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a b s t r a c t

The batch experiments were conducted to study the copper(II) removal by formaldehyde inactivated
Cladosporium cladosporioides, Gliomastix murorum and Bjerkandera sp., at conditions of agitation speed of
150 rpm, temperature of 25 ◦C, biosorbent dose of 2 g l−1 and contact time of 12 h. It was found that, for each
biomass, the optimum pH was 6.0 and the equilibrium establishing time was about 2 h. Without acid or
alkali treatment for improving adsorption properties, the experimental maximum copper(II) biosorptions
vailable online 14 October 2008
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were relatively high: 7.74 mg g−1 for C. cladosporioides, 9.01 mg g−1 for G. murorum, and 12.08 mg g−1 for
Bjerkandera sp.. The biosorption data of all the dead fungal biomasses were quite fitted to Langmuir
isotherm model and pseudo second-order kinetic model; first-order Lagergren kinetic model gave good
adjustment to the data of Bjerkandera sp. but did not fit the data of C. cladosporioides and G. murorum very
well. These fungal biomasses exhibited relatively high capacity for the removal of copper(II) from aqueous
solutions.
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. Introduction

Environmental contamination by hazardous heavy metals (like
opper, lead, zinc and cadmium) has become one serious envi-
onmental problem of worldwide concern [1]. There is no time to
elay the removal of heavy metals from effluents. Since the 1990s,
eavy metal removal by biomaterials has become more and more
cceptable [2]. Fungal biomasses are considered to be good biosor-
ents for heavy metals because of their advantages such as low
ost, environmental friendliness, regeneration, performing sim-
licity and short cycle [1–3]. Many fungi have been studied on
heir capacities for heavy metal biosorption, for example, Pleuro-
us pulmonarius, Schizophyllum commune [4], Auricularia polytricha
5], Phanerochaete chrysosporium [6], Aspergillus spp. [7–9], Peni-
illium spp. [10,11], Rhizopus arrhizus [10,12,13] and Saccharomyces
pp. [14,15].

Researchers have suggested that the two main mechanisms
f heavy metal biosorption are: (1) ion exchange reacting with

he active chemical groups such as hydroxyl, carbonyl, carboxyl,
ulfhydryl, sulfonate, thioether, amine, imine and phosphonate
16–18]; (2) physicochemical inorganic interactions directed by
dsorption phenomena [16]. It is noticeable that the former is a

∗ Corresponding author. Tel.: +86 25 8368 6787; fax: +86 25 8368 6787.
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ritical mechanism [16] for removal of most of the heavy metals,
ut never for precious metals such as gold and silver [19]. These
echanisms determine the significance of control over the experi-
ental parameters. Several crucial parameters can influence heavy
etal biosorption, such as pH, pretreating methods, fungal species,
etal species, contact time and initial metal concentration [20,21].

hese parameters which provide information about effectiveness of
etal-biosorbent system can be obtained from batch experiments.
The literatures [9,16,18] indicate that heavy metal biosorption

y fungal biomass follows adsorption isotherm and kinetic equa-
ions. Adsorption isotherm models such as Langmuir [4], Freundlich
2], Temkin [23], Redlich–Peterson [24], and kinetic models such as
rst-order Lagergren [25] and pseudo second-order [26] have been
sed to simulate heavy metal biosorption processes.

For this biosorption study, filamentous fungi Cladosporium cla-
osporioides, Gliomastix murorum and Bjerkandera species were
elected. The highly porous and meshes structure of the mycelia
f filamentous fungi might provide ready access and large sur-
ace area for biosorption of metals [15]. Some different strains
f melanin-producing C. cladosporioides have been confirmed as
ood biosorbents for removal of many heavy metals [19,27,28]

ncluding precious metals gold and silver [19]. In this work, a spe-
ial strain of C. cladosporioides was isolated from an underground
iver in a gold mine. White-rot fungus Bjerkandera sp. has been
ell researched on its dye-decolorizing property and peroxidase

29,30]. Fewer investigations on filamentous fungus G. murorum

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tianxj@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.10.013
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Bjerkandera sp. showed the most pH sensitivity with the data
of copper(II) adsorbed increasing from 2.20 to 12.08 mg g−1. The
optimum pH value for the biomasses was 6.0 at which the
amounts of copper(II) biosorption were 7.74 mg g−1 by C. cla-
dosporioides, 9.01 mg g−1 by G. murorum, and 12.08 mg g−1 by
70 X. Li et al. / Journal of Hazard

re mostly about taxonomy and metabolites [31,32]. There is no
eport on heavy metal biosorption by Bjerkandera sp. and G. muro-
um as far as we know. The objective of this study was to measure
he copper(II) biosorption capacities of these three species of dead
ungal biomasses, to evaluate the optimum removal conditions, and
o investigate the biosorption equilibrium and kinetics.

