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a b s t r a c t

The immobilized fungus Coriolus versicolor was examined in a continuous fixed bed column for long-term
Cr(VI) reduction at its physiological pH. The effects of operating parameters like flow rate, glucose con-
centration in the influent feed, COD, initial Cr(VI) concentration on the Cr(VI) reduction were investigated.
Increase in the inlet Cr(VI) concentration and flow rate through the column led to a higher breakthrough
eywords:
hioester
hromium reduction
ungal biomass
olumn

mmobilization

of the Cr(VI) ions in the effluent. Cr(VI) reduction rate increased with increase in initial Cr(VI) concen-
tration of up to 60 mg/L and thereafter showed a gradual decline. A Fourier transform infrared spectra
were employed to elucidate the possible biosorption mechanism as well. The readiness of the thiol group
of the fungal protein to interact with the Cr(VI) ion in addition to its strong reducing ability makes it a
particularly important entity in the metabolism of Cr(VI). The possible role of thiol in the Cr(VI) reduction
via the formation of Cr(VI) thioester is discussed. The study clearly exhibits the usage of live fungus for

s rem
the long-term continuou

. Introduction

Chromium has been widely recognized as a toxic mutagen [1]
nd a carcinogen yet is an important metal, which is used in a
ariety of industrial applications. Chromium is a metal that can
xist in oxidation states from −2 to +6, The trivalent oxidation
tate is the most stable form of chromium In biological systems,
hromium is naturally found in its trivalent state at very vari-
ble levels, whereas the hexavalent form is generally a derivative
f man’s activities. Cr(VI) tends to associate with oxygen gener-
ting the powerful oxidants chromate (CrO4

2−) and dichromate
Cr2O7

2−). The biological effects of chromium are highly depen-
ent on the oxidation state. Derivatives of Cr(III) are water insoluble
ompared to Cr(VI) derivative compounds that are highly soluble
2].

Requirements of large quantity of chemicals or energy can be
limitation for the application of physicochemical methods for

emoving Cr(VI). Removal of heavy metal ions using biosorption
ould be a promising technology and has received more and more
ttention in recent years [3,4,5]. Microorganisms, which are capa-
le of transforming metals from one oxidation state to another,
acilitate detoxification and/or the removal of chromium, and have

hus received recognition [6]. In the concept of biosorption, sev-
ral chemical processes may be involved, such as bioaccumulation,
ioadsorption, precipitation by H2S production, ion exchange, and
ovalent binding with the biosorptive sites, including carboxyl,

∗ Corresponding author. Fax: +91 512 2597866.
E-mail address: rsanghi@gmail.com (R. Sanghi).
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oval of Cr(VI) as well as recovery of the metal ions from wastewater.
© 2010 Elsevier B.V. All rights reserved.

hydroxyl, sulphydryl, amino and phosphate groups of the microor-
ganisms [7].

The surfaces of fungal cells appear to act as ion exchange resins
[8]. From the quantitative point of view, the surface sorption usually
can contribute the larger proportion to total metal uptake, and thus
binding to cell walls appears to be the most significant mechanism
of sorption. Since it is energy independent, it occurs in both living
and dead microbial biomass, including fungal mycelium [9].

The aim of the present work is to assess the long-term perfor-
mance of thiol containing live fungus Coriolus versicolor for the
continuous reduction of Cr(VI) in upflow fixed bed columns in
a growth-supportive medium at physiological pH. The effects of
some operating parameters, such as inlet Cr(VI) concentration,
media composition, and flow rate were examined and optimized
for the long-term Cr(VI)-reduction performance in the column. In
this study we have used white-rot fungus C. versicolor as a biore-
ductant since it has a high growth rate and can grow under a variety
of environmental conditions including low pH, high pollutant con-
centration. The possible mechanism for the reduction of Cr(VI) to
Cr(III) by the fungus is also discussed.

2. Materials and methods

2.1. Reagents
A stock solution of Cr(VI) was prepared containing 18.6736 g
K2Cr2O7 per litre of deionized water. Sterilized stock Cr(VI) solution
was added to sterile medium to a desired concentration of Cr(VI)
with minimal dilution of the medium. All chemicals used were of
AR grade.

dx.doi.org/10.1016/j.cej.2010.05.011
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rsanghi@gmail.com
dx.doi.org/10.1016/j.cej.2010.05.011
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Table 1
Reduction of Cr(VI) ion at different flow rates (initial metal ion concentration
30 mg/L).

