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v

International concern in scientifi c, industrial, and governmental communities over 
traces of xenobiotics in foods and in both abiotic and biotic environments has justi-
fi ed the present triumvirate of specialized publications in this fi eld: comprehensive 
reviews, rapidly published research papers and progress reports, and archival docu-
mentations. These three international publications are integrated and scheduled to 
provide the coherency essential for nonduplicative and current progress in a fi eld as 
dynamic and complex as environmental contamination and toxicology. This series 
is reserved exclusively for the diversifi ed literature on “toxic” chemicals in our food, 
our feeds, our homes, recreational and working surroundings, our domestic animals, 
our wildlife, and ourselves. Tremendous efforts worldwide have been mobilized to 
evaluate the nature, presence, magnitude, fate, and toxicology of the chemicals 
loosed upon the Earth. Among the sequelae of this broad new emphasis is an unde-
niable need for an articulated set of authoritative publications, where one can fi nd 
the latest important world literature produced by these emerging areas of science 
together with documentation of pertinent ancillary legislation. 

Research directors and legislative or administrative advisers do not have the time 
to scan the escalating number of technical publications that may contain articles 
important to current responsibility. Rather, these individuals need the background 
provided by detailed reviews and the assurance that the latest information is made 
available to them, all with minimal literature searching. Similarly, the scientist 
assigned or attracted to a new problem is required to glean all literature pertinent to 
the task, to publish new developments or important new experimental details 
quickly, to inform others of fi ndings that might alter their own efforts, and eventu-
ally to publish all his/her supporting data and conclusions for archival purposes. 

In the fi elds of environmental contamination and toxicology, the sum of these 
concerns and responsibilities is decisively addressed by the uniform, encompassing, 
and timely publication format of the Springer triumvirate:

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97 
(1962–1986) as Residue Reviews] for detailed review articles concerned with 
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vi Foreword

any aspects of chemical contaminants, including pesticides, in the total environment 
with toxicological considerations and consequences.
Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for 
rapid publication of short reports of signifi cant advances and discoveries in the 
fi elds of air, soil, water, and food contamination and pollution as well as method-
ology and other disciplines concerned with the introduction, presence, and effects 
of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) for 
important complete articles emphasizing and describing original experimental 
or theoretical research work pertaining to the scientifi c aspects of chemical 
contaminants in the environment.

Manuscripts for Reviews and the Archives are in identical formats and are peer 
reviewed by scientists in the fi eld for adequacy and value; manuscripts for the 
Bulletin are also reviewed, but are published by photo-offset from camera-ready 
copy to provide the latest results with minimum delay. The individual editors of 
these three publications comprise the joint Coordinating Board of Editors with 
referral within the board of manuscripts submitted to one publication but deemed by 
major emphasis or length more suitable for one of the others.

Coordinating Board of Editors
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The role of Reviews is to publish detailed scientifi c review articles on all aspects of 
environmental contamination and associated toxicological consequences. Such arti-
cles facilitate the often complex task of accessing and interpreting cogent scientifi c 
data within the confi nes of one or more closely related research fi elds.

In the nearly 50 years since Reviews of Environmental Contamination and 
Toxicology ( formerly Residue Reviews) was fi rst published, the number, scope, and 
complexity of environmental pollution incidents have grown unabated. During this 
entire period, the emphasis has been on publishing articles that address the presence 
and toxicity of environmental contaminants. New research is published each year on 
a myriad of environmental pollution issues facing people worldwide. This fact, and 
the routine discovery and reporting of new environmental contamination cases, cre-
ates an increasingly important function for Reviews.

The staggering volume of scientifi c literature demands remedy by which data 
can be synthesized and made available to readers in an abridged form. Reviews 
addresses this need and provides detailed reviews worldwide to key scientists and 
science or policy administrators, whether employed by government, universities, or 
the private sector.

There is a panoply of environmental issues and concerns on which many scien-
tists have focused their research in past years. The scope of this list is quite broad, 
encompassing environmental events globally that affect marine and terrestrial 
ecosystems; biotic and abiotic environments; impacts on plants, humans, and wild-
life; and pollutants, both chemical and radioactive; as well as the ravages of environ-
mental disease in virtually all environmental media (soil, water, air). New or 
enhanced safety and environmental concerns have emerged in the last decade to be 
added to incidents covered by the media, studied by scientists, and addressed by 
governmental and private institutions. Among these are events so striking that they 
are creating a paradigm shift. Two in particular are at the center of everincreasing 
media as well as scientifi c attention: bioterrorism and global warming. Unfortunately, 
these very worrisome issues are now superimposed on the already extensive list of 
ongoing environmental challenges.

Preface
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The ultimate role of publishing scientifi c research is to enhance understanding of 
the environment in ways that allow the public to be better informed. The term 
“informed public” as used by Thomas Jefferson in the age of enlightenment 
 conveyed the thought of soundness and good judgment. In the modern sense, being 
“well informed” has the narrower meaning of having access to suffi cient informa-
tion. Because the public still gets most of its information on science and technology 
from TV news and reports, the role for scientists as interpreters and brokers of sci-
entifi c information to the public will grow rather than diminish. Environmentalism 
is the newest global political force, resulting in the emergence of multinational con-
sortia to control pollution and the evolution of the environmental ethic.Will the new 
politics of the twenty-fi rst century involve a consortium of technologists and envi-
ronmentalists, or a progressive confrontation? These matters are of genuine concern 
to governmental agencies and legislative bodies around the world.

For those who make the decisions about how our planet is managed, there is an 
ongoing need for continual surveillance and intelligent controls to avoid 
endangering the environment, public health, and wildlife. Ensuring safety-in-use of 
the many chemicals involved in our highly industrialized culture is a dynamic chal-
lenge, for the old, established materials are continually being displaced by newly 
developed molecules more acceptable to federal and state regulatory agencies, pub-
lic health offi cials, and environmentalists.

Reviews publishes synoptic articles designed to treat the presence, fate, and, if pos-
sible, the safety of xenobiotics in any segment of the environment. These reviews can 
be either general or specifi c, but properly lie in the domains of analytical chemistry and 
its methodology, biochemistry, human and animal medicine, legislation, pharmacology, 
physiology, toxicology, and regulation. Certain affairs in food technology concerned 
specifi cally with pesticide and other food-additive problems may also be appropriate.

Because manuscripts are published in the order in which they are received in 
fi nal form, it may seem that some important aspects have been neglected at times. 
However, these apparent omissions are recognized, and pertinent manuscripts are 
likely in preparation or planned. The fi eld is so very large and the interests in it are 
so varied that the editor and the editorial board earnestly solicit authors and sugges-
tions of underrepresented topics to make this international book series yet more 
useful and worthwhile.

Justifi cation for the preparation of any review for this book series is that it deals 
with some aspect of the many real problems arising from the presence of foreign 
chemicals in our surroundings. Thus, manuscripts may encompass case studies 
from any country. Food additives, including pesticides, or their metabolites that may 
persist into human food and animal feeds are within this scope. Additionally, chemi-
cal contamination in any manner of air, water, soil, or plant or animal life is within 
these objectives and their purview.

Manuscripts are often contributed by invitation. However, nominations for new 
topics or topics in areas that are rapidly advancing are welcome. Preliminary com-
munication with the editor is recommended before volunteered review manuscripts 
are submitted.

Summerfi eld, NC, USA David M. Whitacre
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    1   Introduction: Molecular Asymmetry in Pesticides 

 Anthropogenic chemicals, including pesticides, are a major source of contamination 
and pollution in the environment. Pesticides have many positive uses: increased food 
production, decreased damage to crops and structures, reduced disease vector popu-
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lations, and more. Nevertheless, pesticide exposure can pose risks to humans and the 
environment, so various mitigation strategies are exercised to make them safer, min-
imize their use, and reduce their unintended environment effects. One strategy that 
may help achieve these goals relies on the unique properties of chirality or molecular 
asymmetry. Some common terms related to chirality are defi ned in Table  1 .  

 The likelihood of introducing new pesticides to the marketplace that contain 
multiple chiral centers and unresolved mixtures of stereoisomers has increased. 
One reason is because more natural products and their derivatives have become the 
source of inspiration for designing new pesticides, and the molecular structure of 
these compounds has become increasingly complex (Williams  1997  ) . The trend 
toward more complex structures that have multiple chiral centers also has occurred 
in the pharmaceutical industry (Feher and Schmidt  2003  ) . There is one major differ-
ence in how these chemicals are developed and produced: chiral drugs are routinely 
tested, and often intentionally marketed as individual stereoisomers, whereas 
pesticides generally are not (Williams  1996 ; Stanley and Brooks  2009  ) . 

 If a single stereoisomeric form contains all of the desired pesticidal properties 
(i.e., the biologically active stereoisomer or eutomer), but an unresolved racemic 
(equal amounts) formulation of the stereoisomers is applied, then at least twofold 
more is applied than is necessary (Ariëns  1989  ) . Specifi cally, if  N  chiral elements 
exist in the pesticide molecule, then there are 2  N   maximum possible stereoisomers. 
If only one of the 2  N   stereoisomers exhibits exclusive or dominant pesticidal activity, 
then the percent excess of minimally or inactive stereoisomers (distomers) in the 
applied material will be 100 × (2  N   − 1)/2  N  , a 50% excess of distomer(s) for  N  = 1, a 
75% excess for  N  = 2, etc. Although lacking intended pesticidal activity, any 
distomer(s) in the applied pesticide material may nevertheless have detrimental envi-
ronmental consequences (e.g., to nontarget organisms). Development and manufac-
turing processes that enrich the eutomer and minimize or eliminate the distomer(s) 

   Table 1    Glossary for terms related to chirality (IUPAC 2006)   

  Achiral —not chiral; capable of being superimposed on its mirror image 
  Atropisomers —a subset of enantiomers which arise from restricted rotation about a single bond 
  Axis of chirality —an axis within a molecule with moieties attached that creates nonsuperimposable 

mirror images 
  Chiral —an object/molecule which is nonsuperimposable on its mirror image and has no mirror 

plane, center of inversion, or rotation–refl ection axis 
  Chiral carbon —a carbon atom that is attached to four different moieties. This is a specifi c case 

of a chiral center 
  Chiral or stereogenic center —an atom with moieties attached that creates nonsuperimposable 

mirror images 
  Diastereomers —stereoisomers that are not mirror images 
  Enantiomers —a pair of molecular forms that are mirror images and nonsuperimposable 
  Meso-compounds —achiral forms of a set of stereoisomers/diastereomers that also includes chiral 

forms 
  Plane of chirality —a planar chemical unit connected by a rotationally restricted bond such that 

symmetry is not possible 
  Racemic —equal amounts of a pair of enantiomers 
  Stereoisomers —forms of a molecule that differ only in the arrangement of their atoms in space 



3Chiral Pesticides: Identifi cation, Description…

in formulated pesticides may, therefore, reduce chemical contamination, thus repre-
senting a more sustainable approach with ecosystems and environmental benefi ts. 

 Careful consideration of molecular structure is also important for scientists 
conducting pesticide environmental fate and effect studies, because substantial dif-
ferences exist in the biological activity of distinct stereoisomers and their mixtures. 
Stereoisomers can degrade at different rates in the environment and in organisms, 
primarily through biological processes (Müller and Kohler  2004  ) . Selective deg-
radation of stereoisomers can alter risk factors because it potentially produces 
differences in exposure, toxicity, and bioavailability. Fundamental to any research 
conducted on stereoisomers is the need to apply stereospecifi c analytical methods, 
especially chiral separation techniques, to characterize the asymmetric pesticide 
components that may exist in environmental and exposure studies. If nonchiral 
chemical analysis techniques are used in environmental or toxicological assess-
ments, the unique properties of individual stereoisomers in pesticide material are 
completely missed (Müller and Buser  1997  ) . Many researchers have long treated 
isomers as discrete compounds that have unique properties; yet to this day, stereoi-
somers often are neglected in this regard. 

 This chapter is intended for use by hands-on researchers like chemists, toxicolo-
gists, environmental scientists, and modelers who wish to study the stereoisomers 
of environmental contaminants, particularly chiral pesticides. To assist researchers 
who are new to the application of chiral properties and principles, we address com-
mon stereochemical elements, provide identifi cation of chiral pesticides, and indi-
cate which have had potential enantioselective analysis techniques already developed 
for them. With this knowledge, we hope that more researchers will incorporate ste-
reoisomer considerations into their repertoire. Furthermore, in this review, we list 
all known chiral pesticides in tabular and graphical formats and provide information 
on known enantioselective separation methodologies.  

    2   Methodology: Chiral Pesticide Dataset Curation 

 A list of pesticide active ingredients was compiled from two primary sources: the 
Pesticide Manual (electronic version 4.0/paper version 14) published by the British 
Crop Protection Council (Mann  2006  ) , and the Compendium of Pesticide Common 
Names website (  http://www.alanwood.net/pesticides/    ) maintained by Alan Wood 
(Wood  1995 –2010). The Pesticide Manual contained 1,524 main and superseded 
product entries, which included chemical and biological active ingredients used for 
the control of pests in crops, animals, and for public health. The Compendium website 
contained 1,867 chemical entries and is updated several times a year. The cutoff date 
for entries on our list was December 2008. The pesticides listed in these two refer-
ences were reduced to 1,693 by eliminating duplications, grouping multiple names 
for the same compound, and grouping salts and esters with the parent compound. 

 If the two primary source references had identical chemical structure(s) for a 
given pesticide, the structure(s) were drawn using ChemBioDraw (CambridgeSoft 

http://www.alanwood.net/pesticides/
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 1986 –2007) or ChemSketch (Advanced Chemistry Development  1994 –2010). 
Additional internet sources, such as CambridgeSoft’s ChemBioFinder website 
[  http://www.chemfi nder.com/    ; (CambridgeSoft  2010  ) ] were consulted until a major-
ity consensus regarding structure was reached. The structures were saved as .cdx 
and .tif fi les. Assessment of molecular chirality was made, fi rst by the authors 
observing the structure, who specifi cally looked for chirality elements such as axes, 
centers, and planes as defi ned by the International Union of Pure and Applied 
Chemistry (IUPAC  2006  ) . Second, this determination was confi rmed by computer 
software. In brief, the simplifi ed molecular input line entry specifi cation (SMILES) 
codes for all of the chiral pesticides were imported into Molecular Operating 
Environment [MOE; (Chemical Computing Group  2010  ) ]. The “chiral” descriptor 
was used to output the number of stereogenic centers detected for each molecule 
entered in MOE database view. This algorithm does not tend to identify atropisom-
erism or heteroatomic stereogenic centers (such as chiral P or S). Discrepancies 
between the authors’ observations and computer software method were resolved by 
agreement among the authors. Figure  1a  shows a general schematic of the processes 
used for the construction and for chemical structure analysis.  

  Fig. 1    Dataset curation, sources of information, and compilation procedure. ( a ) Dataset construc-
tion and chemical structure assessment. ( b ) Chiral pesticide processes       

 

http://www.chemfinder.com/
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 The chiral pesticides were grouped by primary use type: fungicide, herbicide, 
insecticide, or miscellaneous. These grouping were also used in the text, tables, and 
fi gures. Chiral structures were compared with structures primarily from the 
ChemSpider website, a free source of structure-based chemistry information [  http://
www.chemspider.com/    ; (Royal Society of Chemistry  2008  ) ] for quality control pur-
poses. Each chiral structure was scrutinized to identify  meso -compounds and con-
strained chiral centers (see Sect.  3  for further explanation). The indications of 
chirality: *, †, and curved arrows were added manually to each compound, based on 
visual inspection of the molecule (see Sect.  3 ). Figure  1b  shows a schematic of the 
processes used for each chiral pesticide. 

 ChirBase is the largest repository of enantioselective chromatographic separa-
tions. Three ChirBase databases, LC, GC, and CE [liquid and gas chromatography, 
capillary electrophoresis; (Koppenhoefer et al.  1993,   1994 ; Advanced Chemistry 
Development  1997 –2010)] were searched for each chiral pesticide name. ChirBase 
does not contain records for every published separation; however, it is the most logi-
cal place to search for an extensive list of compounds. Any record that contained the 
pesticide name was considered as being a possible method. Evaluation of the records 
for duplication, and success of the separation method were not undertaken during 
this review. The methods resident in ChirBase, generally, are published in the litera-
ture and likely are replicable with the information provided.  

    3   Stereochemistry, Structures, and Names 

 Science involving the geometry and symmetry of molecules is a complex subject, 
and is beyond the scope of this review, although it is in the reader’s best interest to 
become familiar with the Cahn–Ingold–Prelog rules for stereochemical notation 
(Cahn et al.  1966  ) . Interested readers are directed to organic chemistry textbooks 
and writings for a comprehensive discussion of the subject (Mislow  1965 ; Nasipuri 
 1991 ; Eliel et al.  1994  ) . 

 Briefl y, a chiral center (or stereogenic center, or center of molecular asymmetry) 
occurs when four unique functional groups are bonded to an  sp  3  hybridized center 
(i.e., with a tetrahedral geometry), which usually results in an asymmetric (chiral) 
molecule (Nasipuri  1991 ; IUPAC  2006  ) . This geometric confi guration occurs most 
commonly when the chiral center is a carbon atom, and results in nonsuperim-
posable mirror-image stereoisomers that are referred to as enantiomers (see Fig.  2a ). 
A lone pair of electrons on an atom in the second or higher row of the periodic table 
(S, P, As, etc.) can act as a fourth functional group (see Fig.  2b ), and produce a 
noncarbon chiral center that similarly is confi gurationally stable and produces 
enantiomers (Nasipuri  1991  ) . In the fi gures of this review, we identify chiral centers 
with an asterisk (*) in the fi gures.  

 Hindered rotation about a bond can result in a unique form of molecular asym-
metry known as dissymmetry (or atropisomerism or axial chirality), in which no 
specifi c chiral center gives rise to asymmetry, but rather the molecule as a whole is 

http://www.chemspider.com/
http://www.chemspider.com/
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chiral (Nasipuri  1991 ; IUPAC  2006  ) . These conditions result in stereoisomers that 
are also nonsuperimposable mirror images, and, thus constitute a pair of enantiom-
ers (Eliel et al.  1994  ) . Atropisomers that are reportedly stable at room temperature 
are identifi ed in the fi gures with a curved arrow at the hindered bond (see Fig.  2c ). 
Another type of chirality arises from the lack of a plane or point of symmetry within 
the molecule (see Fig.  2d ). This type of chirality is prevalent in cyclic compounds 
and is noted in the fi gures by a dagger (†). Some pesticides have multiple chiral 
centers ( N ) and produce a theoretical maximum of 4, 8, 16, or even more different 
stereoisomers (2  N  ). 

 Some specifi c molecules that contain multiple chiral centers and diastereoiso-
mers (stereoisomers not related as enantiomers) will have less than 2  N   stereoisomers, 
because they contain superimposable  meso -compounds (see Fig.  2e ) (IUPAC  2006  ) . 

  Fig. 2    Examples of the types of chirality ( a – d ) and special cases ( e – f ) encountered in pesticides 
(as noted in Tables  2 – 5  and Figs.  3 – 6 ). ( a ) Chiral center at carbon is noted by an  asterisk  ( * ) 
in structures. ( b ) Chiral sulfur atom is noted by an  asterisk  ( * ) in structures. Example: Fipronil. 
( c ) Atropisomers caused by hindered rotation about a bond. Atropisomers are noted by a  curved 
arrow  in structures. Example: Acetochlor. ( d ) No plane or point of symmetry is noted by a  dagger  
(†) in structures. Example:  a -Hexachlorocyclohexane, a = axial, e = equatorial. The chair confi gu-
ration and asymmetric chlorine placement cause chirality in this molecule. ( e )  Meso  compounds 
are noted in the tables. Example: 3,4-Dichlorotetrahydrothiophene-1,1-dioxide has  R , R  and  S , S  
enantiomers; but  R , S  and  S , R  are identical (superimposable) structures and constitute the  meso -
compound. ( f ) Constrained fused rings are noted in the tables. Example: Chlordane has two 
unconstrained ( * ) and four constrained (  ¹  ) chiral centers, thus four possible stereoisomers, i.e., two 
 cis - and two  trans -enantiomers       
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This situation often arises as a result of a symmetric structure in which the two 
halves of the molecule have an opposite confi guration (Wade  1991  ) . Pesticides that 
have  meso -structures will be identifi ed as such in the tables. Structures containing 
chiral centers at the junction of fused ring systems (see Fig.  2f ) often have con-
strained geometries, resulting in intolerable bond angles and unstable confi gurations 
(Mislow  1965  ) . Pesticides that have constrained chiral centers will be identifi ed as 
such in the tables. Both  meso -compounds and constrained geometries will reduce the 
total number of stereoisomers possible to less than the 2  N   theoretical maximum. 

 Pesticide structures in the fi gures are drawn in a generic, nonspecifi c format, 
because multiple isomers (not due to chirality) exist for some compounds (e.g., 
 cis / trans -isomers for the pyrethroid insecticides). When a pesticide contains multi-
ple compounds, all structures are shown for completeness, regardless of whether 
they are chiral or not. When the main component of a pesticide is achiral (e.g.,  p,p’ -
DDT,  d ichloro d iphenyl t richloroethane), but an isomer is chiral (e.g.,  o,p’ -DDT), the 
main, most recognizable name and structure are used, with a note of explanation 
added about the chiral form. 

 Wherever possible, we have used the International Organization for Standar-
dization (ISO) or other approved, recommended common or trivial names of pesti-
cides in this review to promote easy recognition and brevity. Some additional names 
and abbreviations also are provided in the tables; however, trade names typically are 
not included. Pesticide development codes are provided for several pesticides for 
which a common name has only recently been, or is not yet, established. Both the 
fi gures and tables have been alphabetized using a Microsoft ®  sort that places numbers 
before letters. 

 All Chemical Abstract Service (CAS ® ) registry numbers found that were related 
to a given compound have been included. This may refl ect unique CAS ®  numbers 
for different formulations (technical mixtures), isomers ( cis / trans ), salts, esters, 
stereochemistries, or for other reasons. Because CAS ®  numbers are provided, offi cial 
CAS ®  registry names generally are not included in this review.  

    4   Identifi cation and Discussion 

    4.1   Fungicides 

 In Table  2 , we list 97 chiral fungicides, and show their structures in Fig.  3 . In gen-
eral, these fungicides have one to four chiral centers. The antibiotic subgroup of 
fungicides (aureofungin, blasticidin-S, cycloheximide, griseofulvin, kasugamycin, 
natamycin, polyoxin, and validamycin) has very complex structures that typically 
are prepared using semisynthetic strategies. These strategies use some starting mate-
rials that have defi ned absolute stereochemistry, reducing the number of possible 
stereoisomeric permutations; a nice feature, because these complex structures con-
tain numerous chiral centers. Although the structure for aureofungin was not located 
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during our searches, it is undoubtedly chiral and was included because it contains 
more than 50 carbon atoms and has a close relationship to other chiral antibiotic 
fungicides. Dehydroacetic acid can undergo keto–enol tautomerization, and although 
the keto form is usually favored, the equilibrium for this compound may lie with an 
achiral tautomer. ESBP (common name for  O - e thyl  S - b enzyl  p henylphosphonothio-
ate), fosetyl, and hexylthiofos each have a chiral phosphorus atom, and thicyofen 
has a chiral sulfur atom. Sulfur has a lone pair of electrons that can act as a fourth 
“group,” which, combined with three other unique functional groups, creates a chi-
ral center. Heteroatomic stereogenic centers (i.e., chiral S, P, etc., but not C) tend not 
to be encoded frequently in stereoisomeric identifi cation codes, such as the one used 
from MOE (Chemical Computing Group  2010  ) , because these moieties are more 
commonly encountered in agrochemical functionalities than in drug design.   

