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ABSTRACT

Pollution of water due to presence of certain heavy metal ions is a severe socio-environmental problem caused
by the discharge of industrial wastewater. In view of their toxicity, non-biodegradebility and persistent nature,
their removal becomes an absolute necessary. Chromium is one of the major pollutants in the environment and
is frequently present in wastewaters from various industrial units. Several conventional physical and chemical
treatment techniques may be used for the removal of chromium. However, such processes are not only expensive and
highly energy intensive, but also lead to production of harmful by-products and end-products, the ultimate disposal
of which again causes secondary pollution. Hence, the potential application of microorganisms as biosorbent for
the removal of chromium has been recognized as an alternative to the existing conventional physico-chemical
methods. The aim of the present study is to review the removal of chromium from aqueous solution using various
materials of agricultural and biological origin , which have been studied as potential chromium biosorbent (plant
leaves, saw dust, sugar cane bagassa, sugar beet pulp, maize cob and rice hulls). Also reported cases on chromium
removal from aqueous solution by using fungal, algal and bacterial biomass under the growing, resting and dead
conditions in batch as well as in continuous bioreactors are reviewed.
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INTRODUCTION

Chromium as one of the major pollutants of
the environment is available in nature as an
odourless, steel grey hard metallic element.
It is the seventh most abundant element on the

and is often present in wastewater as chromate
(CrO,*) and dichromate (Cr,0.*). This is of
serious environmental concern as Cr(VI) persists
indefinitely in the environment complicating

earth and twenty first most abundant element in
the rocks (McGrath and Smith, 1990). Elemental
chromium is not usually found pure in nature
and principally occurs as the mineral chromite
FeOCr,O, or chrome iron stone in which form it
is extremely stable.

Chromium exists in nature as stable hexavalent
and trivalent forms. The hexavalent form of
chromium is more toxic than trivalent chromium
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its removal. The persistant nature makes it
accumulate in the food chain which with time
reach harmful levels in living beings resulting in
serious health hazards such as irritation in lungs
and stomach, cancer in digestive tract, low growth
rates in plants and death of animals. Therefore,
removal of Cr(VI) from wastewater prior to its
discharge into natural water systems, adjoining
landmasses and sewer systems. requires serious
and immediate attention.

The conventional physico-chemical techniques
used for the removal of Cr(VI) include chemical
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reduction followed by precipitation with caustic
soda. This process requires a large excess of
chemicals and produces voluminous sludges,
disposal of which again create secondary
pollution. Other available treatments include ion-
exchange, electrolysis and reverse osmosis. which
are not only expensive and high energy processes,
but are also ineffective in removal of metal ions
present at lower concentration in large volume of
wastewaters (Bai et al.,, 2000). Environmentally
friendly processes, therefore, need to be developed
to clean-up the environment without creating
harmful waste by-products. Biosorption involves
application of microorganisms in removal of
heavy metals and has been recognized as a
potential alternative to the conventional methods
for treatment of contaminated wastewaters
(Stratten,1987; Volesky, 1990).

The growing, resting and non-living cells of
microorganisms are reported to remove Cr(VI)
from aqueous solutions (Llovera et al., 1993),
(Muter et al., 2001), (Sen et al, 2002), (Srinath
etal.,2002), (Sen et al., 2005), (Sen et al., 2007),
(Sen & Dastidar, 2007), (Sen et al., 2010).
However, most of the works to remove Cr(VI)
have been carried out using non-living fungal
cells and a very little information is available on
use of growing and resting cells. The application
of non-living cells has advantages over growing
andresting cells due to the absence of both toxicity
limitations and requirements of growth media
and nutrients. Both growing and resting cells can
be maintained biochemically active. However,
growing systems have the advantage over the
non-living and resting cells that the simultaneous
removal of metal is obtained during growth of the
organism. On the other hand, the major limitation
of using growing systems for biosorption of
metals is that cell growth is inhibited when the
metal concentration is high. This problem can be
overcome by the use of metal tolerant organism.
The tolerance and removal capacities are the
essential characteristics of growing biomass used
in a metal ion removal process .