. Materials and methods

.1. Preparation of the biomasses

The fungal biosorbents used for this study were C. cladospo-
ioides, G. murorum, and Bjerkandera sp.. C. cladosporioides and
. murorum were isolated from the underground river of Fushan
old Mine, Zhaoyuan, China; Bjerkandera sp. was isolated from the
ark of camphor tree (Cinnamomum camphora) in campus of Nan-

ing University, Nanjing, China. The fungi were cultivated in liquid
edium composed of malt extract (20.0 g l−1), peptone (1.0 g l−1)

nd dextrose (20.0 g l−1). The Erlenmeyer flasks (250 ml) contain-
ng 100 ml of culture medium were inoculated and incubated on a
otary shaker (150 rpm) at 25 ◦C. Fungal mycelium was harvested
fter 7-day incubation and washed several times with deionized
ater. After being inactivated by immersion into 1% formaldehyde

nd washed, the mycelium was dried at 60 ◦C for 24 h and finally
round into particles less than 0.5 mm in diameter. The particles
ere called dead biomass without acid or alkali treatment.

.2. Copper(II) biosorption experiments

The copper(II) solutions were prepared by diluting cop-
er(II) stock solution (1 g l−1), which was obtained by dissolving
uCl2·2H2O (analytical reagent grade, Shanghai Zhenxin Chemical
eagent Factory, China) in deionized water.

For each treatment, 0.2 g dead fungal biomass was added into
00 ml of copper(II) solution in 250 ml Erlenmeyer flask. The flasks
ere agitated (150 rpm) at 25 ◦C for 12 h to reach adsorptive equi-

ibrium. The biomasses then were separated by vacuum filtration
hrough 0.45 �m Millipore membranes (Shanghai Xingya Purifica-
ion Material Factory, China).

Experiments to evaluate the effect of pH on biosorption were
onducted at pH 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5 and 7.0 (at
olution concentration of 100 mg l−1). Experiments to evaluate the
ffect of initial copper(II) concentration were conducted at 5, 10, 25,
0, 75, 100, 200 and 300 mg l−1 (at optimum pH), which were also
esigned for biosorption isotherm studies (at 25 ◦C). Batch kinetic
xperiments were performed at optimum pH and copper(II) con-
entration of 100 mg l−1, during which samples were harvested at
/12, 1/6, 1/4, 1/2, 1, 2, 4, 8 and 12 h.

.3. Measurements

The characteristics of three species of dead fungal biomasses
ere measured by a Nicolet Nexus 870 Fourier transform infrared

FTIR) spectrometer (Nicolet Instruments Co., USA). Solution pH
as measured by pH meter (PHS-3C, Shanghai Hongyi Instru-
entation Co., Ltd, China) and adjusted with 0.1 mol l−1 HCl and

.1 mol l−1 NaOH. Copper(II) concentrations were analyzed by
ame atomic absorption spectrophotometer (AA320CRT, Shanghai
nalytical Instrument Overall Factory, China).
.4. Models of copper(II) biosorption

.4.1. Copper(II) biosorption isotherms
Langmuir and Freundlich isotherms were used for the simula-

ion of the experimental biosorption data from the batch system.
aterials 165 (2009) 469–474

The linear Langmuir isotherm Eq. (1) [4] and Freundlich
sotherm Eq. (2) [22] are

1
qe

= 1
qmax

+
(

1
qmaxKL

)
1
Ce

, (1)

n qe = ln KF + 1
n

ln Ce, (2)

here qe is the amount of copper adsorbed on per gram of biomass
mg g−1) at equilibrium, constant qmax is theoretical maximum
mount of copper adsorbed on per gram of biomass (mg g−1), Ce

mg l−1) is the copper(II) concentration at equilibrium, KL is the
angmuir adsorption constant (l mg−1), KF (mg(n−1)/n l1/n g−1) and
is the Freundlich adsorption constants.