 In Fig.  3 , all possible chiral centers have been marked, but restrictions in ring 
confi gurations (e.g., fused rings; see Fig.  2f ) may yield fewer stereoisomers. 
Compounds that have such constraints include captafol, captan, gliotoxin, isopyra-
zam, and procymidone. Constrained chiral centers are enumerated in Table  2 , along 
with the existence of  meso  forms for nine fungicides. Ring constraints and  meso  
forms need to be considered when calculating the number of possible forms prior to 
undertaking the analysis of stereoisomers. 

 There are additional reasons for compounds having fewer than the maximum 
possible number of stereoisomers, and these must be recognized and understood 
prior to analysis. Because bacteria often are used to produce the antibiotic fungi-
cides, many of these chemicals are probably produced as one stereoisomer rather 
than as a mixture. Additionally, at least four of the fungicides are manufactured as 
single or enriched stereoisomer formulations, which may allow them to be applied 
at lower rates and/or lower cost (Williams  1992  ) . They include benalaxyl, dinicon-
azole, furalaxyl, and metalaxyl and are denoted with -M under the “alternate name, 
isomer” column in Table  2 . 

 Many chiral fungicides act as ergosterol biosynthesis inhibitors and offer both 
protective and curative properties (Fuchs  1988  ) . Other classes of fungicides were 
developed closely with herbicides that were structurally similar. Interestingly, some 
of the chiral fungicides also exhibit herbicidal properties, usually with a specifi c 
enantiomer displaying either herbicidal or fungicidal action (Burden et al.  1987  ) . 
Paclobutrazol is one example of a compound that has dual herbicide/fungicide 
activity. Such compounds are listed by their primary use category as presented in 
the Pesticide Manual (Mann  2006  ) . 

 In general, there is a wide assortment of fungicidal compounds, and the 
enantiomer antifungal effi cacy of these compounds can vary greatly. One of the 
more notable compounds is triadimefon, which is converted by fungi into the fungi-
cidally active metabolite triadimenol. In this conversion process, an additional chi-
ral center is formed, and the four resulting stereoisomers are produced in different 
amounts by different species (Deas et al.  1984a,   b,   1986  ) . Fungal species can 
develop resistance to fungicides, making continual development of new active com-
pounds important. This also leads to developing more complex molecules that have 
a greater likelihood for chiral centers. 
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 ChirBase, the enantioselective separations database, contains entries for 25 of 
the 97 fungicides (26%). There are 465 records for these 25 pesticides (431 in LC, 
6 in GC, and 28 in CE databases). Diniconazole has the most entries, with 72 total, 
and 69 of those are found in the LC database. The number of entries found for each 
fungicide in each ChirBase database is listed in Table  2 . As previously mentioned, 
ChirBase does not include every published enantioselective separation, but has the 
most comprehensive information available. The fungicides fenarimol, hexacon-
azole, imazalil, myclobutanil, nuarimol, penconazole, propiconazole, and tebucon-
azole have no GC entries in ChirBase, but their GC separations are addressed by 
Bicchi et al.  (  1999  ) .  

    4.2   Herbicides 

 In Table  3 , we list 141 chiral herbicides, herbicide safeners, and plant growth regu-
lators and show their structures in Fig.  4 , with all possible chiral centers marked. 
The majority of the compounds have only 1 or 2 chiral features, whereas brassino-
lide and epocholeone each have 13. Acetochlor, metolachlor, and propisochlor have 
a bond with restricted rotation leading to atropisomers, which typically are not 
identifi ed by the MOE software. Amiprofos-methyl, bilanafos, butamifos, DMPA 
( O -2,4- d ichlorophenyl  O - m ethyl isopropyl p hosphor- a midothioate), fosamine, and 
glufosinate have a chiral phosphorous atom, and NC-330 has a chiral sulfur atom. 
Prototropy (transfer of a proton) between the =O and –OH on the chiral phosphorus 
atom of glufosinate may be rapidly equilibrated under certain pH conditions, ren-
dering the tautomers diffi cult if not impossible to distinguish by enantioselective 
techniques. Restrictions in ring configurations may yield smaller numbers of 
stereoisomers for bicyclic compounds such as benzobicyclon, brassinolide, cinm-
ethylin, dicyclonon, dikegulac, endothal, epocholeone, gibberellic acid, gibberellins, 
heptopargil, isonoruron, noruron, profl uazol, and tetcyclacis. Six herbicides have 
more than one chiral center, but also a plane of symmetry resulting in a  meso -
compound, which reduces the number of actual stereoisomers to less than 2  N  .   

 At least 13 of the herbicides are produced as single or enriched stereoisomer 
formulations. These are noted with S-, -P, or -M in the “Alternate names, isomers” 
or “Salts, esters” columns in Table  3 , and include ( S )-carvone, dichlorprop-P, 
diclofop-P-methyl, dimethenamid-P, fenoxaprop-P, fl amprop-M, fl uazifop-P, glu-
fosinate-P, haloxyfop-P, mecoprop-P,  S -metolachlor, quizalofop-P, and uniconazole-P. 
Many of these enriched herbicides belong to the aryloxy- or phenoxy-propionic 
families wherein the  R -enantiomer exhibits the herbicidal activity (Haga et al. 
 1998  ) . A “chiral switch” occurs when the manufacturer changes from a racemic 
formulation to an enantioenriched one. After the introduction of enantioenriched 
 S -metolachlor to the commercial market, the shifting enantiomer signature of 
metolachlor was monitored in Swiss lake water samples over a 2-year period using 
enantioselective analysis (Buser et al.  2000  ) . 
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 We have included the herbicide 2,4-D [( 2,4-d ichlorophenoxy)acetic acid] in 
Table  3  and Fig.  4  as an example of an acid herbicide that can be paired with chiral 
esters or salts, but the herbicide itself is not chiral. Any achiral acid herbicide that is 
paired with such chiral moieties will be chiral as long as the bonding is sustained. 
The pairings, especially the salt forms, may be short-lived following application due 
to rapid dissociation of the salt moiety or degradation via abiotic and biotic path-
ways (e.g., ester hydrolysis). For clarity, please see footnotes in the tables for such 
compounds. The majority of acid herbicides and other acid functional pesticides 
covered in this review contain a parent group moiety that is chiral [e.g., 3,4-DP; 
2-( 3,4-d ichlorophenoxy) p ropanoic acid], but these pesticides may contain addi-
tional chiral centers (and thus stereoisomers) that depend on the formulation. We 
have noted some of the more common ester and salt forms in the tables, but these 
listings are not comprehensive. 

 The mode of action of many herbicides is to interfere with chiral plant hormones 
controlling growth, so it is not surprising that the absolute confi guration of the pes-
ticide plays a role in effi cacy (Naber and van Rensen  1988  ) . The degradation of 
dichlorprop and mecoprop by soil microbes is enantioselective because two differ-
ent enzymes each metabolize one enantiomer (Zipper et al.  1996 ; Nickel et al.  1997 ; 
Kohler et al.  1998 ; Zipper et al.  1998 ; Müller and Babel  1999  ) . These two examples 
demonstrate how the degradation is different between stereoisomers, and this, when 
combined with stereospecifi c toxicity, can affect not only effi cacy, but also exposure 
and risk to humans and other nontarget organisms in the environment. 

 ChirBase contains entries for 44 of the 141 herbicides (31%). There are 972 
records for these 44 pesticides (766 in LC, 120 in GC, and 86 in CE databases). 
Carvone has the most entries, with a total of 91, of which 76 are found in the GC 
database. The herbicides found in ChirBase are shown in Table  3 . The four stereoi-
somers of paclobutrazol were separated by GC (Clark and Deas  1985  ) , and the 
enantiomers of cloprop were separated by CE (Tang et al.  2005  ) . Neither of these 
example herbicides is found as entries in ChirBase.  

    4.3   Insecticides 

 In Table  4 , we list 149 chiral insecticides, and show their structures in Fig.  5 . Thirty-
three insect attractants, pheromones, repellents, and insecticide synergists were 
included in the miscellaneous category and are discussed in the next section. The 
majority of the insecticides have one to four chiral features, but several biologically 
derived insecticides (e.g., abamectin, allosamidin, azadirachtin, emmamectin, saba-
dilla, spinetoram, and spinosad) have more than a dozen chiral features. Twenty-
seven insecticides are chiral at a phosphorus atom (Fig.  5 ), which is not surprising 
considering that numerous organophosphorus (OP) insecticides are included in 
this group. The following compounds all have a chiral sulfur atom in their struc-
ture: 2,2-dichlorovinyl 2-ethylsulfi nylethyl methyl phosphate, ethiprole, fi pronil, 
IPSP ( S -ethylsulfi nylmethyl  O , O -diisopropyl phosphorodithioate), mesulfenfos, 
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oxydemeton-methyl, oxydeprofos, oxydisulfoton, and sulfoxafl or.     a    -Hexachloro-
cyclohexane (HCH) is an example of a molecule that does not contain a point or 
plane of symmetry, thus it is chiral and has two enantiomers (see Fig.  2d ). The other 
six isomers of HCH, including the active insecticidal form,     g    -HCH, or lindane, are 
achiral (Willett et al.  1998  ) .   

 There are many chiral insecticides that have ring-constrained chiral features, 
which limit the actual number of possible stereoisomers. For example, the organo-
chlorine (OC) insecticide chlordane has six chiral carbon atoms, but only two of 
them are unconstrained (see Fig.  2f ), which leads to four possible stereoisomers, a 
pair of enantiomers for  cis -chlordane and a pair for  trans -chlordane. Constrained 
and  meso -compounds are noted in Table  4 . 

 At least 17 of the chiral insecticides are produced as single or enriched stereoiso-
mer formulations, including allethrin, cyfl uthrin, cyhalothrin, cypermethrin, cyphe-
nothrin, deltamethrin,  d -limonene, endosulfan, fenvalerate, fl uvalinate, hydroprene, 
kinoprene, methoprene, permethrin, phenothrin, resmethrin, and tetramethrin. For 
some of the pyrethroid insecticides, multiple commercial formulations have pro-
gressed from racemic mixtures to increased enrichment of the active stereoisomer(s) 
(Williams  1992  ) . Indeed, deltamethrin was specifi cally developed as a single stere-
oisomer formulation (Carle et al.  1982  ) . 

 Organochlorine pesticides are among the most widely studied classes of chiral 
environmental contaminants to date (Bethan et al.  1997 ; Ridal et al.  1997 ; Ulrich 
and Hites  1998 ; Vetter et al.  1999 ; Garrison et al.  2000  ) . Although most of these 
compounds were banned in the 1980s if not before, their persistence in the environ-
ment makes them interesting to study even today (Kurt-Karakus et al.  2007  ) . 
Enantiomer analysis of these chemicals is often diffi cult due to the complex mix-
tures of their technical products. Many of the 32,768 theoretically possible confi gu-
rations of toxaphene are chiral; chromatographic separation of single compounds in 
the mixture is very challenging, and avoiding coelutions for stereoisomer separa-
tions is also diffi cult (Vetter  1993  ) . Despite this hurdle, chiral gas chromatographic 
separation has been accomplished for a few congeners in this complex pesticide 
mixture (Vetter et al.  1997 ; Kallenborn and Hühnerfuss  2001  ) . 

 The organophosphorus pesticides were developed in the 1950s and have been 
used against plant diseases, insects, and weeds (Sasaki  1998  ) . Their mode of action 
as an insecticide typically is through acetylcholine esterase inhibition (Kurihara 
et al.  1997  ) . This group of pesticides is particularly interesting from a stereochemi-
cal standpoint, because a chiral center may be present at a phosphorus atom, carbon 
atom, or even at a sulfur atom. Some OP compounds are converted into oxon degra-
dation products by replacing the phosphorus bonded sulfur atom with oxygen (Lee 
et al.  1978 ; Nomeir and Dauterman  1979 ; Hirashima et al.  1989 ; Berkman et al. 
 1993  ) . These oxon degradates are often the more toxic and insecticidally active 
form, and some are chiral [fonofos oxon, EPN oxon ( O - e thyl  O - p - n itrophenyl phe-
nylphosphonothioate), malaoxon, salioxon, etc.]. The effi cacy of the stereoisomers 
depends on their structure, with phosphorus chirality making a greater impact on the 
variation in activity than does carbon chirality (Williams  1992 ; Buser and Francotte 
 1997  ) . The difference between stereoisomer activities ranges from a factor of 1.5–20 
or more (Sasaki  1998  ) . 
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 The synthetic pyrethroid insecticides are variants of the natural products found 
in chrysanthemum fl owers. These compounds are neurotoxic, causing knockdown 
and mortality effects (Vijverberg and Oortgiesen  1988  ) . Since allethrin, the fi rst 
pyrethroid, was developed in 1949, advances have been made to make these com-
pounds more photostable, less toxic to mammals, and good alternatives to more 
toxic legacy pesticides (Williams  1992  ) . Pyrethroids usually have several chiral 
centers, often at the cyclopropane ring, creating multiple stereoisomers that have 
varying degrees of toxicity (Chamberlain et al.  1998  ) . The nomenclature for this 
class lacks uniformity and is sometimes confusing, because single or enriched ste-
reoisomer formulations often have names similar to those of compounds having 
unspecifi ed stereochemistry. For example, fenvalerate is a racemic mix of four ste-
reoisomers, whereas  es fenvalerate is     ³    75% resolved ( S , S )-isomers; resmethrin is 
20–30% (1 RS )- cis - and 80–70% (1 RS )- trans -isomers, whereas  bio resmethrin is 
    ³    90% (1 R )- trans -isomer and     £    3%  cis -isomers; a similar formulation pattern exists 
for cypermethrin and     a    -,     b    -,     q    -, or     z     - cypermethrin. Additionally, the cyano group of 
the type II pyrethroids is not stereochemically stable, and can invert/isomerize under 
high temperature or in polar protic solvents with light (Ruzo et al.  1977 ; Liu et al. 
 2005 ; Qin and Gan  2007  ) . This inversion can be problematic for chiral analyses, 
because liquid or supercritical fl uid chromatography often utilize protic solvents, 
like alcohols, as part of the mobile phase. 

 ChirBase contains entries for 50 of the 149 insecticides (34%, see Table  4 ). There 
are 1,066 records for these 50 pesticides (706 in LC, 344 in GC, and 16 in CE data-
bases).  d -Limonene has the most entries (175 total) with all but seven found in the 
GC database. Several OC, OP, and pyrethroid insecticides (such as chlordane, 
phenthoate, and allethrin) are among those in ChirBase. These insecticides have 
been used extensively, are well studied by achiral techniques, and have successful 
enantioselective separation techniques developed and ready to use. However, 
Chirbase does not have any GC entries for fi pronil, although it has been separated 
using enantioselective chromatography (Konwick et al.  2005  ) .  

    4.4   Miscellaneous Other Pesticides 

 In Table  5 , we list 95 other miscellaneous pesticides and note the primary pesticidal 
uses of each. Their structures are shown in Fig.  6 . This grouping includes acari-
cides, bactericides, bioirritants, chemosterilants, insect attractants, insect phero-
mones, insect repellents, insecticide synergists, mammal repellents, nematicides, 
other, rodenticides, and virucides. The majority of these compounds have one to six 
chiral features, but there are several avermectin pesticides that have up to 20 chiral 
features. The following compounds have a chiral phosphorus atom in their struc-
ture: amidothioate, fenamiphos, fosthiazate, imicyafos, isamidofos, phosphocarb, 
and trifenofos. The following compounds have a chiral sulfur atom in their struc-
ture: acetoprole, aramite, fensulfothion, propargite, and sulfoxide.   
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 In Fig.  6 , all possible chiral centers have been marked, but for compounds with 
fused rings, there will be fewer possible stereoisomers. Compounds that have such 
constraints or  meso  forms are noted in Table  5 . Because some of the large molecules 
are produced biologically, these chemicals probably are produced as single stereoi-
somers rather than as mixtures. No additional single or enriched formulations are 
noted in Table  5 . 

 Although the insect attractants, pheromones, and repellents are fairly simple 
molecules, stereochemistry plays a particularly important role, because these com-
pounds commonly interact with specifi c biological molecules (Borden et al.  1976 ; 
Vité et al.  1976 ; Payne et al.  1982 ; Mori  1997  ) . For example,  Dendroctonus brevi-
comis  (western pine beetle) was more attracted to the (+) enantiomer of exo-brevi-
comin and the (−) enantiomer of frontalin than to their antipodes. There were also 
sex differences, with females exhibiting greater attraction to all exo-brevicomin 
treatments, especially the (−) enantiomer [the male/female ratio attracted was 0.92 
for the racemic mixture, 0.85 for the (+) enantiomer, and 0.58 for the (−)] (Wood 
et al.  1976  ) . Population and species differences have also been noted;  Ips pini  East 
(pine engraver) were attracted more to a mixture of ipsdienol enantiomers, whereas 
 Ips pini  West were attracted more to (−)-ipsdienol.  Ips paraconfusus  (California 
fi vespined) was attracted more to (+)-ipsdienol, when in combination with other 
pheromone components (Mustaparta et al.  1980  ) . 

 ChirBase contains entries for 27 of the 95 miscellaneous pesticides (28%, see 
Table  5 ). There are 1,029 records for these 27 pesticides (774 in LC, 182 in GC, and 
73 in CE databases). Warfarin has the most entries (624 total), with most of these in 
the LC database. Warfarin, an anticoagulant rodenticide, is used pharmaceutically 
as the blood thinner coumadin. Because warfarin has medicinal uses, much is known 
about the effi cacy (Eble et al.  1966  ) , separation (De Vries and Völker  1989  ) , and 
metabolism (Park  1988  )  of its enantiomers. Again, ChirBase does not contain all 
published stereoisomer separations, so readers are encouraged to perform a thor-
ough literature search for chromatographic methods prior to undertaking research 
on any specifi c chiral pesticide.   

    5   Summary 

 Of the 1,693 pesticides considered in this review, 1,594 are organic chemicals, 47 
are inorganic chemicals, 53 are of biological origin (largely nonchemical; insect, 
fungus, bacteria, virus, etc.), and 2 have an undetermined structure. Considering 
that the EPA’s Offi ce of Pesticide Programs found 1,252 pesticide active ingredients 
(EPA Pesticides Customer Service  2011  ) , we consider this dataset to be comprehen-
sive; however, no direct comparison of the compound lists was undertaken. Of all 
pesticides reviewed, 482 (28%) are chiral; 30% are chiral when considering only the 
organic chemical pesticides. A graph of this distribution is shown in Fig.  7a . Each 
pesticide is classifi ed with up to three pesticidal utilities (e.g., fungicide, plant 
growth regulator, rodenticide, etc.), taken fi rst from the Pesticide Manual as a 
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primary source, and the Compendium of Common Pesticide Names website as a 
secondary source. Of the chiral pesticides, 195 (34%) are insecticides (including 
attractants, pheromones, and repellents), 150 (27%) are herbicides (including plant 
growth regulators and herbicide safeners), 104 (18%) are fungicides, and 55 (10%) 
are acaricides. The distribution of chiral pesticides by utility is shown in Fig.  7b , 
including categories of pesticides that make up 3% or less of the usage categories. 
Figure  7c  shows a similar distribution of nonchiral pesticide usage categories. Of 
the chiral pesticides, 270 (56%) have one chiral feature, 105 (22%) have two chiral 
features, 30 (6.2%) have three chiral features, and 29 (6.0%) have ten or more 
chiral features.  

 Chiral chemicals pose many diffi culties in stereospecifi c synthesis, characteriza-
tion, and analysis. When these compounds are purposely put into the environment, 
even more interesting complications arise in tracking, monitoring, and predicting 
their fate and risks. More than 475 pesticides are chiral, as are other chiral contami-
nants such as pharmaceuticals, polychlorinated biphenyls, brominated fl ame retar-
dants, synthetic musks, and their degradates (Kallenborn and Hühnerfuss  2001 ; 
Heeb et al.  2007 ; Hühnerfuss and Shah  2009  ) . The stereoisomers of pesticides can 

  Fig. 7    Pesticide type (chiral and achiral organic, inorganic, biological) and utility statistics. 
( a ) General pesticide type for 1,693 dataset entries. ( b ) 482 chiral pesticides by specifi c utility. 
( c ) 1,211 achiral pesticides by specifi c utility. All defi nitions are adapted from IUPAC’s 
Compendium of Chemical Terminology—the Gold Book (IUPAC  2006  )        
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have widely different effi cacy, toxicity to nontarget organisms, and metabolic rates 
in biota. For these reasons, it is important to fi rst be aware of likely fate and effect 
differences, to incorporate molecular asymmetry insights into research projects, and 
to study the individual stereoisomers of the applied pesticide material. 

 With the advent of enantioselective chromatography techniques, the chirality of 
pesticides has been increasingly studied. While the ChirBase (Advanced Chemistry 
Development  1997 –2010) database does not include all published chiral analytical 
separations, it does contain more than 3,500 records for 146 of the 482 chiral pesti-
cides (30%). The majority of the records are found in the liquid chromatography 
database (2,677 or 76%), followed by the gas chromatography database (652 or 18%), 
and the capillary electrophoresis database (203 or 6%). The fi nding that only 30% of 
the chiral pesticides covered in this review have entries in ChirBase highlights the 
need for expanded efforts to develop additional enantioselective chromatographic 
methods. Other techniques (e.g., nuclear magnetic resonance and other spectroscopy) 
are available for investigation of chiral compounds, but often are not utilized because 
of cost, complexity, or simply not recognizing that a pesticide is chiral. 

 In this review, we have listed and have briefl y described the general nature of 
chiral fungicides, herbicides, insecticides, and other miscellaneous classes. A data-
set generated for this review contains 1,693 pesticides, the number of enantioselec-
tive separation records in ChirBase, pesticide usage class, SMILES structure string 
and counts of stereogenic centers. This dataset is publically available for download 
at the following website:   http://www.epa.gov/heasd/products/products.html    . With 
the information herein coupled to the publically accessible dataset, we can begin to 
develop the tools to handle molecular asymmetry as it applies to agrochemicals. 
Additional structure-based resources would allow further analysis of key parame-
ters (e.g., exposure, toxicity, environmental fate, degradation, and risks) for indi-
vidual stereoisomers of chiral compounds.      
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     1   Introduction 

 Pollution of the environment by toxic metals results largely from industrial activities, 
although sources such as agriculture and sewage disposal also contribute to some 
extent (Nriagu and Pacyna  1989  ) . Toxic metallic species, once mobilized into the 
environment, tend to persist, circulate, and eventually accumulate at different trophic 
levels in members of the food chain. Ultimately, metal pollutants pose a serious 
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threat to the environment, and affect plants, animals, and humans (Olson and Foster 
 1956 ; Reidske  1956 ; Sauter et al.  1976 ; Levis and Bianchi  1982 ; Mance  1987 ; Xing 
and Okrent  1993  ) . Metal pollutants eventually affect ecosystem function, and impose 
an economic and public health burden. The problems associated with wastewater 
disposal in developing countries can generally be attributed to lack of adequate treat-
ment/management policies, coupled with ineffective legislation on the part of 
entrusted governmental agencies (The Environmental Protection Act  1991 ; 
Oboh and Aluyor  2008  ) . Environmental awareness has grown among consumers 
and industrialists in recent decades, and more recently has culminated in legal 
constraints being imposed on emissions; such constraints have increasingly become 
more strict necessitating cost-effective emission control (Gadd and White  1993  ) . 

