branislav Vrana

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78961

Provisional chapter

DOI: 10.5772/intechopen.78961

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Introductory Chapter: Biosorption
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1. Introduction

Water quality policy over the world concerning trace pollutants is defined by environmental 
quality standards expressed in terms of concentrations in water (Canadian Environmental 
Quality Guidelines (CEQGs); EU [1, 2]), guidelines (CEQGs; (Environment Canada [3])), 
ambient water quality criteria (United States Environmental Protection Agency (US EPA), n.d. 
[4]), and peer reviewed literature on thresholds for effects on aquatic biota (e.g., No observ-
able effect concentrations (NOECs); lowest observable adverse effects) is a major driver of 
continuing interest in these measurements as part of risk/exposure (Lepom et al. [5]) as well 
as trend assessments (Fliedner et al. [6]).

In Europe, the adoption of the water framework directive (WFD) [7] provides a policy tool 
that enables sustainable protection of water resources. WFD presents a positive example of 
complex legislative in water quality protection.

The Decision No 2455/2001/EC of the European Parliament and the Council of November 
2001 [8] established the list of 33 priority substances or group of substances, including the pri-
ority hazardous substances, presenting a significant risk to water pollution or via the aquatic 
environment including risks to waters used for the abstraction of drinking water.

The WFD daughter Directive 2013/39/EU [1] extended the list of priority substances to 45, 
including priority metal species cadmium, lead, mercury, and nickel. It also stresses the need 
for the development of new water and wastewater treatment technologies to address the 
problem of pollution by priority and river basin specific pollutants.

Nowadays, micropollutants occurring in the environment are considered to be a serious 
problem [9]. Aquatic environment is polluted by a broad range of these compounds from 
various sources including industry, agriculture, and municipal wastewaters. Many of those 
compounds are present at low concentrations in the environment, but they still pose and 
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toxic effects to aquatic organisms, and human health. Their efficient removal from water and 
reduction of risk presents a new challenge for water managers and development of new water 
treatment technologies present a challenge for the scientific community [10].

The most problematic micropollutants in waters are heavy metals, pesticides, industrial chemi-
cals and byproducts, personal care products, pharmaceuticals, and other substances that can be 
toxic to wild animals and humans at low concentrations. Currently, available wastewater treat-
ment technologies are often expensive or ineffective [11]. Research results confirm that large 
amounts of conventional waste, including egg shells, bones, peat, mushroom, seaweed, yeasts, 
and carrots [12, 13] show the ability to effectively remove heavy metals from pickled water.

Biosorption refers to a set of processes that involve physical and chemical adsorption, ion 
exchange, electrostatic interactions, complexation, chelation, and microprecipitation, that 
occur in the cell wall and precede the anaerobic or aerobic biodegradation processes. It is 
characterized by high selectivity and efficiency (high performance and low cost). Natural 
materials, such as marine algae or weeds, or industrial waste, such as excess activated sludge 
or fermentation wastes, may be used as biosorbents.

Biological sludge wastewater treatment processes utilize biosorption and bioaccumulation 
as part of organic and inorganic pollutants, priority substances, heavy metals, and organic 
pollutants/micropollutants removal mechanisms.

The idea of using biomass in technologies to protect the environment originates at the early 
twentieth century when Arden and Lockett found that some species of living bacteria are 
capable of removing nitrogen and phosphorus from wastewater during aeration [14–16]. This 
process is known as activated sludge process. The removal mechanism has been explained in 
the context of bioaccumulation capacity. This phenomenon as well as the activation process 
itself has continued to be widely used. The break occurred in the late 1970s of the last cen-
tury. Knowing the sequestration nature of biologically inactive biomass has led to a shift in 
research from bioaccumulation to biosorption [17].

The interest in biosorption of organic and inorganic pollutants stems from the fact that these 
substances are toxic and can destabilize the food chain [18]. The absorption of substances 
by microbial biomass is generally referred to as biosorption. The mechanism responsible for 
this accumulation is complex and includes, among other processes, adsorption to the cell 
surface and/or absorption of the substances into various compartments of the microbial cell. 
Microbial cells have a disposition to concentrate chemicals from the aquatic environment. 
Therefore, it is necessary and important to understand the mechanisms and kinetics of bio-
sorption, bioaccumulation and biodegradation processes, and their interactions that govern 
the fate of hazardous inorganic and organic pollutants in biological treatment of wastewater.

2. Mechanisms and kinetics of biosorption

2.1. Biosorption and bioaccumulation

Biosorption is a physicochemical process that utilizes the mechanisms of absorption, adsorp-
tion, ion exchange, surface complexing, and precipitation processes. It is a spontaneous process 

Biosorption2

independent of the metabolism of microorganisms. In biotechnology, it is used to separate 
inorganic and organic substances from the solution using biosorbents. Biosorption is an impor-
tant process also in protecting the environment.

Biosorption is defined as the passive adsorption of toxic substances by dead, inactive or bio-
logically derived materials. Biosorption is a consequence of several metabolic processes inde-
pendent of the cell membrane, the mechanisms responsible for the absorption of the pollutant 
vary according to the type of applied biomass.

Bioaccumulation is defined as the phenomenon occurring in living organisms. More specifi-
cally, bioaccumulation is defined as the absorption of toxic contaminants by living cells or 
organisms. Compounds are passively or actively transported into cells, accumulated inside 
them, and they also enter the metabolic cycle through the cell membranes. Bioaccumulation 
is therefore often dependent on cell metabolisms.

Both bioaccumulation and biosorption have certain advantages and disadvantages. In gen-
eral, the use of living organisms is not suitable for continuous water purification processes 
from highly toxic organic/inorganic contaminants. If the concentration of the toxic substance 
is too high or the process step takes a long-time period, the accumulated substance quan-
tity may reach partition equilibrium, or saturation. Due to the high accumulated pollutant 
concentration the metabolism of the organism will be disturbed and death may occur. This 
scenario can be avoided by using inactive, dead biomass. Moreover, if the sorption process is 
reversible, compounds may be desorbed back to the treated water if the concentration drops. 
To avoid desorption, a high sorption capacity has to be provided. This is not always feasible 
in processes applying living cells, because of various restrictions such as requirements of 
nutrients, aeration, maximum cell density, and so on. This is why we devote more attention 
to biosorption than bioaccumulation.

2.2. Mechanisms of biosorption

Biosorption of heavy metals and organic compounds occur due to the physicochemical 
interactions between the metal and the functional groups present at the surface of the 
biosorbent. The processes involved include physical adsorption, ion exchange, and chemi-
cal sorption that are not related to metabolism. The cell walls of microorganisms consist 
mainly of polysaccharides, proteins and lipids and have carboxyl, sulfate, phosphate and 
amino groups to form bonds with metals, and their complexes. Such biosorption occurs 
relatively rapidly and can be reversible [19]. Various mechanisms of removal of heavy-
metal by activated sludge microorganisms are discussed in more details e.g. by Pagnanelli 
et al. [20].

Organic pollutants differ significantly in their structure. As a result, biosorption is affected by 
molecule size, charge, solubility, hydrophobicity, and reactivity. The biosorbent process can 
also significantly influence the type of biosorbent and the composition of wastewater [21].

The lipophilic nature of the hydrophobic compounds allows them to pass through cell mem-
branes and absorb into the organic cell matrix. An important component of biosorption of 
organic pollutants may be absorption in cell membranes or lipid containing cell structures. 
Other mechanisms are involved in biosorption include surface adsorption, chemisorption, 
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and complexation [22]. For more detailed information we refer the reader to the work Fomina 
and Gadd [21].

2.3. Modeling of biosorption

The equilibrium distribution of the sorbed pollutant (sorbate) between the sorbent and the 
aqueous phase is required to determine the maximum sorbent’s uptake capacity for a sorbate 
and to understand the sorption mechanism.

Besides sorbate distribution at equilibrium, the sorption kinetics provides additional impor-
tant information about the sorption mechanism, especially the rate of pollutant removal. 
When applied in water treatment technology, information on sorption kinetics is important 
for setting an optimum residence time of the wastewater at the biosolid phase interface.

2.3.1. Adsorption isotherms

To describe the concentration-dependent equilibrium between the pollutant amount adsorbed 
on the cells (a) and the pollutant concentration dissolved in aqueous solution (Ce) at equilib-
rium conditions and constant temperature, which is referred to as the adsorption isotherm. 
Langmuir, Freundlich, Langmuir-Freundlich, Redlich-Peterson, Brunauer-Emmett-Teller (BET), 
and Radke-Prausnitz models are the most frequently cited literature in the literature [23–26].

When sorption equilibrium is reached, the adsorption capacity can be calculated from mass 
balance in a batch sorption system consisting of a discrete volume of water and adsorbent:

  a =   V __ m   ( C  0   −  C  e  )   (1)

where a is the sorption capacity (kg.kg−1), V is the volume of water/wastewater (m3) treated 
in a single sorption step, m is the mass of the adsorbent (kg), C0 and Ce are the initial and 
equilibrium aqueous adsorbate concentration (kg.m−3), respectively.

Most often, pollutant distribution is concentration-dependent and in such case non-linear 
forms of adsorption isotherms are used to describe experimental data resulted from batch 
adsorption measurements. Langmuir isotherm is defined assuming that adsorption takes 
place at specific homogeneous sites at the surface of the adsorbent. This means that once the 
molecule of the adsorbed substance occupies a sorption site, no further adsorption can occur 
at this site. The Langmuir adsorption isotherm [23] has the form:

  a =   
 a  max   . b .  C  e   __________________________ 1 + b .  C  e  

    (2)

Where amax (kg.kg−1) is the maximum biosorbent capacity of the adsorbent in the formation of 
a saturated monomolecular adsorption layer and b (L.kg−1) is Langmuir’s empirical constant 
associated with the free energy of biosorption.

Freundlich’s isotherm [24] was postulated for adsorption at heterogeneous surfaces and it 
takes the form:

Biosorption4

  a = k .  C   1/n   (3)

where k (L.kg−1) is a Freundlich constant referring to biosorbent capacity and n (dimension-
less) is a Freundlich constant indicating the intensity of biosorption. Freundlich isotherm does 
not take into account the saturation of biosorbents.

Tempkin isotherm [25] assumes that biosorption energy decreases linearly with increasing 
saturation of biosorption sites, rather than decreasing exponentially, as Freundlich isotherma 
suggests. Tempkin isotherm is given as follows:

  a =   R . T _____________  b  Te  
   . ln  ( a  Te   .  C  e  )   (4)

where aTe is the Tempkin isotherm constant, bTe is the Tempkin constant referring to the bio-
sorption energy, R is the universal gas constant (8.314 J.mol−1.K−1), T is the thermodynamic 
temperature (K), and Ce is the equilibrium pollutant concentration in solution.

BET (Brunauer, Emmett, and Teller) isotherm is described by the following equation [26]:

  a =   
 a  max   . d . C

  _____________________________________    ( C  e   − C)  .  (1 +  (d − 1)  . C /  C  e  ) 
    (5)

where Ce is the equilibrium concentration of adsorbate (kg.m−3), d is the constant expressing 
the energy of sorbate interaction with the sorbent surface.

2.3.2. Kinetics of adsorption

A pseudo-first order model [27] and the pseudo-second order kinetic model [28] can be 
applied to fit the experimental data and evaluate the adsorption kinetics.

The Lagergren pseudo-first order model suggests that the rate of sorption is proportional to 
the number of sites unoccupied by the solutes. The pseudo-first order model can be written 
in linearized form as follows:

   a  t   =  a  e   (1 − exp  (−  k  1   . t) )   (6)

where ae is the amount of pollutant biosorbed at equilibrium (mg.g−1), at is the amount of pol-
lutant biosorbed (mg.g−1) at any time t, and k1 is the first order rate constant (min−1).

The pseudo-second order kinetic model can be written in linearized form as follows:

   a  t   =  a  e   ( (1 −   1 _____________________ 1 +  a  e  .  k  1   . t  ) )   (7)

where k2 is the second order rate constant (g.mg−1.min−1).

The pseudo-second order model does not identify the diffusion mechanism.
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and complexation [22]. For more detailed information we refer the reader to the work Fomina 
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Biosorption4
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From the majority of biosorption-related work, it follows that the pseudo-first order equation 
does not describe well-meaning values throughout the contact time. Generally, this equation is 
only applicable in the initial phase of the adsorption process. This is due to the fact that, using 
the linearized form of Eq. (6) it is necessary to know the value of the equilibrium adsorption 
capacity, which can be approximated by the extrapolation of experimental data for infinite 
time, i.e., the trial and error method. On the other hand, it is not necessary to know this value 
for the use of the linearized form of the kinetic equation of the pseudo-second-order.

In this context, it should be emphasized that using a non-linear method of determining the 
values of parameters of non-linear equations in general it is possible to avoid such errors in 
the modeling of process kinetics.

3. Biosorbents

For several decades, biosorption has been referred to as perspective, low-cost biotechnology 
applicable in wastewater treatment. However, despite intensive research, significant advances 
in the knowledge of these complex processes and rich magazines and book publications, the 
practical application of this process and related technologies are not adequate so far [20].

Previous research has focused on testing the development of more suitable and available 
biological materials. The biosorbent materials used may be alive or deactivated microorgan-
isms and their components, plant materials, industrial and agricultural wastes, and natural 
processing residues, e.g. wood, wood bark, and sea algae.

Both live and dead biomass can be used to remove hazardous substances. The inactive (steril-
ized, dried, and/or otherwise chemically treated) biomass benefits from no need of supplies 
of substrate, nutrients, eventually oxygen, which would otherwise be needed in order to 
maintain viable biomass during adsorption. Also, the toxicity of pollutants to be removed by 
biosorption poses no problem.

Biosorbents for the removal of toxic metals or organic pollutants mainly use biomass of bac-
teria, yeasts, fibrous fungi, algae, as well as wastes from food and pharmaceutical production, 
agricultural waste, and other polysaccharide materials. All biomaterials should demonstrate 
good biosorption capacity and affinity for all types of inorganic ions and organic compounds.

Important biosorbents of the fungus family include the filamentous fungi of the genus 
Alternaria, Aspergillus, Rhizopus, Penicillium, and the yeast Saccharomyces cerevisiae and 
Saccharomyces carlsbergensis. These microorganisms are widely used in the food and pharma-
ceutical industry and end up as waste that is available from individual free or low-cost pro-
duction. Another important biosorbent to which attention is focused are marine algae, which 
are also biological resources. The algae include red, green and brown algae, with brown algae 
being among the excellent biosorbents, for example, Chlorella vulgaris.

This is due to the alginate content that is present in the form of gel in the cell walls. The macro-
scopic structure of the algae provides a conventional basis for the production of biosorbents suit-
able for the application of sorption processes. It should be noted that algae are not considered 
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waste; in fact, they are the source for the production of agar, alginate and, carrageenan. This 
means that the choice of algae for biosorption purposes needs to be given the utmost attention.

Scientists work mainly with brown algae using one of the best metal sorbents seaweed, 
Sargassum seaweed. They focus on the study of sorption properties and biosorption mecha-
nisms. Biosorbents using algae, bacteria, fibrous fungi, and yeasts are also used for analyti-
cal techniques, specifically for solid phase extraction to determine metals present in trace 
amounts in different aqueous matrices [29].

Microbial biomass (bacteria, fungi, and micorrhagia) shows better results of biosorption of 
dyes than macroscopic materials (seaweed, squirrel crabs, etc.). The reason is the difference in 
cell wall and functional groups involved in dye binding. Many bacteria, fungi, and microor-
ganisms bind different types of dyes.

The results of the study by Simionato et al. [9] show that the use of chitosan obtained from 
silkworm chrysalis is a viable alternative for the removal of blue remazol and black rem-
azol five dyes from the wastewater of the textile industry. Potential biosorbents belonging 
to the class of bacteria include Bacillus, Geobacillus, Lactobacillus, Pseudomonas, Streptomyces, 
Staphylococcus, Streptococcus, and others.

Several studies have recently been carried out to develop cheap sorbents from industrial and 
agricultural waste. Partial attention was paid in particular to crab shells, activated sludge, rice 
husks, egg shells, mosses, and lichens. The results showed that, in particular, crab shells have 
excellent sorption abilities in relation to arsenic, chromium, cobalt, and nickel.

A preferred biosorbent material is activated sludge. There are a large number of binding sites on 
the cell walls of microorganisms, which are predominantly composed of polysaccharides, pro-
teins, and lipids. This is due to the high biosorption capacity of activated sludge. The amount of 
excess sludge produced mostly outweighs the possibilities of its use and represents one related 
problem of wastewater treatment. Thus, this biosorbent is reely available and low-cost.

Authors [30–32] disclose the advantages of using aerobic and anaerobic deactivated sludge 
to remove dyestuffs and hazardous effluent from wastewater. Qiu et al. [33] presented the 
results of research into the use of active aerobic and anaerobic sludge for sewage treatment.

The extent of biosorption depends on the type of biomass [34]. In the past, biosorbent phenom-
ena have often been found to bioaccumulate highly hydrophobic organic substances directly 
depending on the lipid content of biomass. However, non-polar substances have been found to 
accumulate in organisms according to the distribution equilibrium between the medium and 
the lipid content of the organism [35]. Other authors found the opposite phenomenon to track 
DDT [Dichloro-Diphenyl-Trichloroethane or 1,1,1-Trichloro-2,2-bis(p-chlorophenyl)-ethane] 
adsorption by different soil fractions [36]. Some soil fractions were first extracted with ether 
and ethanol to remove lipid-like substances. Absence of lipid-like materials did not decrease, on 
the contrary, increased DDT adsorption with soil, indicating that other substances other than 
lipids may also play a role in biosorption. A similar finding was obtained by monitoring the 
adsorption of chlorites with microbial biomass [37]. Bacterial biomass with the highest lipid 
content among the observed samples had the lowest biosorption capacity. Further, it has been 
found that in different samples of fibrous fungi biomass, despite the similar lipid content in the 
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excess sludge produced mostly outweighs the possibilities of its use and represents one related 
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Authors [30–32] disclose the advantages of using aerobic and anaerobic deactivated sludge 
to remove dyestuffs and hazardous effluent from wastewater. Qiu et al. [33] presented the 
results of research into the use of active aerobic and anaerobic sludge for sewage treatment.
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ena have often been found to bioaccumulate highly hydrophobic organic substances directly 
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cells, the biosorption capacity varied within a wide range. Interestingly, however, it was found 
that the biosorption capacity of different biomass samples depended directly on the amount of 
total organic carbon released during the contact of biomass with the pollutant. However, this 
phenomenon is not elucidated, it can only be assumed that the biosorption capacity increases 
with the growing proportion of cells destroyed in the medium, which correlates with the total 
organic carbon content released into the medium. Cell fragments have a larger surface and thus 
a higher sorption capacity [38]. The authors further found that the biosorption capacity of active 
and deactivated (inactive/dead) biomass is almost the same for highly biodegradable pollutants.

4. Research and applications of biosorption

4.1. Removal of organic pollutants

Biosorption acquires meaning for the removal of hazardous substances. It can be used as 
an individual separation process or may be a part of others, biological processes. Aksu, in 
the review paper [39], deals with the application of biosorption to remove organic pollut-
ants. Among the studied pollutants are pesticides, phenols that are toxic and persistent in the 
environment.

Various types of pesticides are used in agriculture. Some of them are persistent, have muta-
genic and carcinogenic effects, and are generally toxic. Suitable sorbent for removing them 
appears to be activated carbon. Its disadvantage is the high price. Regeneration of granular 
activated carbon is also costly.

This has motivated researchers to explore the possibility of using alternative materials that 
originate in nature or are the waste of other processes, peat, soil, wood, eucalyptus bark, rice 
husk, chitin, fly ash, or surplus activated sludge. These are relatively inexpensive materi-
als but are usually characterized by low adsorption power values. This disadvantage can be 
compensated by larger amounts of adsorbent [40, 41]. An alternative for the recovery and/or 
environmentally acceptable disposal of pollutants could be, passive adsorption of pollutants 
from aqueous solutions using a renewable non-living microbial mass. The specific surface 
properties of bacteria, fungi, yeasts, and algae allow the adsorption of various types of pollut-
ants from solutions. More advantageous is the use of inactivated microorganisms. They are 
not dependent on creating conditions for maintaining metabolic function, including eliminat-
ing the effects of toxic substances. They can be stored for a longer period, easily regenerated 
and reused [39].

The biosorption mechanism on inertial biomass is influenced by the biomass itself, the prop-
erties of its surface characteristics, the physical and chemical properties of the adsorbed sub-
stances, their mutual affinities, and experimental conditions (pH, temperature, ionic strength, 
existence of competing organic substances or inorganic ligands in solution).

Conversely, due to the fact that hydrophobic organic pollutants show a high tendency to 
accumulate on microbial cells or sludge, living biomass can be used to remove very low con-
centrations of hazardous organic substances from wastewater [42, 43].

Biosorption8

Most dyes are of synthetic origin. They are characterized by an aromatic structure, greater 
stability, and a worse biodegradability. They can affect the processes of photosynthesis in the 
aquatic environment to toxicise the aquatic ecosystem [44, 45]. Research results [44–46] show 
that there is a wide range of microorganisms, including bacteria, fungi, and algae, which are 
capable of biodegradation or bioaccumulation of azo dyestuffs in wastewater by anaerobic/
aerobic processes.

For the modeling and optimization of processes using sorption on the activated sludge, the 
necessary is knowledge about the sorption of organic matter to the sludge. Modin et al. [47] 
compares primary, anaerobic, and aerobically activated sludge as biosorbent materials. Bio-
sorptive capacity values were determined, process kinetics was studied, and some charac-
teristics of sorbed organic matter were studied. Biosorption of dissolved organic substances 
occurred almost immediately. This was followed by a slower process that corresponded to first-
order kinetics. Biosorption of undissolved particles also corresponded to first order kinetics. 
However, there was no immediate sorption, but the particles were released during mixing.

Biosorption is used for wastewater treatment since the beginning of the last century, when 
the activation process was discovered. Controlled withdrawal of excess sludge together with 
significant participation of biosorption a bioaccumulation processes enable intensification of 
organic pollutants, nitrogen, and phosphorus removal. Bioaccumulation is usually an active 
process that is part of the metabolism of microorganisms. Biosorption is a passive process of 
adsorbing pollutants on the surface of microorganism cell walls. This leads to a decrease in 
the concentration of these substances in the purified water. However, such contamination 
remains a part of the activated sludge and its re-release to the environment is dependent 
on further treatment with the excess sludge produced, especially if the biosorption of these 
substances is reversible.

An increasingly serious challenge is dangerous (organic) and so-called emerging pollutants, 
e.g. pesticides, estrogens, personal care products, or pharmaceuticals. These can be removed 
in the wastewater treatment plant by biotic and abiotic processes, or they can pass through 
the sewage treatment plant to the recipients without any significant change. In the context of 
minimizing the production of excess sludge, its disintegration prior to the process of biologi-
cal stabilization and degradation of biosorbable pollutants on activated sludge, the combined 
processes of biosorption and chemical oxidation, e.g. using ozone.

The solubility of the pollutant is an important property affecting biosorption. The inverse 
relationship between water solubility and accumulation of organic molecules with biomass 
was found [9]. In general, the different types of biomass observed had a greater biosorption 
capacity for less soluble pollutants. Organic molecules accumulate better in microbial bio-
mass, the higher the biomass-water distribution coefficient (octanol-water model system), but 
as already mentioned above, there is no direct correlation between biosorbent capacity and 
lipid content in biomass.

If the contaminant dissociates in the aqueous phase (on a weak acid or a weak base), sorption 
of the dissociated and non-dissociated forms can take place with different sorption coefficient 
values for both forms [15]. The effect of the initial concentration of the pollutant on the rate of 
biosorption was monitored. After 10-fold increase in the initial concentration of the pollutants 
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studied (lindane pesticides and diazinone), the rates of biosorption of these substances on 
activated sludge were higher for higher concentrations of pollutants.

It can be assumed that in a system containing a mixture of several pollutants of a similar 
nature, the biosorption capacity of the individual components of the mixture will be affected 
by the concentration of the other substances in the mixture. A reduction in biosorbent capac-
ity of tetrachloroethane on the Rhizopus arrhizus biomass has been shown to be up to 14% 
in the presence of the same concentration of trichloroethane [13]. Biosorption is usually an 
exothermic process, so biosorption capacity usually increases with decreasing temperature. 
However, the change in temperature does not significantly affect the rate of biosorption [8].

Simjonato et al. [9] studied the process of adsorption of blue remazol and black remazol five 
dyes with chitin and chitosan, which they performed in the column and an aqueous suspen-
sion. The results show that better results were obtained in the column with arthritis than in the 
chitin-packed column. Comparing the results measured in the column and suspension results 
in better suspension results. A very good description of Langmuir isothermal experimental 
values was obtained, with the difference between the measured and calculated adsorption 
capacity values being insignificant.

Biosorption of hazardous pollutants is a suitable technology for removing dyestuffs from 
municipal and industrial wastewater. Various low-cost biosorbents, such as, for example, 
biomass of algae, yeast, fungi, vegetable waste, fiber, fruit waste, chitosan, and agricultural 
waste were studied [48].

4.2. Removal of heavy metals

Biosorption and bioaccumulation can also be applied to remedy environments contaminated 
with heavy metals as complementary methods to currently used physical and chemical meth-
ods. It was found that removal of heavy metals from the environment with biotechnologi-
cal methods should consider a number of physicochemical factors such as temperature, pH, 
contact time of biomass, and a solution containing metals, concentration and age of biomass, 
and toxicity when living microorganisms are applied. Improving the efficiency of removal of 
metals can be performed through physical and chemical modifications and immobilization of 
biomass. The most frequently applied reactors include stirred tank reactors, fixed-bed, reac-
tors and fluidized-bed reactors [49].

In the process of biosorption, ions of metals are adsorbed on the surface of a sorbent. 
Biosorption is a metabolically passive process that uses dead biomass. Biosorption is the first 
step of bioaccumulation [49].

Environmental pollution of heavy metals is one of the most serious environmental problems. 
Various biosorbents such as fungi, yeast, bacteria, and algae are used to remove them. These 
biomaterials are considered to be cost-effective for high-volume and low-heavy wastewater 
treatment (from 1 to 100 mgl−1). The promising biomaterials for heavy metal removal include 
Saccharomyces cerevisiae fungus. This fungus is commonly used in food and beverage produc-
tion. Low-cost media is sufficient to cultivate it. It is a by-product/waste from the fermentation 
industry.
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Mustapha and Halimoon [19] examined the microorganisms and mechanisms of heavy metal 
biosorption in the environment.

Bacterial biosorption is mainly used to remove pollutants from wastewater contaminated by 
pollutants that are no1t biodegradable, such as metal ions and dyes [19]. Rats are efficient 
and inexpensive biosorbents, because the requirement for algal nutrition is low. Based on 
a statistical analysis of algae potential in biosorption, algae were reported to absorb about 
15.3–84.6%, which is higher than other microbial biosorbents. All types of brown algae were 
known to have a high absorption capacity. The metal ion biosorption occurs on the cell surface 
using the ion exchange method. Brown marine algae have the ability to absorb metals through 
chemical moieties on their surface such as carboxyl, sulfone, amino, as well as sulfhydryl [19].

The use of fungi as a biological sorbent has been shown to be an effective material, and is also 
one of the cost-effective and environmentally friendly methods that serve as an alternative 
to the chemically bonded processing process. The ability of many types of fungi to produce 
extracellular enzymes to assimilate complex carbohydrates for previous hydrolysis causes 
the degradation of various degrees of pollutants. Compared to yeast, fibrous fungi are less 
sensitive to nutrient sweeps, aeration, pH, temperature, and have a lower content of nuclei in 
biomass [50, 51].

Microbial biomass is one of the cheap and effective biosorbents for removing heavy metals 
from solutions. The biosorption process has many attractive properties including the removal 
of metal ions in a relatively wide range of pH and temperature. Many researchers have stud-
ied the biosorbent performance of various microbial biosorbents that provide good arguments 
for introducing biosorption technologies for removing heavy metals from solutions, as well as 
understanding the mechanism responsible for biosorption [19].

4.3. Removal of micropollutants

The large occurrence and presence of micropollutants (MPs) in the aquatic environment is 
one of the major challenges worldwide. For example, in 2012, some 143,000 compounds were 
registered on the European market, many of which at some point in their life cycle would 
end up in the aquatic environment. Most of them are not removed or transformed into con-
ventional wastewater treatment plants (WWTPs), they can persist in the aquatic environment 
or create new chemicals by reaction with humic substances and sunlight, and they can be 
bioactive and can bioaccumulate [52–56].

Although present in almost undetectable (ppb; part per bilion) concentrations, their presence 
in the aquatic environment is associated with various deleterious effects in organisms such as 
estrogenicity, mutagenicity, and genotoxicity [57].

There is no legal regulation for removing MPs in WWTPs. However, there are some (EU) 
regulations that set limit values for certain substances that have specific MP properties, pesti-
cides, lindane, nonylphenol, and synthetic hormones [58] in water.

MP can be divided into several categories such as pharmaceuticals personal care products 
(PPCP), household chemicals and industrial chemicals. A comprehensive list of 242 chemicals 
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is included in the EU 7PP [59] project of which approximately 70% are pharmaceutical and 
personal care products, and 30% are industrial products, including perfluorinated com-
pounds, pesticides, herbicides, and food additives.

The vast majority of MP in municipal wastewater belongs to the class of personal hygiene 
drugs and products PPCP, the fate and processes for removing these compounds are dis-
cussed in detail in this text.

About 70% of the wastewater products come from the household, 20% come from livestock, 
5% come from hospital wastewater, and the remaining 5% come from outflows from non-
specified sources [60].

The removal of micropollutants in wastewater treatment plant depends on their solubility, 
octanol/water partition coefficient, and Henry’s constant. For removing micropollutants in 
wastewater treatment plants significantly contributes their sorption on suspended particles of 
primary and secondary sludge. Removal of dissolved organic compounds also involves coag-
ulation, flocculation and biodegradation processes. The majority of conventional wastewater 
treatment plants do not completely remove these substances. Their removal is influenced 
significantly by the operational conditions, the biochemical environment (aerobic, anaerobic, 
anoxic, sludge age (SRT), temperature, pH, and redox potential.

4.4. Biosorption in municipal wastewater treatment

Biosorption and bioaccumulation mechanisms continue to play an important role in newly 
developed processes and technologies for wastewater treatment.

The fate of the priority substances and micropollutants that are transported by wastewater to 
wastewater treatment plants (WWTPs) depends on their adsorption on suspended particu-
lates, dissolved humic substances, primary and secondary sludge. Adsorption of insoluble 
matter in primary and secondary treatment units is an important process of MP removal from 
wastewater. Adsorption may occur as a result of hydrophobic interactions between aliphatic 
and aromatic groups of lipid fractions in the primary sludge and the lipophilic cell mem-
brane of the microorganisms in secondary sludge. Interactions also occur between positively 
charged MP groups and negatively charged microorganisms in secondary sludge.

4.4.1. Integrated and hybrid processes

Both the development of the activated sludge process and the increasing wastewater pollution 
are also developing biosorption applications. It is, for example, hybrid activated sludge pro-
cess with activated carbon. Interaction of bio-degradation and adsorption on activated carbon 
benefits from the higher efficiency and performance of the process due to the concentration 
of organic matter on activated carbon, consequently higher rates of biological oxidation, as 
well as better conditions for the degradation of resistant substances, especially for industrial 
wastewater treatment and groundwater remediation.

In the 1950s of the last century, the activated sludge process with separate sludge regeneration was 
put into full-scale operation, where the ability to accumulate a substrate was restored. In addition 
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to reducing the volume of aeration tank required and reducing investment costs, this bioreac-
tor configuration is characterized by a high resistance to filamentous sludge bulking. The above 
mechanisms are also used as part of enhanced biological phosphorus removal processes [14–16].

In a hybrid system, slow and fast biodegradable substances and simultaneous macronutrient 
removal processes can be carried out by combined activated sludge and immobilized bio-
mass [61]. Higher biomass concentrations and two different solid retention times significantly 
influence biosorption/bioaccumulation processes and ultimately, their participation in the 
whole complex of the biological wastewater treatment.

Biosorption and biodegradation also increase the efficiency of anaerobic sludge stabilization. 
Current research is mainly focused on increasing the efficiency of sludge stabilization. It is 
also focused on the research of anaerobic decomposition of micro-pollutants. However, there 
is little information and knowledge about biosorption potential and biosorption mechanisms 
of these substances. Information on pollutant biosorption on anaerobic sludge is important 
not only for the removal of pollutants themselves but also for the modeling of biological 
sludge stabilization systems [33].

Accumulation of dangerous hydrophobic organic pollutants, e.g. in activated sludge biosorp-
tion results in their removal from the wastewater stream, but the resulting disposal of con-
taminated sludge then poses a new environmental problem, especially when pollutants are 
bound to microbial sludge reversibly [33]. Reduction of sludge mass during stabilization leads 
to concentration of accumulated compounds, but potentially also to increase of their chemical 
activity as a result of reduction of sludge sorption capacity in the stabilization processes. This 
may lead to an increased risk related to compounds sorbed to the stabilized sludge.

However, such contamination remains a part of the activated sludge. Its release to the envi-
ronment is dependent on further treatment with the excess sludge produced, especially if the 
biosorption of these substances is reversible.

One of the current trends in the sludge management and the minimization of the release of 
priority substances and micro-nutrients through the application of the sludge in agriculture 
is the research of integrated biological and chemical processes to minimize the production of 
excess sludge and carry out the simultaneous transformation/degradation of micropollutants 
sorbed on activated sludge [62–63].

5. Conclusions

The past decades brought intensive research leading to an understanding of biosorption pro-
cesses with the aim of their application in water treatment technology t. Numerous papers 
were published that significantly contributed to a better characterization of complex phenom-
ena involved in biosorption. Information was gathered on the bioprocess mechanisms and the 
influence of various factors in the removal of inorganic and organic pollutants by biosorption.

In spite of targeted research on alternative low-cost sorption materials and extensive knowledge 
and publication results, it was not possible to apply this process practice in great extent, so far.
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Further research into the practical use of biosorption to remove specific organic and inorganic 
pollutants will obviously be geared toward increasing the overall efficiency of the process, not 
only in terms of cost but also its performance.

The importance of sorption and biosorption processes in wastewater treatment processes 
and technologies, aerobic and anaerobic sludge stabilization is increasing. New develop-
ment trends include integrated and hybrid processes aimed at minimizing sludge production 
and preventing the release of priority substances and micropollutants into the environment 
through the application of sludge to the soil.
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Abstract

Industrialization has led to introduction of heavy metals in the environment. Heavy met-
als are known to persist in the environment and become a risk for organisms. Micro-
organisms are present in industrial effluents. They have adopted different strategies to 
cope up with the harmful effects of these metals. These strategies can be metabolism 
dependent or independent. One such strategy is biosorption which is binding of metal 
ions with metal binding proteins present on the cell wall. Biosorption is exhibited by 
bacteria, algae, fungi and yeasts. Not only living organisms, but also residuals of dead 
bodies of microorganisms shows biosorbent properties like agricultural wastes includ-
ing husk, seeds, peels and stalks of different crops. Different factors affect the rate of 
biosorption which includes temperature, pH, nature of biosorbents, surface area to vol-
ume ratio, concentration of biomass, initial metal ion concentration and metal affinity 
to biosorbent. Various models including Freundlich model and Langmuir model can be 
used to describe biosorption. Recovery of biosorbed metals can be done using agents like 
thiosulfate, mineral acids and organic acids. Choice of desorption agent should be care-
fully selected to prevent alteration of physical properties of a biosorbent.

Keywords: biosorption, heavy metals, bacteria, algae, fungi, yeasts

1. Introduction

Nature has gifted our earth with four spheres; biosphere, lithosphere, hydrosphere, and 
atmosphere. Together these spheres are important for maintaining a balanced ecosystem 
[1]. The industrial revolution in the past five decades is remarkable. Due to anthropogenic 
activities, increasing population, industrialization and urbanization, all spheres have become 
polluted [2–7]. There are two main sources of introduction of heavy metals in the environ-
ment (1) natural sources which includes volcanic emissions, forest fires, deep-sea vents, and 
geysers [8] and (2) anthropogenic sources which includes mining and smelting sites, metal-
manufacturing plants, painting- and coating-industries and tanneries. These heavy metals are 
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1. Introduction

Nature has gifted our earth with four spheres; biosphere, lithosphere, hydrosphere, and 
atmosphere. Together these spheres are important for maintaining a balanced ecosystem 
[1]. The industrial revolution in the past five decades is remarkable. Due to anthropogenic 
activities, increasing population, industrialization and urbanization, all spheres have become 
polluted [2–7]. There are two main sources of introduction of heavy metals in the environ-
ment (1) natural sources which includes volcanic emissions, forest fires, deep-sea vents, and 
geysers [8] and (2) anthropogenic sources which includes mining and smelting sites, metal-
manufacturing plants, painting- and coating-industries and tanneries. These heavy metals are 
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released directly into the environment. Metals exhibit health issues [9] if their concentrations 
exceed allowable limits. Even when the concentration of metals does not exceed these limits, 
there is still a potential for bioaccumulation and associated chronic toxicity as heavy metals 
are known to be accumulative within biological systems [10]. These metals include arsenic, 
cadmium, chromium, copper, lead, mercury, nickel, and zinc [4, 11]. Industrial effluents are 
known to contain heavy metals which originate from metal plating, mining activities, smelt-
ing, battery manufacture, tanneries, petroleum refining, paint manufacture, pesticides, pig-
ment manufacture, and printing and photographic industries [1, 11–14].

2. Heavy metals

Heavy metals are usually defined as metals having density more than 5 g/cm3 [15]. They are 
classified as essential and non-essential metals. The metals which are need for normal cellular 
growth are essential metals e.g. zinc, nickel, copper, etc. Such metals are required in low con-
centrations (nM), but at higher concentrations (μM to mM) all heavy metals have detrimental 
effects to organisms [16, 17]. If the metals have no known biological function, they are called 
as non-essential metals e.g. e.g., lead, cadmium, mercury [18]. Such metals are toxic at any 
concentration [8]. The list of essential and non-essential heavy metals is given (Table 1). There 
are 90 naturally occurring elements in periodic table, 21 are non-metals, 16 are light metals 
and the remaining 53 (with As included) are heavy metals [19]. In periodic table, transition 
elements are mostly heavy metals. They have incompletely filled ‘d’ orbitals which allow 
heavy-metal cations to form complex compounds that may or may not be redox-active. In this 
way, heavy metals play an important role as ‘trace elements’ (cobalt, copper, nickel, and zinc) 
in sophisticated biochemical reactions and are important cofactors for metallo-proteins and 
enzymes [8]. The toxicity of heavy metal ions starts when their concentration becomes higher 

Category of heavy metal Example of heavy metals

Essential Copper (Cu)

Nickel (Ni)

Iron (Fe)

Zinc (Zn)

Magnesium (Mg)

Non-essential Lead (Pb)

Mercury (Hg)

Cadmium (Cd)

Tin (Sn)

Arsenic (As)

Table 1. Essential and non-essential heavy metals.
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in the cells, due to which they form complex compounds [15, 18]. Microorganisms acquire 
resistance to these toxic metals by lateral gene transfer [20]. The interaction of microorganism 
with metal ions depends on factors like oxidation state of the metal ion, chemical/physical 
nature of metals, growth phase of microorganism etc. [21].

3. Methods for removal of heavy metals

Since last many decades, various physical and chemical methods were employed to remove 
metals from environment. The list is given below [5, 13, 14, 22–24].

Chemicals methods: Chemical precipitation, electrochemical treatment, oxidation/reduction.

Physical methods: Ion exchange, membrane technology, reverse osmosis, and evaporation 
recovery, filtration.

Biological methods: Microorganisms including bacteria, fungi or algae.

However, these strategies were not the first choice as they are expensive, inefficient, labor-
intensive, or the treatment process lacks selectivity [25, 26]. The research on bioremediation 
or biosorption-based remediation techniques in the past decades has concluded that bioreme-
diation is a natural process and cost effective [4, 27–31].

4. Biosorption

Biosorption is defined as “ability of biological materials to accumulate heavy metals from 
wastewater through metabolically mediated (by the use of ATP) or spontaneous physico-
chemical pathways of uptake (not at the cost of ATP), or as a property of certain types of 
inactive, non-living microbial biomass which bind and concentrate heavy metals from even 
very dilute aqueous solutions” [1, 5, 32]. It is a complex process that depends on different-
factors like cell physiology, physicochemical factors such as pH, temperature, contact time, 
ionic strength, and metal concentration, chemistry of the metal ions, cell wall composition of 
microorganisms [5, 33, 34]. Biosorption of different heavy metals e.g. cadmium, silver, lead, 
nickel etc. by using microorganisms like fungi, algae or bacteria was studied by different 
groups [34–42].

4.1. Significance

Bioremediation offer different advantages such as low operating cost, minimum ratio of 
disposable sludge volume, high efficiency in detoxifying very dilute effluents and even  
in situ remediation [30, 43, 44]. Bacteria detoxify heavy metals in a variety of different ways 
[45]. Although various types of tolerance mechanisms have been reported in bacteria for 
heavy metal stress, Cd detoxification has only been restricted to efflux pumps. The plasmid 
encoded cad systems in (Staphylococcus aureus) and the czc system (Alcaligenes eutrophus) are 
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intensive, or the treatment process lacks selectivity [25, 26]. The research on bioremediation 
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chemical pathways of uptake (not at the cost of ATP), or as a property of certain types of 
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factors like cell physiology, physicochemical factors such as pH, temperature, contact time, 
ionic strength, and metal concentration, chemistry of the metal ions, cell wall composition of 
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nickel etc. by using microorganisms like fungi, algae or bacteria was studied by different 
groups [34–42].

4.1. Significance

Bioremediation offer different advantages such as low operating cost, minimum ratio of 
disposable sludge volume, high efficiency in detoxifying very dilute effluents and even  
in situ remediation [30, 43, 44]. Bacteria detoxify heavy metals in a variety of different ways 
[45]. Although various types of tolerance mechanisms have been reported in bacteria for 
heavy metal stress, Cd detoxification has only been restricted to efflux pumps. The plasmid 
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best characterized. These systems actively maintain Cd ions outside the intracellular environ-
ment, hence avoiding its toxic effects. Consistently, many researchers reported that sensitive 
bacteria can accumulate 3–15 times more Cd than resistant strains [46]. The most important 
aspect of Cd ions is that they covalently bind to sulfhydryl groups. Although this is partially 
the cause for its high toxicity, this feature is also used by several organisms to render the 
metal harmless to the cell, through sequestration with metal-detoxifying ligands, the metal 
becomes less bioavailable.

4.2. Advantages of biosorption

Following are given the advantages of biosorption over conventional metal removal methods 
[47, 48].

1. Cheaper production of biomass (bacteria or fungi)

2. Use of biomass for removal of heavy metals

3. Multiple heavy metals uptake at a time

4. Treatment of large volumes of wastewater

5. No need for chemical additions as highly selective for uptake and removal of specific 
metals

6. Functional over wide range of conditions including temperature, pH, presence of other 
metal ions, etc.

7. Easy and cheaper desorption of metals attached to biomass

8. Reduced volume of waste or toxic materials production

4.3. Disadvantages of biosorption

The disadvantages of biosorption are stated below [49].

1. Saturation of active sites of metal binding ligands

2. Reversible sorption of metals on biomass

5. Biosorption mechanisms

The process of heavy metal ion binding to bacterial cell wall (peptidoglycan) can be metabo-
lism dependent or independent [1].