Flow rate (mL/h) mg Cr(VI) reduced/L h

20 11.51 ± 0.4
25 11.13 ± 0.5
30 11.55 ± 0.5
R. Sanghi, A. Srivastava / Chemical

.2. Microorganism and media

A white-rot fungal strain, Coriolus versicolor, was obtained from
nstitute of Microbial Technology, Chandigarh, India. The strain was

aintained at 4 ◦C on malt agar slants. The liquid growth medium
sed for inoculating the fungus, consisted of 10 g/L glucose and 5 g/L
alt extract (S.D Fine Chemicals, Mumbai). The growth medium

sed was always autoclaved (WidWo Cat. AVD 500 horizontal auto-
lave) at 15 psi for 30 min and cooled to room temperature before
se. The inlet pH of feed containing Cr(VI) was 7.2. No adjust-
ents in pH were made. In case of continuous flow column study,

he media prepared every third day, had the following ingredients
er litre of tap water: glucose 2 g, malt extract 1 g, peptone 0.5 g,
H2PO4 2 g, MgSO4 1.023 g, CaCl2 0.1325 g and MnCl2 0.099 g.

.3. Immobilization of fungus in column

The columns were made of borosilicate glass with 2.2 cm ID,
1 cm height, and 22.5 cm bed length. The glass column was packed
ith ceramic beads on which the fungus was immobilized. To avoid

hannel effects the Cr(VI) solutions (10–80 mg/L) were continu-
usly pumped upward through the column by a peristaltic pump
Mclin). The flow rates of the solutions were varied from 20 to
0 mL/h. The hydraulic residence time for the column reactor was
4.8 min.

Initially the columns were conditioned by recycling fungus-
ontaining growth media for a week followed by the feeding of
resh growth media until the COD reduction reached a steady
tate. Thereafter the influent growth medium was supplied with
nown concentration of metal solution. The conditions for maxi-
um Cr(VI) reduction like influent Cr(VI) concentration, flow rate

nd glucose concentration in growth medium, were investigated
nd then subsequent analyses were performed under these opti-
ized condition. Column effluent samples were collected at regular

ime intervals and COD, pH, Cr(total), Cr(VI), Cr(III), concentration
ere monitored. The COD measurements were made by closed

eflux method according to the standard APHA procedure [12]. All
xperiments were performed in duplicates at room temperature.

.4. Instrumental analysis

Infrared (IR) spectra were recorded on a BRUCKER, VERTEX-70,
nd Infrared spectrophotometer making KBr pellets in reflectance
ode. The pH of solutions was measured using a Digital pH-meter

MK VI Systronic). Spectrophotometric analysis was carried out
n a Perkin Elmer, lambda-40 UV-VIS spectrophotometer with a
cm path length. For the SEM studies, samples of fungal biomass
ere coated under vacuum with a thin layer of gold and examined

y scanning electron microscopy [FEI (QANTA 200)] at 10–17.5 kV
ith a tilt angle 45◦.

.5. Chromium analysis

The analysis of Cr(VI) in solution was carried out by the
iphenylcarbazide colorimetric method [10]. Diphenylcarbazide
orms a red-violet complex selectively with Cr(VI). The color was
ully developed after 15 min and the sample solutions were anal-
sed using the UV-VIS spectrophotometer and the absorbance
f the color was measured at 540 nm. The total chromium con-
entration was determined by oxidizing any trivalent chromium

ith potassium permanganate, followed by analysis as hex-

valent chromium. Cr(III) was determined from the difference
etween total chromium and Cr(VI) concentrations. The instru-
ent response was periodically checked with metal ion standard

olutions.
35 11.72 ± 0.7
40 8.88 ± 0.5
45 6.67 ± 0.4
50 5.41 ± 0.2

2.6. Glucose analysis

The determination of reducing sugar was done using 3,5-
dinitrosalicylic acid method [11]. The effect of glucose concentra-
tion on % Cr(VI) reduction was studied by varying the concentration
from 0 to 5 g/L. Once the glucose concentration was optimized to
2 g/L, further experiments were carried out at this concentration
only. The glucose consumed with time was also monitored and
equated with the Cr(VI) reduction with time.

