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" MNPs-Ca-alginate immobilized P. chrysosporium was explored for Pb(II) removal.
" Pseudo-second-order and Langmuir models best described the Pb(II) adsorption.
" The adsorption was spontaneous and endothermic based on thermodynamic analysis.
" Pb(II) adsorption occurred via the affinity of fungus and the assistance of MNPs.
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a b s t r a c t

A novel adsorbent, iron oxide magnetic nanoparticles and Ca-alginate immobilized Phanerochaete chry-
sosporium, was prepared for removal of Pb(II) ions. Confirmation of the experimental data indicated
the pseudo-second-order reaction of the prepared adsorbents. Langmuir isotherm was found to be appli-
cable in terms of relatively high correlation coefficients, which indicated that the adsorption between
Pb(II) and the adsorbent was favorable. The thermodynamic analysis showed that the adsorption of Pb(II)
was spontaneous and endothermic under the experimental conditions. The adsorption–desorption stud-
ies indicated that the prepared adsorbent kept its adsorption efficiencies constant over 5 cycles, main-
tained about 90%. All the results illustrated that MNPs–Ca-alginate immobilized P. Chrysosporium was
a very attractive adsorbent for efficient Pb(II) removal from contaminated aqueous solution.

� 2012 Published by Elsevier B.V.
1. Introduction

Heavy metals released into the surface and ground water have
been a major preoccupation for many years because of their in-
creased discharge, acute toxicity, non-biodegradable nature and
tendency for bioaccumulation [1–3]. Pb(II) is one such heavy metal
frequently ran into raw wastewater, as a result of different activi-
ties such as industries, mining, and agriculture. Lead is the most
representative toxin of the heavy metals which showed toxicolog-
ical and neurotoxical effects on liver, kidney, brain and central ner-
vous system [4–6]. Problems related with Pb(II) pollution in the
environment include irreversible brain damage, nervous disorders,
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loss of cognitive abilities, severe abdominal pain, dizziness, irrita-
bility and weakness of muscles [7–9]. Effective disposal of heavy
metal-bearing wastewater is therefore going to be a huge chal-
lenge due to the fact that cost-effective treatment alternative is
not available.

Increasingly stringent necessity on the wastewater treatment
has created a growing interest in the progress of conventional treat-
ment processes [10,11]. During the last few decades, adsorption
process combined with magnetic separation has been employed
extensively in the processing of wastewater treatment [12]. Field
investigations have shown that iron oxide magnetite nanoparticles
(MNPs) had gained considerable research attentions in environ-
mental remediation, due to their high surface area and unique
superparamagnetism [13]. According to Xu et al. [1], MNPs have
also shown considerable potential as immobilization carries, while
the utilization of MNPs as support carriers are only sparsely ad-
dressed nowadays. First of all, nanoparticles can offer large surface

http://dx.doi.org/10.1016/j.cej.2012.07.048
mailto:zgming@hnu.edu.cn
mailto:huangdanlian@hnu.edu.cn
http://dx.doi.org/10.1016/j.cej.2012.07.048
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


424 P. Xu et al. / Chemical Engineering Journal 203 (2012) 423–431
areas and more multiple sites for interaction or adsorption [14]. In
particular, taking advantage of chemical inertness and favorable
biocompatibility, MNPs tends to be an innovative immobilization
carrier [15,16]. It is therefore necessary to applied iron oxide MNPs
immobilization technology in wastewater treatment.

Generally, immobilization technology could endow adsorbents
with mechanical strength, porous characteristics, increased adsorp-
tion capacity and moreover stronger resistance to environmental
perturbations [17]. Immobilized cells have been attracted great
attention since the 1970s [18], mainly profited from the distinct
advantages over dispersed cells. Generally, immobilization technol-
ogy could endow adsorbents with mechanical strength, porous
characteristics, increased adsorption capacity and moreover stron-
ger resistance to environmental perturbations [17,19]. It is antici-
pated that the practical performance will increase significantly
after combining with biotechnology and nanotechnology, and
large-scale field application will also expand to a great extent. In-
deed, there are various as various studies have dealt with heavy
metal treatment, but to our knowledge, there is scarce study ap-
plied iron oxide magnetic nanoparticles as immobilization carriers
for Phanerochaete chrysosporium (P. chrysosporium).