5.1. Metabolism dependent biosorption

Metabolism dependent biosorption is exhibited by living biological material. It involves vari-
ous mechanisms like chelation; a specific way in which ions and molecules bind to metal ions 
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and it involves the formation or presence of two or more separate coordinate bonds between a 
polydentate ligand and a single central atom, physical adsorption; adhesion of atoms, ions, or 
molecules from a gas, liquid, or dissolved solid to a surface. This process creates a film of the 
adsorbate on the surface of the adsorbent. It is a surface phenomenon. Generally the adsorp-
tion process is classified as physisorption, characteristic of weak van der Waals forces, or che-
misorption, characteristic of covalent bonding. It may also occur due to electrostatic attraction, 
precipitation; it is the creation of a solid in a solution or inside another solid during a chemical 
reaction or by diffusion in a solid. When this reaction occurs in a liquid solution, the solid 
formed is called the “precipitate” and the chemical that causes the solid to form is called the 
“precipitant”) or complexation (it consists of a central atom or ion, which is usually metallic 
and is called the coordination centre, and a surrounding array of bound molecules or ions, that 
are known as ligands or complexing agents. Many metal-containing compounds, especially 
those of transition metals, are coordination complexes). There may involve a single process or 
combination of these processes [50, 51]. If the metal binding to cell wall is metabolism depen-
dent then it involves energy from ATP. The ligands present on the cell wall of biological mate-
rial such as phosphoryl, carboxyl, carbonyl, sulfhydryl and hydroxyl groups immobilizes the 
metal ion [32] and then uptake occurs [5]. Other factors that effect the metal uptake by living 
biomass includes nature of heavy metals ions, conditions of the medium, cell wall composi-
tion, etc. [5]. The uptake process by living biomass involves adsorption to cell wall and enter-
ing into the cytoplasm [29, 31, 52, 53].

5.2. Metabolism independent biosorption

The metabolism independent process mostly occurs in biomass consisting of dead cells [54]. 
The adsorption process is the main key point behind such physicochemical biosorption 
mechanism. The adsorption process can be ionic interactions or physiochemical adsorption. 
Presence of anionic ligands on bacterial cell wall (carboxyl, amine, hydroxyl, phosphate, and 
sulfhydryl groups) also plays an important role in metal biosorption. Living biological mass 
is preferred over dead mass, because living cells have ability for continuous metal uptake, and 
self-replenishment [27, 29, 31]. Previously it is reported that adsorption is a rapid process while 
accumulation is slow and energy dependent [29, 31 52–53]. The fate of metal inside cell can 
be accumulation, detoxification and/or efflux depending on the nature of bacteria [31, 55, 56].  
In past few decades, many groups worked on heavy metal resistant bacteria that can be used 
for bioremediation [27, 29, 31, 56–58]. Many workers reported that cells of bacteria of genera 
Alcaligenes and Pseudomonas can be used for bioremediation purpose [45].

5.3. Metal accumulation

In order to have the physiological effect on the growth of cells, heavy metals must enter the 
cell [19, 59, 60]. Metal uptake system in bacteria is grouped in two types; one is fast and 
unspecific, constitutively expressed and does not require ATP. They are usually driven only 
by the chemiosmotic gradient across the cytoplasmic membrane of bacteria. The second type 
of uptake system is highly specific, slow, inducible and dependent on ATP, in addition to the 
chemiosmotic gradient. They are only induced in times of need, starvation or a special meta-
bolic situation [61].
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As cell surface encounter metal ion, formation of a complex takes place, which is a pre-requi-
site for uptake of metals by the organism [59, 60]. Once surface sorption takes place, the metal 
is transported into the periplasmic space of Gram-negative cells and transported further into 
the cytoplasm [60]. When cell encounters high concentration of any heavy metal, the heavy 
metal ion is transported into the cytoplasm, accumulated inside the cell due to one type of 
metal uptake which is fast, unspecific, constitutively expressed and does not require ATP [61]. 
The cations of heavy metals interact with physiological ions Cd2+ with Zn2+ or Ca2+, Ni2+ and 
Co2+ with Fe2+, Zn2+ with Mg2+ thus inhibit the function of respective physiological cations. 
This result in oxidative stress in the cell [1].

6. Types of biosorbents

Biosorbents can be classified as living or non- living organic materials. They are discussed 
below in detail.

6.1. Living organic materials

6.1.1. Bacteria

Among microorganisms, bacteria constitute of being the most abundant, versatile, most 
diverse creature on this planet earth [48, 62]. They are basically classified on the basis of 
their morphology as rod, cocci or spirillum [48, 63]. A bacterium has relatively simple mor-
phology consisting of cell wall, cell membrane, capsule, slime layer and internal structures 
mitochondria, Golgi apparatus, ribosomes, endoplasmic reticulum. Slime layer contains func-
tional groups like carboxyl, amino, phosphate or sulfate for metals chelation [48, 62]. Cell 
wall in general, is responsible for surface binding sites and binding strength for different 
metal ions depending on different binding mechanisms. Various bacterial species e.g. Bacillus, 
Pseudomonas, Escherichia [48] exhibit biosorption property because of their small size and abil-
ity to grow in different environmental conditions [64–66].

Gram classification divides bacteria in two broad categories; Gram positive and Gram negative. 
Gram negative mostly constitute pathogens although pathogens are also reported in Gram posi-
tive. Gram positive bacteria are comprised of thick peptidoglycan layer connected by amino acid 
bridges, also known to contain polyalcohols and teichoic acids. Overall, Gram positive bacterial 
cell wall comprised of 90% peptidoglycan. Some teichoic acids are linked to lipids of lipid bilayer 
forming lipoteichoic acid. These lipoteichoic acids are linked to lipids of cytoplasmic membrane. 
They constitute linkage of peptidoglycan to cytoplasmic membrane. This results in cross linking 
of peptidoglycan forming a grid like structure. These teichoic acids are responsible for negative 
charge on cell wall due to presence of phosphodiester bonds between teichoic acid monomers 
[48]. On the other hand, Gram negative bacterial cell wall contains an additional outer membrane 
composed of phospholipids and lipopolysaccharides. Gram negative cell wall contains 10–20% 
peptidoglycan. The negative charge on the Gram negative bacteria is due to lipopolysaccharides, 
teichoic acids, teichuronic acids. Extracellular polysaccharides also exhibit the property of metal 
binding. They are not present in all Gram negative bacteria. Moreover, those species that contain 
them, they can be easily removed by chemical washing or mechanical disruption [49, 67].

Biosorption26

6.1.1.1. Bacterial biosorption

Bacterial cell wall encountering the metal ion is the first component of biosorption. The 
metal ions get attached to the functional groups (amine, carboxyl, hydroxyl, phosphate, 
sulfate, amine) present on the cell wall [49, 67]. The general metal uptake process involves 
binding of metal ions to reactive groups present on bacterial cell wall followed by internal-
ization of metal ions inside cell [48]. More metal is uptaken by Gram positive bacteria due 
to presence of glycoproteins. Less metal uptake by Gram negative bacteria is observed due 
to phospholipids and LPS [68, 69]. Biosorption of various metals by different bacteria is 
given in Table 2.

Sr. 
No.

Metals Bacteria Temperature 
(°C)

pH Agitation Time Wt 
(g/L)

q(mg/g) or 
% removal

References

1. Arsenic Bacillus sp. KM02 — — — — — — [108]

Kocuria sp. — — — — — — [109]

Bacillus sp. — — — — — — [110]

2. Cadmium Pseudomonas putida mt2 — — — — — — [111–114]

Cupriavidus metallidurans 
CH34

— — — — — — [111–114]

Enterobacter cloacae 25 5 240 2 0.1 58.9% [115]

Stenotrophomonas maltophilia 28 5 140 2 20 0.12 [116]

Actinomycetes sp. 30 6 150 24 5 32.63 [116]

3. Chromium Micrococcus sp. 35 5 120 24 — 92% [117]

Bacillus licheniformis 28 3.5 120 48 — 95% [116]

Staphylococcus saprophyticus 27 2 150 3 0.2 24.1 [118]

Enterobacter cloacae 25 4 240 2 0.1 55.8 [115]

Pseudomonas aeruginosa 25 — — — — 1.07 [119]

Micrococcus sp. 35 5 120 24 — 92% [117]

4. Cobalt Rhodopseudomonas palustris — — — — — — [120]

5. Copper Stenotrophomonas maltophilia 25 5 140 2 20 0.57 [116]

Bacillus licheniformis 28 2.5 120 48 — 32% [121]

Geobacillus 
thermodenitrificans

25 5 100 12 — 51 [122]

Bacillus cereus 25 5.5 — 24 1.0 50.32 [119]

Pseudomonas aeruginosa 25 — — — — 0.67 [119]

Thiobacillus thiooxidans 30 5 786 2 0.25 39.84 [123]

Enterobacter cloacae 25 5 240 2 0.1 78.9 [115]

Staphylococcus saprophyticus 27 3.5 150 2 0.2 14.5 [118]

6. Gold Cupriavidus metallidurans 
CH34

— — — — — — [125]

Biosorption of Heavy Metals
http://dx.doi.org/10.5772/intechopen.72099

27



As cell surface encounter metal ion, formation of a complex takes place, which is a pre-requi-
site for uptake of metals by the organism [59, 60]. Once surface sorption takes place, the metal 
is transported into the periplasmic space of Gram-negative cells and transported further into 
the cytoplasm [60]. When cell encounters high concentration of any heavy metal, the heavy 
metal ion is transported into the cytoplasm, accumulated inside the cell due to one type of 
metal uptake which is fast, unspecific, constitutively expressed and does not require ATP [61]. 
The cations of heavy metals interact with physiological ions Cd2+ with Zn2+ or Ca2+, Ni2+ and 
Co2+ with Fe2+, Zn2+ with Mg2+ thus inhibit the function of respective physiological cations. 
This result in oxidative stress in the cell [1].

6. Types of biosorbents

Biosorbents can be classified as living or non- living organic materials. They are discussed 
below in detail.

6.1. Living organic materials

6.1.1. Bacteria

Among microorganisms, bacteria constitute of being the most abundant, versatile, most 
diverse creature on this planet earth [48, 62]. They are basically classified on the basis of 
their morphology as rod, cocci or spirillum [48, 63]. A bacterium has relatively simple mor-
phology consisting of cell wall, cell membrane, capsule, slime layer and internal structures 
mitochondria, Golgi apparatus, ribosomes, endoplasmic reticulum. Slime layer contains func-
tional groups like carboxyl, amino, phosphate or sulfate for metals chelation [48, 62]. Cell 
wall in general, is responsible for surface binding sites and binding strength for different 
metal ions depending on different binding mechanisms. Various bacterial species e.g. Bacillus, 
Pseudomonas, Escherichia [48] exhibit biosorption property because of their small size and abil-
ity to grow in different environmental conditions [64–66].

Gram classification divides bacteria in two broad categories; Gram positive and Gram negative. 
Gram negative mostly constitute pathogens although pathogens are also reported in Gram posi-
tive. Gram positive bacteria are comprised of thick peptidoglycan layer connected by amino acid 
bridges, also known to contain polyalcohols and teichoic acids. Overall, Gram positive bacterial 
cell wall comprised of 90% peptidoglycan. Some teichoic acids are linked to lipids of lipid bilayer 
forming lipoteichoic acid. These lipoteichoic acids are linked to lipids of cytoplasmic membrane. 
They constitute linkage of peptidoglycan to cytoplasmic membrane. This results in cross linking 
of peptidoglycan forming a grid like structure. These teichoic acids are responsible for negative 
charge on cell wall due to presence of phosphodiester bonds between teichoic acid monomers 
[48]. On the other hand, Gram negative bacterial cell wall contains an additional outer membrane 
composed of phospholipids and lipopolysaccharides. Gram negative cell wall contains 10–20% 
peptidoglycan. The negative charge on the Gram negative bacteria is due to lipopolysaccharides, 
teichoic acids, teichuronic acids. Extracellular polysaccharides also exhibit the property of metal 
binding. They are not present in all Gram negative bacteria. Moreover, those species that contain 
them, they can be easily removed by chemical washing or mechanical disruption [49, 67].

Biosorption26

6.1.1.1. Bacterial biosorption

Bacterial cell wall encountering the metal ion is the first component of biosorption. The 
metal ions get attached to the functional groups (amine, carboxyl, hydroxyl, phosphate, 
sulfate, amine) present on the cell wall [49, 67]. The general metal uptake process involves 
binding of metal ions to reactive groups present on bacterial cell wall followed by internal-
ization of metal ions inside cell [48]. More metal is uptaken by Gram positive bacteria due 
to presence of glycoproteins. Less metal uptake by Gram negative bacteria is observed due 
to phospholipids and LPS [68, 69]. Biosorption of various metals by different bacteria is 
given in Table 2.

Sr. 
No.

Metals Bacteria Temperature 
(°C)

pH Agitation Time Wt 
(g/L)

q(mg/g) or 
% removal

References

1. Arsenic Bacillus sp. KM02 — — — — — — [108]

Kocuria sp. — — — — — — [109]

Bacillus sp. — — — — — — [110]

2. Cadmium Pseudomonas putida mt2 — — — — — — [111–114]

Cupriavidus metallidurans 
CH34

— — — — — — [111–114]

Enterobacter cloacae 25 5 240 2 0.1 58.9% [115]

Stenotrophomonas maltophilia 28 5 140 2 20 0.12 [116]

Actinomycetes sp. 30 6 150 24 5 32.63 [116]

3. Chromium Micrococcus sp. 35 5 120 24 — 92% [117]

Bacillus licheniformis 28 3.5 120 48 — 95% [116]

Staphylococcus saprophyticus 27 2 150 3 0.2 24.1 [118]

Enterobacter cloacae 25 4 240 2 0.1 55.8 [115]

Pseudomonas aeruginosa 25 — — — — 1.07 [119]

Micrococcus sp. 35 5 120 24 — 92% [117]

4. Cobalt Rhodopseudomonas palustris — — — — — — [120]

5. Copper Stenotrophomonas maltophilia 25 5 140 2 20 0.57 [116]

Bacillus licheniformis 28 2.5 120 48 — 32% [121]

Geobacillus 
thermodenitrificans

25 5 100 12 — 51 [122]

Bacillus cereus 25 5.5 — 24 1.0 50.32 [119]

Pseudomonas aeruginosa 25 — — — — 0.67 [119]

Thiobacillus thiooxidans 30 5 786 2 0.25 39.84 [123]

Enterobacter cloacae 25 5 240 2 0.1 78.9 [115]

Staphylococcus saprophyticus 27 3.5 150 2 0.2 14.5 [118]

6. Gold Cupriavidus metallidurans 
CH34

— — — — — — [125]
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6.1.2. Algae

Algae are aquatic plants that lack true roots and stems. It can range from micro algae to 
macroalgae. They are autotrophic. They can grow in big biomass even when less nutri-
tion is provided. They are considered good biosorbent material [48, 70–73] because of 
their big size, high sorption capacity and no production of toxic substances. Mostly they 
are classified as microalgae (fresh water or green algae), macroalgae (marine or brown 
algae) and red algae. Among these three classes, brown alga is reported to have higher 
metal uptake capacity. The following features are responsible for binding of heavy metal 
ions to algae surface; algae species, ionic charge of metal and chemical composition of 
metal ion solution. Metal ion binding sites on algal surface includes sulfhydryl, hydroxyl, 
phosphate, sulfate, imidazole, amine, carboxyl groups [74]. The metal uptake mechanism 
of algae is similar to that of bacteria that is bonding of metal ions with the surface fol-
lowed by internalization. According to Abbas et al., [48], either of two mechanisms in 
algal biosorption is involved: (1) ion exchange method where ions present on algal sur-
face Ca, Mg, Na, K they are displaced by metal ions, (2) complexation between functional 
groups and metal ions.

Sr. 
No.

Metals Bacteria Temperature 
(°C)

pH Agitation Time Wt 
(g/L)

q(mg/g) or 
% removal

References

7. Lead Enterobacter cloacae 25 5 240 2 0.1 67.9 [115]

Bacillus sp. 30 5–9 100 24 — 69.34 [124]

Pseudomonas sp. 30 5–9 100 24 — 90.41 [124]

Micrococcus sp. 30 5–9 100 24 — 84.27% [124]

Bacillus cereus 25 5.5 — 24 1.0 36.71 [119]

Geobacillus 
thermodenitrificans

25 4 100 12 — 53 [122]

Stenotrophomonas maltophilia 25 5.0 140 2 20 0.41 [116]

8. Mercury Enterobacter cloacae 25 4 240 2 0.1 43.23 [115]

9. Nickel Actinomycetes sp. 30 5 150 24 5 36.55 [116]

Micrococcus sp. 35 5 120 24 — 90% [117]

10. Selenium Cupriavidus metallidurans 
CH34

— — — — — — [111–114]

11. Silver Cupriavidus metallidurans 
CH34

— — — — — — [111–114]

12. Zinc Pseudomonas aeruginosa 25 — — — — 1.33 [119]

Geobacillus 
thermodenitrificans

25 5 100 12 — 18 [122]

Where, Wt = weight of used adsorbent; Q = uptake removal of pollutant (mg/g); Agitation = speed of shaker (rpm); 
T = Temperature of the experiment (°C).

Table 2. Bacteria and their biosorption features regarding different metals [48, 126, 127].

Biosorption28

6.1.2.1. Biosorption by algae

According to Abbas et al., [48], algal cell wall is made up of polysaccharides (alginic acid, chi-
tin, xylan, mannan) which provides functional groups (sulfate, hydroxyl, phosphate, imidazole, 
amino, amine) known to act as metal binding sites [74]. As far as metal binding mechanism is 
concerned, ionic charge and covalent bonding are hypothesized. Carboxyl and sulfate groups are 
involved in ionic bonding whereas amino and carboxyl groups are involved in covalent bonding 
between metal ion and functional group. In response to metal ions, phytochelatins are produced 
inside the algal body [48]. Biosorption of various metals by different bacteria is given in Table 3.

Sr. 
No.

Metals Algae Temperature 
(°C)

pH Agitation Time Wt (g/L) q(mg/g) or % 
removal

References

1. Arsenic Spirogyra hyalina 25 — 180 2 1 9.8 [128]

2. Cadmium Bifurcaria 
bifurcate
Oocystis
Pithophora spp. 
(filamentous)
Sargassum sp. 
(brown algae)
Sargassum 
tenerrimum
Fucus vesiculosus 
(brown algae)
Ascophyllum 
nodosum

-
28
25
30
25
25
25

4.5
7.5
-
5
6
6
6

175
72
-
150
150
-
-

3
60–80
9 days
-
24
2
2

2.5
28–51
0.17–14
-
4
0.25
0.5–1

95
-
-
22.2
0.4 mmol/g
1.12 mmol/g
114.9

[129]
[130]
[131]
[132]
[133]
[134]
[135]

3. Chromium Pithophora spp. 
(filamentous)
Sargassum sp.
Spirogyra sp. 
(green algae)
Sargassum sp. 
(brown algae)

25
30
30
30

-
4
4
3

-
-
180
150

9 days
6
3
-

-
2–5
1–3
-

-
68.9
265
20.2

[131]
[136]
[132]
[132]

4. Cobalt Spirogyra hyalina 25 — 180 2 2.5 7.856 [128]

5. Copper Calotropis procera
Oocystis
Sargassum 
filipendula
Microalgae
Sargassum sp. 
(brown algae)
Fucus vesiculosus 
(brown algae)
Ascophyllum 
nodosum

25
28
25
30
30
25
25

4
5.5
4.5
-
4
5
4

150
60–80
175
150
150
-
-

6
72
6
-
-
2
2

2
4.4–6.0
5
5
-
0.25
0.5–1

14.5
-
-
0.66
18.6
0.97
70.9

[137]
[130]
[138]
[139]
[132]
[134]
[135]

7. Lead Calotropis procera
Oocystis
Pithophora spp. 
(filamentous)
Fucus vesiculosus 
(brown algae)

25
28
25
25

4
5.5
-
5

150
60–80
-
-

6
72
9 days
2

2
16–80
0.12–0.13
0.25

22.8
-
-
1.04

[137]
[130]
[131]
[134]
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6.1.2. Algae

Algae are aquatic plants that lack true roots and stems. It can range from micro algae to 
macroalgae. They are autotrophic. They can grow in big biomass even when less nutri-
tion is provided. They are considered good biosorbent material [48, 70–73] because of 
their big size, high sorption capacity and no production of toxic substances. Mostly they 
are classified as microalgae (fresh water or green algae), macroalgae (marine or brown 
algae) and red algae. Among these three classes, brown alga is reported to have higher 
metal uptake capacity. The following features are responsible for binding of heavy metal 
ions to algae surface; algae species, ionic charge of metal and chemical composition of 
metal ion solution. Metal ion binding sites on algal surface includes sulfhydryl, hydroxyl, 
phosphate, sulfate, imidazole, amine, carboxyl groups [74]. The metal uptake mechanism 
of algae is similar to that of bacteria that is bonding of metal ions with the surface fol-
lowed by internalization. According to Abbas et al., [48], either of two mechanisms in 
algal biosorption is involved: (1) ion exchange method where ions present on algal sur-
face Ca, Mg, Na, K they are displaced by metal ions, (2) complexation between functional 
groups and metal ions.
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References
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— — — — — — [111–114]

12. Zinc Pseudomonas aeruginosa 25 — — — — 1.33 [119]

Geobacillus 
thermodenitrificans

25 5 100 12 — 18 [122]

Where, Wt = weight of used adsorbent; Q = uptake removal of pollutant (mg/g); Agitation = speed of shaker (rpm); 
T = Temperature of the experiment (°C).

Table 2. Bacteria and their biosorption features regarding different metals [48, 126, 127].
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6.1.2.1. Biosorption by algae

According to Abbas et al., [48], algal cell wall is made up of polysaccharides (alginic acid, chi-
tin, xylan, mannan) which provides functional groups (sulfate, hydroxyl, phosphate, imidazole, 
amino, amine) known to act as metal binding sites [74]. As far as metal binding mechanism is 
concerned, ionic charge and covalent bonding are hypothesized. Carboxyl and sulfate groups are 
involved in ionic bonding whereas amino and carboxyl groups are involved in covalent bonding 
between metal ion and functional group. In response to metal ions, phytochelatins are produced 
inside the algal body [48]. Biosorption of various metals by different bacteria is given in Table 3.

Sr. 
No.

Metals Algae Temperature 
(°C)

pH Agitation Time Wt (g/L) q(mg/g) or % 
removal

References

1. Arsenic Spirogyra hyalina 25 — 180 2 1 9.8 [128]

2. Cadmium Bifurcaria 
bifurcate
Oocystis
Pithophora spp. 
(filamentous)
Sargassum sp. 
(brown algae)
Sargassum 
tenerrimum
Fucus vesiculosus 
(brown algae)
Ascophyllum 
nodosum

-
28
25
30
25
25
25

4.5
7.5
-
5
6
6
6

175
72
-
150
150
-
-

3
60–80
9 days
-
24
2
2

2.5
28–51
0.17–14
-
4
0.25
0.5–1

95
-
-
22.2
0.4 mmol/g
1.12 mmol/g
114.9

[129]
[130]
[131]
[132]
[133]
[134]
[135]

3. Chromium Pithophora spp. 
(filamentous)
Sargassum sp.
Spirogyra sp. 
(green algae)
Sargassum sp. 
(brown algae)

25
30
30
30

-
4
4
3

-
-
180
150

9 days
6
3
-

-
2–5
1–3
-

-
68.9
265
20.2

[131]
[136]
[132]
[132]

4. Cobalt Spirogyra hyalina 25 — 180 2 2.5 7.856 [128]
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6.1.3. Fungi

Fungi are eukaryotic living organism which includes yeasts, mushrooms, molds, etc. The cell 
wall structure of fungi offers good metal binding properties. Fungi in living and dead both 
forms can be used as biosorbent material [48, 75]. Metal uptake by fungi involves two pro-
cesses (i) active uptake or bioaccumulation or intracellular uptake, it is dependent on cell 
metabolism and (ii) biosorption or passive uptake which involves binding of metal ions to 
surface of cell wall and it is independent of cell metabolism. The energy independent metal 
uptake mechanism can be affected by temperature, metabolic inhibitors, etc. Metal uptake by 
fungi was reported both active and passive. Active uptake occurred only with living cells. In 
this case, the interaction of metal ions with cell surface functional groups may involves ion-
exchange, complexation or just physical adsorption.

6.1.3.1. Biosorption by fungi

According to Das et al., [69] fungal cell wall exhibit excellent metal biding properties due to 
its components. The cell wall of fungus is composed mainly of chitins, mannans, glucans, 
in addition to lipids, polysaccharides, pigments e.g. melanin [48, 76–78]. Fungal cell wall is 
reported to be made up of 90% polysaccharides. The functional groups which are involved 
in metal binding includes carboxyl, phosphate, uranic acids, proteins, nitrogen containing 
ligands, chitin or chitosan [48, 79]. Biosorption ability of fungal cells can be manipulated by 
physical of chemical treatments including autoclaving, heat processes or dimethyl sulfox-
ide, laundry detergent, orthophosphoric acid, formaldehyde, gluteraldehyde, NaOH, respec-
tively [69]. Macrofungi also called as mushrooms, grow wild in all types of environments 

Sr. 
No.

Metals Algae Temperature 
(°C)

pH Agitation Time Wt (g/L) q(mg/g) or % 
removal

References

8. Mercury Sargassum sp. 
(brown algae)
Cladophora 
fascicularis
Spirogyra hyaline

30
25
25

4
-
-

100
180
180

-
2
2

-
1
2.5

14.8
20
39.2

[132]
[128]
[128]

9. Nickel Sargassum sp. 
(brown algae)
Fucus vesiculosus 
(brown algae)
Ascophyllum 
nodosum

30
25
25

5
5
6

150
-
-

-
2
2

-
0.25
0.5–1

26.1
0.80
50

[132]
[134]
[135]

12. Zinc Microalgae
Sargassum sp. 
(brown algae)
Ascophyllum 
nodosum

30
30
25

-
3
6

150
150
-

-
-
2

5
-
0.5–1

0.72 mmol/g
15.4
53.2

[139]
[132]
[135]

13. Iron Sargassum sp. 
(brown algae)

30 3 150 — — 14.6 [132]

Table 3. Algae and their biosorption features regarding different metals [48].

Biosorption30

ranging from forests to polluted soils and water bodies. They uptake the metals in their fruit-
ing bodies, mycelia and sporocarps [48]. Biosorption of various metals by different fungi and 
mushrooms is given in Tables 4 and 5 respectively.

6.1.4. Yeasts

Yeasts are famous organisms while studying biosorption. Saccharomyces cerevisiae is well 
known yeast which is considered a model system to study biosorption. They are easy to 
grow, non-pathogenic and give high biomass yield using simple growth medium [80]. 
The availability of complete genome information makes its genetic engineering an easy 
job [75, 81]. They are also considered ideal experimental organism in molecular biology 
experimentation [75, 82–84]. The property of biosorption by yeast cells is affected by vari-
ous factors including properties of metal ions (valency, radius), cell age of S. cerevisiae 
cells, conditions of culture (composition of growth medium, carbon source), biosorption 
conditions (initial concentration of metals and biomass, availability of metal ions, tem-
perature, pH, other ions in growth medium) [75]. Moreover, the large size of yeast makes 
them promising candidates for metal bioremediation. Saccharomyces cerevisiae is a widely 
studied yeast strain. Its different forms are already studied for its biosorption properties 
including immobilized versus fess cell, living versus dead cells, engineered versus non 
engineered cells, cultural versus waste cells, etc. [69, 85–89].

Sr. 
No.

Metals Bacteria Temperature 
(°C)

pH Agitation Time Wt 
(g/L)

q(mg/g) or
% removal

References

1. Arsenic Penicillium chrysogenum 25 3–4 190 — 1 24.5 [140]

2. Cadmium Aspergillus cristatus
Aspergillus niger
Hydrilla verticillata

25
25
25

6
4.75
5

120
125
150

2
6
0.33

0.4
0.7
3–9

23.2
13
15

[142]
[143]
[141]

3. Chromium Aspergillus niger
Pleurotus ostreatus
Trichoderma viride
Mucor
Penicillium canescens

28
25
-
35
20

4.5
4.5
6
5.5
6

150
150
150
-
100

1
3
0.75
-
4

10
2
3.75
-
2

16.39
1.97
4.66
-
34.8

[144, 145]
[146]
[147]
[148]
[149]

4. Copper Pleurotus ostreatus
Fomes fasciatus
Aspergillus lentulus

25
25
35

4.5
5.5
6

150
200
180

3
1
0.41

2
1
4

4.0
32.2
-

[150]
[151]
[152]

5. Lead Rhizopus nigricans
Trichoderma 
longibrachiatum
Pleurotus ostreatus

25
25
25

5.5
7
5.5

225
-
-

-
0.33
3

25
-
2

80.8
71
4.84

[153]
[154]
[155]

6. Mercury Aspergillus flavus
Aspergillus fumigatus

30
30

5.5
5.5

100
100

8
8

10
10

95.3%
95.3%

[156]
[140]

7. Nickel Aspergillus niger 25 4.5 150 3 1 7.69 [157]

Table 4. Fungi and their biosorption features regarding different metals [48].
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6.1.3. Fungi

Fungi are eukaryotic living organism which includes yeasts, mushrooms, molds, etc. The cell 
wall structure of fungi offers good metal binding properties. Fungi in living and dead both 
forms can be used as biosorbent material [48, 75]. Metal uptake by fungi involves two pro-
cesses (i) active uptake or bioaccumulation or intracellular uptake, it is dependent on cell 
metabolism and (ii) biosorption or passive uptake which involves binding of metal ions to 
surface of cell wall and it is independent of cell metabolism. The energy independent metal 
uptake mechanism can be affected by temperature, metabolic inhibitors, etc. Metal uptake by 
fungi was reported both active and passive. Active uptake occurred only with living cells. In 
this case, the interaction of metal ions with cell surface functional groups may involves ion-
exchange, complexation or just physical adsorption.

6.1.3.1. Biosorption by fungi

According to Das et al., [69] fungal cell wall exhibit excellent metal biding properties due to 
its components. The cell wall of fungus is composed mainly of chitins, mannans, glucans, 
in addition to lipids, polysaccharides, pigments e.g. melanin [48, 76–78]. Fungal cell wall is 
reported to be made up of 90% polysaccharides. The functional groups which are involved 
in metal binding includes carboxyl, phosphate, uranic acids, proteins, nitrogen containing 
ligands, chitin or chitosan [48, 79]. Biosorption ability of fungal cells can be manipulated by 
physical of chemical treatments including autoclaving, heat processes or dimethyl sulfox-
ide, laundry detergent, orthophosphoric acid, formaldehyde, gluteraldehyde, NaOH, respec-
tively [69]. Macrofungi also called as mushrooms, grow wild in all types of environments 
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pH Agitation Time Wt (g/L) q(mg/g) or % 
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Table 3. Algae and their biosorption features regarding different metals [48].

Biosorption30

ranging from forests to polluted soils and water bodies. They uptake the metals in their fruit-
ing bodies, mycelia and sporocarps [48]. Biosorption of various metals by different fungi and 
mushrooms is given in Tables 4 and 5 respectively.

6.1.4. Yeasts

Yeasts are famous organisms while studying biosorption. Saccharomyces cerevisiae is well 
known yeast which is considered a model system to study biosorption. They are easy to 
grow, non-pathogenic and give high biomass yield using simple growth medium [80]. 
The availability of complete genome information makes its genetic engineering an easy 
job [75, 81]. They are also considered ideal experimental organism in molecular biology 
experimentation [75, 82–84]. The property of biosorption by yeast cells is affected by vari-
ous factors including properties of metal ions (valency, radius), cell age of S. cerevisiae 
cells, conditions of culture (composition of growth medium, carbon source), biosorption 
conditions (initial concentration of metals and biomass, availability of metal ions, tem-
perature, pH, other ions in growth medium) [75]. Moreover, the large size of yeast makes 
them promising candidates for metal bioremediation. Saccharomyces cerevisiae is a widely 
studied yeast strain. Its different forms are already studied for its biosorption properties 
including immobilized versus fess cell, living versus dead cells, engineered versus non 
engineered cells, cultural versus waste cells, etc. [69, 85–89].
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6.1.4.1. Biosorption by yeast

The free form of yeast cells is not considered good candidates for biosorption [86]. Free cells 
face the problem of separation of solid liquid phase. This problem seems to be less effective 
in flocculating cell [90]. Pretreatment of yeast cells can result in increased surface to volume 
ration for binding of metal with the metal binding sites. It is reported that pH above 5 opti-
mizes the metal biosorption in yeast cells [91]. According to Abbas et al., [48] in yeasts, higher 
concentration of heavy metals can be accumulated by bioaccumulation process than biosorp-
tion. However, general biosorption is responsible for the major uptake of heavy metals for 
many filamentous fungi. Biosorption of various metals by different yeasts is given in Table 6.

Sr. No. Mushrooms Metals References

1. Volvariella volvacea (edible Mushroom) – mycelia, 
sporocarps

Cadmium, lead, Copper, 
Chromium

[158]

2. Ganoderma lucidum Chromium [69, 159]

3. Coriolopsis strumosa Copper [160]

4. Daedalea tenuis Copper [160]

5. Lentinus strigosus Copper [160]

6. Lenzites malaccensis Copper [160]

7. Phellinus xeranticus Copper [160]

8. Rigidoporus lineatus Copper [160]

9. Rigidoporus microporus Copper [160]

10. Trametes lactinea Copper [160]

11. Ganoderma lucidum Copper [159, 160]

12. Agaricus macrospores Cadmium, mercury, copper [161]

Table 5. Mushrooms and biosorption of different metals [48].

Sr. 
No.

Metals Yeasts Temperature 
(°C)

pH Agitation Time Wt 
(g/L)

q(mg/g) or
% removal

References

1. Cadmium Saccharomyces cerevisiae 25 7 100 2 2 12.3 [69]

2. Chromium Saccharomyces cerevisiae
Candida utilis

25
25

5.2
5.5

150
160

1
1

80
1.0

55.3%
28

[162]
[162]

3. Cobalt Saccharomyces cerevisiae 25 7 100 2 2 8.2 [162, 163]

4. Copper Saccharomyces cerevisiae
Candida pelliculosa
Schizosaccharomyces pombe

25
30
25

7
6
4

100
120
-

2
120
96

2
13.3
-

29.9
95.04%
74.85

[162]
[164]
[165]

5. Lead Mucor rouxii 25 5.0 125 15 — 17.13 [166]

6. Mercury Saccharomyces cerevisiae 25 7 100 2 2 76.2 [162]

7. Nickel Saccharomyces cerevisiae 25 7 100 2 2 14.1 [162]

8. Zinc Saccharomyces cerevisiae 25 7 100 2 2 11.8 [162]

Table 6. Yeasts and their biosorption features regarding different metals [48].
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6.2. Non-living organic materials

6.2.1. Wastes of agricultural or food industry

The wastes of agriculture or food industry includes agricultural byproducts as corn cobs, soya 
bean hulls, cotton seeds hulls [92] or fruit peels. They contain cellulosic material in their cell 
wall which is known to contain functional groups like phenolics or carboxylic. On the basis 
of cation exchange between functional groups and metal ions, the binding of metal ion with 
functional group results in biosorption and thus removal of metal ion from medium [49].

7. Factors affecting biosorption

Biosorption process is affected by following factors.

Temperature: For efficient removal of metal ions from environment, the optimum tempera-
ture needed to be investigated. It is generally assumed that biosorption is carried out between 
20 and 35°C. High temperatures above 45°C may results in damage to proteins which in turn 
affects metal uptake process [48, 93–95].

pH: It is a very important parameter. It affects solubility of metal ions and binding sites of 
biomass. At lower pH, the biosorption of metals is affected [96, 97]. General range of pH for 
metal uptake is between 2.5–6. Above this limit, metal uptake ability of biosorbent gets com-
promised [48].

Nature of biosorbents: Metal uptake is reported in different forms like biofilms, freely sus-
pended microbial cells or immobilization of microbial cells. It can be altered by physical or 
chemical treatments. Physical treatments include autoclaving, drying, boiling, sonication, etc. 
Chemical treatment as the name indicates involves chemicals like acid or alkali to improve 
biosorption capacity. According to Wang and Chen, [75], the fungal cells are deacetylated 
which affects the structure of chitin resulting in the formation of chitosan-glycan complexes 
which have results high metal affinities. Abbas et al., [48] also report about effect of age, 
growth medium components on biosorption as they might result in cell wall composition, cell 
size and EPS formation.

Surface area to volume ratio: This property plays an important role in efficient removal 
of heavy metal from medium. The surface area property plays a significant role in case of 
biofilms [48]. The binding of metal ions with microbial cell wall is previously reported [98]. 
Although intracellular metal adsorption is energy-consuming process but still microorgan-
isms prefer it over wall adsorption.

Concentration of biomass: The concentration of biomass is directly proportional to the 
metal uptake [48, 98, 99]. It is reported that electrostatic interaction between the cells plays 
an important role in metal uptake. At a given equilibrium, the biomass adsorbs more metal 
ions at low cell densities than at high densities [100]. Metal uptake depends on biding sites. 
More biomass concentration or more metal ions restricts the access of metal ions to binding 
sites [48, 101].
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6.1.4.1. Biosorption by yeast

The free form of yeast cells is not considered good candidates for biosorption [86]. Free cells 
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biomass. At lower pH, the biosorption of metals is affected [96, 97]. General range of pH for 
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pended microbial cells or immobilization of microbial cells. It can be altered by physical or 
chemical treatments. Physical treatments include autoclaving, drying, boiling, sonication, etc. 
Chemical treatment as the name indicates involves chemicals like acid or alkali to improve 
biosorption capacity. According to Wang and Chen, [75], the fungal cells are deacetylated 
which affects the structure of chitin resulting in the formation of chitosan-glycan complexes 
which have results high metal affinities. Abbas et al., [48] also report about effect of age, 
growth medium components on biosorption as they might result in cell wall composition, cell 
size and EPS formation.

Surface area to volume ratio: This property plays an important role in efficient removal 
of heavy metal from medium. The surface area property plays a significant role in case of 
biofilms [48]. The binding of metal ions with microbial cell wall is previously reported [98]. 
Although intracellular metal adsorption is energy-consuming process but still microorgan-
isms prefer it over wall adsorption.

Concentration of biomass: The concentration of biomass is directly proportional to the 
metal uptake [48, 98, 99]. It is reported that electrostatic interaction between the cells plays 
an important role in metal uptake. At a given equilibrium, the biomass adsorbs more metal 
ions at low cell densities than at high densities [100]. Metal uptake depends on biding sites. 
More biomass concentration or more metal ions restricts the access of metal ions to binding 
sites [48, 101].
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Initial metal ion concentration: The initial concentration provides an important driving force 
to overcome all mass transfer resistance of metal between the aqueous and solid phases [102]. 
Increasing amount of metal adsorbed by the biomass will be increased with initial concentra-
tion of metals. Optimum percentage of metal removal can be taken at low initial metal con-
centration. Thus, at a given concentration of biomass, the metal uptake increases with increase 
in initial concentration [48].

Metal affinity to biosorbent: Physical/chemical pretreatment affects permeability and sur-
face charges of the biomass and makes metal binding groups accessible for binding. It can be 
manipulated by pretreating the biomass with alkalis, acids detergents and heat, which may 
increase the amount of metal uptake [48, 94].

8. Kinetics of biosorption

Before going in the details of studying kinetics of biosorption, one should understand the qual-
ity of a biosorbent. For observing the quality of a biosorbent, two factors should be consid-
ered (i) how much metal ion is attracted by the biosorbent, (ii) to which extent metal ions are 
retained on biosorbent in an immobilized form. The metal uptake by the biosorbent can be cal-
culated by checking the difference in initial quantities of metal ions in medium to that remained 
in the medium after biosorption takes place. This is studied by the following Eq. 1 [48, 49, 94]:

  q =   V (Ci − Ce)  ________ M    (1)

q = amount of metal biosorbed by biomass (mg/g); V = Volume of metal solution (L); Ci = Initial 
concentration of metal (mg/L); Ce = Concentration of metal (mg/L) at equilibrium; M = Mass 
of adsorbent.

Units = milligrams of solute sorbed per gram of dry biosorbent material (when engineering 
process – mass balance calculations are to be considered) or mmol/g (when the mechanism or 
stoichiometry are to be considered).

According to Abdi and Kazemi [49], in order to observe biosorption kinetics of any heavy 
metal, sorption performance of a biosorbent must be taken into consideration. For it, a bio-
sorption isotherm should be studied. A biosorption isotherm is the plot of uptake of metal (q) 
versus equilibrium solute concentration in the solution (Cf). For studying the isotherm plots, 
parameters including temperature, pH and ionic strength are kept constant whereas metal 
concentration is varied. Literature showed that confusion prevails regarding pH because 
it is common believe that pH of a medium changes during whole process of biosorption. 
Biosorption isotherms are typically described by two models (i) Freundlich and (ii) Langmuir. 
These models are two - parameters models which are vastly used to describe the equilibrium 
state for adsorption of metal ions experimental work [48].

Freundlich model: Freundlich and Kuster in (1907) published first mathematical equation 
to describe the isotherm. It is a non-liner sorption model. It involves monolayer sorption of 
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metal with active sites and is described by continuous interactions between adsorbed mol-
ecules [49, 103]. It is given by Eq. 2:

  qe = K  Ce  n  1   (2)

K = mg/g or l/mg; 1/n or n = Freundlich constant related to adsorption capacity; n = Freundlich 
constant related to adsorption intensity.

Langmuir model: Langmuir in 1918 published a model for describing gas or liquid adsorbed 
on solid material. It describes the monolayer sorption of metal with active sites and do not 
involve interactions between adsorbed molecules [48, 49]. It is given by Eq. 3:

  qe =   
qmaxbCe

 ________ 1 + bCe    (3)

qe = Amount of metal ion removed (mg/g); Ce = Equilibrium concentration (mg/L); 
b = Langmuir constant related to affinity; qmax = maximum metal uptake (mg/g) under the 
given conditions.

k, n = Freundlich and Langmuir constants (n value greater than 1.0 shows that sorption is 
favorable physical process) [49, 104].

9. Desorption and recovery of metals

After biosorption of heavy metal from environment, its recovery is another crucial step 
which involves desorption of metal from biosorbent. According to previous literatures 
[105–107], various agents were used for this purpose which includes complexing agents 
(thiosulfate, EDTA), mineral acids (HNO3, H2SO4, HCl), organic acids (acetic acid, citric 
acid). Before choosing the recovery agents, it should be kept in mind that chosen recovery 
agent should given least harm to physical properties of a biosorbent so that its efficiency of 
metal binding must remain in its original state to ensure its maximum efficiency for metal 
binding [94, 106, 107].