.4.2. Kinetics of copper(II) biosorption
Kinetics of copper(II) biosorption was simulated by the linear

rst-order Lagergren Eq. (3) [25,33] and pseudo second-order Eq.
4) [26,34] shown below:

n(qe − qt) = ln qe − kL

2.3
t, (3)

t

qt
=

(
1
qe

)
t + 1

2k′q2
e

, (4)

here kL (h−1) and k′ (g mg−1 h−1) are the Lagergren and pseudo
econd-order rate constants for adsorption, respectively, qe and qt

re the amount of copper adsorbed on per gram of biomass (mg g−1)
t equilibrium and time t (h), respectively.

. Results and discussions

.1. Effects of pH on copper(II) biosorption

At pH 6.5 and 7.0, precipitation of copper hydroxide resulted
n inaccuracy of the experimental data. The results showed that
he adsorptive capacity of all biomasses approximately increased
ith the raising of pH (from 2.5 to 6.0). As pH values increased,
Fig. 1. FTIR spectra of three species of dead fungal biomasses.
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than 200 mg l−1. Therefore, concentrations from 5 to 100 mg l−1

F
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ig. 2. The effect of initial copper(II) concentration on copper(II) biosorption by
hree species of dead fungal biomasses at optimum pH 6.0 for 12 h.

jerkandera sp.. Under the same conditions, the amount and cat-
gory, as well as their interactions of binding groups on fungal
iomass surfaces might be the crucial factors which caused dif-

erent biosorption capacities in this study. Different cell wall
ompositions of the three species of fungi [35] provided differ-
nt functional groups to the metal ions. FTIR spectra (Fig. 1)
ould help us to estimate that these functional groups might be

w
b
T
t

ig. 3. Copper(II) biosorption isotherms by three species of dead fungal biomasses at op
liomastix murorum and (c) Bjerkandera sp.; (d–f) Freundlich model: (d) C. cladosporioides
aterials 165 (2009) 469–474 471

mino (3500–3200 and 1549 cm−1), hydroxyl (3500–3300 cm−1),
arbonyl (1653 and 1240 cm−1), carboxyl (1458 cm−1), phospho-
ate (1157 and 1080 cm−1), etc. [15–18].

Many studies have proved that pH of solution is an impor-
ant parameter for metal biosorption. This might be because that
olution pH affects both chemical properties of biosorbates and
urface characteristics of biosorbents [5,18,36–39]. At low pH 2.5
nd 3.0, the amounts of copper(II) adsorbed by each species of
ungal biomass were very low and almost kept unchanged. This
henomenon might be caused by protonation of the cell wall com-
onents [17]. With the increase of pH (3.5–6.0), protonation effect
ecame minor, so that the amounts of copper(II) adsorbed by the
iomasses all increased sharply. That was because the raise of neg-
tive charge density on the biomass surfaces offered more metal
inding sites [7,17,40]. This work had the similar optimum pH value
6.0) with some other works for P. chrysosporium [17,38], Aureoba-
idium pullulans [27] and Trametes versicolor [41].

.2. Effects of initial copper(II) concentration on biosorption

At pH 6.0, copper(II) precipitated at initial concentration higher
ere available. The effects of initial copper(II) concentration on
iosorption by the dead fungal biomasses are presented in Fig. 2.
he results showed that, for each fungal biomass, copper biosorp-
ion increased with the raise of initial copper(II) ion concentration

timum pH 6.0, 25 ◦C. (a–c) Langmuir model: (a) Cladosporium cladosporioides, (b)
, (e) G. murorum and (f) Bjerkandera sp..
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t un-precipitable pH. At the initial copper(II) concentration of
00 mg l−1, each of the biomasses exhibited the highest biosorp-
ion capacity. And the biosorption amounts were very close to
hose at the condition of pH 6.0 in the experiments for evaluating
H effects on biosorption. Copper biosorption by C. cladospori-
ides increased sharply from 1.49 to 7.58 mg g−1 while the initial
oncentration was from 5 to 50 mg l−1. But this increase became
inor when the initial concentration continued to be raised. Sharp

ncrease (from 1.59 to 8.23 mg g−1) of biosorption by G. murorum
as observed at the same range of initial copper(II) concentration,
ut Bjerkandera sp. (from 1.66 to 12.08 mg g−1) was at a range of
–100 mg l−1.

