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bstract

The capacities and mechanisms of native and heat-treated white rot fungus “Trametes versicolor” biomass in removing of two different benzidine
ased dyes (i.e., Direct Blue 1, DB-1 and Direct Red 128, DR-128) from aqueous solution was investigated with different parameters, such as
olecular weight of dye, adsorbent dosage, pH, temperature and ionic strength. In the batch system, the biosorption equilibrium time for both dyes
as about 6 h. The maximum biosorption was observed at pH 6.0 for DB-1 and at pH 3.0 for DR-128 on the native and heat-treated fungal biomass.
he biosorption capacities of the native and heat-treated fungal biomass (at 800 mg/L dye concentration) were found to be 101.1 and 152.3 mg/g

or DB-1 and these were 189.7 and 225.4 mg dye/g biomass for DR-128, respectively. The Freundlih and Temkin adsorption isotherm models were
sed for the mathematical description of the biosorption equilibrium. The Freundlich and Temkin models were able to describe the biosorption

quilibrium of DB-l and DR-128 on the native and heat-treated fungal preparations. The Freundlich model also showed that the small molecular
eight dye (i.e., DR-128) had a higher affinity of adsorption that than of the higher molecular weight dye (i.e., DB-1). The dye biosorption on the

ungal biomass preparations followed the second order kinetics model.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Pollutants are described as the substances or energy that
auses hazards to human health, harm to living resources and
cological systems or damage to structure or amenity. Concerns
f their interference with the legitimate uses of the environment
ave never been alleviated over years due both to the high amount
nd variety of such substances in use. Dyes, for example, being
ot an exemption among many others, are represented by more
han 10,000 chemically different types and the estimated pro-
uction of them is 7 × 108 kg/year [1–4]. Dye related effluents
rom a wide variety of industries such as textile, tannery, packed

ood, pulp and paper, paint and electroplating, threaten the life in
uch aspects. Direct dyes are water-soluble molecules contain-

ng one or more ionic groups (most often sulfonic acid and/or

∗ Corresponding author. Tel.: +90 318 357 2477; fax: +90 318 357 2329.
E-mail address: gbayramoglu@kku.edu.tr (G. Bayramoğlu).
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mino groups). Among them, benzidine based direct dyes or
heir metabolites (e.g., aromatic amines) in dyes can be highly
oxic and potentially carcinogenic since the various modifica-
ions to the molecule in production of different dyes do not seem
o significantly reduce that potential [5,6]. As such, they are
xpected to metabolize to benzidine, which is a known human
arcinogen. In the absence of specific data benzidene-based dyes
re all classed as “known to be carcinogens”. The presence of
benzidine element in a molecule is thus to be regarded as a

erious alert of potential carcinogenicity [7].
Color that inherently occurs in water bodies receiving dye

ontaminated effluents can significantly affect photosynthetic
ctivity in aquatic life due to reduced light penetration and may
lso be toxic to some aquatic life due to the presence of aromat-
cs, metals, chlorides, etc., in them [5,8–10]. Having usually

ynthetic origin and complex aromatic molecular structures,
ye components are hardly degradable [11,12]. The majority
f technologies based on physicochemical processes such as
ilution, adsorption, coagulation and flocculation, chemical
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dx.doi.org/10.1016/j.jhazmat.2006.09.002
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The white rot fungus T. versicolor was cultivated in liquid
medium using the shake flask method. The growth medium con-
sisted of (g/L of purified water); d-glucose (10.0); KH2PO4

Table 1
The general characteristics of Direct Blue 1 and Direct Red 128

Name of dyes Pontamine Sky Blue Congo Red
Color index name CI. Direct Blue 1 CI. Direct Red 128
Color index number 24410 22120
Chemical formula C34H28N6O16S4·4Na C32H22N6O6S2·2Na
36 G. Bayramoğlu, M. Yakup Arıca / Journa

recipitation, oxidation, ion-exchange, reverse osmosis and
ltra filtration [13] are presently employed for color removal
rom the aquatic media. However, high cost, formation of
azardous by-products, intensive energy requirements and inef-
cient reusability of adsorbents are still limitations commonly
ountered during the application of these techniques [14–17].
mong treatment technologies, adsorption has been shown to be