10. Conclusions

Biosorption is eco-friendly and cheap method of removing metals from the environment. 
Previous researches conducted during last five decades provided vast amount of information 
about different types of biosorbents and their mechanism of metal uptake. More research is 
needed to explore new biosorbents from environment. A deep insight is required not only on 
method of metal removal, but also its efficient recovery so that it can be obtained in usable 
form.
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Abstract

Although there has been an intense study and exploitation of research regarding biosorp-
tion processes, the lack of coherent and similar methodologies, essential to the elaboration 
of any consequential and universal conclusion, associated with the lack of biosorption 
studies conducted at a pilot and industrial scale, with multicomponent solutions or real 
effluents, as well as the lack of information regarding the pollutant interactions makes 
the implementation and commercialization of biosorption technology very complicated. 
This chapter summarizes the existing knowledge and the experimental work conducted 
at a pilot scale or industrial scale with multicomponent solutions and critically reviews 
aspects related to biosorption research regarding the advantages, the disadvantages, the 
rationale, the scope and scientific value of biosorption processes and the obstacles to com-
mercial success.
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1. Introduction

Although the contamination of water resources is a widely recognized fact and a critical univer-
sal issue, it is still a common occurrence [1, 2]. The major sources of aquatic as well as terrestrial 
and atmospheric systems contamination are effluent outfalls and gas emissions from indus-
tries, agricultural activities and refinery contaminants [2] that end up entering water bodies via 
rain water, soil and groundwater systems. The contaminants comprise (i) inorganic chemicals 
such as metals, extensively used in a wide variety of industries, including metal plating, min-
ing, batteries, electroplating, ceramic, chemical manufacturing of paint and coating, health-care 
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products, extractive metallurgy, petrochemical and fine chemistry [3] and (ii) organic chemicals 
such as industrial solvents, volatile organic compounds (VOCs), pharmaceuticals, insecticides, 
pesticides, dyes [1] and food processing wastes [2].

The non-natural redistribution of these chemicals has culminated first in their increasing dis-
charge and accumulation into the different environmental matrices and second in the devel-
opment of environmental and health problems (Figure 1) [3, 4]. Therefore, there is a constant 
search for economical, efficient, effective and eco-friendly processes able to not only decon-
taminate wastewaters but also ensure that the presence of the pollutants discharged into the 
aquatic systems is below the permissible limits.

In the past decades, great attention and concern have been given to the continuous and increas-
ing discharge of metals such as chromium, mercury, lead [2], cadmium and nickel into the envi-
ronment. This increasing concern is due to metals’ inherent properties, (i) persistence in nature, 
(ii) tremendous toxicity even at low concentrations and (iii) tendency for bioaccumulation via 
food chain in living tissues, which may culminate in the triggering of several serious diseases 
and health disorders [3].

Chromium compounds, for instance, are carcinogenic and nephrotoxic in nature. Exposure to 
mercury and lead may provoke allergic skin reaction, eventual negative reproductive effects as 
well as damage to brain function and disruption of the nervous system [2]. Cadmium exposure 
may cause severe damage in different organs including the testis, lungs, liver and kidneys and 
even lead to infertility [5, 6]. It also affects the action of enzymes and induces genomic instabil-
ity through complex and multifactorial mechanisms, such as proteinuria, and an increase in 
the frequency of kidney stone formation, eventually causing certain types of cancer (group B1) 
[3]. Besides being listed in the carcinogenic group B2, nickel has been implicated as a teratogen 
nephrotoxin and an embryotoxin element. Acute and chronic nickel exposure can cause several 
disorders such as cyanosis, chest pain, tightness, pulmonary fibrosis, skin dermatitis, lungs and 
kidney damage and renal oedema [7].

The capacities of metals to disrupt the function of fundamental biological molecules, such as 
DNA, proteins and enzymes, and to displace certain metals essential for the cell viability by 

Figure 1. Sources of pollution by organic and inorganic chemicals, their transport, transformation, fate and impact into 
the different environmental matrices.
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similar metals are the two major causes of their toxicity. For instance, lead can replace calcium 
in the bone and other tissues where it is required, whereas cadmium can replace zinc in some 
proteins that require it for their structure as well as function [2].

More recently, the discharge of organic chemicals such as pharmaceutical products [8], volatile 
organic compounds, aromatic hydrocarbons [9] and dyes [10] has also caught the world atten-
tion, due not only to their persistence, toxicity and mobility in the environment but also to their 
widespread use and discharge as well as their impact on all forms of life.

Despite the fact that every single aspect connected to pharmaceutical efficiency and patient 
security to be under scrutiny [8], the complete extent and consequences of the presence of 
emerging pollutants in the environment matrices and on the wellbeing of all forms of life are 
not yet sufficiently studied in terms of toxicity, degradability and occurrence, allowing it to 
remain unregulated.

Pharmaceutical compounds have been detected at trace concentrations (ng/L levels) in a wide 
variety of environmental water samples including sewage flows, rivers, lakes, groundwater 
aquifers and drinking water [11]. Although the concentrations of these pharmaceutical prod-
ucts have been detected at trace concentrations in a broad variety of aquatic environments, 
their continuous input may compose a potential threat for living organisms. Furthermore, 
pharmaceutical products are often synthesized in order to remain unchanged during their 
passage through the human body, which makes them and their metabolites persistent pollut-
ants in environmental matrices [8].

The increased use of organic compounds in almost, if not all, industrial sectors as well as in 
household activities and consequent discharge and accumulation into the environment has 
increased in an extremely significant way in the past years [2, 12–14]. Most of these compounds 
are extremely toxic to humans due to (i) their general carcinogenic and mutagenic properties, 
(ii) their capacity to form intermediates with the same or even the higher level of toxicity [15] 
and (iii) their persistence and mobility into the different environmental matrices [7].

More than 1 × 105 dyes are currently marketed with an annual production exceeding 7 × 105 tons 
per year, of which about 2% are discharged directly to effluents from manufacturing operations, 
whereas 10% are discharged from textile and related industries [16]. The dye lost through the 
practices of textile industry poses a serious problem for wastewater management and treat-
ment, since it can reach loss values as high as 50%. About 2 × 105 tons of dyes are discharged 
annually into the environment, especially into water bodies [17].

Although chemical precipitation, reverse osmosis, complexation, solvent extraction, ion exchange, 
adsorption on granular activated carbon, condensation, thermal degradation, oxidation and incin-
eration comprise the conventional abiotic methods usually employed to remove different types of 
pollutants from effluents [7], biotic methods such as water purification treatments and standard 
sewage as well as auxiliary reed bed and wetlands approaches [18] have been used for many 
years. The outstanding ability of microorganisms to detoxify organic and inorganic pollutants 
[15, 18] and to the downside of the abiotic methods which can be summarized (i) as expensive, 
(ii) not environmentally friendly and (iii) usually dependent on the concentration of the waste [7] 
makes them an attractive alternative to decontaminate contaminated solutions.
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sewage as well as auxiliary reed bed and wetlands approaches [18] have been used for many 
years. The outstanding ability of microorganisms to detoxify organic and inorganic pollutants 
[15, 18] and to the downside of the abiotic methods which can be summarized (i) as expensive, 
(ii) not environmentally friendly and (iii) usually dependent on the concentration of the waste [7] 
makes them an attractive alternative to decontaminate contaminated solutions.
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2. Biosorption: a general overview

Microorganisms, in particular bacteria and fungi, have been receiving particular attention 
in the area of environmental microbiology and biotechnology due to their ability not only to 
decompose a wide range of organic compounds, from natural and anthropogenic origin, but 
also to accomplish changes in the speciation and mobility of metals and radionuclides as well 
as other inorganic elements by oxidation-reduction and other changes, most of which are a 
direct consequence of metabolic properties of living organisms and microorganism [18].

Although the term biosorption presents a multidimensional character, its definition is rather dif-
ficult and has been evolving over the past few decades, due to the diversity of the mechanisms 
that contribute to the overall process, depending on the sorbate and the biosorbent, on the envi-
ronmental conditions and on the metabolic processes in the case of living organisms [18, 19].

Some publications [18, 20, 21] indicate that most researchers define biosorption as a passive 
and metabolically independent process that can be performed either by dead biomass or frag-
ments of cells and tissues or by living cells as an active and metabolic-dependent process. It is 
important to highlight that both mechanisms can overlap adding additional confusion in the 
use of the terminology.

It is also important to highlight that (i) biosorption is a crucial part of many processes taking 
place in nature, including, for example, antigen-antibody immune reactions and adsorption to 
host cells, as the first stage in virus replication or sorption in soil and that (ii) numerous meth-
odological approaches used in medicine, life sciences and biotechnology are, in fact, based on 
biosorption processes, for instance, the staining of microbial cells for electron microscopy and 
targeted therapies in cancer treatment. It is therefore possible to affirm that many life phe-
nomena are in some way related to interactions between a sorbate and biological surfaces [18]. 
Basically, biosorption is a reversible and rapid process of binding of ions or neutral molecules 
from aqueous solutions onto functional groups that are present on the surface of biomass, 
independent on cellular metabolism, efficient and selective [21].

Presently, it is accepted that biosorption is a physico-chemical process, simply defined as the 
removal of substances from solution by biological material, and includes mechanisms such as 
absorption, adsorption, surface complexation ion exchange and precipitation [18]. The addi-
tion of the prefix bio to the term sorption denotes the involvement of a biological entity (living 
or death biomass, as well as their metabolites or synthesized products). Although the majority 
of biosorption research has been focused on metals and/or metalloid species, the substances to 
be sorbed can be from either organic or inorganic origin and presented in soluble or insoluble 
forms. Therefore, considering the diversity of sorbates and sorbents that can be used in all 
domains of life, it is plausible to use the term biosorption to describe any system where a 
sorbate (e.g. an atom, molecule, a molecular ion) interacts with a biosorbent (a solid surface 
of a biological matrix) resulting in an accumulation at the sorbate-biosorbent interface and 
therefore a reduction in the solution sorbate concentration.

The mesmerizing features of biosorption processes over traditional treatment methods com-
prise (i) economical operating costs; (ii) inexpensive biological materials, usually obtained from 
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agriculture or from industrial wastes; (iii) high efficiency; (iv) no additional nutrient require-
ment; (v) minimization of biological or chemical sludge; (vi) biosorbent regeneration; and (vii) 
the possibility of metal recovery. In addition to all this captivating features, biosorption pro-
cesses can be accomplished in an extensive range of pH values (from pH 3 to pH 9) and tem-
perature values ranging from 4 to 90°C.

The first paper on biosorption was published in 1951, and since then, enormous efforts have been 
made to accomplish efficient, effective and economic biosorbents to be employed in wastewater 
treatment. Fundamental progresses have been accomplished over the past decades in order to 
understand the complex biosorption mechanisms, the methods for its quantification (equilibrium 
and kinetics) and the factors that influence efficiency and the rate of the process (Figure 2) [20].

Although the majority of the biosorption research conducted till now has been performed on 
microbial systems, mainly bacteria, microalgae and/or fungi, with metals and related substances 
(Table 1), the term is now being applied to all types of organic compounds and to particulates.

The massive research concerning biosorption of metals is an unsurprising fact, taking into 
account not only the toxicity effect and increased discharge of these contaminants into the 
environment but also the nature of adsorption and ion exchange mechanisms. Nevertheless, 
it is also crucial to highlight that regardless the continuous increase in published research 
related to the biosorption of hazardous substances and/or elements, there has been little or no 
exploitation in a pilot and industrial scale and/or context [18] and on the decontamination of 
multicomponent solutions [3, 4, 7, 22, 23]. In fact, despite the biosorption process that has been 
discussed in literature for 60 years with over 13,000 scientific papers in peer-reviewed journals 
[19], so far most of this research was performed in a laboratory scale, using batch tank reactors 
or packed mini-column, and has not been extensively implemented in an industrial scale and 
in multicomponent solutions. The team of Professor Bohumil Volesky from McGill University, 
Canada, and his company BV Sorbex comprise the few researchers that have contributed to 

Figure 2. Biosorption process: a global overview (adapted from Refs. [2, 19]).
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important to highlight that both mechanisms can overlap adding additional confusion in the 
use of the terminology.

It is also important to highlight that (i) biosorption is a crucial part of many processes taking 
place in nature, including, for example, antigen-antibody immune reactions and adsorption to 
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biosorption processes, for instance, the staining of microbial cells for electron microscopy and 
targeted therapies in cancer treatment. It is therefore possible to affirm that many life phe-
nomena are in some way related to interactions between a sorbate and biological surfaces [18]. 
Basically, biosorption is a reversible and rapid process of binding of ions or neutral molecules 
from aqueous solutions onto functional groups that are present on the surface of biomass, 
independent on cellular metabolism, efficient and selective [21].

Presently, it is accepted that biosorption is a physico-chemical process, simply defined as the 
removal of substances from solution by biological material, and includes mechanisms such as 
absorption, adsorption, surface complexation ion exchange and precipitation [18]. The addi-
tion of the prefix bio to the term sorption denotes the involvement of a biological entity (living 
or death biomass, as well as their metabolites or synthesized products). Although the majority 
of biosorption research has been focused on metals and/or metalloid species, the substances to 
be sorbed can be from either organic or inorganic origin and presented in soluble or insoluble 
forms. Therefore, considering the diversity of sorbates and sorbents that can be used in all 
domains of life, it is plausible to use the term biosorption to describe any system where a 
sorbate (e.g. an atom, molecule, a molecular ion) interacts with a biosorbent (a solid surface 
of a biological matrix) resulting in an accumulation at the sorbate-biosorbent interface and 
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agriculture or from industrial wastes; (iii) high efficiency; (iv) no additional nutrient require-
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cesses can be accomplished in an extensive range of pH values (from pH 3 to pH 9) and tem-
perature values ranging from 4 to 90°C.

The first paper on biosorption was published in 1951, and since then, enormous efforts have been 
made to accomplish efficient, effective and economic biosorbents to be employed in wastewater 
treatment. Fundamental progresses have been accomplished over the past decades in order to 
understand the complex biosorption mechanisms, the methods for its quantification (equilibrium 
and kinetics) and the factors that influence efficiency and the rate of the process (Figure 2) [20].

Although the majority of the biosorption research conducted till now has been performed on 
microbial systems, mainly bacteria, microalgae and/or fungi, with metals and related substances 
(Table 1), the term is now being applied to all types of organic compounds and to particulates.

The massive research concerning biosorption of metals is an unsurprising fact, taking into 
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multicomponent solutions [3, 4, 7, 22, 23]. In fact, despite the biosorption process that has been 
discussed in literature for 60 years with over 13,000 scientific papers in peer-reviewed journals 
[19], so far most of this research was performed in a laboratory scale, using batch tank reactors 
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the scale-up of sorption process field, from a laboratory scale to a pilot or industrial scale [21]. 
The team of the Centre of Biological Engineering from the University of Minho, Portugal, 
has also been contributing to the study and understanding of (i) the scale-up of biosorption 
processes from a laboratory scale to a pilot scale and (ii) the increase of solution complexity to 
be decontaminated, evolving from single-component solutions to multicomponent solutions, 
mixing organic and inorganic compounds [3, 4, 7, 9, 15, 24], the main subject of this chapter.

3. Biosorption in multicomponent solutions

Although most of industrial and household effluents and wastewater are composed by a cock-
tail of contaminants made of metal residues and organic compounds, few studies regarding 
the simultaneous removal of multicomponent solutions have been conducted and optimized, 
studies that would better simulate the behaviour of the pollutants present in real effluents. 
The effect that different types of contaminants (inorganic versus inorganic and inorganic ver-
sus organic) have on each other and the effect that different initial concentrations of metal 
exert on the bioremoval (biodegradation and biosorption among other biological processes) 

Position Paper Times cited

1 Review of second-order models for adsorption systems Journal of  
Hazardous Materials 136 (3): 681–689

1402

2 Biosorption of heavy metals Biotechnology Progress 11 (3): 235–250 1323

3 A review of the biochemistry of heavy metal biosorption by brown  
algae Water Research 37 (18): 4311–4330

1133

4 Application of biosorption for the removal of organic pollutants: A  
review Process Biochemistry 40 (3–4): 997–1026

1002

5 Biosorbents for heavy metals removal and their future Biotechnology  
Advances 27 (2): 195–226

903

6 Application of chitosan, a natural aminopolysaccharide, for dye removal  
from aqueous solutions by adsorption processes using batch studies: A 
review of recent literature Progress in Polymer Science 33 (4): 399–447

832

7 Removal of Congo Red from water by adsorption onto activated carbon 
prepared from coir pith, an agricultural solid waste Dyes and Pigments  
54 (1): 47–58

759

8 Activated carbons and low cost adsorbents for remediation of tri- and 
hexavalent chromium from water Journal of Hazardous Materials 137 (2): 
762–811

757

9 Adsorption of several metal ions onto a low-cost biosorbent: Kinetic and 
equilibrium studies Environmental Science & Technology 36 (9): 2067–2073

749

10 Interactions of fungi with toxic metals New Phytologist 124 (1): 25–60 740

Table 1. The top 10 publications in the ISI Web of Science database (Web of Science Core Collection) for ‘all years’ 
(1970–2016) with ‘biosorption’ in the topic.
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of the organic contaminant have also been poorly investigated. For these reasons, the authors 
opted to review the state of the art of biosorption from multicomponent solutions, from a 
laboratory scale to a pilot and/or industrial scale.

Costa and Tavares [3] studied the ability of two fungi and one bacteria (Penicillium sp., 
Alternaria sp. and Streptococcus equisimilis) to simultaneously treat tertiary solutions containing 
diethylketone, Cd(II) and Ni(II), and they determined the influence of the initial concentra-
tion of metal on (a) the microbial growth, (b) the biosorption capacity of these pollutants and 
(c) the biological activity after exposure. The results obtained regarding the tertiary solutions 
allowed to infer that S. equisimilis presented the best performance in terms of uptake, for all the 
conditions tested and that an increase in the initial concentration of metal promoted an increase 
in the uptake. For the same experimental conditions, the biosorption data obtained for the 
three microorganisms showed (i) a higher affinity of the biosorbents towards Ni(II) and (ii) a 
strong and detrimental effect of the metals either in the biosorption process or in the microbial 
growth. These results may be explained by the fact that not only Ni(II) can be used by the cells 
as a cofactor, competing actively and passively with Cd(III) but is also less toxic than Cd(II).

More complex systems were further evaluated [4] with a suspended bacterial culture of 
Streptococcus equisimilis with different initial concentrations of Ni(II) (5–450 mg/L) and Cd(II) 
(5–100 mg/L) in single-component solutions compared to vermiculite to decontaminate single-
component solutions composed either by diethylketone, Cd(II) or Ni(II) and binary-component 
solutions composed either by diethylketone and Cd(II) or diethylketone and Ni(II). A S. equisi-
milis biofilm supported on vermiculite to decontaminate binary solutions composed either by 
diethylketone and Cd(II) or diethylketone and Ni(II) was also evaluated. The principal aim of 
this research was the characterization of the interactions between the different concentrations 
of sorbates and the biosorbents used, when employed in single or binary solutions. For the first 
set of experiments (S. equisimilis and different concentrations of Ni(II) or Cd(II), it was observed 
that the uptake and percentage of influent Ni(II) sorbed depended on the initial concentration 
of the sorbate. No significant pH changes had occurred, and the uptake suffered a 30-fold 
increase with the increase of the initial concentration between 5 and 80 mg/L. Nevertheless, 
there were no significant changes (<10%) in terms of biosorption percentage for the same initial 
concentration. The biosorption of Cd(II) was also found to depend on the initial concentra-
tion, suffering fluctuations lower than 18%. In these assays, there was an increase in terms of 
pH (from 6.05 to 6.98). This increase resulted in an increase in the hydroxyl and other anionic 
functional groups, which made the bacterial surface more negative increasing the number of 
electrostatic interactions. For the second set of experiments, it was observed that the presence 
of Cd(II) decreases significantly the sorption percentage of diethylketone, but the presence of 
this organic compound increased Cd(II) sorption percentage. The presence of Ni(II) has a syn-
ergetic effect on diethylketone biosorption. For the third set of experiments, it was established 
that the presence of the biofilm is an advantage, obtaining promising results, specially taking 
into account not only the concentrations employed but also the toxicity of the metals. In these 
experiments, a common increase in terms of sorption efficiency was observed, and this may 
be explained by the functional groups present on the biofilm that can implement the substrate 
molecule adsorption and eventually promote the biodegradation of diethylketone and by the 
increase of the available sites for sorption.

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

57



the scale-up of sorption process field, from a laboratory scale to a pilot or industrial scale [21]. 
The team of the Centre of Biological Engineering from the University of Minho, Portugal, 
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of the organic contaminant have also been poorly investigated. For these reasons, the authors 
opted to review the state of the art of biosorption from multicomponent solutions, from a 
laboratory scale to a pilot and/or industrial scale.

Costa and Tavares [3] studied the ability of two fungi and one bacteria (Penicillium sp., 
Alternaria sp. and Streptococcus equisimilis) to simultaneously treat tertiary solutions containing 
diethylketone, Cd(II) and Ni(II), and they determined the influence of the initial concentra-
tion of metal on (a) the microbial growth, (b) the biosorption capacity of these pollutants and 
(c) the biological activity after exposure. The results obtained regarding the tertiary solutions 
allowed to infer that S. equisimilis presented the best performance in terms of uptake, for all the 
conditions tested and that an increase in the initial concentration of metal promoted an increase 
in the uptake. For the same experimental conditions, the biosorption data obtained for the 
three microorganisms showed (i) a higher affinity of the biosorbents towards Ni(II) and (ii) a 
strong and detrimental effect of the metals either in the biosorption process or in the microbial 
growth. These results may be explained by the fact that not only Ni(II) can be used by the cells 
as a cofactor, competing actively and passively with Cd(III) but is also less toxic than Cd(II).

More complex systems were further evaluated [4] with a suspended bacterial culture of 
Streptococcus equisimilis with different initial concentrations of Ni(II) (5–450 mg/L) and Cd(II) 
(5–100 mg/L) in single-component solutions compared to vermiculite to decontaminate single-
component solutions composed either by diethylketone, Cd(II) or Ni(II) and binary-component 
solutions composed either by diethylketone and Cd(II) or diethylketone and Ni(II). A S. equisi-
milis biofilm supported on vermiculite to decontaminate binary solutions composed either by 
diethylketone and Cd(II) or diethylketone and Ni(II) was also evaluated. The principal aim of 
this research was the characterization of the interactions between the different concentrations 
of sorbates and the biosorbents used, when employed in single or binary solutions. For the first 
set of experiments (S. equisimilis and different concentrations of Ni(II) or Cd(II), it was observed 
that the uptake and percentage of influent Ni(II) sorbed depended on the initial concentration 
of the sorbate. No significant pH changes had occurred, and the uptake suffered a 30-fold 
increase with the increase of the initial concentration between 5 and 80 mg/L. Nevertheless, 
there were no significant changes (<10%) in terms of biosorption percentage for the same initial 
concentration. The biosorption of Cd(II) was also found to depend on the initial concentra-
tion, suffering fluctuations lower than 18%. In these assays, there was an increase in terms of 
pH (from 6.05 to 6.98). This increase resulted in an increase in the hydroxyl and other anionic 
functional groups, which made the bacterial surface more negative increasing the number of 
electrostatic interactions. For the second set of experiments, it was observed that the presence 
of Cd(II) decreases significantly the sorption percentage of diethylketone, but the presence of 
this organic compound increased Cd(II) sorption percentage. The presence of Ni(II) has a syn-
ergetic effect on diethylketone biosorption. For the third set of experiments, it was established 
that the presence of the biofilm is an advantage, obtaining promising results, specially taking 
into account not only the concentrations employed but also the toxicity of the metals. In these 
experiments, a common increase in terms of sorption efficiency was observed, and this may 
be explained by the functional groups present on the biofilm that can implement the substrate 
molecule adsorption and eventually promote the biodegradation of diethylketone and by the 
increase of the available sites for sorption.
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Attempting to mimetize the complexity of real effluents and wastewaters, biosorption experi-
ments of multicomponent solutions (Al(III), Ni(II), Cd (II) and Mn(II)) by a S. equisimilis biofilm 
supported into vermiculite were performed first at a laboratory scale in batch system (4 g/L of 
diethylketone and 5–100 mg/L of each metal) and second at a pilot scale in open systems (7.5 g/L 
of diethylketone and 100 mg/L of each metal) [7]. Diethylketone was periodically added to the 
bioreactor and was used as the only carbon source. At laboratory scale, the authors observed 
that diethylketone and removal percentages higher than 95% were achieved in less than 4 hours 
for all the initial concentrations of metal tested and that the increase of the initial concentration 
of metals accelerates the complete bioremoval (by biodegradation and/or biosorption processes, 
for instance) of diethylketone. Regarding the results obtained for the four metals (5–80 mg/L), 
it is was found that they follow the sequence Al(III) > Cd(II) ≥ Ni(II) ≥ Mn(II), whereas for the 
experiment conducted with an initial concentration of 100 mg/L, the bioremoval efficiency fol-
lowed a different sequence Al(III) > Ni(II) > Cd(II) > Mn(II). This difference may be explained 
by the increase in the initial concentration of metal, which will influence the ionic strength of 
the elements in solutions, and also by the fact that many divalent metal cations are structurally 
similar, allowing the substitution of essential metals, such as Ni(II) and Mn(II) for non-essential 
metals such as Cd(II). The uptake of all metals increased with the increase of the initial concen-
tration of each metal.

At a pilot scale, it was observed that the biosorption percentage of all the sorbates (organic and 
inorganic) tended to increase through time and followed the sequence diethylketone > Al(III) 
> Cd(II) ≈ Ni(II) ≥ Mn(II), and this is explained by the bioavailability and structural similarity 
between Ni(II) and Cd(II) that promote the uptake of Cd(II) by the cell enzymes instead of 
Ni(II) and by the combination of the reduced size of the ionic radius of Mn(II) associated with 
its reduced electronegativity and the small porosity of the support. The complete bioremoval 
of diethylketone and its metabolites was achieved, even after the addition of diethylketone to 
the bioreactor and the sorption percentage of each metal increased through time.

The effect of different initial concentrations of Cd(II), Cu(II), Zn(II), Pb(II) and As(II) (10 mg/L 
or 100 mg/L) on the bioremoval of fluorene (10 mg/L) by Sphingobacterium sp. KM-02 was also 
assessed [25]. The presence of those metals at 10 mg/L decreased fluorine bioremoval, and 
the microbial growth and the inhibition effect followed the trend Cd(II) ≈ Cu(II) > Zn(II) > Pb 
(II) > As(II). Cd(II) and Cu(II) strongly inhibited fluorene bioremoval and microbial growth, 
whereas Zn(II) and Pb(II) exert a modest inhibitory effect. As(II), on the other hand, has no 
negative effect on microbial growth and fluorene bioremoval.

3.1. Correlation between metal concentration and microbiological processes

Metals including cadmium, chromium (III and VI), copper, lead, mercury, nickel and zinc are 
reported to inhibit microbiological processes such as acidogenesis, methanogenesis, nitro-
gen transformation, biomass production and enzymatic activity [22]. S. equisimilis exposure 
(in the form of biofilm supported into vermiculite or in suspension) to solutions containing 
either Cd(II) or Ni(II) (5–100 mg/L) led to microbial growth inhibition [3, 4]. Nevertheless, 
it is important to mention that the addition of metals may also have the opposite effect 
and enhance and/or stimulate microbiological processes. The growth of a suspend culture 
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of Alternaria sp. and Penicillium sp. when exposed to Ni(II) concentration ranging from 5 to 
100 mg/L was enhanced [3], and when this metal was mixed with diethylketone, the entrap-
ment metabolic pathway selected by those microorganisms was different, since no metabolite 
was formed during the experimental period, as opposite to what occurred when exposed only 
to diethylketone.

Although studies concerning the influence of metals on organic contaminant bioremoval are 
scarce, it has been demonstrated that those elements are able to inhibit organic contaminant 
bioremoval, under both aerobic and anaerobic conditions.

Cadmium, chromium (II), copper, mercury and zinc were found to inhibit the biodegrada-
tion of 2,4-DME in lake water samples inoculated with either a sediment or an aufwuch 
(floating algal mat) sample [26]. In the aufwuch samples, mercury revealed to be the most 
toxic metal, with a microbial inhibitory concentration (MIC) of 2 × 10−3 mg total mercury/L, 
whereas in the sediment samples, zinc was the most toxic metal with a MIC of 6 × 10−3 mg 
total zinc/L. Naphthalene (NAPH)-degrading Burkholderia sp. was used in a pure culture 
and reported a MIC of 1 mg solution-phase cadmium/ L [27]. Comparable values of MIC 
were reported for cadmium (0.629 mg total cadmium/L for aufwuch samples and 0.1 mg 
total cadmium/L for sediment samples) [26].

Not all studies were focused on the effect of single metals on bioremoval of a single, pure organic 
pollutant. Benka-Coker and Ekundayo [28] investigated the impact of copper, manganese, lead 
and zinc on crude oil biodegradation by Pseudomonas sp. and Micrococcus sp. These authors 
inferred that the crude oil was mostly reduced by zinc and slightly by manganese. Interestingly, 
combinations of these metals presented a lesser toxic profile than some single metals. For 
instance, toxicity of 0.5 mg total zinc/L was mitigated by the addition of 0.5 mg total copper, lead 
and manganese/L.

3.2. Correlation between metal concentration and bioremoval inhibition

It is acknowledged that the bioremoval of an organic pollutant decreases as the concentration 
of bioavailable metal increases in co-contaminated systems (Figure 3). However, this pattern 
is not always observed. Two other additional patterns describing the effect of metals on the 
bioremoval of organic pollutants have been shown.

Low metal concentration enhances bioremoval of organic pollutant; high metal concentrations 
inhibit it—additional pattern 1: diverse studies showed a pattern of metal toxicity in which 
low metal concentrations enhance bioremoval activity, till the maximum level of stimulation 
is reached. After this point, an increase in metal concentration will lead to an increase in metal 
toxicity (Figure 3, Line 2). Sustaining this pattern is the result obtained by Capone et al. [29] 
showing that methanogenesis was enhanced by the addition of some metals.

Bioremoval inhibition of organic pollutants is due to low metal concentration; lower biore-
moval inhibition of organic pollutants is due to high metal concentration—additional pat-
tern 2: several studies suggested that low concentrations of metal strongly inhibit bioremoval 
activity, until a maximum of inhibition is achieved (Figure 3, Line 3). After this point, an 
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Attempting to mimetize the complexity of real effluents and wastewaters, biosorption experi-
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gen transformation, biomass production and enzymatic activity [22]. S. equisimilis exposure 
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of Alternaria sp. and Penicillium sp. when exposed to Ni(II) concentration ranging from 5 to 
100 mg/L was enhanced [3], and when this metal was mixed with diethylketone, the entrap-
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toxic metal, with a microbial inhibitory concentration (MIC) of 2 × 10−3 mg total mercury/L, 
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total cadmium/L for sediment samples) [26].
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It is acknowledged that the bioremoval of an organic pollutant decreases as the concentration 
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low metal concentrations enhance bioremoval activity, till the maximum level of stimulation 
is reached. After this point, an increase in metal concentration will lead to an increase in metal 
toxicity (Figure 3, Line 2). Sustaining this pattern is the result obtained by Capone et al. [29] 
showing that methanogenesis was enhanced by the addition of some metals.

Bioremoval inhibition of organic pollutants is due to low metal concentration; lower biore-
moval inhibition of organic pollutants is due to high metal concentration—additional pat-
tern 2: several studies suggested that low concentrations of metal strongly inhibit bioremoval 
activity, until a maximum of inhibition is achieved (Figure 3, Line 3). After this point, an 
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increase in metal concentration will lead to a decrease of metal toxicity. An example is the 
work conducted by Said and Lewis [26] where an increase in metal concentration was respon-
sible for a decrease in 2,4-DME bioremoval.

Briefly, the existence of different patterns of responses of organic pollutants towards metals is 
possible to assume and that this variety of responses makes the understanding and prediction 
of metal toxicity in the environment more difficult, since these elements may influence both 
the ecology and physiology of the pollutant-degrading microorganisms.

Unless the models used to predict the influence of metals on the bioremoval of organic pol-
lutants incorporate both the ecologic and physiologic effects of metals towards the pollutant-
degrading microorganisms, they may fail their main purpose.

3.3. Biosorption in multi-metal solutions

As previously mentioned, despite the research concerning biosorption processes has been well 
documented in the literature, biosorption of different metal ions by different types of biological 
materials has been mainly conducted in single-metal solutions [21]. Information concerning bio-
sorption studies in binary- [30–34], tertiary- [31–35] and quaternary-component solutions [36] is 
very scarce. Moreover, the use of different evaluation methodologies makes any attempt to draw 
any meaningful and universal conclusion very difficult and, on the other hand [37], the influence 
that anions may exert on the biosorption process of metal cations has been somehow neglected.

Nostoc muscorum, a cyanobacterium indigenous from coal mining sites, was employed as bio-
sorbent to decontaminate aqueous solutions containing Cd(II), Cu(II), Pb(II) and Zn(II) (5 or 
10 mg/L) [38]. The results obtained in these experiments showed a maximum bioremoval of 
both Pb(II) (96.3%) and Cu(II) (96.4%) followed by Cd(II) (80.0%) and Zn(II) (71.3%) after 60 h 
of culture period. The bioremoval of Cd(II), Cu(II) and Pb(II) was maximum at 5 mg/L, whereas 
Zn(II) bioremoval has a maximum when all the four heavy metals were set at 5 mg/L. These 

Figure 3. Metal concentration impact on bioremoval inhibition pattern of organic pollutants, assuming (1) a direct or 
linear relationship, (2) additional pattern 1 and (3) additional pattern 2.
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results suggest a dependence of metal bioremoval by N. muscorum on the metals and their 
concentration combination in the multi-metal solution. It was also observable that the metals’ 
uptake depended upon their concentration combination in solution and the bioremoval order 
observed was Pb(II) > Cu(II) > Cd(II) > Zn(II). In this study, Pb(II) showed not only a better 
bioremoval efficiency compared with the other three metals but also that its bioremoval was 
unaffected by the presence of the three other metals. However, the presence of Pb(II) exerted 
a strong negative effect on the bioremoval of all other metals. These results may be explained 
by taking into consideration the Pb(II) strong interaction with the functional groups present 
on the biomass and because Pb(II) presents the smallest radius among the four metals tested in 
these assays (the smaller the hydrated radius, the higher is the affinity of its binding).

3.3.1. Effect of anions

Three aspects related to the influence of anions on the biosorption processes are usually 
considered in the available literature: (i) the influence that the anion has on the maximum 
biosorption capacity of the sorbent, in single-metal solutions [39]; (ii) the influence of anion 
concentration on the biosorption of several metal ions, in multi-metal solutions [37–41]; and 
(iii) the nature of the biosorbent that can influence significantly the effect of the anion on the 
biosorption capacity [21].

The biosorption of four metals—Cr(VI), Co(II), Ni(II) and Zn(II)—by the Aspergillus niger fun-
gus [40] revealed that the presence of anions such as NO3

− and SO4
2− did not significantly affect 

the biosorption performance of the four metals, whereas the presence of Cl− did negatively 
affect the biosorption performance of the four metals in multi-metal solutions.

Kuyuca and Volesky [42] studied the biosorption of Co(II) ions in the presence of SO4
2− and 

PO4
3− by the brown macroalga Ascophyllum nodosum and concluded that the presence of these 

anions did not reveal any influence on the biosorption performance, as opposite to the pres-
ence of NO3

− anions, that strongly inhibited the biosorption process. The opposite situation 
was observed in the biosorption of Zn(II) by the cyanobacterium Oscillatoria angustissima [41], 
and it was stated that the presence of SO4

2−, NO3
− and Cl− had the following biosorption inhibi-

tion order SO4
2− > Cl− > NO3

−.

The degree of inhibition for the biosorption of La(III), Cd(II), Pb(II) and Ag(I) cations, by the 
Rhizopus arrhizus fungus [43], usually followed the order EDTA > SO4 2− > Cl− > PO4 3− > glu-
tamate > CO3 2 − .

As referred previously, the influence of the anion on the biosorption capacity will vary 
depending on the metal ion oxidation state, as it was observed for the biosorption of Cr(III) 
and CR(VI) ions [44], with the following inhibitory orders SO4

2− > Cl− ≈ NO3
− and NO3

− > SO4
2−.

3.3.2. Effect of the ionic concentration

Considering the limited number of active sites present on the biosorbent surface, it is accepted 
that the biosorption capacity of the biosorbent towards a specific pollutant (metal or not) in a 
multicomponent solution is inferior to the one in single-component solutions; therefore, the 
contaminants will compete for the active sites, available for sorption [44].
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degrading microorganisms, they may fail their main purpose.
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As previously mentioned, despite the research concerning biosorption processes has been well 
documented in the literature, biosorption of different metal ions by different types of biological 
materials has been mainly conducted in single-metal solutions [21]. Information concerning bio-
sorption studies in binary- [30–34], tertiary- [31–35] and quaternary-component solutions [36] is 
very scarce. Moreover, the use of different evaluation methodologies makes any attempt to draw 
any meaningful and universal conclusion very difficult and, on the other hand [37], the influence 
that anions may exert on the biosorption process of metal cations has been somehow neglected.

Nostoc muscorum, a cyanobacterium indigenous from coal mining sites, was employed as bio-
sorbent to decontaminate aqueous solutions containing Cd(II), Cu(II), Pb(II) and Zn(II) (5 or 
10 mg/L) [38]. The results obtained in these experiments showed a maximum bioremoval of 
both Pb(II) (96.3%) and Cu(II) (96.4%) followed by Cd(II) (80.0%) and Zn(II) (71.3%) after 60 h 
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results suggest a dependence of metal bioremoval by N. muscorum on the metals and their 
concentration combination in the multi-metal solution. It was also observable that the metals’ 
uptake depended upon their concentration combination in solution and the bioremoval order 
observed was Pb(II) > Cu(II) > Cd(II) > Zn(II). In this study, Pb(II) showed not only a better 
bioremoval efficiency compared with the other three metals but also that its bioremoval was 
unaffected by the presence of the three other metals. However, the presence of Pb(II) exerted 
a strong negative effect on the bioremoval of all other metals. These results may be explained 
by taking into consideration the Pb(II) strong interaction with the functional groups present 
on the biomass and because Pb(II) presents the smallest radius among the four metals tested in 
these assays (the smaller the hydrated radius, the higher is the affinity of its binding).

3.3.1. Effect of anions

Three aspects related to the influence of anions on the biosorption processes are usually 
considered in the available literature: (i) the influence that the anion has on the maximum 
biosorption capacity of the sorbent, in single-metal solutions [39]; (ii) the influence of anion 
concentration on the biosorption of several metal ions, in multi-metal solutions [37–41]; and 
(iii) the nature of the biosorbent that can influence significantly the effect of the anion on the 
biosorption capacity [21].

The biosorption of four metals—Cr(VI), Co(II), Ni(II) and Zn(II)—by the Aspergillus niger fun-
gus [40] revealed that the presence of anions such as NO3

− and SO4
2− did not significantly affect 

the biosorption performance of the four metals, whereas the presence of Cl− did negatively 
affect the biosorption performance of the four metals in multi-metal solutions.

Kuyuca and Volesky [42] studied the biosorption of Co(II) ions in the presence of SO4
2− and 

PO4
3− by the brown macroalga Ascophyllum nodosum and concluded that the presence of these 

anions did not reveal any influence on the biosorption performance, as opposite to the pres-
ence of NO3

− anions, that strongly inhibited the biosorption process. The opposite situation 
was observed in the biosorption of Zn(II) by the cyanobacterium Oscillatoria angustissima [41], 
and it was stated that the presence of SO4

2−, NO3
− and Cl− had the following biosorption inhibi-

tion order SO4
2− > Cl− > NO3

−.

The degree of inhibition for the biosorption of La(III), Cd(II), Pb(II) and Ag(I) cations, by the 
Rhizopus arrhizus fungus [43], usually followed the order EDTA > SO4 2− > Cl− > PO4 3− > glu-
tamate > CO3 2 − .

As referred previously, the influence of the anion on the biosorption capacity will vary 
depending on the metal ion oxidation state, as it was observed for the biosorption of Cr(III) 
and CR(VI) ions [44], with the following inhibitory orders SO4

2− > Cl− ≈ NO3
− and NO3

− > SO4
2−.

3.3.2. Effect of the ionic concentration

Considering the limited number of active sites present on the biosorbent surface, it is accepted 
that the biosorption capacity of the biosorbent towards a specific pollutant (metal or not) in a 
multicomponent solution is inferior to the one in single-component solutions; therefore, the 
contaminants will compete for the active sites, available for sorption [44].
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This is the case of the amount of Cr(VI) biosorbed per unit weight of Rhizopus arrhizus that 
decreased with the increase of Fe(III) concentration as an antagonistic effect [45, 46].

Fagundes-Klen et al. [47] observed that the amount of Zn(II) biosorbed by S. filipendula in the 
presence of high concentrations of Cd(II) decreased significantly (56.8 %) when comparing 
the biosorption results achieved in single-metal solution. These results are easily explained 
by the reduced number of coordination, the ionic radius and the higher ionization potential 
of Zn(II).

It is therefore worth noting that as the ionic concentrations become higher, there is a growing 
force able to overcome the mass resistance transfer of metal ions through the biosorption pro-
cess. The published data [48] showed that even though lead ions (Pb2+) have higher affinity than 
copper (Cu2+) to be biosorbed by an algae belonging to the genera Gelidium uptake, Cu2+ uptake 
was higher than Pb2+ uptakes due to the higher initial concentration of Cu2+. Similar results 
described the biosorption of Pb2+ and Cu2+ by pine cone shells [49]. When binary solutions were 
tested, the uptake of both metals was significantly inhibited, revealing an antagonistic effect.

3.3.3. Effect of electronegativity and atomic weigh of metals

In multi-metal solution, the electronegativity and atomic weight of metals can also have an 
important role in the biosorption process and efficiency. Biosorption experiments showed 
that when mixed, Ni(II) and Zn(II) sorption by wheat straw presented different performances, 
revealing a competition between both metals for the actives sites present on the biosorbent 
surface and a higher preference for Zn(II) rather than Ni(II) [50]. These results are easily justi-
fied taking into consideration the more appealing physical characteristics of Zn(II): lower elec-
tronegativity and higher atomic weight of Zn(II). The oxygen-containing group present on the 
wheat straw (negative sites) repels Ni(II) more than Zn(II), making it more difficult to be sorbed.

3.3.4. Effect of temperature

As previously mentioned (see Section 2, Figure 2), temperature also plays an important role on 
the biosorption processes, as well as on all biological and physico-chemical processes. The bio-
sorption of Cr(III), Cu(II) and Zn(II) by wine-processing waste sludge (WPWS) in a ternary sys-
tem was found to be significantly affected by temperature. At normal conditions, the biosorption 
of these three metals in a mixture by WPWS followed the trend Cr(III) > Cu(II) > Zn(II). However, 
when the temperature decreases to 10°C, the biosorption of Cr(III) was inferior than Cu(II) [50].

4. Critical assessment concerning the biosorption research on 
multicomponent solutions

As previously mentioned, in the past few decades, there has been an intense study and 
research concerning biosorption processes to treat contaminated environmental matrices and 
wastewaters. However, it is doubtful whether such a remarkable rise in published output 
has significantly enhanced the knowledge about biosorption process, or aided any industrial 
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exploitation, which so often is the primary underlying principle for such investment and work 
[18, 19, 21]. Despite the incontestable progress made over decades of research, most of the 
biosorption studies are still conducted at a laboratory scale and involve (i) the characteriza-
tion of a selected sorbent, which will sorb a given contaminant from solution, (ii) the study of 
the effect of physico-chemical parameters may have on biosorption and (iii) the use of metals. 
Considering that the majority of elements present in the periodic table are classified as metals, 
the potential number of ‘original’ research is most likely beyond comprehension, especially if 
coupled with the gigantic number of microbial species, strains and metabolites/derived sub-
stances. It is therefore expected that the output of publications related to biosorption shows 
no sign of decreasing and will be increased due to the continuing number of new journals, 
including those that are web based [18, 19].

It is also logical to infer that several technical and scientific issues should be solved in order 
to meet the industrial demands and bring the biosorption technology into commercialization. 
Based on this, several future perspectives can be made:

• Although a large number of biological materials are available, it is still essential to find and/
or prepare more economic, efficient and selective sorbents.