In our study, we choose P. Chrysosporium as biomass strains to
optimize the adsorbent, based on the fact that P. Chrysosporium is
in possession of available capacity to heavy metals [20,21], and
MNPs–Ca-alginate immobilized P. Chrysosporium was successfully
prepared. Batch adsorption experiments were conducted to inves-
tigate the adsorption ability of Pb(II) ions from aqueous solution.
The adsorption data on kinetic studies were carried out to under-
stand the adsorption process of Pb(II) ions. Experimental equilib-
rium data at different temperatures were fitted to the Freundlich
and Langmuir equations to determine the best fitted isotherm. Be-
sides, thermodynamic study was also performed in this study.
Mechanisms of Pb(II) adsorption was primarily explored with the
use of FTIR method and intra-particle diffusion analysis. In addi-
tion, reusability of the resultant adsorbents was estimated.
2. Materials and methods

2.1. Materials

All reagents used in the experiment were of analytical reagent
grade and were purchased from Kermel Tianjin/China. Distilled
water was used for the preparation of all the solutions throughout
this study. Different concentrations of lead solution were prepared
from a stock of 1000 mg/ml solution prepared from analytical
grade Pb(NO3)2. A pH meter (FE20 Mettler Toledo, China) was ap-
plied to measure the pH of solutions.

The P. chrysosporium (BKMF-1767) was maintained by subcul-
turing on potato dextrose agar (PDA) slants at 4 �C, and then trans-
ferred to PDA plates at 37 �C for several days. Spore suspensions
were prepared by scraping and blending in the sterile distilled
water and then adjusted to a concentration of 2.0 � 106 CFU mL�1.
2.2. Preparation of adsorbents

Iron oxide magnetic nanoparticles (Fe3O4 MNPs) and Ca-algi-
nate were encapsulated in the P. chrysosporium hyphae pellets.
The preparation of adsorbents was conducted by following steps:
First, mixed up Na-alginate (40 g L�1, 1 mL) and MNPs (0.10 g),
and then sterilization under 115 �C for 30 min. Next, inoculated
the mycelium suspensions (2.0 � 106 CFU mL�1, 0.5 mL) into the
mixture, and transformed into sterile CaCl2 (0.1 M, 20 mL) solution
for dropwise, stewed for 4 h and the P. chrysosporium containing
microspheres formed. After that, the prepared microspheres were
rinsed twice with sterile distilled water and then introduced into
50 mL growth medium as described by Kirk et al. [22]. Finally,
the mixture was incubated at 37 �C at 150 rpm. All the above oper-
ations were conducted under sterile condition. After 4–5 days of
incubation, all samples were harvested for adsorption studies.
2.3. Batch adsorption studies

Adsorption experiments by MNPs–Ca-alginate immobilized P.
chrysosporium were investigated in a batch equilibrium technique.
Adsorbents were mixed with aqueous solution at various Pb(II) ini-
tial concentrations in a series of reagent flasks and agitated on a ro-
tary shaker at a constant speed of 150 rpm. All experiments were
carried out at pH 5 according to previous study, adjusted by the di-
lute HCl or NaOH aqueous solution (0.1 M). After adsorption, the
supernatant was decanted and the equilibrium concentration of
each solution was measured by an atomic absorption spectrometer
(AAS, Agilent 3510, USA). All the experiments were carried out in
triplicate and data presented were the mean values from these
independent experiments. Illustration of the preparation proce-
dure and the whole experiment procedure is presented in Fig. 1.
2.4. FTIR analysis

The Fourier transform infrared spectrophotometer (FTIR) (Nico-
let, Nexus-670 FTIR) spectra of the adsorbent were recorded in the
range of 4000–400 cm�1, to determine the main functional groups
of P. chrysosporium available for the binding of Pb(II) for assess-
ment the adsorption mechanism. After 5 days cultivation and
adsorption, the adsorbents were collected and rinsed three times,
and then freeze-dried for 24 h for the FTIR analysis, through the
KBr pressed-disc meth.
2.5. Desorption/reuse studies