he most promising option for the removal of non-biodegradable
rganics from aqueous effluents, activated carbons being the
ost common adsorbent for this process due to its effectiveness

nd versatility [18]. But, activated carbon has also some
isadvantages. Both chemical and thermal regeneration of used
arbon is expensive, impractical on a large scale and produces
dditional effluent and results in considerable loss of the adsor-
ent. Attempts made to search for the use of cheap and efficient
lternative materials such as bagasse pith [19], peat [20], fly ash
15], saw dust [21], etc., have produced results with low adsorp-
ion capacity and disposal problem of large quantity of sorbents.

Since the 1980s, the adaption of live or dead biomass or
heir derivatives into adsorption studies has successfully been

ade, especially for the removal of heavy metals and other
ollutants from wastewater [22–25]. These biosorption studies
xhibit comparable performance at a very low cost to other avail-
ble counterparts such as precipitation, ion exchange, reverse
smosis and adsorption. The high efficiency in the reusability
f biological adsorbent is of significance for the compatibility
f biosorption technology [22].

Biomass of natural microbial species, including bacteria,
ungi, and algae is capable of removing the different textile
yes by biosorption, biodegradation, or mineralization [26].
he uptake or accumulation of chemicals by microbial mass is

ermed biosorption and may involve a combination of active and
assive transport mechanism starting with the diffusion of the
dsorbed component to the surface of the microbial cell. Binding
o sites at the cell surface which exhibit chemical affinity for the
dsorbate is generally non-metabolism dependent and so occurs
or both viable and inactivated microbial cells [3,18]. Some low
ost fungal materials have been used as biosorbent for dye and
etal ions from aqueous water or wastewater, which included
entinus sajor caju [26], Trametes versicolor [27], Lentinus
dodes [28], Aspergillus niger [30]. The white rot fungus, T.
ersicolor has been widely applied for bioremediation studies
27,31]. However, a few studies have been focused on utilization
f the white rot fungus for dye removal.

In this study, the native and heat-treated biomasses of T. ver-
icolor were used for the biosorption of two different direct dyes
i.e., Direct Blue 1 and Direct Red 128) in batch system. The
urpose of the heat-treatment is to improve the surface charac-
eristics of the fungal biomass in relation to their dye adsorbing

echanisms. It was then assumed that the pretreatment may
ead to an increase of the charge on the cell surface or open the
vailable sites for the adsorption and enhance ion-exchange. The
iosorption kinetics was further studied to explore the effects of

nitial dye concentration, temperature and pH on dye removal.
he biosorption phenomena were expressed by the Freundlich
nd Temkin adsorption models. The experimental data was also
nalyzed using the first- and second order kinetic models.

H
H
M
λ

Fig. 1. The chemical structure of the Direct Blue 1 and Direct Red 128.

. Materials and methods

.1. Materials

Direct Blue 1 (Pontamine Sky Blue; 3-amino-5-[(4-{4-[(8-
mino-1-hydroxy-5,7-disulfo(2-naphthyl))diazenyl]-3-metho-
yphenyl}-2-methoxyphenyl)diazenyl]-4-hydroxy naphthalen-
,2,5,8-tetra-sulfonic acid) and Direct Red 128 (Congo Red; 4-
mino-3-[(4-{4-[(1-amino-4-sulfo(2-naphthyl))diazenyl]phe-
yl}phenyl)diazenyl]naphthalenesulfonic acid) were obtained
rom Sigma–Aldrich Chemical Co, St. Louis, MO, USA.
he chemical structure and some properties of the DB-1
nd DR-128 dyes are presented in Fig. 1 and Table 1. All
ther chemicals were of analytical grade and were purchased
rom Merck AG (Darmstadt, Germany). The water used in
he following experiments was purified using a Barnstead
Dubuque, IA, USA) ROpure LP reverse osmosis unit with

high flow cellulose acetate membrane (Barnstead D2731)
ollowed by a Barnstead D3804 NANOpure organic/colloid
emoval and ion exchange packed-bed system.

