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Abstract

The hexavalent chromium biosorption onto untreated and heat-, acid- and alkali-treatedLentinus sajor-cajumycelia were studied from
aqueous solutions. The particles sizes of the fungal mycelia ranged from 100 to 200�m. The effect of pH, temperature, biosorbent dose, initial
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oncentration of chromium ions, contact time parameters were investigated in a batch system. Biosorption equilibrium was est
bout 4 h. The surface charge density of the fungal preparations varied with pH, and the maximum absorption of chromium ions on
reparations were obtained at pH 2.0. The biosorption of chromium ions by the tested fungal preparations increased as the initial co
f chromium ions increased in the medium. The maximum biosorption capacities of the untreated and heat, HCl- and NaOH-trea
iomass were 0.363, 0.613, 0.478 and 0.513 mmol Cr6+ per gram of dry biomass, respectively. The correlation regression coefficien

he Langmuir constant values show that the biosorption process can be well defined by Langmuir equation. The chromium adso
ere analysed using the first- and the second-order kinetic models. The first-order equation is the most appropriate equation to
iosorption capacities of all the fungal preparations. In addition, the polarity and surface energy of the untreated and all the modifie
lm preparations were determined by contact angle measurement. All the tested fungal biomass preparations could be regenerate
aOH solution.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metals are toxic because they are present as ions
n an aqueous system and can be readily absorbed into the
uman body. Even a very small amount can cause severe
hysiological or neurological damage. One of the most dan-
erous metal ions for human life is Cr6+ which is found in

ndustrial wastewater because of the extensive use of chro-
ate and dichromate in electroplating, leather tanning, metal

nishing, nuclear power plant, textile industries and chro-
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mate preparation[1,2]. Chromium, Cr6+, is a powerful car
cinogenic agent that modifies the DNA transcription pro
causing important chromosomic aberrations. The Cr6+ may
also cause epigastric pain, nausea, vomiting, severe dia
and hemorrhage[3]. Portable waters containing more th
0.05 mg/l of chromium are considered to be toxic[4,5]. Thus,
the removal of metal ions from wastewaters has becom
important and widely studied area where a number of t
nologies have been developed over the years. The mo
portant of these methods include reverse osmosis, io
change adsorption, chemical precipitation and electro d
sitions[6]. These methods are highly expensive. There
the use of microbial biomass for removal of toxic heavy m
ions from wastewaters has emerged as an alternative

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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existing methods as a result of the search low cost, innovative
methods[7,8].

“Biosorption” refers to different modes of non-active
metal uptake by microbial biomass, where metal sequestra-
tion by cells can take place through adsorption, ion exchange,
coordination, complexation, etc. The major advantages of
biosorption technology are: its effectiveness in reducing the
concentration of heavy metal ions to very low levels and the
use of inexpensive biosorbent materials[9]. Fungal cell walls
contain large quantity of polysaccharides and proteins. These
biopolymers offer many functional groups, which can bind
metal ions such as carboxyl, hydroxyl, sulphate, phosphate
and amino groups[10]. The use of untreated and treated mi-
crobial biomass for metal ions removal has gained impor-
tance. Non-living microbial cells can accumulate heavy metal
ions to the same or to a greater extent compared to grow-
ing or resting counterpart[9]. The use of non-living micro-
bial cells in industrial application may offer some advantages
over living cells, such as lower sensitivity to toxic metal ions
concentration and adverse operating conditions[8,9,11]. The
performance of a biosorbent depends on its surface properties
[12–14]. Among these, the chemical structure, the hydropho-
bic and polar characters of the microbial cells are the most
important[15]. The latter can be determined by contact angle
measurements.
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growth conditions were previously described elsewhere[9].
Inoculates were obtained from 7 days old agar slant culture.
The fungal mat (0.3 g) was removed and macerated asepti-
cally in 5.0 ml sterile medium using a blender. It was used
to inoculate 50 ml of medium in 250 ml flask, and the flasks
were incubated on a shaker (150 rpm) for 3 days at 30◦C.
After this period, the mycelia harvested by filtration from
the growth medium, washed several times with sterile saline
solution (0.85% w/v) and stored at 4◦C until use.

2.2. Treatment of fungus

Lentinus sajor-cajumycelia was inactivated in physio-
logic saline solution by heating at 90◦C for 20 min and after
heat treatment referred as heat-treated biomass. For acid and
alkali treatment of fungal biomass 0.1 M HCl and/or NaOH
were used, respectively. The fungal biomass was treated with
acid or alkali at ambient temperature for 6.0 h while contin-
uous stirring at 200 rpm, and hereafter they called acid- and
alkali-treated fungal biomass, respectively. All treated fun-
gal preparations were then filtered, washed with sterile saline
solution, dried in a vacuum oven at 50◦C and powdered to
particles of size ranging from 100 to 200�m.