• It is necessary to elaborate, improve and/or simplify the mathematical models used to de-
scribe the multicomponent systems.

• To achieve the best biosorption performance, it is crucial to identify the biosorption mecha-
nism underlying relatively to the class of biosorbents used.

• To obtain the best biosorption performance, it is essential to identify the biosorption mech-
anism in relation to the general group of the selected biosorbent.

• Biosorption studies should also be conducted at a pilot or industrial scale and with mul-
ticomponent solutions or, if possible, real effluents and wastewaters. This will allow to 
understand the interactions between all the sorbents and the sorbate and thus optimize the 
biosorption process, promoting its future commercialization.

• Although there is a significant number of patents and publications available, the biosorp-
tion process has been so far mainly performed at a laboratory scale. Up-scale of the bio-
sorption processes should be enhanced.

• In order to apply the biosorption technology at an industrial scale, economic analyses are 
necessary to estimate the overall cost of the sorbent and biosorption process.

• Additional attention should be paid to the application of biosorption technology in product 
separation, recovery and purification.

• The use of similar and universal evaluation methodologies allows to draw meaningful and 
universal conclusions [21].

• Eradicate the poor and misleading communications, and the use of loose terminology, 
which is associated with the great complexity of biosorption phenomena, has intricated the 
process of prioritizing fundamental scientific and commercial tasks and of creating clear 
information for the industry.
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when the temperature decreases to 10°C, the biosorption of Cr(III) was inferior than Cu(II) [50].
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ticomponent solutions or, if possible, real effluents and wastewaters. This will allow to 
understand the interactions between all the sorbents and the sorbate and thus optimize the 
biosorption process, promoting its future commercialization.

• Although there is a significant number of patents and publications available, the biosorp-
tion process has been so far mainly performed at a laboratory scale. Up-scale of the bio-
sorption processes should be enhanced.

• In order to apply the biosorption technology at an industrial scale, economic analyses are 
necessary to estimate the overall cost of the sorbent and biosorption process.

• Additional attention should be paid to the application of biosorption technology in product 
separation, recovery and purification.

• The use of similar and universal evaluation methodologies allows to draw meaningful and 
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• Eradicate the poor and misleading communications, and the use of loose terminology, 
which is associated with the great complexity of biosorption phenomena, has intricated the 
process of prioritizing fundamental scientific and commercial tasks and of creating clear 
information for the industry.

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

63



Acknowledgements

This study was supported by the Portuguese Foundation for Science and Technology (FCT) 
under the scope of the research project PTDC/AAG-TEC/5269/2014, the strategic funding of 
UID/BIO/04469/2013 unit and COMPETE 2020 (POCI-01-0145-FEDER-006684) and BioTecNorte 
operation (NORTE-01-0145-FEDER-000004) funded by the European Regional Development 
Fund under the scope of Norte 2020—Programa Operacional Regional do Norte. Filomena 
Costa thanks FCT for a PhD grant (SFRH/BD/77666/2011).

Author details

Filomena Costa* and Teresa Tavares

*Address all correspondence to: filomenacpcosta@ceb.uminho.pt

University of Minho, Braga, Portugal

References

[1] Anastopoulos I, Kyzas GZ. Composts as biosorbents for decontamination of various pollut-
ants: A review. Water, Air, and Soil Pollution. 2015;226:61-76. DOI: 10.1007/s11270-015-2345-2

[2] Abdi O, Kazemi M. A review study of biosorption of heavy metals and comparison 
between different biosorbents. J Mater Environ Sci. 2015;6(5):1386-1399 ISSN: 2028-2508

[3] Costa F, Tavares T. Bioremoval of Ni and Cd in the presence of diethylketone by fungi and 
by bacteria: A comparative study. International Biodeterioration & Biodegradation. 2017; 
120:115-123. DOI: 10.1016/j.ibiod.2017.02.018

[4] Costa F, Tavares T. Biosorption of nickel and cadmium in the presence of diethylketone by 
a Streptococcus equisimilis biofilm supported on vermiculite. International Biodeterioration 
& Biodegradation. 2016;115:119-132. DOI: 10.1016/j.ibiod.2016.08.004

[5] Ahmed S, Chughtai S, Keane MA. The removal of cadmium and lead from aqueous solu-
tion by ion exchange with Na-Y zeolites. Sep Purif Technol. 1998;13:57-64. DOI: 10.1016/
S1383-5866(97)00063-4

[6] Chaudhuri D, Majumder A, Misra AK, Bandyopadhyay K. Cadmium removal by Lemna 
minor and Spirodela polyrhiza. International Journal of Phytoremediation. 2014;16:1119-1132. 
DOI: 10.1080/15226514.2013.821446

[7] Costa F, Tavares T. Sorption studies of diethylketone in the presence of Al3+, Cd2+, Ni2+ and 
Mn2+, from lab-scale to pilot scale. Environmental Technology. 2017:1-13. DOI: 10.1080/ 
09593330.2016.1278462

Biosorption64

[8] Silva B, Costa F, Neves IC, Tavares T. Psychiatric Pharmaceuticals as Emerging 
Contaminants in Wastewater. 1st ed. Springer Cham Heidelberg New York Dordrecht 
London: Springer International Publishing; 2015. DOI: 10.1007/978-3-319-20493-2

[9] Costa F, Quintelas C, Tavares T. Kinetics of biodegradation of diethylketone by Arthrobacter 
viscosus. Biodegradation. 2012;23(1):81-92. DOI: 10.1007/s10532-011-9488-7

[10] Khan A, Singh VV, Dumar D. Removal of some basic dyes from artificial textile waste-
water by adsorption on Akansh Kinari coal tabrez. J Sci Ind Res India. 2004;63(4):335-364 
0975-1084 (online); 0022-4456 (print)

[11] Santos LH, Araújo AN, Fachini A, Pena A, Delerue-Matos C, Montenegro MC. Ecotoxi-
cological aspects related to the presence of pharmaceuticals in the aquatic environment. 
Journal of Hazardous Materials. 2010;175(1-3):45-95. DOI: 10.1016/j.jhazmat.2009.10.100

[12] Mak VWY, Chatzis I, Hudgins RR, Fayed ME. Removal of VOCs by sorption in fixed beds 
of popcorn. Canadian Journal of Chemical Engineering. 2004;82(1):194-197. DOI: 10.1002/
cjce.5450820125

[13] Fan J, Sun Y, Li X, Zhao C, Tian D, Shao L, Wang J. Pollution of organic compounds and 
heavy metals in a coal gangue dump of the Gequan Coal Mine, China. Chinese Journal 
of Geochemistry. 2013;32:241-247. DOI: 10.1007/s11631-013-0628-0

[14] Costa F, Quintelas C, Tavares T. An approach to the metabolic degradation of diethylketone 
(DEK) by Streptococcus equisimilis: Effect of DEK on the growth, biodegradation kinetics 
and efficiency. Ecological Engineering. 2014;70:183-188. DOI: 10.1016/j.ecoleng.2014.05.009

[15] Costa F, Neto M, Nicolau A, Tavares T. Biodegradation of diethylketone by Penicillium 
sp. and Alternaria sp.—A comparative study biodegradation of diethylketone by fungi. 
Current Biochemical Engineering. 2015;2:81-89. DOI: 10.2174/2212711901666140812225947

[16] Seow TW, Lim CH. Removal of dye by adsorption: A review. International Journal of 
Applied Engineering Research. 2016;11(4):2675-2679 0973-4562

[17] The Environmental, Health and Economic Impacts of Textile Azo Dyes. Available from: 
https://www.researchgate.net/file.PostFileLoader.html?id=593cf7e2cbd5c26bf031fcab&
assetKey=AS%3A503972613505026%401497167842679 [Accessed: 2017-08-03]

[18] Gadd GM. Biosorption: Critical review of scientific rationale, environmental importance 
and significance for pollution treatment. Journal of Chemical Technology & Biotechnology. 
2009;84:13-28. DOI: 10.1002/jctb.1999

[19] Fomina M, Gadd GM. Biosorption: Current perspectives on concept, definition and 
application. Bioresource Technology. 2014;160:3-14. DOI: 10.1016/j.biortech.2013.12.102

[20] Volesky B, Biosorption of Heavy Metals. 1990. CRC Press, Boca Raton, FL. ISBN 978084 
9349171

[21] Michalak I, Chojnacka K, Witek-Krowiak A. State of the art for the biosorption process—
A review. Applied Biochemistry and Biotechnology. 2013;170:1389-1416. DOI: 10.1007/
s12010-013-0269-0

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

65



Acknowledgements

This study was supported by the Portuguese Foundation for Science and Technology (FCT) 
under the scope of the research project PTDC/AAG-TEC/5269/2014, the strategic funding of 
UID/BIO/04469/2013 unit and COMPETE 2020 (POCI-01-0145-FEDER-006684) and BioTecNorte 
operation (NORTE-01-0145-FEDER-000004) funded by the European Regional Development 
Fund under the scope of Norte 2020—Programa Operacional Regional do Norte. Filomena 
Costa thanks FCT for a PhD grant (SFRH/BD/77666/2011).

Author details

Filomena Costa* and Teresa Tavares

*Address all correspondence to: filomenacpcosta@ceb.uminho.pt

University of Minho, Braga, Portugal

References

[1] Anastopoulos I, Kyzas GZ. Composts as biosorbents for decontamination of various pollut-
ants: A review. Water, Air, and Soil Pollution. 2015;226:61-76. DOI: 10.1007/s11270-015-2345-2

[2] Abdi O, Kazemi M. A review study of biosorption of heavy metals and comparison 
between different biosorbents. J Mater Environ Sci. 2015;6(5):1386-1399 ISSN: 2028-2508

[3] Costa F, Tavares T. Bioremoval of Ni and Cd in the presence of diethylketone by fungi and 
by bacteria: A comparative study. International Biodeterioration & Biodegradation. 2017; 
120:115-123. DOI: 10.1016/j.ibiod.2017.02.018

[4] Costa F, Tavares T. Biosorption of nickel and cadmium in the presence of diethylketone by 
a Streptococcus equisimilis biofilm supported on vermiculite. International Biodeterioration 
& Biodegradation. 2016;115:119-132. DOI: 10.1016/j.ibiod.2016.08.004

[5] Ahmed S, Chughtai S, Keane MA. The removal of cadmium and lead from aqueous solu-
tion by ion exchange with Na-Y zeolites. Sep Purif Technol. 1998;13:57-64. DOI: 10.1016/
S1383-5866(97)00063-4

[6] Chaudhuri D, Majumder A, Misra AK, Bandyopadhyay K. Cadmium removal by Lemna 
minor and Spirodela polyrhiza. International Journal of Phytoremediation. 2014;16:1119-1132. 
DOI: 10.1080/15226514.2013.821446

[7] Costa F, Tavares T. Sorption studies of diethylketone in the presence of Al3+, Cd2+, Ni2+ and 
Mn2+, from lab-scale to pilot scale. Environmental Technology. 2017:1-13. DOI: 10.1080/ 
09593330.2016.1278462

Biosorption64

[8] Silva B, Costa F, Neves IC, Tavares T. Psychiatric Pharmaceuticals as Emerging 
Contaminants in Wastewater. 1st ed. Springer Cham Heidelberg New York Dordrecht 
London: Springer International Publishing; 2015. DOI: 10.1007/978-3-319-20493-2

[9] Costa F, Quintelas C, Tavares T. Kinetics of biodegradation of diethylketone by Arthrobacter 
viscosus. Biodegradation. 2012;23(1):81-92. DOI: 10.1007/s10532-011-9488-7

[10] Khan A, Singh VV, Dumar D. Removal of some basic dyes from artificial textile waste-
water by adsorption on Akansh Kinari coal tabrez. J Sci Ind Res India. 2004;63(4):335-364 
0975-1084 (online); 0022-4456 (print)

[11] Santos LH, Araújo AN, Fachini A, Pena A, Delerue-Matos C, Montenegro MC. Ecotoxi-
cological aspects related to the presence of pharmaceuticals in the aquatic environment. 
Journal of Hazardous Materials. 2010;175(1-3):45-95. DOI: 10.1016/j.jhazmat.2009.10.100

[12] Mak VWY, Chatzis I, Hudgins RR, Fayed ME. Removal of VOCs by sorption in fixed beds 
of popcorn. Canadian Journal of Chemical Engineering. 2004;82(1):194-197. DOI: 10.1002/
cjce.5450820125

[13] Fan J, Sun Y, Li X, Zhao C, Tian D, Shao L, Wang J. Pollution of organic compounds and 
heavy metals in a coal gangue dump of the Gequan Coal Mine, China. Chinese Journal 
of Geochemistry. 2013;32:241-247. DOI: 10.1007/s11631-013-0628-0

[14] Costa F, Quintelas C, Tavares T. An approach to the metabolic degradation of diethylketone 
(DEK) by Streptococcus equisimilis: Effect of DEK on the growth, biodegradation kinetics 
and efficiency. Ecological Engineering. 2014;70:183-188. DOI: 10.1016/j.ecoleng.2014.05.009

[15] Costa F, Neto M, Nicolau A, Tavares T. Biodegradation of diethylketone by Penicillium 
sp. and Alternaria sp.—A comparative study biodegradation of diethylketone by fungi. 
Current Biochemical Engineering. 2015;2:81-89. DOI: 10.2174/2212711901666140812225947

[16] Seow TW, Lim CH. Removal of dye by adsorption: A review. International Journal of 
Applied Engineering Research. 2016;11(4):2675-2679 0973-4562

[17] The Environmental, Health and Economic Impacts of Textile Azo Dyes. Available from: 
https://www.researchgate.net/file.PostFileLoader.html?id=593cf7e2cbd5c26bf031fcab&
assetKey=AS%3A503972613505026%401497167842679 [Accessed: 2017-08-03]

[18] Gadd GM. Biosorption: Critical review of scientific rationale, environmental importance 
and significance for pollution treatment. Journal of Chemical Technology & Biotechnology. 
2009;84:13-28. DOI: 10.1002/jctb.1999

[19] Fomina M, Gadd GM. Biosorption: Current perspectives on concept, definition and 
application. Bioresource Technology. 2014;160:3-14. DOI: 10.1016/j.biortech.2013.12.102

[20] Volesky B, Biosorption of Heavy Metals. 1990. CRC Press, Boca Raton, FL. ISBN 978084 
9349171

[21] Michalak I, Chojnacka K, Witek-Krowiak A. State of the art for the biosorption process—
A review. Applied Biochemistry and Biotechnology. 2013;170:1389-1416. DOI: 10.1007/
s12010-013-0269-0

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

65



[22] Sandrin TR, Maier RM. Impact of metals on the biodegradation of organic pollutants. 
Environmental Health Perspectives. 2003;111(8):1091-1101. DOI: 10.0000/www.ncbi.nlm.
nih.gov/generic-8F48966398F4

[23] Abdulaziz M, Musayev S. Multicomponent biosorption of heavy metals from aqueous 
solutions: A review. Polish Journal of Environmental Studies. 2017;26(4):1433-1441. DOI: 
10.15244/pjoes/67975

[24] Quintelas C, Costa F, Tavares T. Bioremoval of diethylketone by the synergistic combina-
tion of microorganisms and clays: Uptake, removal and kinetic studies. Environmental 
Science and Pollution Research. 2012;20(3):1374-1383. DOI: 10.1007/s11356-012-1055-1

[25] Nam I-H, Kim Y, Cho D, Kim J-G, Song H, Chul-M C. Effects of heavy metals on bio-
degradation of fluorene by a Sphingobacterium sp. strain (KM-02) isolated from polycy-
clic aromatic hydrocarbon-contaminated mine soil. Environmental Engineering Science. 
2015;32(10):1-8. DOI: 10.1089/ees.2015.0037

[26] Said WA, Lewis DL. Quantitative assessment of the effects of metals on microbial degrada-
tion of organic chemicals. Applied and Environmental Microbiology. 1991;57:1498-1503

[27] Sandrin TR. Naphthalene Biodegradation in a Cadmium Cocontaminated System: Effects 
of Rhamnolipid, pH, and Divalent Cations [PhD Thesis]. Tucson, AZ: University of  
Arizona; 2000

[28] Benka-Coker MO, Ekundayo JA. Effects of heavy metals on growth of species of Micrococcus 
and Pseudomonas in a crude oil/mineral salts medium. Bioresource Technology. 1998;66:241-
245. DOI: 10.1016/S0960-8524(98)00057-1

[29] Capone DG, Reese DD, Kiene RP. Effects of metals on methanogenesis, sulfate reduc-
tion, carbon dioxide evolution, and microbial biomass in anoxic salt marsh sediments. 
Applied and Environmental Microbiology. 1983;45:1586-1591

[30] Xie P, Hao X, Mohamad OA, Liang J, Wei G. Comparative study of chromium biosorption 
by Mesorhizobium amorphae strain CCNWGS0123 in single and binary mixtures. Applied 
Biochemistry and Biotechnology. 2013;169:570-587. DOI: 10.1007/s12010-012-9976-1

[31] Abu Al-Rub FA, El-Naas MH, Ashour I, Al-Marzouqi M. Biosorption of copper on Chlorella 
vulgaris from single, binary and ternary metal aqueous solutions. Process Biochemistry. 
2006;41:457-464. DOI: 10.1016/j.procbio.2005.07.018

[32] Pagnanelli F, Trifoni M, Beolchini F, Esposito A, Toro L, Vegliò F. Equilibrium biosorption 
studies in single and multi-metal systems. Process Biochemistry. 2001;37:115-124. DOI: 
10.1016/S0032-9592(01)00180-7

[33] Aksu Z, Dönmez G. Binary biosorption of cadmium(II) and nickel(II) onto dried Chlorella 
vulgaris: Co-ion effect on mono-component isotherm parameters. Process Biochemistry. 
2006;41:860-868. DOI: 10.1016/j.procbio.2005.10.025

[34] Mohapatra H, Gupta R. Concurrent sorption of Zn(II), Cu(II) and Co(II) by Oscillatoria angus-
tissima as a function of pH in binary and ternary metal solutions. Bioresource Technology. 
2005;96:1387-1398. DOI: 10.1016/j.biortech.2004.11.004

Biosorption66

[35] Pradhan S, Rai LC. Biotechnological potential of Microcystis sp. in Cu, Zn and Cd bio-
sorption from single and multimetallic systems. Biometals. 2001;14:67-74. DOI: 10.1023/ 
A:1016607729691

[36] Chong KH, Volesky B. Metal biosorption equilibria in a ternary system. Biotechnology 
and Bioengineering. 1996;49:629-638. DOI: 10.1002/(SICI)1097-0290(19960320)49:6<629: 
AID-BIT4>3.0.CO;2-Q

[37] Michalak I, Chojnacka K. The application of macroalga Pithophora varia Wille enriched 
with microelements by biosorption as biological feed supplement for livestock. Journal 
of Science and Food Agriculture. 2008;88:1178-1186. DOI: 10.1002/jsfa.3195

[38] Roy AS, Kazarika J, Manikandan NA, Pakshirajan K, Syiem MB. Heavy metal removal 
from multicomponent system by the cyanobacterium Nostoc muscorum: Kinetics and 
interaction study. Applied Biochemistry and Biotechnology. 2015;175:3863-3874. DOI: 
10.1007/s12010-015-1553-y

[39] Han X, Wong YS, Wong MH, Tam NFY. Effects of anions species and concentration on 
the removal of Cr(VI) by a microalgal isolate, Chlorella miniata. Journal of Hazardous 
Materials. 2008;158:615-620. DOI: 10.1016/j.jhazmat.2008.02.024

[40] Pulsawat W, Leksawasdi N, Rogers PL, Foster LJR. Anions effects on biosorption of Mn(II) 
by extracellular polymeric substance (EPS) from Rhizobium etli. Biotechnology Letters. 
2003;25:1267-1270 ISSN: 0141-5492

[41] Filipović-Kovačević Ž, Sipos L, Briški F. Biosorption of chromium, copper, nickel and zinc 
ions onto fungal pellets of Aspergillus niger 405 from aqueous solutions. Food Technology 
and Biotechnology. 2000;38:211-216 ISSN: 1330-9862

[42] Ahuja P, Gupta R, Sabena RK. Zn2+ biosorption by Oscillatoria anguistissima. Process 
Biochemistry. 1999;34:77-85. DOI: 10.1016/S0032-9592(98)00072-7

[43] Kuyuca N, Volesky B. Accumulation of cobalt my marine alga. Biotechnology and 
Bioengineering. 1989;33:809-814. DOI: 10.1002/bit.260330703

[44] Tobin JM, Cooper DG, Neufeld RJ. Influence of anions on metal adsorption by Rhizopus 
arrhizus biomass. Biotechnology and Bioengineering. 1987;30(7):882-886. DOI: 10.1002/
bit.260300711

[45] Vijayaraghavan K, Balasubramanian R. Is biosorption suitable for decontamination of 
metal-bearing wastewaters? A critical review on the state-of-the-art of biosorption pro-
cesses and future directions. Journal of Environmental Management. 2015;160:283-296. 
DOI: 10.1016/j.jenvman.2015.06.030

[46] Sag Y, YAlcuk A, Kutsal T. Use of a mathematical model for prediction of the performance 
of the simultaneous biosorption of Cr(VI) and Fe(III) on Rhizopus arrhizus in a semi-batch 
reactor. Hydrometallurgy. 2001;59:77-87. DOI: 10.1016/S0304-386X(00)00143-2

[47] Fagundes-Klen MR, Ferri P, Martins TD, Tavares CRG, Silva EA. Equilibrium study of 
the binary mixture of cadmium–zinc ions biosorption by the Sargassum filipendula spe-
cies using adsorption isotherms models and neural network. Biochemical Engineering 
Journal. 2007;34:136-146. DOI: 10.1016/j.bej.2006.11.023

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

67



[22] Sandrin TR, Maier RM. Impact of metals on the biodegradation of organic pollutants. 
Environmental Health Perspectives. 2003;111(8):1091-1101. DOI: 10.0000/www.ncbi.nlm.
nih.gov/generic-8F48966398F4

[23] Abdulaziz M, Musayev S. Multicomponent biosorption of heavy metals from aqueous 
solutions: A review. Polish Journal of Environmental Studies. 2017;26(4):1433-1441. DOI: 
10.15244/pjoes/67975

[24] Quintelas C, Costa F, Tavares T. Bioremoval of diethylketone by the synergistic combina-
tion of microorganisms and clays: Uptake, removal and kinetic studies. Environmental 
Science and Pollution Research. 2012;20(3):1374-1383. DOI: 10.1007/s11356-012-1055-1

[25] Nam I-H, Kim Y, Cho D, Kim J-G, Song H, Chul-M C. Effects of heavy metals on bio-
degradation of fluorene by a Sphingobacterium sp. strain (KM-02) isolated from polycy-
clic aromatic hydrocarbon-contaminated mine soil. Environmental Engineering Science. 
2015;32(10):1-8. DOI: 10.1089/ees.2015.0037

[26] Said WA, Lewis DL. Quantitative assessment of the effects of metals on microbial degrada-
tion of organic chemicals. Applied and Environmental Microbiology. 1991;57:1498-1503

[27] Sandrin TR. Naphthalene Biodegradation in a Cadmium Cocontaminated System: Effects 
of Rhamnolipid, pH, and Divalent Cations [PhD Thesis]. Tucson, AZ: University of  
Arizona; 2000

[28] Benka-Coker MO, Ekundayo JA. Effects of heavy metals on growth of species of Micrococcus 
and Pseudomonas in a crude oil/mineral salts medium. Bioresource Technology. 1998;66:241-
245. DOI: 10.1016/S0960-8524(98)00057-1

[29] Capone DG, Reese DD, Kiene RP. Effects of metals on methanogenesis, sulfate reduc-
tion, carbon dioxide evolution, and microbial biomass in anoxic salt marsh sediments. 
Applied and Environmental Microbiology. 1983;45:1586-1591

[30] Xie P, Hao X, Mohamad OA, Liang J, Wei G. Comparative study of chromium biosorption 
by Mesorhizobium amorphae strain CCNWGS0123 in single and binary mixtures. Applied 
Biochemistry and Biotechnology. 2013;169:570-587. DOI: 10.1007/s12010-012-9976-1

[31] Abu Al-Rub FA, El-Naas MH, Ashour I, Al-Marzouqi M. Biosorption of copper on Chlorella 
vulgaris from single, binary and ternary metal aqueous solutions. Process Biochemistry. 
2006;41:457-464. DOI: 10.1016/j.procbio.2005.07.018

[32] Pagnanelli F, Trifoni M, Beolchini F, Esposito A, Toro L, Vegliò F. Equilibrium biosorption 
studies in single and multi-metal systems. Process Biochemistry. 2001;37:115-124. DOI: 
10.1016/S0032-9592(01)00180-7

[33] Aksu Z, Dönmez G. Binary biosorption of cadmium(II) and nickel(II) onto dried Chlorella 
vulgaris: Co-ion effect on mono-component isotherm parameters. Process Biochemistry. 
2006;41:860-868. DOI: 10.1016/j.procbio.2005.10.025

[34] Mohapatra H, Gupta R. Concurrent sorption of Zn(II), Cu(II) and Co(II) by Oscillatoria angus-
tissima as a function of pH in binary and ternary metal solutions. Bioresource Technology. 
2005;96:1387-1398. DOI: 10.1016/j.biortech.2004.11.004

Biosorption66

[35] Pradhan S, Rai LC. Biotechnological potential of Microcystis sp. in Cu, Zn and Cd bio-
sorption from single and multimetallic systems. Biometals. 2001;14:67-74. DOI: 10.1023/ 
A:1016607729691

[36] Chong KH, Volesky B. Metal biosorption equilibria in a ternary system. Biotechnology 
and Bioengineering. 1996;49:629-638. DOI: 10.1002/(SICI)1097-0290(19960320)49:6<629: 
AID-BIT4>3.0.CO;2-Q

[37] Michalak I, Chojnacka K. The application of macroalga Pithophora varia Wille enriched 
with microelements by biosorption as biological feed supplement for livestock. Journal 
of Science and Food Agriculture. 2008;88:1178-1186. DOI: 10.1002/jsfa.3195

[38] Roy AS, Kazarika J, Manikandan NA, Pakshirajan K, Syiem MB. Heavy metal removal 
from multicomponent system by the cyanobacterium Nostoc muscorum: Kinetics and 
interaction study. Applied Biochemistry and Biotechnology. 2015;175:3863-3874. DOI: 
10.1007/s12010-015-1553-y

[39] Han X, Wong YS, Wong MH, Tam NFY. Effects of anions species and concentration on 
the removal of Cr(VI) by a microalgal isolate, Chlorella miniata. Journal of Hazardous 
Materials. 2008;158:615-620. DOI: 10.1016/j.jhazmat.2008.02.024

[40] Pulsawat W, Leksawasdi N, Rogers PL, Foster LJR. Anions effects on biosorption of Mn(II) 
by extracellular polymeric substance (EPS) from Rhizobium etli. Biotechnology Letters. 
2003;25:1267-1270 ISSN: 0141-5492

[41] Filipović-Kovačević Ž, Sipos L, Briški F. Biosorption of chromium, copper, nickel and zinc 
ions onto fungal pellets of Aspergillus niger 405 from aqueous solutions. Food Technology 
and Biotechnology. 2000;38:211-216 ISSN: 1330-9862

[42] Ahuja P, Gupta R, Sabena RK. Zn2+ biosorption by Oscillatoria anguistissima. Process 
Biochemistry. 1999;34:77-85. DOI: 10.1016/S0032-9592(98)00072-7

[43] Kuyuca N, Volesky B. Accumulation of cobalt my marine alga. Biotechnology and 
Bioengineering. 1989;33:809-814. DOI: 10.1002/bit.260330703

[44] Tobin JM, Cooper DG, Neufeld RJ. Influence of anions on metal adsorption by Rhizopus 
arrhizus biomass. Biotechnology and Bioengineering. 1987;30(7):882-886. DOI: 10.1002/
bit.260300711

[45] Vijayaraghavan K, Balasubramanian R. Is biosorption suitable for decontamination of 
metal-bearing wastewaters? A critical review on the state-of-the-art of biosorption pro-
cesses and future directions. Journal of Environmental Management. 2015;160:283-296. 
DOI: 10.1016/j.jenvman.2015.06.030

[46] Sag Y, YAlcuk A, Kutsal T. Use of a mathematical model for prediction of the performance 
of the simultaneous biosorption of Cr(VI) and Fe(III) on Rhizopus arrhizus in a semi-batch 
reactor. Hydrometallurgy. 2001;59:77-87. DOI: 10.1016/S0304-386X(00)00143-2

[47] Fagundes-Klen MR, Ferri P, Martins TD, Tavares CRG, Silva EA. Equilibrium study of 
the binary mixture of cadmium–zinc ions biosorption by the Sargassum filipendula spe-
cies using adsorption isotherms models and neural network. Biochemical Engineering 
Journal. 2007;34:136-146. DOI: 10.1016/j.bej.2006.11.023

Biosorption of Multicomponent Solutions: A State of the Art of the Understudy Case
http://dx.doi.org/10.5772/intechopen.72179

67



[48] Vilar VJP, Loureiro JM, Botelho CMS, Boaventura RAR. Continuous biosorption of Pb/
Cu and Pb/Cd in fixed-bed column using algae Gelidium and granulated agar extrac-
tion algal waste. Journal of Hazardous Materials. 2008;154:1173-1182. DOI: 10.1016/j.
jhazmat.2007.11.060

[49] Martín-Lara MA, Blázquez G, Calero M, Almendros AI, Ronda A. Binary biosorption of cop-
per and lead onto pine cone shell in batch reactors and in fixed bed columns. International 
Journal of Mineral Processing. 2016;148:72-82. DOI: 10.1016/j.minpro.2016.01.017

[50] Liu C-C, Wang M-K, Chiou C-S, Li Y-S, Yang C-Y, Lin YA. Biosorption of chromium, cop-
per and zinc by wine-processing waste sludge: Single and multi-component system study. 
Journal of Hazardous Materials. 2009;171:386-392. DOI: 10.1016/j.jhazmat.2009.06.012

Biosorption68

Chapter 4

Application of Biosorption for Removal of Heavy
Metals from Wastewater

Sri Lakshmi Ramya Krishna Kanamarlapudi,
Vinay Kumar Chintalpudi and Sudhamani Muddada

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77315

Provisional chapter

DOI: 10.5772/intechopen.77315

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Application of Biosorption for Removal of Heavy 
Metals from Wastewater

Sri Lakshmi Ramya Krishna Kanamarlapudi, 
Vinay Kumar Chintalpudi and 
Sudhamani Muddada

Additional information is available at the end of the chapter

Abstract

Fresh water accounts for 3% of water resources on the Earth. Human and industrial activi-
ties produce and discharge wastes containing heavy metals into the water resources mak-
ing them unavailable and threatening human health and the ecosystem. Conventional 
methods for the removal of metal ions such as chemical precipitation and membrane 
filtration are extremely expensive when treating large amounts of water, inefficient at 
low concentrations of metal (incomplete metal removal) and generate large quantities 
of sludge and other toxic products that require careful disposal. Biosorption and bioac-
cumulation are ecofriendly alternatives. These alternative methods have advantages over 
conventional methods. Abundant natural materials like microbial biomass, agro-wastes, 
and industrial byproducts have been suggested as potential biosorbents for heavy metal 
removal due to the presence of metal-binding functional groups. Biosorption is influ-
enced by various process parameters such as pH, temperature, initial concentration of the 
metal ions, biosorbent dose, and speed of agitation. Also, the biomass can be modified 
by physical and chemical treatment before use. The process can be made economical 
by regenerating and reusing the biosorbent after removing the heavy metals. Various 
bioreactors can be used in biosorption for the removal of metal ions from large volumes 
of water or effluents. The recent developments and the future scope for biosorption as a 
wastewater treatment option are discussed.

Keywords: biosorption, heavy metal, isotherm, water, waste, pollution

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[48] Vilar VJP, Loureiro JM, Botelho CMS, Boaventura RAR. Continuous biosorption of Pb/
Cu and Pb/Cd in fixed-bed column using algae Gelidium and granulated agar extrac-
tion algal waste. Journal of Hazardous Materials. 2008;154:1173-1182. DOI: 10.1016/j.
jhazmat.2007.11.060

[49] Martín-Lara MA, Blázquez G, Calero M, Almendros AI, Ronda A. Binary biosorption of cop-
per and lead onto pine cone shell in batch reactors and in fixed bed columns. International 
Journal of Mineral Processing. 2016;148:72-82. DOI: 10.1016/j.minpro.2016.01.017

[50] Liu C-C, Wang M-K, Chiou C-S, Li Y-S, Yang C-Y, Lin YA. Biosorption of chromium, cop-
per and zinc by wine-processing waste sludge: Single and multi-component system study. 
Journal of Hazardous Materials. 2009;171:386-392. DOI: 10.1016/j.jhazmat.2009.06.012

Biosorption68

Chapter 4

Application of Biosorption for Removal of Heavy
Metals from Wastewater

Sri Lakshmi Ramya Krishna Kanamarlapudi,
Vinay Kumar Chintalpudi and Sudhamani Muddada

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77315

Provisional chapter

DOI: 10.5772/intechopen.77315

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Application of Biosorption for Removal of Heavy 
Metals from Wastewater

Sri Lakshmi Ramya Krishna Kanamarlapudi, 
Vinay Kumar Chintalpudi and 
Sudhamani Muddada

Additional information is available at the end of the chapter

Abstract

Fresh water accounts for 3% of water resources on the Earth. Human and industrial activi-
ties produce and discharge wastes containing heavy metals into the water resources mak-
ing them unavailable and threatening human health and the ecosystem. Conventional 
methods for the removal of metal ions such as chemical precipitation and membrane 
filtration are extremely expensive when treating large amounts of water, inefficient at 
low concentrations of metal (incomplete metal removal) and generate large quantities 
of sludge and other toxic products that require careful disposal. Biosorption and bioac-
cumulation are ecofriendly alternatives. These alternative methods have advantages over 
conventional methods. Abundant natural materials like microbial biomass, agro-wastes, 
and industrial byproducts have been suggested as potential biosorbents for heavy metal 
removal due to the presence of metal-binding functional groups. Biosorption is influ-
enced by various process parameters such as pH, temperature, initial concentration of the 
metal ions, biosorbent dose, and speed of agitation. Also, the biomass can be modified 
by physical and chemical treatment before use. The process can be made economical 
by regenerating and reusing the biosorbent after removing the heavy metals. Various 
bioreactors can be used in biosorption for the removal of metal ions from large volumes 
of water or effluents. The recent developments and the future scope for biosorption as a 
wastewater treatment option are discussed.

Keywords: biosorption, heavy metal, isotherm, water, waste, pollution

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Water plays an important role in the world economy. Majority (71%) of the Earth’s surface is 
covered by water, but fresh water constitutes a miniscule fraction (3%) of the total. Water fit 
for human consumption is obtained from the fresh water bodies. Approximately, 70% of the 
fresh water goes to agriculture. This natural resource is becoming scarce at many places and its 
unavailability is a major social and economic concern [1]. Though access to safe drinking water 
has improved over the last few decades, it is estimated that five million deaths per year are 
caused due to consumption of polluted drinking water or drought. In many developing coun-
tries, 90% of all wastewater still goes untreated into the fresh water bodies making it unfit for 
human consumption, which either leads to scarcity or affects the human population [2]. The 
concern to protect fresh water bodies for a healthy population is a challenge in recent times.

Industrialization to a larger degree is responsible for the contamination of environment espe-
cially water where lakes and rivers are overwhelmed with a large number of toxic substances. 
Heavy metals are reaching hazardous levels when compared with the other toxic substances 
[3]. Heavy metals are a unique group of naturally occurring compounds. Their continuous 
release leads to overconsumption and accumulation. As a result, people around the globe are 
exposed to adverse consequences of these heavy metals. Many industries (fertilizers, metal-
lurgy, leather, aerospace, photography, mining, electroplating, pesticide, surface finishing, 
iron and steel, energy and fuel production, electrolysis, metal surface treating, electro-osmo-
sis, and appliance manufacturing) discharge waste containing heavy metals either directly 
or indirectly into the water resources [4]. Toxic heavy metals, which are of concern, are chro-
mium (Cr), lead (Pb), zinc (Zn), arsenic (As), copper (Cu), nickel (Ni), cobalt (Co), cadmium 
(Cd), mercury (Hg), and so on. As these metals are not biodegradable, they tend to accumulate 
in the living organisms and lead to various diseases and disorders which ultimately threaten 
human life. They can cause ill health, even when present in the range of parts per billion 
(ppb) [5]. Biosorption has emerged as an attractive option over conventional methods for the 
removal of heavy metal ions from effluents discharged from various industries which ulti-
mately reach and pollute fresh water bodies. This chapter reports the toxicity of heavy metals, 
the advantages of biosorption, various biosorbents used for the removal of metal ions, effect 
of immobilization and modifications of biosorbents, various factors affecting the process of 
biosorption, different bioreactors used in biosorption, and the application of biosorption for 
the removal of metal ions from various wastewaters like industrial effluents and contaminated 
water resources. The recent advances, current status, and future of the process are discussed.

2. Toxicity of heavy metals

The pathway of exposure for heavy metals is mainly through inhalation, dermal contact, and 
ingestion. The individual metal exhibits its own specific signs of toxicity [6]. The severity of 
health effects is dependent on time and dose, the type of heavy metal, and its chemical form. The 
nature of effect may be toxic, mutagenic, neurotoxic, teratogenic, or carcinogenic [6]. Many stud-
ies reported that heavy metals affect cell organelles and interact with cell components causing 
cell damage and apoptosis. Even at a low level of exposure, they induce multiple organ damage. 
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Intoxication of heavy metals also leads to damage to the major systems in the body and may 
lead to an increased risk in developing cancers [7]. Metal ion pollution is highly persistent, and 
most of them are nonbiodegradable. The presence of various heavy metals such as chromium 
(Cr), lead (Pb), zinc (Zn), arsenic (As), copper (Cu), nickel (Ni), cobalt (Co), cadmium (Cd), and 
mercury (Hg) causes disturbances in circulatory, gastrointestinal, and nervous systems. They 
also affect various organs and lead to blindness, deafness, brain damage, loss of fertility, cancer, 
and many other severe health problems that ultimately cause death of the individual [7–9].

3. Conventional methods for heavy metal removal

Heavy metals like nickel, copper, zinc, cadmium, chromium, lead, and mercury are major 
pollutants that affect the fresh water reservoirs due to the discharge of large amounts of metal-
contaminated wastewater from industries. Because of their persistent, non-biodegradable, 
and toxic nature, they accumulate in the environment such as in the food chain and cause seri-
ous health disorders. Over the last few decades, many conventional treatment methods have 
been used for the removal of heavy metals from contaminated wastewaters. The commonly 
used methods include chemical precipitation, ultra-filtration, ion exchange, reverse osmosis, 
electro winning, and phytoremediation, and they are introduced briefly [10–14].

Chemical precipitation is the most widely used method for heavy metal removal from inor-
ganic effluents. The conceptual mechanism involved is that the dissolved metal ions get pre-
cipitated by chemical reagents (precipitants) and result in the formation of metal hydroxides, 
sulfides, carbonates, and phosphates (insoluble solid particles) that can be simply separated 
by sedimentation or filtration.

Ion exchange is based on the reversible exchange of ions between solid and liquid phases. An 
ion exchanger is a solid resin capable of exchanging both cations and anions from an electro-
lytic solution and releases counter-ions of similar charge in a chemically equivalent amount.

Membrane filtration is capable of removing not only metal ions but also suspended solid and 
organic components. A membrane is a selective layer used to make contact between two homog-
enous phases with a porous or non-porous structure for the removal of pollutants of varied size.

Ultrafiltration (UF) is a permeable membrane separation process with pore sizes in the range 
of 0.1–0.001 micron which permeates water and low molecular weight solutes, while retaining 
the macromolecules, particles, and colloids that are larger in size. The removal of Cu (II), Zn 
(II), Ni (II), and Mn (II) from aqueous solutions was achieved by using ultrafiltration assisted 
with a copolymer of malic acid and acrylic acid attaining a removal efficiency of 98.8% by form-
ing macromolecular structures with the polymers which are rejected by the membrane [15].

 Microfiltration (MF) works with the same principle as ultrafiltration. The major difference 
between the two processes is that the solutes which are removed by MF are larger than those 
rejected by UF. Cross-flow microfiltration (CFMF) in yeast-based bioaccumulation process 
was used for the removal of metal ions from tap water artificially contaminated with Cu (II), 
Cd (II), Pb (II), and Cr (III). The method was efficient for the removal of metal ions with an 
efficiency of 31, 7, 63, and 71%, respectively [16].
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Nanofiltration (NF) is used for the separation of large molecules possible by small pores 
when they are within the molecular weight range from 300 to 500 Da with a pore diameter of 
0.5–2 nm. A commercially available nanofiltration membrane NF270 was used for the removal 
of Cd (II), Mn (II), and Pb (II) with an efficiency of 99, 89, and 74%, respectively [17].

Reverse osmosis (RO) is a pressure-driven membrane separation process that forces the 
solution to pass through a semi-permeable membrane for the removal of heavy metals from 
various industries. Reverse osmosis was used for the removal of Cu (II), Ni (II), and Zn (II) by 
using a polyamide thin-film composite membrane TW30-1812-50 [18].

Electrodialysis (ED) is a novel liquid hybrid membrane separation process used for the sepa-
ration of ionized species in the solution that passes through an ion exchange membrane when 
electric potential is applied or due to concentration gradient. The removal of heavy metal 
ions in groundwater in Korea was achieved by an ED system for the removal of arsenic, lead, 
manganese, and nitrate nitrogen with 73.9, 89.9, 98.9, and 95.1%, respectively [19].

Photocatalysis is used for the rapid and efficient destruction of environmental pollutants 
by using semiconductors which are non-toxic. This method is achieved by a five-step pro-
cess: transfer, adsorption to the surface of the semiconductor, photocatalytic reactions at the 
surface, and finally decomposition and removal of the pollutants at the interface region. The 
heavy metals present in the pharmaceutical waste were photocatalytically degraded and 
removed by using selenium-doped ZnO nanocomposite semiconductor and the removal 
capacity was found to be 0.421 (Cu), 0.211 (Cr), 0.147 (Pb), and 0.097 (Cd) per 0.5 g of ZnO/Se 
nanocomposite [20].

Besides these conventional methods, techniques like coagulation/flocculation [21], electro-
coagulation [22], electro-floatation [23], and electro-deposition [24] have been used for the 
removal of heavy metals from contaminated water resources. However, all the above-men-
tioned technologies are associated with various disadvantages like incomplete metal removal, 
generation of sludge, high reagent and energy requirements, and aggregation of metal pre-
cipitates and fouling of the membranes.

4. Bioaccumulation and biosorption

In view of the disadvantages associated with conventional methods for metal removal, there 
is a need for alternative, cost-effective technologies. In recent years, biosorption/bioaccumula-
tion processes have been considered as novel, economic, efficient, and eco-friendly alterna-
tive treatment technologies for the removal of heavy metals from contaminated wastewaters 
generated from various industries.