The relation between the hexavalent and the
trivalent states of chromium can be described by
the following equation:

Cr,0.> +14 H+6e —2 Cr(Il)+7 HO+1.33V (1)
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The reduction—oxidation potential (1.33 V) of the
two states indicates the strong oxidizing properties
of hexavalent chromium (Cotton and Wilkinson,
1980). The oxidation state has important
consequence on toxicity and bioavailability by
the microbial biomass.

Biological treatment techniques

Biosorption of Cr(VI) using fungal, algal or
bacterial biomass (growing, resting and dead
cells) and biological and agricultural waste
materials has been recognized as a potential
alternative to the existing conventional methods
for detoxification of industrial wastewaters. The
major advantages of the biosorption process over
the conventional treatment methods include:

Low cost

Increased metal removal

Regeneration of biosorbent

Possibility of metal recovery

The removal of Cr(VI) from the wastewaters
using biological materials have long been used.
Several authors have studied the adsorption of
Cr(VI) from aqueous solution using cellulosic,
lignocellulosic and agricultural waste materials,
briefly reported in Table 1.

Higher plants have been used for many years as
bioindicator of metal due to their bioaccumulation
properties. Living plants have been used for the
decontamination of both water and soil. Water
hyacinth (Eichhornia Crassipes) has been shown
to remove Cr(VI) from water (Lytle et al.,1998),
while terrestrial plants such as maize have been
presented to adsorb Cr(VI).

Many higher plants biomass materials such as
plant, parts of the plants or derivatives have been
shown to have good biosorbent properties. These
include maize cob (Sharma & Forster, 1994),
leaves (Mahvi ef al., 2007; Gholami et al., 2006),
saw dust (Sharma and Forster,1994), sugar cane
baggase (Sharma and Forster, 1994) and rice hulls
(Ciciand Keles, 1990). The cellulosic materials of
Chitin and Chitosan have considerable potential
for Cr(VI) binding.

The relation between the amount of metal
adsorbed by the adsorbent and unadsorbed
component in solution at a constant temperature
can be represented by both Langmuir and
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Table 1 : Cr(VI) biosorption using various cellulosic, lignocellulosic and agricultural waste materials

Initial Maximum
Bl Reactor/conditions CCréXCI) Cr(VI) Reference
: removed
(mg/L)
5.01 (mg/g)
Batch reactor (pH= 7.0, 24°C, 120 min) .
Plataneus Orientalis leaves pH=3.0-9.0 2.0-40 Q"=5.7, b=0.29, R*= 0.956 Mahvi et al,
Dose=2.0 g/L, 20-30°C : S T s 2007
300 rpm, 30-240 min Ky =2,02,0 22,0,
P, R?=0.646
Batch reactor
Dlant Ui leaves pH=3.0-9.0 2.0- " Emgjgi Gholami et al.,
Dose=2.0 g/L, 20-30°C 40 (oH=6.0.2 4‘5‘Cg g60 ming) 2006
300 rpm, 30-240 min pH=0.8, 4% 2
Lignocellulosic material Batch reactor 30.16 (mg/g) .
peat pH=2.0-7.0 10-200 (pH= 6.0) Dean fgg;"bm
Dose=1.0 g/L, 30°C
Plant water hyacinth: %ﬁihzr%%%t%r 10 ?p?—l(:lg/g)) Lytle et al.,
(Eichhornia Crassipes) 30°C, 8h 1998
Cellulosic materials:
Sugar cane bagasse Batch reactor 134 Sharma
Sawdust pH=1.5-10.0 39.7 (mg/g) &
Sugar beet pulp Dose=4.0 g/L, 24 h, 25°C 10-1000 17.2 (mg/g) Forster,
Maize cob 100 rpm 13.8 (mg/g) 1994
(pH=2.0)
Batch reactor
. pH=2.0-8.0 : 99- 38 % Cici and Keles,
Rice hulls 30°C 20-200 (pH=2.0) 1990
(Q°,b) and (Kf,n) are Langmuir and Freunlich coefficients.
Freundlich adsorption isotherms, which provide or:
the equilibrium data required for the designing of
the adsorption system. The Langmuir adsorption
isotherm, which is applicable to monolayer C, 1+b C, 1 C,
sorption onto a surface having homogeneously q = Qb = Qb + Q (2b)
distributed identical binding sites over the surface ¢
sorbent , is given by
where : g, is the amount of metal adsorbed