2.3. Surface area measurement
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Lentinus sajor-cajuis a white-rot fungus and its bioma
ay be a good source for removal of toxic heavy metal

rom aqueous solutions. The purpose of this research w
tudy the enhancement of the adsorptive capacity of tL.
ajor-cajubiomass for the removal of Cr6+ ions from aque
us solution. For this purpose,L. sajor-cajubiomass wa
odified via heat, acid and alkali treatment. The effec

ontact time, solid/liquid ratio, initial concentration, and
n the biosorption of Cr6+ ions have been investigated. T
hanges on the surface properties ofL. sajor-cajumycelia
efore and after treatments were characterized by conta
le measurements and, the surface free energy parame

he untreated and treated fungal preparations were calc
rom the measured contact angles values using the acid
ethod of van Oss[16]. The biosorption of Cr6+ ions from
queous solutions on the untreated and treated fungal bio
nder different kinetic and equilibrium conditions is inve
ated in detail. Finally, elution-reuse of untreated and tre

ungal preparations was evaluated. The information ga
rom these studies will indicate whether the untreated an
reated biomass ofL. sajor-cajuhave the potential to be us
or the removal and recovery of Cr6+ ions from wastewater

. Materials and methods

.1. Microorganism and media

Pure cultures ofLentinus sajor-caju(MAFF 430306) were
btained from MAFF Gene Bank, Culture Collection, K
ondai, Tsukuba, Ibaraki, Japan. The growth medium
f

The surface areas of the untreated and modified fu
iomass samples were measured the Brunauer, Emme
eller (BET) method using a surface area apparatus.

.4. FT-IR spectroscopy

FT-IR spectra of powdered untreated and heat-, acid
lkali-treated mycelia were obtained by using an FT-IR s

rophotometer (Mattson 1000 FT-IR, England). The dry
al mycelia (about 0.1 g) mixed with KBr (0.1 g) and pres

nto a tablet form. The FT-IR spectrum was then recorde

.5. Contact angle measurements and calculation of
urface energy

Contact angles to different test liquids (i.e., water, g
rol and DIM) of all the investigated mycelia film prep
ations were measured by sessile drop method at 25◦C by
sing a digital optical contact angle meter CAM 200 (K

nstruments Ltd, Helsinki, Finland). Both the left and ri
ontact angles and drop dimension parameters were aut
cally calculated from the digitalized image using CAM 2
oftware operated under Windows 98. The contact angle
oth sites of each drop were measured between the
nd mycelia film on the glass slide. The measurements

he average of nine contact angles at least operated on
ungal biomass film samples.

The surface free energy parameters of untreated and
cid- and alkali-treated and Cr6+ covered mycelia were ca
ulated using the contact angle data of the probe test liq
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The results was analysed according to van Oss, Good and
Chaudury’s acid–base method[16]. The relevant equations
are summarized below.

The total surface free energy,γTOT, can be divided two
components where,

γTOT = γLW + γAB (1)

γLW andγAB are the dispersive and acid–base components
of the free surface energy, respectively.

Substituting the appropriate expressions, Eq.(2) is ob-
tained,

(1 + cosθ)γl = 2[(γLW
s γLW

l )
1/2 + (γ+

s γ−
l )

1/2 + (γ−
s γ+

l )
1/2

(2)

whereγ+ andγ− refer to proton and electron donating char-
acter of acid–base component, respectively.

The known parameter values of three liquids and their
contact angles on mycelia sample were used in Eq.(2) and
the method equation was solved using CAM 200 software
package.

2.6. Biosorption studies

The biosorption of Cr6+ ions, on the untreated and heat-
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The amount of adsorbed Cr6+ ions per unit mycelia (mmol
metal ions/g dry fungal biomass) was obtained by using the
following expression:

q = (C0 − C)V

M
(3)

whereq is the amount of Cr6+ adsorbed onto the unit amount
of the biomass (mmol/g);C0 andC are the concentrations of
the Cr6+ ions in the initial solution (mg/l) and after biosorp-
tion, respectively;V the volume of the aqueous phase (l) and
M the amount of the biomass (g). Each experiment was re-
peated three times and results given are the average values.

The percentage removal of chromium was calculated as
follows:

% removal of Cr+6 = C0 − C

C0
× 100 (4)

2.7. Reusability test

In order to determine the reusability of biosorbents consec-
utive biosorption–desorption cycles were repeated five times
by using the same fungal preparations. Desorption of Cr6+

ions was performed by 0.1 M NaOH solution. Fungal biomass
preparations loaded with Cr6+ ions was placed in desorption
medium and stirred at 200 rpm for 4 h at 25◦C. The final Cr6+
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acid- and alkali-treated mycelia from aqueous solu
as investigated in batch system. The solutions conta
r6+ ions was prepared from the analytical grade potas
ichromate. A stock solution (1000 mg/l) of Cr6+ was ob-

ained by dissolving dried potassium dichromate in Mill
ater. The range of concentration of Cr6+ ions prepared from
tock solution. To determine the effect of initial concen
ion of Cr6+ ions on the biosorption rate and capacity on
ungal preparations, the initial concentration of Cr6+ ions was
aried between 20 and 600 mg/l in the medium.

The effects of the medium pH and temperature on
iosorption capacity of the fungal preparations were in

igated in the pH range 1.0–8.0 (which was adjusted
2SO4 or NaOH at the beginning of the experiment and
ontrolled afterwards) at 25◦C and at four different tempe
tures (i.e., 5, 15, 25 and 40◦C). Cr6+ ions concentratio

n each solution (100 mg/l) was prepared in saline solu
7.5 ml) and 25.0 mg fungal preparations was transferred
he medium and agitated magnetically at 200 rpm. The e
f solid/liquid ratio experiments was carried out varying
mount of biosorbent in the adsorption medium at pH
nd the Cr6+ concentration was 100 mg/l. At the end of
iosorption, the mycelia were separated from the mediu
entrifugation. The concentration of remaining Cr6+ ions in
he biosorption medium was determined spectrophotom
ally at 540 nm by using a double beam UV–vis spectro
ometer (Shimadzu, Tokyo, Japan, Model 1601) after c
lexation with 1,5-diphenyl carbazide[17]. Before determi
ation of the total quantity of chromium Cr6+ in the adsorp

ion medium, Cr3+ and Cr2+ were converted to Cr6+ using
MnO4 [18,19].
oncentration in the aqueous phase was determined by
spectrophotometer as described above. After each cy
dsorption–desorption, biosorbents was washed with s
olution and reconditioned for adsorption in the succee
ycle. Desorption ratio was calculated from the amoun
etal ions adsorbed on the biomass preparations and th
r6+ ion concentration in the adsorption medium. Desorp

atio was calculated from the following equation:

esorption ratio= amount of Cr+6 desorbed

amount of Cr+6 adsorbed
× 100 (5)