4.1. Bioaccumulation

Bioaccumulation is a metabolism-mediated active process in which the metal ions accumu-
late the biosorbent intracellularly in the living cells. The process occurs in two steps: the first 
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step is the adsorption of metal ions onto cells, which is quick and identical to biosorption, 
and the later step is slower which includes the transport of metal species inside the cells 
by active transport [25]. Unlike biosorption, it is an irreversible, complex process which 
depends on the metabolism of the cells. The process of bioaccumulation occurs by cultivat-
ing the biomass of a microorganism in the vicinity of the metal to be accumulated. Since 
the solution contains the growth medium, the organism begins its metabolic processes and 
activates the intracellular transport systems for the accumulation of the sorbate. However, 
the major limitation of the process is that the nutritive medium for growth of the microorgan-
ism contains organic carbon sources [26, 27]. Bioaccumulation is an active process which 
requires a living biosorbent and is mediated by the metabolism of the microorganism used. 
The process operates by cultivating the microbe in the presence of a metal ion which has to 
be removed. Part of the biosorbate accumulates inside the cell which enables the biomass 
to increase and bind greater amounts of metal ions. The organisms which are capable of 
resisting high loads of metal ions are best suited for accumulating metal species. They do not 
possess any mechanisms for hindering the accumulation of metal ions in large quantities [28]. 
They may possess special mechanisms for synthesizing special intracellular binding regions 
rich in thiol groups as a response to metal ions in their surviving environment. It was found 
that morphology and physiology of the cell changes upon increase in concentration of the 
metal ion to be accumulated [29]. Efficient bioaccumulation can be achieved by selecting the 
microbes that are screened from polluted environments [30]. Pichia stipitis yeast was capable 
of bio-accumulating Cu (II) and Cr (III) with the maximum uptake capacity of 15.85 and 
9.10 mg/g, respectively, from aqueous solutions with an initial concentration of 100 ppm at 
pH 4.5 [31]. Aspergillus niger was capable of removing Cu (II) and Pb (II) with the maximum 
uptake capacity of 15.6 and 34.4 mg/g, respectively [32]. Table 1 summarizes some more 
examples of biosorbents used for metal bioaccumulation.

Biosorbent type Metal ion Uptake capacitya (mg/g) Reference

Pichia guilliermondii Cu (II) 20 [29]

Aspergillus niger Pb (II) 172.25 [33]

Aspergillus flavus Cu (II) 93.65

Bacillus circulans Cr (VI) 34.5 [34]

Bacillus megaterium 32

Saccharomyces cerevisiae Cr (III) & (VI) 11.3, 3.3 [35]

Drepanomonas revolute

Uronema nigricans

Euplotes sp.

Zn (II), Cd (II), Cu (II) 22.1, 0.75, 0.2 [36]

Zn (II), Cd (II), Cu (II) 24.3, 0.37, 0.95

Zn (II), Cd (II), Cu (II) 71.5, 0.83, 0.25

aSince the process of bioaccumulation is achieved with the living organisms, the uptake capacity was determined with 
the wet weight of the biosorbent.

Table 1. Use of microorganisms for bioaccumulation of metal ions.
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the wet weight of the biosorbent.

Table 1. Use of microorganisms for bioaccumulation of metal ions.

Application of Biosorption for Removal of Heavy Metals from Wastewater
http://dx.doi.org/10.5772/intechopen.77315

73



4.2. Biosorption

Biosorption can be defined as a simple metabolically passive physicochemical process 
involved in the binding of metals ions (biosorbate) to the surface of the biosorbent which 
is of biological origin [25]. Biological removal includes the use of microorganisms, plant-
derived materials, agriculture or industrial wastes, biopolymers, and so on. It is a reversible 
rapid process involved in binding of ions onto the functional groups present on the surface 
of the biosorbent in aqueous solutions by means of various interactions rather than oxidation 
through aerobic or anaerobic metabolism [37]. The advantages of this process include are 
simple operation, no additional nutrient requirement, low quantity of sludge generation, low 
operational cost, high efficiency, regeneration of biosorbent, and no increase in the chemical 
oxygen demand (COD) of water, which are otherwise the major limitations for most of the 
conventional techniques [27]. Biosorption can remove contaminants even in dilute concentra-
tions and has special relevance with respect to heavy metal removal owing to toxicity at ppb 
levels. Microorganisms (live and dead) and other industrial and agriculture byproducts can 
be used as biosorbents for the process of biosorption.

The first stage in biosorption is that biosorbent should be suspended in the solution con-
taining the biosorbate (metal ions). After incubation for a particular time interval, equilib-
rium is attained. At this stage, the metal-enriched biosorbent would be separated [27]. The 
process of biosorption is advantageous because it is reversible, does not require nutrients, 
a single-stage process, of quick range, has no danger of toxic effects and cellular growth, 
allows intermediate equilibrium concentration of metal ions, and is not controlled by 
metabolism [26].

Biosorption capacity (mg/g) of the biosorbent can be defined as the amount of biosorbate 
(metal ions) biosorbed per unit weight of the biosorbent and can be expressed by using the 
following mass balance equation:

  qe =    (Ci − Ce)  V _____________ m    (1)

The percent biosorption (R%) known as biosorption efficiency for the metal was evaluated 
from the following equation:

  R % =   Ci − Ce _____ Ci   × 100  (2)

where qe is the amount of adsorbed metal ions of the adsorbent (mg g−1), Ci is the initial con-
centration of metal ion in the solution (mg L−1), Ce is the equilibrium concentration of metal 
ion in the solution (mg L−1), V is the volume of the medium (L), and m is the amount of the 
biomass used in the adsorption process (g).

5. Mechanism of biosorption

The mechanism of biosorption is a complex process which involves the binding of sorbate 
onto the biosorbent. Many natural materials can be used as biosorbents which involve the 
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binding of metal ions by physical (electrostatic interaction or van der Waals forces) or 
chemical (displacement of either bound metal cations (ion exchange) or protons) binding, 
chelation, reduction, precipitation, and complexation (refer Figure 1). Biosorbents contain 
chemical/functional groups like amine, amide, imidazole, thioether, sulfonate, carbonyl, 
sulfhydryl, carboxyl, phosphodiester, phenolic, imine, and phosphate groups that can attract 
and sequester metal ions. The key factors controlling and characterizing these mechanisms 
are [38, 39]:

• the chemical, stereochemical, and coordination characteristics of metal ions like molecular 
weight, ionic radius, and oxidation state of the targeted metal species;

• properties of the biosorbent, that is, the structure and nature (in case of microorganism—living/
non-living);

• type of the binding site (biological ligand)

• the process parameters like pH, temperature, concentration of sorbate and sorbent, and 
other competing metal ions; and

• availability of the binding sites.

The combined effects of the above parameters influence the metal speciation (the formation of 
new forms of metal as a result of biosorption).

5.1. Complexation

It is defined as the formation of a complex by the association of two or more species. 
Mononuclear (monodentate) complexes are formed between the metal ion and the ligands 
in which the metal atom occupies the central position. Polynuclear (multidenate) complex is 
formed by more than one metal ion in the center and the metal atom may carry a positive, 

Figure 1. Hypothesis of different mechanisms of biosorption. M+: heavy metal ions, C: chelating agents, BE: molecules 
with exchangeable ions, BM: molecules with metal ions, Tp: transport protein.
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negative, or neutral charge depending on the number of binding ligands involved. The com-
plex formation to the monodentate ligand is more preferable than multidentate because the 
latter contains multiple ligands which may lead to multiple species binding. The metal ion 
interacts with the ligands by covalent bonds. The attenuated total reflection infrared spec-
tral (ATR-IR) analysis of Cyanobacterium microcystis after the biosorption of antimony (III) 
suggested the involvement of carboxyl, hydroxyl, and amine groups through surface com-
plexation [40]. A similar mechanism of biosorption was reported by other studies by using 
Acidiphilium, Termitomyces clypeatus, and alkali-modified sewage sludge for the removal of Cd 
(II), Cr (VI), and Cd (II), respectively [41–43].

5.2. Chelation

It refers to the process in which a chelating agent binds to the metal ion at more than one 
place at a time in order to form a ring structure and the complex is known as chelate. Mostly 
polydentate ligands participate in the reaction to form stable structures by multiple bonding. 
An increase in binding sites of the ligand increases the stability of the structure. Chelates are 
more stable than complexes because of multiple binding with the metal ion in more than 
one place. Rice straw was used as a potential biosorbent for the removal of Cd (II) from the 
effluent. The biosorbed Cd (II) chelates with the functional groups such as C=C, C–O, and 
O–H and carboxylic acids which are present on the surface of the biosorbent [44]. A similar 
mechanism of biosorption was reported in the removal of Cr (III) and Cu (II) by carboxyl and 
hydroxyl groups present on the surface of soybean meal waste [45].

5.3. Coordination

The metal atom in the complex is bound to its immediate neighbors by a coordinate covalent 
bond by accepting a lone pair of electrons from the non-metal atom. The non-metal atom is 
known as the donor (coordinating atom) and the metal atom which accepts the electron pair is 
known as the acceptor. Compounds having such types of bonds in their structure are known 
as coordinate compounds. Some examples of coordinating groups are =O, –NH2, –NH, –N=, 
–OH, –S–, –O–R, and =NOH.

5.4. Ion exchange

Ion exchange is an important concept in biosorption which involves the exchange of binary 
metal ions during biosorption with the counter-ions present on the surface of the biosorbent. 
Most of the purification process works on the mechanism of ion exchange. Ion exchange can 
take place either by cation or anion exchange. Carboxyl groups can be a good example of 
cation exchangers while amino/imidazole groups represent anion exchangers. The process of 
biosorption of Cr (III), Cd (II), and Cu (II) by Spirulina was studied. Three functional groups 
capable of cation exchange were identified on the surface: phosphate, carboxyl, and hydroxyl 
groups [46]. Ion exchange mechanism of biosorption was reported in other studies using rice 
straw for the removal of cadmium by exchange with K+, Na+, Mg+, and Ca+ and for the removal 
of Cu (II), Zn (II), and Pb (II) using watermelon rind [44, 47].
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5.5. Precipitation

The metal ions form precipitates with the functional groups present on the surface of the micro-
bial cells and remain intact or penetrate into the microbial cell. Most cases involve the forma-
tion of insoluble inorganic metal precipitates. Organic metal precipitates may be formed when 
microbial cells are used. Most of the extracellular polymeric substances excreted by the microbes 
are involved in the formation of organic precipitates. Precipitation of Cu (II) onto Mesorhizobium 
amorphae causes deformation, aggregation, and damage to the cell surface as shown by scan-
ning electron microscope-energy dispersive X-ray (SEM-EDX) analysis [48]. This mechanism of 
precipitation for biosorption of metal ions was reported by other studies using soybean meal, 
watermelon rind, and green tomato husk (Physalis Philadelphia lam) for the removal of Cr (III) 
and Cu (II); Cu (II), Zn (II), and Pb (II); and Fe and Mn, respectively [45, 47, 49].

5.6. Reduction

In this process, the metal interacts with the functional groups like carboxyl, gets reduced, and 
leads to the growth of crystals. Elements like gold and palladium have been obtained by the 
process of reduction. The metal gets reduced once it binds to the biosorbent at discrete places. 
Removal of toxic hexavalent chromium can be done by the process of reduction. Many organ-
isms remove Cr (VI) by reduction to Cr (III) by biosorption from the aqueous solution [50–52].

The mechanism of biosorption can be studied using different techniques. The acidic and basic 
properties of the functional groups that are present on the material surface and ion exchange 
properties can be determined by Boehm method or potentiometric titration [53]. Fourier trans-
form infrared spectrometry (FTIR) offers important information about the functional groups 
that are present on the surface of biosorbents like carboxyl, amino, amide, hydroxyl, sulfate, 
carbonyl, ether, ester, and the nature of the bond that are involved in biosorption [54]. Scanning 
electron microscope (SEM) is a powerful technique for qualitative evaluation of the structure and 
morphological changes of the biosorbent before and after metal biosorption. Energy dispersive 
X-ray (EDX) technique provides valuable information about the availability of various elements 
on the surface of the biosorbent. X-ray photoelectron spectroscopy (XPS) is a quantitative spec-
troscopic technique for analyzing the surface chemistry of the biosorbent, that is, electronic state 
and empirical formula of the elements present and oxidative state of the biosorbed metal ion [55].

6. Types of biosorbents

Identification of biosorbents for the process of biosorption is a major challenge. It is desirable 
to develop/obtain biosorbents with the capacity to bind/uptake metal ions with greater affini-
ties [56]. A wide variety of materials available in nature can be used as biosorbents for the 
removal of metals from contaminated water resources. Any kind of plant, animal, and micro-
bial biomass and their derivatives; plant, industrial and agriculture wastes; and byproducts 
discharged from various industries can be employed as biosorbents. It is important to select 
a biosorbent from the large spectrum of available materials. The desired characteristics of an 
ideal biosorbent are [56]:
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• high affinity for metals (biosorption capacity)

• low economic values (low cost)

• availability in large quantities

• easy desorption of the adsorbed metal ions and possible multiple reuse of the biosorbent

The use of different materials as biosorbents is explained in detail:

6.1. Industrial byproducts

Low-cost materials from different industries have been used for the treatment of wastewater. 
Many industries, especially food industries, dispose large quantities of waste and byprod-
ucts. The cost for disposal is sometimes challenging. Using these zero-cost industrial wastes 
as effective biosorbents for treating wastewater effluents can solve the dual problem (waste 
disposal and effluent treatment) [57]. Waste byproducts produced from different industries, 
that is, steel, aluminum, paper, fertilizer, food, mining, and pharmaceuticals, can be used 
as biosorbents. It is estimated that the use of biosorbents from industrial waste will grow at 
an annual rate of 5% [58]. Table 2 summarizes the type and source of the biosorbent, type 
of biosorbate targeted, and maximum biosorption capacity/biosorption efficiency of various 
industrial biosorbents.

Type of 
biosorbent

Source of 
biosorbent

Biosorbate Biosorption 
capacity/
efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Tea industry 
waste

Local tea 
factory

Cr (VI) 54.65 mg/ga* Langmuir -OH, -SO3, 
C-O, -CN

[59]

Sugar 
industry 
waste 
(bagasse)

Food 
canning 
processes

Cd (II), Fe 
(II)

96.4%, 93.8%a* [60]

Peach and 
apricot 
stones

Juice and jam 
industry

Pb (II) 97.64%, 93%a* Langmuir [61]

Antibiotic 
waste

Antibiotic 
production 
complex

Cationic dye 
(Basic blue 
41)

111 mg/ga* Freundlich Ion 
exchange or 
complexation

[62]

Sludge Paper mill Ni (II), Cu 
(II), Pb (II), 
Cd (II)

13.7, 13.9, 14.1, 
14.8 mg/ga*

Freundlich Ion exchange 
and physic-
chemical 
adsorption

[63]

Waste green 
sands

Iron foundry 
industry

Zn (II) 10.0 mg/ga* Freundlich [64]

Fly ash Cement 
industry

Pb 22 mg/ga* Precipitation [65]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.

Table 2. Use of industrial byproducts for biosorption of metal ions.
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6.2. Agricultural waste materials

A great deal of interest in the removal of pollutants from wastewaters has focused on the use 
of agricultural waste/byproducts as biosorbents. Agricultural wastes especially those with high 
percentage of cellulose and lignin contains polar functional groups like amino, carbonyl, alco-
holic, phenolic, and ether groups having high potential for metal binding [66]. These groups 
donate a lone pair of electrons and form complexes with metal ions in the solution [67]. Due to 
their unique chemical composition (the presence of hemicellulose, lipids, lignin, water hydro-
carbons, simple sugars, and starch having a variety of functional groups) and availability, the 
use of agro-wastes seems to be a viable option for heavy metal remediation. Grapefruit peel was 
reported to biosorb cadmium and nickel with a biosorption capacity of 42.09 and 46.13 mg/g 
from aqueous solutions. Equilibrium data showed the better fit with the Freundlich isotherm 
model with the ion exchange mechanism. FTIR analysis showed that the carboxyl and hydroxyl 
groups are mainly involved in the biosorption of metal ions [68]. The bark powder of Acacia 
leucocephala was used as a low-cost biosorbent for the removal of Cu (II), Cd (II), and Pb (II) with 
the biosorption capacity of 147.1, 167.7, 185.2 mg/g, respectively, from the aqueous solution. The 
biosorption mechanism involved is physico-chemical adsorption involving carboxyl, hydroxyl, 
and amine groups present on the surface of the biosorbent for biosorption. The Langmuir model 
shows the best fit than the Freundlich model [69]. Table 3 summarizes the type of the biosorbent, 
biosorbate, and maximum biosorption capacity of the different agriculture wastes as biosorbents.

6.3. Microbial biosorbents

Microorganisms capable of tolerating unfavorable conditions evolved their use as biosor-
bents in the removal of metal ions from wastewaters. They include bacteria, yeast, algae, and 
fungi. Experiments focused on the use of dead and or living microorganisms offer options 
for the type of remediation to perform [82]. However, the use of dead microbial biomass for 
the binding of metal ions has been preferred over living biomass because of the absence of  
the requirement of nutrients and monitoring BOD and COD in effluents. Hence, the use of 
dead biomass is economical [83]. These biosorbents can effectively sequester metal ions in 
the solution and decrease the concentration from the ppm to ppb level efficiently; therefore, 
they are considered as ideal candidates for the treatment of complex wastewaters with high 
volume and low concentration of metal ions [84]. A large quantity of materials of microbial 
origin has been investigated as biosorbents for the removal of metal ions extensively [85]. 
Reports do not include the use biomass of any pathogens for water treatment. Most of the 
microbial groups are composed of a large number of functional groups which indicate their 
potential as biosorbents. Some studies which identified the functional groups involved in the 
biosorption of metal ions are given in Table 4.

6.3.1. Algae as biosorbents

The use of algae as a biosorbent has received focus due to the scarce requirement of nutrients, 
high sorption capacity, plentiful availability, high surface area to volume ratio, less volume of 
sludge to be disposed, and the potential for metal regeneration and recovery. They are consid-
ered as both economic and ecofriendly solutions for wastewater treatment [92]. Different groups 
of algae differ in the composition of the cell wall. The cell wall of brown algae mainly contains 
three components: cellulose (structural support), alginic acid (a polymer of mannuronic and 
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percentage of cellulose and lignin contains polar functional groups like amino, carbonyl, alco-
holic, phenolic, and ether groups having high potential for metal binding [66]. These groups 
donate a lone pair of electrons and form complexes with metal ions in the solution [67]. Due to 
their unique chemical composition (the presence of hemicellulose, lipids, lignin, water hydro-
carbons, simple sugars, and starch having a variety of functional groups) and availability, the 
use of agro-wastes seems to be a viable option for heavy metal remediation. Grapefruit peel was 
reported to biosorb cadmium and nickel with a biosorption capacity of 42.09 and 46.13 mg/g 
from aqueous solutions. Equilibrium data showed the better fit with the Freundlich isotherm 
model with the ion exchange mechanism. FTIR analysis showed that the carboxyl and hydroxyl 
groups are mainly involved in the biosorption of metal ions [68]. The bark powder of Acacia 
leucocephala was used as a low-cost biosorbent for the removal of Cu (II), Cd (II), and Pb (II) with 
the biosorption capacity of 147.1, 167.7, 185.2 mg/g, respectively, from the aqueous solution. The 
biosorption mechanism involved is physico-chemical adsorption involving carboxyl, hydroxyl, 
and amine groups present on the surface of the biosorbent for biosorption. The Langmuir model 
shows the best fit than the Freundlich model [69]. Table 3 summarizes the type of the biosorbent, 
biosorbate, and maximum biosorption capacity of the different agriculture wastes as biosorbents.

6.3. Microbial biosorbents

Microorganisms capable of tolerating unfavorable conditions evolved their use as biosor-
bents in the removal of metal ions from wastewaters. They include bacteria, yeast, algae, and 
fungi. Experiments focused on the use of dead and or living microorganisms offer options 
for the type of remediation to perform [82]. However, the use of dead microbial biomass for 
the binding of metal ions has been preferred over living biomass because of the absence of  
the requirement of nutrients and monitoring BOD and COD in effluents. Hence, the use of 
dead biomass is economical [83]. These biosorbents can effectively sequester metal ions in 
the solution and decrease the concentration from the ppm to ppb level efficiently; therefore, 
they are considered as ideal candidates for the treatment of complex wastewaters with high 
volume and low concentration of metal ions [84]. A large quantity of materials of microbial 
origin has been investigated as biosorbents for the removal of metal ions extensively [85]. 
Reports do not include the use biomass of any pathogens for water treatment. Most of the 
microbial groups are composed of a large number of functional groups which indicate their 
potential as biosorbents. Some studies which identified the functional groups involved in the 
biosorption of metal ions are given in Table 4.

6.3.1. Algae as biosorbents

The use of algae as a biosorbent has received focus due to the scarce requirement of nutrients, 
high sorption capacity, plentiful availability, high surface area to volume ratio, less volume of 
sludge to be disposed, and the potential for metal regeneration and recovery. They are consid-
ered as both economic and ecofriendly solutions for wastewater treatment [92]. Different groups 
of algae differ in the composition of the cell wall. The cell wall of brown algae mainly contains 
three components: cellulose (structural support), alginic acid (a polymer of mannuronic and 
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guluronic acid with its corresponding salts), and sulfated polysaccharide with high contents 
of carboxyl groups that are involved in the process of the biosorption of metals. Red algae 
have received attention for biosorption due to the presence of sulfated polysaccharide made 
of galactans (having high contents of hydroxyl and carboxyl groups). Green algae contain cel-
lulose with a high percentage of protein bound to polysaccharides which contain many func-
tional groups like amino, sulfate, hydroxyl, and carboxyl [93]. Hence several authors focused 
on the removal of metal ions using algal biomass from contaminated water resources. It has 
been reported that algae can biosorb about 15.3–84.6% which is higher compared to the other 
microbial biosorbents [94]. The biosorption capacity of green algal species, Spirogyra sp. and 
Cladophora sp. for the removal of Pb (II) and Cu (II) from aqueous solutions, was studied. The 
capacity of Spirogyra was 87.2 and 38.2 mg/g and for that of Cladophora was 45.4 and 13.7 mg/g 

Type of 
biosorbent

Biosorbate Biosorption 
capacity/efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Rice husk Ni (II) 51.8%a* Langmuir 
and 
Freundlich

–OH, C=O, 
C–H

[70]

Cabbage, 
cauliflower 
waste

Pb (II) 60.57, 47.63 mg/ga* Langmuir -OH, C=O chemisorption [71]

Sugarcane 
bagasse

Ni (II) 2 mg/ga* Langmuir Ion exchange [72]

Papaya wood Cd (II), Cu 
(II), Zn (II)

97.8%, 94.9%, 66.8%a* Langmuir [73]

Green 
coconut shell 
(powder)

Cr (III), Cr 
(VI), Cd 
(II),

90%, 86%, 99%a* Freundlich Ion exchange [74]

Wheat shell Cu 99%a* Langmuir [75]

Peanut hull Cu 12 mg/ga* Langmuir Ion exchange [76]

Barley straws Cu, Pb 4.64, 23.20 mg/ga* Langmuir Chemisorption and 
ion exchange

[77]

Neem bark Pb 86.7%a* Freundlich O–H, C–O, 
N–H, C–N, 
C–O, S–O

Ion exchange [78]

Iris peat Cu (II), Ni 
(II)

17.6, 14.5 mg/ga* Langmuir [79]

Date pit Cu (II),Cd 
(II)

35.9, 39.5 mg/ga* Freundlich –C=C, –C=N Hydrogen bonding 
and electrostatic 
attraction

[80]

Cassava 
peelings

Cu (II), Cd 
(II)

127.3, 119.6 mg/ga* Langmuir Ion exchange [81]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.

Table 3. Use of agricultural wastes for biosorption of metal ions.
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Biosorbent Biosorbate Functional groups Reference

Mucor rouxii Cu (II) Amino, carboxyl, phosphate [86]

Streptomyces rimosus Pb (II) –COO, –C–O, –NH, –C=O, –OH [87]

Maugeotia genuflexa As (III) Carboxyl, hydroxyl, amide [88]

Rhizopus cohnii Cd (II) Carboxyl, amino, hydroxyl [89]

Oedogonium hatei Ni (II) Carboxyl, phosphate, amide, hydroxide, thiol [90]

Bacillus subtilis Au (III) Amino, carboxyl, hydroxyl [91]

Table 4. Functional groups of microbial biomass involved in biosorption of metals.

Biosorbent type Metal ion Biosorption 
capacity/efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Stoechospermum 
marginatum

Cr (VI) 32.63 mg/ga* Freundlich Ion exchange [97]

Ulva lactuca sp. Cd (II) 35.72 mg/ga* Langmuir Amido, 
hydroxyl, 
C=O, C–O

chemisorption [98]

Spirulina platensis Cu (II) 90.6%a* [99]

Oedogonium hatei Ni 40.9 mg/ga* Langmuir 
and 
Freundlich

–OH, –CH, 
C=O, –CN, 
=C–N

[90]

Maugeotia 
genuflexa

Ar (III) 57.48 mg/ga* Langmuir Carboxyl, 
hydroxyl, 
amide

Ion exchange [88]

Spirulina platensis Cu 67.93 mg/ga* [100]

Palmaria palmate Cr (VI) 33.8 mg/ga* Langmuir –NH, C=O, 
C–O, –S=O

Ion exchange and 
complexation

[101]

Fucusvesiculosus 42.6 mg/ga*

Enterobacter sp. Pb (II), Cu 
(II), Cd 
(II)

50, 32.5, 46.2 mg/ga* Freundlich [102]

Cladophora spp Pb (II), Cu 
(II)

46.51, 14.71 mg/ga* Langmuir Physical adsorption 
or ion exchange

[95]

Laminaria japonica Zn (II) 91.5 mg/g* [37]

Spirogyra sp Pb (II) 140 mg/ga* Langmuir Carboxyl, 
amino, 
amide, 
hydroxyl

[103]

Ecklonia sp Cr (VI) 60%a* Amino and 
carboxyl

Chemisorption and 
Ion exchange

[51]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.

Table 5. Algal biomass used for biosorption of metals.
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guluronic acid with its corresponding salts), and sulfated polysaccharide with high contents 
of carboxyl groups that are involved in the process of the biosorption of metals. Red algae 
have received attention for biosorption due to the presence of sulfated polysaccharide made 
of galactans (having high contents of hydroxyl and carboxyl groups). Green algae contain cel-
lulose with a high percentage of protein bound to polysaccharides which contain many func-
tional groups like amino, sulfate, hydroxyl, and carboxyl [93]. Hence several authors focused 
on the removal of metal ions using algal biomass from contaminated water resources. It has 
been reported that algae can biosorb about 15.3–84.6% which is higher compared to the other 
microbial biosorbents [94]. The biosorption capacity of green algal species, Spirogyra sp. and 
Cladophora sp. for the removal of Pb (II) and Cu (II) from aqueous solutions, was studied. The 
capacity of Spirogyra was 87.2 and 38.2 mg/g and for that of Cladophora was 45.4 and 13.7 mg/g 
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groups 
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Mechanism Reference
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and 
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[70]

Cabbage, 
cauliflower 
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Pb (II) 60.57, 47.63 mg/ga* Langmuir -OH, C=O chemisorption [71]
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Papaya wood Cd (II), Cu 
(II), Zn (II)

97.8%, 94.9%, 66.8%a* Langmuir [73]

Green 
coconut shell 
(powder)

Cr (III), Cr 
(VI), Cd 
(II),

90%, 86%, 99%a* Freundlich Ion exchange [74]

Wheat shell Cu 99%a* Langmuir [75]

Peanut hull Cu 12 mg/ga* Langmuir Ion exchange [76]

Barley straws Cu, Pb 4.64, 23.20 mg/ga* Langmuir Chemisorption and 
ion exchange

[77]

Neem bark Pb 86.7%a* Freundlich O–H, C–O, 
N–H, C–N, 
C–O, S–O

Ion exchange [78]

Iris peat Cu (II), Ni 
(II)

17.6, 14.5 mg/ga* Langmuir [79]

Date pit Cu (II),Cd 
(II)

35.9, 39.5 mg/ga* Freundlich –C=C, –C=N Hydrogen bonding 
and electrostatic 
attraction

[80]

Cassava 
peelings

Cu (II), Cd 
(II)

127.3, 119.6 mg/ga* Langmuir Ion exchange [81]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.
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Biosorbent Biosorbate Functional groups Reference

Mucor rouxii Cu (II) Amino, carboxyl, phosphate [86]

Streptomyces rimosus Pb (II) –COO, –C–O, –NH, –C=O, –OH [87]

Maugeotia genuflexa As (III) Carboxyl, hydroxyl, amide [88]

Rhizopus cohnii Cd (II) Carboxyl, amino, hydroxyl [89]

Oedogonium hatei Ni (II) Carboxyl, phosphate, amide, hydroxide, thiol [90]

Bacillus subtilis Au (III) Amino, carboxyl, hydroxyl [91]

Table 4. Functional groups of microbial biomass involved in biosorption of metals.

Biosorbent type Metal ion Biosorption 
capacity/efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Stoechospermum 
marginatum

Cr (VI) 32.63 mg/ga* Freundlich Ion exchange [97]

Ulva lactuca sp. Cd (II) 35.72 mg/ga* Langmuir Amido, 
hydroxyl, 
C=O, C–O

chemisorption [98]

Spirulina platensis Cu (II) 90.6%a* [99]

Oedogonium hatei Ni 40.9 mg/ga* Langmuir 
and 
Freundlich

–OH, –CH, 
C=O, –CN, 
=C–N

[90]

Maugeotia 
genuflexa

Ar (III) 57.48 mg/ga* Langmuir Carboxyl, 
hydroxyl, 
amide

Ion exchange [88]

Spirulina platensis Cu 67.93 mg/ga* [100]

Palmaria palmate Cr (VI) 33.8 mg/ga* Langmuir –NH, C=O, 
C–O, –S=O

Ion exchange and 
complexation

[101]

Fucusvesiculosus 42.6 mg/ga*

Enterobacter sp. Pb (II), Cu 
(II), Cd 
(II)

50, 32.5, 46.2 mg/ga* Freundlich [102]

Cladophora spp Pb (II), Cu 
(II)

46.51, 14.71 mg/ga* Langmuir Physical adsorption 
or ion exchange

[95]

Laminaria japonica Zn (II) 91.5 mg/g* [37]

Spirogyra sp Pb (II) 140 mg/ga* Langmuir Carboxyl, 
amino, 
amide, 
hydroxyl

[103]

Ecklonia sp Cr (VI) 60%a* Amino and 
carboxyl

Chemisorption and 
Ion exchange

[51]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.
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for Pb (II) and Cu (II), respectively. The biosorption process showed the better fit with the 
Langmuir model, and the mechanism involved for biosorption is physical or ion exchange [95]. 
A marine algae Sargassum filipendula was used as a biosorbent for Cu (II) and Ni (II) ions with 
biosorption capacity of 1.324 and 1.070 mmol/g. An ion exchange mechanism was involved in 
biosorption with the Langmuir isotherm model showing the better fit [96]. Table 5 summarizes 
some more examples of algae as biosorbents.

6.3.2. Bacteria as biosorbents

THE cell surface structure plays a vital role in biosorption. The cell wall of bacteria is primar-
ily made up of peptidoglycan. Different species of bacteria can be classified based on cell wall 
composition. Two major types of bacteria are present. Gram-positive bacteria contain thick pep-
tidoglycans bridged by amino acids. The teichoic acids present in the cell wall are linked with 
the lipids of the cytoplasmic membrane by forming lipoteichioc acids which are responsible for 
strong bonding with the membrane. The presence of phospodiester bonds between the teichoic 
acid monomers gives an overall negative charge and hence are involved in the biosorption of diva-
lent cations (metal ions). Gram-negative bacteria have a thin cell wall containing a less amount of 
peptidoglycan. However, the presence of an additional outer layer composed of phospholipids 
and lipopolysaccharides confers an overall negative charge facilitating metal binding [104]. Most 
bacteria develop many resistance mechanisms and efficient systems for the removal of metal ions 
for their survival. Some bacteria produce slime or a capsule-like layer on the surface of cell wall. 
These are mostly composed of polysaccharides which are charged and help to detoxify metal 
ions from wastewaters [105]. Because of their high surface to volume ratio and high content of 
potential active sorption sites, bacteria make excellent biosorbents for sequestering metal ions 
form industrial effluents. Enterococcus faecium, a lactic acid bacterium, was able to biosorb Cu (II) 
ions from aqueous solutions with the maximum biosorption capacity of 106.4 mg per gram of 
dry biomass and showed better fit with the Freundlich isotherm model [106]. The dead cells of 
Bacillus subtilis biosorb Cu (II), Fe (II), and Zn (II) from its solutions by 25.86, 21.30, and 26.83%, 
respectively [107]. Table 6 summarizes some more examples of bacteria as biosorbents.

6.3.3. Fungi as biosorbents

Fungi are also considered as economic and ecofriendly biosorbents because of characteristic 
features, that is, easy to grow, high yield of biomass, and ease of modification (chemically 
and genetically) [120]. The cell wall of fungi shows excellent binding properties because of 
distinguishing features like chitin, lipids, polyphosphates, and proteins among different spe-
cies of fungi [121]. The cell wall of fungi is rich in polysaccharides and glycoproteins which 
contain various metal-binding groups like amines, phosphates, carboxyls, and hydroxyls. 
The fungal organisms are used in a wide variety of fermentation processes. Hence, they can 
be easily produced at the industrial level for biosorption of metal ions from a large volume 
of contaminated water resources. Besides, the biomass can be easily and cheaply obtained 
from inexpensive growth media or even as byproducts from many fermentation industries. 
Further, fungi are less sensitive to the variations in nutrients and other process parameters 
like pH, temperature, and aeration [122]. Because of their filamentous nature, they are easy to 
separate by means of simple techniques like filtration.

Biosorption82

Yeasts are unicellular. Most of the yeast biomass either biosorb a wide range of metals or strictly 
are specific to a single metal ion. Saccharomyces cerevisiae biomass has been widely studied as a 
yeast biosorbent, with high biosorption capacity [123, 124]. Yeast is also reported to have high 
bioaccumulation capacity and hence can be used as a suitable biosorbent for the removal of 
metal ions by growing them in metal-laden solutions. Many works reported that ion exchange 
was the key mechanism for fungi metal biosorption experiments. When Saccharomyces cere-
visiae is grown in the media containing zinc in the concentration of 1.4372 g/L, the maximum 
amount of zinc found in the yeast cell was 1699 g/g of the biomass [125]. The filamentous 
industrial fungus Rhizopus cohnii was used as a biosorbent for the removal of cadmium from 
wastewater with the maximum biosorption capacity of 40.5 mg/g and the functional groups 

Biosorbent type Metal 
ion

Biosorption 
capacity/efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Bacillus cereus Zn (II) 66.6 mg/ga* Langmuir 
and 
Freundlich

Amino, 
carboxyl, 
hydroxyl, 
carbonyl

Physic-chemical 
adsorption and ion 
exchange

[108]

Bacillus pumilus Pb (II) 28.06 mg/ga* Langmuir [109]

Trametes versicolor Cu (II) 140.9 mg/ga* Langmuir –NH2, –OH, 
–C=O

chemisorption [110]

Lactobacillus 
delbruckii 
bulgaricus, 
streptococcus 
thermophilus

Fe (II), 
Zn (II)

100%, 90%a* Carboxyl 
and 
hydroxyl

[111]

Bacillus coagulans Cr (II) 39.9 mg/g* [112]

Bacillus 
thuringiensis

Ni (II) 15.7%a* Langmuir [113]

Bacillus thioparans Cu (II), 
Pb (II)

27.3, 210.1 mg/g* Langmuir [114]

E. coli Ni (II) 6.9 mg/gb* Redlich-
Peterson

C–H Ion exchange [115]

Pseudomonas 
putida

Zn 17.7 mg/ga* [116]

Arthrobacter sp Cu (II) 32.64 mg/ga* Langmuir [117]

Bacillus 
licheniformis

Cr (VI), 
Fe (II), 
Cu (II)

95%, 52%, 32%b* [118]

Rhizobium spp Cd (II), 
Co (II)

135.3, 167.5 mg/ga* Langmuir [119]

aIndicates the dry weight of the biosorbent; bIndicates the wet weight of the biosorbent; *Indicates batch biosorption 
experiments at laboratory scale.

Table 6. Bacterial biomass used for biosorption of metals.
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for Pb (II) and Cu (II), respectively. The biosorption process showed the better fit with the 
Langmuir model, and the mechanism involved for biosorption is physical or ion exchange [95]. 
A marine algae Sargassum filipendula was used as a biosorbent for Cu (II) and Ni (II) ions with 
biosorption capacity of 1.324 and 1.070 mmol/g. An ion exchange mechanism was involved in 
biosorption with the Langmuir isotherm model showing the better fit [96]. Table 5 summarizes 
some more examples of algae as biosorbents.

6.3.2. Bacteria as biosorbents

THE cell surface structure plays a vital role in biosorption. The cell wall of bacteria is primar-
ily made up of peptidoglycan. Different species of bacteria can be classified based on cell wall 
composition. Two major types of bacteria are present. Gram-positive bacteria contain thick pep-
tidoglycans bridged by amino acids. The teichoic acids present in the cell wall are linked with 
the lipids of the cytoplasmic membrane by forming lipoteichioc acids which are responsible for 
strong bonding with the membrane. The presence of phospodiester bonds between the teichoic 
acid monomers gives an overall negative charge and hence are involved in the biosorption of diva-
lent cations (metal ions). Gram-negative bacteria have a thin cell wall containing a less amount of 
peptidoglycan. However, the presence of an additional outer layer composed of phospholipids 
and lipopolysaccharides confers an overall negative charge facilitating metal binding [104]. Most 
bacteria develop many resistance mechanisms and efficient systems for the removal of metal ions 
for their survival. Some bacteria produce slime or a capsule-like layer on the surface of cell wall. 
These are mostly composed of polysaccharides which are charged and help to detoxify metal 
ions from wastewaters [105]. Because of their high surface to volume ratio and high content of 
potential active sorption sites, bacteria make excellent biosorbents for sequestering metal ions 
form industrial effluents. Enterococcus faecium, a lactic acid bacterium, was able to biosorb Cu (II) 
ions from aqueous solutions with the maximum biosorption capacity of 106.4 mg per gram of 
dry biomass and showed better fit with the Freundlich isotherm model [106]. The dead cells of 
Bacillus subtilis biosorb Cu (II), Fe (II), and Zn (II) from its solutions by 25.86, 21.30, and 26.83%, 
respectively [107]. Table 6 summarizes some more examples of bacteria as biosorbents.

6.3.3. Fungi as biosorbents

Fungi are also considered as economic and ecofriendly biosorbents because of characteristic 
features, that is, easy to grow, high yield of biomass, and ease of modification (chemically 
and genetically) [120]. The cell wall of fungi shows excellent binding properties because of 
distinguishing features like chitin, lipids, polyphosphates, and proteins among different spe-
cies of fungi [121]. The cell wall of fungi is rich in polysaccharides and glycoproteins which 
contain various metal-binding groups like amines, phosphates, carboxyls, and hydroxyls. 
The fungal organisms are used in a wide variety of fermentation processes. Hence, they can 
be easily produced at the industrial level for biosorption of metal ions from a large volume 
of contaminated water resources. Besides, the biomass can be easily and cheaply obtained 
from inexpensive growth media or even as byproducts from many fermentation industries. 
Further, fungi are less sensitive to the variations in nutrients and other process parameters 
like pH, temperature, and aeration [122]. Because of their filamentous nature, they are easy to 
separate by means of simple techniques like filtration.
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yeast biosorbent, with high biosorption capacity [123, 124]. Yeast is also reported to have high 
bioaccumulation capacity and hence can be used as a suitable biosorbent for the removal of 
metal ions by growing them in metal-laden solutions. Many works reported that ion exchange 
was the key mechanism for fungi metal biosorption experiments. When Saccharomyces cere-
visiae is grown in the media containing zinc in the concentration of 1.4372 g/L, the maximum 
amount of zinc found in the yeast cell was 1699 g/g of the biomass [125]. The filamentous 
industrial fungus Rhizopus cohnii was used as a biosorbent for the removal of cadmium from 
wastewater with the maximum biosorption capacity of 40.5 mg/g and the functional groups 
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Biosorption 
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Isotherm 
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Lactobacillus 
delbruckii 
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and 
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involved in biosorption was carboxyl, amino, and hydroxyl groups. The Langmuir isotherm 
model showed the better fit with an ion exchange mechanism for biosorption [89]. Table 7 
summarizes some more examples of fungi as biosorbents.

7. Effect of pretreatment on biosorption

Since the process of biosorption relies on the number and availability of functional groups on 
the surface of the biosorbent, modification by changing the surface characteristics can greatly 
influence the capacity of biosorbent used for the removal of metal ions [137]. Microbial-derived 

Biosorbent type Metal ion Biosorption capacity 
Biosorption 
capacity/efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Penicillium 
canescens

As (III), Hg 
(II), Cd (II), 
Pb (II)

26.4, 54.8, 102.7, 
213.2 mg/ga*

[126]

Penicillium 
chrysogenum

Ni 82.5 mg/ga* [127]

Aspergillus niger Cu (II) 9.53 mg/gb* [128]

Pencillium 
purpurogenum

As (III), Hg 
(II), Cd (II), 
Pb (II)

35.6, 70.4, 110.4, 
252.8 mg/ga*

Langmuir [129]

Pencillium 
simpliccium

Cd (II), Zn 
(II), Pb (II)

52.50, 65.60, 
76.90 mg/ga*

Redlich-
peterson and 
Langmuir

Chemical ion 
exchange

[130]

Saccharomyces 
cerevisiae

Pb (II), Ni 
(II), Cr (VI)

270.3, 46.3, 32.6 mg/
ga*

Langmuir Physical 
adsorption

[131]

Lentinus sajor Cr (VI) 18.9 mg/ga* Langmuir C–O, N–H, 
C–H

Physic-chemical 
adsorption

[132]

Pleurotus ostreatus Cr (VI) 20.71%b* –COOH, 
–NH2

[133]

Aspergillus terreus Cu (II) 180 mg/ga* Freundlich [134]

Phanerochaete 
chrysosporium

Ni (II), Pb 
(II)

55.9, 53.6 mg/gb* Ion exchange [135]

Pleurotus ostreatus Cu (II), Ni 
(II), Zn (II), 
Cr (VI)

8.06, 20.4, 3.22, 
10.75 mg/ga*

Langmuir –COOH, 
–NH2

Ion exchange, 
surface 
complexation 
and electrostatic 
interaction

[121]

Trametes versicolor Ni (II) 212.5 mg/ga* Langmuir Carboxyl, 
hydroxyl, 
amine

Physico-
chemical 
interaction

[136]

aIndicates the dry weight of the biosorbent; bIndicates the wet weight of the biosorbent; *Indicates batch biosorption 
experiments at laboratory scale.