The recycling of adsorbent was a most important aspect for an
economical process. The regeneration of the adsorbent may be cru-
cially important for keeping the process costs down and opening
the possibility of recovering the metals extracted from the liquid
phase. For desorption studies, adsorbents were shaken with
50 mL of 0.05 M HCl solution at contact time of 30 min. After
desorption, adsorbents were then rinsed twice with distilled water
and reintroduced into Pb(II)-containing solutions, at the concentra-
tion of 100 mg L�1. The supernatants were collected to determine
the Pb(II) concentration by AAS as described above. Meanwhile,
this adsorption/desorption cycle was repeated five times to test
the reusability of the adsorbents.
2.6. Statistical analysis

The results to be presented were the mean values of three rep-
licates. Standard deviation and error bars were indicated wherever
necessary. In all regression cases, the sum of error squared (SSE)
between the calculated values and the experimental data can be
determined by the following equation:

SSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðqexp � qcalcÞ

2
q

N

where the subscripts qexp and qcalc are the experimental and
calculated adsorption capacity, respectively. N is the number of
measurements.



Fig. 1. Schematics of the preparation of MNPs–Ca-alginate immobilized P. chrysosporium adsorbents and their application for adsorption of Pb(II).
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3. Results and discussions

3.1. Adsorption kinetics

The adsorption rate of Pb(II) on the prepared adsorbents was
studied as a function of contact time at pH 5.0 and 35 �C. Residual
Pb(II) concentrations in aqueous solution were determined at dif-
ferent times at various initial Pb(II) concentrations of 50, 100,
200 mg L�1 and a adsorbent dosage of 1.8 g L�1. Results repre-
sented in Fig. 2 described that a rapid adsorption occurred during
the first 60 min then followed by a slower adsorption rate. The
adsorption equilibrium was achieved within 8 h. These preliminary
kinetic experiments strongly suggested that the adsorption of
Pb(II) metal ions was a two-step process: a rapid adsorption of
metal ions to the surface of bisorbents and followed by possible
slow intracellular diffusion in the interior of the adsorbents [23].
Fig. 2. Effect of contact time on Pb(II) adsorption capacity. pH value: 5.0;
temperature: 35 �C; adsorbent dosage: 1.8 g L�1.
Adsorption kinetics studies was evaluated via the capacity of
the prepared adsorbent. Adsorption kinetic model, usually applied
for estimation of adsorption rate, provides valuable insights into
the mechanism of adsorption reactions [24]. Two simple and
widely applied models, pseudo-first-order and pseudo-second-or-
der models, were applied to experimental data for kinetic analysis.
3.1.1. Pseudo-first-order kinetics
The linear expression of pseudo-first-order rate based on bio-

sorption capacity is generally described in the following equation
[25]:

lnðqe � qtÞ ¼ ln qe � k1t

where qe and qt are the amounts (mg g�1) of adsorbed Pb(II) ions on
the biomass at equilibrium and at time t, respectively. k1 is the first-
order rate constant (min�1).

The pseudo-first-order kinetic has been established at different
initial ions (Fig. 3a). At first 60 min, the rate constant was much
higher, and then a pivotal point emerged at 60 min, after that k1

decreased. The data adequately fitted the pseudo-first order model
over the initial course of the experiment (first 60 min), with high
correlation coefficients in the range of 0.9970–0.9985 (Table 1).

Theoretically, if the whole process is controlled by a first order
mechanism, the values of rate constants (k1) should be consistent
[26]. A two or more linear section of pseudo-first order plot means
a multiple pseudo-first order process, each linear section represent-
ing a pseudo-first order reaction mechanism. It was obvious that
the values of first order rate constants (k1) varied in our study, a plot
of ln(qe – qt) versus time can be divided into two linear sections.
Apparently, it indicated a multiple pseudo-first order process. The
results were attributed to the heterogeneous nature of the biosor-
bent surface [27]. In the case of two kinetic steps, the first step of
adsorption was more rapid than the second one. According to
Varshney et al. [28], in the multiple first order kinetics process, hea-
vy metals were adsorbed on the bound biopolymer at the interface
of adsorbents, with negligible interaction between adsorbed Pb(II)
ions. While as the adsorption proceeded continuously, the surface
monolayer approaches saturation, further increase in the heavy



Fig. 3. Linear fit of experimental data for pseudo-first-order (a) and pseudo-second-
order kinetic model (b).
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metal ions might result in a process of rearrangement, Pb(II) ions
may started with intra-particle diffusion [24].