. Results and discussion

.1. Characterisation of biosorbent systems

Fungal biomass cell walls contain chitin, chitosan, p
eins, lipids, polyuronides and melanin have been sh
o sequester metal ions[15,17]. The mechanism of Cr6+

iosorption by untreated and heat-, acid- and alkali-tre
. sajor-cajubiomass was elucidated on the basis of biom

reatment, BET, FT-IR and contact angle studies. It sh
e noted that Cr6+ behaves as an oxy-anion (CrO4

2− or
r2O7

2−) in aqueous medium, according to aqueous s
ion chemistry of chromium. Therefore, it may not bind
egatively charged functional groups on the biomass su
uch as carboxylate, phosphate and sulphate, because
espective charge repulsion. The amino groups of the m
ell wall components (i.e., hexosamines and proteins) o
ungal biomass are protonated at low pH (i.e., pH 1.0–
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and the negatively charged chromate ions become electro-
statically attracted to the positively charged amine groups of
the fungal cell wall[20]. Heat treatment can produce addi-
tional binding sites via denaturation of proteins in cell wall
structures. Acid treatment can cause degradation of protein
and hexoseamine in the cell wall structures and can increase
number of binding sites (i.e., –NH2), which is more easily
protonated at adsorption pH 2. Alkali treatment can cause hy-
drolysis of protein and also deacetylation of chitin. All those
changes control adsorption capacity of modified mycelia in-
creased.

The changes in the functional groups and surface prop-
erties before and after physical and chemical treatment are
confirmed by FT-IR spectra (Fig. 1) of the fungal prepara-
tions. FT-IR spectra of untreated and heat-, acid- and alkali-
treatedL. sajor-cajuconfirm the biosorbents heterogeneity
and evidence the presence of different characteristics peaks
in agreement with the possible presence of amino, carboxylic,
hydroxyl and carbonyl groups are presented inFig. 1. In gen-
eral, the FT-IR spectra of all the fungal preparations have
intense peaks at a frequency level of 3400–3200 cm−1 repre-
senting –OH stretching of carboxylic groups and also repre-
senting stretching of –NH groups. The strong peaks at around

F
a

1650 cm−1 are caused by the bending of NH of both chitin
and chitosan on the cell wall structure of fungal mycelia. The
peaks at around 1900 cm−1 are observed in the fingerprint re-
gion representing aromatic ring substitution overtones. The
peaks at 2920, 1550, 1370 and 1040 cm−1 representing CH
stretching vibrations, NH bending (scissoring), –CH3 wag-
ging (umbrella deformation) and COH stretching vibra-
tions, respectively, are due to the several functional groups
present on the fungal cell walls. On the other hand, the peaks
of N H stretching vibrations at 1000 cm−1 are also masked
with the broad band of CO stretching and the peak at 576 and
542 cm−1 representing OC O scissoring and CO bending
vibrations are only observed for the untreated fungus and
these peaks were not seen for the treated preparations are
due to resulted of the removal of lipid compounds after phys-
ical and/or chemical treatments. The band between at 510
and 480 cm−1 representing CN C scissoring is found in
polypeptide structure.

The surface areas of the untreated and heat-, acid- and
alkali-treated fungal biomass preparations were measured by
BET method and were found to be 0.545, 0.875, 1.23 and
0.765 m2/g fungal biomass, respectively. The surface areas
of the fungal biomass were increased in varying extent af-
ter physical and chemical treatments compared to untreated
counterpart. It should be noted that physical and chemical
t iosor-
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ig. 1. FT-IR spectra: (1) untreated; (2) heat-treated; (3) acid-treated; (4)
lkali-treated fungal biomass.

a
b reat-
m of all
t red to
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a al-
t Such
reatments appear to provide more surface area for the b
ents would favour higher adsorption capacity for Cr6+ ions
ue to the increase in the surface area of the modified fu
ycelia.
The variation of the wetting force is extremely sensitiv

he surface characteristics since it reflects the effect of
ional groups in a surface layer thick (less 10Å) and in direc
ontact with the liquid phase[21]. The contact angle va
es for water, glycerol and diiodomethane on the untre
nd treated-fungal preparations are presented inTable 1. The
ntreated and heat-, acid- and alkali-treated fungal pre

ions gave quite different contact angle values dependin
he surface properties. The highest contact angles wer
ained with water. The variation of the contact angle va
fter heat, acid and alkali treatment and Cr6+ coverage show

hat the hydrophilicity of the fungal preparations is increa
ith respect to untreated form. As seen from the table
ntreated mycelium film is hydrophobicθ > 90◦ as shown b
ontact angle measurement, whereas has a lower Cr6+ adsorp
ion capacity than those of the treated fungal preparation
entioned earlier, untreated form has more hydrophobic

ies on the surface of the cell wall structures and most of
ere removed after physical and/or chemical treatment
result, the treated fungal preparations donated more
ble adsorptive side on the surfaces as presented inTable 1;
ecause of they lost their hydrophobic entities during t
ent processes. As expected, biosorption capacities

he treated fungal preparations were increased compa
ntreated form.