 The extensive use of hexavalent chromium in diverse products and processes of 
various industrial applications has caused substantial environmental contamination 
(Nriagu  1988a,   b ; Viti et al.  2003 ; Sultan and Hasnain  2007  ) . Tanning industries 
convert animal skins and hides into leather, and in so doing, employ chromium com-
pounds extensively, particularly chromium sulfate. The discharge of chromium-laden 
effl uent has contaminated soils, sediments, and surface and ground waters 
(Szulczewski et al.  1997  ) . Other major sources of chromium pollution derive from 
metal fi nishing, petroleum refi ning, iron and steel production, inorganic chemicals 
production, textile manufacturing, and pulp-producing industries (French et al.  1997 ; 
Mukherjee  1998 ; Chirwa and Wang  2000  ) . In addition, chromium compounds are 
used in nuclear power plants, added to industrial cooling waters to inhibit corrosion, 
and also used as constituents of some wood preservatives (Patterson  1985  ) . Chromium 
wastes are also associated with the metal plating and painting industries. Chromium 
waste is released into the environment via leakage, poor storage, or improper treat-
ment and disposal practices (Calder  1988 ; Palmer and Wittbrodt  1991  ) . Industries, 
such as those described above, release Cr 6+  at levels ranging from 40 to 25,000 mg L −1  
of wastewater (Sag and Kustal  1996a,   b ; Ganguli and Tripathi  1999  ) . Because of its 
toxicity, carcinogenicity (One  1988 ; Yassi and Nieboer  1988  ) , teratogenicity (Abbasi 
and Soni  1984  ) , and mutagenicity (Morris et al.  1988 ; Anttila  1990 ; Lee et al.  2008  ) , 
the United States Environmental Protection Agency (US EPA) has designated chro-
mium as a priority pollutant (Roe and Carter  1969 ; Enterine  1974  ) . 

 The tanning industry commonly employs “chrome liquor” in the tanning pro-
cess, and discharges effl uent into the environment that contains chrome salts in 
excess of the maximum permissible limits. In India, the standard limit for Cr 6+  dis-
charge in inland surface waters is 0.1 mg L −1  (IS: 2296; IS: 2490) (Bhide et al. 
 1996  ) . The similar value established for the USA by the US EPA is 0.05 mg L −1  
(U.S. EPA  1979  ) . Despite the fact that, in trace quantities, chromium is an essential 
nutrient for humans, setting such permissible limits are essential, because at ele-
vated levels Cr is toxic (Mertz  1974 ; NAS  1974 ; Lee et al.  2008  ) . 

 In India, there are approximately 3,000 tanneries in existence, and collectively 
they employ more than 2.5 million people. Nearly 80% of these tanneries are engaged 
in tanning processes that utilize chrome (Rajamani et al.  1995  ) . Approximately 80 
million hides and 130 million skin pieces are processed annually. Export of leather 
goods has recently reached a new high of $2.8 billion (Rs. 14,000 crores) (Amudeswari 
et al.  2009  ) . Approximately 50 L of effl uent is generated per kg of skin/hide processed. 
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In India, of the total chromium effl uent discharged >50% originates from the leather, 
iron and steel industries. Rather than discharging such pollutants, a better approach 
is to prevent the pollution, if possible, or at least transform the pollutants to innocu-
ous substances, before they are released. Currently, physicochemical and biological 
wastewater treatment plants are operated for the purpose of rendering the effl uent 
from the tanning industries safe. A schematic diagram showing the different 
approaches for treating tanning effl uent is presented in Fig.  1 .  

 The plants that treat tannery effl uent utilize physicochemical methods to detoxify 
Cr 6+ . Such methods include chemical reduction, precipitation, fi ltration, electro-
chemical treatment, membrane technologies, evaporation recovery, solvent extraction, 
ion exchange, reverse osmosis, and adsorption on activated carbon (Hafez et al. 
 2002 ; Esmaeili et al.  2005 ; Ahluwalia and Goyal  2007  ) . Unfortunately, in develop-
ing countries, none of these methods have achieved economic viability. Attempts 
have been made to use conventional biological treatment plants (aerobic as well as 
anaerobic) to achieve safe disposal of tannery wastewater. Although such conven-
tional plants achieved the goal of removing heavy metal(s) from effl uent to some 
extent, they created another costly disposal problem, i.e., they generated heavily 
laden metal sludge. Hence, conventional methods for removing Cr 6+  from wastewa-
ters are often cost prohibitive. These constraints have prompted an ongoing search 
for alternative treatment technologies that rely on metal sequestration, a more cost-
effective and environmentally acceptable bioremediation approach. 

 Bioremediation is a process in which microorganisms are used to reduce or elim-
inate an undesirable chemical contaminant. Biotechnological approaches to abating 
toxic metal pollutants consist of selectively using natural processes to treat particu-
lar wastes. The processes by which microorganisms interact with toxic metals to 
enable their removal and recovery are called “biosorption” and “bioaccumulation” 
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Bioreduction Biosorption Bioaccumulation

Metabolism dependent Metabolism independent

Intracellular
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  Fig. 1    Different treatment techniques contributing to chromium remediation from industrial 
effl uents       
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(Pattanapipitpaisal et al.  2002 ; Rehman et al.  2007 ; Sultan and Hasnain  2007  ) . 
The major advantages of bioremediation over conventional physicochemical and 
biological treatment methods include low cost, good effi ciency, minimization of 
chemicals, reduced amounts of secondary sludge, regeneration of biosorbent, and 
the possibility of recovering the pollutant metal(s). Research on the use of microbes 
for bioremediation of toxic metal(s) has largely derived from laboratory-based 
experiments (Lange et al.  1998 ; Tucker et al.  1998  ) . Field-related studies that utilize 
microorganisms for toxic metal remediation have been more sparse, but are now 
becoming more prevalent. However, when undertaking fi eld-scale bioremediation 
studies, it is essential to conduct pilot scale research for the purpose of evolving an 
appropriate management strategy, before starting actual fi eld bioremediation. 
Fortunately, bioremediation is an eco-friendly treatment strategy, is a cost-effective 
process, and is gradually making inroads as a key way to effect environmental 
clean-up. 

 The purpose of this review is to compile the scattered information on different 
strategies for treating tannery waste, viz., biosorption, bioaccumulation, bioreduc-
tion, and immobilization of biomass for chromium bioremediation.  

    2   History of Tannage 

 Leather making has been known to man since prehistoric times, when hides and 
skins were essential materials for construction of garments, worn either for protec-
tion or for other utilitarian purposes. However, the understanding of the scientifi c 
principles behind leather making came much later. As tanners gained insights into 
how the process worked, newer processes and methodologies for making leather 
softer were created (Amudeswari et al.  2009  ) . 

 Tanning is an ancient art. Tanning is the means by which putrescible animal 
hides and skins are preserved from decay, and are converted into an imputrescible 
material, known as leather. In archaeological excavations, ancient leather articles 
have been unearthed in very sound condition; it has been estimated that some 
unearthed leathers are approximately 12,000 years old (Sarkar  1991  ) . In an attempt 
to render the skin soft, prehistoric people at some point laid the foundation for “the 
art of tanning,” in which skin was greased and dried after the application of fatty/
albuminous matters such as tallow, oil, egg yolk, milk, and curd. It is of interest that 
the Hebrews of Biblical times used oak bark for tanning, and the Romans, Greeks, 
and Egyptians used lime water to loosen the hair on hides and skins; these two pro-
cesses are still in use today (Findlay  1934 ; Sarkar  1991  ) . 

 Despite the fact that tannery is an ancient art, it was not until the end of the eigh-
teenth century that this process attracted the attention of scientifi c man. It is now 
recognized that tanning is a complex phenomenon in which chemical, physical, and 
bacteriological principles are involved. Despite the advances made by modern sci-
ence, leather manufacture is still an art, involving multiple manipulations and 
adjustments in its associated processes to produce leather of good quality.  
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    3   Chrome Tanning Processes 

 There are two major types of tanning systems, viz., vegetable tanning and chrome 
tanning. The former causes a high pollution load and low treatability, so it is not 
considered to be an environmental friendly option. Furthermore, vegetable-tanned 
leathers have different physical properties and produce a biodegradable form of 
leather (Moore and Ramamoorthy  2001 ; Belay  2010  ) . Hence, chrome tanning has 
been the more common method employed for processing hides (Sreeram and 
Ramasami  2003  ) . Chromium salts, particularly chromium sulfate, is the most com-
monly employed tanning agent today. Tanning agents help stabilize the skin matrix 
against biodegradation and render it more permanent. Hides tanned with chromium 
salts have good mechanical strength, an extraordinary dying suitability and better 
hydrothermic resistance, when compared to vegetable tanned hides (Belay  2010  ) . 

 Elemental chromium (Cr) does not occur in nature, but is present in ores, primar-
ily in the form of chromite (FeOCr 

2
 O 

3
 ). Chromium exists in oxidation states ranging 

from +6 to −2 (Avudainayagam et al.  2003  ) , although only the +6 and +3 oxidation 
states are commonly encountered in the environment (Cervantes et al.  2001 ; 
Megharaj et al.  2003 ; Nath et al.  2009  ) . Cr 6+  exists in solution as the monomeric 
ions H 

2
 CrO  

4
  0  , HCrO  

4
  −   (bichromate), and CrO  

4
  2−   (chromate), or as the dimeric ion 

Cr 
2
 O  

7
  2−   (dichromate) (Palmer and Wittbrodt  1991 ; Richard and Bourg  1991  ) . 

 Chromium was discovered by Nicolas-Louis Vauquelin in 1797, in Siberian red 
lead ore (crocoite PbCrO 

4
 ). Fredrick Knapp is credited with the development of the 

modern practice of chrome tannage (Cotta  1921 ; McLaughlin and Theis  1945 ; 
Wilson  1948  ) . The two-bath tanning process was patented by August Schultz 
(McLaughlin and Theis  1945  )  in 1884, and he was the fi rst to apply chromium com-
pounds for the commercial production of leather. The one-bath chromium tannage 
process, which is widely used today, was patented in 1893 by Martin Dennis. Owing 
to its light weight, durability, and resistance to heat and water, chrome-tanned 
leather, which is also easy to dye and fi nish, is popular among customers. Use of 
chromium in tannery emphasizes its leather conservation properties, because it con-
fers to the fi nished leather great water proofi ng, high stability, easy handling, fl exi-
bility, and shorter overall processing time (Maria et al.  1999  ) . The chromates used 
in the two-bath and single-bath processes of the leather industry (Thorstensen  1958  )  
do not have tannage properties as such. They are, however, reduced to Cr 3+ , after 
penetration into skins (two-bath process), or before contacting the skin (one-bath 
process). Sodium thiosulfate is used to reduce chromate during the two-bath 
process, whereas corn sugar/sulfur dioxide is used in the one-bath process. The 
chromium, after reduction, becomes a sulfate compound [Cr 

2
 (SO 

4
 ) 

3
 ], which does 

not have tanning properties (i.e., its three radicals are acidic). It is, however, possi-
ble to replace the acidic radicals with basic hydroxyl (OH ¯ ) groups, which increases 
the basicity of the compound as under: 

 0% [Cr 
2
 (SO 

4
 ) 

3
 ] < 33.3% [2Cr(OH) (SO 

4
 )] < 66.7% [Cr 

2
 (OH 

4
 ) (SO 

4
 )] 

< 100% [2Cr(OH 
3
 )]. 
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 The hide or skin fi ber has the power of absorbing and permanently fi xing the 
basic salts only, whereby the fi ber is tanned. The increase in the number of OH¯ 
groups held by basic chromium salts is, therefore, a decisive factor in the tanning 
action. There is an optimum range for the basicity of the liquor used for effective 
tanning. Generally, a too low basicity produces exceptionally smooth grains of 
leather, but empty, fl at, thin, and somewhat under-tanned leather. In contrast, a too 
high basicity increases fi xation and overloads the grain, thereby making it coarse, 
resulting sometime in a cracked-grain surface. The range of basicity used in the 
initial stage of tanning practice is generally 25–30% Schorlemmer (i.e., salts 
containing on an average less than 1 hydroxyl per atom of chromium; Sarkar  1991  ) . 
After the completion of the tanning process, the resultant liquor has been con-
fi rmed to contain monovalent (Cr 1+ ) to pentavalent (Cr 5+ ) species of chromium 
(Venba et al.  1999  ) .  

    4   Chromium-Laden Effl uent Discharge 

 In India, more than 90% of hides and skins that are produced are processed annually 
in ~3,000 tanneries, and all of these are treated with one form of chromium or 
another. The annual use of chrome salts in India has been estimated to be 4,000 t, of 
which, 60–70% is used for tanning. About 30–40% of chromium used for tanning 
remains in the spent tanning liquor, which is normally sent to a wastewater treat-
ment plant (Esmaeili et al.  2005  ) . The untreated effl uent emanating from the chrome 
tanning sectional waste contains 1,500–3,000 mg chromium L −1  wastewater (Rao 
et al.  1999  ) . However, the present day high-exhaust chrome tanning method leads to 
wastewater levels in the effl uent of 500–1,000 mg chromium L −1  (Aravindhan et al. 
 2004  ) . In India, the discharge limit for chromium ranges from 1 to 5 mg L −1  for 
direct discharge to water bodies, and 1–20 mg L −1  for discharge to sewage systems. 
Therefore, the tanning industry’s treatment plants require infl uents to be treated 
such that the Cr 6+  levels are reduced by a factor of 200 times (to meet the discharge 
limit of 5 mg Cr 6+  L −1 ), before it is discharged to water bodies, and this is not easy 
to achieve (Tadesse et al.  2006  ) . As stated above, nearly 80 million hides and 130 
million skin pieces are processed annually by the tanning industry in India. 
The quantity of effl uent discharged from this tanning activity equals 30–40 L kg −1  skin/
hide processed, and for fi nishing units, this quantity is approximately 50 L kg −1  raw 
hide/skin processed (Agarwal  1996  ) . The annual total discharge of tannery effl uent 
in India is estimated to be 9.42 × 10 6  L (Srivastava and Pathak  1997  ) . 

 To meet the challenge of chromium pollution resulting from tannery waste, a 
concerted effort has been undertaken that involves both better surveillance of chro-
mium use, and improvements in in-plant and end-of-pipe treatment technologies. 
Presently, 60% of tannery effl uent generated in India is treated by 250 individual 
and 60 common-effl uent treatment plants (Buljan and Sahasranaman  1999  ) . 
However, complete removal of chromium has not been achieved, and has evolved a 
new problem relating to safe disposal of metal-laden sludge. Regions where treated 
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effl uent and sludge from treatment plants were disposed of onto arable land have 
resulted in a signifi cant buildup of chromium content in the soil. Chromium waste, 
when disposed of via land application is also known to leach to ground water 
(Kumar et al.  1999 ; Sakthivel et al.  1999  ) . The fact that more than 100 treatment 
units are not operating at optimum levels has further aggravated the situation, 
and has led to increased fear of pollution in the vicinity of treatment plants 
(Chemical Weekly  2001  ) . The sludge generated in these treatment plants is not safe 
for land disposal due to the presence of high levels of metals and the associated 
toxicity of their leachates (Srinath and Ramteke  1999  ) , and concern for metal accu-
mulation in crops (Kwon et al.  1999 ; Sarvanan et al.  1999 ; Barman et al.  2000  ) . 

 To reduce the rate of release of toxic chromium, the prospects of using spent 
liquor for retanning of leather have been studied. Its success in tanning of fresh 
skins depends on the residual chromium concentration present in the liquor (Rao 
et al.  1999  ) . The use of spent liquor could potentially be applied to all tanneries, and 
especially to those in which leather quality depends on good tanning performances 
(Celma et al.  1999  ) .  

    5   Toxicity of Chromium 

 An average person weighing 70 kg retains approximately 14 mg of chromium in 
his/her body (Emsely  1999  ) . Only two oxidation states of chromium, viz., hexava-
lent and trivalent forms are stable in the environment. The biological interactivity of 
these two stable chromium forms varies considerably (Thacker et al.  2006 ; Gupta 
and Rastogi  2008 ; Kilic and Donmez  2008 ; Mishra and Doble  2008  ) . Hexavalent 
chromium (Cr 6+ ) is highly mobile and water soluble, whereas Cr 3+  is relatively inert, 
chemically more stable, and less bioavailable due to its negligible permeability 
through biomembranes (Myers et al.  2000 ; Megharaj et al.  2003 ; Pal et al.  2005  ) . 
Cr 6+  is nearly 100 times more toxic (Yao et al.  2008  )  and 1,000 times more muta-
genic than Cr 3+  (Barrera et al.  2008  ) . Cr toxicity in humans normally occurs from 
exposures to environmental pollution via soil or water contamination, or from occu-
pational exposure. Intoxication by Cr 6+  causes serious morbidity and mortality. 
Even a slight elevation in the level of Cr 6+  elicits environmental and health problems 
that derive from its high toxicity (Sharma et al.  1995  ) , mutagenicity (Nishioka 
 1975  ) , and carcinogenicity (Venitt and Levy  1974  ) . Soluble Cr 6+  poses a signifi cant 
carcinogenic risk if ingested, because of the acidic pH of the stomach, which dis-
solves particulate chromate (Holmes et al.  2008 ; Ray and Ray  2009  ) . Toxic and 
mutagenic effects of chromium on microorganisms have also been reported to occur 
at concentrations between 10 and 12 mg L −1 . These mutagenic effects are attributed 
to an alteration of genetic material, and altered metabolic and physiological reac-
tions (Losi et al.  1994a  ) . 

 Nonoccupational exposure to chromium occurs via ingestion of chromium-con-
taining food and water, whereas occupational exposure results primarily through 
inhalation. Cr 3+  is poorly absorbed, regardless of the route of exposure, whereas 
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Cr 6+  is more readily absorbed (Ray and Ray  2009  ) . Humans and animals accumu-
late chromium in various tissues that include lung, liver, kidney, spleen, adrenals, 
plasma, bone marrow, and red blood cells. The respiratory and dermal toxicity of 
chromium is well documented (Holmes et al.  2008  ) . The painters Rubens, Renoir, 
and Dufy suffered from rheumatoid arthritis and Klee from scleroderma, and were 
the fi rst persons who have suffered a documented “occupational exposure” to 
heavy metals (Pedersen and Permin  1988  ) . These artists used heavy metals, includ-
ing chromium, because these metals imparted bright and clear colors. The toxicity 
of Cr 6+  is higher because of its high membrane permeability (Lovely and Coates 
 1997  ) , which produces functional alteration of the lung, respiratory tract, liver, 
pancreas, and kidney. Gibb et al.  (  2000a,   b  )  reported several ailments that were 
associated with Cr 6+  exposure, which included nasal irritation and ulceration, skin 
irritation, eardrum perforation, and lung carcinoma. Hexavalent chromium accu-
mulates in the placenta, and thereby impairs fetal development in mammals (Saxena 
et al.  1990  ) . 

 Maria et al.  (  1999  )  found that workers exposed to chromium in the tanning 
 process displayed several ailments pertaining to a diminution of general health. 
The  observed effects included hypoglycemia, respiratory cancer, and nephritic ail-
ments. Epidemiological studies on industrial workers exposed to Cr 6+  disclosed a 
higher incidence of respiratory cancer than that occurred in the normal population 
(Norseth  1986 ; Langard  1990  ) . Katz and Salem  (  1994  )  reported nasal mucous 
membrane perforation in exposed workers at tannery-, galvanoplastic-, and chro-
mate-production units. Additionally, renal and hepatic toxicity were reported in 
workers exposed to Cr 6+  (Love  1983 ; Verschoor et al.  1988  ) , as were nephrotoxicity 
and hepatotoxicity (Appenroth and Kersten  1990 ; Standeven and Wetterhahn  1991 ; 
Ueno  1992  )  in experimental animals that resulted in DNA damage (e.g., single 
strand breaks and DNA–protein cross-links in cultured and in vivo cells; de Flora 
et al.  1990  ) . Overexposure to Cr 6+  reportedly produced allergic dermatitis, and 
ulceration of skin, mucous membranes, and the nasal septum, in addition to renal 
tubular necrosis and increased risk of respiratory tract cancer (Lu and Yang  1995 ; 
Flavio et al.  2004  ) . Human dietary doses to Cr 6+  greater than 10 mg kg −1  mainly 
affected the gastrointestinal tract, kidneys, and potentially the hematopoietic sys-
tem. Although heavy metals are predominantly present in many industrial effl uents, 
they often co-exist with other toxic organic and inorganic compounds. When this 
occurs, the mixtures can exert toxicity in a complex manner. For example, binary 
mixtures of free cyanide plus Cr 6+  resulted in higher fi sh lethality than was predicted 
by either response- or concentration-addition models (Leduc et al.  1982  ) . 

 Under normal physiological conditions, Cr 6+  is believed to be reduced inside 
cells to form the more stable Cr 3+ , and this reaction produces certain short-lived 
intermediates, such as Cr 5+  and/or Cr 4+  free-radicals (Camargo et al.  2003 ; Costa 
 2003 ; Xu et al.  2004,   2005 ; Pal et al.  2005 ; Cheung et al.  2006  ) . Such reduction is 
achieved via cellular reductants such as glutathione, cysteine, ascorbic acid, ribofl a-
vin, and NADH-dependent fl avoenzymes (e.g., microsomal cytochrome P 

450
  

reductase) (de Flora and Wetterhahn  1989 ; de Flora et al.  1990 ; Sugiyama  1992 ; 
Yuann et al.  1999  ) . Therefore, the formation of paramagnetic species such as Cr 5+  



83Strategies for Chromium Bioremediation of Tannery Effl uent

may play an important role in the induction of toxicity by Cr 6+ . In fact, Cr 6+ /Cr 5+ , 
Cr 5+ /Cr 4+ , and Cr 3+ /Cr 2+  oxidation/reduction couples have been shown to serve as 
cyclical electron donors in Fenton-like reactions, which generate active oxygen spe-
cies (e.g., hydroxyl radicals), that are known to produce several toxic effects (Shi 
and Dalal  1990 ; Sugden et al.  1992 ; Luo et al.  1996 ; Shi et al.  1999  ) . Ueno et al. 
 (  2001  )  reported that hydroxyl radicals, formed during Cr 6+  reduction, may play an 
important role in the DNA strand breaks caused by this metal, and implied that the 
levels of Cr 6+  inside the cells may not always be related to the induction of DNA 
strand breaks.  