Table 7. Fungal biomass used for biosorption of metals.
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biosorbents are amenable for modification in order to increase the available binding sites 
and enhance the biosorption capacity leaving low residual metal concentration. A number 
of methods have been employed for surface modification of microbial biomass. The physical 
methods of pretreatment include heating, autoclaving, freeze drying, thawing, and lyophili-
zation. Various chemical methods used for the pretreatment include acid or alkali treatment, 
washing with detergents, treatment with organic chemicals such as formaldehyde, sodium 
hydroxide, dimethyl sulfoxide, and cross-linking with organic solvents [3]. Physical- or 
chemical-treated microbial biomass show altered properties of metal biosorption compared 
to the original biomass. If the biomass is large in size, they are grounded into fine granules 
and are treated further for efficient biosorption [8]. The characteristic feature of pretreatment 
is to modify the surface groups either by removing or masking or by exposing the greater 
number of binding sites [3]. It is also observed that the longer duration of pretreatment can 

Type of 
biosorbent

Type of 
treatment

Metal 
ions

Biosorption 
capacity/
efficiency 
(mg/g or %)

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Saccharomyces 
cerevisiae

Ethanol Cd (II), 
Pb (II)

15.63 and 
17.5 mg/ga*

Langmuir [140]

Bacillus 
subtilis

Supercritical 
CO2, 
autoclaving

Ni (II) 98.54%, 
99.2%a*

Carboxyl, 
phosphate 
amino, 
hydroxyl

[141]

Penicillium 
lanosa 
coeruleum

Heat, NaOH, 
detergent

Gulteraldehyde

Pb (II),

Cu (II)

Ni

127%,

106%, 95%, 
162%

72%a*

[142]

Mucor rouxii 0.5 N NaOH Pb (II). 
Cd (II), 
Ni (II), 
Zn (II)

66%, 76%, 
189%, 120%a*

[143]

Termitomyces 
clypeatus

Acid and alkali Cr 100%a* Langmuir 
and 
Freundlich

Amino, 
carboxyl, 
phosphate, 
hydroxyl, 
carbonyl

Physical 
adsorption, 
ion exchange, 
complexation, 
electrostatic 
attraction

[144]

Aspergillus 
niger

0.5 N NaOH Pb (II), Ni 
(II)

80%, 60%a* [145]

Aspergillus 
versicolor

DMSO Pb (II) 30.6 mg/ga* Redlich- 
Peterson

N–H, C–H, 
C=O, COO–

Ion exchange [146]

Pencillium 
chrysogenum

Alkali Cr (III), 
Ni (II), 
Zn (II)

27.2, 19.2, 
24.5 mg/ga*

Amino, 
carboxyl, 
hydroxyl

[147]

Anabaena 
variabilis

Acetic acid Cr, Ni 84.60%, 
83.10%a*

[148]

aIndicates the dry weight of the biosorbent, *Indicates batch biosorption experiments at laboratory scale.
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involved in biosorption was carboxyl, amino, and hydroxyl groups. The Langmuir isotherm 
model showed the better fit with an ion exchange mechanism for biosorption [89]. Table 7 
summarizes some more examples of fungi as biosorbents.

7. Effect of pretreatment on biosorption
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influence the capacity of biosorbent used for the removal of metal ions [137]. Microbial-derived 
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Biosorption 
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model

Functional 
groups 
involved

Mechanism Reference
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10.75 mg/ga*
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surface 
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[121]

Trametes versicolor Ni (II) 212.5 mg/ga* Langmuir Carboxyl, 
hydroxyl, 
amine

Physico-
chemical 
interaction

[136]

aIndicates the dry weight of the biosorbent; bIndicates the wet weight of the biosorbent; *Indicates batch biosorption 
experiments at laboratory scale.
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to the original biomass. If the biomass is large in size, they are grounded into fine granules 
and are treated further for efficient biosorption [8]. The characteristic feature of pretreatment 
is to modify the surface groups either by removing or masking or by exposing the greater 
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further enhance the biosorption capacity. Saccharomyces cerevisiae treated with glutaldehyde 
increased the biosorption of Cu (II) ions [138]. The autoclaving of cells increases the surface 
area caused by cell rupture resulting in higher binding capacity compared to the normal 
cells. The treatment of autoclaved Aspergillus niger biomass treated with various chemicals 
increased the biosorption capacity for chromium from 2.16 to 86.88% when compared with the 
untreated biomass [139]. Hence, different pretreatments modify the surface functional groups 
(by masking or exposing) that influence biosorption capacity. The masking of carboxylic and 
amine groups present on the surface of Saccharomyces cerevisiae biomass by esterification and 
methylation decreased the biosorption capacity for Cu (II) ions which indicates that those 
functional groups are involved in the biosorption of metal ions and the study showed the 
better fit with the Freundlich isotherm model [138]. Various studies reported the use of treated 
biomasses for the removal of metal ions with high absorption rates was given in Table 8.

8. Immobilization of biosorbent

A major consideration for any biosorption is the separation of solid and liquid phases. 
Centrifugation and filtration are the routinely used techniques but not recommended at 
the industrial level. A continuous system with the biosorbent attached to a suitable bed is 
advantageous [149]. The use of free microbial cells as a biosorbent in continuous system is 
associated with many disadvantages such as the difficulty in separation of biomass, loss of 
biosorbent after regeneration, low strength, and little rigidity [150]. Microbial biomass can be 
immobilized by using a biopolymeric or polymeric matrix. The technique of immobilization 
is a key element that improves the performance of the biosorbent by increasing the capacity, 
improving mechanical strength and resistance to chemicals, and facilitating easy separation 
of biomass from a solution containing pollutants [151]. The process of immobilization is well 
suited for non-destructive recovery. Immobilization of the biosorbent into suitable particles 
can be done by using techniques like entrapment (in a strong but permeable matrix) or encap-
sulation (within a membrane-like structure) [152]. A number of matrices have been employed 
for immobilization including sodium or calcium alginate, polyacrylamide, silica, polysulfone, 
and polyurethane. It is very important to use a suitable immobilization matrix since it deter-
mines the mechanical strength and chemical resistance of the biosorbent particle targeted 
for biosorption while the matrix should be cheap and feasible to operate [153]. The use of an 
immobilized biosorbent is also associated with some disadvantages like increase in the cost of 
the biosorbent and an adverse effect on the mass transfer kinetics. This is because immobiliza-
tion reduces the number of binding sites that are accessible to metal ions as majority of the 
sites are embedded within the bead [154]. The live and heat-inactivated Trametes versicolor 
immobilized within carboxyl methylcellulose (CMC) beads were efficient in the removal of 
Cu (II), Pb (II), and Zn (II) from the aqueous solution. The biosorption capacity were found 
to be 1.51 and 1.84 mmol, 0.85 and 1.11 mmol, and 1.33 and 1.67 mmol for Cu, Pb and Zn of 
both live and heat-inactivated biosorbents, respectively. The study shows the best fit with 
the Langmuir isotherm model [155]. Table 9 gives the examples of various immobilization 
matrices used for the biosorption of metal ions.

Biosorption86

9. Desorption and the regeneration of biosorbents

In order to keep the process costs down and for recovery of valuable metal ions after the 
biosorption, it is crucial for regeneration of the biosorbent [152]. The primary objective of 
desorption is to retain the adsorption capacity of the biosorbent. The process of desorption 
should be such that the metal can be recovered in the concentrated form (in case of metals of 
economic value), and the biosorbent needs be restored to the original state with undiminished 
biosorption capacity for reuse [8]. Hence an appropriate eluent for desorption should meet 
the following requirements [112]

• low cost;

• environment friendly;

• non-damaging to the biomass; and

• ensure intact metal-binding capacity.

The possible eluents are dilute mineral acids (HCl, H2SO4 and HNO3), organic acids (citric, 
acetic and lactic acids), and complexing agents (EDTA, thiosulphate, etc.) for the recovery of 
the biosorbent and metal recovery. Desorption efficiency can be determined by the S/L ratio, 
that is, solid to liquid ratio. The solid represents the biosorbent and liquid represents the 
eluent (volume) applied. For complete elution and to make the process economical, high S/L 
values are desirable [3]. Although, desorption is considered advantageous, in some instances, 

Immobilized 
matrix

Type of biosorbent Metal 
biosorbed

Isotherm 
model

Functional 
groups 
involved

Mechanism Reference

Silica Aspergillus niger Cr, Cu, Zn, 
Cd

[156]

Phaseous vulgaris Ni (II) Langmuir C–O, –C–S [157]

Polyurethane Phanerochaete 
chrysosporium

Pb (II), Cu 
(II), Cd(II)

[158]

Corynebacterium 
glutamicum

Reactive 
yellow 2

Redlich-
peterson

Chemisorption [159]

Polyacrylamide Pseudomonas sp U Freundlich [160]

pseudomonas 
maltophilia

Au Langmuir [161]

Calcium alginate Bacillus cereus Pb (II) Freundlich [162]

Trametes versicolor Cd (II) Langmuir 
and 
Freundlich

[163]

Sepiolite Aspergillus niger Fe (II, III) [164]

Table 9. Various immobilization matrixes used with biomass for biosorption of metals.
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further enhance the biosorption capacity. Saccharomyces cerevisiae treated with glutaldehyde 
increased the biosorption of Cu (II) ions [138]. The autoclaving of cells increases the surface 
area caused by cell rupture resulting in higher binding capacity compared to the normal 
cells. The treatment of autoclaved Aspergillus niger biomass treated with various chemicals 
increased the biosorption capacity for chromium from 2.16 to 86.88% when compared with the 
untreated biomass [139]. Hence, different pretreatments modify the surface functional groups 
(by masking or exposing) that influence biosorption capacity. The masking of carboxylic and 
amine groups present on the surface of Saccharomyces cerevisiae biomass by esterification and 
methylation decreased the biosorption capacity for Cu (II) ions which indicates that those 
functional groups are involved in the biosorption of metal ions and the study showed the 
better fit with the Freundlich isotherm model [138]. Various studies reported the use of treated 
biomasses for the removal of metal ions with high absorption rates was given in Table 8.

8. Immobilization of biosorbent

A major consideration for any biosorption is the separation of solid and liquid phases. 
Centrifugation and filtration are the routinely used techniques but not recommended at 
the industrial level. A continuous system with the biosorbent attached to a suitable bed is 
advantageous [149]. The use of free microbial cells as a biosorbent in continuous system is 
associated with many disadvantages such as the difficulty in separation of biomass, loss of 
biosorbent after regeneration, low strength, and little rigidity [150]. Microbial biomass can be 
immobilized by using a biopolymeric or polymeric matrix. The technique of immobilization 
is a key element that improves the performance of the biosorbent by increasing the capacity, 
improving mechanical strength and resistance to chemicals, and facilitating easy separation 
of biomass from a solution containing pollutants [151]. The process of immobilization is well 
suited for non-destructive recovery. Immobilization of the biosorbent into suitable particles 
can be done by using techniques like entrapment (in a strong but permeable matrix) or encap-
sulation (within a membrane-like structure) [152]. A number of matrices have been employed 
for immobilization including sodium or calcium alginate, polyacrylamide, silica, polysulfone, 
and polyurethane. It is very important to use a suitable immobilization matrix since it deter-
mines the mechanical strength and chemical resistance of the biosorbent particle targeted 
for biosorption while the matrix should be cheap and feasible to operate [153]. The use of an 
immobilized biosorbent is also associated with some disadvantages like increase in the cost of 
the biosorbent and an adverse effect on the mass transfer kinetics. This is because immobiliza-
tion reduces the number of binding sites that are accessible to metal ions as majority of the 
sites are embedded within the bead [154]. The live and heat-inactivated Trametes versicolor 
immobilized within carboxyl methylcellulose (CMC) beads were efficient in the removal of 
Cu (II), Pb (II), and Zn (II) from the aqueous solution. The biosorption capacity were found 
to be 1.51 and 1.84 mmol, 0.85 and 1.11 mmol, and 1.33 and 1.67 mmol for Cu, Pb and Zn of 
both live and heat-inactivated biosorbents, respectively. The study shows the best fit with 
the Langmuir isotherm model [155]. Table 9 gives the examples of various immobilization 
matrices used for the biosorption of metal ions.
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9. Desorption and the regeneration of biosorbents

In order to keep the process costs down and for recovery of valuable metal ions after the 
biosorption, it is crucial for regeneration of the biosorbent [152]. The primary objective of 
desorption is to retain the adsorption capacity of the biosorbent. The process of desorption 
should be such that the metal can be recovered in the concentrated form (in case of metals of 
economic value), and the biosorbent needs be restored to the original state with undiminished 
biosorption capacity for reuse [8]. Hence an appropriate eluent for desorption should meet 
the following requirements [112]

• low cost;

• environment friendly;

• non-damaging to the biomass; and

• ensure intact metal-binding capacity.

The possible eluents are dilute mineral acids (HCl, H2SO4 and HNO3), organic acids (citric, 
acetic and lactic acids), and complexing agents (EDTA, thiosulphate, etc.) for the recovery of 
the biosorbent and metal recovery. Desorption efficiency can be determined by the S/L ratio, 
that is, solid to liquid ratio. The solid represents the biosorbent and liquid represents the 
eluent (volume) applied. For complete elution and to make the process economical, high S/L 
values are desirable [3]. Although, desorption is considered advantageous, in some instances, 
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a loss in the capacity of the biosorbent to retain the desired metal ion has been reported. The 
metal Cr (VI) was desorbed almost completely from the Mucor hiemalis biomass by using 0.1 N 
of NaOH. The biomass retained its activity of biosorption and desorption up to five cycles. 
Experimental data fit well with the Langmuir isotherm model, and FTIR analysis showed that 
the amino groups are involved in biosorption [165]. Table 10 summarizes the use of different 
eluents for the desorption of metal ions from different biosorbents.

10. Factors affecting biosorption

Various factors influence the biosorption process namely, biomass concentration, initial metal 
concentration, and operational factors like pH, temperature, concentration of the initial metal 
ion, and concentration of the biosorbent.

10.1. Effect of pH

The pH of the solution is an important factor since it influences the metal chemical speciation, 
solubility, and the total charge of the biosorbent [82]. At low pH (acidic pH), the hydronium 

Type of 
biosorbent

Type of 
eluent

Metal 
ion

% of 
desorption

Isotherm 
model

Functional 
groups 
involved

Mechanism Number 
of cycles

Reference

Spirulina  
sp

0.1 M 
HNO3

Cr, Cd, 
Cu

98 Langmuir Carboxyl, 
phosphate, 
hydroxyl, 
amine

Ion exchange [46]

Aspergillus  
niger

0.1 N 
NaOH

Cr 90% Freundlich Carboxyl, 
amide, 
phosphate, 
hydroxide

Chemisorption [166]

Aspergillus  
flavus

0.1 N 
HNO3, 
0.1 N 
NaOH

Cu (II) 80% [167]

Raw wheat  
bran

0.01 mol/L 
HCl, 
HNO3

Cd (II), 
Pb (II)

100%, 57% Langmuir Four [168]

Scenedesmus  
sp

0.1 M 
H2SO4

Zn 99% Freundlich Five [169]

Aspergillus  
niger

0.5 N 
H2SO4

Cr Redox reaction [50]

Montmorillonite 0.1 M HCl Ni (II), 
Mn 
(II)

92.8%, 90% Freundlich Physical 
adsorption

Three [170]

Rhizopus 
nigricans

HNO3 Pb (II), 
Cd (II), 
Ni (II), 
Zn (II)

90% Five [171]

Table 10. Use of different eluents for desorption of metal ions.
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ions are closely associated with the active ligands of the biosorbent and therefore, there exists 
a competition between the protons and metal ions for the binding sites [172]. At higher pH, 
there exists lower number of H+ ions, and the number of active sites of the functional groups 
is free and exposed (negative charge) which results in increased biosorption by attracting 
positive charged metal ions. At higher pH, the metal might begin to precipitate and form 
hydroxides and as a consequence hinder the biosorption process [108]. The increase in pH 
from 1 to 4 increased the biosorption of Cr (VI) from wastewaters by Saccharomyces cerevisiae 
biomass [173]. For biosorption of Cr by pretreated Aspergillus niger the optimum pH was 
found to be 3 [166]. An increase in pH from 2.0 to 4.5 increased the biosorption of cadmium by 
Rhizopus cohnii biomass and thereafter it reached a plateau in the pH range from 4.5 to 6.5 [89].

10.2. Effect of temperature

Temperature deals with the thermodynamics of the process and kinetic energy of the metal 
ions [82]. The temperature can have a positive or negative effect on biosorption at certain 
intervals. An increase or decrease in temperature causes a change in the biosorption capac-
ity of the biosorbent. High/increasing temperature enhances the biosorptive removal of bio-
sorbates but it is associated with the limitation of structural damage to the biosorbent [38]. 
Hence, optimum temperature for efficient biosorption has to be chosen for the maximum 
binding of metal ions. In this context, a maximum biosorption of 86% for cadmium ions was 
achieved with Saccharomyces cerevisiae at 40°C [173]. A rise in incubation temperature from 
25 to 40°C sharply increased the biosorption rates of Cr (VI) by Streptococcus equisimilis [174].

10.3. Effect of initial metal concentration

The mass transfer resistance between the liquid and solid phases can be overcome by the 
initial concentration of metal ion [175]. The biosorption capacity (quantity of biosorbed metal 
ions per unit weight of the biosorbent) of the biosorbent increases initially with the increase 
in metal ion concentration and then reaches a saturation value. However, the biosorption effi-
ciency of the biosorbent decreases with increase in metal ion concentration. The higher bio-
sorption efficiency at low metal concentration is due to the complete interaction of ions with 
the available binding which sites results in higher rates of efficiency. At higher concentrations, 
the number of metal ions remaining unbound in the solution is high due to the saturation of 
available binding sites [176]. The effect of different initial concentration (25–500 mg/L) of Cd 
ions on the biosorption of Hypnea valentiae was studied. It was found that highest biosorption 
efficiency (86.8%) was observed with a Cd concentration of 25 mg/L from simulated wastewa-
ters [177]. The biosorption efficiency of the cashew nut shell decreased from 86.03 to 76.17% 
with the increase in copper ion concentration from 10 to 50 mg/L [178].

10.4. Effect of biosorbent dose

Biosorbents provide the binding sites for metal biosorption, and hence its dosage strongly 
affects the biosorption process [179]. The increase of the biosorbent dose at a given initial metal 
concentration increases the biosorption of metal ions due to greater surface area which in turn 
increases the number of available binding sites [179]. At lower concentrations of the biosorbent, 
the amount of metal biosorbed per unit weight of the biosorbent is high. Conversely, at high 
concentration of the biosorbent, the quantity of metal ion biosorbed per unit weight decreases. 

Application of Biosorption for Removal of Heavy Metals from Wastewater
http://dx.doi.org/10.5772/intechopen.77315

89



a loss in the capacity of the biosorbent to retain the desired metal ion has been reported. The 
metal Cr (VI) was desorbed almost completely from the Mucor hiemalis biomass by using 0.1 N 
of NaOH. The biomass retained its activity of biosorption and desorption up to five cycles. 
Experimental data fit well with the Langmuir isotherm model, and FTIR analysis showed that 
the amino groups are involved in biosorption [165]. Table 10 summarizes the use of different 
eluents for the desorption of metal ions from different biosorbents.

10. Factors affecting biosorption

Various factors influence the biosorption process namely, biomass concentration, initial metal 
concentration, and operational factors like pH, temperature, concentration of the initial metal 
ion, and concentration of the biosorbent.

10.1. Effect of pH

The pH of the solution is an important factor since it influences the metal chemical speciation, 
solubility, and the total charge of the biosorbent [82]. At low pH (acidic pH), the hydronium 
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biosorbent

Type of 
eluent

Metal 
ion

% of 
desorption

Isotherm 
model

Functional 
groups 
involved

Mechanism Number 
of cycles

Reference
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sp

0.1 M 
HNO3

Cr, Cd, 
Cu

98 Langmuir Carboxyl, 
phosphate, 
hydroxyl, 
amine

Ion exchange [46]

Aspergillus  
niger

0.1 N 
NaOH

Cr 90% Freundlich Carboxyl, 
amide, 
phosphate, 
hydroxide

Chemisorption [166]

Aspergillus  
flavus

0.1 N 
HNO3, 
0.1 N 
NaOH

Cu (II) 80% [167]

Raw wheat  
bran

0.01 mol/L 
HCl, 
HNO3

Cd (II), 
Pb (II)

100%, 57% Langmuir Four [168]

Scenedesmus  
sp

0.1 M 
H2SO4

Zn 99% Freundlich Five [169]

Aspergillus  
niger

0.5 N 
H2SO4

Cr Redox reaction [50]

Montmorillonite 0.1 M HCl Ni (II), 
Mn 
(II)

92.8%, 90% Freundlich Physical 
adsorption

Three [170]

Rhizopus 
nigricans

HNO3 Pb (II), 
Cd (II), 
Ni (II), 
Zn (II)

90% Five [171]

Table 10. Use of different eluents for desorption of metal ions.
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ions are closely associated with the active ligands of the biosorbent and therefore, there exists 
a competition between the protons and metal ions for the binding sites [172]. At higher pH, 
there exists lower number of H+ ions, and the number of active sites of the functional groups 
is free and exposed (negative charge) which results in increased biosorption by attracting 
positive charged metal ions. At higher pH, the metal might begin to precipitate and form 
hydroxides and as a consequence hinder the biosorption process [108]. The increase in pH 
from 1 to 4 increased the biosorption of Cr (VI) from wastewaters by Saccharomyces cerevisiae 
biomass [173]. For biosorption of Cr by pretreated Aspergillus niger the optimum pH was 
found to be 3 [166]. An increase in pH from 2.0 to 4.5 increased the biosorption of cadmium by 
Rhizopus cohnii biomass and thereafter it reached a plateau in the pH range from 4.5 to 6.5 [89].

10.2. Effect of temperature

Temperature deals with the thermodynamics of the process and kinetic energy of the metal 
ions [82]. The temperature can have a positive or negative effect on biosorption at certain 
intervals. An increase or decrease in temperature causes a change in the biosorption capac-
ity of the biosorbent. High/increasing temperature enhances the biosorptive removal of bio-
sorbates but it is associated with the limitation of structural damage to the biosorbent [38]. 
Hence, optimum temperature for efficient biosorption has to be chosen for the maximum 
binding of metal ions. In this context, a maximum biosorption of 86% for cadmium ions was 
achieved with Saccharomyces cerevisiae at 40°C [173]. A rise in incubation temperature from 
25 to 40°C sharply increased the biosorption rates of Cr (VI) by Streptococcus equisimilis [174].

10.3. Effect of initial metal concentration

The mass transfer resistance between the liquid and solid phases can be overcome by the 
initial concentration of metal ion [175]. The biosorption capacity (quantity of biosorbed metal 
ions per unit weight of the biosorbent) of the biosorbent increases initially with the increase 
in metal ion concentration and then reaches a saturation value. However, the biosorption effi-
ciency of the biosorbent decreases with increase in metal ion concentration. The higher bio-
sorption efficiency at low metal concentration is due to the complete interaction of ions with 
the available binding which sites results in higher rates of efficiency. At higher concentrations, 
the number of metal ions remaining unbound in the solution is high due to the saturation of 
available binding sites [176]. The effect of different initial concentration (25–500 mg/L) of Cd 
ions on the biosorption of Hypnea valentiae was studied. It was found that highest biosorption 
efficiency (86.8%) was observed with a Cd concentration of 25 mg/L from simulated wastewa-
ters [177]. The biosorption efficiency of the cashew nut shell decreased from 86.03 to 76.17% 
with the increase in copper ion concentration from 10 to 50 mg/L [178].

10.4. Effect of biosorbent dose

Biosorbents provide the binding sites for metal biosorption, and hence its dosage strongly 
affects the biosorption process [179]. The increase of the biosorbent dose at a given initial metal 
concentration increases the biosorption of metal ions due to greater surface area which in turn 
increases the number of available binding sites [179]. At lower concentrations of the biosorbent, 
the amount of metal biosorbed per unit weight of the biosorbent is high. Conversely, at high 
concentration of the biosorbent, the quantity of metal ion biosorbed per unit weight decreases. 
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This is because of lower adsorbate to binding site ratio due to the insufficient amount of sol-
ute present for complete distribution onto the available binding sites and possible interaction 
between binding sites. The biosorption of Cd and Pb ions by Anabaena sphaerica was increased 
with an increase in the biosorbent dose from 0.025 to 0.25 g/100 ml but stabilized at higher 
biomass dosages because of the formation of aggregates which reduce the effective surface 
area for biosorption [180]. The biosorption efficiency of Parthenium hysterophorus for Cr bio-
sorption increased from 61.28 to 80.81% with an increase in biomass concentration from 0.1 
to 1 g because of the availability of more binding sites but the biosorption capacity decreased 
from 9.43 to 0.37 mg/g due to decreased metal to biosorbent ratio [181]. A similar trend was 
observed in many other studies in respect of the effect of biomass concentration.

10.5. Effect of contact time

The time required to attain maximum biosorption depends on the type of biosorbent, metal 
ion, and their combination. The rate of biosorption is rapid initially (within an hour) with 
almost 90% of the metal binding because all the active sites are vacant and available for metal 
ion biosorption. But with increase in time the rate of biosorption decreases due to increase in 
percentage saturation by metal ions remaining in the solution [182]. Most of the Cd and Zn 
ions are biosorbed onto Aspergillus niger biomass within the first 6 h and there is no further 
biosorption after 24 h [183]. Bacillus cereus and Pseudomonas aeruginosa biosorb Zn ions with an 
equilibrium contact time of 30 min [108].

10.6. Effect of agitation speed

The increase in agitation speed increases the biosorption capacity of the biosorbent by mini-
mizing its mass transfer resistance. While the added turbulence enhances the sorption of the 
metal ions [184], it may also lead to the destruction of the physical nature of the biosorbent. 
A moderate speed ensures the best homogeneity for the suspension with a high capacity 
of biosorption. High agitation speeds result in the occurrence of vortex phenomenon which 
results in the loss of the homogenous nature of the suspension. Excessive turbulence may also 
reduce the time of interaction between the biosorbate and biosorbent, thus decreasing the 
extent of biosorption [183]. The optimum speed of agitation for the biosorption of Cd and Zn 
by Aspergillus niger was found to be 120 rpm [183]. With an increase in agitation speed from 0 
to 80 rpm, the biosorption efficiency also increased from 32.4 to 65% [62].

11. Biosorption equilibrium isotherms

Sorption isotherms explain the equilibrium relationships between biosorbent and biosorbate 
and the mass of the biosorbed component per unit mass of biosorbent and the concentration 
of biosorbate in the medium under a given set of conditions (temperature and concentration). 
It also determines the equilibrium distribution of metal ions and how selective retention takes 
place when two or more biosorbent components are present [185]. The term “isotherm” can be 
defined as a curve explaining the retention of a substance on a solid at various concentrations 
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[82]. The determination of equilibrium parameters is the basic requirement for designing 
a good biosorption system. For determination of the best-fitting sorption isotherm, linear 
regression is frequently used. In order to predict the isotherm parameters, the method of least 
squares is applied.

The biosorption capacities of different biosorbents for different pollutants can be best explained 
by biosorption equilibrium isotherms. Several isotherm models are available to describe the 
mechanism of the biosorption process and the equilibrium biosorption distribution. Some of 
the isotherms used in biosorption studies are Langmuir, Freundlich, and Temkin isotherms. 
However, the biosortion process may show better fit with a specific isotherm.

Biosorption isotherm data of Pb (II) and Cu (II) ions onto green algal species, Spirogyra and 
Cladophora, were in good agreement with the Langmuir isotherm demonstrating the forma-
tion of the monolayer coverage of metal ions on the outer surface of the biosorbent [95]. 
The Langmuir model fitted well with the biosorption of Pb (II), Zn (II), and Ni (II) ions onto 
Bacillus subtilis [186]. Freundlich isotherm showed the best fit for the biosorption of Cu (II) 
ions onto lactic acid bacterium, Enterococcus faecium [106]. Biosorption of Cr (VI) ions onto 
Bacillus thuringiensis also shows the better fit with Freundlich isotherm [187].

12. Bioreactors used for biosorption

Various types of bioreactors have been investigated for application at the industrial level. 
A bioreactor is a system used for the production of microorganisms or desired metabolites 
employing defined and controllable factors. The typical categories of bioreactors used for the 
biosorption are stirred tank bioreactors (STRs), air lift bioreactors (ALRs), fluidized bed biore-
actors (FBRs), and fixed bed bioreactors (FXRs). These reactors can be operated either in batches 
or in continuous modes or both (fixed bed and stirred tank bioreactors). Factors (pH, tempera-
ture, mixing and agitation, and nutrient availability) affecting the process of biosorption in the 
bioreactor have to be optimized and controlled by using cooling jackets (temperature), baffles/
agitators (mixing), feed lines (supplies nutrients), and acid/base addition (pH) [188].

12.1. Fixed bed bioreactors

It is designed with the biosorbent fixed onto a bed and a container having the bed within. 
During biosorption, the water contaminated with heavy metals is passed through the col-
umn. The biosorbents biosorb the metal ions until the maximal capacity is reached. The bio-
sorbent is then regenerated for the release of heavy metals. In order to ensure continuous 
working conditions, the presence of two columns is employed. Biosorption is performed on 
one column while the regeneration of spent biosorbent on the other by rinsing with a suit-
able chemical reagent. Most of the biosorption processes have used fixed bed bioreactors. 
Its advantages include simplicity in construction and operation and possibility to carry out 
process in a countercurrent flow (a current flowing in opposite direction) [189]. However, it is 
necessary to examine the pressure drop and the effect of column dimensions when operated 
in a continuous mode [190].

Application of Biosorption for Removal of Heavy Metals from Wastewater
http://dx.doi.org/10.5772/intechopen.77315

91



This is because of lower adsorbate to binding site ratio due to the insufficient amount of sol-
ute present for complete distribution onto the available binding sites and possible interaction 
between binding sites. The biosorption of Cd and Pb ions by Anabaena sphaerica was increased 
with an increase in the biosorbent dose from 0.025 to 0.25 g/100 ml but stabilized at higher 
biomass dosages because of the formation of aggregates which reduce the effective surface 
area for biosorption [180]. The biosorption efficiency of Parthenium hysterophorus for Cr bio-
sorption increased from 61.28 to 80.81% with an increase in biomass concentration from 0.1 
to 1 g because of the availability of more binding sites but the biosorption capacity decreased 
from 9.43 to 0.37 mg/g due to decreased metal to biosorbent ratio [181]. A similar trend was 
observed in many other studies in respect of the effect of biomass concentration.

10.5. Effect of contact time

The time required to attain maximum biosorption depends on the type of biosorbent, metal 
ion, and their combination. The rate of biosorption is rapid initially (within an hour) with 
almost 90% of the metal binding because all the active sites are vacant and available for metal 
ion biosorption. But with increase in time the rate of biosorption decreases due to increase in 
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biosorption after 24 h [183]. Bacillus cereus and Pseudomonas aeruginosa biosorb Zn ions with an 
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mizing its mass transfer resistance. While the added turbulence enhances the sorption of the 
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results in the loss of the homogenous nature of the suspension. Excessive turbulence may also 
reduce the time of interaction between the biosorbate and biosorbent, thus decreasing the 
extent of biosorption [183]. The optimum speed of agitation for the biosorption of Cd and Zn 
by Aspergillus niger was found to be 120 rpm [183]. With an increase in agitation speed from 0 
to 80 rpm, the biosorption efficiency also increased from 32.4 to 65% [62].

11. Biosorption equilibrium isotherms

Sorption isotherms explain the equilibrium relationships between biosorbent and biosorbate 
and the mass of the biosorbed component per unit mass of biosorbent and the concentration 
of biosorbate in the medium under a given set of conditions (temperature and concentration). 
It also determines the equilibrium distribution of metal ions and how selective retention takes 
place when two or more biosorbent components are present [185]. The term “isotherm” can be 
defined as a curve explaining the retention of a substance on a solid at various concentrations 
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[82]. The determination of equilibrium parameters is the basic requirement for designing 
a good biosorption system. For determination of the best-fitting sorption isotherm, linear 
regression is frequently used. In order to predict the isotherm parameters, the method of least 
squares is applied.

The biosorption capacities of different biosorbents for different pollutants can be best explained 
by biosorption equilibrium isotherms. Several isotherm models are available to describe the 
mechanism of the biosorption process and the equilibrium biosorption distribution. Some of 
the isotherms used in biosorption studies are Langmuir, Freundlich, and Temkin isotherms. 
However, the biosortion process may show better fit with a specific isotherm.

Biosorption isotherm data of Pb (II) and Cu (II) ions onto green algal species, Spirogyra and 
Cladophora, were in good agreement with the Langmuir isotherm demonstrating the forma-
tion of the monolayer coverage of metal ions on the outer surface of the biosorbent [95]. 
The Langmuir model fitted well with the biosorption of Pb (II), Zn (II), and Ni (II) ions onto 
Bacillus subtilis [186]. Freundlich isotherm showed the best fit for the biosorption of Cu (II) 
ions onto lactic acid bacterium, Enterococcus faecium [106]. Biosorption of Cr (VI) ions onto 
Bacillus thuringiensis also shows the better fit with Freundlich isotherm [187].

12. Bioreactors used for biosorption

Various types of bioreactors have been investigated for application at the industrial level. 
A bioreactor is a system used for the production of microorganisms or desired metabolites 
employing defined and controllable factors. The typical categories of bioreactors used for the 
biosorption are stirred tank bioreactors (STRs), air lift bioreactors (ALRs), fluidized bed biore-
actors (FBRs), and fixed bed bioreactors (FXRs). These reactors can be operated either in batches 
or in continuous modes or both (fixed bed and stirred tank bioreactors). Factors (pH, tempera-
ture, mixing and agitation, and nutrient availability) affecting the process of biosorption in the 
bioreactor have to be optimized and controlled by using cooling jackets (temperature), baffles/
agitators (mixing), feed lines (supplies nutrients), and acid/base addition (pH) [188].

12.1. Fixed bed bioreactors

It is designed with the biosorbent fixed onto a bed and a container having the bed within. 
During biosorption, the water contaminated with heavy metals is passed through the col-
umn. The biosorbents biosorb the metal ions until the maximal capacity is reached. The bio-
sorbent is then regenerated for the release of heavy metals. In order to ensure continuous 
working conditions, the presence of two columns is employed. Biosorption is performed on 
one column while the regeneration of spent biosorbent on the other by rinsing with a suit-
able chemical reagent. Most of the biosorption processes have used fixed bed bioreactors. 
Its advantages include simplicity in construction and operation and possibility to carry out 
process in a countercurrent flow (a current flowing in opposite direction) [189]. However, it is 
necessary to examine the pressure drop and the effect of column dimensions when operated 
in a continuous mode [190].
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12.2. Fluidized bed and air lift bioreactors

These two reactors almost work on the same principle of separation and can be operated in 
the batch mode. The reactor contains liquid, gaseous, and solid phases. The solid phase is a 
biosorbent on solid particles used for the retention of metals. The reactor operates with the 
idea that the gas allows the liquid containing the metal species to be removed to rise. The liq-
uid then flows upward through the middle of the reactor and comes back down through the 
edges resembling a fountain [191]. In this the liquid is in continuous movement and moves 
the entire volume of the column. The metal species then adhere to the biosorbent. Once the 
biosorbent is harvested, the target molecule is separated. Since the particles are in continuous 
movement, it is preferred and also reduces the clogging effect of the biosorbent. Fluidized 
reactors are associated with the low mass transfer [38].

12.3. Stirred tank bioreactors

Liquid phase can be separated from the solid phase by a membrane system. Though the pro-
cess is simple, the cost of operation is high due to high energy requirements [192].

The efficiency in the removal of metal ions largely depends on the type of bioreactor, type 
of biosorbent, and operating conditions. Recent studies evaluated the efficiency of different 
biosorbents in the removal of metal ions by using various types of bioreactors (Table 11).

13. Application of the biosorption process at pilot scale

Many researchers have attempted pilot-scale studies to make the technology of biosorption 
available at the industrial scale. A small pilot plant with a three-zone contact settling was devel-
oped in a single vessel using anaerobically digested sludge as the biosorbent for the removal 
of Cu (II) ions. The efficient metal removal (similar to the batch experiments) of 90 mg/g of the 

Type of 
reactor

Biosorbent Metal species Biosorption efficiency Reference

FBRs Pseudomonas aeruginosa Cd (II), Cr (VI) 67.17%, 49.25%a* [191]

Sand grains Cu (II), Pb (II), Ni (II) 96%, 93%, 98%a* [193]

ALRs Trichoderma viridae Cr (VI) 94.3%b* [194]

Scenedesmus incrassatulus Cr (VI) 43.5%a# [195]

STRs Rhizopus arrhizus Cr (VI) 70.5%a# [196]

Trichoderma viridae Cr (VI) 60%b* [194]

PBCs Aspergillus niger Cu (II) 83.96%a# [197]

Ulva reticulate Cu (II), Co (II), Ni (II) 56.3%, 46.1%, 46.5%a# [198]

Sewage sludge Cr (VI), Ni (II) 90%a# [199]

Microcystis aeruginosa Pb (II), Cd, (II), Hg (II) 80%, 90%, 90%a# [200]

aIndicates the dry weight of the biosorbent; bIndicates the wet weight of the biosorbent; *Indicates batch biosorption 
experiments at laboratory scale; and #Indicates continuous biosorption experiments.

Table 11. Use of different bioreactors for biosorption of metal ions.
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biosorbent was observed [201]. Flotation is a separation process that can effectively separate the 
metal-loaded biosorbent suspended in the aqueous solution. The technique of biosorptive flota-
tion was applied for the removal of nickel, copper, and zinc ions from the aqueous solutions 
using grape stalks as the sorbent. Two feed solutions containing different metal concentrations 
were prepared. The dilute metal solution was applied followed by the concentrated metal solu-
tion in the counter-current mode in order to improve the performance of the biosorbent. The 
experiments were conducted in 10 L columns and satisfactory metal removal was observed 
(Cu—95%; Zn—98%; Ni—70%; Ca—82%). The biosorbent after regeneration by using an aque-
ous mixture of sodium sulfate and sodium citrate can be used for the second cycle [202]. A 
two-step operation for biosorption and sedimentation was operated in a 200 L pilot plant for the 
removal of pollutants using biomass of Cunninghamella elegans and the obtained results proved 
that the biosorption process is effective in treating wastewaters efficiently [203].

14. Biotechnological intervention: genetically engineered 
microorganisms (GEM)

Most biosorbents sequester metal ions by using cell-surface moieties. However, they lack the 
property of specificity and affinity for metals. By using the available genetic engineering tech-
nologies specific tailoring can be done to the microbial biosorbents with required selectivity and 
affinity for metal ions [204]. Genetic engineering technology involves altering the genetic mate-
rial of the organism in order to develop an efficient strain for the removal of metal ions against 
the wide range of contaminants present in the wastewater [205]. One such emerging strategy 
which has received increased attention in recent times is the use of metal-binding proteins such 
as metallothioneins and phytochelatins. For example, E. coli was modified to express phytochela-
tin 20 on its surface enhancing the accumulation of Hg by 25 times over that by wild-type strains 
[204]. The technology also offers the advantage of developing microbial strains that can withstand 
complex environmental conditions and stressful situations. A major obstacle associated with the 
molecular approach is that it has been applied to only limited bacterial strains like Escherichia coli. 
Hence, other microorganisms need to be explored using this molecular intervention. Table 12 
shows the list of selected genetically engineered bacteria used for the removal of metal ions. 

Metal 
ion

Initial 
concentration 
(ppm)

Biosorption 
efficiency %

Genetically engineered 
bacteria

Expressed gene of 
interest

Reference

Hg 7.4 96 E. coli Hg2+ transporter [206]

As 0.05 100 E. coli Metalloregulatory protein 
ArsR

[207]

Ni 10 uM 15 μmol E. coli nixA gene [208]

Cr 10 48–93.8% Alcaligenes eutrophus pEBZ141(Cr resistance 
genes)

[209]

Hg 77.58 mg/g Rhodopseudomonas palustris pSUTP+pGPMT [210]

Table 12. Use of genetically engineered microorganisms for biosorption of metal ions.
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reactors are associated with the low mass transfer [38].
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Liquid phase can be separated from the solid phase by a membrane system. Though the pro-
cess is simple, the cost of operation is high due to high energy requirements [192].

The efficiency in the removal of metal ions largely depends on the type of bioreactor, type 
of biosorbent, and operating conditions. Recent studies evaluated the efficiency of different 
biosorbents in the removal of metal ions by using various types of bioreactors (Table 11).

13. Application of the biosorption process at pilot scale
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ous mixture of sodium sulfate and sodium citrate can be used for the second cycle [202]. A 
two-step operation for biosorption and sedimentation was operated in a 200 L pilot plant for the 
removal of pollutants using biomass of Cunninghamella elegans and the obtained results proved 
that the biosorption process is effective in treating wastewaters efficiently [203].
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as metallothioneins and phytochelatins. For example, E. coli was modified to express phytochela-
tin 20 on its surface enhancing the accumulation of Hg by 25 times over that by wild-type strains 
[204]. The technology also offers the advantage of developing microbial strains that can withstand 
complex environmental conditions and stressful situations. A major obstacle associated with the 
molecular approach is that it has been applied to only limited bacterial strains like Escherichia coli. 
Hence, other microorganisms need to be explored using this molecular intervention. Table 12 
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15. Application of biosorption for real wastewaters/effluents

Efforts have been devoted to apply the process of biosorption as a waste treatment method. 
Instead of aqueous metal solutions, the experiments involved the effluents collected from 
various polluted sources. Various studies have reported high removal efficiencies.

The electroplating waste containing Cu (II), (6 mg/L) along with other ions (Zn, Cr (VI), Na, Ca, K),  
was treated with different agro-waste/natural biosorbents at the optimum conditions (pH −6.0, 
determined by batch experiments). Removal efficiency for Cu ranged from 77 to 95%. Other met-
als in the effluents were also removed to various extents [211].

Industrial effluent samples were collected from El-Fayoum for chemical production company 
outfalls in Egypt to decontaminate Co (II), Cd (II), Cr (III), and Pb (II) by using four red sea-
weeds namely Corallina mediterranea, Galaxaura oblongata, Jania rubens and Pterocladia capillacea. 
The biosorption efficiencies of the four biomasses were within the range from 57 to 94% and 
the highest efficiency was observed with Galaxaura oblongata biomass followed by Corallina 
mediterranea, Pterocladia capillacea and Jania rubens with mean biosorption efficiencies of 84, 80, 
76, and 72%, respectively. The study demonstrates that the four seaweeds can be promising, 
cheap, efficient, and biodegradable biosorbents for lowering of metal ion pollution from the 
environment [212].

In related study, the efficacy of sugarcane bagasse (the immobilized and native form) for 
the removal of chromium from wastewater collected from the local tanning plant (Kasur, 
Pakistan) was evaluated. At a biosorbent dose of 0.1 g and pH of 2.0, the biosorption efficiency 
was found to be 411 mg/g of biomass which is equivalent to 73% of total chromium present 
in the wastewater. This highest efficiency was observed with the immobilized form of the 
biomass when compared with the other forms (native and chemically treated). At the batch 
level, the maximum uptake was 80.6 and 41.5% in batch mode for Cr (VI) and Cr (III) [213].

The removal efficiency with real effluents can be affected due to the presence of other com-
ponents like other metals, organic matter, anions, and so on which can compete for the bind-
ing sites. The fungal biosorbent Pleurotus ostreatus was used for the treatment of wastewater 
collected from the main drain of the local electroplating industrial units situated at Shahdra, 
Lahore, Pakistan. A slight wane in the biosorption efficiency when the biomass was used for 
real wastewater treatment was observed. In case of a real effluent, the metal removal efficien-
cies for Cu (II), Ni (II), Zn (II), and Cr (VI) were 46.01, 59.22, 9.1, and 9.4%, respectively, while 
for the single synthetic metal solution, it was 52, 63.52, 10.9, and 11.8%, respectively. This 
moderate to slight decrease in the removal efficiency of biosorbent might be due to the com-
petition of various contaminants for binding sites as reported in many other studies. Another 
compounding factor is high COD which also causes reduction in biosorption [121].

The potential of seaweed (Sargassum) biomass was used to decontaminate heavy metal ions 
from urban real storm water runoff. The biosorbent was able to remove metal ions but the effi-
ciency was slightly lesser (90, 65, 50, and 40%) than the single synthetic solute system (80, 50, 15, 
and 10%) of Pb, Cu, Zn, and Mn, respectively, under similar conditions. The other contaminants 
like anions, organics, and other trace metals present in the runoff may compete with the existing 
binding sites of the biosorbent resulting in a decrease in the efficiency of biosorption [214].
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However, the removal efficiency attained with real effluents may be comparable with single 
or simulated synthetic metal solutions.