.2. Cultivation and preparation of biomass T. versicolor
-bond donors 8 4
-bond acceptors 22 12
olar mass 992.80 696.7

max (nm) 505 498
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where k2 (g/(mg min)) is the rate constant of the second order
adsorption.

A plot of 1/qt versus 1/t (Eq. (6)) should give a linear relation-
G. Bayramoğlu, M. Yakup Arıca / Journa

20.0); MgSO4·7H2O (0.5); NH4Cl (0.1); CaCl2·H2O (0.1);
hiamine (0.001). The pH of the medium was adjusted to 4.5
efore autoclaving. Once inoculated, flasks were incubated on
n orbital shaker at 150 rpm for 7 days at 30 ◦C. After incubation,
he biomass was harvested from the medium and washed with
istilled water. Heat treated form of T. versicolor was prepared in
hysiological saline solution by heating at 100 ◦C for 10 min and
fter treatment referred as heat-treated fungal biomass. Native
nd heat treated fungal biomass was centrifuged at 5000 rpm for
0 min, washed with sterile physiological saline buffer solution
nd dried in a vacuum oven at 50 ◦C.

.3. Biosorption studies

The biosorption of DB-1 and DR-128 on the native and heat-
reated fungal biomass preparations were investigated in a batch
ystem. A stock solution (1000 mg/L) of each dye was obtained
y dissolving the dyes in purified water. The ranges of concen-
rations of both dyes were prepared from these stock solutions.
o determine the effect of initial concentrations of the dyes on

he biosorption rate and capacity on the fungal preparations, the
nitial concentration of each dye was changed between 25 and
00 mg/L in the biosorption medium.

The effects of the initial medium pH on the biosorption capac-
ty of the fungal biomass preparations was investigated in the pH
ange of 2.0–9.0 (which was adjusted with H2SO4 or NaOH at
he beginning of the experiment and not controlled afterwards)
t 25 ◦C. The effect of temperature was studied at four different
emperatures (i.e., 5, 15, 25 and 35 ◦C) and at pH 6.0. In a typical
iosorption experiment, fungal biomass (250 mg wet weight) in
0 mL of dye solution was agitated magnetically at 150 rpm for
h at 25 ◦C. The concentration value of the biosorption samples
as 200 mg/L. Before analysis of the remaining dye concen-

ration, the fungal biomass was collected by centrifugation at
000 rpm and was dried under reduced pressure in a vacuum
ven at 60 ◦C for 24 h. The amount of biosorbed dye per unit
ungal biomass (mg dye per g dry biomass) was obtained by
sing the following expression:

= (C0 − C)V

M
(1)

here q is the amount of dye biosorbed onto the unit amount
f the biomass (mg/g); C0 and C are the concentrations of the
ach dye in the initial solution (mg/L) and after biosorption,
espectively, V the volume of the aqueous phase (L) and M is
he amount of the biomass (g). The concentrations of each dye
n the samples were analyzed using a double beam UV/vis spec-
rophotometer (Shimadzu, Tokyo, Japan; Model 1601) at 505
nd 498 nm for DB-1 and DR-128, respectively. Results given
n averages were obtained from the experiments repeated three
imes.

.4. Adsorption isotherm models
The Freundlich adsorption isotherm model has been shown to
escribe the biosorption equilibrium. The equations can be writ-
en in the form given below to predict the adsorption capacities

s
c
f
t

azardous Materials 143 (2007) 135–143 137

f the biosorbent:

= KF(Ceq)1/n (2)

F and n are the Freundlich adsorption isotherm constants char-
cteristic of the system. KF and n are indicative of the extent of
he adsorption and the degree of non-linearity between solution
oncentration and adsorption, respectively. On the other hand,
he Temkin isotherm model assumes that adsorption is charac-
erized by a uniform distribution of binding energies, up to some

aximum binding energy (�Gmax), which results in the follow-
ng isotherm equation [32]:

= QT ln(1 + KTC) (3)

here KT (mol/L) is the equilibrium binding constant corres-
onding to the maximum binding energy (KT = exp(−�Gmax/
T), and QT is the differential surface capacity for dye
iosorption per unit binding energy.