    6   Chromium as a Micronutrient 

 In contrast to the toxicity exerted by Cr 6+  (Lock and Janssen  2002 ; Feng et al.  2004 ; 
Park et al.  2004  ) , more than 50 years of research has led to the recognition that Cr 3+  
is an essential oligoelement (Bailar  1997 ; Mertz  1998  )  in the glucose metabolism 
and lipid synthesis pathways (Anderson  1998  ) . Trivalent chromium is considered to 
be a trace element required for the proper functioning of living organisms (Bahijri 
and Mufti  2002 ; Wang et al.  2009  ) . Nutritionally, at lower concentrations, Cr 3+  is an 
essential component of balanced human and animal diets for preventing adverse 
effects (e.g., impaired glucose tolerance, increased fasting insulin, increased choles-
terol and triglycerides and hypoglycemic symptoms) in the metabolism of glucose 
and lipids (Zayed and Terry  2003  ) . Cr 3+  is also known to be a part of several enzy-
matic systems, and is related to a low molecular weight compound termed the glu-
cose tolerance factor (GTF). The GTF interacts with insulin to promote the normal 
utilization of glucose (Ernest  1991  ) . Shortly after Cr 3+  was identifi ed as an essential 
element in 1959, its interaction with insulin in vitro and in vivo was established, and 
its site of action was identifi ed to be the insulin-sensitive cell membrane (Mertz 
 1998  ) . It has also been demonstrated that beer yeast, which is rich in GTF, improved 
glucose utilization and reduced cholesterol and triglyceride levels in the serum of 
several aged subjects. GTF also reduced the need of insulin in certain diabetic per-
sons. It is now known that chromium may potentiate the action of insulin, either by 
an effect on insulin-dependent functions, by maintaining these functions with lower 
insulin levels, or both. It is estimated that the minimum requirement in adults for Cr 3+  
is provided by a daily dietary intake of 2–8  m g; this amount corresponds to 0.03–
0.13  m g Cr 3+  kg −1  body wt. per day (Janus and Krajnc  1990  ) . Glucose tolerance is 
usually altered in cases of total calorie and protein undernourishment (WHO  1988 ; 
Maria et al.  1999  ) . The foods that contain chromium include oysters, calfs’ liver, egg 
yolk, peanuts, grape juice, wheat germ, and black pepper. The average daily dietary 
intake from such foods is estimated to be 100  m g total chromium per day, with a 
range of 10–1,200  m g total chromium kg −1  body wt. per day (Emsely  1999  ) . The 
upper limit of human intake for Cr 3+  is 0.83  m g of absorbed-Cr 3+  kg −1  body wt. per 
day (WHO  1988 ; Maria et al.  1999  ) , whereas, the daily excretion rate has been mea-
sured to be in the range of 50–200  m g (Emsely  1999  ) .  
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    7   Bioremediation 

 Bioremediation is an attractive alternative pollution mitigation option that offers the 
possibility of using living entities to destroy or render harmless various contami-
nants. As such, bioremediation may be achieved at relatively low cost, may achieve 
high effi ciency, and may utilize rather simple technological techniques. Moreover, 
bioremediation generally has high public acceptance, and can often be carried out 
on site. By defi nition, bioremediation is the use of living organisms, primarily 
microorganisms, to degrade or remove environmental contaminants and render 
them into nontoxic or less-toxic forms. This process uses naturally occurring bacte-
ria, algae, and fungi or plants to degrade or detoxify substances that are hazardous 
to human health or to the environment. The microbes used in bioremediation may 
be indigenous to a contaminated area or they may be isolated from other sources 
and brought to a contaminated site. When microorganisms are incorporated onto a 
contaminated site to enhance remediation, the process is referred to as bioaugmen-
tation (Vidali  2001  ) . Microbial bioremediation offers an attractive treatment option, 
mainly because the technology is cost effective and environmentally compatible. 

 It has been revealed in several studies that microorganisms can interact with ions 
of heavy metals and radionuclides. Such interactions occur in many genera of 
microbes used for bioremediation, including  Bacillus ,  Enterobacter ,  Escherichia , 
 Pseudomonas  species; moreover, some yeasts and molds are also useful in bioreme-
diation of chromium-contaminated soil and water because they are capable of bio-
sorbing and bioaccumulating chromium (James and Barlett  1983 ; Bopp and Ehrlich 
 1988 ; Wang et al.  1989 ; Ishibashi et al.  1990 ; Losi et al.  1994b ; Shen and Wang 
 1994a ; Cifuentes et al.  1996 ; Garbisu et al.  1998 ; Philip et al.  1998 ; Nies  1999 ; 
Kotas and Stasicka  2000  ) . The biotransformation of Cr 6+  to Cr 3+  via microbial 
metabolism is well established as a pragmatic and feasible bioremediation approach 
to cleaning some contaminated sites. More recently, genetic engineering of cells to 
alter their morphological and physiological features has enhanced microbes in ways 
that may contribute to bioremediation efforts. 

 The use of nonexpensive waste biomass, the low cost of biomass immobilization, 
and the possibility of biomass regeneration are key factors that should be considered 
in selecting bioremediation as a strategy for removing toxic metals from wastewater 
(Gasbarro et al.  1997 ; Quintelas and Tavares  2001  ) . Factors such as pH, tempera-
ture, chromium concentration, contact time, inoculum concentration, co-existence 
of other heavy metals, presence of carbon–nitrogen sources, and other kinetic 
parameters may affect the performance of Cr 6+  bioremediation (see Fig.  2 ), and, 
hence, must be considered before choosing bioremediation as the preferred option 
at any particular site; such factors regulate the performance of applied remediation 
strategies in ecosystems that are polluted by either natural or anthropogenic hexava-
lent chromium.  

 There are four types of bioremediation strategies that are used to treat tannery waste. 
These include biosorption, bioaccumulation, bioreduction, and chromium removal 
by immobilized cells, and each of these is described in the following sections. 
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    7.1   Biosorption 

 Biosorption is the removal or recovery of free metal ions from a solution by a 
prokaryotic and/or eukaryotic biosorbent. The biosorption by microbes of hexava-
lent chromium under various optimized experimental conditions is shown in Table  1 . 
Shumate and Strandberg  (  1985  )  defi ned biosorption as “a non-directed physico-
chemical interaction that may occur between metal/radionuclide species and the 
cellular components of biological species.” Heavy metal ions can be entrapped in 
the cellular structure of such organisms and subsequently be biosorbed onto binding 
sites present on it. Biosorbents contain a variety of functional groups, including 
carboxyl, imadizole, sulfhydril, amino, phosphates, sulfate, thioether, phenol, car-
bonyl, amide, hydroxyl moieties, etc. Although most past and current research in 
this area is oriented toward removing cationic heavy metals, the biosorption of 
anions (like chromate) onto biomass has attracted growing interest in the fi eld of 
biosorption (Kratochvil and Volesky  1998  ) .  

 Biosorption can be mediated via both living and dead cell biomass. It is metabo-
lism-dependent when living biomass is employed, and metabolism-independent in 
dead cells. The biosorption process always involves a solid phase which serves as 
the biosorbent (various biological materials). Due to higher affi nity of the sorbent 
for the sorbate species, the sorbate is attracted and bound there by various mecha-
nisms. The adsorption process continues until equilibrium is established between 
the sorbent and sorbate species concentrations and its residual quantity in the solution. 
The degree of sorbent affi nity for the sorbate determines its distribution between the 
solid and liquid phases. This adsorption is based on mechanisms such as complexation, 
ion-exchange, coordination, adsorption, chelation, and microprecipitation, which 

Bioremediation-impact Factors

Microbial Environmental Pollutant (Cr/Phenols/
Chlorophenols)

Physical Nutritional

pH

Size

Temperature Time

Carbon NitrogenTrace elements

Toxicity Concentration

Monoculture

Enzyme
activity

Presence of other
pollutants

Organic Inorganic

Organic InorganicMonosaccharides Disaccharides Polysaccharides

Source of organism
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  Fig. 2    Factors affecting the probable success of bioremediation of hexavalent chromium and 
phenolic/chlorophenolic compounds       
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may occur either independently or synergistically (Mejare and Bulow  2001 ; Ahalya 
et al.  2003  ) . Various biomaterials, including microbial cells, have been identifi ed 
and documented as effective metal-removing agents (Volesky and Holan  1995 ; 
Veglio and Beolchini  1997  ) . The biosorption process has certain distinct advantages 
over conventional methods (Kratochvil and Volesky  1998  ) . First, the process does 
not produce chemical sludge, and it can be highly selective, more effi cient, easy to 
operate, and hence cost effective for treating large volumes of wastewaters that have 
low metal concentrations. Second, the biomass is not affected by other toxic chemi-
cals, metals, and unfavorable factors that are generally associated with effl uents. 
Third, the biosorbent can be regenerated and reused several times (Gadd  1990  ) , 
and fourth, the biosorption process has short operation times (Brierley et al.  1986  ) . 

 Bacteria are highly competent (Beveridge  1988  )  and effi cient (Kurek et al.  1982 ; 
Walker et al.  1989  )  adsorbents as a result of their high surface area-to-volume ratio. 
The additional qualities that bacteria have as biosorbents are their ubiquity, ability 
to grow under controlled conditions, and their resilience to a wide range of environ-
mental situations (Urrutia  1997 ; Quintelas and Tavares  2001  ) . The strong biosor-
bent behavior of certain types of microbes toward metallic ions is a function of the 
chemical makeup of their cells. The crucial aspects of an effi cient biosorption pro-
cess are localization of metal deposition sites within the biosorbent biomass, under-
standing the metal-sequestering mechanism, elucidation of the relevant metal 
solution chemistry, and chemical structure of the metal deposition site. 

 Metals biosorb to microbial cells via three different processes: (1) extracellular 
accumulation/precipitation, (2) cell surface sorption/precipitation, and/or (3) intrac-
ellular accumulation. The last type of biosorption requires transport of the metal 
across the cell membrane, hence it is metabolism-dependent, and can be performed 
only by viable cells. Although metabolism-independent biosorption is a passive phe-
nomenon, it depends totally on the physicochemical properties of the cell wall and its 
architecture (Langely and Beveridge  1999  ) , which varies phenotypically and depends 
on the growth media used (Wong and So  1993 ; Simmons and Singleton  1996 ; Andres 
et al.  2000  ) , and on the metabolic state of the cells (Donocik et al.  1996 ; Andres et al. 
 2000  ) . Classical studies on the biosorption of metals by isolated cell walls of  Bacillus 
subtilis  (Beveridge  1978  )  suggested that, during biosorption, metal molecules fi rst 
complex with existing reactive sites on cell wall polymers, then additional metal 
crystallizes on these bound metals. This type of metabolism-independent biosorption 
is relatively rapid and can be reversible (Kuyucak and Volesky  1988  ) . The biosorp-
tion phenomenon is more or less like a chemical reaction, and thus, several parame-
ters affect the process. These factors are nature and structure of microbial layers, 
physiological state of the cell, pH of the medium, contact time, microbial growth 
conditions, temperature, ionic speciation, concentration of biomass and concerned 
metal, etc. The succeeding paragraphs dwell on some of these intricate features. 

    7.1.1   Biosorption by Living vs. Dead Cell Biomass 

 Dead cell biomass is much better than living cell biomass at biosorbing heavy metals. 
The effi ciency for biosorption increases as live cells are ruptured after heat treatment, 
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because such treatment yields cells that have more binding sites. The increased 
biosorption performance of dead cells over living ones occurred with  Myxococcus 
xanthus  and  Saccharomyces cerevisiae  for numerous heavy metals, including chro-
mium (Omar et al.  1997  ) . Dead cells of  M. xanthus  and  S. cerevisiae  biosorbed Cr 6+  
at approximate rates of 0.27 mM (14 mg g −1 ) and 0.22 mM (11.4 mg g −1 ), which was, 
respectively, 7.0% and 5.3% higher than the biosorption rates of living cells. Similarly, 
Srinath et al.  (  2002a  )  observed Cr 6+  biosorption to signifi cantly increase from 23.8 in 
live cells to 39.9 mg g −1  in dead ones of  Bacillus coagulan s. This performance differ-
ence can be attributed to a pH change between live and dead cells, which is the most 
important factor affecting biosorption (Paknikar et al.  1999  ) . 

 The uptake of Cr 6+  is governed by an “acid adsorption” mechanism, wherein the 
liquid should have enough protons to cause anion exchange (Sharma and Forster 
 1993 ; Kratochvil et al.  1998  ) . When living cells are used for metal biosorption in an 
unbuffered condition, the redox reactions between the cells and liquid causes an 
increase in fi nal pH, which hampers maximal uptake. In contrast, the equilibrium 
pH remains relatively unaltered in dead biomass, which is attributed to the prior 
conditioning of the dead biomass to the desired pH. Therefore, in dead cells the 
maximal binding sites remain available for Cr 6+  biosorption (Srinath et al.  2002a  ) . 
Park et al.  (  2005  )  reported that the dead biomass of four fungal strains  Aspergillus 
niger ,  Rhizopus oryzae ,  S. cerevisiae , and  Penicillium chrysosporium  completely 
removed the initial 50 mg Cr 6+  L −1  concentration from aqueous solution.  R. oryzae  
was more effective, and completely removed Cr 6+  in 48 h, whereas others required 
periods ranging between 218 and 254 h. The removal rate of Cr 6+  increased as pH 
decreased, and as Cr 6+  and biomass concentrations increased. The maximum bio-
sorption that occurred with  Pseudomonas  sp. at 100 ppm initial Cr 6+  concentration 
was 44% and 49.6% in 240 min by live and dead biomass, respectively (Murugesan 
and Maheswari  2007  ) . Tripathi et al.  (  2011a  )  also reported that the biosorption per-
formance of  Bacillus cereus  was 15.8% higher in dead cell biomass than in live cell 
biomass. In contrast, Faisal and Hasnain  (  2004  )  reported an 8.3% and 41.3% higher 
Cr 6+  uptake by living biomass as compared to dried and heat-killed cell biomass, 
respectively, at an initial 1,000 mg Cr 6+  L −1  concentration.  

    7.1.2   Hydrogen Ion Concentration (pH) 

 The pH of the metal solution is one of the most infl uential factors affecting the sur-
face properties of biomass and metal speciation (Paknikar et al.  1999  ) . The uptake 
of metallic cations by cells/biomass is reduced at a pH of 2.0 and above a pH of 8.0; 
uptake is lowest for metallic cations at their isoelectric point. Cr 6+  is present as 
dichromate (Cr 

2
 O  

7
  −  ) in acidic environments (pH 3–6) and as chromate (Cr 

2
 O  

4
  −  ) in 

alkaline environments, when the pH is >8.0. Numerous investigators have reported 
that the pH range from 4.0 to 8.0 is optimal for uptake of cations by the negatively 
charged surface of bacteria (Tobin et al.  1984 ; Volesky and Holan  1995 ; Kratochvil 
et al.  1998  ) . However, oxyanions, like chromate, are sorbed favorably under acidic 
conditions (Sharma and Forster  1994a,   b : Kratochvil et al.  1998 ; Srinath et al.  2002a  ) . 
This pH specifi city renders Cr 6+  selectively recoverable from solutions containing 
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an amalgam of heavy metal cations and anions (Volesky  1990  ) . The high adsorption 
of Cr 6+  at low pH varies with chromium (chromate) species and adsorbent surface 
characteristics. Bacterial cell walls are negatively charged under acidic pH condi-
tions. The chemical functional groups of cell walls display high affi nity for metal 
ions in solution (Collins and Stotzky  1992  ) . The surfaces of adsorbents become 
highly protonated, and favor the uptake of Cr 6+  in anionic form under acidic condi-
tions. The degree of protonation, and hence, the adsorption decreases with an 
increase in pH. Furthermore, there is competition between hydroxyl and chromate 
ions for binding; the former is the dominant species at higher pH values. Moreover, 
as the pH increases, the net positive charge on the surface of sorbents decreases 
from reduced protonation, which ultimately leads to reduced sorption capacity. 

 Srinath et al.  (  2003b  )  reported enhanced Cr 6+  biosorption by  B. coagulans  as the 
pH decreased from 5.5 to 2.5 (maximal adsorption occurred at pH 2.5). Further 
decrease in solution pH from 2.5 to 1.0 reduced the chromium uptake. It is sug-
gested that at a lower pH, HCrO  

4
  −   ions start oxidizing the biomass, thereby produc-

ing Cr 3+  ions, which then compete with protons via cation exchange reactions for 
binding sites on the biomass (Kratochvil et al.  1998  ) . Thus, the optimum pH for Cr 6+  
biosorption occurs when the reduction/oxidation potential of HCrO  

4
  −   equilibrates. 

Further, although the surface of  Bacillus  sp. is cationic in nature, the anionic moi-
eties are evenly dispersed throughout the cell wall. Therefore, at an acidic pH, the 
surface charge on  Bacillus  sp. is favorable for anionic metal adsorption (Niu and 
Volesky  1999  ) . At an initial concentration of 200 mg Cr 6+  L −1  in the presence of 
pentachlorophenol (500 mg L −1 ), Tripathi et al.  (  2011a  )  reported a maximum Cr 6+  
biosorption of 35.2 ± 1.89 and 42.5 ± 1.28 mg Cr 6+  g −1  dry wt. of live and dead cells 
at pH 5.0 and 4.0, respectively by  B. cereus . The authors observed that any deviation 
from the initial pH 5.0 resulted in reduced biosorption by live bacterial cells. 
Furthermore, when live biomass was employed for Cr 6+  biosorption in unbuffered 
condition, the redox reaction between the cells and liquid caused a decrease in the 
fi nal pH, regardless of the initial pH values under study. In contrast, the equilibrium 
pH was relatively unaltered for dead biomass that had prior pH conditioning to a 
desired pH of 4.0 (based on availability of maximum binding sites for Cr 6+  biosorp-
tion). A similar behavior of Cr 6+  biosorption was observed in several nonmicrobial 
biosorbents; these included  Sargassum  sp., peat moss, sugarcane bagasse, beet pulp, 
maize cob, activated carbon, among others (Huang and Wu  1977 ; Sharma and 
Forster  1993,   1994a,   b ; Kratochvil et al.  1998  ) . Parvathi et al.  (  2007  )  reported a 
neutral pH optimum for the maximum Cr 6+  biosorption effi ciency (99%) of dead  S. 
cerevisiae  biomass (from 1230 mg L −1  Cr-laden raw tannery effl uent).  

    7.1.3   Temperature 

 The mechanism by which dead cell biomass biosorbs metals is metabolism-
independent. Therefore, it is less likely to be affected by temperature, since the pro-
cesses responsible for removal are largely physicochemical in nature (Gulay et al. 
 2003  ) . Still, chromate biosorption by  Rhizopus arrhizus  (Sag and Kustal  1996a,   b  )  
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and  Zoogloea ramigera  (Sag and Kustal  1989  )  was affected by temperature; 
however, the effect was less for  B. coagulans  over a rather broad range (20–40°C) 
(Srinath et al.  2003b  ) . A broad temperature range (25–40°C) for Cr 6+  biosorption by 
 B. cereus  has also been reported by Tripathi et al.  (  2011a  ) . With an increase in tem-
perature from 25°C to 35°C, there was only a marginal increase in Cr 6+  biosorption. 
A further increase in temperature to 40°C caused a slight decrease in Cr 6+  biosorption. 
Since a temperature of 25–35°C is the most prevalent range that occurs in tropical 
countries, the biosorption of Cr 6+  by  B. coagulans  and  B. cereus  will tend to be 
independent of temperature, because the maximum sorption by both species is in 
the same temperature range. 

 Any enhancement of metal sorption that occurs can be attributed to increased 
energy in the system that facilitates metal attachment to cell surfaces. A decrease in 
metal sorption may also result from distortion of cell surface sites (Al-Asheh and 
Duvnjak  1995  ) . It is suggested that an increase in metal uptake at higher tempera-
tures may result either from a higher affi nity of sites for the metal, or from an 
increase in the biomass binding sites (Marques et al.  1991  ) .  

    7.1.4   Presence of Other Metal Ions 

 Natural habitats are generally characterized by the coexistence of many toxic and 
nontoxic cations and anions. Similarly, industrial effl uents rarely or never have only 
single metal or pollutant species. Effl uents generally contain a blend of numerous 
cations and anions of metals and nonmetals, the latter of which may either hinder or 
assist in binding of the concerned metals. Therefore, when studying bioremediation 
strategies, it is necessary to evaluate the effect of metal/pollutant mixtures present 
on the growth rates of microorganisms (Verma and Singh  1995  ) . When microbes are 
used in bioremediation, it is an advantage for them to have tolerance to metals other 
than the targeted ones, so that they can withstand their presence in effl uents as they 
perform their desired bioremediation activities. The advantage of selecting indige-
nous microbes from contaminated environments is that they may, through the devel-
opment of natural resistance, minimize the inhibitory effects that result from the 
presence of constituents other than the targeted Cr 6+ . Furthermore, it is practical to 
use Cr 6+ -reducing microorganisms that can concomitantly remove other metals also 
(Lovely  1995  ) . Tripathi et al.  (  2011b  )  reported the presence of other metal ions in 
treated tannery effl uent. Depending on the degree of their competitiveness and tox-
icity, the presence of such ions can complicate the biosorption process (Volesky and 
Holan  1995  ) . 

 Biosorption of Cr 6+  by  B. coagulans  biomass was unaffected by the presence of 
chloride ions, probably because of the dissimilarity of their ionic feature. Sulfate at 
200 mg L −1  competitively inhibited the biosorption of Cr 6+  by 16%, which probably 
resulted from the similarity of its ionic features to chromate (Srinath et al.  2003b  ) . 
Cells of  Chlorella vulgaris  biosorbed Cr 6+  and copper optimally at different pH (pH 
2.0 and 4.0) but the biosorption of these metals was competitive (Aksu and Acikel 
 1999  ) . The biosorption of Cr 6+  and Fe 3+  was antagonistic for the cells of  R. arrhizus  
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(Sag et al.  1998  ) . At a pH of 5.0,  Zoogloea  biosorbed Cu, Cd, and Zn selectively, 
while chromium was not biosorbed, demonstrating that biosorption of a metal can 
be selective, and can vary according to species and even strain (Ahn et al.  1998  ) . 

 Srinath et al.  (  2003b  )  studied the effect of various heavy metals on biosorption 
of Cr 6+  by  B. coagulans  at a pH of 2.5. These authors observed no enhancement 
in Cr 6+  uptake. Lead (Pb), at levels up to 150 mg L −1 , did not affect Cr 6+  uptake. 
An 11.8% decrease in Cr 6+  biosorption was noted in the presence of a solution of 
200 mg Pb L −1 . When multimetals were present, Cr 6+  biosorption decreased. 
Although molybdate has similar ionic features, the optimal pH of 2.5 for Cr 6+  ren-
dered its biosorption more selective (Srinath et al.  2003b  ) . Furthermore, the solubility 
of molybdate at an acidic pH is minimal, because it loses anionic features as a result of 
its protonation at low pH (Zhao et al.  1996  ) . Similarly, Tripathi et al.  (  2011a  )  found 
that several cations produced an insignifi cant effect on the biosorption of Cr 6+  by 
 B. cereus . The reason for this is explained by the theory of acid–base equilibrium. In 
the pH range of 2.5–5.0, the degree of binding of cationic heavy metals is determined 
primarily by the dissociation state of the weakly acidic groups. Furthermore, com-
petition for metal binding sites may exist between metal ions and hydrogen (H + ) and 
hydronium (H 

3
 O + ) ions (Gadd  1988 ; Antuner et al.  2001  ) ; in addition, electrostatic 

repulsive force may exist between the protonated biomass and cations present.  