Q°bC,
W= e, @
or
1 Q°bC,
_ (2a)
q, 1+bC,

per gram of dried biomass at equilibrium
(mg Cr(VI)/g of dried biomass) and C, is the
residual (equilibrium) metal concentration in
the solution after sorption [mg Cr(VI)/L]. The
Langmuir constants, Q° and b, indicate the
maximum amount of metal ion bound per g of
adsorbent to form a monolayer (mg/g) and the
adsorption affinity (I/mg) for binding of Cr(VI)
on the adsorbent sites, respectively. The values
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of Q° and b can be calculated from the slope and
intercept of the plot C, /q, against the residual
concentration , C_ (Aksu ez al., 2001; Gupta et al.,
2001).

The Freundlich adsorption isotherm is applicable
to adsorption of Cr(VI) on a heterogeneous
surface and is expressed as:

qe: KF Cel/n (3)
or:
1
log q.~ log KF+ T Ce (3a)

where: K, and n are the Freundlich constants
and are related to the adsorption capacity and
adsorption intensity of the adsorbent, respectively.
Equation (2) can be linearized in logarithmic
form and Freundlich constants n and K, can be
determined from the slope and intercept which are
equal to I/nand K, respectively (Aksu et al., 2001 ).
Bacteria, fungi, yeast and algal biomass under
growing, resting and dead conditions have been
reported to remove Cr(VI) from aqueous solution
in substantial quantities (Tzezos, 1996; Sudha Bai
and Abraham, 2000; Solisio et al., 2000; Gupta et
al., 2001; Muter et al., 2001; Aksu et al., 2001;
Muter and Rapport., 2001; Srinath et al., 2002;
Sen et al., 2002; Dursan et al., 2003; Sen et al.,
2005; Sen et al., 2007; Sen and Dastidar, 2007;
Sen et al., 2010).

The use of bacterial species as biosorbents
(Table 2) has raised the possibility of using these
microorganisms as a biotechnological tool for
removal of Cr(VI) from wastewaters because of
their small size, their ubiquity and their ability
to grow under wide range of environmental
situations.

The complexity of microorganisms structure
implies that there are many ways for the metal
to be captured by the cell. Various mechanisms
involved in metal removal by bacteria include cell
surface binding, extra cellular precipitation, intra-
cellular accumulation, oxidation and reduction
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and methylation/demethylation. The ability of
bacterial cells to bind metal ions is associated
with its cell envelop, which is formed by many
layers and it separates the cell protoplasm from
the surrounding area.

Several types of structures may form the cell
envelop. The most important one is the cell walls,
on which capsules, S-layers and sheaths are
commonly found to be superimposed. The metal
binding to the surface occurs through a passive
mechanism  which involves stoichiometric
interaction of the metal with the reactive
chemical groups, followed by the intracellular
accumulation of metal due to the simultaneous
effects of growth and surface biosorption.

Algae

Algae are photosynthetic organisms. Both
growing and non-living cells of algae are capable
of removing Cr(VI) and shown in Table 3.

The cell surface binding is the first step involved
in the binding of Cr(VI) ions to algal species.
This is a rapid process and is metabolized
independently. This is followed by the second
step of intracellular accumulation of metal due
to the simultaneous effect of growth and surface
biosorption. This step is metabolism dependent
and is a much slower process.

Fungi

Fungi and yeasts are the eukaryotic organisms
which are used as biosorbents for the removal of
heavy metals due to the production of high yields
of biomass. They grow easily under wide range of
environmental situations and can also be modified
genetically to produce enzymes (reductase, DNA
polymerase etc.), which are helpful in higher
metal removal from the wastewaters. The fungal
organisms, in general, are resistant to higher metal
ion concentrations. Heavy metals such as zinc,
copper, manganese, nickel and cobalt in trace
amount serve as micronutrients for the growth of
the fungus. The fungi can also accumulate non-
nutrient metals such as cadmium, mercury, lead,
uranium, silver and gold in substantial amounts.
The fungi and yeasts ( 4. niger, T. reessii, R.
arrhizus, R. nigricans, S. cerevisiae, etc.) are used
in a variety of industrial fermentation processes
(Volesky, 1990) and can serve as an economical
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Table 2: Biosorption of Cr(VI) using various bacterial biomass