.5. Determination of kinetic parameters

The kinetics of dye biosorption on the fungal biomass prepa-
ations was determined with two different kinetic models, i.e.,
he first- and second order. The first-order rate equation of Lager-
ren is one of the most widely used equations for the sorption
f solute from a liquid solution [33]. It may be represented as
ollows:

dqt

dt
= k1(qeq − qt) (4)

here k1 is the rate constant of pseudo-first order biosorption
min−1) and qeq and qt denote the amounts of biosorption at
quilibrium and at time t (mg/g), respectively. After integration
y applying boundary conditions, qt = 0 at t = 0 and qt = qt at t = t,
ives:

og

(
qeq

qeq − qt

)
= k1t

2.30
(5)

plot of log(qeq − qt) against t should give a straight line to
onfirm the applicability of the kinetic model. In a true first
rder process log qeq should be equal to the intercept of a plot
f log(qeq − qt) against t.

Ritchie proposed a method for the kinetic adsorption of gases
n solids [34]. If the dye biosorption medium is considered to
e a second-order reaction, Ritchie equation is:

1

qt

)
=

(
1

k2qeqt

)
+

(
1

qeq

)
(6)
hip for the applicability of the second-order kinetic. The rate
onstant (k2) and adsorption at equilibrium (qeq) can be obtained
rom the intercept and slope, respectively, and there is no need
o know any parameter beforehand.
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Fig. 2. Representative SEM micrograph of the fungus.
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.6. Characterization of the fungal biomass

(i) Scanning electron microscopy: Scanning electron micro-
graph of the nature biomass was obtained using a JEOL,
JMS 5600 scanning electron microscope, after coating with
thin layer gold under reduced pressure.

(ii) The FT-IR spectra: The IR spectra of native and heat-treated
T. versicolor were obtained by using a FT-IR spectropho-
tometer (Mattson 1000 FT-IR, England). For FT-IR spectra,
approximately 0.01 g biosorbent sample was encapsulated
in 0.1 g KBr and pressed into a tablet form by pressing the
ground mixed material with the aid of a bench press. The
FT-IR spectrum was then recorded.

iii) Contact angle measurement: Contact angles to different
test liquids (i.e., water, glycerol and DIM) of all the inves-
tigated fungal biomass film preparations were measured
by sessile drop method at 25 ◦C by using a digital opti-
cal contact angle meter CAM 200 (KSV Instruments Ltd.,
Helsinki, Finland). Both the left- and right contact angles
and drop dimension parameters of the fungal samples were
automatically calculated from the digitalized image using
CAM 200 software operated under Windows 98. The mea-
surements were the average of five contact angles at least
operated on three fungal biomass film samples.

. Results and discussion

.1. Properties of fungal biomass

The surface morphology of the native fungal mycelia is exem-
lified by the scanning electron micrograph in Fig. 2. As shown
n the SEM micrograph, the fungal mycelia have rough and
orous surface. This surface property should be considered as a
actor providing an increase in the total surface area.

In order to confirm the existence of functional groups (i.e.,
mino, carboxyl and phosphate) on the fungal biomass, the
T-IR spectra of the native and heat-treated fungal biomass
ere obtained. The spectra for fungal biomass preparations

re presented in Fig. 3. In general, the FT-IR spectra of both
ungal preparations have intense peaks at a frequency level of
500–3200 and 1540 cm−1 representing amino groups stretch-

ng vibrations. The amino groups stretching vibrations bands of
ungal preparations are superimposed on the side of the hydroxyl
roup band at 3500–3300 cm−1. The strong peaks at around
650, 1400 and 1240 cm−1 are caused by the C O stretching

s
a
a
b

able 2
ontact angles of various test liquids for the tested Trametes versicolor preparations

ungal biomass Water θ (◦) (γerg = 71.3) G

ative 103.6 ± 1.4 9
ative-DB-1 67.8 ± 1.5 8
ative-DR-128 61.7 ± 1.7 8
eat-treated 82.2 ± 0.8 8
eat-treated-DB-1 64.5 ± 2.1 8
eat-treated-DR-128 61.4 ± 0.9 7

erg: surface tension of test liquid.
ig. 3. FT-IR spectra of the (A) native and (B) heat-treated fungal biomass.

and of carbonyl groups. The phosphate groups show some
haracteristic adsorption peaks around 1150 and 1078 cm−1

epresenting P O and P–OH stretching, respectively. The band
etween 610 and 535 cm−1 for the fungal preparation represents
–N–C scissoring and it is only found in protein structure.