    7.1.5   Initial Biosorbent and Metal Concentration 

 The initial Cr 6+  and biosorbent concentrations are important in the effectiveness of 
the biosorption process. The initial ratio of the metal ions to biosorbent concentra-
tion plays a decisive role during the initial treatment process optimization. At a 
given equilibrium metal concentration, biomass adsorbs more metal ions at lower 
cell densities (Sharma and Forster  1994a ; Paknikar et al.  1999  ) . Srinath et al.  (  2003b  )  
reported a decrease in Cr 6+  uptake, with an increase in  B. coagulans  biomass con-
centration from 2 to10 g L −1 . A curvilinear adsorption isotherm for Cr 6+  biosorption 
was obtained, which revealed that metal uptake was chemically equilibrated in a 
manner that involved a saturable mechanism. Thus, there was an increase in metal 
uptake as long as the binding sites were free. Other researchers (Sharma and Forster 
 1994b ; Merrin et al.  1998  )  also made similar observations on the biosorption of 
Cr 6+ . Tripathi et al.  (  2011a  )  observed that the optimum  B. cereus  biosorbent dose for 
maximum Cr 6+  biosorption was 2 g L −1 . At the optimum biosorbent level, a suffi -
ciently large number of binding sites were available on the biomass for electrostatic 
interaction. At higher biosorbent concentrations, the metal-to-microbe ratio (Puranik 
and Paknikar  1999  )  decreased and the metal uptake value marginally decreased; this 
produced excessive free extra binding sites that were available on the biosorbent, 
which may have decreased the electrostatic interaction between metal and binding 
sites of the biosorbent (Fourest and Roux  1992  ) . 

 Faisal and Hasnain  (  2004  )  reported that the Cr 6+  uptake by bacterial strains (CrT-
11, CrT-12,  Bravibacterium  sp., CrT-13, and CrT-14) increased with an increase in 
K 

2
 Cr 

2
 O 

7
  concentration from 100 to 1,000  m g mL −1 , and with contact time; the maximum 
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uptake occurred at 4 h incubation. Quintelas et al.  (  2006  )  reported a decrease in 
percent removal of Cr 6+  at initial higher metal concentrations by living cells of 
 Arthrobacter viscosus  biofi lm, owing to the toxicity and high oxidation potential of 
chromate. Tripathi et al.  (  2011a  )  performed biosorption experiments at initial Cr 6+  
concentrations that ranged from 50 to 250 mg L −1 , and an optimized fi xed dose 
(2 g L −1 ) that employed live and dead  B. cereus  biomass. As the initial Cr 6+  concen-
tration increased from 50 to 250 mg L −1 , the percentage of Cr 6+  removed from solution 
decreased from 97.5% to 57.0% and 98.5–59% for live and dead cells, respectively. 
At lower concentrations (<200 mg Cr 6+  L −1 ), metal ions in the solution possibly 
interacted with the binding sites, and thus facilitated a higher removal of Cr 6+ . 
In contrast, at higher concentrations, more chromium ions were left unadsorbed in the 
solution from the increased metal levels that were competing for biosorbent binding 
sites. Hence, the percentage of chromium removed was dependent on the initial 
metal concentration (Puranik and Paknikar  1999  ) . Moreover, at higher Cr 6+  concen-
trations, the average distance between adsorbing species also decreased (Horsfall 
et al.  2006  ) . Thus, for such experiments it is essential to determine the optimum 
initial ratio of the biomass to metal concentration (Puranik and Paknikar  1999  ) .  

    7.1.6   Contact Time 

 For attaining equilibrium, knowing the duration of contact between the biomass and 
the metal ions is relevant to how a process will behave. Such information is also 
essential for economical industrial exploitation. Biosorption occurs rapidly, if equi-
librium is optimally attained within a few hours. At a pH of 2.0, the biosorption of 
Cr 6+  by  R. arrhizus  was rapidly achieved (i.e., 82% adsorption occurring within 1 h, 
and 92.5% after 8 h; Merrin et al.  1998  ) . Further incubation did not enhance the 
adsorption of Cr 6+ . In contrast, Cr 6+  biosorption by other strains of  R. arrhizus  exhib-
ited a slower biosorption rate (Sag and Kustal  1996a,   b ; Prakasham et al.  1999  ) . 
Srinath et al.  (  2003b  )  reported that biosorption of Cr 6+  by  B. coagulans  biomass 
occurred rapidly, attaining equilibrium within 60 min; further incubation (240 min) 
increased biosorption by only 4%. 

 Various steps occur as a metal transfers from bulk solution to binding sites on the 
biomass (Weber  1985  ) . The fi rst step is rapid, because of mixing and advective fl ow 
(Gadd  1988  ) . The second step is fi lm transport involving diffusion of the metal 
through a thermodynamic boundary layer around the biosorbent surface. The third 
step is actual adsorption of the metal ions by active sites on the biomass. This step 
is rapid, and is equivalent to an equilibrium reaction (Weber  1985  ) . In the case of 
Cr 6+  biosorption by  B. coagulans , experimental conditions allowing good mixing of 
solutes and biomass may have suppressed kinetic limitation in the fi rst and second 
steps. In the third step, the rate of Cr 6+  biosorption is infl uenced by the transfer of 
metal from solution to biomass binding sites (Srinath et al.  2003b  ) . Sau et al.  (  2008  )  
reported that the quantity of chromium adsorbed by dry and wet dead cell mass of 
 Bacillus fi rmus  increased as contact time increased. In addition, dried cell mass 
adsorbed a somewhat higher quantity of chromium than did dead wet cell mass. 
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Tripathi et al.  (  2011a  )  studied the effect of contact time on biosorption of Cr 6+  under 
optimum conditions. The process they studied attained equilibrium at 120 min 
(70.5% Cr 6+  removal), and remained nearly constant as the contact time was 
increased to 140 min.  

    7.1.7   Role of Exopolysaccharides in the Biosorption Process 

 Many microbial polysaccharides are known to bind heavy metals, and by so doing 
display varying degrees of specifi city and affi nity. Exopolysaccharides (also called 
extracellular polysaccharides or EPS) comprise a complex mixture of polysaccha-
rides and proteins (Omoike and Chorover  2004  ) , lipids or humic substances (van 
Hullebusch et al.  2003  ) . These EPS building molecules contain ionizable functional 
groups (e.g., carboxyl, phosphoric, amine and hydroxyl, etc.) (van Hullebusch et al. 
 2003  ) . EPS have several important microbial functions, including fomenting adhe-
sion to surfaces, aggregating bacterial cells in fl ocs and stabilizing them, forming a 
protective barrier that provides resistance to biocides or other harmful entities, 
retention of water, sorption of exogenous nutrients, and uptake of metals (Comte 
et al.  2006  ) . Some of these functions play a key role in metal biosorption processes. 
The EPS produced by various microorganisms, such as algae, bacteria, and fungi, 
are recognized as being potentially useful in meeting the need for economical, 
effective, and safe disposal methods of heavy metals from wastewater. Two steps 
are required for attaching microbes onto solid surfaces to form biofi lms. First, 
microorganisms approach solid surfaces via weak electrostatic forces. Second, these 
microbes produce EPS, which eventually form a biofi lm matrix that remains fi rmly 
adhered to its solid support (Parkar et al.  2001  ) . The presence of binding sites 
enables EPS to both sequester minerals and nutrients for microbial growth, and also 
to remove toxic metals during biological treatment of wastewater (Liu et al.  2002  ) . 

 Unfortunately, few reports exist on microbial metal chelation via an EPS mecha-
nism. The exopolymer referred to as the capsule/slime layer in some microbes (e.g., 
 Z. ramigera ,  Klebsiella aerogenes ,  A. viscosus , and  Pseudomonas  sp.) constitutes 
the major cellular component that performs biosorption (Volesky  1990 ; Gadd and 
White  1993  ) . Iyer et al.  (  2004  )  reported that EPS of  Enterobacter cloaceae  have 
high incidence of uronic acid and sulfate groups, which may be responsible for 
chelation, because these organisms successfully chelated ~75% of a solution having 
an initial 100 ppm chromium concentration. The authors observed that Cr 6+  stimu-
lated the production of polysaccharides in a concentration-dependent manner. 
Quintelas et al.  (  2008  )  studied three different polysaccharide-producing bacterial 
species ( Streptococcus equisimilis ,  B. coagulans , and  E. coli ) that were supported 
on granulated activated carbon, for their ability to remove Cr 6+  from either aqueous 
batch or column solutions. The subsequent quantifi cation of polysaccharides (that 
play a key role in the whole process of chromium adsorption) revealed that their 
production was highest in  B. coagulans,  followed by  S. equisimilis  and then  E. coli  
(9.19, 7.24, and 4.77 mg g −1  biomass, respectively). All bacteria had good adhesion 
to granular activated carbon and good qualities for chromium ion entrapment.  
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    7.1.8   Effect of Chemical Pretreatment of Biosorbent-Biomass 

 The biosorption potential of a biosorbent can be altered by chemical pretreatment of 
the biomass (Akthar et al.  1995 ; Puranik and Paknikar  1999 ; Srinath et al.  2002a  ) . 
The alteration may result from cleansing effects and modifi cation of binding sites, 
changes in the overall surface charge, masking/unmasking of binding sites and/or 
more complex actions such as formation of electrostatic bonds. Siegel et al.  (  1986  )  
reported that biomass that lost Cr 6+  biosorption capability, regained it when the bio-
sorbent was pretreated with Pb(NO 

3
 ) 

2
 . It was suggested that the Pb, which was 

preloaded on the biomass, reacted and precipitated as lead chromate. Parvathi et al. 
 (  2007  )  treated  S. cerevisiae  biomass with NaOH at pH 7.0, 9.0, and 11.0. This biomass 
then exhibited signifi cant biosorption capacity as compared to raw and HCHO–
HCOOH treated biomass. At pH 4.0, untreated biomass exhibited maximum chro-
mium sorption, compared to biomass treated with NaOH and HCHO–HCOOH. The 
authors asserted that pH affected not only the biosorption capacity of raw biomass, 
but also the behavior of the pretreated biomass. Methylation of amines by HCHO–
HCOOH pretreatment prevented the participation of biomass amino groups in metal 
binding at pH of 4.0, 7.0, and 11.0. However, at pH 2.0, an opposite trend was evi-
dent, due to an unmasking of some cellular groups, which were unable to participate 
in biosorption without the acid–aldehyde treatment. To summarize, pretreating bio-
mass with NaOH increased the sorption of Cr 6+ , when the pH was between 4.0 and 
11.0; but, at pH 2.0, the sorption increase was much more modest.   

    7.2   Bioaccumulation 

 Bioaccumulation occurs by several processes, all of which result in the uptake of 
bioavailable metal ions by living cells. Such processes include adsorption, intracel-
lular accumulation, and bioprecipitation. Certain heavy metals play important roles 
as “trace elements,” and these are key to biochemical growth and maintenance 
(Huges and Poole  1989  ) . Of 22 heavy metals, 17 have biological functions under 
some physiological conditions (Nies  1999  ) . Among these, Fe, Mo, and Mn are 
important trace metals that have low toxicity. Others, like Zn, Ni, Cu, V, Co, W, and 
Cr, are toxic elements that have high to moderate importance as trace elements. 
Other heavy metals such as As, Ag, Sb, Cd, Hg, Pb, and U have limited benefi cial 
functions, and are considered to be toxic. Among living organisms, bacteria are the 
fi rst to interact with metals in the environment. Consequently, living organisms have 
evolved mechanisms for the active transport and/or extrusion of these metal ions, 
thereby enabling cells to regulate intracellular concentrations by relying on a family 
of metal-ion transport proteins (Paulsen and Saier  1997  ) . 

 Microbial heavy metal accumulation often occurs in two stages (Failla  1977 ; 
Trevors et al.  1986 ; Belliveau et al.  1987 ; Gadd  1988,   1990  ) . First, an initial rapid 
and passive process occurs in which metals are physically adsorbed or ions 
exchanged at cell surfaces. Second, a slower phase occurs, that involves active 
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metabolism-dependent transport into bacterial cells. This second phase is inhibited 
by low temperatures, by the absence of an energy source, and by metabolic inhibitors 
and uncouplers. As occurs for other substances in phase two, the bioaccumulation 
process for metals occurs via a metabolism-dependent mechanism. The rate of 
uptake is also infl uenced by the state of cells and the composition of the medium in 
which they exist (Gadd  1990  ) , and can also be affected by the initial metal concen-
tration (Srinath et al.  2002b  ) . Most metal transport mechanisms rely on the electro-
chemical proton gradient across the cell membrane. Such gradients have a chemical 
component (pH gradient), and an electrochemical gradient (the membrane potential) 
component. Each can drive the transport of ionized solutes across the membrane. 
Specifi c uptake systems do not exist for chromates, but in the  Ralstonia  sp. strain 
CH34, chromate enters via the sulfate-uptake system (Nies  1999  ) , which possibly 
results from the similitude of their three-dimensional structures. 

 Hydrogen ion concentration (i.e., pH) is an important index that can refl ect 
microbial activity. The pH of a solution is known to modulate ion speciation, cel-
lular metabolism, and sites of interactions that may produce changes in both the 
accumulation and toxicity of metals (Volesky  1990 ; Beveridge and Graham  1991  ) . 
The extent to which Cr 6+  is accumulated by  Bacillus circulans  bears relation to the 
initial pH of the medium in which they exist. Srinath et al.  (  2002b  )  studied this 
relationship at pH from 4.0 to 8.0. Cr 6+  accumulation was optimal and equal between 
pH of 6 and 8. At a pH of 5.0, Cr 6+  accumulation was signifi cantly reduced, and at 
pH 4.0, it was negligible. Whether Cr 6+  was present or absent, after 24 h of growth 
at an initial pH of 6–8, the fi nal pH approached 7.7. At an initial pH of 5.0, the fi nal 
pH of the medium of the unchallenged  B. circulans  cells was 6.3, whereas the fi nal 
pH in the presence of Cr 6+  was 5.5. This alteration illustrated what effect pH has on 
the cellular metabolism and toxicity of Cr 6+ . Srivastava and Thakur  (  2007  )  studied 
the effect of pH on chromium bioaccumulation in  Acinetobacter  sp., and reported 
that 85–89% of the chromium was removed (from initial 500 ppm Cr 6+  concentra-
tion); the uptake rate was 12.3–13.5 mg g −1  dry wt. of cell biomass during the 7-day 
incubation period. In a 2-L laboratory scale bioreactor (fl ow rate 20.8 mL h −1 ), tan-
nery effl uent containing 557 ppm Cr 6+  was supplemented with optimized 0.2% 
(w/v) sodium acetate and 0.1% (w/v) sodium nitrate, the pH of which was main-
tained at 7.0–7.5, and then was inoculated with  Acinetobacter  sp. The amount of 
chromium removed was 80% (112 ppm), and the rate of uptake was 19 mg g −1  dry 
wt. at the 15th day. Congeevaram et al.  (  2007  )  isolated chromium-resistant micro-
organisms ( Aspergillus  sp. and  Micrococcus  sp.) from a heavy metal-contaminated 
environment. The suitability of using these isolates as means of chromium removal 
from industrial wastewater was evaluated at different pH ranges. The maximal Cr 6+  
removal (i.e., 92% and 90%) occurred at pH 5.0 and 7.0 by  Aspergillus  sp. and 
 Micrococcus  sp., respectively; the initial level was 100 mg Cr 6+  L −1  and incubation 
period was 24 h. The effect of pH that was observed on bioaccumulation of 
chromium was attributed mainly to organism-specifi c physiology. 

 Temperature affects the rate of Cr 6+  bioaccumulation by affecting the stability of 
the microbial cell wall, its confi guration, and rate of ionization of chemical moieties 
(Volesky  1990  ) . Temperature may act synergistically with other factors to affect 
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bacterial cell binding sites, thereby changing chromium bioaccumulation rates. The 
optimal temperature for reduction of Cr 6+  generally coincides closely with the 
conditions that are optimal for cell growth. Besides the infl uence of initial pH, 
Srinath et al.  (  2002b  )  also studied the effect of temperature (20–40°C) on bioaccu-
mulation of Cr 6+  by  B. circulans,  during a 24-h incubation, and reported no sig-
nifi cant temperature effects in the range of 25–35°C. The authors reported that any 
deviation from the optimum range (25–35°C) reduced chromium accumulation sig-
nifi cantly. Further, the bioaccumulation of Cr 6+  by  B. circulans  was growth medi-
ated. Since there was no growth at 45°C, no accumulation of Cr 6+  occurred. 
Parameswari et al.  (  2009  )  studied Cr 6+  removal effi ciencies of  Azotobacter chroo-
coccum ,  Bacillus  sp., and  Pseudomonas fl uorescens  that were isolated from sewage 
environment. They observed a maximum removal of 82.58%, 89.50%, and 95.54% 
chromium, respectively for these three species at 35°C over the 72-h incubation. 

 Because temperature is an important factor for bacterial growth, it will necessar-
ily affect enzymes that may be essential for chromium removal. At temperatures 
above the optimum, cell function declines and growth processes slow or fail. 
At suboptimal temperatures, metabolic regulation will be affected and may fail. 
Hence, only at optimum temperatures do bacteria appropriately utilize their sub-
strates, providing other optima for environment, nutrition, etc. are met. 

 Srinath et al.  (  2002b  )  studied the effect of continuous exposure of  Bacillus circu-
lans  cells to Cr 6+  on growth and metal uptake. The difference in population density 
attained by Cr-exposed cells in the presence and absence of Cr 6+  was insignifi cant. 
However, the exposed cells attained their maximum density in a shorter time span. 
In addition, accumulation of chromium by the Cr 6+ -induced cells started slightly 
earlier than untreated cells, although there was no signifi cant difference in accumu-
lated Cr 6+  content. 

 The initial concentration of metal ions can have a profound effect on the rate and 
quantity of metal that is bioaccumulated. Fude et al.  (  1994  )  reported a decreased rate 
of Cr 6+  bioaccumulation as the initial concentration of chromium increased. Similarly, 
Srinath et al.  (  2002b  )  observed that chromium accumulation and the rate of chro-
mium uptake were both dependent on the initial Cr 6+  concentration, and a linear 
relationship between the two was established. The rates of Cr 6+  accumulation by 
 B. circulans  were 19.55, 16.99, and 14.05 (×10 2  h −1 ) for 25, 50, and 100 mg Cr 6+  L −1 , 
respectively. Moreover, after equilibrium was attained, there was a slow enhance-
ment in chromium uptake. Srivastava et al.  (  2008  )  reported the effect of initial chro-
mium concentration (1.0–4.0 mg L −1 ) on chromium bioaccumulation in  Pseudomonas  
sp., during a 72-h incubation. They observed increased rates of chromium removal 
(i.e., 0.873, 1.840, 2.78, and 3.502 mg L −1 , respectively) as the initial Cr 6+  concentra-
tions of 1.0, 2.0, 3.0, and 4.0 mg L −1  were increased. Polti et al.  (  2011  )  reported that 
the  Streptomyces  sp. MC1 was able to accumulate up to 3.54 mg Cr 3+  g −1  wet 
biomass, and removed 13.9% chromium from the culture medium, when the initial 
concentration was 50 mg Cr 6+  L −1 . The authors observed that the chromium removed 
by  Streptomyces  sp. accounted for the intracellular accumulation. 

 Other heavy metals (cations and anions) commonly present in effl uents have 
variable effect(s) on the bioaccumulation of Cr 6+ , and how much of an effect they 
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have depends upon the type and concentration of ions present. Srinath et al.  (  2002b  )  
performed binary metal studies, and observed that chromium bioaccumulation by 
 B. circulans  was dependent on the concentration of other metals used to challenge 
Cr 6+ . At 25 mg cation(s) L −1 , Cr 6+  accumulation effi ciency exceeded 85%. Nickel at 
100 mg L −1  was not tolerated by  B. circulans . But interestingly, lead affected Cr 6+  
accumulation the least, and was tolerated the most. This may make sense as lead 
would have enabled Cr 6+  to be accumulated in the form of lead chromate (Siegel 
et al.  1986  ) . At pH of 6.0–8.0, the negative charge on a bacterial surface is optimal, 
so that the maximum of binding sites are offered for interaction of cations (Volesky 
 1990 ; Gadd and White  1993 ; Volesky and Holan  1995  ) . Such cation interactions 
may physically or metabolically hamper Cr 6+  uptake. Guan et al.  (  1993a,   b  )  sug-
gested that accumulated Cr 6+  may act as a terminal electron acceptor, and the reduced 
Cr 3+  then binds to the cell wall. Hence, cations present in the medium may reduce 
the accumulation effi ciency by showing greater affi nity for the Cr 3+  binding sites. 
Some cations like Zn and Cu are trace elements (Nies  1999  )  that affect Cr 6+  uptake 
at concentrations >50 mg L −1 . In multimetal (Cd, Cu, Pb, Ni, Zn) solution studies, 
Cr 6+  removal effi ciency decreased from 100% to 57.1% at 25 and 50 mg cations L −1 , 
respectively (Srinath et al.  2002b  ) . 

 The effect of various anions on the accumulation of Cr 6+  by  B. circulans  was also 
studied by Srinath et al.  (  2002b  ) . They noted no enhancement in Cr 6+  bioaccumula-
tion effi ciency. Rather, sulfate and molybdate ions signifi cantly reduced the level of 
Cr 6+  bioaccumulation. It is known that the sulfate-permeate system is used by Cr 6+  
for entry into cells (Kimbrough et al.  1999 ; Nies  1999  ) , and thus has a role in com-
peting at the sites for uptake. Chromate availability to cells may be limited by sul-
fate ions, which competitively inhibit the uptake of chromium (Ohtake et al.  1990a ; 
Silver and Walderhaug  1992  ) . Similarly, molybdate also utilizes the same ionic port 
as does sulfate, however, less competitively than chromate. Srinath et al.  (  2002b  )  
further observed that chloride interfered with Cr 6+  uptake the least. A mixture of 
these cations signifi cantly reduced (~20%) the bioaccumulation of Cr 6+ , at 
100 mg L −1  concentration of the anions. 

 Bioaccumulation is an active process, and therefore, is affected by the physiolog-
ical state of the cells. Cells of a denitrifying bacterial consortium that were starved 
for 50 days showed 10–15% higher levels of Cr 6+  bioaccumulation (Kong et al. 
 1992,   1993  )  than did unstarved forms of these cells. A higher concentration of Cr 6+  
existed in the cell wall fraction from starved cells vs. fresh cells (Kong et al.  1992  ) . 
This may have been caused by a reduction of Cr 6+  to Cr 3+  in the cell wall (Volesky 
 1990  ) . In fresh cells, maximum amount of chromium was present in the cells’ solu-
ble fraction. However, in the presence of sulfate ions, Cr 6+  bioaccumulation was 
reduced by half in both fresh and starved cells (Kong et al.  1993  ) . The soluble frac-
tion of  Pseudomonas aeruginosa  G-1 cells also contained the highest amount of 
chromium (Horitsu et al.  1983  ) . Intracellular sequestration (compartmentalization) 
by  P. syringae  (Cha and Cooksey  1991  )  and  P. aeruginosa  (Kazy et al.  1999  ) , as 
occurs with Cu 2+ , did not occur with Cr 6+ . However, extracellular precipitation of 
chromium was reported to take place in  Thiobacillus ferrooxidans  DSM 583 (Baillet 
et al.  1998  ) ; this strain bioaccumulated 501 mg Cr mg −1  dry wt. when held at a pH 
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of 2.4. Cr precipitated mainly at the outer cells surface, owing to the positive charge 
of the cells (Kar and Dasgupta  1996  ) . 