3.1.2. Pseudo-second-order kinetics
The pseudo-second-order equation, based on the assumption

that the rate-controlling step, usually correlates the behavior over
the whole range of adsorption [24]. The kinetic rate equation is ex-
pressed as:

t
qt
¼ 1

k2q2
e
þ t

qe
ð1Þ

h ¼ k2q2
e ð2Þ

where qt (mg g�1) is the amount adsorbed at time t, qe (mg g�1) is
the amount of Pb(II) ions adsorbed at equilibrium, k2

(g mg�1 min�1) is the rate constant of pseudo-second-order, h
(mg g�1 min�1) is the initial sorption rate. The pseudo-second-order
Table 1
Kinetics constants for the adsorption of Pb(II) at various concentration.

Pseudo-first order (initial 60 min) Pseudo-secon

c0 (mg L�1) qe exp (mg g�1) k1 (min�1) R2 qe cal (mg g�1

50 24.64 0.0175 0.9985 24.50
100 55.98 0.0165 0.9970 56.18
200 104.11 0.0161 0.9973 104.39
kinetic model was applied to describe such adsorption process
(Fig. 3b). Fig. 3b showed a plot of the linearized form of the
pseudo-second order model, with high values of the correlation
coefficients (R2 = 0.9957–0.9974). This result indicated that this
sorption system is a pseudo-second-order reaction, implying that
the adsorption mechanism depended on the adsorbate and adsor-
bent and the rate-limiting step may be a chemical sorption involv-
ing valence forces through sharing or exchanging of electrons
[24,29].

The values of calculated equilibrium capacities (qe cal) from the
pseudo-second order were almost in accordance with those of
experimental capacities (qe exp) at different initial Pb(II) concentra-
tions (see Table 1). The k2 values for Pb(II) adsorption were calcu-
lated to be 0.917, 0.573 and 0.238 mg mg�1 min�1 respectively, for
50, 100 and 200 mg L�1 Pb(II) adsorption. The low value of rate
constant (k2) suggested that the adsorption rate decreased with
the increase in time and the adsorption rate was proportional to
the number of unoccupied sites [30]. The initial sorption rate h
was 0.68, 1.82 and 2.72 mg g�1 min�1, respectively, at the concen-
tration of 50, 100 and 200 mg L�1 Pb(II) ions. For any c0 values
within the scope of experiment, the initial adsorption rate h in-
creased with the increase of initial concentrations, indicating that
adsorption accelerated with the increment of initial Pb(II) concen-
tration [13,24]. The increase of initial adsorption rate might be be-
cause that a kind of driving force was supplied by the higher initial
concentration supplied, to overcome the existing mass transfer
resistance of Pb(II) ions between the aqueous and solid phases
[29].

3.2. Adsorption isotherms

Adsorption isotherms depict the interaction pathway of adsor-
bates interact with adsorbents [31]. To determine the adsorption
model of the adsorbents, isotherms studies were conducted with
varying initial Pb(II) concentration from 10 to 500 mg L�1, and ana-
lyzed by two adsorption isothermal models: Freundlich and Lang-
muir isotherm, at different temperatures of 298, 303 and 308 K, as
illustrated in Fig. 4. It was obvious from Fig. 4 that temperature of
308 K showed the highest capacity for Pb(II) adsorption by the
prepared adsorbents. Maximum adsorption capacity was calcu-
lated to be 176.33 mg g�1 adsorbent at the initial concentration
of 500 mg L�1. Constants and correlation regression coefficients
of Pb(II) adsorption are presented in Table 2.

3.2.1. Freundlich isotherm
Freundlich isotherm is an empirical equation based on an expo-

nential distribution of sorption sites and energies, stipulating that
the ratio of solute adsorbed to the solute concentration is a func-
tion of the solution [30,32]. The Freundlich model is given by the
following equation:

ln qe ¼ ln KF þ
1
n

ln ce ð3Þ

where ce is the equilibrium concentration of Pb(II) (mg L�1), KF and
n are the Freundlich constants. KF, which represents the quantity of
ions adsorbed onto adsorbent for a unit equilibrium concentration,
d order

) k2 (mg mg�1 min�1) h (mg g�1 min�1) R2 SSE

0.917 0.68 0.9957 0.082
0.573 1.82 0.9974 0.095
0.238 2.72 0.9957 0.091



Fig. 4. Adsorption isotherms for Pb(II) onto MNPs–Ca-alginate immobilized P.
chrysosporium adsorbents at various temperature.