3. Results and discussion

3.1. Monitoring of column conditions

The columns were run in duplicates. The results revealed the
presence of both Cr(VI) and Cr(III) in the effluent solution after sorp-
tion of Cr(VI) on the biomass whereas on the fungal biomass, only
Cr(III) was found to be present. A decrease in pH from 7.2 to 3.2
was observed during each Cr(VI) reduction cycle. In the first hour
itself the pH reduced to 4.6 and thereafter the pH decrease was
slow. Reduction in pH of medium is possibly due to the accumula-
tion of organic acid metabolites [12]. With the decrease in solution
pH, protonation of amine sites (NH2) of fungus increased favouring
more electrostatic attraction of negative HCrO4

− ion yielding high
removal of Cr(VI). Perusals of the literature had also reported the
reduction of Cr(VI) to Cr(III) at acidic pH along with protons been
consumed supported by Eq. (1) [13]:

HCrO4
− + 7H+ + 3e− → Cr3+ + 4H2O E0 = 1.33 V (1)

Variation of flow rate though the column (shown in Table 1)
revealed that maximum reduction occurs up to the range of
35 mL/h, above this flow rate chromate reduction decreases grad-
ually due to lesser contact time between the metal ions and the
biomass.

The reduction rate of Cr(VI) was very fast initially; about 65% of
the starting Cr(VI) (30 mg/L) was reduced within the first 2.8 h of
the reaction. However, the residual concentration of Cr(VI) reached
its minimum in 24 h. This rapid rate of Cr uptake by the immobilized
fungus has a significant practical importance for applications in
small reactor volumes, thus ensuring efficiency as well as economy.

3.2. Effect of glucose concentration on Cr(VI) reduction

Glucose concentration was varied from 0 to 5 g/L and it was
observed that the reduction rate significantly increased from 0 to
2 g/L but became almost constant after 2 g/L. In the absence of
glucose only sorption process takes place which results in poor
reduction (Table 2). A glucose concentration of 2 g/L and above in
media resulted in the best Cr(VI) reduction. These results suggested

that glucose plays a vital role of carbon source in the reduction pro-
cess. A comparison of quantitative uptake of glucose reveals that
the rate and extent of metal uptake is significantly enhanced by the
presence of glucose (Fig. 1). This enhanced metal removal capability
may be related to an increase in the availability of energy and cel-
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Table 2
Reduction of Cr(VI) ion at different glucose concentrations in growth medium (initial
metal ion concentration 30 mg/L, flow rate 35 mL/h).

Glucose (g/L) mg Cr(VI) reduced/L h

0 5.4 ± 0.5
0.5 9.6 ± 0.2
2 12.6 ± 0.2
3 9.3 ± 0.5
4 9.2 ± 0.4
5 8.4 ± 0.4

F
b

l
o

e
a
c
p
a
c
e

3

i
t
1

1
w
s
M

F
c

ig. 1. Time-course profiles for Cr(VI) reduction and glucose consumption by fungal
iomass.

ular activities, including metal adsorption activity, in the presence
f glucose.

The glucose used was almost completely consumed in 3.2 h
videncing the role of glucose in the chromium reduction which
lso reached its maximum in the first 2.8 h and thereafter became
onstant as in Fig. 1. Clearly the glucose consumption rate was
roportional to the Cr(VI) reduction. But even after the glucose is
lmost fully consumed in 3.2 h, the chromium reduction remains
onstant till a fresh Cr(VI) is supplied, evidencing the role of fungal
nzymes in the whole metabolic process.

.3. Effect of Cr(VI) concentration on Cr(VI) reduction

To evaluate the effect of the influent Cr(VI) concentration on
ts reduction by the fungus in the continuous packed bed column,
he influent concentration was slowly increased in the range of
0–80 mg/L under the same operating conditions.
The reduction rate for Cr(VI) increased apparently from 4.5 to
6.6 mg Cr(VI)/(L h) in 2.4 h when the initial Cr(VI) concentration
as increased from 10 to 30 mg/L respectively, and remained con-

tant thereafter upto 80 mg/L initial Cr(VI) concentration (Fig. 2).
aximum 96% removal at 10 mg/L and 42% removal at 80 mg/L

ig. 2. Effect of initial Cr(VI) concentration on Cr(VI) reduction (flow rate and glucose
oncentrations were 35 mL/h and 2 g/L respectively).
Fig. 3. Change in Cr(VI), Cr(III) and total Cr concentration in effluent with time in
one cycle (C: concentration, t: time).

were achieved. The % removal of Cr(VI) decreased on increasing
influent metal ion concentration further. At low influent con-
centration (10–30 mg/L), all Cr(VI) ions present in solution could
interact with binding sites present on fungal cell wall and hence
the high Cr(VI) removal. However with increase in concentra-
tion (40–80 mg/L) due to saturation of binding site on the fungal
mass, some Cr(VI) ions are left unabsorbed in solution leading to
decreased reduction rate. The influent Cr(VI) concentration was not
further increased as it could inhibit Cr(VI) uptake and growth of
fungus.