 A consortium of sulfate-reducing bacteria (SRB-III), isolated from an electroplating 
effl uent, tolerated a concentration of Cr 6+  up to 2,500 mg L −1  (Fude et al.  1994  ) . The 
authors observed that UV-killed cells did not accumulate signifi cant amounts of 
chromium, whereas the uptake of Cr 6+  by living cells was signifi cantly hampered in 
the presence of molybdate. From these observations, the authors ascertained that 
uptake of Cr 6+  was dependent on cellular metabolism, and the sulfate port was utilized 
for it. After 80 h of incubation, a >94% Cr 6+  removal was attained from the initial 
50–1,000 mg L −1  concentrations. In the presence of Zn (at 100 ppm) and U (at 50 ppm), 
a 5.1% increase in Cr 6+  removal occurred, but at higher Cr concentrations (>1,000 ppm), 
precipitation of chromium was reduced signifi cantly. The removal of Cr 6+  was cred-
ited to the H 

2
 S produced during growth, which acts as a reducing agent for Cr 6+ . 

Smillie et al.  (  1981  )  reported a reduction of Cr 6+  by bacterially produced H 
2
 S in the 

marine environment. Fude and Shigui  (  1992  )  also confi rmed that Cr 6+  was reduced 
through a bacterially H 

2
 S generation mechanism. Rahman et al.  (  2007  )  attributed the 

higher rate of Cr 6+  reduction during the log phase of  Pseudomonas  sp.C-171 to faster 
growth and maximal H 

2
 S production. By contrast, during the stationary phase, the 

accumulation of Cr(OH) 
3
  around the bacterial cells decreased the availability of H 

2
 S 

for reaction with Cr 6+ ; this consequently decreased/stabilized the rate of Cr 6+  reduc-
tion. Moreover, the degree of Cr 6+  reduction was dependent upon the size of inoculum. 
An increase in inoculum concentration provided a higher number of bacterial cells, 
which in turn, increased the rate of H 

2
 S production, thus facilitating Cr 6+  reduction. 

The H 
2
 S produced by bacteria reacts with chromium to form chromium sulfi de, which 

is unstable in aqueous solution, and is rapidly precipitated as Cr(OH) 
3
 . 

 Microbial mats are self-organized and laminated structures composed of het-
erotrophic and autotrophic organisms, and play a role in the bioaccumulation of 
toxic metals. Such mats, composed of cyanobacteria, purple bacteria (anoxygenic 
photosynthetic bacteria), and numerous heterotrophs, were capable of bioaccumu-
lating approximately 100% of Cr 6+  (Bender et al.  1995  ) . Postgate  (  1984  )  studied the 
coupled oxidation of an energy source to sulfate reduction during growth in which 
sulfate was reduced (Postgate  1984  )  by SRB to sulfi de (Lovely and Coates  1997 ; 
White and Gadd  1997,   1998  ) . The cells of  Desulfovibrio desulfuricans  removed 
86% of Cr 6+  in 24 h, when the initial concentration was 500  m M (Turick et al.  1998  ) . 
In contrast, 83% was of the initial 960  m M of Cr 6+  removed in 5 days by using a 
mixed consortium SRB-III (Fude et al.  1994  ) . Another SRB, in biofi lm growth 
form, removed 88% Cr 6+  in 48 h (Smith and Gadd  2000  ) . Biofilm formation 
and growth confers more tolerance under environmental stress (e.g., desiccation 
and elevated levels of organic and inorganic pollutants), as compared to suspended 
growth forms (Costerton et al.  1994  ) . However, less than 10% of precipitated 
chromium was retained by suspended cells, whereas, SRB-III retained most of the 
chromium as a precipitate around the cells. Fude et al.  (  1994  )  suggested that chro-
mate was indirectly reduced by H 

2
 S, and the precipitate was lodged in the cell wall. 

Absence of such a mechanism may have resulted in insignifi cant accumulation of 
chromium by the SRB (Smith and Gadd  2000  ) .  
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    7.3   Bioreduction 

 Microorganisms are capable of altering the oxidation/reduction state of toxic metals, 
organometal(oids), and radionuclide contaminants through direct or indirect bio-
logical and chemical process(es) (Gadd  1990 ; Gadd and White  1993 ; Lovely  1995  ) . 
The mechanisms by which microorganisms reduce Cr 6+  are variable, and are species 
specifi c. First, the Cr 6+  reduction may be a part of the detoxifi cation mechanism that 
occurs intracellularly. Second, some species use Cr 6+  as an ultimate electron accep-
tor in the respiratory chain (Gvozdyak et al.  1986 ; Bopp and Ehrlich  1988 ; Wang 
et al.  1990  ) , while in some other strains certain soluble enzymes are responsible for 
the reduction of Cr 6+  to Cr 3+  (Shen and Wang  1993 ; Wang and Xiao  1995 ; Philip 
et al.  1998 ; Park et al.  2000 ; Ackerley et al.  2004  ) . Third, the reduction is an extra-
cellular reaction, which occurs with excreted waste products, such as H 

2
 S (Palmer 

and Puls  1994  ) . 
 Biotransformation of Cr 6+  to Cr 3+  not only reduces the toxicity of chromium on 

living organisms, but also helps to precipitate chromium at a neutral pH for further 
physical removal. 

 Chromate (CrO  
4
  2−  ) is a strong oxidizing agent that is reduced in the presence of 

electron donors intracellularly to Cr 5+ . Cr 5+  then reacts with nucleic acids and other 
cell components to produce mutagenic/carcinogenic effects on biological systems 
(Clark  1994 ; McLean and Beveridge  2001  ) . Although reduction to Cr 5+  is respon-
sible for chromate toxicity, its further reduction leads to the formation of a stable, 
less soluble, and less toxic trivalent chromium (Cr 3+ ). Therefore, reduction of Cr 6+  
to Cr 3+  is a potentially benefi cial process in Cr 6+ -affected environments (Michel 
et al.  2001  ) . Reduction of Cr 6+  results in precipitation of chromium as Cr 3+ , and thus 
offers to be a promising bioremediation strategy (Turick et al.  1998 ; Camargo 
et al.  2005  ) . 

 Reduction of Cr 6+  to Cr 3+  has been demonstrated to occur in various bacterial 
species, including the following:  Bacillus  sp. (Campos et al.  1995 ; Camargo et al. 
 2004 ; Elangovan et al.  2006 ; Liu et al.  2006  ) ,  Pseudomonas  sp. (Bopp and Ehrlich 
 1988 ; Ishibashi et al.  1990 ; Suzuki et al.  1992 ; Salunkhe et al.  1998 ; Park et al. 
 2000 ; McLean and Beveridge  2001 ; Ganguli and Tripathi  2002 ; Farag and Zaki 
 2010  ) ,  E. coli  (Bae et al.  2005  ) ,  Desulfovibrio  sp. (Mabbett and Macaskie  2001  ) , 
 Microbacterium  sp. (Pattanpipitpaisal et al. 2001),  Shewanella  sp. (Myers et al. 
 2000 ; Viamajala et al.  2002  ) ,  Arthrobacter  sp. (Megharaj et al.  2003 ; Asatiani et al. 
 2004  ) , and  Staphylococcus aureus  and  Pediococcus pentosaceus  (Ilias et al.  2011  ) . 
Bacteria that grow in a Cr 6+ -containing natural environment develop chromium 
resistance and means to reduce accumulated Cr 6+ ; such behavior provides a clue that 
can be helpful in fi nding, isolating, and screening for microbes that have high reduc-
ing ability, which exist in Cr 6+ -contaminated environments (Liu et al.  2006  ) . 
However, Cr 6+  reduction and resistance may not be closely correlated (Ohtake et al. 
 1987  ) . There are many examples wherein chromate resistance results from the pres-
ence of effl ux mechanisms which allow resistant strains to extrude CrO  

4
  2−   ions 

(Bopp and Ehrlich  1988 ; Nies and Silver  1989 ; Ohtake et al.  1990b  ) . 
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 The transformation of Cr 6+  to Cr 3+  has been studied in  E. coli  (Shen and Wang 
 1994a ; Ackerley et al.  2004  ) ,  Agrobacterium radiobacter  (Lovera et al.  1993  ) , 
 P. fl uorescens  LB3000,  Bacillus  sp.,  Enterobacter cloacae  HO1,  E. aerogenes  
(Thacker et al.  2006  ) ,  Shewanella  spp. (Viamajala et al.  2003  ) , and  P. aeruginosa  
(Xu and Liu  2005  ) . A summary of the studies performed on the microbial reduction 
of hexavalent chromium under various experimental conditions is presented in 
Table  2 . In these studies, glucose or organic acids were used as carbon and energy 
sources. Shakoori et al.  (  2000  )  studied the ability of a Gram-positive bacterium 
(probably  Bacillus  sp.) to reduce Cr 6+  in a medium containing 20 ppm dichromate, 
and the authors observed >87% reduction within 72 h. Faisal et al.  (  2005  )  used two 
chromium-resistant bacterial strains,  B. cereus  S-6 and  Ochrobactrum intermedium  
CrT-1 and two cyanobacterial strains,  Oscillatoria  sp. and  Synechocystis  sp. to 
reduce Cr 6+  to Cr 3+ . At initial chromate concentrations of 300 and 600  m g 
K 

2
 Cr 

2
 O 

7
  mL −1 , and an inoculum size of 9.6 × 10 7  cells mL −1 ,  B. cereus  completely 

reduced Cr 6+ , while  O. intermedium  effected a reduction of 98% and 70%, respec-
tively, after 96 h. At 100  m g K 

2
 Cr 

2
 O 

4
  mL −1 ,  Synechocystis  sp. and  Oscillatoria  sp., 

respectively reduced 62.1% and 39.9% of Cr 6+ , at 30°C and pH 8.0.  
 When cell density is very high, a signifi cant Cr 6+  reduction is generally achieved. 

The rate of Cr 6+  reduction increased with increasing cell density of  E. coli  ATCC33456 
(Shen and Wang  1994a  ) ,  P. fl uorescens  LB300,  Bacillus  sp. (Wang and Xiao  1995  ) , 
 A. radiobacter  (Lovera et al.  1993  ) , and  Enterobacter cloacae  (Wang et al.  1991  ) . 
However, the specifi c rate of Cr 6+  reduction by  E. coli  was higher at relatively lower 
cell densities, with the maximum reduction rate of 86 mg Cr 6+  h −1  mg −1  dry wt. at a 
cell density of 3 × 10 8  cells mL −1  (Shen and Wang  1994a  ) . Cr 6+  reduction occurs 
equally in cells at rest or in the growth phase. Resting cells of  P. fluorescens  
(Bopp and Ehrlich  1988  ) ,  E. coli  (Shen and Wang  1994a  ) , and  A. radiobacter  
(Lovera et al.  1993  )  reduced Cr 6+  at the same rate as occurred in growth media. 

 Ganguli and Tripathi  (  1999  )  evaluated the ability of a  P. aeruginosa  strain, iso-
lated from tannery effl uent, to survive and reduce chromate in effl uents from a tan-
nery and from an electroplating unit. The isolate survived in the native tannery 
effl uent, but the count sharply declined in both native and diluted (200×) electro-
plating effl uents. Supplementation with a source of carbon, nitrogen, and phospho-
rus enhanced bacterial cell number in both tannery and diluted electroplating 
effl uents. Increased cell numbers directly correlated with increased chromate reduc-
tion in both tannery and diluted electroplating effl uents. Camargo et al.  (  2003  )  iso-
lated and screened 43 chromium-tolerant isolates. From these, fi ve  Bacillus  sp. 
strains were found to be effi cient chromium reducers. The growth rate of the isolates 
and their Cr 6+ -reduction capacity was dependent on pH, temperature, and the 
chromium concentration. Maximum Cr 6+  reduction by these strains was observed to 
occur at pH that ranged from 7.0 to 9.0, and at a temperature of 30°C.  Bacillus  sp. 
ES 29 aerobically reduced 90% Cr 6+  within 6 h. Using the optimal pH for growth 
corresponded with the highest rate of Cr 6+  reduction in most of these isolates. This 
was not surprising, because chromate (CrO  

4
  2−  ) is the dominant Cr 6+  species in 

aquatic environments that have pH between 6.5 and 9.0 (McLean and Beveridge 
 2001  ) . Since Cr 6+  reduction is enzyme-mediated, changes in pH and temperature 
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will affect both the ionization and conformation of proteins, thereby affecting 
enzyme activity (Farrell and Ranallo  2000  ) . 

 Megharaj et al.  (  2003  )  isolated  Bacillus  and  Arthrobacter  spp. from long-term 
tannery-waste contaminated soil, and evaluated the degree of tolerance they had to 
Cr 6+  and the capacity they retained to reduce chromium. The time required to reduce 
Cr 6+  increased as Cr 6+  concentration increased. The Cr 6+  reducing ability of the bac-
teria was growth-dependent, and  Arthrobacter  sp. was a more effi cient reducer than 
 Bacillus  sp. Assays with permeabilized (treated with toluene or Triton X-100) cells 
and crude extracts demonstrated that Cr 6+  reduction was mainly associated with the 
soluble fraction of the cells. Faisal and Hasnain  (  2004  )  isolated highly Cr 6+  tolerant 
(25 mg mL −1  in nutrient broth and 40 mg mL −1  in nutrient agar) bacterial strains 
(CrT-11, CrT-12,  Bravibacterium  sp. CrT-13 and CrT-14) from tannery effl uent. 
These strains were inoculated at two cell densities (viz., 2.4 × 10 7  and 9.6 × 10 7  col-
ony forming units (cfu) mL −1 ). All of the above strains aerobically reduced 74.12–
100% of Cr 6+  to Cr 3+  (from an initial 100  m g Cr 6+  mL −1  concentration) within 72 h. 
The Cr 6+  reduction potential of these strains was also tested in industrial effl uent 
from a metal fi nishing process that contained an initial chromate concentration of 
150  m g mL −1 ; other metal pollutants were also present in the effl uent. The following 
strains that were tested included CrT-11, CrT-12,  Bravibacterium  sp. CrT-13, and 
CrT-14. These, respectively, reduced approximately 71.10%, 93.12%, 68.2%, and 
79.0 % of Cr 6+  within 40 h. 

 Campos et al.  (  2005  )  studied the aerobic chromate reduction potential of  Serratia 
marcescens  that was isolated from tannery effl uent. These authors noted an 86% 
reduction (from 0.5 mM Cr 6+  initially to Cr 3+ ) after 48 h, and at a rate of 
1.51 mg L −1  h −1 . Faisal and Hasnain  (  2006  )  reported that  B. cereus  S-6 strain reduced 
Cr 6+  to Cr 3+ , and the concentration of Cr 6+  at all the initial three levels (0.1, 0.5, 
1.0 mg mL −1 ) decreased as incubation time increased. At a low initial concentration 
of 0.1 mg Cr 6+  mL −1 , the strain was able to reduce 100% of the Cr 6+  within 48 h. 
However, the rate of Cr 6+  reduction that occurred in the industrial electroplating 
effl uent was slightly less, which was supposedly due to the presence of other pollut-
ants and a high concentration of chromate ions. With an initial chromate concentra-
tion of 0.15 mg Cr 6+  mL −1  electroplating effl uent, the strain reduced 94% of Cr 6+ , 
whereas at initial concentration of 0.3 mg Cr 6+  mL −1 , the strain reduced nearly 82% 
of Cr 6+  within 40 h. 

 Quazilbash et al.  (  2006  )  isolated six  Bacillus  strains (QIP 1–6) that exhibited 
maximal growth rates when their media contained 400 ppm Cr 6+ . Strains QIP1 and 
QIP5 exhibited the maximum resistance to Cr 6+  at 900 ppm; at this loading, 46.81% 
and 42.50% of Cr 6+  was, respectively, removed under optimal conditions. Liu et al. 
 (  2006  )  studied Cr 6+  reduction by a  Bacillus  sp. XW-4 isolate, and reported that 
maximum reduction occurred at an optimum pH of 9.0 and a temperature of 37°C. 
Further, within the tested range (10–80 mg Cr 6+  L −1 ), increased reduction occurred 
at higher initial concentrations, and at the same incubation time of 72 h. Aravindhan 
et al.  (  2007  )  reported an aerobic reduction of Cr 6+  to Cr 3+  by employing  Pseudomonas  
cultures that had mixed chromium resistance (up to 300 mg L −1 ), and were isolated 
from marshy land. A direct correlation was observed between the increasing 
 concentration of Cr 6+  and time required for complete reduction (which was 6 h at 
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initial 15 mg Cr 6+  L −1 , 24 h for 25–50 mg L −1 , and >48 h for Cr 6+  at above 100 mg L −1 ). 
NADH enhanced the rate of Cr 6+  reduction, while SO  

4
  2−   and poly-phenols inhibited 

the metabolic activity related to Cr 6+  reduction (Aravindhan et al.  2007  ) . 
 Desai et al.  (  2008a  )  isolated three Cr 6+  reducing bacterial strains,  B. cereus ,  B. 

fusiformis , and  B. sphaericus,  from a chromium polluted landfi ll. These strains 
reduced >85% of an initial Cr 6+  concentration of 1,000  m M Cr 6+  within 30 h. The 
Cr 6+  reductase activity of these strains existed mainly in the soluble fraction of cells 
and was constitutively expressed. Supplementation of the cell-free extracts (from all 
the three isolates), in which they were tested with the addition of 1 mM of NADH 
enhanced the Cr 6+  reductase activity. The reductase activity was stable in the pres-
ence of different metal ions tested except for two: Hg 2+  and Ag + . The authors (Desai 
et al.  2008b  )  thereafter isolated  Pseudomonas  sp. G1DM21, and reported that the 
culture reduced Cr 6+  by 99.7% (from initial 500  m M) and 93.06% (from initial 
1,000  m M) within 48 h. The culture consecutively reduced four inputs of 100  m M 
Cr 6+  each, within 6 h. Further, the permeabilized cells of the bacterium reduced 92% 
of 100  m M Cr 6+  within 6 h, whereas the cell-free extract reduced 90% of 100  m M 
Cr 6+  within 2 h. The Cr 6+  reductase activity increased in the presence of Cu 2+ , Mg 2+ , 
Na +  and electron donors like citrate, succinate, acetate, whereas there was signifi -
cant inhibition in the presence of Hg 2+ , Ag + , Cd 2+  and disulfi de reducers like 2-mer-
captoethanol. Rehman et al.  (  2008  )  reported that a  Bacillus  sp. ev3 isolate 
successfully reduced 91% of an initial 100  m g mL −1  Cr 6+  at a pH of 7.0 and a tem-
perature of 37°C, within 96 h. Similarly, 84% of Cr 6+  from this industrial effl uent 
was reduced at 144th hour. The cell-free extract of this isolate exhibited a reduction 
of 70%, 45.6%, and 27.4% at initial concentrations of 10, 50, and 100  m g Cr 6+  mL −1 , 
respectively. 

 Xu et al.  (  2009  )  reported that the Cr 6+  reduction effected by  P. aeruginosa  was 
correlated with bacterial growth, wherein the Cr 6+  concentration gradually decreased 
as bacterial growth increased. Furthermore, a signifi cant increase in bacterial growth 
was noted as Cr 6+  was more effi ciently reduced, indicating that Cr 6+  reduction and 
bacterial growth affect each other. Thus, the growth of cells stimulated Cr 6+  reduc-
tion, and in-turn, the effi cient Cr 6+  reduction promoted bacterial growth. Polti et al. 
 (  2009  )  determined the extent of Cr 6+  reduction by  Streptomyces  sp. MC1 in minimal 
liquid media, soil extracts, and soil samples. In the minimal liquid medium, 100% 
and 75% Cr 6+  reduction was obtained (at initial 5 and 50 mg Cr 6+  L −1 , respectively) 
within 48 h incubation. The isolate also reduced 30% Cr 6+  from the initial 10 mg 
Cr 6+  L −1  level in soil extracts within 96 h, and 94% of Cr 6+  from the initial 50 mg 
Cr 6+  kg −1  levels in soil samples on the 7th day. The reduction took place during the 
exponential growth phase, and occurred at a pH of 7 and at a temperature of 30°C. 
The authors subsequently characterized a constitutive chromate reductase from the 
MC1 strain (which was mainly associated with the biomass); NAD(P)H was required 
as an electron donor for enzymatic activity (Polti et al.  2010  ) . 

 Das and Mishra  (  2010  )  observed a bacterial growth-dependent reduction of 
99% for Cr 6+  by  Bravibacterium casei  (from initial 50 mg Cr 6+  L −1  medium) within 
12 h; optima for pH was 7.0 and for temperature 30°C. He et al.  (  2010  )  isolated 
 B. cereus  SJ1 from the chromium-contaminated wastewater of a metal electroplat-
ing factory, and this organism exhibited complete reduction of Cr 6+  at an initial 
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1 mM level, within 57 h. Dhal et al.  (  2010  )  isolated 13 Cr 6+ -resistant bacterial strains 
from an Indian chromite mine soil;  Bacillus  sp. was the most metal tolerant 
(2,000 mg Cr 6+  L −1 ) isolate (CSB-4). This strain reduced 90% of the Cr 6+  present 
(from the initial 100 mg Cr 6+  L −1  level) and approximately 100% of an initial 
 £ 50 mg L −1  level, in 144 h. Optima for this incubation were as follows: a pH of 7.0, 
temperature of 35°C, and an agitation speed of 100 rpm. Further, the rate of Cr 6+  
reduction decreased with time (especially with higher initial Cr 6+  concentration), 
presumably from the Cr 6+  toxicity on bacterial cells. Dey and Paul  (  2010  )  iso-
lated and selected ten species of  Pseudomonas ,  Acinetobacter ,  Alcaligenes , 
 Cupriavidus , and  Corynebacterium  on the basis of chromate reducing effi ciencies. 
The  Corynebacterium paurometabolum  SKPD 1204 (MTCC 8730) exhibited the 
maximum Cr 6+  reducing capacity of 63.7% in Vogel Bonner (VB) broth and 92% in 
KSC media. This organism was also capable of reducing ~95% of the Cr 6+  present 
in mine seepage supplemented with a 2% VB concentrate. 

 A variety of organic compounds are known to donate electrons for the microbial 
reduction of chromium (Ohtake et al.  1990a ; Wang and Xiao  1995 ; Bhide et al. 
 1996 ; Philip et al.  1998 ; Ganguli and Tripathi  1999 ; Liu et al.  2004  ) . The majority 
of these electron donors are small molecular weight natural aliphatic compounds 
such as carbohydrates, amino acids, and fatty acids (Shen and Wang  1995  ) . Liu 
et al.  (  2006  )  studied the effect of glucose supplementation on Cr 6+  reduction by 
 Bacillus  sp. XW-4, and reported a signifi cant decrease in the level of Cr 6+  (from the 
initial 40 to 4.24 mg L −1 ), during a 72-h incubation. The presence of glucose dra-
matically decreased the fi nal pH of the test system to 5–6 after 72-h incubation. The 
effect on fi nal pH did not occur without glucose. This indicates the profound role 
that glucose plays on bacterial metabolism and on Cr 6+  reduction. 