Table 3
A comparison of maximal adsorption capacities (qm) of white-rot fungi biosorbents
and magnetic adsorbents used for Pb(II) removal.

Adsorbents qm (mg g�1) Reference

P. chrysosporium 12.34 [44]
Dry P. chrysosporium 69.77 [45]
Resting cells of P. chrysosporium 80.0 [19]
Loofa sponge immobilized P. chrysosporium 134.16 [46]
Fe3O4 MNPs 36.0 [47]
m-PAA-Na-coated MNPs 40.0 [13]
PEI-MNPs 83.33 [48]
Magnetic alginate beads 100 [49]
MNPs–Ca-alginate immobilized P. chrysosporium 176.33 This study
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is defined as the adsorption coefficient [30]. The slope 1/n was a
measure of adsorption intensity or surface heterogeneity. Analysis
of Fig. 4 demonstrated that the Freundlich model did not fit the
experimental data well. It was observed that KF varied from 23.72
to 33.36 with the temperature increased from 298 K to 308 K (Table
2), which represented that adsorption quantity has been augmented
at higher temperatures, indicating an increased Pb(II)–adsorbent
interaction at higher temperature. Generally, n < 1 indicated that
adsorption intensity was favorable over the whole range of concen-
trations, while n > 1 implied that adsorption intensity was favorable
at high concentrations but much less at lower concentrations [26].
In our study, n values were all higher than 1, which indicated that
adsorption intensity was good over the whole concentrations ran-
ged from 50 to 200 mg L�1. A value for 1/n below one indicates a
normal Freundlich isotherm, becoming more heterogeneous as its
value gets closer to zero, while 1/n above one is an indicative of
cooperative adsorption [33]. In our study, the obtained 1/n ranged
from 0.3663 to 0.3319 (Table 2), which indicated that adsorption
process was heterogeneous [34].

3.2.2. Langmuir isotherm
Langmuir isotherm usually has been applied to quantify and

contrast the performance of various adsorbents. The Langmuir
model, assuming that adsorption takes place at specific homoge-
neous sites [35], is represented by the following equation [36]:

qe ¼
KLqmce

1þ KLce
ð4Þ

RL ¼
1

1þ KLc0
ð5Þ

where qm is the maximum adsorption capacity (mg g�1), KL denotes
the Langmuir constant (L mg�1) related to the bond energy of the
adsorption reaction between metal ion and material, c0 (mg L�1)
is the initial concentration of Pb(II), RL was the equilibrium
parameter or a dimensionless constant separation factor, which
Table 2
Isotherm constants for Pb(II) adsorption onto MNPs–Ca-alginate immobilized P. chrysospo

T (K) Freundlich model

KF 1/n R2 qm (m

298 23.72 0.3663 0.9491 167.36
303 28.39 0.3456 0.9428 169.30
308 33.36 0.3319 0.9330 176.33
could be applied to predict whether the adsorption is favorable.
The value of RL indicated the type of isotherm to be irreversible
(RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1)
[37]. Comparing the linear regression values (Table 2), it was con-
cluded that the Langmuir model, capable of representing the data
more satisfactorily (R2 = 0.9870–0.9895), yielded a somewhat better
fit than the Freundlich model (R2 = 0.9330–0.9428). The adsorption
isotherm plots well-fitted Langmuir isotherm, which indicated a
reduction of active sites on the adsorbents at a high residual Pb(II)
concentration in the solution phase [38]. As depicted in Table 2, at
higher temperature, the calculated Langmuir capacity was higher
than those at lower temperature, which was consistent with the
experimental data. Additionally, with the increase of temperature,
stability constant (KL) for adsorption of Pb(II) got larger, indicating
the bond energy between ligand sites of adsorbents and metal ions
at higher temperature was larger [31]. The constant (KL) was the
highest for the adsorption at 308 K. Consideringly, the RL values in
this study were calculated in the range from 0.0212 to 0.6676,
which indicated the adsorption between Pb(II) and adsorbents
was favorable. Moreover, higher RL was observed at higher temper-
ature, which declared that the adsorption of Pb(II) was more favor-
able than that at the lower ones. From the slopes and intercepts, the
values of qm were calculated to be 167.36, 169.30 and
176.33 mg g�1 at 298 K, 303 K and 308 K, respectively. Table 3 com-
pared maximum adsorption capacities obtained in this study with
some other values of white-rot fungi biosorbents and magnetic
adsorbents reported in the literature [39–44]. An analytical compar-
ison shows that the prepared adsorbents were better than many
other adsorbents in terms of adsorption capacity.