Physical and chemical treatments of the fungal myceli
er the surface properties compared to untreated form.
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Table 1
Contact angles of various test liquids for the tested fungal preparations

Biomass form Waterθ (◦) (γerg= 71.3) Glycerolθ (◦) (γerg= 64.0) DIM θ (◦) (γerg= 50.8)

Untreated 100.6± 0.7 95.8± 0.5 57.6± 0.8
Heat-treated 82.2± 1.1 85.3± 1.1 33.1± 0.4
HCl-treated 72.2± 1.3 81.1± 0.8 33.8± 0.7
NaOH-treated 81.8± 0.2 79.3.1± 1.9 31.0± 0.3
Cr6+-sorbed 77.3± 0.3 76.9± 0.7 41.4± 0.6

γerg: surface tension of test liquid.

changes cause contact angles (Table 1) and later surface en-
ergy changes too (Table 2). The determined overall surface
free energy (γTotal) calculated using acid–base method of the
van Oss’ consisting of the sum of the Lifshitz–van der Waals
(γLW) and the acid–base components (γAB) applies for all in-
vestigated fungal preparations at different values. As can be
seen fromTable 2, all investigated fungal preparations show
different acid–base components (γAB) of the surface energy
(γTotal) due to different chemical structures of the untreated
and modified fungal cell surfaces. For all the tested fungal
preparations, theγLW component is highly larger than the
acid–base component. It should be noted that, the same trend
was observed for the base component (γ−) was considerably
higher than the acid component (γ+) of the fungal prepara-
tions. As expected, the highestγAB value was observed for
the acid-treated fungal biomass could be due the degradation
of acid labile cell wall components into oligomers (i.e. chitin
and chitosan). Therefore, the polarity of the acid-treated fun-
gal mycelium increased up to 22.6% (Table 2). Heat, acid
and/or base treatments of fungal biomass resulted in increase
in the surface polarity and in the polar component of the sur-
face free energy. As expected, the charge–charge interaction
increased between the treated biomass and Cr6+ ion species
after removal of hydrophobic entities (as shown by contact
angle data and calculated surface free energy of the fungal
p ll the
t pac-
i

3

the
d -
t e
fi of
b d at

Fig. 2. Biosorption rates of Cr6+ on the untreated and heat-, acid- and alkali-
treated fungal biomass preparations: biosorption conditions: initial concen-
tration of Cr6+: 100 mg/l; pH: 2.0; temperature: 25◦C.

about 4 h. Cr6+ ions biosorption increased linearly with time
during the first 2 h and remained nearly constant after 4 h. Af-
ter this equilibrium period, the amount of adsorbed Cr6+ ions
did not significantly change with time. This trend in binding
of Cr6+ ions suggests that the binding may be through inter-
actions with functional groups located on the surface of the
biosorbents. Note that there are several parameters, which
determine the biosorption rate such as stirring rate of the
aqueous phase, structural properties both of the support and
the biosorbent. Therefore, it is too difficult to compare the
biosorption time reported in the literature for other biosor-
bents. For example, the biosorption equilibrium time of Cr6+

on the dead and immobilized biomass ofRhizopus arrhizus
was 2 h[22].

3.3. Influence of biosorbent dose

One of the parameters that strongly affect the biosorption
capacity is the concentration of the biosorbent in the liquid
phase. The influence of the biosorbent dose on the biosorp-

T
S - and alkali-treated mycelium according to the van Oss et al.

B (mN/m2) γAB (mN/m2) γTotal (mN/m2) Polarity (%)a

U .50 2.43 32.37 7.5
H .17
H .59
N .32
C .33
reparations) via physical and chemical methods, and a
reated fungal preparations yielded higher adsorption ca
ties than that of the untreated form.

.2. Biosorption rate

Chromium biosorption rate was obtained by following
ecrease of the concentration of Cr6+ ions within the adsorp

ion medium with time (Fig. 2). As can be seen from th
gure, the Cr6+ removal rate was high at the beginning
iosorption and equilibrium was completely establishe

able 2
urface free energy parameters (mN/m2) of the untreated and heat-, acid

iomass forms γLW (mN/m2) γ+ (mN/m2) γ−

ntreated 29.94 0.81 1
eat-treated 42.99 1.16 3
Cl-treated 43.08 1.37 4
aOH-treated 44.63 0.98 3
r6+-sorbed 38.88 0.49 3

a Polarity (%) = (γAB/�Total) × 100.
7.33 50.31 14.5
12.59 55.67 22.6

7.10 51.73 13.7
3.23 42.11 7.7
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Fig. 3. Effect of biosorbent dosage on the removal of chromium by the
untreated and heat-, acid- and alkali-treated fungal biomass preparations:
biosorption conditions: initial concentration of Cr6+: 100 mg/l; pH: 2.0; tem-
perature: 25◦C.

tion capacity of the untreated and treated fungal biomass was
studied for an initial concentration of Cr6+ of 100 mg/l and
the biosorbent dose was varied between 12.5 and 100 mg
in 7.5 ml biosorption medium (Fig. 3). For all the fungal
preparations, the increase in biosorbent dose from 12.5 to
25.0 mg/7.5 ml resulted in a rapid increase in removal of
Cr6+ ions. Further, increment the biomass dose in the ad-
sorption medium did not provide sufficient improvement in
the biosorption efficiency of Cr6+ ions. Therefore, the proper
fungal biomass dose was selected as 25.0 mg/7.5 ml for the
rest of the experimental studies. The experimental data also
show that the treated fungal preparations have higher level
of performance for removal of Cr6+ from aqueous medium
than those of untreated form. Several researchers reported
that the increase in the percentage removal with increase in
the adsorbent dosage is due to the increase in the number of
adsorption sites[23].