 Sau et al.  (  2008  )  reported that a  B. fi rmus  isolate exhibited better growth in a 
glucose-supplemented medium, which in turn, enhanced Cr 6+  reduction. The bacte-
rium grew signifi cantly better when additional nutrients (N and P) were used to 
supplement tannery wastewater, consequently doubling Cr 6+  reduction, from 32.5% 
under nutrient-defi cient conditions to 64.4% under nutrient-supportive conditions. 
Masood and Malik  (  2011  )  studied the effect of glucose on Cr 6+  reduction by  Bacillus  
sp. FM1. They reported a decrease in the concentration in glucose-supplemented 
media of 28.0 ± 1.5 mg Cr 6+  L −1  (from the initial 100 mg Cr 6+  L −1 ). In contrast, the 
decrease in the glucose-free medium was 37.2 ± 1.8 mg Cr 6+  L −1 . Pattanapipitpaisal 
et al.  (  2001  )  isolated an anaerobically Cr 6+  reducing  Microbacterium  sp. MP 30, 
which completely reduced a titer of 100  m M Cr 6+  within 72 h, at the expense of 
acetate as an electron donor. 

 Biological reduction of Cr 6+  may occur either aerobically (Bopp and Ehrlich 
 1988 ; Ishibashi et al.  1990 ; Cooke et al.  1995 ; Wang and Xiao  1995  ) , anaerobically 
(Lebedeva and Lyalikova  1979 ; Wang et al.  1989  )  or both, i.e., facultatively (Lovera 
et al.  1993 ; Shen and Wang  1993 ;    Jeyasingh and Philip  2005 ; Rama Krishna and 
Philip  2005 ; Chai et al.  2009 ; Elangovan and Philip  2009 ; Shukla et al.  2009  ) . 
However, the anaerobic reduction of Cr 6  is more common. Aerobic Cr 6+  reduction 
remains generally associated with cytosolic soluble proteins that employ NADH as an 
electron donor (Campos et al.  1995 ; Cervantes et al.  2001  ) . In the absence of added 
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electron donors, endogenous reserves are used for the reduction of Cr 6+  (Horitsu 
et al.  1987 ; Ishibashi et al.  1990 ; Shen and Wang  1993 ; Wang and Xiao  1995  ) . 
Aerobically, the dissolved oxygen itself causes an uncompetitive inhibition of Cr 6+  
reduction in many strains (Wang and Shen  1995  ) . Since Cr 6+  reduction consumes 
energy from the respiratory chains, it is affected by numerous environmental fac-
tors. Anaerobic chromate reduction occurs at the cytoplasmic membrane (Wang 
et al.  1991 ; McLean and Beveridge  2001  ) , wherein cyt  c  in  E. cloacae  (Wang et al. 
 1989  ) , cyt  b  and  d  in  E. coli  (Shen and Wang  1994a  ) , and cyt  c  

3
  in  Desulfovibrio 

vulgaris  (Lovely and Phillips  1994  )  serve as terminal electron acceptors. 
 Lovely and Phillips  (  1994  )  observed the reduction of Cr 6+  in the anaerobic auto-

troph  Desulfovibrio vulgaris  ATCC 29579, when molecular H 
2
  was used as an elec-

tron donor. However, in this same study, a pure culture of  E. coli  that did not utilize 
molecular hydrogen also reduced Cr 6+ , suggesting that another reduction pathway 
for Cr 6+  existed. The cells of  A. radiobacter  EPS-916 (Lovera et al.  1993  ) ,  E. coli  
ATCC33456 (Shen and Wang  1993  ) , species of  Aerococcus ,  Aeromonas  and 
 Micrococcus  (Srinath et al.  2001  )  were reported to reduce Cr 6+  both aerobically as 
well as anaerobically; however, a better reduction occurred in the absence of oxy-
gen. Srinath et al.  (  2001  )  isolated several facultative anaerobes that exhibited vary-
ing degrees of Cr 6+  reduction capability, under both aerobic and anaerobic conditions 
at ambient temperature (24 ± 2°C). Eight isolates, viz., fi ve strains of  Aerococcus  
sp., two of  Micrococcus  sp., and a single strain of  Aeromonas  sp. were capable of 
anaerobically reducing 70% of the initial 20 mg Cr 6+  L −1  within 3 days. 

 In  Enterobacter cloacae  HO1, the reduction of Cr 6+  was slightly inhibited by 
sulfate (at 120 mg L −1 ) and nitrate (at 150 mg L −1 ), under anaerobic condition (Shen 
and Wang  1994a  ) . The specifi c activity of chromate reductase from  Pseudomonas 
mendocina  MCM B-180 was decreased by nitrite, nitrate, and sulfate ions (Rajwade 
et al.  1999  ) . In contrast, the nitrate, at levels as high as 2,240 mg L −1  had no effect 
on Cr 6+  reduction by  E. coli  (Shen and Wang  1994a  ) . Similarly, no inhibition of Cr 6+  
reduction was evident, even at 4,000 and 5,760 mg SO  

4
  2−   L −1  levels for  E. coli  (Shen 

and Wang  1994a  )  and  E. cloacae  (Komori et al.  1989,   1990  ) , respectively. The sul-
fate (at 1 mM) and nitrate (at 200  m M) had no effect on chromate reduction by 
whole cells or cell-free supernatant of  Pseudomonas putida  (Ishibashi et al.  1990  ) . 
Philip et al.  (  1998  )  found that the presence of sulfate or nitrate, up to levels of 
1,000 mg L −1 , did not affect Cr 6+  reduction by  B. coagulans . Wang and Xiao  (  1995  )  
reported that the Cr 6+  reduction activity of a  Bacillus  cell-extract was unaffected by 
the addition of 1,000 mg SO  

4
  2−   or NO  

3
  −   L −1 . Furthermore, neither 1,200 mg SO  

4
  2−   

nor 1,400 mg NO  
3
  −   L −1 , infl uenced Cr 6+  reduction, even by whole cells of  Bacillus  

sp. Liu et al.  (  2006  )  and Xu et al.  (  2009  )  could not fi nd any effect of NO  
3
  −   and SO  

4
  2−   

(at 40 and 80 mg L −1 ) on Cr 6+  reduction by  Bacillus  sp. XW4 and  P. aeruginosa . 
 In general, the inhibition of Cr 6+  reduction by sulfate or nitrate has not been 

reported for aerobic cultures, because they do not act as electron acceptors. Hence, 
they would not compete with Cr 6+  for accepting electrons under aerobic conditions 
(Wang and Xiao  1995 ; Garbisu et al.  1998 ; Liu et al.  2006  ) . In contrast, nitrate and 
sulfate generally produce an effect on the reduction of Cr 6+  under anaerobic 
 conditions (Liu et al.  2006  ) , because they may compete with chromate as anaerobic 
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electron acceptors (Garbisu et al.  1998  ) . Additionally, inhibition by sulfate may 
result from competition in the sulfate transport pathway, owing to the chemical 
similarity between CrO  

4
  2−   and SO  

4
  2−   (Chen and Hao  1996  ) . 

 The rate at which Cr 6+  is reduced decreases as pH increases and increases with 
increasing initial Cr 6+  concentration. At a neutral pH, many weeks may be required 
for Cr 6+  to be completely reduced (Palmer and Puls  1994  ) . The infl uence of Cr 6+  
concentration on its own reduction appears to indicate two opposing trends. First, 
the time required for complete reduction increases progressively with an increase in 
initial Cr 6+  concentration in the following species:  E. cloacae  (Wang et al.  1989  ) ,  E. 
coli  (Shen and Wang  1994a  )  and  Bacillus  sp. (Wang and Xiao  1995 ; Sau et al. 
 2008  ) . Second, a slower initial rate of Cr 6+  reduction occurs at higher initial Cr 6+  
concentrations (Komori et al.  1989,   1990  ) . 

 The effect on Cr 6+  reduction of altering the initial Cr 6+  concentrations in fi ve 
 Bacillus  species isolates indicated that the reduction was possibly mediated via 
enzymatic activity; the fi t of the reduction data and hyperbolic shape of the curve 
revealed a clear dependence of reduction on Cr 6+  concentration (Camargo et al. 
 2003  ) . Liu et al.  (  2006  )  observed that more Cr 6+  was reduced by  Bacillus  sp. XW-4 
at higher initial Cr 6+  concentration, even for the same incubation times. Sau et al. 
 (  2008  )  reported that Cr 6+  was almost completely reduced at all tested concentrations 
(0.5–2 mM Cr 6+ ) within 120 h by  B. fi rmus  KUCr1. At lower Cr 6+  concentrations 
(0.5 and 1.0 mM), the reduction rate increased sharply up to 24 h, and Cr 6+  was 
completely reduced within 48 h. However, at higher Cr 6+  concentrations of 1.5 and 
2.0 mM, although the Cr 6+  reduction rate was slow during the fi rst 24 h, complete 
reduction was effected at 72 and 120 h, at 1.5 and 2.0 mM, respectively. Masood and 
Malik  2011  reported the complete reduction of Cr 6+  (from initial levels of 50 and 
100 mg Cr 6+  L −1 ) by  Bacillus  sp. strain FM1 at 12 and 48 h, respectively. The longer 
period (48 h) taken for Cr  6+  reduction may be attributed to the toxic effect of the 
higher Cr 6+  concentration on growth of the strain FM1. 

 The susceptibility of Cr 6+  reducing organisms to the presence of one or more 
other heavy metals has been reported by several researchers. Such heavy metals are 
concomitantly present in wastewaters of various industrial processes. Metals such 
as Cu 2+ , Cd 2+ , Ni 2+ , Zn 2+  (Ohtake et al.  1990b ; Chen and Hao  1996 ; Garbisu et al. 
1997; Faisal and Hasnain  2004,   2006 ; Masood and Malik  2011  ) , Hg 2+ , Ag 2+  
(Ishibashi et al.  1990  ) , Mo 6+  and Fe 3+  (Lovera et al.  1993  )  exhibited varied patterns 
of inhibition, depending on the species and strain of bacteria tested. Appanna et al. 
 (  1996  )  reported that Fe 3+  supplementation was essentially required for detoxifi ca-
tion of Cr 6+  by  P. fl uorescens  ATCC 13525. Bae et al.  (  2000  )  reported that 1 mM 
Zn 2+  L −1  caused a 32% decrease in the reduction of Cr 6+  by  E. coli . Desjardin et al. 
 (  2003  )  observed that Ni and Cd induced Cr 6+  reduction by  Streptomyces thermocar-
boxydus  during a 72-h incubation. 

 Faisal and Hasnain  (  2004  )  reported that Zn 2+  at 200  m g mL −1  slightly stimulated 
Cr 6+  reduction by CrT-11, CrT-12,  Bravibacterium  sp., CrT-13, and CrT-14 strains. 
In contrast, Sultan and Hasnain  (  2007  )  reported a clearer inhibitory effect of Zn 2+  on 
Cr 6+  reduction by  O. intermedium . Sau et al.  (  2008  )  reported varied effects of different 
heavy metals (at 0.1 mM level) on Cr 6+  reduction by a  B. fi rmus  KUCr1 isolate. 
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Cd and Zn signifi cantly inhibited, whereas arsenic, cobalt, and nickel did not affect, 
Cr 6+  reduction, although all treatment regimes yielded similar cell mass. Xu et al. 
 (  2009  )  also noted that, in the presence of Zn 2+  (at 100 and 25 mg L −1 ), Cr 6+  decreased 
from 40 mg L −1  to only 26–27 mg L −1 , whereas Cr 6+  decreased to 1 mg L −1  in the 
absence of Zn 2+  within 96 h by  P. aeruginosa . Cr 6+  reduction by  Bacillus  sp. FM1 
was signifi cantly inhibited (35%, 49.37%, and 55.65%,) by Cd 2+ , Zn 2+ , and Cu 2+  , 
respectively, whereas, Co 2+  and Ni 2+  exhibited a negligible effect (Masood and 
Malik  2011  ) . 

 The Cr 6+  reduction by cell-free extract of  Bacillus  sp. ES 29, and whole cells of 
 O. intermedium,  was stimulated by Cu 2+  (Camargo et al.  2003 ; Sultan and Hasnain 
 2007  ) . The presence of Cu 2+  stimulated Cr 6+  reductase activity of  Pseudomonas  
sp.G1DM21 by 33% (Desai et al.  2008b  ) . Sau et al.  (  2010  )  detected constitutive 
type chromium reductase activity both in membrane and soluble cell fractions of  B. 
fi rmus  KUCr1. Further, metal ions of Cu 2+ , Co 2+ , Ni 2+ , and As 3+  stimulated, while, 
Ag + , Hg 2+ , Zn 2+ , Mn + , Cd 2+ , and Pb 2+  inhibited Cr 6+  reductase activity. Xu et al. 
 (  2009  )  reported a substantial stimulatory effect of Cu 2+  on Cr 6+  removal (from initial 
40 to 1–2 mg L −1 ) by  P. aeruginosa  within 48 h. 

 The mechanism by which Cu 2+  stimulates Cr 6+  reduction is not clear. However, 
Cu 2+  is a transition metal, and is a prosthetic group for many reductase enzymes. The 
major function of Cu 2+  is related to either the protection of electron-transport or as a 
single-electron redox center. In some cases, Cu 2+  also serves as a shuttle for electrons 
between protein subunits (Camargo et al.  2003 ; Xu et al.  2009  ) . In contrast, Ohtake 
et al.  (  1990a  )  found that 0.5 mM Cu 2+  L −1  inhibited 32% of Cr 6+  reduction by a mem-
brane-bound chromate reductase under anaerobic conditions. Shen and Wang  (  1994b  )  
also reported that the presence of 100 mg Cu 2+  L −1  caused 16–33% decrease in Cr 6+  
reduction by  E. coli , but not at lower concentrations. Faisal and Hasnain  (  2006  )  
observed a slight inhibitory effect from Cu 2+  and Co 2+ , while Zn 2+  and Ni 2+  at 
200  m g mL −1  stimulated the reduction of Cr 6+  by  B. cereus  S-6. However, these 
metals at low concentrations had no effect on Cr 6+  reduction capability.   

    8   Bioremediation by Immobilized Biomass 
and Elution of Chromium 

 The cell biomass used for bioremediation is normally loaded with metals. If suc-
cessful recovery of such metals from biomass is not ensured, the bioremoval pro-
cess would be nothing more than the transfer of heavy metals from one component 
(the environment) to another (cell biomass). Moreover, regenerated biomass can be 
more economic if it is reused for subsequent round(s) of biosorption. However, if 
biomass is to be reused there must be an economically viable recovery process for it. 
To achieve the stipulated goal of bioremediation and recovery of metal, one option 
is to immobilize the biomass. Biomass is immobilized by attaching or entrapment of 
microbial cells onto an inert and insoluble support material (matrix). By using 
immobilization, several processing steps become easier. For example, it is easier to 
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separate biosorbent from effl uent, to repeat biosorption cycles, and to elute (desorb) 
metals from the biomass (Pethkar and Paknikar  1998 ; Puranik and Paknikar  1999  ) . 

 When free cells are employed for bioremediation, they often suffer from exces-
sive Cr 6+  toxicity and cell damage. Furthermore, when free-cell biomass is used (as 
a biosorbent) in commercial processes, there may be problems associated with the 
physical characteristics of the cells, such as small size, low density, poor mechanical 
strength/rigidity, and solid–liquid separation. These problems can be resolved by 
immobilizing microbial cells on natural or synthetic polymer matrices. However, 
natural matrices are biodegradable and are prone to abrasion. Therefore, choosing 
the proper immobilization support is a key factor in building an optimal immobi-
lized biocatalyst (Poopal and Laxman  2008  ) . The use of expensive electron donors 
is not feasible in large-scale bioremediation projects. Hence, immobilization of 
whole cells that utilize endogenous electron donors is advantageous. By using 
whole-cell immobilization, improvements over free cells are achieved in increased 
stability, ease of regeneration, possibility of reuse, easier solid–liquid separations, 
and minimum clogging in continuous systems (Viraraghavan and Kapoor  1998 ; 
Zhao and Duncan  1998 ; Aksu et al.  1999 ; Valdman et al.  2001 ; Aksu and Gonen 
 2004 ; Arica and Bayramoglu  2005  ) . The benefi ts of selecting the best cell immobi-
lization option for bioremediation is so important, that it has attracted the attention 
of many researchers worldwide. 

 The ability to elute bound chromium from cell biomass is affected by its ionic 
state. When chromium is bound in the hexavalent state, it can be easily eluted 
with acidic solutions. These solutions reduce the metal to the trivalent state, 
which subsequently is released into the eluent fraction. However, 100% elution 
of Cr 3+  was not achieved from  Sargassum  biomass (Kratochvil et al.  1998  ) , prob-
ably due to the slow reduction of biomass-bound Cr 6+  to Cr 3+ . However, higher 
chromium recovery was achieved from biomass that was equilibrated to higher 
concentrations of Cr 6+ . 

 Akthar and Mohan  (  1995  )  reported that alkali-treated biomass of  A. niger  reme-
diated >95% of Cr 6+  (from initial 420 mg L −1 ) from electroplating effl uent in fi ve 
successive cycles. The biosorbed chromium was eluted with 0.1N HCl. However, 
the chromium elution effi ciency decreased during subsequent cycles. Conversely, 
Wilhelmi and Duncan  (  1995  )  reported that a mild acidic solution (0.1 M HCl) did 
not elute biosorbed Cr 3+  from  S. cerevisiae  biomass, although elution performance 
marginally increased (to 34%) upon increasing the concentration of the acid. Srinath 
et al.  (  2003a  )  found that 1.0 M sulfuric acid was the most effi cient eluent for desorb-
ing chromium from immobilized agarose- B. coagulans  biomass. However, the bio-
sorptive feature (metal loading capacity) of the regenerated immobilized biomass 
was reduced in the second cycle. This reduction in biosorption possibly resulted 
from the loss of matrix (agarose- B. coagulans  biomass) weight during the elution 
process. It has been demonstrated in other studies that acids cause structural damage 
to the biomass, although the damage is far less than the damage caused by alkaline 
agents (Hu and Reeves  1997 ; Puranik and Paknikar  1997  ) . 

 In Table  3 , we summarize the extent to which Cr 6+  has been bioremediated by 
immobilized microbial cells and various immobilization matrices. The cells of 
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 Microbacterium liquefaciens , immobilized in polyvinyl alcohol, effected 90–95% 
Cr 6+  removal (from initial 50  m M Cr 6+ ) within 20 days (at a steady-state) in a fl ow-
through column bioreactor (Pattanapipitpaisal et al.  2001  ) . Ganguli and Tripathi 
 (  2002  )  compared the chromate removal ability of batch culture (free cells) and aga-
rose-alginate immobilized  P. aeruginosa  A2Chr biomass (from initial 10 to 100 mg 
Cr 6+  L −1 ) in a minimal medium and electroplating effl uent. In batch culture study, 
the maximum Cr 6+  removal of 9.4 mg L −1  occurred at the lowest initial Cr 6+  concen-
tration of 10 mg L −1  minimal medium, within 2 h. However, at higher initial Cr 6+  
concentrations of 50 and 100 mg L −1 , Cr 6+  removal was only 7.6 and 2.1 mg L −1 , 
within 2 h. The removal of Cr 6+  from electroplating effl uent was approximately 25% 
lower than removal rates from the minimal medium.  

 Srinath et al.  (  2003a  )  compared the Cr 6+  biosorption effi ciencies of  B. coagulans  
cells that were immobilized in different matrices such as agar-agar, calcium alg-
inate, agarose, and polyacrylamide. The authors earlier (Srinath et al.  2002a  )  
reported that the biosorption of Cr 6+  was highly infl uenced by pH, effecting maxi-
mum sorption at pH 2.5. The stability of the matrix during biosorption was essential 
to prevent hampering Cr 6+  sorption effi ciency. At low pH, Cr 6+  sorption was least 
affected when agarose and polyacrylamide immobilized biomass were used, and 
performed nearly equally as did the free cell biomass. These matrices were highly 
stable at a pH of 2.5. However, agar- and calcium alginate-immobilized biomass 
matrices exhibited low stability and decreased Cr 6+  biosorption at acidic pH (Srinath 
et al.  2003a  ) . 

 Similarly, Uchiyama et al.  (  1994  )  found that the integrity of agarose-immobilized 
biomass remained intact at acidic pH. However, owing to the cationic cross-link 
nature of alginate, biomass integrity was compromised by the presence of anions 
(such as chromate) under acidic conditions.    Furthermore, agarose and polyacrylam-
ide are known to provide good resistance to hydrostatic pressure and mechanical 
degradation (Gadd and White  1993  ) . However, polyacrylamide is relatively less 
resistant to mechanical stress (Hu and Reeves  1997  ) . Hence, agarose was a better 
option than polyacrylamide, and was, therefore, chosen as an immobilization matrix 
for further studies by Srinath et al.  (  2003a  ) . After 24 h, equilibrium of  B. coagulans  
biomass-agarose was established with Cr 6+  solution; ~70% of the bound chromium 
was eluted using the eluent 0.1 M H 

2
 SO 

4
 . Conversely, the chromium elution effi -

ciency for free cells of  B. coagulans  biomass was 86.11%. The interaction between 
the bound Cr 6+  and the eluent was rather slow, as was the reduction of Cr 6+  to Cr 3+ ; 
this slow reduction may have reduced the elution effi ciency of the Cr 6+  from the 
agarose immobilized biomass (Kratochvil et al.  1998  ) , as compared to the free cells. 
Further, during the second biosorption–elution cycle, Cr 6+  sorption was nearly com-
parable to that of the fi rst exposure, in which ~80% Cr 6+  was sorbed on the biomass-
agarose; however, the elution effi ciency of chromium in the second cycle was reduced 
to less than 50% that of the fi rst cycle. The matrix started loosing its integrity during 
fi fth cycle (Srinath et al.  2003a  ) . The authors also evaluated the effi ciency of aga-
rose-immobilized  B. coagulans  biomass for removal of Cr 6+  from the effl uent of 
combined treatment plant (CETP), which resulted in complete remediation of the 
Cr 6+  within fi ve cycles. 
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 Camargo et al.  (  2004  )  revealed that  Bacillus  sp. ES 29 cells immobilized on 
celite removed 98% of the infl uent Cr 6+  (from the initial 2 to 8 mg Cr 6+  L −1  ), at fl ow 
rates of 3–6 mL h −1 . Humphries et al.  (  2005  )  reported that PVA-alginate-immobilized 
cells of  M. liquefaciens  required 4 days to reduce chromate from 100 to 2  m M con-
centrations, whereas agar-immobilized  Microbacterium  sp. NCIMB 13776 required 
65 h to reduce 500–261  m M chromate. Murugesan and Maheswari  (  2007  )  reported 
a 66.55% chromium removal effi ciency (at an initial 100 ppm Cr 6+  concentration) 
for alginate-immobilized  Pseudomonas  sp. within 4 h. This effi ciency was attrib-
uted to result from the better porosity of beads, which allowed free transport of 
metal ions through the matrix .  

 Poopal and Laxman  (  2008  )  reported that among the matrices tried for whole cell 
immobilization of  Streptomyces griseus , PVA-alginate proved the most effective 
matrix, followed by agarose, agar, and polyacrylamide with Cr 6+  reduction effi cien-
cies of 100%, 96.8%, 90.4%, and 80.3%, respectively, in 24 h. But, the cells immo-
bilized in PVA-nitrate and PVA-borate beads were unstable, and disintegrated within 
24 h. Further, only ~ 28.6% and 44.6% Cr 6+  was removed by the PVA-nitrate and 
PVA-borate immobilized cells, respectively, in 24 h. The Cr 6+  removal effi ciency did 
not increase further, even upon prolonged incubation. However, complete removal 
of Cr 6+  was evident in 24 h incubations from both free- and PVA-alginate-
immobilized cells, which were cycled for use in fi ve batches, and completely 
reduced the initial 25 mg Cr 6+  L −1  concentration each time. The reduction achieved 
during the sixth cycle was only 50% of what was removed in earlier cycles, which 
may have been due to loss in cell viability. Moreover, the initial 25 mg Cr 6+  L −1  level 
was fully reduced by immobilized cells taken from a simulated effl uent occurred in 
9 h. By contrast, free cells required 18 h to achieve the same result. Free cells may, 
therefore, be more prone to toxicity from chromate and other metals as compared to 
immobilized cells, the latter of which may have some protection from the toxic 
compounds present in the effl uent (Poopal and Laxman  2008  ) . 