3.3. Thermodynamic analysis

The temperature of the adsorption medium was of great impor-
tance for energy-dependent mechanisms in metal adsorption. Gen-
erally, both energy and entropy changes should be considered in
any adsorption procedure. The change in free energy DG0, enthalpy
DH0 and entropy DS0 associated with the adsorption process were
calculated by the following equations [45]:

DG0 ¼ �RT ln KL ð6Þ

ln KL ¼ �
DG0

RT
¼ �DH0

RT
þ DS0

R
ð7Þ
rium adsorbents at various temperatures.

Langmuir model

g g�1) KL (L mg�1) RL R2

0.0498 0.0386–0.6676 0.9895
0.0702 0.0277–0.5875 0.9877
0.0924 0.0212–0.5198 0.9870



Fig. 5. Plot of ln KL versus 1/T to predict thermodynamic parameters for the
adsorption of Pb(II).

Table 4
Thermodynamic parameters for Pb(II) adsorption on MNPs–Ca-alginate immobilized
P. chrysosporium adsorbents.

Temperature
(K)

DG0

(kJ mol�1)
DH0

(kJ mol�1)
DS0

(J mol�1 K�1)
R2

298 �5.780 47.182 133.47 0.9977
303 �6.374
308 �7.557

Fig. 6. Linear fit of experimental data for intra-particle diffusion model.

428 P. Xu et al. / Chemical Engineering Journal 203 (2012) 423–431
where R is the gas constant (8.314 J (mol K)�1), T is the absolute
temperature (K), KL is the Langmuir constant (L mol�1), DH0 and
DS0 could be obtained from the slope and intercept of lnKL versus
1/T (Fig. 5). Thermodynamic analysis was investigated at three dif-
ferent temperatures (298, 303 and 308 K). The values of the ther-
modynamic parameters are given in Table 4.

The negative values of DG0 suggested that the adsorption took
place spontaneously, and the decreasing of DG0 as temperature
rises indicated that the adsorption was more favorable at high
temperatures. For an increase in the range of temperature from
298 to 308 K, the adsorption capacity of the prepared adsorbents
for Pb(II) showed an increase from 157.20 to 178.19 mg g�1. More-
over, the positive value of DH0 (47.182 kJ mol�1) confirmed the
endothermic nature of adsorption and further supported by the in-
crease of adsorption capacity with the increase in temperature.
Higher temperature therefore better favored for the adsorption.
Furthermore, it may be an indication of ion-exchange adsorption
mechanism, which took part with its best Langmuir model fit
[46]. While the positive value of DS0 (133.47 J mol�1 K�1) may be
attributed to the increasing randomness during the adsorption
process [35], and further indicated that interactions of Pb(II) with
active groups may lead to structural changes of adsorbents [47].
3.4. Adsorption mechanism analysis

3.4.1. Intra-particle diffusion model analysis
The prediction of the rate-limiting step is an important factor to

be considered in the adsorption process [32], which is controlled
by the adsorption mechanism. According to Paul et al. [48], the
adsorption process can be divided into boundary layer diffusion,
adsorption of ions onto sites, and intra-particle diffusion. The
adsorption of Pb(II) onto the prepared adsorbents may be proceed
due to film diffusion firstly and followed by the particle diffusion.
Whatever the case, external diffusion will be included in the
adsorption process. Intra-particle diffusion model is therefore the
most commonly used model for determination the diffusion mech-
anism involved in the adsorption process [49]. The intra-particle
diffusion was determined by the intra-particle diffusion model
represented by the following equation [50]:

qt ¼ kintrat1=2 þ C

where kintra is the intra-particle diffusion rate constant (mg g�1

min�1/2) and C is a constant related with the thickness of boundary
layer (mg g�1).