Gooseberry fruit (Emblica officinalis) waste was used as the biosorbent for the removal of Cu 
from the real electroplating wastewater (50 ml), containing various metals including Cu, from 
the local electroplating plant in Aligarh city. The wastewater (pH 3.0) was freed of suspended 
matter, diluted 10 times to the final concentration of Cu (II) of 38 mg and the pH was then 
adjusted to pH 4.2 before biosorption. The efficiency of metal removal was 98.07% in the col-
umn process (1 ml/min) and 65% in batch experiments. The removal efficiency (as calculated 
from the data given) for mono-metallic solution batch experiments was comparable [215].

In another study, wastewater having heavy metals and textile dyes was collected from the 
local metal, and the textile processing industry in Turkey was treated with Punica granatum L. 
peels. Under optimum experimental conditions the removal of Pb (II) was 98.07%. Simulated 
water containing interfering ions also showed a removal efficiency of 98.18%. This was com-
pared well with removal efficiencies (94% as calculated from the data) with mono-metal 
solutions under optimal conditions. Thus, other components of wastewater such as different 
metallic salts and dyes did not interfere with removal [216].

The effluent discharged from the battery industries located in the Northern region of Kolkata 
was treated by Aspergillus versicolor biomass to remove Pb (II) ions. It was observed that the 
efficiency for the removal of Pb (II) ions was found to be 86% which was almost similar to 
the value obtained by the mono-metallic synthetic system. Hence the study suggests that the 
presence of additional cations or anions present in the effluent does not affect the biosorption 
efficiency of the biomass used in the experiment [217].

Modification to the process conditions with real wastewaters may be necessary to achieve 
removal efficiencies comparable to those obtained with mono-metal solutions.

A Spirogyra granule packed column was employed for treating various industrial effluents which 
was done by passing wastewaters (1 L, 0.6 ml/min) from different industries namely the carpet 
industry, paper mill industry, and electroplating industry near Varanasi, India. The packed col-
umn achieved removal efficiency of >90% for Cu, Cd, Zn, Ni, Pb, and Cr from the three industrial 
wastewaters. However, this required the reduction of pH from 7.8 to 4.5 (for metals other than 
Cr) and 2 (for Cr) although the optimum pH of 5.0 was used with metal solutions [218].

Neem sawdust was employed as the biosorbent in a column bioreactor for the removal of 
Cr (VI) at 94 mg/L from 1.5 L of raw tannery wastewater collected from a common effluent 
treatment plant in India. The results revealed that the biosorbent of 20 g was sufficient for the 
removal of chromium with the removal efficiency of 99%. Batch experiments were conducted 
at 2 g/L dosage at initial concentrations of 150 mg/L in 100 ml shake flasks [219].

16. Commercialization and adoption of biosorption as waste 
treatment technology

In spite of the advantages over other conventional techniques, there is a glaring lack of 
adoption of biosorption as a waste treatment technology. Few commercial ventures offering 
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biosorption as a treatment have emerged. A few commercial biosorbents are available, as 
shown in Table 13. There is a dearth of field trials for a seemingly promising decade-old 
technology.

Volesky and Naja reported that the lack of commercialization was due to non-technical rea-
sons—due to lack of partners. Computer models based on pilot tests can reduce the scope of 
field tests. Data and cases of application can attract investors, consultants, distributors, and 
clients [220].

The BV Biosorbex Inc. is a Canadian company, started by Professor Bohumil Volesky of McGill 
University, Montreal, Canada, involved in commercializing biosorption. Its services include the 
biosorption-based removal of heavy metals from industry waters using reactors carrying novel 
biosorbents as granules offered at the 1/10th the cost of ion exchange resins. The biosorbents 
may be made from industrial waste, algal biomass, and specialized biomass. The biosorbents 
are reported to function between pH 4–10 and 5–75°C with efficiencies of >99.9% at 10–50 ppb 
concentrations of heavy metal and organic matter (<5000 mg/L). The company can conduct lab-
scale studies, consultancy, design process, and operate waste treatment plants. Pilot biosorp-
tion systems may involve column, fluidized bed, or mixed tank reactors. The company plans to 
capture 15% of market of ion exchange resin (http://www.bvsorbex.net/invest.htm).

AlgaSorb by Biorecovery Inc. has algal biomass immobilized in silica gel. In a pilot study 
two columns in series with different biosorbents of algae were used to remove mercury from 
groundwater. Algasorb 624 with high Hg retention but high leakage was used followed by 
AlgaSorb 620 having the opposite characteristics. Sodium thiosulphate (0.1 M) followed 
by deionized water (10 bed volumes) was used for regeneration. The study was success-
ful for varying levels of mercury and in the presence of Ca, Mg, and organic matter [221]. 
Immobilization protects algae against decomposition by microbes. Also, a hard material 
suitable for packing into columns is obtained. A portable effluent treatment equipment has 
two columns operating in series or parallel at flow rates of 1 gallon/min and has 0.25ft3 of 

Biosorbent Source

AlgaSORB Algal biomass

B.V.SORBEX Biomass from various sources

AMT-Bioclaim Bacillus sp.

Bio-Fix Different biomass

Rahco Different biomass

MetaGeneR Different biomass

AquaSorb Activated carbons

P.O.L. Sorb Sphagnum Peat Moss

MSR Rhizopus arrhizus

Azolla Biofilter Azolla filiculoides

Table 13. Commercial biosorbents.
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AlgaSorb in each column. Equipment for operating at higher flow rates has been designed. 
Both metal cations and oxyanions can be bound while Ca, Mg, Na, and K ions do not interfere 
to a significant extent [222].

Bioclaim by Vistatech Partnership Pvt. Ltd. developed B. subtilis biomass obtained by treating 
with NaOH and immobilizing in binders like polyetheimine and glutaraldehyde. The biosor-
bent is stable and used for removing metals including gold from gold cyanide.

US Bureau of Mines devised bio-fix beads by immobilizing biomass in porous polysulfone 
beads. Immobilized Sphagnum biomass has 4-5-5.0 meq cations per gram capacity comparable 
to ion exchange resin, with an operational pH range of 3.0–8.0, and metal affinity in the order 
of Al > Cd > Cu > Zn > Fe > Mn > Ca > Mg. Majority of equilibrium sorption occurred in 20 min. 
Bio-fix was used for four onsite field trials. The regeneration by sulfuric acid and subsequent 
neutralization is done by Na2CO3. The beads were stable to physical and environmental 
deterioration and displayed over 95% removal over 250 cycles of regeneration. The source of 
wastewater and the presence of organic matter below 50 mg/L did not inhibit metal removal. 
Such promising results encouraged field trials.

A three column-circuit (lead, scavenger and elution) was used to remove metals from waste-
water from taconite operation. Several metals (Ni, Co, Cu, Zn) were removed (98%) with 
20 min residence time and 40–50BV of solution at low temperatures of water (1–3°C) or air 
(<=0°C). The metals were precipitated by treating the elute with MgO and evaporating to 
obtain residue.

Employing a similar setup, 90–95% of removal was obtained for Zn, Fe, and Mn. However, the 
presence of suspended solids interfered with the operational efficiency.

In a low maintenance circuit, beads filled in bags made of Polymax B material were placed 
in troughs or in buckets in the flow of wastewater discharge. Over a 11-month period, Fe 
concentration of wastewater from an abandoned silver mine was reduced to below 1 ppm 
level from 20 to 60 ppm levels. This involved 2300 L of beads placed in troughs. Both bucket 
and trough circuits were used to treat discharge for abandoned mine containing Cd, Cu, Fe, 
Pb, and Zn. Drinking water standards were (85–89% removal) met with either system at flow 
rates of 0.3–0.5 L/min with weekly replacement of 50% of beads. Operating cost with bio-fix 
beads compared well with lime precipitation treatment for similar wastewaters [223].

BIOS process by the Noranda technology center utilized a bed of sawdust, algae and sphag-
num moss near seepage. The metal-saturated biomass is later disposed of (as tailings or sent 
to smelter) or washed for recovery of metals. The bed contained bark (20 years old), wood 
pulp, and sawdust. Total void volume was 7 L. A Plexiglas reactor was used in 30 L capacity 
to treat acid mine drainage (AMD). Over a 7-day residence time at room temperature, pH was 
not effected but Cu (100%) and Zn (65%) were removed.Better metal removal (95–100% for Al, 
Cu, Zn, Fe) was achieved for a 14-day residence time. The pH did not increase and stabilized 
at 3 over 12 bed volumes. At lower temperature of 100C (as compared to 200C), the removal 
of metal (except for Cu) ions was reduced. The process compared well with lime organic 
mixture (LOM) and the anoxic lime stone drain (ALD) methods and was better compared to 
the Biotrench method in terms of metal removal [224].
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Employing a similar setup, 90–95% of removal was obtained for Zn, Fe, and Mn. However, the 
presence of suspended solids interfered with the operational efficiency.

In a low maintenance circuit, beads filled in bags made of Polymax B material were placed 
in troughs or in buckets in the flow of wastewater discharge. Over a 11-month period, Fe 
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level from 20 to 60 ppm levels. This involved 2300 L of beads placed in troughs. Both bucket 
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rates of 0.3–0.5 L/min with weekly replacement of 50% of beads. Operating cost with bio-fix 
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BIOS process by the Noranda technology center utilized a bed of sawdust, algae and sphag-
num moss near seepage. The metal-saturated biomass is later disposed of (as tailings or sent 
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Later, different combinations of treatments (LOM/BIOS/ALD, BIOS/ALD and LOM/ALD) 
were executed to treat AMD. The volume of the initial reactor was 30 L except in the case of 
LOM/ALD (20 L). The downstream reactors were of 4 L. With LOM/BIOS/ALD, As, Cd and Cu 
were removed beyond detection. Fe and Zn were also reduced by 93 and 50%, respectively. 
The pH was increased to 6.3. With the BIOS/ALD system, pH increased to 6.3 and As, Cd, and 
Cu were removed beyond detection. Metal Al was reduced to 0.7 ppm while Fe and Zn were 
removed at 99 and 38% efficiency. BOD and COD were negligible. There was no influence of 
low temperature. The LOM/ALD was referred as the best treatment, achieving the removal 
of all metals including Zn (99%) and Mn (68%), not attained with other combinations, along 
with negligible BOD and COD [225].

AquaSorb is a granular, powdered, and extruded activated carbon used primarily for the 
treatment of water, waste liquid streams and the recovery and recirculation of process liquors. 
The source of carbon which is activated for water treatment is from coconut shell, coal, and 
wood raw material by chemical or steam activation. Specially designed AquaSorb for the use 
in liquid phase adsorption systems in the range of granular, ground, and extruded (pellet-
ized) form can be supplied by Jacobi Carbons. It can be applied as home water filters for the 
dechlorination of water, in order to reduce chloramines and produce water with good taste, 
more pure and palatable than the normal municipal water (https://www.wateronline.com/
doc/aquasorb-activated-carbon-0001).

The highest grade of Sphagnum Peat Moss is used for the development of P.O.L. Sorb which 
acts as a superb adsorbent for solutions due to the inherent capillary action of the activated 
peat which provides powerful wicking action that encapsulates oils, solvents, heavy met-
als, pesticides, herbicides, and so on which are in contact. It is manufactured by The ARK 
Enterprises, Inc. The raw material of POL Sorb is leafy, stem free, and least an abundant 
part of the peat in its natural or partial biodegraded state (http://www.arkent.com/POL%20
Sorb%20Flyer.pdf).

MSR is a biosorbent produced by immobilizing the inactivated cells of Rhizopus arrhizus with 
the desirable particle size of 0.5–1.2 mm. The characteristic features of the biosorbent are that 
it is resistant to chemicals, compression and abrasion, high porosity, and is with good wet-
ting ability. These proprietary immobilized particles (MSRs) were used for the recovery of 
uranium from lore leaching operations [226].

17. Conclusions

One advantage of biosorption is the removal of residual or minute concentrations of con-
taminants. Conventional water treatments may not completely remove contaminants. Hence, 
biosorption may be integrated downstream of other conventional water treatments. This is 
especially relevant in the case of pollutants like heavy metals whose effects are felt even at 
ppb levels.

The efficiency for the removal of specific metals is hindered by the presence of other contami-
nants. This may be important during the recovery of specific metals of economic value. In 
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this regard, biosorption may be applied to wastes and effluents before it enters the sewage or 
natural discharge streams like rivers, seas and so on.

However, with the aim of treating effluent/remediating water resources of all/most con-
taminants, it may be an advantage to have all pollutants (metal or contaminants) removed 
simultaneously using a non-specific/non-selective biosorbent and reducing the number of 
operations/steps. Multiple biosorbents of different specificities/selectivities can also be used.

The strains or biomass used as the biosorbent should be of safe origin especially for water 
treated for human or animal consumption. Hence, pathogens and toxin-producing organisms 
need to be avoided. In this regard biomass from food-grade microorganisms like lactic acid 
bacteria and (wine/beer yeast) and agro-waste is of significance.

Regeneration and immobilization of biomass in order to reduce the cost of biomass involve 
the use of hazardous solvents which can lead to pollution. Hence, the use of harmless chemi-
cals may be explored.

The existing waste can be classified as solid (degradable and non-degradable) and liquid in 
nature. A lot of solid non-biodegradable wastes (plastic) can be recycled to form chemically 
and mechanically robust and inert matrices to hold the biosorbent. Degradable wastes or 
biomass (agricultural/domestic/industrial) can be employed as biosorbents. A compatible 
biosorbent-matrix combination can then be employed to treat liquid discharge/effluents. This 
can make the waste treatment economical and sustainable while addressing the problems of 
solid and liquid effluents simultaneously.

Nature provides a diversity of biomass varying in binding specificity, efficiency, and rug-
gedness. This diversity can be tailored to site-specific waste treatment needs by applying 
the advanced techniques of recombinant DNA technology, synthetic biology and so on. 
Strains can be modified to express single/multiple metal-binding proteins on the cell surface. 
Chimeric proteins with multiple metal-binding domains having suitable binding and regen-
eration conditions can be engineered and expressed. Binding and regeneration conditions 
for the biosorbents can also be manipulated. Strains tolerant to harsh waste environments, 
and/or able to accumulate the toxic metals can be developed. However, laws regulating the 
dispersal or release/containment of genetically modified organisms will need to be consid-
ered. Techniques like genome shuffling are considered natural and can be employed for the 
modification of microorganisms. Confusion exists on the Crispr–Cas9 technology if it can be 
considered a genetic modification. Also, biosorption processes involving dead biomass may 
be a convincing argument against such regulations.

Nanotechnology is a cutting-edge technology involving the development of novel materials 
through the manipulation at nanoscale. The use of biomass has been explored to produce 
nanometal particles of silver, Cu, gold and so on. This novel use of biosorption linking the 
wastewater treatment to synthesis/the recovery of metals/nanometals from wastewater makes 
economic sense for capital investment.

The development of novel efficient biosorbents (nanocellulose, nanocomposites like pectin/
TiO2, nano Fe3O4/Sphaerotilus natans, ostrich bone waste-zero valent iron, polyaniline-modified 
nanocellulose) has also been obtained by varied treatments including solvents, heat, and so 
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Later, different combinations of treatments (LOM/BIOS/ALD, BIOS/ALD and LOM/ALD) 
were executed to treat AMD. The volume of the initial reactor was 30 L except in the case of 
LOM/ALD (20 L). The downstream reactors were of 4 L. With LOM/BIOS/ALD, As, Cd and Cu 
were removed beyond detection. Fe and Zn were also reduced by 93 and 50%, respectively. 
The pH was increased to 6.3. With the BIOS/ALD system, pH increased to 6.3 and As, Cd, and 
Cu were removed beyond detection. Metal Al was reduced to 0.7 ppm while Fe and Zn were 
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low temperature. The LOM/ALD was referred as the best treatment, achieving the removal 
of all metals including Zn (99%) and Mn (68%), not attained with other combinations, along 
with negligible BOD and COD [225].

AquaSorb is a granular, powdered, and extruded activated carbon used primarily for the 
treatment of water, waste liquid streams and the recovery and recirculation of process liquors. 
The source of carbon which is activated for water treatment is from coconut shell, coal, and 
wood raw material by chemical or steam activation. Specially designed AquaSorb for the use 
in liquid phase adsorption systems in the range of granular, ground, and extruded (pellet-
ized) form can be supplied by Jacobi Carbons. It can be applied as home water filters for the 
dechlorination of water, in order to reduce chloramines and produce water with good taste, 
more pure and palatable than the normal municipal water (https://www.wateronline.com/
doc/aquasorb-activated-carbon-0001).

The highest grade of Sphagnum Peat Moss is used for the development of P.O.L. Sorb which 
acts as a superb adsorbent for solutions due to the inherent capillary action of the activated 
peat which provides powerful wicking action that encapsulates oils, solvents, heavy met-
als, pesticides, herbicides, and so on which are in contact. It is manufactured by The ARK 
Enterprises, Inc. The raw material of POL Sorb is leafy, stem free, and least an abundant 
part of the peat in its natural or partial biodegraded state (http://www.arkent.com/POL%20
Sorb%20Flyer.pdf).

MSR is a biosorbent produced by immobilizing the inactivated cells of Rhizopus arrhizus with 
the desirable particle size of 0.5–1.2 mm. The characteristic features of the biosorbent are that 
it is resistant to chemicals, compression and abrasion, high porosity, and is with good wet-
ting ability. These proprietary immobilized particles (MSRs) were used for the recovery of 
uranium from lore leaching operations [226].

17. Conclusions

One advantage of biosorption is the removal of residual or minute concentrations of con-
taminants. Conventional water treatments may not completely remove contaminants. Hence, 
biosorption may be integrated downstream of other conventional water treatments. This is 
especially relevant in the case of pollutants like heavy metals whose effects are felt even at 
ppb levels.

The efficiency for the removal of specific metals is hindered by the presence of other contami-
nants. This may be important during the recovery of specific metals of economic value. In 
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this regard, biosorption may be applied to wastes and effluents before it enters the sewage or 
natural discharge streams like rivers, seas and so on.

However, with the aim of treating effluent/remediating water resources of all/most con-
taminants, it may be an advantage to have all pollutants (metal or contaminants) removed 
simultaneously using a non-specific/non-selective biosorbent and reducing the number of 
operations/steps. Multiple biosorbents of different specificities/selectivities can also be used.

The strains or biomass used as the biosorbent should be of safe origin especially for water 
treated for human or animal consumption. Hence, pathogens and toxin-producing organisms 
need to be avoided. In this regard biomass from food-grade microorganisms like lactic acid 
bacteria and (wine/beer yeast) and agro-waste is of significance.

Regeneration and immobilization of biomass in order to reduce the cost of biomass involve 
the use of hazardous solvents which can lead to pollution. Hence, the use of harmless chemi-
cals may be explored.

The existing waste can be classified as solid (degradable and non-degradable) and liquid in 
nature. A lot of solid non-biodegradable wastes (plastic) can be recycled to form chemically 
and mechanically robust and inert matrices to hold the biosorbent. Degradable wastes or 
biomass (agricultural/domestic/industrial) can be employed as biosorbents. A compatible 
biosorbent-matrix combination can then be employed to treat liquid discharge/effluents. This 
can make the waste treatment economical and sustainable while addressing the problems of 
solid and liquid effluents simultaneously.

Nature provides a diversity of biomass varying in binding specificity, efficiency, and rug-
gedness. This diversity can be tailored to site-specific waste treatment needs by applying 
the advanced techniques of recombinant DNA technology, synthetic biology and so on. 
Strains can be modified to express single/multiple metal-binding proteins on the cell surface. 
Chimeric proteins with multiple metal-binding domains having suitable binding and regen-
eration conditions can be engineered and expressed. Binding and regeneration conditions 
for the biosorbents can also be manipulated. Strains tolerant to harsh waste environments, 
and/or able to accumulate the toxic metals can be developed. However, laws regulating the 
dispersal or release/containment of genetically modified organisms will need to be consid-
ered. Techniques like genome shuffling are considered natural and can be employed for the 
modification of microorganisms. Confusion exists on the Crispr–Cas9 technology if it can be 
considered a genetic modification. Also, biosorption processes involving dead biomass may 
be a convincing argument against such regulations.

Nanotechnology is a cutting-edge technology involving the development of novel materials 
through the manipulation at nanoscale. The use of biomass has been explored to produce 
nanometal particles of silver, Cu, gold and so on. This novel use of biosorption linking the 
wastewater treatment to synthesis/the recovery of metals/nanometals from wastewater makes 
economic sense for capital investment.

The development of novel efficient biosorbents (nanocellulose, nanocomposites like pectin/
TiO2, nano Fe3O4/Sphaerotilus natans, ostrich bone waste-zero valent iron, polyaniline-modified 
nanocellulose) has also been obtained by varied treatments including solvents, heat, and so 
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on. This may be the answer to optimizing and economizing biosortion-based waste treatment 
by improving stable efficient biosorbents.

Biosorbents carrying metals can be included into feeds or fertilizers as metals bound to organic 
ligands have greater bioavailability. Also, they can enhance the shelf life of the feed involved.

However, biomass may also bind hazardous chemicals (like dyes) when used with industrial 
effluents. The use of such biomass into feeds is not recommended.

Biosorption is beneficial over conventional techniques. The potential has been demon-
strated at laboratory and pilot scales even with actual effluent/discharges. But there is a 
dearth of examples in the real scenario at organized levels like municipalities/cities/pollu-
tion treatment centers/industries. Few commercial ventures have been made. This might be 
because of the diversity of pollutants and their chemical and biological waste background. 
A set of promising biosorbents/processes may need to be optimized or standardized for 
specific effluent types. The cost and feasibility in terms of large-scale applications may be 
evaluated.

Routine adoption at municipal and industrial levels requires success stories at field studies. 
Better metal removal efficiencies at lower costs and labor when compared to other conven-
tional treatments can convince the industry/state to adopt biosorption. However, there is 
a lack of field experiments. Executing field studies needs great coordination, capital, man-
power, and infrastructure.

State intervention is needed to assist the scientific community to not only fund and coordi-
nate such large studies in terms of manpower/infrastructure but to also access the industry(s) 
concerned. The general indifference of the industry toward waste treatment may be an issue.

The state can act as bridge for informing and facilitating the availability of biomass from 
different sources to different polluting units. Such efforts will create a mutually sustainable 
waste treatment scenario. For example, the disposal of agro-waste from the rural setup to 
polluting units in order to treat effluents is a win-win for both parties.

An environment encouraging start-ups based on biosorption technology needs to be created.

Stringent norms and scrutiny against effluent discharge can convince the industry to view 
waste treatment as a necessary investment rather than an avoidable overhead cost. Under this 
scenario start-ups like Biosorbex, investing in eco-friendly waste treatment technologies, can 
flourish.

Efforts may be devoted to also apply biosorption at domestic (household) or community lev-
els rather than awaiting the installation of large centralized water treatment setups.

Techniques like response surface methodology, artificial neural networking, boosted regres-
sion tree, and genetic algorithm may be used for process optimization. Modeling should be 
done in solutions with multiple metals and organic matter simulating the real wastewater 
conditions. Pilot and field studies should be conducted comparing biosorption with the con-
ventional techniques. The use of computer-based simulations or modeling can reduce the 
number of field trials.

Biosorption100

The challenges encountering biosorption are similar to those faced by membrane filtration 
technology before achieving relevance and popularity as today. This includes the cost and sta-
bility of the biosorbent (membrane), the decrease in binding sites (fouling), and poor under-
standing and general reluctance to adopt new technologies etc. Hence, given its eco-friendly 
nature and other merits, it will find its place as a routine water treatment process.
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Abstract

The chalcogens selenium (Se) and tellurium (Te) are rare earth elements, which are mainly 
present in the environment as toxic oxyanions, due to the anthropogenic activities. Thus, 
the increased presence of these chalcogen-species in the environment and the contamina-
tion of wastewaters nearby processing facilities led to the necessity in developing reme-
diation strategies aimed to detoxify waters, soils and sediments. Among the different 
decontamination approaches, those based on the ability of microorganisms to bioaccumu-
late, biomethylate or bioconvert Se- and/or Te-oxyanions are considered the leading strat-
egy for achieving a safe and eco-friendly bioremediation of polluted sites. Recently, several 
technologies based on the use of bacterial pure cultures, bacterial biofilms or microbial 
consortia grown in reactors with different configurations have been explored for Se- and 
Te-decontamination purposes. Further, the majority of microorganisms able to process 
chalcogen-oxyanions have been described to generate valuable Se- and/or Te-nanomaterials 
as end-products of their bioconversion, whose potential applications in biomedicine, opto-
electronics and environmental engineering are still under investigation. Here, the occur-
rence, the use and the toxicity of Se- and Te-compounds will be briefly overviewed, while 
the microbial mechanisms of chalcogen-oxyanions bioprocessing, as well as the microbial-
based strategies used for bioremediation approaches will be extensively described.

Keywords: selenium, tellurium, bioremediation, microbial consortia, biological reactors

1. Introduction

The chalcogens tellurium (Te) and selenium (Se) are naturally occurring rare elements of the 
Earth crust belonging to the group 16 of the periodic table that are defined as metalloids, 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Te-decontamination purposes. Further, the majority of microorganisms able to process 
chalcogen-oxyanions have been described to generate valuable Se- and/or Te-nanomaterials 
as end-products of their bioconversion, whose potential applications in biomedicine, opto-
electronics and environmental engineering are still under investigation. Here, the occur-
rence, the use and the toxicity of Se- and Te-compounds will be briefly overviewed, while 
the microbial mechanisms of chalcogen-oxyanions bioprocessing, as well as the microbial-
based strategies used for bioremediation approaches will be extensively described.
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1. Introduction

The chalcogens tellurium (Te) and selenium (Se) are naturally occurring rare elements of the 
Earth crust belonging to the group 16 of the periodic table that are defined as metalloids, 
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due to their intermediate chemical–physical properties between metal and non-metals [1]. Te 
estimated average amount in the environment is around 0.027 ppm [2], while Se is unevenly 
distributed on the Earth’s surface with a concentration ranging from 0.01 to 1200 ppm [3, 4]. 
These elements can be found in natural rocks and ores, soils, sediments or in association with 
rare minerals (e.g., calaverite AuTe2, sylvanite AgAuTe4, crooksite CuTlSe, calusthalite PbSe) 
[4–6]. Moreover, Se is an essential micronutrient for living systems, being part of the structure 
of several important enzymes, (i.e., glutathione peroxidases and thioredoxin reductases), as 
the 21st amino acid seleno-cysteine, in at least 25 human selenoproteins [7], while, to date, 
any biological function has been ascribed to Te [8]. Both these chalcogens exist in four differ-
ent valence states in the environment (i.e., +VI, +IV, 0 and –II), and among them the oxyanion 
forms of Selenate (SeO4

2−), Tellurate (TeO4
2−), Selenite (SeO3

2−) and Tellurite (TeO3
2−) are the 

most abundant in soils and waters [9, 10].

The wide spread use of Se- and Te-compounds by anthropogenic activities related to oil refin-
ing, phosphate and metal ore mining, electronics and industrial glasses, have led to an increase 
in the presence of these chemicals in the environment [6, 11]. In this regard, although Se is an 
essential micronutrient, it is toxic at concentrations higher than the human dietary requirement 
(25–30 μg day−1) [10], while the toxicity exerted by Te is even more dramatic, negatively affecting 
both prokaryotes and eukaryotes at concentration as low as 1 μg mL−1 [6]. Particularly, Se- and 
Te- oxyanions are recognized as harsh toxicants of public health and environmental concern 
due to their association with oxygen, which makes them highly bioavailable, enabling the mobi-
lization of Se- and Te-compounds through water and soil [12, 13]. On the contrary, Se and Te 
organic forms (e.g., dimethyl selenide, trimethyl selenonium, selenomethionine, selenocysteine, 
Se-methilselenocysteine, dimethyl telluride), as well as their zero-valence states (Se0 and Te0) 
showed lower toxicity levels [2, 12, 14]. Considering the shared physical–chemical features of 
Se and Te, the suggested mechanism of toxicity exerted by the chalcogen-oxyanions is based 
on their interaction with glutathione molecules (GSHs) and related molecules, which are likely 
responsible for their reduction [8, 13, 15]. This bioconversion mechanism leads to the generation 
of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) [16] or superoxide ions 
(O2−) [17], therefore causing cell death [18–20]. An additional target of TeO3

2− is the impairment 
of the heme metabolism in E. coli K-12 cells, by which this oxyanion is responsible for the accu-
mulation of the heme precursor protoporphyrin IX, causing iron depletion and, subsequently, 
cell death [21].

Despite the toxic effects of Se- and Te-oxyanions, in the last 20 years several microorgan-
isms able to sequester, bioconvert or biomethylate these chalcogen-ions have been isolated 
from extreme environments, such as ocean hydrothermal vents and the highly alkaline water 
Monolake (California), to name a few [22]. Mainly anaerobic or facultative-anaerobic bacteria 
capable of growing phototrophycally or chemotrophycally under oxic and anoxic conditions 
have been described for their metabolic potential in bioconverting these species, while much 
less is known about strictly aerobic microorganisms [23]. In this regard, anaerobic microorgan-
isms have been described for their use of chalcogen-oxyanions as terminal electron acceptors 
to sustain their growth [19, 22, 24–29]. Although the exact biochemical mechanisms behind Se 
and Te metabolism and bioconversion in these microorganisms have not been fully elucidated, 
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there is a strong movement toward eco-friendly approaches for bioremediation of chalcogen-
contaminated areas of interest. Moreover, among bacterial strains able to bioconvert Se- and 
Te-oxyanions in their less toxic and less bioavailable elemental form (i.e., Se0 and Te0), some of 
them were characterized for the generation of either intra- or extracellular precipitates and/or 
nanomaterials, for example, nanoparticles (NPs) and nanorods (NRs) [8, 19].

Here, we will overview the microbial-based strategies that, to date, are applied as tools for 
bioremediation purposes of chalcogens polluted environments, and briefly will be described 
the valuable role of bacteria for the recovery of metalloids in their zero-valence state in the 
form of nanomaterials.

1.1. Environmental toxicity of selenium and tellurium compounds

Annually, the total average amount of either Se or Te produced worldwide is 2500–2800 or 
220 tons, respectively, with USA, Japan, Russia, Canada, Germany, Belgium and Sweden as 
main manufacturers [7, 30]. The accumulation of Se- or Te-compounds in the environment 
mainly relies on their anthropogenic use in several application fields, causing therefore their 
emission in the atmosphere [31, 32]. Se-accumulation derives from metallurgic industries, 
glass manufactures, pigments production, electronics and agriculture applications [33], while 
Te-containing compounds are used in copper refining [19], tarnishing metals [34], vulcani-
zation of rubber [8], production of color glass or ceramics [19], photovoltaic cells and solar 
panels [8], as well as catalysis of several reactions [19]. Recently, the possibility to develop new 
Te-based nanomaterials such as fluorescent quantum dots (QDs) has been extensively inves-
tigated to create new high-tech probes in biological detection [8, 35], exasperating the already 
dramatic waste disposal circumstances.

Among the different Se-species present in the environment, the inorganic forms of Se2−, SeO4
2−, 

or SeO3
2− are generally found in surface and ground waters as pollutants [36], while the organic 

and volatile ones (i.e., methylselenides, trimethylselenonium ions and selenoamino acids) 
occur in air and soils [37]. Similarly, Te-compounds result to be highly concentrated either 
in soils [38, 39] or waters [34] mainly in the form of TeO4

2− and TeO3
2−, being the latter highly 

soluble and toxic [35, 40, 41].

The presence of Se- and Te-compounds in water reservoirs has become a problem for both 
human health and ecological wildlife [42–45], which led to the development of several strate-
gies aimed to protect aquatic and human life [46], as Se-poisoning events have occurred in 
the last few years worldwide, such as in the Kesterson Wildlife reservoir (California) [47], the 
uranium mine in Saskatchewan (Canada), and the Lake Sutton (USA) [48], causing physical 
deformities and mutations [46]. The major areas of the world affected by water contamination 
due to the presence of SeO4

2− and SeO3
2− are North America, Australia and New Zealand [23], 

while higher level of Te-oxyanions has been detected in the surface waters of Te-contaminated 
basins in Angola and Panama as compared to the deep ones, indicating a difference in behav-
ior between Te and Se, which, as nutrient, is usually highly concentrated in the deep ocean 
[49]. Finally, Te-compounds emission in the atmosphere is now investigating, even if the 
implication related to the presence of Te-species in the air has not been established yet [19].
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of the heme metabolism in E. coli K-12 cells, by which this oxyanion is responsible for the accu-
mulation of the heme precursor protoporphyrin IX, causing iron depletion and, subsequently, 
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Despite the toxic effects of Se- and Te-oxyanions, in the last 20 years several microorgan-
isms able to sequester, bioconvert or biomethylate these chalcogen-ions have been isolated 
from extreme environments, such as ocean hydrothermal vents and the highly alkaline water 
Monolake (California), to name a few [22]. Mainly anaerobic or facultative-anaerobic bacteria 
capable of growing phototrophycally or chemotrophycally under oxic and anoxic conditions 
have been described for their metabolic potential in bioconverting these species, while much 
less is known about strictly aerobic microorganisms [23]. In this regard, anaerobic microorgan-
isms have been described for their use of chalcogen-oxyanions as terminal electron acceptors 
to sustain their growth [19, 22, 24–29]. Although the exact biochemical mechanisms behind Se 
and Te metabolism and bioconversion in these microorganisms have not been fully elucidated, 
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Te-oxyanions in their less toxic and less bioavailable elemental form (i.e., Se0 and Te0), some of 
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occur in air and soils [37]. Similarly, Te-compounds result to be highly concentrated either 
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2−, being the latter highly 

soluble and toxic [35, 40, 41].

The presence of Se- and Te-compounds in water reservoirs has become a problem for both 
human health and ecological wildlife [42–45], which led to the development of several strate-
gies aimed to protect aquatic and human life [46], as Se-poisoning events have occurred in 
the last few years worldwide, such as in the Kesterson Wildlife reservoir (California) [47], the 
uranium mine in Saskatchewan (Canada), and the Lake Sutton (USA) [48], causing physical 
deformities and mutations [46]. The major areas of the world affected by water contamination 
due to the presence of SeO4

2− and SeO3
2− are North America, Australia and New Zealand [23], 

while higher level of Te-oxyanions has been detected in the surface waters of Te-contaminated 
basins in Angola and Panama as compared to the deep ones, indicating a difference in behav-
ior between Te and Se, which, as nutrient, is usually highly concentrated in the deep ocean 
[49]. Finally, Te-compounds emission in the atmosphere is now investigating, even if the 
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2. Bioremediation of chalcogen-contaminated environments

The exploitation of microorganisms for the decontamination of Se- and/or Te-polluted environ-
ments is based on the capability of several bacterial strains to sequester, bioconvert or biometh-
ylate chalcogen-oxyanions [19]. Se- or Te-species sequestration is achieved by microorganisms 
through either their uptake in the bacterial cell or the interaction with charged surface biomol-
ecules [19], while the bioconversion of these oxyanions in bacteria leads to their reduction to Se0 
and Te0 in the form of metalloid precipitates [19]. Further, some microorganisms can biomethyl-
ate Se or Te-oxyanions, producing volatile methyl derivatives, which can react in the atmosphere 
with NO3 radicals, ozone and atmospheric particles, increasing their residence times [19, 50].

2.1. Bioremediation of Se-polluted environments using bacterial pure cultures as 
planktonic cells

In the last 30 years, Se-oxyanions sequestration by microorganisms has been investigated as a 
potential strategy for the decontamination of Se-polluted environments. Indeed, several bacte-
rial strains have been described for their ability to uptake SeO4

2− and/or SeO3
2− using several pro-

cesses, such as the sulfate transporter in E. coli [51], the sulfate permease in Salmonella typhimurium 
[52], the sulfite uptake system in Clostridium pasteurianum [53], the polyol ABC transporter in 
R. sphaeroides [54]. Thus, once inside the bacterial cell, the sequestered Se-oxyanions are usu-
ally incorporated into Se-amino acids (i.e., seleno-cysteine and -methionine) to biosynthesize 
selenoproteins [55].

An alternative Se-bioremediation approach is based on the bacteria’s ability to biomethyl-
ate Se-oxyanions, resulting in the production of Se-methyl derivates (i.e., dimethyl selenide, 
dimethyl selenyl sulfide, dimethyl diselenide), as in the case of Aeromonas sp. VS6, Citrobacter 
freundii KS8 and P. fluorescens K27 [56], Clostridium collagenovorans, Desulfovibrio gigas and 
Desulfovibrio vulgaris [57], Enterobacter cloacae SLS1a-1 [58], R. sphaeroides and R. rubrum S1 [59]. 
Se-oxyanions biomethylation is achieved in microorganisms through the Challenger mecha-
nism [56], which consists of several reduction-methylation steps that change Se-redox state from 
either VI or IV to II [60].

Recently, the exploitation of microorganisms able to bioconvert Se-oxyanions to Se0 has emer  
ged as a cost-effective green alternative strategy for the decontamination of Se-polluted environ-
ments, with a particular focus on surface waters and wastewaters. To date, Se-bioremediation 
approaches exploit bacterial strains capable of reducing SeO4

2− and SeO3
2− [23] either to conserve 

energy [61–63] or to detoxify their environmental niches [23]. Since Se-oxyanions bio-reduc-
tion under anoxic conditions is more characterized as compared to the aerobic mode, mainly 
anaerobic bacterial strains have been used for Se-decontamination purposes [23]. However, 
studies evaluating either SeO4

2− or SeO3
2− bioconversion by aerobic or microaerophilic micro-

organisms have also been conducted [61, 64–67], highlighting some disadvantages of these 
experimental conditions: a competition between the dissolved oxygen and the Se-oxyanion as 
terminal electron acceptor [68, 69], and the additional energetic cost to aerate a bioreactor [23]. 

Biosorption120

Regardless, aerobic bacterial strains have been explored as pure cultures at laboratory scale for 
Se-bioremediation purposes, yet little work about the use of these microorganisms for large-
scale applications have been conducted [23].

Among the microorganisms described for their tolerance toward Se-oxyanions, bacterial strains 
belonging to Pseudomonas, Desulfovibrio, Thauera, Enterobacter, Wolinella and Bacillus genera have 
been characterized for their capability to bioconvert SeO4

2− to SeO3
2− mainly under anoxic growth 

conditions [61, 70, 71]. Moreover, several anaerobic microorganisms have been characterized for 
their use of SeO4

2− as terminal electron acceptor to support their growth [26, 70–73], coupling 
the bioconversion of this Se-oxyanion to the oxidation of different carbon sources, such as ali-
phatic (pyruvate, lactate, acetate) as well as aromatic compounds (i.e., benzoate, 3-hydroxyben-
zoate, 4-hydroxybenzoate) [61, 74, 75]. Nevertheless, facultative anaerobes, such as Pseudomonas 
stutzeri, showed their proficiency of bioreducing SeO4

2− solely for detoxification purposes [70].

Unlike SeO4
2−, both aerobic and anaerobic microorganisms can bioconvert the highly soluble 

and reactive SeO3
2− [76] into Se0 through either detoxification strategies or anaerobic respira-

tion [77–79]. SeO3
2− detoxification occurs through several mechanisms based on Painter-type 

reactions [17, 80–82], where glutaredoxin/thioredoxin reductase systems [19, 83] and sidero-
phores mediate the oxyanion reduction [19, 65]. SeO3

2− detoxification is mostly achieved by thiol 
molecules present in the cytoplasm of bacterial cells, such as GSHs, mycothiols (MSHs), and 
glutaredoxins [17, 84]. Moreover, GSHs can be exported into the periplasm of Gram-negative 
bacteria, leading to the bioreduction of SeO3

2− in the periplasm or at their cell membrane [85]. 
Secondary SeO3

2−-detoxification strategies exploited by microorganisms involved the interac-
tion between SeO3

2− and reactive biogenic sulfide, [86, 87], as well as the exploitation of iron 
siderophores [19, 88]. On the other hand, SeO3

2− bioconversion during anaerobic respiration is 
mostly mediated by the presence of terminal nitrite, sulfite or fumarate reductases [19, 24, 61, 
66, 67, 72, 89, 90], as described for T. selenatis AX, Rhizobium sullae HCNT1 and C. pasteurianum, 
to name a few [91–93]. Further, Geobacter sulfurreducens [94], Shewanella oneidensis MR-1 [90] and 
Veillonella atypica [94] showed high proficiency in bioreducing SeO3

2− to Se0 through dissimila-
tory reduction in anoxic conditions, while among the bacterial strains able to anaerobically 
bioconvert SeO4

2− into SeO3
2−, a high yield of Se0 production by further reducing SeO3

2− has been 
observed for Bacillus beveridgei [22], D. indicum [75], Desulfovibrio desulfuricans [95], E. cloacae 
SLD1a-1 [96] and Sulfospirillum barnesii SES-3 [25, 96]. Nevertheless, fewer bacterial species (i.e., 
Bacillus selenitireducens and Aquificales sp.) have been described for their ability to use SeO3

2− as 
terminal electron acceptor as compared to those using SeO4

2− [26, 27].

2.2. Bioremediation of Te-polluted environments using bacterial pure cultures as 
planktonic cells

Although Te does not have an essential biological role for living organisms [8], bacterial 
cells are able to uptake Te-oxyanions and to biomethylate and/or bioconvert them either as 
a decontamination strategy or during the anaerobic respiration [8, 19]. Particularly, TeO3

2− 
uptake within bacterial cells has been ascribed to the phosphate transporter in E. coli [97], 
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belonging to Pseudomonas, Desulfovibrio, Thauera, Enterobacter, Wolinella and Bacillus genera have 
been characterized for their capability to bioconvert SeO4
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2− [26, 27].

2.2. Bioremediation of Te-polluted environments using bacterial pure cultures as 
planktonic cells

Although Te does not have an essential biological role for living organisms [8], bacterial 
cells are able to uptake Te-oxyanions and to biomethylate and/or bioconvert them either as 
a decontamination strategy or during the anaerobic respiration [8, 19]. Particularly, TeO3

2− 
uptake within bacterial cells has been ascribed to the phosphate transporter in E. coli [97], 
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Lactococcus lactis [98] and R. capsulatus [99, 100], considering that this Te-species is a strong 
competitive inhibitor of the phosphate group [19]. However, other carriers can be used to 
assist TeO3

2− uptake in microorganisms, such as the ActP monocarboxylate transporter of R. 
capsulatus [101], as well as an ATP-dependent efflux pump responsible for the arsenite/arse-
nate/antimonite resistance in E. coli [102]. Since Te shares several chemical properties with Se, 
microorganisms tolerant and/or resistant toward Te-oxyanions process them exploiting simi-
lar mechanisms to those described above for Se-species. In this regard, the biomethylation of 
Te-oxyanions to produce dimethyl telluride and dimethyl ditelluride [56] has been observed 
in several bacteria able to biomethylate Se-oxyanions as well, such as R. rubrum G9, R. cap-
sulatus [59], P. fluorescens K27 [103] and D. gigas [57]. Moreover, P. aeruginosa ML4262 [104], 
G. stearothermophilus V [105] and Mycobacterium tuberculosis [106] showed their capability of 
biomethylating only Te-oxyanions.