Biosorbent ... Initial Wb
. . Reactor/conditions Cr(VI) Reference
(Bacterial species) Cr(VI) Conc.
removed
Batch adsorption Khanafari
Bacillus circulans non-living cellos, 50-500 ma/L 48 % ?ne} att
biofilm pH=2.0-7.0, 30°C, ~rhme pH=7.0,96 h 5008
24-96 h, 120 rpm
Batch reactor 64 %
non-living cells, pH=3.0, 5g/L, Selvaraj
Distillery sludge dose = 1-20 g/L, 10-40 mg/L 105 min etal.,
pH=3.0-10.0, 30'C,150 Q’=5.7, b=0.49 (2003)
min Kz=2.05, n=3.91
Shewanella Batch reactor,
oneidensis MR-1 growing cells, Sarah et al.,
(facultative Gram- 30°C, 200 rpm, 60 - 400 pm 100 pm (2003)
negative bacteria) aerobic condition
Ba.cillus circulqn Braetsct}ilnrgeaéztl(l)sr,sy 0 ((Tle) Srinath et al.,
Bacillus megaterium 2.5 pH=1501pm,24 h 0-100 mg/L 32 (mg/g) (2002)
Bacllus coaglans ’ 28°C ? ? 23.8 (mg/g)
Bacillus coagulans n(]?r?-tl(i;l\:iflzl(c:te(ﬁs, 39.9 (mg/g) Srinath
« H=2.5,28'C, 150 rpm 100 mg/L 30.7 (mg/g) etal,
Bacillus megaterium p " 24 }’1 P, ’ ge (2002)
Batch bioreactor
resting cells immobilised
Microbacterium OV algina})te s, 100 pm Complete removal Heianeninigisiss
liquuefaciens MP30 LoD ggom, SUC, 24l 50 pm (90 % removal) et
Continuos flow (2001)
bioreactor, flow rate=0.95
mL/h, 20 d
Batch reactor
Dried activated non-living cells, 271-)'17_1(:“11%(;:%) Alsu
pH=1.0-6.0,25C, 25-500 mg/L . - etal,
sludge dose = Kz=4.99, n=1.55
ose= 0.5 g/L, R%= 0994 (2001)
150 rpm, 24 h, ’
Batch reactor
Bacill 122 resting cells, 30°C, M 1 | Campos
acillus sp. QC1- 20 h, Cell conc=1x10° 0.3 m Complete remova elt9c;lg
cells/mL ( )
Zoogloea ramigera Batch.b%oreactor, . Nourbaksh
non-living cells, . 0-75 (mg/L) 3.40 (mg/g/min) ot al
pH=2.0, 100 rpm, 25 C, Ky=2.02,n=2.0 (1994’)
60 min)
. batch reactor Complete removal
AT resting cells 0.5 mM 25 -30°C, pH=7.0- Ryl

radiobacter EPS-916

pH=5.0-8.0, 10-40'C, 6 h

7.5

(1993)

fermentation techniques. Therefore, the cost
of a biosorbent (obtained from an industrial
fermentation process in which biomass is

and constant supply of biomass for biosorption
of heavy metals. They can also be grown
using inexpensive media and unsophisticated
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Table 3 : Biosorption of Cr(VI) using various algal biomass

Initial Maximum

( AI?;ZT(:;);J?;S) Reactor/conditions Cr(VI) Cr(VI) Reference
Conc. removed
Batch reactor 60 mg/L, 40 min
Sgg?j;:c;n non-living cells, 10-100 K=0.365, n=1.23 Barl;lrll(c)irdar
(marine algae) dose=2.5 g/L., 22 °C, (mg/L) 0 R*=0.99 Ghaiseddin
pH=3.5, 10-60 min Q'=114,b=4.44 ’
R*=0.99 2004
Continuous flow system
Scenedesmus growing cells, sterile condition irradiance of 12 52.7 % Penacastro
incrassalulus (200pmol/m?/s), operation volume of 1.6 L, /.L /d (Under steady state etal.,
(green micro algae) 200 rpm, air injection (600mL/min), (fmgzLe) conditions) (2004)
25 °C , celldensity=3.75 X 10° cells/mL, 16 d
Spiroevra species Batc‘h‘reactor 90%, ( pH=2.0, Gunta
P g{vl P non-living cells, 1-25 120 min , 5 g/L) pl
(green 11 amentous 25-35°C, pH= 1.0-6.0, (mg/L) Q= 14.70 e; a ;
algac) 180 min , dose=1-15 g/L b=0.2 , R>=0.99 (2001)
Chlorella vulgaris Fluidized bed 48%
packed bed 50 349% Travieso
Scenedesmus Kappacarragenan (natural biopolymer), ) 36 % etal.,
accutus Polyurethane foam (cells immobilized in me o (1999)
(filamentous algal) columns) .
2.98 (mg/g/min)
Batch reactor pH=1.0-2.0,35°C Nourbakash
Chlorella vulgaris non-living cells, 0-200 Ky=4.99, n=2.23 < al
Chlorella crispate 25-35 °C, pH= 1.0-5.0, (mg/L) 6.20 mg/g/min (el 994)