As shown in Fig. 6, the relationship between qt and t1/2 was con-
sidered non-linear over the whole time range, and this indicated
that there were several processes proceeding during the adsorp-
tion. It could be found that all plots had an initial curved portion,
followed by an intermediate linear portion. The figure also verified
that adsorption took place in two stages: a very rapid surface
adsorption and slow intra-particle diffusion. The initial curved por-
tion was due to boundary layer diffusion or the diffusion of adsor-
bate through the solution to the external surface of the adsorbents
[51]. The followed linear portion of curves was considered to be in-
tra-particle diffusion, which indicated the presence of intra-parti-
cle diffusion involved in the process at t > 30 min. The values of
rate constant for intra-particle diffusion kintra/kinitial and C/C0 were
listed in Table 5. As presented in Table 5, kintra increased with an
increase in the initial Pb(II) concentration. The reason for this re-
sult can be attributed to the higher internal diffusion ability in
the initial Pb(II) concentration. In the case of the prepared adsor-
bents, internal transform mechanism has been strengthened in
terms of the presence of Ca-alginate and MNPs and consequently
avoided the competition for the affinity sites which was common
to conventional adsorbents.

The linear plots did not pass through the origin at each concen-
tration, which indicated that intra-particle diffusion may not be
the controlling factor in determining the kinetics of the process
[52]. In this study, the kinitial was 2.4105, 2.5914 and 5.9563, which
was far less than C1=2

0 (7.07, 10.00 and 14.41). The result further
confirmed that intra-particle diffusion was not the only rate-deter-
mining step for Pb(II) adsorption, according to the fact that kinitial

should be close to C1=2
0 if the intra-particle diffusion was the only

rate-controlling step [53].

3.4.2. FTIR analysis
To data, the principal mechanism of adsorption involves the

binding between metal ions and functional groups, and a variety
of ligands located on the fungal walls were known to be involved



Table 5
Intra-particle diffusion constants for the adsorption of Pb(II) at various concentration.

C0 (mg L�1) Stage I (initial 30 min) Stage II

kinitial (mg mg�1 min�1/2) R2 qe cal (mg g�1) kintra (mg mg�1 min�1/2) C (mg g�1) R2 SSE

50 2.4105 0.9369 24.41 0.5624 10.85 0.9732 0.127
100 2.5914 0.9239 56.32 1.0774 28.31 0.9905 0.093
200 5.9563 0.9419 104.27 2.1362 51.58 0.9870 0.106

Fig. 7. Five consecutive adsorption–desorption cycles of MNPs–Ca-alginate
immobilized P. chrysosporium for Pb(II).
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in metal chelation (such as carboxyl, carbonyl, amino, amido, sul-
fonate, sulfydryl, phosphate and so on) on the surface or inside
the porous structure of the adsorbents [54,55]. According to Huang
et al. [56], the biosorption P. chrysosporium ability to Pb ions was
might be attributed to the following reasons: (i) Pb ions were che-
lated by the functional group at the surface of cell walls, accompa-
nied with ion exchange, or (ii) Pb ions were adsorbed on cell walls,
due to the abundant polysaccharides, peptides, and pigments
existing on cell walls.

To determine the main functional groups of adsorbents in Pb(II)
ions adsorption for sorption mechanism assessment, FTIR spectra
was employed to analyze the spectra vibration before and after
Pb(II) ions loaded (Table 6). It was well known that the electro-
static interactions were too weak to vary the band of the functional
groups on the surface [25,57]. Therefore the band shifts suggested
that a chelation process took place between functional groups and
Pb(II) ions. It can be seen from Table 5 that the obviously shift took
place in the bands assigned to C@O at 1645 cm�1, 1417 cm�1 and
1257 cm�1, reflected complexation of carboxylate anions func-
tional group by coordination with Pb(II). The most remarkable dif-
ferences between two spectra was at intensity of 3394 cm�1

representing OAH groups and 1325 cm�1, representing NAH
groups. The decrease indicated the major role of hydroxyl (AOH)
and amide functional groups on the Pb(II) interaction. A slight
red-shift happened in the Pb(II)-loaded spectrum at 1076 cm�1,
relating to the stretching vibration of PAOH. Importantly, a high
band height of FeAO functional groups has been observed in the
FT-IR spectra, in case of the shifts of FeAO bonds from 627,
588 cm�1 to 625, 586 cm�1. This may also be acceptable evidence
that Pb(II) was not only attached on the surface of P. chrysosporium,
but also may form chemical bonds with FeAO groups of MNPs. It
has been confirmed that there were FeAO functional groups avail-
able which signify the major involvement of MNPs for binding of
Pb(II).