Taking into consideration that the stable forms of chromium
are the trivalent and the hexavalent, it seems most likely that the
C. versicolor strain was capable of transforming the highly toxic and
soluble Cr(VI) to the much less toxic and less mobile trivalent form.
Clearly, the decrease in the Cr(VI) led to a simultaneous increase
of Cr(III) in solution (Fig. 3), however total chromium in solution
remained virtually constant and chromium did not accumulate in
the fungal biomass. On the fungal surface chromium was found to
be present only in the trivalent state.

3.4. Fourier transform infrared (FTIR) spectra analysis

To elucidate the biosorption of Cr(VI), the FTIR spectra of
chromium-loaded biomass were compared with the control (pro-
tonated biomass) (Fig. 4). The broad adsorption peak around
3400 cm−1 is indicative of the existence of OH and NH stretching,
thus showing the presence of hydroxyl and amine groups on the
fungal cell wall. Medium absorption band at 2921 cm−1 could be
assigned to –CH stretching vibration of C–CH3, meanwhile the peak
at 1380 cm−1 could be attributed to –CH3 wagging (umbrella defor-
mation). The absorption peaks at 1647 cm−1 and around 1537 cm−1

representing the amide I and amide II bands of amide bond,

respectively, are due to functional groups in the protein peptide
bond [14,15]. The peaks at 2337 cm−1, 1230 cm−1, 1058 cm−1 and
540 cm−1 represented the NH2 stretch, C–O–C stretch, C–O stretch
and C–C–O–C bend.

Fig. 4. FTIR spectra of — control (CV) and — Cr(VI)-adsorbed biomass (CV–Cr). In the
inset is the UV–vis spectra of Cr (VI) containing fungal effluent showing thioester
formation in 420–440 nm range.
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Fig. 5. SEM micrographs of newly grown fungus, im

The changes in the fungal FTIR after coming in contact with
r(VI) indicated some chemical interaction between the metal

ons and functional groups in cell wall. The peaks at 3400 cm−1,
920 cm−1 and 2335 cm−1 from the chromium-loaded biomass
ere less intense compared with the control. Results suggested

hat the protonated amide is involved in the irreversible binding of
hromium during Cr(VI) biosorption.

The readiness of the thiol group to interact with the chromate
on in addition to its strong reducing ability makes it a particularly
mportant entity in the metabolism of Cr(V1) [15,16]. This is clearly
videnced by the disappearance of the peak at 2576 cm−1 indicating
epletion of free S–H groups and involvement of the thiol groups

n the reduction process. The reduction of Cr(VI) species proceeds
ia the formation of transient Cr(VI) thioester as evident by the
ppearance of a shoulder (CO of the carboxylic groups of amino
cids) at 1726 cm−1.

The reaction between Cr(VI) and thiol protein proceeds with the
ormation of a Cr(VI)-thioester intermediate, which then decays
o the Cr(III) product with time. The presence of thioester is fur-
her evidenced by the absorbance band with its characteristic low
bsorbance at 420–440 nm [17] in the absorption spectrum (Fig. 4)
hich decreases with time. With increase in time, the absorp-

ion band at 370 nm representing Cr(VI) decreased along with the
hioester band.

.5. SEM analysis

Assessment of morphological changes in response to chromium
ccumulated on the fungal strain, Coriolus versicolor was performed
y Scanning Electron Microscopy (SEM) analysis. SEM analysis
f fungal mycelium (C. versicolor) was shown at 48 h incubation
ithout Cr(VI) and Cr(VI) loaded biomass (Fig. 5). The biosorbed

hromium on the fungal surface was Cr(III) as Cr(VI) is reduced
o Cr(III) which in turn is free to bind to these sites. The fungal
iomass of the column was much denser showing heavy chromium
ccumulation on its surface.