Despite of TeO3
2− presence in lower amount in the environment compared to TeO4

2− [39], tellu-
rite showed toxicity 10 times higher than tellurate [40, 41], leading the experimental research to 
focus on the study of TeO3

2−-tolerant/resistant microorganisms as ideal candidate for bioremedi-
ation purposes. Nevertheless, B. beveridgei [22], B. selenitireducens, S. barnesii [29] and Shewanella 
frigidimarina ER-Te-48 [28, 107] showed their ability under anaerobic growth conditions to 
use both TeO4

2− and TeO3
2− oxyanions as terminal electron acceptors in the respiratory chain 

to sustain their growth [8]. To date, the proposed mechanisms of Te-oxyanions bioconversion 
in microorganisms are similar to those described for Se-species [13, 56, 88, 104, 108]. Further, 
TeO3

2− processing in microorganisms have been ascribed to enzymatic reductions by periplas-
mic or cytoplasmic oxidoreductases [107, 109], such as nitrate reductases [109, 110], catalases 
[111] and thiol:disulfide oxidoreductase [112]. However, the function of all these enzymes for 
bioconverting Te-oxyanions appears to be not specific, leading to a low resistance level toward 
Te-species in these microorganisms. To date, only one specific TeO3

2− reductase has been identi-
fied as responsible for the anaerobic respiration of this Te-oxyanion in Bacillus sp. GT-83 [113].

2.3. Bioremediation of chalcogen-polluted environments based on bacterial biofilms

The majority of the investigations regarding the bioremediation of Se- and Te-contaminated 
environments have been focused on the exploitation of bacterial species grown as free plank-
tonic cells [8]. However, in natural settings microorganisms are most often found in close asso-
ciation with surfaces and interfaces as complex communities, which are indicated as biofilms 
[114–116]. In bacterial biofilms, the cells are embedded and protected from the surrounding 
environments by the presence of a matrix defined as Extracellular Polymeric Substance, contain-
ing a high amount of water, polysaccharides, proteins, extracellular-DNA (e-DNA) and lipids 
[117, 118]. The communal life of bacterial cells in the form of biofilm offers them several advan-
tages [114, 117, 119], resulting in their innate ability to populate a vast array of environments 
[119], including those contaminated by chalcogen-oxyanions. Thus, peculiar features of bacterial 
biofilms (i.e., quorum sensing signaling process, different cellular physiology, presence of the 
EPS and colony morphology variants) [120–124] confer them tolerance and/or resistance toward 
either Se- or Te-oxyanions without having specific Se- and Te- genetic resistant determinants 
[19]. In this regard, sulfate-reducing bacteria (SRB) within a biofilm produce sulfide (S2), which 
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can abiotically bioconvert SeO4
2− and/or SeO3

2−, leading to the precipitation of Se0 in the EPS 
[86]. Unlike SRB, S. oneidensis biofilms grown under anaerobic conditions can reduce TeO3

2− and 
SeO3

2−, accumulating Te0 and Se0 in both the cells and the EPS, respectively [125].

Since microorganisms grown as biofilms showed to play an important role in metal and chal-
cogen geochemistry [126], several biofilm-based reactors have been used to support the bio-
sorption and the bioconversion of Se- and Te-oxyanions as detoxification strategy [8]. Indeed, 
Burkholderia cepacia biofilm grown on alumina surface [127], as well as a mixed species biofilm 
composed of Dechloromonas sp. and Thauera sp. [128] have been explored for Se-oxyanions 
bioremediation, resulting in the uptake and bioconversion of SeO4

2− to Se0 by the bacterial cells. 
Similarly, biofilms-containing denitrifying and sulfate-reducing microorganisms grown on a 
hallow-membrane biofilm reactor have been successfully used to remove SeO4

2− from waste-
water [129, 130], while the pre-grown biofilm of the SRB Desulfomicrobium norvegicum resulted 
able to abiotically reduce SeO3

2− extracellularly through its production of S-Se granules within 
the EPS [86]. Further, biofilm formed by TeO3

2−-resistant isolates of non-sulfur marine photo-
synthetic bacteria showed their proficiency in bioconverting this Te-oxyanion through intra-
cellular reduction [131].

3. Microbial consortia for the treatment of selenium and tellurium 
contaminated wastewaters

3.1. Microbial consortia

In the environment, microorganisms usually thrive as communities composed by multiple 
species, generally referred as microbial consortia [132]. The employment of these microbial 
consortia in the treatment of environmental matrices contaminated with different inorganic or 
organic pollutants is currently a field of great interest for researchers [133]. There are signifi-
cant advantages for the utilization of microbial consortia over pure cultures, such as the larger 
volumes of wastewaters treatable, the ability of microbial communities to adapt to diverse 
conditions, the presence of synergic interactions among members within the consortium and 
the possibility to work in non-aseptic conditions [23]. This last aspect is particularly significant, 
since it facilitates process control and it reduces both maintenance and operational costs [134].

In the following section, the different biological systems based on processes of biosorption and 
bioconversion of Se- and Te-oxyanions from contaminated matrices by using microbial consortia 
will be discussed.

3.2. Microbial consortia for Se-removal from contaminated environments

In recent years, the utilization of biological treatments based on the exploitation of microbial 
consortia has become the leading approach for the removal of toxic Se-species from envi-
ronmental matrices, particularly from wastewaters (i.e., mine runoff, agricultural drainage, 
and flue gas desulfurization wastewater from plants) [23]. This decontamination strategy has 
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fied as responsible for the anaerobic respiration of this Te-oxyanion in Bacillus sp. GT-83 [113].
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[119], including those contaminated by chalcogen-oxyanions. Thus, peculiar features of bacterial 
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either Se- or Te-oxyanions without having specific Se- and Te- genetic resistant determinants 
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2− and/or SeO3

2−, leading to the precipitation of Se0 in the EPS 
[86]. Unlike SRB, S. oneidensis biofilms grown under anaerobic conditions can reduce TeO3

2− and 
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2−, accumulating Te0 and Se0 in both the cells and the EPS, respectively [125].
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2− to Se0 by the bacterial cells. 
Similarly, biofilms-containing denitrifying and sulfate-reducing microorganisms grown on a 
hallow-membrane biofilm reactor have been successfully used to remove SeO4

2− from waste-
water [129, 130], while the pre-grown biofilm of the SRB Desulfomicrobium norvegicum resulted 
able to abiotically reduce SeO3

2− extracellularly through its production of S-Se granules within 
the EPS [86]. Further, biofilm formed by TeO3

2−-resistant isolates of non-sulfur marine photo-
synthetic bacteria showed their proficiency in bioconverting this Te-oxyanion through intra-
cellular reduction [131].
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contaminated wastewaters
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In the environment, microorganisms usually thrive as communities composed by multiple 
species, generally referred as microbial consortia [132]. The employment of these microbial 
consortia in the treatment of environmental matrices contaminated with different inorganic or 
organic pollutants is currently a field of great interest for researchers [133]. There are signifi-
cant advantages for the utilization of microbial consortia over pure cultures, such as the larger 
volumes of wastewaters treatable, the ability of microbial communities to adapt to diverse 
conditions, the presence of synergic interactions among members within the consortium and 
the possibility to work in non-aseptic conditions [23]. This last aspect is particularly significant, 
since it facilitates process control and it reduces both maintenance and operational costs [134].

In the following section, the different biological systems based on processes of biosorption and 
bioconversion of Se- and Te-oxyanions from contaminated matrices by using microbial consortia 
will be discussed.

3.2. Microbial consortia for Se-removal from contaminated environments

In recent years, the utilization of biological treatments based on the exploitation of microbial 
consortia has become the leading approach for the removal of toxic Se-species from envi-
ronmental matrices, particularly from wastewaters (i.e., mine runoff, agricultural drainage, 
and flue gas desulfurization wastewater from plants) [23]. This decontamination strategy has 
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several advantages over chemical–physical remediation technologies, being: the cost-effec-
tiveness of microbial-based remediation approach, the avoidance in employing hazardous 
chemicals, and the possibility to recover Se0 in a recyclable form either as precipitates or as 
nanostructures, which are technologically and economically more valuable [23, 135]. Since 
using microbial consortia under aerobic conditions has a lower efficiency of the whole sys-
tem compared to the anaerobic processes, microbial communities used in these systems are 
mostly capable of anaerobically bioconverting Se-oxyanions to their elemental state [136]. In 
this regard, the dissimilatory reduction of SeO4

2− under anaerobic conditions by a microbial 
community was firstly reported for sediment slurries by Oremland and coworkers [89], while 
an anaerobic co-culture isolated from agricultural drainage water in the San Joaquin Valley in 
California of a not-identified Gram-positive rod-shaped bacterium and a Pseudomonas sp. was 
capable of bioconverting both SeO4

2− and SeO3
2− to Se0 [72]. Further, several anaerobic micro-

bial consortia able to process Se-species have been found in biological wastewaters, such as 
activated, denitrifying, sulfate-reducing and methanogenic sludges [135]. Among them, meth-
anogenic anaerobic granular sludges were the most effective to remove high SeO4

2− concentra-
tions using different electron donors (e.g., methanol, ethanol, acetate, lactate, glucose) [137].

Considering the large amount of Se-oxyanions present in laden wastewaters, different tech-
nologies and reactor configurations have been developed in order to treat these environmen-
tal samples (Figure 1), such as the ABMet® biofilter system, the electro-biochemical reactors 
(EBR), the biofilm reactors (BSeR), the membrane biofilm reactors (MBfR), the upflow anaero-
bic sludge blanket reactors (UASB) and the sequencing batch reactors (SBR) [23]. In the follow-
ing sub-sections, examples of bioreactor configurations used to bioremediate Se-contaminated 
waters and their operating procedures are briefly discussed.

3.2.1. The ABMet® reactor system

The ABMet® reactor is both a biological and a filtration system, in which microbial consortia are 
grown on porous granular activated carbon (GAC) beds, creating anoxic conditions for optimal 
SeO4

2− and SeO3
2− reduction [23]. The system consists of biofilter tanks where Se-oxyanions are 

bioconverted to their elemental state, followed by the removal of Se0 from the biofilter through 
a backwash cycle [138, 139]. This reactor uses a nutrient dosage tank generally containing a 
molasses-based solution, which acts as an electron donor sink for the microbial consortia, allow-
ing the bioconversion of Se-oxyanions [139]. Thus, in this reactor configuration, the microbial 
communities require only a small amount of supplemented nutrient, decreasing the mainte-
nance costs of the entire system [23]. Further, the GAC beds are used as substratum to sustain 
the bacterial growth, allowing the formation of a biofilm, which is morphologically more robust 
as compared to planktonic cells, resisting to the washing steps of the reactor [23]. Recently, 
Se-oxyanions bioconversion using anaerobic microbial communities inoculated in a ABMet® 
biofilter system has been observed within 16 h of empty bed contact time (EBCT) (i.e., the resi-
dence time of the water in the reactor) with a removal efficiency of 99.3% at the Duke Energy 
and Progress Energy in North Carolina [138]. Moreover, co-contaminants present in these 
wastewaters, such as NO3

− and heavy metals, along with Se-oxyanions resulted to be removed 
with a high efficacy by the microbial consortium grown on the ABMet® biofilter system [23].
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3.2.2. The EBR system

Se-wastewater treatment is also achieved by using the electro-biochemical reactor (EBR), 
which utilizes the ability of certain microbial consortia to accept electrons from graphite elec-
trodes reducing inorganic compounds (e.g., SeO4

2− and SeO3
2−) through direct interspecies elec-

tron transfer [140]. In this process, electrons obtained from the oxidation of electron donors 
(i.e., graphite electrodes) are transferred to the outer surface of a bacterial cell to reduce the 
extracellular terminal electron acceptor (i.e., Se-oxyanions) [140]. The efficiency of this system 
is strictly dependent on the retention times of the microbial consortia, with optimal perfor-
mances between 6 to 18 h [141]. In this regard, on-site pilot scale study using an EBR sys-
tem in British Columbia (Canada) for the decontamination of coal mine wastewaters from 
Se-oxyanions reported a decrease of their concentration from over 500–5 μg L−1 (below US 
discharge limits), showing its high effectiveness even with influent streams at temperature as 
low as 1°C [141].

Figure 1. Schematic illustration of bioreactor configurations used for bioremediation of chalcogen-contaminated matrices.
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several advantages over chemical–physical remediation technologies, being: the cost-effec-
tiveness of microbial-based remediation approach, the avoidance in employing hazardous 
chemicals, and the possibility to recover Se0 in a recyclable form either as precipitates or as 
nanostructures, which are technologically and economically more valuable [23, 135]. Since 
using microbial consortia under aerobic conditions has a lower efficiency of the whole sys-
tem compared to the anaerobic processes, microbial communities used in these systems are 
mostly capable of anaerobically bioconverting Se-oxyanions to their elemental state [136]. In 
this regard, the dissimilatory reduction of SeO4

2− under anaerobic conditions by a microbial 
community was firstly reported for sediment slurries by Oremland and coworkers [89], while 
an anaerobic co-culture isolated from agricultural drainage water in the San Joaquin Valley in 
California of a not-identified Gram-positive rod-shaped bacterium and a Pseudomonas sp. was 
capable of bioconverting both SeO4

2− and SeO3
2− to Se0 [72]. Further, several anaerobic micro-

bial consortia able to process Se-species have been found in biological wastewaters, such as 
activated, denitrifying, sulfate-reducing and methanogenic sludges [135]. Among them, meth-
anogenic anaerobic granular sludges were the most effective to remove high SeO4

2− concentra-
tions using different electron donors (e.g., methanol, ethanol, acetate, lactate, glucose) [137].

Considering the large amount of Se-oxyanions present in laden wastewaters, different tech-
nologies and reactor configurations have been developed in order to treat these environmen-
tal samples (Figure 1), such as the ABMet® biofilter system, the electro-biochemical reactors 
(EBR), the biofilm reactors (BSeR), the membrane biofilm reactors (MBfR), the upflow anaero-
bic sludge blanket reactors (UASB) and the sequencing batch reactors (SBR) [23]. In the follow-
ing sub-sections, examples of bioreactor configurations used to bioremediate Se-contaminated 
waters and their operating procedures are briefly discussed.

3.2.1. The ABMet® reactor system

The ABMet® reactor is both a biological and a filtration system, in which microbial consortia are 
grown on porous granular activated carbon (GAC) beds, creating anoxic conditions for optimal 
SeO4

2− and SeO3
2− reduction [23]. The system consists of biofilter tanks where Se-oxyanions are 

bioconverted to their elemental state, followed by the removal of Se0 from the biofilter through 
a backwash cycle [138, 139]. This reactor uses a nutrient dosage tank generally containing a 
molasses-based solution, which acts as an electron donor sink for the microbial consortia, allow-
ing the bioconversion of Se-oxyanions [139]. Thus, in this reactor configuration, the microbial 
communities require only a small amount of supplemented nutrient, decreasing the mainte-
nance costs of the entire system [23]. Further, the GAC beds are used as substratum to sustain 
the bacterial growth, allowing the formation of a biofilm, which is morphologically more robust 
as compared to planktonic cells, resisting to the washing steps of the reactor [23]. Recently, 
Se-oxyanions bioconversion using anaerobic microbial communities inoculated in a ABMet® 
biofilter system has been observed within 16 h of empty bed contact time (EBCT) (i.e., the resi-
dence time of the water in the reactor) with a removal efficiency of 99.3% at the Duke Energy 
and Progress Energy in North Carolina [138]. Moreover, co-contaminants present in these 
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3.2.3. The BSeR and MBfR systems

Reactors containing multispecies biofilms (BSeR) represent another promising approach for the 
treatment of Se-contaminated wastewaters. Indeed, microbial biofilms play a dominant role in 
the biogeochemical natural cycle of different inorganic compounds. In a recent study, a mul-
tispecies biofilm composed of strains (i.e., Rhodococcus sp., Pseudomonas sp., Bacillus sp. and 
Arthrobacter sp.) adapted to high concentration of SeO3

2− has been investigated for its potential in 
converting these oxyanions to their elemental form (Se0) [142]. Moreover, it has been highlighted 
the presence of specific biofilm regions where Se0 was deposited as sub-micrometer-sized par-
ticles, associated with the microbial biomass [142]. In the BSeR methodology, bacterial biofilms 
are grown on granular activated carbon in anaerobic fixed-film reactors showing a high biopro-
cess proficiency toward both SeO4

2− and SeO3
2− [143], which resulted in the recovery of ca. 97% of 

Se0 from agriculture drainage wastewater (Garfield Wetlands-Kessler Springs, Utah, USA) [144].

Another configuration of reactor based on microbial biofilms is the membrane biofilm reac-
tor (MBfR) [129, 130, 145, 146]. MBfR in its standard configuration consists of a bundle of 
bubble-less gas transfer to a membrane delivering H2 directly to the grown biofilm consisting 
of autohydrogenotrophic bacteria (e.g., Cupriavidus metallidurans) on the outer surface of the 
membrane [146], resulting in a higher efficiency of Se-oxyanions bioconversion as compared 
to other systems [143]. Although the membrane of the MBfR system can be made of either 
organic or inorganic materials, mostly hollow-fiber membranes are used at high gas pressures, 
providing a high surface-to-volume ratio [23]. Moreover, hydrophobic membranes are gener-
ally used in these systems, allowing to maintain the pores dry to achieve a fast diffusion of gas 
molecules [23]. In the MBfR system, the reduction of Se-oxyanions is coupled with the oxida-
tion of H2, acting as electron donor, which supports the growth of the autotrophic microbial 
consortia [129]. SeO4

2− removal in this system has been improved to 94% by changing H2 pres-
sure, with Se0 retained inside the microbial biofilm [129] in the form of crystalloid aggregates 
[147]. Similarly to the ABMet® system, the MBfR reactor resulted able to remove several oxi-
dized toxic contaminants, such as chromium and arsenic, along with Se-oxyanions [23]. The 
microbial composition of a MBfR system exposed to different concentrations of SeO4

2− was 
characterized by Ontiveros-Valencia and coworkers through 16S rRNA pyrosequencing [147]. 
Results showed that biofilms exposed to a high load of SeO4

2− were composed principally 
by denitrifying bacteria belonging to the genera of Denitratisoma and Dechloromonas, which 
were previously reported as capable of reducing SeO4

2− [147]. Recently, Lay and coworkers 
developed an MBfR system in which methane gas (CH4) acted as electron donor instead of 
H2, exploiting the microbial consortium capability to oxidize CH4 coupled with SeO4

2− reduc-
tion [148]. Particularly, the utilization of methane over H2 has the advantages of lower cost 
and high availability from anaerobic digestion. Once again, the final product of the process 
are Se0-nanospheres, accumulated in the microbial biomass [148]. A characterization of the 
microbial consortium by 16S rRNA sequencing revealed the presence of a specific methano-
trophic genus (Methylomonas) that is able to simultaneously oxidize CH4 and reduce SeO4

2−, 
along with methanotrophic bacteria, which, upon methane utilization, are capable of gen-
erating organic metabolites suitable as electron donors for SeO4

2−-reducing microorganisms 
present in the biofilm [148]. Although the MBfR system resulted to be a promising technology 
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to efficiently remove Se-oxyanions from contaminated environments, its implementation at 
industrial scale has not been investigated yet, likely due to the high cost of electron donors 
needed to the working-system, which is still prohibitive for large-scale applications [143].

3.2.4. The UASB system

Sludge-based reactors have also been employed for the treatment of Se-contaminated waste-
waters [68]. Indeed, the most implemented process for anaerobic treatment of industrial efflu-
ents is the upflow anaerobic sludge blanket (UASB) reactor, because of the accumulation of 
microbial biomass and suspended solid, and a dense sludge bed at the bottom of the reactor, 
in which Se-oxyanions bioconversion occurs [68]. In this regard, the natural aggregation of 
some bacteria forming flocculates or granules leads to a high retention of active anaerobic 
sludge even at great organic load rates [149]. Additionally, the wastewater is kept in good 
contact with the bacterial biomass through both the turbulence of the upflow influent flow 
and the biogas produced by the anaerobic microorganisms [68]. UASB reactors have been 
pilot-tested for Se-removal at the Adams Avenue Agricultural Drainage Research Center in 
San Joaquin Valley (California) [150]. The influent had a total Se content of 500 μg L−1 and 
the removal efficiency ranged from 58 to 90% [150]. The efficiency of UASB reactors for the 
removal of Se-oxyanions was tested by Lenz and coworkers in a series of studies evaluat-
ing SeO4

2− removal from synthetic wastewater by microbial consortia under methanogenic, 
sulfate-reducing and denitrifying conditions [151–153]. Using lactate as electron donor, a 
SeO4

2− removal efficiency of 99% was obtained in both methanogenic and sulfate-reducing 
conditions, demonstrating that UASB reactors can be effectively applied to remove SeO4

2− 
from contaminated wastewaters, with the involvement of sulfate-reducing bacteria (sulfate-
reducing conditions) and a selenium-respiring sub-population (methanogenic conditions) 
[151]. Since the use of UASB reactors under methanogenic conditions leads to the recovery of 
decontaminated water, Se0 and energy, methanogenic sludges are promising for Se-oxyanions 
bioconversion [143]. Further, Dessì and coworkers evaluate SeO4

2− removal in UASB reac-
tors as function of the temperature, observing that the maximum efficiency of removal was 
obtained at thermophilic conditions (55°C) [154]. Another advantage of working at this tem-
perature is the better retention of reduced Se in the microbial biomass. Additionally, they 
performed a characterization of the microbial consortia through DGGE analysis, correlating 
the high SeO4

2− removal efficiency to the presence of SeO4
2−-respiring microorganisms, such as 

Sulfurospirillum barnesii and D. indicum [154]. UASB reactors are very promising for removing 
Se-oxyanions from contaminated wastewaters, however they require constant control, since 
any change in operation conditions may lead to an increase of the effluent Se-concentration 
through either biomethylation or bioconversion of Se-species [23].

3.2.5. The SBR system

Se-wastewater can be processed using a sequencing batch reactor (SBR), in which the biodeg-
radation and solid separation take place in the same reactor [23]. In this configuration, the 
treatment is carried out in consecutive stages in the same tank: filling, reaction, sedimentation, 
draw, purging and inactivity [155]. The selection and enrichment of the desired microbial 
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3.2.3. The BSeR and MBfR systems
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2− [143], which resulted in the recovery of ca. 97% of 
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2− [147]. Recently, Lay and coworkers 
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2− reduc-
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to efficiently remove Se-oxyanions from contaminated environments, its implementation at 
industrial scale has not been investigated yet, likely due to the high cost of electron donors 
needed to the working-system, which is still prohibitive for large-scale applications [143].

3.2.4. The UASB system
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[151]. Since the use of UASB reactors under methanogenic conditions leads to the recovery of 
decontaminated water, Se0 and energy, methanogenic sludges are promising for Se-oxyanions 
bioconversion [143]. Further, Dessì and coworkers evaluate SeO4

2− removal in UASB reac-
tors as function of the temperature, observing that the maximum efficiency of removal was 
obtained at thermophilic conditions (55°C) [154]. Another advantage of working at this tem-
perature is the better retention of reduced Se in the microbial biomass. Additionally, they 
performed a characterization of the microbial consortia through DGGE analysis, correlating 
the high SeO4

2− removal efficiency to the presence of SeO4
2−-respiring microorganisms, such as 

Sulfurospirillum barnesii and D. indicum [154]. UASB reactors are very promising for removing 
Se-oxyanions from contaminated wastewaters, however they require constant control, since 
any change in operation conditions may lead to an increase of the effluent Se-concentration 
through either biomethylation or bioconversion of Se-species [23].

3.2.5. The SBR system

Se-wastewater can be processed using a sequencing batch reactor (SBR), in which the biodeg-
radation and solid separation take place in the same reactor [23]. In this configuration, the 
treatment is carried out in consecutive stages in the same tank: filling, reaction, sedimentation, 
draw, purging and inactivity [155]. The selection and enrichment of the desired microbial 
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consortia is achieved by the alternation of anaerobic and aerobic phases, which results in the 
complete integration of both oxic and anoxic conditions in the same reactor [69, 155]. The 
SRB systems have been mostly used in the treatment of textile wastewater, thanks to their 
efficiency in removing dyes [69]. Further, this system has been employed for Se-laden waste-
water treatment by Rege and coworkers, which used a denitrifying bacterial consortium for 
the reduction of both SeO3

2− and SeO4
2− with acetate as electron donor, observing a lag phase of 

150 h and a SeO3
2− reduction rate higher than SeO4

2− [156]. In other studies, SBR reactors have 
been used for the remediation of SeO4

2− specifically inoculating the bacterial strains Thauera 
selenatis [157] and Bacillus sp. SF-1 [158]. However, SeO3

2− accumulation in the reactor over the 
time exerted to a toxic effect toward the bacteria present in the system [158]. More recently, 
Mal and coworkers studied the potential of SeO4

2− removal in the presence of NH4
+ in an SBR 

inoculated with an activated sludge collected from a wastewater treatment plant [159]. In 
this study, the microbial consortium removed up to 100% of SeO4

2− and 95% of ammonium 
through partial nitrification as well as nitrification/denitrification, with alternating between 
anaerobic and aerobic phases [159]. The efficiency of the system was improved by prolonging 
the anaerobic phase from 3 to 4.5 h. Interestingly, the effluent presented low concentrations of 
both volatile and elemental Se, suggesting that most part of biogenic Se0 formed by the micro-
bial consortium was retained in the activated sludge [159].

Even if the performances of the bioreactor configurations described above are promising, 
there are still challenges for the utilization of these approaches to remediate Se-laden waste-
water, such as the presence of co-contaminations with different types of metals, the discharge 
limits for the effluent, and the disposal of the concentrated selenium solids [23, 143]. The 
bioremediation of Se-contaminated soils has been less explored than wastewater treatment. In 
this regard, a study by Prakash and coworkers, analyzing the capability of a microbial consor-
tium, composed by aerobic rhizo-bacteria belonging to Bacillus genus, to remove SeO4

2− and 
SeO3

2− contamination from soils amended with different concentrations of these oxyanions 
[160]. The study revealed higher rate of removal for SeO3

2− as compared to SeO4
2−, due to the 

greater bioavailability in the soils of SeO3
2− [160]. Moreover, microbial consortia can play a 

major role in assisting hyperaccumulator plants in phytoremediation approaches by enhanc-
ing both plant growth and Se-accumulation (Figure 2) [161, 162].

3.3. Microbial consortia for Te-removal from contaminated environments

Since Te-biogeochemistry is still poorly understood [34], to date few examples of microbial 
consortia employed for the bioconversion of Te-oxyanions into their elemental state (Te0) are 
available in the literature [8]. Further, although Te-species are toxic for living organisms at 
very low concentrations [6], evaluating the actual amount of Te-contaminants present in envi-
ronmental samples is challenging, due to their low general availability on Earth [34]. Indeed, 
even if TeO4

2−- and/or TeO3
2−- reducing bacteria are frequently isolated from natural microbial 

communities adapted to the stress exerted by Te-oxyanions [28, 107], the application of micro-
bial consortia for their removal from contaminated matrices is still in its infancy.

One of the first studies regarding bioremediation of Te-contaminated environments was carried 
out by Baesman and coworkers, which isolated sediment slurries resistant to TeO3

2− at Mono 
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Lake (California) [22]. Thus, the identified slurries were exposed under anaerobic conditions 
of growth to different concentrations of TeO3

2− with either lactate or H2 as electron donors, and 
they were incubated at 28°C for 30 days [22]. During the timeframe of microbial consortium’s 
growth, a progressively blackening of the cultures has been observed, which indicated both 
Te-oxyanions bioreduction and the simultaneous accumulation of Te0 precipitates, as proven 
by electron microscopy observations of the solid phase of the slurries [22].

More recently, Ramos-Ruiz and coworkers analyzed an anaerobic mixed microbial culture 
in a methanogenic granular sludge obtained from a wastewater treatment plant at Mahou’s 
(beer brewery in Spain) [163]. In this regard, the granular sludge was chosen over planktonic 
cells considering that the latter one should be exposed more directly to the toxic Te-species 
[163]. As a result, the anaerobic sludge was able to catalyze the reduction of both TeO4

2− and 
TeO3

2− added to the system at a concentration of 20 mg L−1, showing a rate of TeO3
2− reduc-

tion seven-fold higher than TeO4
2− one in all conditions tested [163]. As a consequence of 

Te-oxyanions bioconversion by the anaerobic sludge, the formation of intra and extracellular 
Te-nanoprecipitates has been detected through electron microscopy [163]. Interestingly, the 
microbial consortium did not show any lag phase when exposed to Te-oxyanions even in the 
case of a sludge originated from wastewater not contaminated with Te-species [163]. In order 
to avoid the possibility of an abiotic bioreduction of TeO4

2− and/or TeO3
2− by biogenic S2− pro-

duced by SRB microorganisms generally present in microbial consortia, all the experiments 
have been performed in a (S)-free medium. Furthermore, the authors observed an increase 
of both TeO4

2− and TeO3
2− reduction rates after the amendment of different redox mediators, 

with riboflavin and lawsone causing the highest effect [163]. Finally, the addition of these 
redox mediators increased the percentage of extracellular Te-nanoprecipitates, determining a 
change in the shape of the nanomaterials produced [163].

Figure 2. Schematic illustration of a phytoremediation system for the treatment of Se-wastewater through a synergistic 
cooperation of a Se-hyperaccumulator plant and selenite/selenate bioconverting bacteria of the rhizosphere [162].
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both volatile and elemental Se, suggesting that most part of biogenic Se0 formed by the micro-
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limits for the effluent, and the disposal of the concentrated selenium solids [23, 143]. The 
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2− and 
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[160]. The study revealed higher rate of removal for SeO3

2− as compared to SeO4
2−, due to the 

greater bioavailability in the soils of SeO3
2− [160]. Moreover, microbial consortia can play a 

major role in assisting hyperaccumulator plants in phytoremediation approaches by enhanc-
ing both plant growth and Se-accumulation (Figure 2) [161, 162].

3.3. Microbial consortia for Te-removal from contaminated environments

Since Te-biogeochemistry is still poorly understood [34], to date few examples of microbial 
consortia employed for the bioconversion of Te-oxyanions into their elemental state (Te0) are 
available in the literature [8]. Further, although Te-species are toxic for living organisms at 
very low concentrations [6], evaluating the actual amount of Te-contaminants present in envi-
ronmental samples is challenging, due to their low general availability on Earth [34]. Indeed, 
even if TeO4

2−- and/or TeO3
2−- reducing bacteria are frequently isolated from natural microbial 

communities adapted to the stress exerted by Te-oxyanions [28, 107], the application of micro-
bial consortia for their removal from contaminated matrices is still in its infancy.

One of the first studies regarding bioremediation of Te-contaminated environments was carried 
out by Baesman and coworkers, which isolated sediment slurries resistant to TeO3
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Lake (California) [22]. Thus, the identified slurries were exposed under anaerobic conditions 
of growth to different concentrations of TeO3

2− with either lactate or H2 as electron donors, and 
they were incubated at 28°C for 30 days [22]. During the timeframe of microbial consortium’s 
growth, a progressively blackening of the cultures has been observed, which indicated both 
Te-oxyanions bioreduction and the simultaneous accumulation of Te0 precipitates, as proven 
by electron microscopy observations of the solid phase of the slurries [22].

More recently, Ramos-Ruiz and coworkers analyzed an anaerobic mixed microbial culture 
in a methanogenic granular sludge obtained from a wastewater treatment plant at Mahou’s 
(beer brewery in Spain) [163]. In this regard, the granular sludge was chosen over planktonic 
cells considering that the latter one should be exposed more directly to the toxic Te-species 
[163]. As a result, the anaerobic sludge was able to catalyze the reduction of both TeO4

2− and 
TeO3

2− added to the system at a concentration of 20 mg L−1, showing a rate of TeO3
2− reduc-

tion seven-fold higher than TeO4
2− one in all conditions tested [163]. As a consequence of 

Te-oxyanions bioconversion by the anaerobic sludge, the formation of intra and extracellular 
Te-nanoprecipitates has been detected through electron microscopy [163]. Interestingly, the 
microbial consortium did not show any lag phase when exposed to Te-oxyanions even in the 
case of a sludge originated from wastewater not contaminated with Te-species [163]. In order 
to avoid the possibility of an abiotic bioreduction of TeO4

2− and/or TeO3
2− by biogenic S2− pro-

duced by SRB microorganisms generally present in microbial consortia, all the experiments 
have been performed in a (S)-free medium. Furthermore, the authors observed an increase 
of both TeO4

2− and TeO3
2− reduction rates after the amendment of different redox mediators, 

with riboflavin and lawsone causing the highest effect [163]. Finally, the addition of these 
redox mediators increased the percentage of extracellular Te-nanoprecipitates, determining a 
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A following study by the same research group evaluated the feasibility to use UASB reactors 
for the bioconversion of TeO3

2− to Te-nanoprecipitates using a methanogenic microbial consor-
tium in granular sludge, and the subsequent separation of the nanomaterials from the water 
effluent [164]. In this study, ethanol was added to the system as exogenous source of electron-
donating substrate, while riboflavin was supplied as redox mediator during the biological 
process [164]. UASB reactors were operated with hydraulic retention time of 14 h at 28°C and 
supplemented with up to 20 mg L−1 of TeO3

2− [164]. Similarly to the above-mentioned study 
[164], the presence of riboflavin as redox mediator enhanced the efficiency of TeO3

2− biocon-
version, lowering the toxicity of this oxyanion toward the microbial consortium. Moreover, 
a continuous removal of TeO3

2− by the anaerobic microbial consortium was observed in the 
UASB reactor, showing a bioreduction efficiency ranging from 83%, when riboflavin was 
absent, to 99.5%, when riboflavin was added to the system [164].

TeO3
2− removal from wastewater using a UASB bioreactor was also recently investigated by 

Mal and coworkers, which inoculated a UASB reactor with anaerobic granular sludge fed with 
lactate as carbon source, with a hydraulic retention time of 12 h at 30°C [165]. In the UASB 
reactor, firstly a concentration of 10 mg L−1 of TeO3

2− was added, which was subsequently 
increased after 42 days to 20 mg L−1. Te-oxyanion removal started immediately after the initial 
TeO3

2− addition [165]. Particularly, after the first 3–4 weeks of sludge incubation in the reactor, 
a significant improvement of TeO3

2− removal efficiency was observed, suggesting an adapta-
tion of the microbial consortium to the presence of this oxyanion [165]. Furthermore, TeO3

2− 
was almost completely bioconverted to its elemental state in the form of Te-nanostructures 
associated with the loosely bound EPS fraction surrounding the sludge, suggesting a pivotal 
role played by EPS and its functional groups in the biogenesis of Te-nanoprecipitates. In this 
regard, the possibility to easily recover Te-nanostructures associated with the EPS fraction 
opens new possibility to combine oxyanion removal with the recovery of Te0 [165].

4. Microbial generation of Se- and Te-nanostructures

It is nowadays recognized the key role played by bacteria not only as tool for bioremedia-
tion purposes of highly contaminated Se- and Te-matrices, but also as a mean by which the 
less toxic and bioavailable elemental form of these chalcogens (i.e., Se0 and Te0) are gener-
ated and recovered. Indeed, yet Se and Te are elements featured by unique chemical-physical 
(i.e., semiconductive, photoconductive and catalytic) properties [166–169], which result to 
be emphasized in the nanosized material containing Se0 and Te0 as building blocks, forming 
nanoparticles (NPs) and/or nanorods (NRs). Se and Te as nanoscale structures are charac-
terized by a large surface-to-volume ratio and a large surface energy as compared to their 
bulk counterparts [8], which make them suitable for biotechnological applications, such as: 
biomedicine, electronics, environmental engineering and agricultural industries [168, 170], 
to name a few. Since bacteria are considered inexpensive catalysts, their use for the produc-
tion of Se- and Te-based nanostructures is an attractive choice over the chemical synthesis 
processes [79]. Thus, microorganisms capable of generating biogenic nanomaterials are seen 
as green and cost-effective exploitable methods to synthesize high-quality nanostructures [10], 
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whose process occurs at standard conditions (i.e., near neutral pH, controlled temperature 
and pressure), and, more importantly, avoiding the use of harsh reducing agents as well as 
the production of toxic wastes deriving from the chemical synthesis approaches [171].

Considering the peculiar photoconductive, semiconductive and optical properties of Se, the 
use of Se-based nanomaterials has been investigated in a wide range of applications, such as in 
the production of new optical devices, photovoltaic solar cells, photographic exposure meters 
and rectifiers and photo-assisted fuel cells [172–175]. Moreover, Se-nanostructures resulted 
to act as good catalyst for both the chelation of mercury ions (Hg2+) present as contaminants 
in different polluted environments [176], and the degradation of several toxic chemical com-
pounds (e.g., trypan blue dye) [177], as well as an efficient bio-sensor for H2O2 in different 
matrices [178]. Similarly, Te is a narrow band-gap p-type semiconductor, which is featured 
by high photoconductivity, piezoelectricity and thermoelectricity [168, 169]. These versatile 
properties led to the exploitation of Te-nanomaterials as optoelectronic, piezoelectric and 
thermoelectric devices, infrared detectors and gas sensors [179, 180], to name a few. Further, 
since these chalcogen-nanostructures showed great adsorptive ability, biological reactivity 
and antioxidant functions, their use in biomedicine have been recently explored [8, 170, 181]. 
Both Se- and Te-nanomaterials resulted efficient tools in protecting living organisms from 
DNA oxidation [181], as well as promising antimicrobial and anticancer agents [182–187]. 
In this regard, several Se-nanostructures produced by different microorganisms have been 
tested for their antimicrobial efficacy, highlighting their ability to prevent the growth of 
pathogenic bacteria (i.e., E. coli, P. aeruginosa, S. aureus) either in the form of planktonic cells 
or as biofilms [182, 183, 186, 187]. Particularly, biogenic Se-nanomaterials resulted to be more 
efficient as compared to those synthesized by mean of chemical processes, showing a strong 
inhibitory effect of pathogenic bacterial growth at lower concentrations [183]. Moreover, stud-
ies carried out to evaluate the cytotoxicity of biogenic Se-nanostructures toward human cell 
lines (i.e., fibroblasts and dendritic cells) revealed their high biocompatibility [187], which is a 
fundamental feature for their possible biomedical applications. Although Te-nanostructures 
produced by microorganisms are less studied for biomedical applications than those contain-
ing Se, recently the potential of such nanomaterials as antimicrobials has been assessed [186], 
showing their good efficacy in inhibiting pathogens growth. Further, a promising techno-
logical application of biogenic Te-based nanostructures regards the production of quantum 
dots (QDs), which are semiconductors nanocrystals featured by unique electronic and optical 
properties, due to quantum confinement effects [188].

5. Summary

Bioremediation strategies of Se- and Te-polluted environments based on the ability of micro-
organisms to bioprocess these toxic oxyanion species is an environmental-sustainable choice 
to reclaim contaminated soils, groundwater, surface water bodies and sediments. The primary 
microbial process after biosorption is the bioreduction of chalcogen-oxyanions into their less 
toxic and bioavailable elemental forms (i.e., Se0 and Te0) generating, as end-products nanoscale 
materials, which can be recovered from the biomasses and used for technological purposes.
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A following study by the same research group evaluated the feasibility to use UASB reactors 
for the bioconversion of TeO3

2− to Te-nanoprecipitates using a methanogenic microbial consor-
tium in granular sludge, and the subsequent separation of the nanomaterials from the water 
effluent [164]. In this study, ethanol was added to the system as exogenous source of electron-
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process [164]. UASB reactors were operated with hydraulic retention time of 14 h at 28°C and 
supplemented with up to 20 mg L−1 of TeO3
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[164], the presence of riboflavin as redox mediator enhanced the efficiency of TeO3
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a continuous removal of TeO3

2− by the anaerobic microbial consortium was observed in the 
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ated and recovered. Indeed, yet Se and Te are elements featured by unique chemical-physical 
(i.e., semiconductive, photoconductive and catalytic) properties [166–169], which result to 
be emphasized in the nanosized material containing Se0 and Te0 as building blocks, forming 
nanoparticles (NPs) and/or nanorods (NRs). Se and Te as nanoscale structures are charac-
terized by a large surface-to-volume ratio and a large surface energy as compared to their 
bulk counterparts [8], which make them suitable for biotechnological applications, such as: 
biomedicine, electronics, environmental engineering and agricultural industries [168, 170], 
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processes [79]. Thus, microorganisms capable of generating biogenic nanomaterials are seen 
as green and cost-effective exploitable methods to synthesize high-quality nanostructures [10], 
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whose process occurs at standard conditions (i.e., near neutral pH, controlled temperature 
and pressure), and, more importantly, avoiding the use of harsh reducing agents as well as 
the production of toxic wastes deriving from the chemical synthesis approaches [171].

Considering the peculiar photoconductive, semiconductive and optical properties of Se, the 
use of Se-based nanomaterials has been investigated in a wide range of applications, such as in 
the production of new optical devices, photovoltaic solar cells, photographic exposure meters 
and rectifiers and photo-assisted fuel cells [172–175]. Moreover, Se-nanostructures resulted 
to act as good catalyst for both the chelation of mercury ions (Hg2+) present as contaminants 
in different polluted environments [176], and the degradation of several toxic chemical com-
pounds (e.g., trypan blue dye) [177], as well as an efficient bio-sensor for H2O2 in different 
matrices [178]. Similarly, Te is a narrow band-gap p-type semiconductor, which is featured 
by high photoconductivity, piezoelectricity and thermoelectricity [168, 169]. These versatile 
properties led to the exploitation of Te-nanomaterials as optoelectronic, piezoelectric and 
thermoelectric devices, infrared detectors and gas sensors [179, 180], to name a few. Further, 
since these chalcogen-nanostructures showed great adsorptive ability, biological reactivity 
and antioxidant functions, their use in biomedicine have been recently explored [8, 170, 181]. 
Both Se- and Te-nanomaterials resulted efficient tools in protecting living organisms from 
DNA oxidation [181], as well as promising antimicrobial and anticancer agents [182–187]. 
In this regard, several Se-nanostructures produced by different microorganisms have been 
tested for their antimicrobial efficacy, highlighting their ability to prevent the growth of 
pathogenic bacteria (i.e., E. coli, P. aeruginosa, S. aureus) either in the form of planktonic cells 
or as biofilms [182, 183, 186, 187]. Particularly, biogenic Se-nanomaterials resulted to be more 
efficient as compared to those synthesized by mean of chemical processes, showing a strong 
inhibitory effect of pathogenic bacterial growth at lower concentrations [183]. Moreover, stud-
ies carried out to evaluate the cytotoxicity of biogenic Se-nanostructures toward human cell 
lines (i.e., fibroblasts and dendritic cells) revealed their high biocompatibility [187], which is a 
fundamental feature for their possible biomedical applications. Although Te-nanostructures 
produced by microorganisms are less studied for biomedical applications than those contain-
ing Se, recently the potential of such nanomaterials as antimicrobials has been assessed [186], 
showing their good efficacy in inhibiting pathogens growth. Further, a promising techno-
logical application of biogenic Te-based nanostructures regards the production of quantum 
dots (QDs), which are semiconductors nanocrystals featured by unique electronic and optical 
properties, due to quantum confinement effects [188].

5. Summary

Bioremediation strategies of Se- and Te-polluted environments based on the ability of micro-
organisms to bioprocess these toxic oxyanion species is an environmental-sustainable choice 
to reclaim contaminated soils, groundwater, surface water bodies and sediments. The primary 
microbial process after biosorption is the bioreduction of chalcogen-oxyanions into their less 
toxic and bioavailable elemental forms (i.e., Se0 and Te0) generating, as end-products nanoscale 
materials, which can be recovered from the biomasses and used for technological purposes.
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