30-60 min

(pH=1.0-2.0, 25 °C)
Ky=3.86,n =2.02

generated as waste) will be significantly lowered
as compared to the cost of the conventional
adsorbent.

A wide range of fungal species under non-
living condition have been studied by different
researchers for the removal of Cr(VI) from the
wastewaters. The fungal cells can be killed for
biosorption by physical and chemical methods.
The physical methods include boiling,
autoclaving, vaccum and freeze drying, and
mechanical disruption (Galun et a/, 1983a ;
Townsley et al., 1986). The chemical methods
include the treatment ofbiomass with various organic
and inorganic compounds (Kapoor et al, 1999).
Table 4 shows the Cr(VI) biosorption potential of
various fungal biomass under growing, resting
and non-living conditions.

Metal ion uptake by fungal biomass similarly takes
place as discussed in algal cells. The first uptake
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mode involves the surface binding of Cr(VI) ions
to the cell wall and extra-cellular material, which
is metabolism independent. The second mode
of Cr(VI) uptake into the cell across the cell
membrane is dependent on the metabolic activity
and is referred to as intra cellular accumulation.
The first mode of metal uptake is common both
in dead and living cells. Cr(VI) uptake by the
second process, which is metabolism dependent,
occurs only in the living cells.

To date the biosorption mechanism of Cr(VI)
ions by fungal biomass has been studied largely
in relation to chitin, its deacylated derivatives,
chitosan and cellulose. The fungal cell wall also
contain glycan, proteins, lipids, polyuronids and
melanin. The role played by the cell wall fraction
and structural polysaccharides is not fully
understood and needs to be studied in greater
detail.
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Table 4 : Biosorption of Cr(VI) using various fungal biomass

Biosorbent Initial Maximum
(Fungal Reactor/conditions Cr(VI) Cr(VI) Reference
species) Con removed
10-27.5 mg/g
. Batch reactors, (pH=2.0, 2 h)
Aspesi;)glllus non-living cells, 50-500 Qoz 29.2,b=.03 jegn[
) pH=2.0-6.0, dose=4.5 g/L (mg/L) R*=0.954, .
(filamentous) 150 rpm, 8h, 30°C Ki=6.8, n=4.5 (2010)
R*=0.987
Batch reactors, Sen
Aspergillus resting cells, and
sp. pH=2.0-6.0, 180 rpm, 30°C &;’& H:23 3’84(?*‘5;%) 6h Ghosh
(filamentous) dose=2.4-5.2 g/L p R Dastidar,
culture age 12-48 h (2007)
Batch l_)loreactor 100-500
growing cells (mg/L) 18.2-71.0( mg/g)

. pH=5.0, 30 C, 180 rpm Sen
Fusarium sp. . . )
(filamentous) Continuous flow bioreactor etal.,