Under the same conditions, there are more copper(II) ions
round the active sites of biomasses in the solution of higher con-
entration, where biomasses could adsorb copper(II) ions more
ufficiently [42]. Once almost all active sites of biomass surface have
ombined with copper(II) ions, biosorption process reaches satu-
ation. Therefore, copper(II) biosorption by most fungal biomasses
eeps unchanged after increasing obviously with the increase of
he initial concentration.

.3. Biosorption isotherms

Langmuir model (Fig. 3a–c) presented the best adjustment for
opper(II) removal by each fungus with high regression coefficient
R2

L ≥ 0.96, p < 0.05), while Freundlich model did not give very good
djustments with R2

F values from 0.86 to 0.89 (p < 0.05) at 95% con-
dence level (Fig. 3d–f).

The Freundlich model is an empirical equation based on adsorp-
ion on a heterogeneous surface [22]. Prakasham et al. [43] proved
hat Freundlich isotherm was not corrected for variations in
nvironmental conditions. Langmuir model assumes a monolayer
dsorption whose energy is constant and that there is no migra-
ion of adsorbate molecules in the surface plane [15,16,44]. A lot of
tudies on heavy metal biosorption by fungi were better fitted by
angmuir model than Freundlich model [9,15,41,42,45].

Freundlich model had constants of 1.67, 1.72 and
.74 mg(n−1)/n l1/n g−1 separately for three KF values and 2.80,
.58 and 2.29 for n values. Langmuir model showed the theo-
etical maximum capacities (qmax) of adsorbing copper(II) were
.43, 10.85 and 13.17 mg g−1 for C. cladosporioides, G. murorum
nd Bjerkandera sp., respectively. These theoretical values were
omewhat higher than corresponding experimental ones (7.74,
.01 and 12.08 mg g−1).
The qmax of the Langmuir model was assumed to be the
aximum amount of copper(II) ions which form a complete
onolayer onto the surface of biosorbents. The values of qmax

uggested that, on biosorption capacity, the arrangement of the
ead fungal biomasses was Bjerkandera sp. > G. murorum > C. cla-

(
a
b
c
(

able 1
opper(II) biosorption by fungal biomasses: a selection of the Langmuir constant qmax an

iosorbent pH

aOH-treated Aspergillus niger 5.0
aOH-treated A. niger 6.0
ydrochloric acid-treated waste beer yeast 5.0

mmobilized Phanerochaete chrysosporium 6.0
aOH-treated Botrytis cinerea 5.0
ead Botrytis cinerea (heat inactivated) 5.0
ead Pleurotus pulmonarius (HCHO inactivated) 4.0
ead Schizophyllum commune (HCHO inactivated) 4.0
ladosporium cladosporioides –
ead C. cladosporioides (HCHO inactivated) 6.0
ead Gliomastix murorum (HCHO inactivated) 6.0
ead Bjerkandera sp. (HCHO inactivated) 6.0
ig. 4. The amount of copper(II) biosorption by three species of dead fungal
iomasses at different conducted time (at initial concentration of 100 mg l−1 and
ptimum pH 6.0).

osporioides. There was the same conclusion while arranged
ccording to Freundlich constants KF or 1/n, which related to the
dsorptive capacity and intensity, respectively [4,22]. This sug-
ested that there was a relationship between biosorption capacity
nd adsorptive intensity for the dead fungal biomasses in this
ork.

.4. Comparison of biosorption capacity with other fungal
dsorbents

The Langmuir constants (qmax) of some fungal biomasses are
isted in Table 1. Pretreatments (like NaOH-boiling, immobilization)
ould avail copper(II) ions more functional groups to bind on, so
hat qmax of pretreated biomasses were higher than un-pretreated
iomasses. Nevertheless, compared with other un-pretreated fun-
al biosorbents, the dead biomasses in this study presented high
apacities of copper(II) biosorption. Therefore, C. cladosporioides, G.
urorum and Bjerkandera sp. had potential as biosorbents for the

emoval of copper(II) from solutions.