 Saifuddin and Raziah  (  2007  )  studied the chromium biosorption potential of chi-
tosan immobilized onto  S. cerevisiae  biomass in aqueous solutions. The relative 
rates of removal were studied as a function of pH, temperature, biosorbent and 
chromium concentrations, contact time, agitation speed, interference and reusability. 
A maximum of 95% chromate removal effi ciency (from initial 50 mg Cr 6+  L −1  
aqueous solution) was achieved within 45 min under optimized conditions. After 
chromate adsorption, the adsorbent was regenerated with 0.1 M Tris buffer (pH 
7.8). The biomass had good stability with no signifi cant decrease in recoveries of 
chromium, even after eight runs. 

 In column studies , Quintelas et al.  (  2008  )  observed metal uptake rates of 5.82, 
5.35, and 4.12 mg Cr 6+  g −1  biosorbent (from an initial 100 mg Cr 6+  L −1 ), respectively, 
by using granular-activated carbon-supported  S. equisimilis ,  B. coagulans , and  E. 
coli  isolates. For this respective order of isolates, the metal uptake rates were 2.33, 
1.98, and 3.60 mg Cr 6+  g −1  biosorbent (from an initial concentration of 50 mg 
Cr 6+  L −1 ). Finally, for an initial 10 mg Cr 6+  L −1  level, the metal uptake rates were 
0.66, 1.51, and 1.12 mg Cr 6+  g −1  biosorbent. Interestingly, all strains performed 
comparably well in complex growth media, despite the differences in their cell 
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wall structure and composition. This may have resulted from the specifi c chemical 
reactivity of functional groups (e.g., carboxyl and phosphoryl) that exist within the 
structural polymers of all bacterial cell walls (Kulczycki et al.  2002  ) . Further, the 
studies with tannery effl uent revealed Cr 6+  uptake rates of 0.083, 0.090, and 
0.110 mg g −1  biosorbent (from an initial 4.2 mg total Cr L −1 ), respectively, for immo-
bilized  S. equisimilus ,  B. coagulans , and  E. coli  isolates (Quintelas et al.  2008  ) . 

 Quintelas et al.  (  2008  )  also carried out adsorption experiments in batch studies 
(at initial levels of 50–1,000 mg Cr 6+  L −1 ) with fi xed doses (10 mg mL −1 ) of granu-
lated activated carbon coated with biofi lms of individual  S. equisimilus ,  B. coagu-
lans , and  E. coli  isolates. From the initial 50–1,000 mg Cr 6+  L −1  levels present, the 
percentage of Cr 6+  removal decreased (46.9–17.2% for the  B. coagulans  biofi lm, 
36.6–10.8% for the  E. coli  biofi lm and 72–46.3%, for the  S. equisimilis  biofi lm). 
These differences in adsorption results from the very high or very low ratios of 
biosorbent to initial Cr 6+  concentration (Padmesh et al.  2005  ) . Horsfall et al.  (  2006  )  
further affi rmed that at a higher concentration, the reduced average distance between 
the adsorbing species affects the charge distribution of its neighbors. This alters the 
ability of species to migrate onto biomass surface, which, in turn, produces reduced 
adsorption. 

 Farag and Zaki  (  2010  )  tested Ca-alginate immobilized  Pseudomonas  S4 strain in 
several consecutive chromium reduction experiments to investigate the possible 
deactivation of cells with repeated use. The immobilized cells could be reused three 
times each for 3 days, and could achieve an 80% Cr 6+  reduction effi ciency, without 
losing chromium reduction activity. Benazir et al.  (  2010  )  compared the chromium 
remediation effi ciencies of  B. subtilis ,  P. aeruginosa , and  S. cerevisiae  in consortia 
and in their immobilized forms. The best chromium reduction activity was observed 
for the  S. cerevisiae – P. aeruginosa  consortium, followed by immobilized beads of 
the  S. cerevisiae  and  B. subtilis – S. cerevisiae  consortia.  

    9   Simultaneous Bioremediation of Chromium and Phenolics 

 Cr 6+ , other heavy metals, and toxic aromatic organic compounds, viz., phenols, 
naphthalene, trichloroethylene are often discharged to the environment together in 
industrial effl uents (Patterson  1985 ; Canter  1986 ; Keely and Boateng  1987 ; Reid 
et al.  1994 ; Wang and Chirwa  2001  ) . Such pollutants may be detrimental to a vari-
ety of organisms including humans. Hexavalent chromium and organic pollutants 
originate from various sources, including leather tanning, dyeing, textile manufac-
ture, photographic fi lm making, wood preservation, car manufacturing, petroleum 
refi ning, and agriculture industries (Chirwa and Wang  2000 ; Aksu and Akpinar 
 2001 ; Aksu and Gonen  2006  ) . 

 In leather tanning, pentachlorophenol (PCP) is used as a biocide (Thakur et al. 
 2001  ) . Because PCP is recalcitrant, it is usually present in tanning and other 
industrial discharges (Srivastava and Thakur  2003  ) . Owing to its toxicity, PCP is 
on the priority pollutants list of the United State’s Environmental Protection 
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Agency. As per Indian Standard Institution (ISI) limits, the permissible level for 
phenolic compounds in inland surface waters is 0.002 mg L −1 , whereas the similar 
limit in leachates is 1 mg L −1 . The European Council Directive has set a limit of 
0.5  m g L −1  to regulate phenol concentration in drinking water. Phenolic compounds 
are easily bioaccumulated in various food chains of biological systems, and thus 
can cause profound problems to the human health. Phenolics also contribute to 
off-fl avor problems in drinking water and in food processing waters (Yang and 
Humphrey  1975  ) . Phenolic contaminants can damage sensitive cells by permeat-
ing cytoplasmic membranes and coagulating cytoplasm. Phenolic compounds are 
quite inhibitory to environmental microbes, because of their action on membrane 
function (Copley  2000  )  and their ability to uncouple oxidative phosphorylation 
(Ito and Ohnishi  1982  ) . Therefore, wastewater contaminated with Cr 6+  and pheno-
lics together should be treated carefully before being discharged into receiving 
water bodies. 

 Despite widespread pollution caused by PCP, only a few indigenous bacterial 
strains have been isolated that are capable of degrading it. However, several nonindig-
enous bacterial strains, such as  Pseudomonas  sp . ,  S. marcescens , and  Sphingomonas 
chlorophenolicum , are able to degrade PCP (Yang et al.  2006 ; Singh et al.  2007 ; 
Sharma and Thakur  2008  ) . While extensive research has been performed on the uptake 
of single heavy metal species or toxic organic compounds by microbial cells, little 
attention has been paid to the bioremediation of binary organic compound–metal ion 
mixtures. Therefore, treatment strategies that are applicable for a specifi c metallic 
pollutant may not work for dual ones, because of the toxicity to the system posed by 
the organic component(s) or vice versa. Therefore, isolating microbial strains having 
the potential to degrade PCP and simultaneously bioaccumulating chromium would 
be valuable for effecting binary-compound bioremediation (Srivastava et al.  2007  ) . 

 During the last decade, several studies were conducted that were designed to 
remove organic compounds and/or Cr 6+  using fungi (Choi et al.  2002 ; Denizil et al. 
 2004 ; Taseli and Gokcay  2005  ) , yeast (Hamed et al.  2004  ) , microalgae (Lima et al. 
 2004  ) , bacteria (Edgehill  1996 ; Quintelas and Tavares  2001 ; Quintelas and Tavares 
 2002  ) , bacterial consortia (Chirwa and Wang  2000  ) , anaerobic activated sludge 
(Aksu and Akpinar  2001  ) , among others. However, only limited research was per-
formed on native microbes for the purpose of simultaneous bioremediation of Cr 6+  
and phenolics in tannery effl uent (Chirwa and Wang  2005 ; Srivastava et al.  2007 ; 
Tziotzios et al.  2008  ) . 

 In Table  4 , we summarize experimental fi ndings from studies in which simulta-
neous bioremediation of Cr 6+  and phenolic compounds from tannery effl uent were 
addressed under optimized cultural and nutritional conditions. This research has 
addressed many aspects of the simultaneous remediation of phenolics and Cr 6+ , 
including what constitutes suitable consortia/cocultures of microorganisms for 
degrading such binary mixtures (Wang and Chirwa  1998 ; Chirwa and Wang  2000 ; 
Wang and Chirwa  2001 ; Aksu and Gonen  2006 ; Quintelas et al.  2006 ; Liu et al.  2008 ; 
Tziotzios et al.  2008  ) . In most of these studies, phenol was used as a carbon and 
energy source. Bacteria capable of reducing Cr 6+  utilized organic acid by-products 
of phenol’s degradation to effect microbial growth and Cr 6+  reduction.  
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 Shen and Wang  (  1995  )  observed simultaneous reduction of Cr 6+  and degradation 
of phenol in a defi ned coculture of a Cr 6+  reducer,  E. coli  ATCC33456, and a phenol 
degrader,  P. putida  DMP-1. They demonstrated that  E. coli  was unable to utilize 
phenol as a growth substrate. However, when  E. coli  was cocultured with  P. putida  
(with phenol as a sole carbon source in the medium),  E. coli  exhibited a growth 
curve characteristic similar to that of  P. putida . Further, Cr 6+  reduction occurred as 
long as phenol was present, and ceased upon its depletion. These phenomena were 
reproduced by spiking phenol at 12 and 26 h of the incubation. Since  P. putida  sup-
ported the growth of  E. coli  on phenol, the growth substrate may have served as an 
electron donor for  E. coli  to reduce Cr 6+ . 

 Shen and Wang  (  1995  )  asserted that both the rate and extent of Cr 6+  reduction 
and phenol degradation were signifi cantly infl uenced by the composition of the 
coculture population. Although Cr 6+  reduction occurred as a result of  E. coli  metab-
olism, the rate of phenol degradation by  P. putida  may have become a rate-limiting 
factor for Cr 6+  reduction at a low population ratio of  P. putida  to  E. coli . Further, the 
phenol degradation by  P. putida  was highly susceptible to the presence of Cr 6+ , 
whereas Cr 6+  reduction by  E. coli  was signifi cantly infl uenced by phenol only at 
>9 mM concentration . Interestingly, besides phenol, several aromatic compounds, 
including 2-chlorophenol,  p -cresol, 2,6-dimethylphenol, 3,5-dimethylphenol, 
3,4-dimethylphenol, benzene, and toluene, were also utilized as electron donors for 
the reduction of Cr 6+ . The ability of a coculture to utilize a wide range of aromatic 
pollutants for the reduction of Cr 6+  illustrated the potential for simultaneous detoxi-
fi cation of mixtures of chromium and various aromatic contaminants (Shen and 
Wang  1995  ) . 

 Chirwa and Wang  (  2000  )  also studied the simultaneous bioremoval of Cr 6+  and 
phenol in an anaerobic phenol-degrading bacterial consortium that was cocultured 
with a  E. coli  ATCC33456 strain capable of reducing Cr 6+ . Optimum Cr 6+  reduction 
was observed at initial levels of 200 mg phenol L −1  and 2 mg Cr 6+  L −1 , while com-
plete phenol degradation was evident only at a low initial Cr 6+  concentrations 
( £ 10 mg L −1 ). Further,  E. coli  utilized metabolites of phenol degradation as electron 
donors for the reduction of Cr 6+ . Elizabeth and Esther  (  2004  )  studied the use of 
 Bacillus s pecies (BS2) and  S. aureus  as biosorbents for Cr 6+  remediation and phenol 
degradation. The bioremediation rate was 100% for Cr 6+  and 8% for phenol. 

 A biofi lm is composed of bacterial cells, extracellular polymers produced by 
bacteria, lysis and hydrolysis products, attached matter and some inorganic com-
pounds. In a biofi lm, the possible sorption sites are extracellular polymeric sub-
stances, cell walls, cell membranes, and the cytoplasm (Aksu  2005  ) . Chirwa and 
Wang  (  2001  )  studied bioremediation of phenol and Cr 6+  in a continuous-fl ow fi xed-
fi lm phenol degrader ( P. putida  DMP-1), and a Cr 6+ -reducer ( E. coli  ATCC33456). 
Complete Cr 6+  reduction and phenol degradation occurred at loadings of 5–21 mg 
Cr 6+  L −1  d −1  and 840–3,350 mg phenol L −1  d −1 . Moreover, a mathematical model 
developed by the same authors (Chirwa and Wang  2005  )  indicated that removal of 
inert cells was critical for the bioreactor’s proper operation. The model was suitable 
for simultaneous Cr 6+  removal and phenol degradation under loading levels of 2.5–
3.5 mg Cr 6+  L −1  d −1  and 50–850 mg PCP L −1  d −1 , respectively. 
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 Aksu and Gonen  (  2006  )  studied the simultaneous bioremediation of phenol and 
Cr 6+  (at initial concentrations ranging 50–500 mg L −1  for both the pollutants) by 
Mowital B3OH resin-immobilized activated sludge held at a pH of 1.0, and with a 
fl ow rate of 0.8 mL min −1  in a packed-bed column bioreactor. The bioremoval pro-
cess was successful only at the lower concentrations of both the pollutants. Tziotzios 
et al.  (  2008  )  used a pilot-scale packed-bed bioreactor for simultaneous phenol deg-
radation and Cr 6+  reduction, using a new culture consortium of Cr 6+ -reducing and 
phenol-degrading bacteria. Phenol inhibited the reduction of Cr 6+ . Conversely, ele-
vated Cr 6+  concentrations did not affect phenol’s degradation. Quintelas et al.  (  2006  )  
used a biofi lm of  A. viscosus  supported on granular activated carbon for single and 
dual remediation of Cr 6+  and organic compounds (chlorophenol, phenol, and 
 o -cresol) from aqueous solutions. The authors observed a maximum Cr 6+  adsorption 
of 11.3% at initial phenol and Cr 6+  concentrations of 100 and 60 mg L −1 , respec-
tively. However, the maximum phenol degradation of 63% was evident at levels of 
10 mg phenol L −1  and 60 mg Cr 6+  L −1 . Chirwa and Smit  (  2010  )  attempted simultane-
ous Cr 6+  reduction and phenol degradation in a trickle-bed reactor system by using 
a mixed culture isolated from activated sludge from the Brits Wastewater Treatment 
Works (NW Province, South Africa). The reactor achieved 70% Cr 6+  removal, and 
80% degradation of phenol (from initial levels of 10 mg Cr 6+  L −1  and 80 mg phe-
nol L −1 ), under optimum operational conditions. 

 Srivastava et al.  (  2007  )  employed a fungal strain (viz.,  A. niger  FK1) and a bacte-
rial isolate (viz.,  Acinetobacter  sp.) individually for bioremediation of chromium 
and PCP in a sequential bioreactor fabricated by Shah and Thakur  (  2002  ) . The tan-
nery effl uent treated in set-1, initially with  Acinetobacter  sp., followed with fungus 
treatment, respectively, remediated 90% of Cr 6+  (from an initial 557 ppm level of 
chromium) and 67% of PCP (from an initial 15 ppm PCP level) in 15 days. In the 
set-2 sequential bioreactor, wherein the effl uent was fi rst treated by the fungus and 
then by the bacteria, removed only 64.7% and 58% of chromium and PCP, respec-
tively, within 15 days. The higher level of chromium removal in the set-1 bioreactor 
was attributed to the utilization of PCP as a food source in step-1 by  Acinetobacter  
sp., thereby exerting no inhibitory effect of PCP on fungus for removing Cr 6+  in 
step-2 (Srivastava et al.  2007  ) . However in the set-2 bioreactor, the growth of the 
fungus was inhibited by PCP in step-1, thereby decreasing the extent of chromium 
removal, which led to bioaccumulation of Cr 6+  in the fungal mycelium (Srivastava 
et al.  2007  ) . The fungal biomass contains a relatively high percentage of cell wall 
material, which serves as an excellent metal binder. However, most fungi do not 
have the ability to degrade chlorinated organic compounds (Edgehill and Finn  1983 ; 
Kapoor and Viraraghavan  1995 ; McLean et al.  2000  ) . 

 Tripathi et al.  (  2011b  )  suggested that the nutritional requirement, growth, and 
maintenance of an organism can be more conveniently managed if a single micro-
bial strain is employed instead of a coculture or consortia of microorganisms for 
simultaneous bioremediation of pollutants from the environment. Further, the isola-
tion and selection of indigenous bacterial strains from natural habitats may have the 
advantage of minimizing inhibitory effects from other toxic pollutants that augment 
Cr 6+  in the polluted environment. To have successfully existed where they are found, 
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native microorganisms must have developed at least some degree of resistance to 
these toxic compounds. 

 Some researchers have reported simultaneous bioremediation of Cr 6+  and aro-
matic pollutant(s) by a single pure culture of  P. aeruginosa  (Chen et al.  2003 ; Xu 
and Liu  2005  ) . Song et al.  (  2009  )  attempted simultaneous Cr 6+  reduction and phenol 
degradation in a bioreactor by a pure culture of  P. aeruginosa  CCTCC AB91095. 
The organism utilized phenol as a sole carbon source, possibly through organic acid 
production. Cr 6+  inhibited its own reduction as well as phenol degradation at a con-
centration of >20 mg Cr 6+  L −1 . In contrast, phenol enhanced both the reduction of 
Cr 6+  as well as its own degradation at <100 mg PCP L −1 . These authors also reported 
a profound infl uence of the inoculum dose on both reduction of Cr 6+  and phenol 
degradation. The concentrations of Cr 6+  and PCP declined in 12 h, respectively from 
20 to 3.36 mg Cr 6+  L −1  and 100–29.51 mg phenol L −1  in cultures containing 5% (v/v) 
inoculum of  P. aeruginosa . The trivalent chromium (Cr 3+ ) was the predominant 
product of the reduction of Cr 6+ . Chirwa and Wang  (  2000  )  reported that phenol (at a 
concentration exceeding the optimum level) inhibited the reduction of Cr 6+  and its 
own degradation. 

 Mathew et al.  (  2010  )  studied the simultaneous bioremediation of Cr 6+  (at initial 
levels of 10–50 ppm) and phenol (at initial levels of 50 and 100 ppm) by fi ve indi-
vidual bacterial cultures, viz., species of  Pseudomonas ,  Amphibacillus ,  Micrococcus, 
Moraxella,  and  E. coli  which were isolated from the retting grounds of Kadinamkulum 
backwaters. Contrary to the fi ndings of Shen and Wang  (  1995  ) , these authors 
observed no inhibitory effect of Cr 6+  on phenol degradation for any of the test cul-
tures. Moreover, the extent of Cr 6+  reduction was similar at both concentrations of 
phenol tested. Shen and Wang  (  1995  )  tested cocultures of  E. coli  and  P. putida,  and 
reported that the degradation of phenol by  P. putida  was inhibited by Cr 6+ , which 
increased as the Cr 6+  concentration increased. 

 Tripathi and coworker(s)  (  2010,   2011b  )  isolated, for the fi rst time, a native bacte-
rial strain RMLAU1 of  B. cereus  from treated tannery effl uent that was tolerant to 
500 mg PCP L −1  and 200 mg Cr 6+  L −1 . The isolate degraded 56.5% PCP (from the 
initial 500 mg L −1  level) and simultaneously bioremediated 74.5% chromium (from 
the initial 200 mg L −1  level). The uptake rate was 40.6 mg g −1  biomass under opti-
mized conditions of pH 7.0, 35°C, 1.0% (v/v) inoculum and 150 rpm, within 48 h 
of incubation. Results of the above studies indicated the ability of a single organism 
to successfully perform both Cr 6+  reduction and phenol degradation that had for-
merly been performed only by mixed cultures.  

    10   Conclusions 

 After reviewing the literature on the potential for bioremediation to address chro-
mium pollution in tannery waste, we have concluded that:

    1.    Current techniques to remediate Cr pollution from tanneries are insuffi cient, not 
always environmentally responsible, and usually generate unacceptable levels of 
secondary pollution, e.g., sludges.  
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    2.    Bioremediation, although far from technologically mature, offers a real, and 
practicable alternative as means to clean Cr, not only from tannery waste, but 
also to clean many heavy metals from several industrial effl uent types.  

    3.    Four types of bioremedial processes, at present, seem particularly applicable for 
treating tannery waste, viz., (a) biosorption, (b) bioaccumulation, (c) bioreduc-
tion, and (d) immobilization of microbial cells for bioremediation.  

    4.    Simultaneous bioremediation of heavy metals including Cr 6+ , and certain chlori-
nated phenolics would be a more viable option for suffi ciently cleaning wastewaters 
of various toxic constituents hazardous to human health and to the environment.      

    11   Summary 

 Bioremediation offers the possibility of using living organisms (bacteria, fungi, algae, 
or plants), but primarily microorganisms, to degrade or remove environmental 
contaminants, and transform them into nontoxic or less-toxic forms. The major advan-
tages of bioremediation over conventional physicochemical and biological treatment 
methods include low cost, good effi ciency, minimization of chemicals, reduced quan-
tity of secondary sludge, regeneration of cell biomass, and the possibility of recover-
ing pollutant metals. Leather industries, which extensively employ chromium 
compounds in the tanning process, discharge spent-chromium-laden effl uent into 
nearby water bodies. Worldwide, chromium is known to be one of the most common 
inorganic contaminants of groundwater at pollutant hazardous sites. Hexavalent chro-
mium poses a health risk to all forms of life. Bioremediation of chromium extant in 
tannery waste involves different strategies that include biosorption, bioaccumulation, 
bioreduction, and immobilization of biomaterial(s). Biosorption is a nondirected 
physiochemical interaction that occurs between metal species and the cellular compo-
nents of biological species. It is metabolism-dependent when living biomass is 
employed, and metabolism-independent in dead cell biomass. Dead cell biomass is 
much more effective than living cell biomass at biosorping heavy metals, including 
chromium. Bioaccumulation is a metabolically active process in living organisms that 
works through adsorption, intracellular accumulation, and bioprecipitation mecha-
nisms. In bioreduction processes, microorganisms alter the oxidation/reduction state 
of toxic metals through direct or indirect biological and chemical process(es). 
Bioreduction of Cr 6+  to Cr 3+  not only decreases the chromium toxicity to living organ-
isms, but also helps precipitate chromium at a neutral pH for further physical removal, 
thus offering promise as a bioremediation strategy. However, biosorption, bioaccumu-
lation, and bioreduction methods that rely on free cells for bioremediation suffer from 
Cr 6+  toxicity, and cell damage. Therefore, immobilization of microbial cell biomass 
enhances bioremediation and renders industrial bioremediation processes more eco-
nomically viable from reduced free-cells toxicity, easier separation of biosorbents 
from the tannery effl uent, ability to achieve multiple biosorption cycles, and desorp-
tion (elution) of metal(s) from matrices for reuse. Thus, microbial bioremediation 
can be a cost competitive strategy and benefi cial bioresource for removing many haz-
ardous contaminants from tannery and other industrial wastes.      
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