v (single & multistage), dilution 50-500 40 mg/L, 0.02/h (2007)
rates=0.01-0.04/h, pH=5.0, 420 mg/L, 0.01/h
30°C (mg/L)
12.5-47.5( mg/g)
Batch reactors, (pH=2.0, 2h) Sen
Fusarium sp. non-living cells, 50-500 Q°=50.25, b=0.03 g
(filamentous) pH=1.0-6.0, dose=4 g/L (mg/L) R’=0.975 (200'5:)
150 rpm, 8h, 30 C Kr=7.90, n=3.12
R*=0.996
. Batch b1.0react(?r. . 100 pm Complete removal
resting cells ( immobilised in Patt init Pai
Candida PVA alginate beads) a ana;t) P 11 atsa
utilis. 100 rpm, 30°C, 4d e,
. . (2001)
Continuous flow bioreactor, 50 um (90 %)
flow rate= 0.95 mL/h, 20 d K °
8.40 (mg/ g/mgn)
. pH=1.0-2.0, 35 C,
e it Batch reactors, 60 min Prakasham
non-living cells, 0-100 Kg=4.53,n= 1.78 et al
- pH=1.0-5.0, (mg/L) 4.30 (mg/g/min) -
S. cerevisiae 25-30'C, 30-60 min pH=1.0-2.0, 35°C, __ (1228
60 min
Kr=1.59, n=1.82
7 . Batch reactor
y%‘\’/lmyc f)i es resting cells, 50 4.3 (mg/g) Pillichshanmer
hei;‘la]is pH=1.0-5.5,30°C, (/L) pH= 1.0, 30°C, etal,
metal enrichment time= & 1000 min (1995)
MP/92/3/4) 1000 mi
min
. Batch reactor
iétli;;glgf resting dehydrated cells Rapport
different 30 C, 72 h (dehydrated to 150 9.0 (mg/g) &
species of different moisture level) (mg/L) dehydrated cells Muter,
P — & intact cells 75% of moisture (1994)

(without dehydration)
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The use of non-living biomass in the removal of
metal ions has the advantages due to the absences
of toxicity limitations and adverse operating
conditions (pH and temperature), but the most
important limitation is that enzymatic reactions
are no longer continued as the cells are dried.
Resting cells can sequester the metal through a
combination of surface reactions, intracellular
and extra cellular precipitation and extra cellular
complexation reactions and can be maintained
metabolically active using very low maintenance
energy.

The use of growing cells for metal removal has
the advantage that the simultaneous removal of
metal is obtained during growth of the organism
and separate biomass production processes e.g.,
cultivation, harvesting, drying, processing and
storage can be avoided (Dursun et al., 2003).
Also, the actively growing systems sequester
metal through a combination of surface reactions,
intracellular and extracellular precipitation and
extracellular complexation reactions. However,
major limitation of using growing systems for
removal of metals is that cell growth is inhibited
when the metal concentration is high, resulting
in poor metal removal ( Donmez & Aksu, 1999).
This problem can be overcome by the use of metal
tolerant organism. The tolerance and removal
capacities are the essential characteristics of
growing biomass used in a metal ion removal
process.

Different researchers have reported different
tolerances for Cr(VI) depending on the type of
the fungal strain.

SUMMARY

Most of the studies reported in the literature to
remove Cr(VI) have been carried out using non-
living and resting cells of various microorganisms
(algae, bacteria, fungi, etc.) and a very little
information is available on the use of growing cells
due to the toxicity limitations. However, actively
growing system has a number of advantages. The
simultaneous removal of metal is obtained during
growth of the organism and therefore, separate
production processes e.g., cultivation, harvesting,
drying, processing and storage can be avoided.
Moreover, the growing cells can be maintained
enzymatically active to remove the metals from
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aqueous solution.

Different cell forms have different metal uptake
capacities and sensitivities towards the potential
toxic metals. Most of the studies in reported
literature have been conducted using bacterial
cells and scanty information is available on the
use of fungal cells. The fungi, in general, have
the higher tolerance levels for metals and hence
studies are needed on their successful exploitation
in biosorption processes.

Batch systems are mostly reported for Cr(VI)
removal in the literature. However, the effluents
are generated by the industries in very large
quantities, treatment of which in the batch systems
can no longer be applied. Therefore, a suitable
operational strategy needs to be developed for
continuous removal of Cr(VI) from the industrial
effluents.

Most of the studies in reported literature have
been conducted using synthetic Cr(VI) containing
solution prepared in the laboratory and scanty
information is available on treatment of actual
industrial effluents. Keeping in mind large scale
applications, studies are required to be carried
out on metal removal from actual industrial
effluents.

The reported literature information is available
on Cr(VI) removal using bacteria, algae and
fungus at lower concentrations of Cr(VI). There
is a need to examine the tolerance level and the
metal removal capacities of the organisms at
higher metal ion concentrations.
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