.6. Mechanism

The molecular mechanisms of heavy metals accumulation by
hite-rot fungi have not been studied extensively. In living cells

he sorption mechanisms include both metabolism dependent and
ndependent processes. Metabolism independent uptake process
ssentially involves cell surface binding through ionic and chem-
cal interaction, while dependent process deals with the binding
f both the surfaces followed by intracellular accumulation [18].

he uptake of Cr(VI) may include biosorption, diminished accumu-
ation, precipitation and reduction of Cr(VI) to Cr(III). Metal ions
re bound to the surface of fungal cell wall, composed mostly of
olysaccharides. Cr(VI) toxicity is believed to be caused by the nega-
ively charged chromate oxyanion, which can be easily transported
ized fungus in column and Chromium laden fungus.

into microbial cells by the sulphate transport system. Inside the cell,
chromate can react with a variety of low and high molecular weight
cellular components in order to produce reactive intermediates to
finally form Cr(III) species. Most of the studies of Cr(VI) reduction in
the literature have been carried out in aqueous solution using sev-
eral reductants, either at highly acidic pH values (1–1.7) using HClO,
or at physiological pH using chelating buffer such as Tris–HCl [19].
One electron or two electron reduction paths have been proposed
in the literature for the reaction of Cr(VI) with thiols [15] ascorbic
acid [16]. The reaction of thiols and ascorbic acid with Cr(VI) were
carried out without adjusting the pH externally and it was found
that the intrinsic pH of the reaction mixture lies in the range of
6.8–7.5 during the progress of the reaction.

The literature also reveals that thiol could play an important role
in reduction of Cr(VI) at neutral pH by forming thioester species
[20]. The Cr(VI)–thiol reactions can be written schematically as:

[Cr2O7]2− + 2RSH → 2[RSCrO3]− + H2O

where RSCrO3
− is the relatively stable Cr(VI)–thioester interme-

diate (RSH standing for the corresponding thiol). The –SH of the
thiol is an important group in the reaction of Cr(VI) with biologi-
cal reductants. The reductant reacts with Cr(VI) at a significant rate
only when protonated or that the reductant must supply Cr(VI) with
a proton. The stoichiometry for reaction of Cr(VI) with thiol was ∼3
thiol molecules per Cr(VI) and can be represented as:

nH+ + 2CrVI + 6RSH → 2CrIII + 3RSSR

The Cr(III) species formed gets trapped in the fungal matrix and
the ligating amino groups are responsible for its chelation. The for-
mation of Cr(VI) thioester intermediate was apparent (Fig. 4) with
increase in absorbance at 420–440 nm observed immediately after
initiating the reaction. Change in absorbance at 350 nm with time
during the reaction of Cr(VI) with fungal thiols has been described
in Fig. 4. The factors controlling both the initial reactivity of chro-
mate and the generation of reactive intermediate are, as yet, far
from fully clarified.

The columns are continuously running for more than a year now
under physiological conditions in growth-supportive medium. The
natural weather conditions ranged from 15 ◦C in winters to 44 ◦C in
summers. Other than providing the growth medium, no alterations
were made in the running of the columns under natural conditions.
Though there is no way to quantify the fungal mass, the consistency
in COD reduction is indicative of the sustainable growth and viabil-

ity of the fungus. Initially, the Cr(III) in the form of green precipitate
sticking on the fungal biomass was visible in the column. With con-
tinuous spiking of Cr(VI), after about three months the column was
saturated with the dirty green Cr(III) precipitate. It could be easily
collected and recovered from the effluent.
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. Conclusions

Use of C. versicolor for the very long-term Cr(VI) reduction ability
n continuous upflow column represents a very potential successful
trategy to bioremediate Cr(VI) toxic wastewaters in their natural
abitat with extremes of weather conditions. Due to the surface

mmobilization of fungal hyphal biomass, the solute could easily
ass through the highly porous matrix of ceramic beads for reach-

ng the functional groups of the biomass. The main purpose of this
aper is to establish the optimization parameters for the reduction
f Cr(VI) with C. versicolor such that the process is sustainable for a
ery long term. The long-term potential of the column packed with
ungal biomass for Cr(VI) detoxification was demonstrated very
ffectively. The fungus clearly is able to thrive, grow and success-
ully reduce toxic Cr(VI) to its less toxic form even under repeated
xposure of Cr(VI) for more than a year. The results indicated that
he packed columns with the immobilized living cells is more con-
enient in operation and economic in treatment compared with
raditional methods as it could resolve the problem of blockage as
ell as recovery of the metal ions from wastewater.
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