Some changes can be observed comparing the native fungal
iomass with that after heat-treated counterpart. A significant

hift can be seen in contract with the fungal biomass before
nd after heat-treatment (Fig. 3). For example, the peaks
round 1650, 1400 and 1150 cm−1 strengthened, shifted and/or
roadened, indicating that heat-treatment process was effective

lycerol θ (◦) (γerg = 64.0) Diiodomethane θ (◦) (γerg = 50.8)

8.2 ± 0.8 59.3 ± 1.1
8.4 ± 2.3 43.5 ± 0.5
2.2 ± 2.3 49.4 ± 1.2
5.3 ± 1.2 33.1 ± 1.1
1.6 ± 0.8 39.5 ± 0.7
7.8 ± 2.1 39.5 ± 0.8
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h
t
2

i
2
i
n
i
d
e
t
w
F
s
B
o
f
T
w
a
u
a

3

t
s
a
t
t
b
c
a
s

ig. 4. Effect of pH on the biosorption capacities of the native and heat-treated
ungal biomass for Direct Blue 1 and Direct Red 128 (initial concentration of
ach dye: 200 mg/L; temperature: 25 ◦C).

or the modification of the surface properties of the fungal
iomass.

Contact angle data with three different test liquids (i.e., water,
lycerol and diiodomethane) for the native and heat-treated fun-
al biomass and their dye-adsorbed counterpart are tabulated
n Table 2. The tested fungal samples gave different contact
ngle values depending on the surface properties. Heat-treatment
esulted in increase in the hydrophilicity of the fungal biomass
urface compared to native form. The same trend was observed
or the dye-biosorbed fungal preparations compared to dye-free
ounterparts. The native form of the fungus was hydrophobic
> 90. After heat-treatment, most of the hydrophobic entities on

he fungal cell surfaces were removed as shown by contact angle
easurement. It should be noted that heat-treatment change the

urface properties compared to native form. Such changes cause
ontact angles and later adsorption capacity changes too.

.2. Effect of pH on biosorption

The fungal cell wall is composed of polysaccharides (i.e.,
hitin and chitosan), proteins, lipids and melanin with several
unctional groups (such as, amino, carboxyl, thiol and phos-
hate groups) capable of binding the dye molecules [5,30]. The
onic forms of the dye in solution and the surface electrical
harge of the biomass depend on the solution pH. Therefore, the
nteraction between a dye and biosorbent is mainly affected by
onization states of the functional groups on both dye molecule
nd biosorbent surface [35,36]. The effect of pH on the benzidine
ased dyes removal efficiency on the native and heat-treated fun-
al biomass is presented in Fig. 4. As seen in the figure, the pH
rofile and biosorption capacity of the fungal biomass prepara-

ions for each dye was different from each other. The biosorption
f DB-1 increased with pH up to 6.0 and then declined with fur-
her increase in pH and, the maximum equilibrium uptake value
as found to be 24.8 mg/g for native and 60.8 mg/g for heat

t
l
d
t

eat-treated fungal biomass for Direct Blue 1 and Direct Red 128 (initial concen-
ration of each dye: 200 mg/L; pH 3.0 for DR-128 and 6.0 for DB-1; temperature:
5 ◦C).

nactivated fungal biomass with an initial dye concentration of
00 mg/L. On the other hand, the equilibrium binding capac-
ty of DR-128 dye also increased to the value of 76.3 mg/g for
ative and 98.9 mg/g for inactivated fungal biomass by increas-
ng pH value from 2.0 to 3.0. The enhancement of uptake of
irect dyes at acidic pH values may be explained in terms of
lectrostatic interactions between the fungal biomass prepara-
ions and the dye molecules. The present results are comparable
ith dye binding by other biosorbent materials. For example,
u and Viraraghavan [1] reported that initial pH of dye solution
ignificantly influenced the chemistry of both Acid Blue 29 and
asic Blue 9 dyes molecules and the inactivated fungal biomass
f A. niger. The effective initial pH was obtained at 6.0 and 4.0,
or Acid Blue 29 and Basic Blue 9 dyes, respectively. Aksu and
ezer reported that the maximum Remazol Black B biosortion
as obtained at pH 2.0 on the dried fungal biomass of Rhizopus
rrhizus. They explained the higher uptakes at lower pH val-
es by electrostatic attractions between negatively charged dye
nions and positively charged cell surface [37].