As stated before, heavy metals were firstly adsorbed on the
bound biopolymer at the interface of adsorbents, while as the sur-
face monolayer approaches saturation, a further increase in Pb(II)
ions might result in a process of intra-particle diffusion. It meant
that metal ions adsorbed on the surface of the adsorbents would
transmit to the interior of adsorbents with the saturation of surface
binding sites. Especially in the presence of the MNPs and Ca-algi-
nate, the intracellular mechanism was enhanced to a large extent.
On one hand, the heavy metals adsorbed to the surface might
transmit to the interior of the adsorbents due to the electrostatic
attraction between MNPs and heavy metal ions [58], which re-
Table 6
FTIR spectra variation of MNPs–Ca-alginate immobilized P. chrysosporium before and
after adsorption in the region between 400 and 4000 cm�1.

Adsorbents (cm�1) Pb(II)-loaded adsorbents (cm�1) Functional groups

3394, 1325 3388, 1311 OAH; NAH groups
1645, 1417 1644, 1415 C@O stretching
1257 1250 Amide group
1076 1078 PAOH stretching
1039 1038 CAOH stretching
627, 588 625, 586 FeAO stretching
sulted in the enhancement of adsorption capacity of adsorbents.
On the other hand, the structure of embedded MNPs and Ca-algi-
nate was close to a micro-porous ‘honeycomb’, the resistance to
internal diffusion has been diminished. In conclusion, the obtained
results were available to demonstrate that both the functional
groups of P. chrysosporium and the embedded iron oxide nanopar-
ticles played part in the adsorption process.

3.5. Desorption and reusability

In order to show the reusability of the adsorbents, adsorption–
desorption cycles of Pb(II) were repeated five times by reusing the
test adsorbents. It can be seen from Fig. 7 that the adsorption effi-
ciency kept constantly, maintaining at about 90% and no obvious
difference was observed during five adsorption–desorption cycles.
The results showed that the adsorbents were stable with good
reusability and could be used repeatedly for the removal of heavy
metal ions from wastewater. Such a property was an economic
necessity to apply this kind of adsorbent in wastewater treatment.

4. Conclusions

In this work, MNPs–Ca-alginate immobilized P. chrysosporium
adsorbents were successfully prepared. Equilibrium adsorption
data were well fitted by pseudo-second-order kinetic models,
which showed higher correlation coefficients. The adsorption pro-
cess was described well by the Langmuir model, in comparison to
the Freundlich model. According to the thermodynamic studies, it
was determined that the adsorption process took place spontane-
ously with a negative free energy. A positive value of standard en-
thalpy change showed the endothermic nature of adsorption
process. Intra-particle diffusion model fitting verified that adsorp-
tion took place in two stages: a very rapid surface adsorption and
slow intra-particle diffusion. Discussions on the adsorption mech-
anisms with respect to the FTIR analysis inferred that the



430 P. Xu et al. / Chemical Engineering Journal 203 (2012) 423–431
adsorption might be attributed to two possible mechanisms: com-
bination with biosorption affinity of the fungus and the enhanced
intracellular accumulation by iron oxide nanoparticles. Possibly,
the immobilization of P. chrysosporium with iron oxide nanoparti-
cles and Ca-alginate endowed the adsorbents with higher adsorp-
tion capacities and good reusability, by the introduction of FeAO
groups and enhanced interior accumulation. Even after five cycles
of adsorption–desorption, the adsorption ability was regained
completely and the adsorption efficiency of Pb(II) was maintained
above 90%. The desorption and reusability results indicated that
the adsorbents were stable with good reusability. In conclusion,
as-prepared adsorbents showed a promising prospect for applica-
tion in heavy metal-containing wastewater treatment, with great
adsorption capacity and even favorable stability.
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