3.4. Influence of pH and temperature

Fig. 4shows that biosorption of Cr6+ ions by untreated and
the treated fungal biomass preparations decreased when the
medium pH increased. As seen from the figure, the maximum
biosorption of Cr6+ ions on the untreated and heat-, acid- and
alkali-treated biomass were observed at pH 1.0 and 2.0. It
s s
d
t now
t

H

C

H

Fig. 4. Effect of pH on the biosorption capacities of the untreated and heat-
, acid- and alkali-treated fungal biomass preparations for Cr6+: biosorp-
tion conditions: initial concentration of Cr6+: 100 mg/l; amount of mycelia
25 mg/7.5 ml reaction medium; temperature: 25◦C.

HCrO7
− � CrO7

−2 + H+, k4 = 0.85 (9)

Since the distribution of anionic species of Cr6+ is pH depen-
dent, this could be the main variable for removal of Cr6+ ions
by fungal biomass. The fungal cell wall is mainly composed
of polysaccharides (i.e. chitin and chitosan), some of which
may have associated proteins, with other components in-
cluding lipids and melanins[15]. These bio-macromolecules
on the fungal cell wall components have several functional
groups (such as, amino, carboxyl, thiol, sulfydryl and phos-
phate groups). The metal biosorption depends on the proto-
nation or unprotonation of these functional groups on the cell
wall. The ionic forms of the metal in solution and the elec-
trical charge of the fungal biomass depend on the solution
pH. At acidic pH (i.e., 1.0–2.0), protonation of amino groups
of the fungal cell wall components enhanced the biosorp-
tion capacities of the biosorbents to Cr6+ ions. The increased
binding of Cr6+ ions at low pH can be explained due to
the electrostatic binding to positively charged groups such
as amines of chitosan in the fungal cell wall components
[7,13,24–26]. The maximum Cr6+ biosorption was observed
at pH 2.0 for various microbial biomasses such asRhizo-
pus nigricans[5],Streptococcus equisimilis,Saccharomyces
cerevisiae,Aspergilus niger[27] andRhizopus arrhizus[28].
The amount of adsorbed chromium species on the dry bases
o ngal
b .514,
0

im-
p sorp-
t mic
p rption
h
t t over
t

hould be noted that the distribution of Cr6+ ions species i
ependent on both the total concentration of Cr6+ and pH of

he aqueous solution. The oxy-anions of chromium are k
o exist in the following equilibrium[24]:

2CrO4 � HCrO4
− + H+, k1 = 1.21 (6)

rO7
2− + H2O � 2HCrO4

−, k2 = 35.5 (7)

CrO4
− � CrO4

2− + H+, k3 = 3 × 10−7 (8)
f the untreated and heat-, acid- and alkali-treated fu
iomass preparations at pH 2.0 were found to be 0.219, 0
.348 and 0.379 mmol/g biosorbent, respectively.

The temperature of the adsorption medium could be
ortant for energy dependent mechanisms in metal bio

ion by microbial cells. Mostly adsorption is an exother
rocess, whereas some examples of endothermic adso
ave also been reported[26]. The biosorption of Cr6+ by

he biosorbents appears to be temperature dependen
he temperature range tested (Fig. 5). From 5 to 40◦C, the
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Fig. 5. Effect of temperature on the biosorption capacities of the untreated
and heat-, acid- and alkali-treated fungal preparations for Cr6+: biosorp-
tion conditions: initial concentration of Cr6+: 100 mg/l; amount of mycelia
25 mg/7.5 ml reaction medium; pH: 2.0.

biosorption capacities of all the tested fungal biomass prepa-
rations for Cr6+ ions increased between 1.4- and 1.5-fold. The
increase in Cr6+ biosorption with increasing temperature is
due to either higher affinity of sites for Cr6+ or an increase in
binding sites on relevant biosorbent surfaces as a result of re-
orientation of cell wall components of the fungal mycelium.
Increased biosorption at higher temperature also suggests for
the possibility of formation of some coordinate type of bond
between chromium atom of dichromate ion and electron rich
donor atoms of fungal biomass. Similar observations have
also reported by the other researchers[24,27,29–31].

3.5. Effect of initial Cr6+ concentration on biosorption

The Cr6+ ions biosorption capacities of the untreated and
treated fungal biomass preparations were presented as a func-
tion of the equilibrium concentration of Cr6+ ions within the
aqueous medium (Fig. 6). Biosorption capacities of the all
tested biosorbents increased with increasing initial concen-
tration of chromium ions in the medium and reached a sat-
urated value. Physical and chemical treatment methods have
usually shown an increase in the metal sorption capacity for
a variety of microbial species, and several treatment tech-
niques have been used to increase the biosorption capacity of
the biosorbent such as heat, acid or alkali treatment[32]. As
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Fig. 6. Biosorption capacities of untreated and heat-, acid- and alkali-treated
fungal biomass preparations for Cr6+: biosorption conditions: amount of
fungal biomass: 25 mg/7.5 ml reaction medium; pH: 2.0; temperature: 25◦C;
initial concentration of Cr6+: 20–600 mg/l.