.3. Effect of ionic strength

The enthalpy of biosorption would be affected not only by
he pH value on the electron donating capability, but also by the
alt concentration on the hydrophobic and electrostatic inter-
ction between dye and surface functional adsorptive sites of
he fungal biomass preparations. The adsorption capacities of
he native and heat-treated fungal biomass to both benzidine-
ased dyes were not significantly affected with increasing NaCl
oncentration from 0 to 0.5 M (Fig. 5). It should be noted that
n increased ionic strength with NaCl did not interfere in the
tudied experimental range with the binding of both dyes to

he fungal biomass preparations. Dyeing processes consume
arge amounts of salt. Therefore, the concentration of salt in
ye wastewaters can be normally high. From this point of view,
his result indicates that the biomass of T. versicolor can be used
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ig. 6. Biosorption capacities of native and heat-treated fungal biomass at dif-
erent temperatures for Direct Blue 1 and Direct Red 128 (initial concentration
f each dye: 200 mg/L; pH 3.0 for DR-128 and 6.0 for DB-1).

or removal of benzidine based direct dyes from salt containing
ater.

.4. Effect of temperature

Various textile dye effluents are produced at relatively high
emperature, therefore, temperature can be an important factor
or the real application of the fungal biomass. The effect of tem-
erature on the equilibrium biosorption capacity of the native
nd heat-treated fungal biomass was studied in the temperature
ange of 5–35 ◦C at an initial dye concentration of 200 mg/L.
s shown in Fig. 6, the biosorption capacities of the fungal
reparations were increased for both dyes with increasing tem-
erature from 5 to 35 ◦C due to increased surface activity and
ncreased kinetic energy of each dye molecules [18,38]. Since
he biosorption increased when temperature increased, there-
ore, the system was endothermic. Similar observations were
eported in the literature [38,39]. For example, Aksu and Tezer
eported that the adsorption capacity of the green alga Chlorella
ulgaris for Ramazol Black B was increased with increases in
emperature [37].

.5. Effect of initial dye concentration on biosorption

The amount of biosorbed DB-1 and DR-128 onto the native
nd heat-treated fungal biomass preparations at equilibrium
ere studied and plotted as a function of the initial concen-

ration of each dye in the biosorption medium (Fig. 7). The
iosorption capacity of the biomass preparations increased with
ncreasing of the initial concentration of both dye in the biosorp-
ion medium. The maximum biosorption capacities of the native
nd heat-treated fungal biomass were found to be 101.1 and

52.3 mg/g (or 0.102 and 0.153 mmol/g) for the DB-1 and 189.7
nd 225.4 mg/g (or 0.271 and 0.322 mmol/g) for DR-128 dye
ry fungal biomass, respectively (Fig. 7). The heat-treated form
emonstrated higher biosorption capacity to both dyes than

fi
a

ative and heat-treated fungal biomass for Direct Blue 1 and Direct Red 128
initial concentration of each dye: 200 mg/L; pH 3.0 for DR-128 and 6.0 for
B-1; temperature: 25 ◦C).