.5. Biosorption kinetics

The changes of copper(II) biosorption by the dead fungal
iomasses with time are shown in Fig. 4. It was found that the
dsorbed amount of copper(II) increased during the biosorption
rocess. This process consisted of two phases: the rapid phase

the first 1 h) at which biosorption contributed significantly to
dsorptive equilibrium, and the subsequent slower phase at which
iosorption contributed relatively small. During the initial phase,
opper(II) biosorption reached 93.79% (C. cladosporioides), 85.09%
G. murorum) and 81.96% (Bjerkandera sp.) of the equilibriums.

d some parameters of various fungal biosorbents from the literatures.

C0 (mg l−1) qmax (mg g−1) References

0–10.0 4.69 [9]
0–10.0 6.35 [9]

3.20–44.8 1.45 [42]
10.0–500 99.9 [38]
5.00–300 20.4 [46]
5.00–300 9.23 [46]
5.00–200 6.20 [4]
5.00–200 1.52 [4]

– 19.5 [19]
5.00–100 9.43 This study
5.00–100 10.9 This study
5.00–100 13.2 This study
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ig. 5. Linear plot of the kinetic models for copper(II) biosorption by three species o
b) G. murorum and (c) Bjerkandera sp.; (d–f) pseudo second-order kinetic model: (d

he time for each of the equilibriums was about 2 h. Most of the
iosorption works [13,15,42] reported that the equilibrium time
as very short (within 30 min). However, Sağ et al. [47] and Gabriel

t al. [48] also reported that their equilibrium time was about
h.

To simulate the metal biosorption kinetics, first-order Lagergren
nd pseudo second-order models were most often used [9,26,49].
irst-order Lagergren model relies on that the rate of occupation
f adsorption sites is proportional to the number of unoccupied
ites [50]. Literatures [49,51] indicated that, in most cases, this
odel was not applicable for all experimental data throughout the
hole biosorption process. In this study, it fitted the kinetic data of

jerkandera sp. (Fig. 5a) with regression coefficient (R′2
L , 0.94) sta-

istically significant (p < 0.05) at 95% confidence level, though it was
nly comparatively applicable during the initial 1/2 h as mentioned
y Taty-Costodes et al. [51]. It did not fit the data of C. cladospori-
ides or G. murorum very well with R′2

L of 0.88 and 0.84, respectively
Fig. 5b and c).

The pseudo second-order model relies on that biosorption
apacity is proportional to the number of active sites occupied on
he biosorbent, and that biosorption may be the rate-limiting step
nvolving valence forces through sharing or exchanging electrons
etween biosorbent and adsorbate [34,49]. Being similar to the

esults of [26] and [52], this model fitted the kinetic data of the three
ungi very well in this study (Fig. 5d–f). It presented good adjust-

ent for copper(II) adsorption with regression coefficients (R′2)
igher than 0.99 (p < 0.05) at 95% confidence level. The constant qe

7.77, 9.09 and 12.38 mg g−1 for C. cladosporioides, G. murorum and

P
u
N

fungal biomasses. (a–c) First-order Lagergren kinetic model: (a) C. cladosporioides,
adosporioides, (e) G. murorum and (f) Bjerkandera sp..

jerkandera sp., respectively) was very close to the experimental qe

orrespondingly.

. Conclusions

The present work showed that pH, contact time and initial
opper(II) concentration influenced the copper(II) biosorption
rocess of dead Bjerkandera sp., G. murorum and C. cladosporioides
iomasses. The optimum pH was 6.0. The equilibrium established
ithin the first 2 h. Without pretreatment for improving biosorp-

ion capacity, the experimental maximum amounts of copper(II)
dsorbed by per gram biomass were relatively high: 7.74 mg g−1

or C. cladosporioides, 9.01 mg g−1 for G. murorum, and 12.08 mg g−1

or Bjerkandera sp.. The biosorption data of three fungi were
uite fitted to Langmuir model but not very well to Freundlich
odel. The pseudo second-order model gave good adjustments

or adsorptive kinetic data of the three fungi. First-order Lagergren
odel fitted the data of Bjerkandera sp., but did not quite fit those

f C. cladosporioides or G. murorum. The three species of dead
ungal biomasses had relatively high capacity for the removal of
opper(II) from aqueous solutions.
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