acid-treated biomass enhanced 1.3-fold Cr6+ biosorption ca-
pacity compared to the untreated form. The acid treatment
of the fungal biomass results in not only a physical cleaning
or washing-out, but also some chemical transformation, such
as denaturation of the protein molecules. The acid treatment
may also degrade to some extent polysaccharide compounds
of the fungal cell wall, and therefore produce additional avail-
able binding sites (amino group), which is more easily proto-
nated at adsorption pH 2. The alkali treatment was observed
to be effective in increasing the biosorptive capacity of the
fungal biomass. The alkali treatment causes deacetylation
of cell wall components chitin to chitosan. It was reported
that chitosan–glucan complexes have a high affinity for metal
ions[17]. As expected, the biosorption capacity of the alkali-
treated fungal biomass was also favourably affected and
increased approximately 1.4-fold with respect to untreated
form. The biosorption capacity order of the fungal biomass
preparations was observed as follows: heat-treated > base-
treated > acid-treated > untreated form. The biosorption ca-
pacity (qeqex) defines the equilibrium capacity of fungal
biomass for Cr6+ ions under given experimental conditions.
The magnitude of theqeqex was found to span to a range of
values (0.363–0.613 mmol/g biomass) comparable to other
types of biomass earlier reported (Table 3).
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pectively. The higher Cr6+ ions biosorption capacity wa
btained with the heat-treated biomass may be explain

he increase in the availability of the binding sites by
ng the soluble protein in the cell wall after denatura
ith heat. It should be noted that the biosorption capa
f the heat-treated biomass to Cr6+ ions was about 1.7 time
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as treated by acid solution to evaluate the potential fo

ering the biomass surface for adsorption enhancemen
.6. Adsorption isotherms

The degree of biosorption of a metal ion on a biosor
as been found to be a function of the equilibrium me

on concentration in solution at constant pH and tempera
onditions. The adsorption isotherm models used to ch
erize the interaction of Cr6+ with the fungal preparation
he single-solute adsorption isotherm models of Lang
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er and wastewater treatment applications have been s
o describe the biosorption equilibrium. The Langmuir mo
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Table 3
Comparison between the Cr6+ ions maximum biosorption capacity byLenti-
nus sajor-cajubiomass and other microbial biomass found in the literature

Biomass Biosorption conditions qeqex

(mmol/g)
Reference

pH T (◦C) Ci (mg/l)

Chlorella vulgaris 2.0 25 25–250 0.461 [10]
Spirogyrasp. 2.0 18 1–25 0.282 [13]
Rhizopus nigrican 2.0 30 50–400 0.308 [14]
Rhizopus arrhizus 2.0 25 50–300 0.455 [22]
Basillus circulans 2.7 28 50–200 0.663 [33]
Basillus megaterium 2.7 28 50–200 0.615 [33]
Zoogloea ramigera 2.0 25 125–150 0.162 [34]
Dunaliellasp. 1 2.0 25 50–250 0.725 [35]
Dunaliellasp. 2 2.0 25 50–250 0.532 [35]
Lentinus sajor-caju
(untreated)

2.0 25 20–600 0.363 This work

Lentinus sajor-caju
(heat-treated)

2.0 25 20–600 0.613 This work

is based on the assumption that maximum adsorption occurs
when a saturated monolayer of solute molecules is present on
the adsorbent surface, and the energy of adsorption is con-
stant and there is no migration of absorbate molecules in the
surface plane[36,37]. The mathematical description of this
model is

q = qmC

Kd + C
(10)

whereC andq also show the residual metal concentration
and the amount of metal adsorbed on the adsorbent at equi-
librium, respectively,Kd =k2/k1 is the Langmuir constant of
the system.

The Freundlich equation is the empirical relationship
whereby it is assumed that the adsorption energy of a metal
binding to a site on an adsorbent depends on whether or not
the adjacent sites are already occupied[26,37]. This empiri-
cal equation takes the form:

q = KF(C)1/n (11)

whereKF andnare the Freundlich constants, the characteris-
tics of the system.KF andnare the indicator of the adsorption
capacity and adsorption intensity, respectively. The ability of
the Freundlich model to fit the experimental data was exam-
ined. For this case, the plot of logCversus logqwas employed
t

alcu-
l tion

coefficients are presented inTable 4. The correlation coeffi-
cients show that the adsorption process could be described by
the Langmuir equation. The Langmuir constant (qm) values
were fit the experimental data.

On the other hand, the magnitudes ofKF andn (Freundlich
constants) show easy separation of Cr6+ ions from aqueous
medium and indicate favourable adsorption. The intercept
KF value is an indication of the adsorption capacity of the
adsorbent; the slope 1/n indicates the effect of concentration
on the adsorption capacity and represent adsorption intensity
[38,39]. As seen fromTable 4for all experimentally tested
untreated and treated fungal biomass,n values were found
high enough for separation.