hose of the native form. These results may be explained by
he increase in the additional binding sites via denaturation of
roteins on the cell wall structures. In the biosorption studies
f two different dyes by native and heat treated fungal biomass,
he amino groups could be the major binding site, while car-
oxylic acid and phosphate groups as well as lipid fraction might
lso provide additional binding sites [4]. As seen from Fig. 1,
oth dyes molecules have sulphonate and amino groups and
an be ionized easily in aqueous solution. Therefore, the pos-
tively and negatively charged functional groups on the fungal
iomass can interact with opposite charges of dyes molecules
nder given experimental condition. It should be noted that,
olecular weight of dye molecules has an important influence

n the removal efficiency and biosorption capacity of native
nd/or treated biomass. As seen in Fig. 7, the low biosorption
f DB-1 in comparison to that of DR-128 may be attributed
olecular mass of the dyes and restricted its adsorption. As

iven in Table 1, the molecular weight of DB-1 is much higher
han that of the DR-128 dye, which will prevent the molecules
ntering the smaller pores of the biosorbents, resulting in lower
dsorption capacity. The present results also compare favorable
ith the dye binding to other biosorbents, which are used in

he dye removal studies from aqueous solutions. For example,
’Mahony et al. [3] investigated the effect of dye concentra-

ion on the adsorption of Remazol Blue, Remazol Orange and
ibacron Red using R. arrhizus biomass and, the uptake capac-

ty of the microbial biomass was 90, 190 and 150 mg per dye g
iomass, respectively.

.6. Dyes biosorption isotherms
The Freundlich and Temkin isotherm models were used to
t the experimental data and these isotherm models are usually
dopted for heterogeneous adsorption. The experimental,
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ig. 8. Comparison of the equilibrium experimental and the adsorption
sotherms obtained from the Freundlich and Temkin models for DB-1 adsorption
n the native and heat-treated fungal biomass.

reundlich and Temkin isotherms are exemplified for DB-1
ye and, is presented in Fig. 8. The experimental isotherm
as fitted by the Freundlich and Temkin isotherm models. The
reundlich isotherm relates the adsorbed concentration as the
ower function of solute concentration. In this isotherm model,
he magnitude of KF and n values of the model showed easy
ptake of dyes from aqueous medium with a high adsorption
apacity of the fungal biomass preparations. Values of n > 1 for
oth dyes molecules indicates positive cooperativity in binding
nd a heterogeneous nature of adsorption (Table 3). In the
ase of the Temkin model, the corresponding semi-logarithmic
lots gave rise to linear plot for the biosorption of both dyes,
o fungal biomass preparations and the correlation coefficient
f the semi-logarithmic plots (R2) was above 0.988 for the
iomass preparations, indicating the Temkin model best fitted
he experimental data (Table 3). For the interactions between
ach dye molecules and fungal biomass surface should result in
niform binding energies, up to some maximum binding energy
�Gmax). In these cases,�Gmax values were found to be between
27.19 and −26.10 kJ/mol for the DB-1 and DR-128 dyes on the

ungal biomass preparations (Table 3). From these results, the
ange and distribution of binding energies should depend on the

ensity, and type of functional groups, both on the dye molecules
nd the fungal biomass preparations surface. As indicated in the
emkin model, the binding energy decreased with increasing the
mounts of adsorbed dye on the biosorbents surface (Table 3).

D
l
a
k

able 3
he Freundlich and Temkin models constants and correlation coefficients for biosorp

ungal biomass Freundlich constants

n KF R2

ative-DB-1 1.18 1.51 0.983
eat-treated-DB-1 1.24 1.78 0.972
ative-DR-128 1.41 1.84 0.967
eat-treated-DR-128 1.32 1.54 0.967
ig. 9. The equilibrium adsorption time of DR-128 and DB-1 biosorption
nto native and heat-treated fungal biomass (initial concentration of each dye:
00 mg/L; pH 3.0 for DR-128 and 6.0 for DB-1; temperature: 25 ◦C).

.7. Biosorption equilibrium time and kinetic models

Biosorption rates of DB-1 and DR-128 were obtained by
ecording the gradual decrease of the concentration of each dye
ithin the adsorption medium with time (Fig. 9). The time neces-

ary to reach equilibrium for the removal of the dye molecules
y native and heat-treated treated fungal biomass from aque-
us solution was established about 6 h. After equilibrium, the
mount of adsorbed dye did not change significantly with time.