3.7. Biosorption kinetics modeling

The kinetics of Cr6+ biosorption on the fungal biomass
preparations was determined with three different kinetic mod-
els i.e. the first-, second-order equations and intra-particle
diffusion models. The first-order rate equation of Lagergren
is one of the most widely used equations for the sorption of
solute from a liquid solution[40]. It may be represented as
follows:

dqt

dt
= k1(qeq − qt) (12)

w tion
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o generate the intercept value ofKF and the slope ofn.
The Langmuir and Freundlich adsorption constants c

ated from the corresponding isotherms with the correla

able 4
sotherm models constants and correlation coefficients for biosorption

iomass form Experimentalqeqex(mmol/g) Langmuir co

qm (mmol/g)

ntreated 0.363 0.425
eat-treated 0.613 0.614
cid-treated 0.478 0.511
lkali-treated 0.513 0.535
herek1 is the rate constant of pseudo-first-order biosorp
min−1) andqeq andqt denote the amounts of biosorpti
t equilibrium and at timet (mmol/g), respectively. Afte

ntegration by applying boundary conditions,qt = 0 at t= 0
ndqt =qt at t= t, gives:

og

(
qeq

qeq − qt

)
= k1t

2.30
(13)

plot of log (qeq−qt) againstt should give a straight lin
o confirm the applicability of the kinetic model. In a tr
rst-order process logqeq should be equal to the intercept
plot of log (qeq−qt) againstt.
Ritchie proposed a method for the kinetic adsorptio

ases on solids[41]. If metal ion biosorption medium is co
idered to be a second-order reaction, Ritchie equation

1

qt

= 1

k2qeqt
+ 1

qeq
(14)

herek2 (g mmol−1 min−1) is the rate constant of the seco
rder adsorption.

from aqueous solutions

Freundlich constant

Kd (×104 M) R2 KF n R2

8.61 0.989 0.046 2.20 0.921
0.67 0.998 0.157 5.93 0.91
3.86 0.999 0.107 3.08 0.939
2.51 0.999 0.129 3.77 0.942
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Table 5
The first-order and second-order kinetics constants for biosorption of Cr6+ on the fungal preparations

Biomass form Experimentalqeqex(mmol/g) First-order kinetic Second-order kinetic

k1 (×102 min−1) qeq (mmol/g) R2 k2 (×102 g/mmol/min) qeq (mmol/g) R2

Untreated 0.363 1.93 0.323 0.966 3.39 0.400 0.994
Heat-treated 0.613 1.85 0.571 0.994 2.39 0.714 0.993
Acid-treated 0.478 1.98 0.470 0.998 1.57 0.662 0.996
Alkali-treated 0.513 1.91 0.510 0.993 1.70 0.684 0.997

A plot of 1/qt versus 1/t (Eq. (10)) should give a linear
relationship for the applicability of the second-order kinetic.
The rate constant (k2) and adsorption at equilibrium (qeq)
can be obtained from the intercept and slope, respectively,
and there is no need to know any parameter beforehand.

The intra-particle diffusion model proposed by Weber and
Morris [42], the initial rate of intra-particular diffusion is
calculated by linearalisation of the curveq= f(t0.5):

q = Kit
0.5 (15)

whereq is the amount of adsorbed metal ion on the mycelia at
time t (mmol/g),t the time (s) andKi the diffusion coefficient
in the solid (mmol/g s1/2). Ki has been determined by a plot
q= f(t0.5) taking account only of the initial period.

The comparison of experimental biosorption capacities
and the theoretical values estimated from the first- and
second-order rate equations and are presented inTable 5.
The theoreticalqeq values estimated from the second-order
kinetic model gave significantly different values compared
to experimental values. In the case of first-order kinetic
model, comparing the equilibrium capacities,qeq, of the
first-order kinetic model with the experimental equilibrium
capacities,qeqexp, the calculated maximum capacity from
the first-order equation is the most accurate, therefore, the
first-order kinetic model best described the experimental
d
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Fig. 7. Arrhenius (lnk1 vs. 1/T) plot for untreated and heat-, acid- and alkali-
treated fungal biomass preparations.

TheEa values were calculated from lnk1 versus 1/T linear
plot for the untreated and heat-, acid- and alkali-treated fun-
gal biomass with high correlation coefficients (R2) of 0.975,
0.975, 0.967 and 0.996, respectively (Fig. 7). The activa-
tion energies (Ea) for the biosorption of Cr6+ ions onto the
untreated and heat-, acid- and alkali-treated fungal biomass
were found to be 13.34, 5.89, 10.36 and 7.22 kJ mol−1, re-
spectively. These values are of the same magnitude as the
activation energy of chemical adsorption. These results in-
dicated that Cr6+ biosorption on the untreated and treated
fungal preparations are endothermic and involve chemical
adsorption.

TheKi values are calculated for intra-particle model and
tabulated inTable 6for all the tested fungal biomass prepa-
rations. The low values ofKi suggest that the intra-particle
diffusion is negligible, and the biosorption process take place
on the surface of untreated and treated fungal biomass prepa-
rations.

Table 6
Values ofKi for the fungal preparations

Biosmass form Ki (mmol/g s1/2)

Untreated 0.020
Heat-treated 0.032
HCl-treated 0.023
NaOH-treated 0.024
ata.
The first-order rate constant of the biosorption reac

k1) is expressed as a function of temperature by the follow
rrhenius type relationship:

1 = A0 exp

(
− Ea

RT

)
(16)

hereA0 is the frequency factor,Ea the activation energ
f biosorption,R the gas constant andT the temperature o
queous medium. When lnk1 versus 1/T is plotted a straigh

ine with slope−Ea/R is obtained. The magnitude of ac
ation energy may give idea about the type of adsorp
i.e., physical and chemical)[43]. In physical adsorption th
quilibrium is usually rapidly attained. The activation ene

or physical adsorption is usually no more than 4.2 kJ/m
ince the forces involved in physical adsorption are weak
he other hand, chemical adsorption is specific and invo
orces much stronger than in physical adsorption. Chem
dsorption means that the rate varies with temperatur
ording to finite activation energy in the Arrhenius equat
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Table 7
Cr6+ ions biosorption capacity of the untreated and heat-, acid- and alkali-treated fungal biomass preparations after repeated biosorption/desorption cycle

Cycle number Untreated biomass Heat-treated biomass Acid-treated biomass Alkali-treated biomass

Biosorption
(mmol/g)

Desorption
(%)

Biosorption
(mmol/g)

Desorption
(%)

Biosorption
(mmol/g)

Desorption
(%)

Biosorption
(mmol/g)

Desorption
(%)

1 0.289 93 0.514 96 0.349 98 0.381 93
2 0.287 91 0.508 92 0.341 94 0.374 95
3 0.285 94 0.499 94 0.326 92 0.365 97
4 0.275 92 0.501 95 0.326 96 0.358 92
5 0.282 92 0.496 92 0.322 93 0.361 96

Biosorption conditions: initial concentration of Cr6+ ions: 100 mg/l; amount ofLentinus sajor-cajubiomass 25 mg/7.5 ml reaction medium; temperature: 25◦C;
pH: 2.0.

3.8. Desorption and reuse

The use of a biosorbent in the wastewaters treatment de-
pends not only on the biosorptive capacity, but also on how
well the biomass can be regenerated and used again. For re-
peated use of a biosorbent, adsorbed metal ions should be
easily desorbed under suitable conditions. Desorption of the
adsorbed Cr6+ ions from the untreated and treated fungal
biomass preparations were studied in a batch system. The
Cr6+ ions adsorbed onto fungal biomass preparations were
eluted with 0.1 M NaOH. In order to show the reusabil-
ity of the biosorbents adsorption–desorption cycle of Cr6+

ions was repeated five times by using the same preparations
(Table 7). The adsorption capacities for all the tested un-
treated and treated fungal preparations did not noticeably
change (only a maximum 6% change was observed) during
the repeated adsorption–desorption operations. The regener-
ation of biosorbent shows that the untreated and heat-, acid-
and alkali-treatedL. sajor-cajubiomass could be used repeat-
edly without significantly loosing their biosorption capacities
for Cr6+ ions.

4. Conclusion
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biomass increased. The adsorption of chromium ions was
quite sensitive to pH of the aqueous solution and the max-
imum biosorption was obtained at acidic pH 1.0 and 2.0.
The higher Cr6+ ions biosorption capacity was obtained by
heat-treated fungal biomass preparation may be due to the
changes in biosorptive characteristics of the fungal cell wall
constitute as a result of heat treatment. Temperature also has
a favourable effect on biosorption in the range of 5–40◦C.
The biosorption isotherms for the untreated and treated fun-
gal biomass were described well by the Langmuir equations.
The biosorption of Cr6+ ions on the biosorbents seems to be
followed the pseudo-first-order biosorption kinetics. Since
the Cr6+ ions binding capacity ofL. sajor-cajuwas found to
be most promising further study using real wastewater with
presence of other toxic substance are proposed.
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[9] G. Bayramŏglu, A. Denizli, S. Bektas¸, M.Y. Arıca, Microchem. J

72 (2002) 63.
10] F. Veglio, F. Beolchini, Hydrometallurgy 44 (1997) 301.
11] M. Kramer, H.-U. Meisch, BioMetals 12 (1999) 241.
12] D. Brady, A. Stoll, J.R. Duncan, Environ. Technol. 15 (1994) 4
13] V.K. Gupta, A.K. Shrivastava, N. Jain, Water Res. 35 (2001) 4
14] R.S. Bai, T.E. Abraham, Bioresour. Technol. 79 (2001) 73.
15] G.M. Gadd, New Phytol. 124 (1993) 25.
16] C.J. van Oss, R.J. Good, M.K. Chaudury, Langmuir 4 (1988) 8
17] R.A.A. Muzarelli, F. Tanfani, G. Scarpini, M.G. Muzarelli, Bioche

Biophys. Res. Commun. 89 (1979) 706.
18] F.D. Snell, C.T. Snell, Colorimetric Methods of Analysis, vol. 2,

ed., Van Nostrand Company, Canada, 1959.
19] L.S. Clesceri, A.E. Greenberg, R.R. Trussel, Standard Method

the Examination of Water and Wastewater, 17th ed., American



G. Bayramo˘glu et al. / Journal of Hazardous Materials B119 (2005) 219–229 229

lic Health Association (APHA), American Water Works Association
(AWWA), Water Pollution Control Federation (WPCF), Washington,
DC, 1989, pp. 3–90.

[20] D. Kratochvil, B. Volesky, Environ. Sci. Technol. 32 (1998) 2693.
[21] P.E. Luner, E. Oh, Colloids Surf. A 181 (2001) 31.
[22] R.S. Prakasham, J.S. Merrie, R. Sheela, N. Saswathi, S.V. Ramakr-

ishna, Environ. Pollut. 104 (1999) 421.
[23] K. Selveraj, V. Chandramohan, S. Pattabhi, Ind. Chem. Technol. 18

(1997) 641.
[24] J. Bajpai, R. Shrivastava, A.K. Bajpai, Colloids Surf. A 236 (2004)

81.
[25] E. Fourest, J.C. Roux, Appl. Microb. Biotechnol. 37 (1992)

399.
[26] D.C. Sharma, C.F. Foster, Water Res. 27 (1993) 1201.
[27] N. Goyal, S.C. Jain, U.C. Banerjee, Adv. Environ. Res. 7 (2003)

311.
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