The experimental kinetic data of biosorption studies were
pplied to the first and second order kinetic models. First-order
inetic indicates that the process of biosorption occurs at a rate
roportional to dye concentration, which is particularly suitable
or low concentrations. Second order kinetic is thought to drive
rom biosorption processes in which the rate-controlling step is
n exchange reaction [17]. The rate constants, k, for the biosorp-
ion of the dye molecules on native and heat-treated biomass
reparations were determined from the first- and second order
ate equation given by Lagergren and Ritchie and tabulated in
able 4. The data obtained by the Lagergren first order kinetic
quation did not describe well the biosorption of the tested dye
n the biomass preparations. On the other hand, the experimental
alue of maximum biosorption capacity (qexp) for the DB-1 and

R-128 dyes on the fungal preparations are very close to calcu-

ated theoretical values (qeq) of the second order kinetic model,
nd also indicated that this process followed the second-order
inetic model (Fig. 10 and Table 4). These results suggest that

tion of DB-1 and DR-128 on the native and heat-treated fungal biomass

Temkin constants

QT (mg/g) KT × 104 (M−1) R2 �G (kJ/mol)

28.9 4.11 0.988 −26.10
43.2 3.42 0.995 −27.03
66.5 3.14 0.992 −27.69
54.0 3.22 0.993 −27.19
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Table 4
The first-order and second-order kinetics constants for biosorption of DB-1 and DR-128 on the native and heat treated fungal biomass

Fungal biomass Experimental First-order kinetic Second-order kinetic

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

Native-DB-1 101.1 2.17 120.1 0.993 2.98 99.6 0.997
Heat-treated-DB-1 152.3 3.09 171.8
Native-DR-128 189.7 1.83 160.9
Heat-treated-DR-128 225.4 2.19 212.1
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[6] L.K. Lowry, W.P. Tolos, M.F. Boeniger, C.R. Nony, M.C. Bowman, Chem-
ig. 10. The second-order kinetic plots for adsorption of DR-128 and DB-1 onto
ative and heat-treated fungal biomass.

he second order mechanism is predominant and that chemisorp-
ion might be the rate-limiting step that controls the biosorption
rocess. The rate-controlling mechanism may vary during the
ourse of the biosorption process three possible mechanisms
ay be occurring. There is an external surface mass transfer or
lm diffusion process that controls the early stages of the adsorp-

ion process. This may be followed by a reaction or constant rate
tage and finally by a diffusion stage where the adsorption pro-
ess slows down considerably [40,41].

Thus, the second order kinetic model was suitable for descrip-
ion of biosorption kinetics for the removal of DB-1 and DR-128
yes from aqueous solution onto native and heat-treated biomass
f T. versicolor.

. Conclusions

The biosorption of Direct Blue 1 and Direct Red 128 dyes
rom aqueous solution on the native and heat-treated fungal
iomass preparations was studied in a batch system with respect
o medium pH, temperature and initial dye concentration. The
esults of the study clearly showed that physical surface mod-
fication methods could be used to maximize the dye removal
fficiency of the fungal biomass. Biosorption of each dye is
trongly pH dependent. The maximum biosorption capacities

f the native and heat-treated fungal biomass were found to be
01.1 and 152.3 mg/g for the DB-1 and 189.7 and 225.4 mg/g
or DR-128 dye dry fungal biomass, respectively. The Temkin
sotherm model was more applicable to the type of biosorption
0.978 3.51 153.3 0.971
0.998 4.56 186.5 0.989
0.993 5.21 222.3 0.991

chieved by native and heat-treated fungal biomass of T. versi-
olor. The first and second order kinetic models were applied to
he biosorption of the dye on the fungal biomass preparations and
t was observed that the interactions could be better explained
n the basis of second order kinetic equations. These results
uggest that heat-treated T. versicolor biomasses have potential
pplications in biotreatment systems for the dye removal from
he effluent of the textile industry. It may be concluded that
ungal biomass can be operated in the continuous flow stirred
ank or column reactor configurations for large-scale application
nd, the fungal biomass can be recovered from these systems
y simple filtration. Such applications would involve easily the
eplacement of conventional adsorbent materials by biosorbent.

comparison of biosorption capacity of T. versicolor with those
btained in the literature for the adsorption of textile dyes on
lternative biosorbents also showed that T. versicolor is more
ffective for this purpose [10,12,16,29]. Further studies may be
eeded for the removal of other hazardous materials present in
extile effluents such as heavy metal ions and other textile dyes.
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