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A novel biosorbent: MNPs–Ca–
alginate immobilized Phanerochaete
chrysosporium was prepared.
Optimum biosorption conditions
were studied as functions of pH,
contact time, etc.
Optimum conditions were further
evaluated by Pearson correlation
analysis.
The biosorbents showed admirable
capacity and stability for Pb(II)
removal.
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A novel biosorbent was successfully prepared by the immobilization of Phanerochaete chrysosporium with
iron oxide magnetic nanoparticles (MNPs) and Ca–alginate, which was confirmed by ESEM, EDS, FTIR and
XRD characterization. Optimum biosorption conditions were determined as a function of pH, contact time
and initial concentration of Pb(II). The maximum biosorption efficiency of Pb(II) was obtained at pH 5.0
and 35 ◦C, at the value of 96.03%. The uptake of metal was very fast initially, and achieved equilibrium after
8 h. The maximum biosorption capacity reached up to 185.25 mg g–1 dry biosorbent at a 500 mg L–1 Pb(II)-
iosorption
b(II)
ron oxide magnetic nanoparticles
iomass immobilization
hanerochaete chrysosporium

containing sample. It was obvious that the prepared MNPs–Ca–alginate immobilized P. chrysosporium was
capable of removing Pb(II) ions from solution efficiently, in terms of its performance and cost. According
to Pearson correlation analysis, biosorption efficiency was mostly controlled by contact time and pH, but
initial Pb(II) concentration also have a great effect on biosorption efficiency. While the temperature and
biosorbent dosage affected at a lower extent. As a result, this work could provide a potential and unique
technique for heavy metals removal by enhanced removal capacity and application stability.
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1. Introduction

Environmental pollution tends to be one of the most seri-
ous problems, which possesses human health risks and causes
harmful effect to humanity and other life forms. Especially, heavy
metals have been identified as serious environmental contami-

nants of worldwide concern with a new ranking release recently
[1–3]. Heavy metals releasing to the environment causes seri-
ous environmental and health risks, because of their toxicities in
relatively low concentration, nonbiodegradable and tendency for
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ioaccumulation [4–7]. Many physic-chemical methods like chem-
cal precipitation, ion exchange, reverse osmosis, ultrafiltration,
lectrochemical treatment, membrane separation, etc. are available
or the treatment of heavy metals [8–10]. However, such traditional
reatment methods used to heavy metals removal have certain dis-
dvantages such as incomplete metal removal, high cost, energy
equirements and generation of secondary pollution [11], and so
n.

Recently, biosorption method has been suggested as an efficient,
ost-effective and eco-friendly alternative to existing treatment
echniques. It tends to be an emerging field of interest, from a
oth resource conservation and environmental remediation stand-
oint [12–14]. Research interest into the potential of Phanerochaete
hrysosporium (P. chrysosporium) for biosorption of heavy metals
as been widely reported, taking advantage of favorable heavy
etal affinity [15,16]. But it is worth noting that the biosorption

apacity of P. chrysosporium is limited [17,18]. Technologically,
mmobilization technology is recognized as an effective method
o overcome the operational problems of free suspended cells, by
roviding ideal size, mechanical strength and porous characteris-
ics [19]. First of all, immobilization will assist native microbes in
mproving their biosorption capacity [20]. Furthermore, the use
f immobilization technology also precludes the need to apply
n industrial application, because of easy solid–liquid separation,
tronger resistance to environmental perturbations and conve-
ience for regeneration [21–23]. Nowadays, a number of studies

ocus on the use of various polymeric agents as a immobilization
arrier, but relatively little work have been done concerning mag-
etic nanoparticles (MNPs) for the biomass immobilization so far
4,24].

The purpose of this work was to offer an effective biosorbent for
b(II) removal, subsequently endowing the biosorbent with both
reat biosorption capacity and practical applicability. Therefore,
ne such proposed technology combining the adsorption ability
f P. chrysosporium and MNPs was proposed for the first time pro-
eeded. Besides, various factors, such as pH, contact time and initial
oncentration of Pb(II), which affected the uptake behavior, were
nvestigated for the determination of optimum biosorption con-
ition. Moreover, Pearson correlation analysis was conducted to
xamine the relationships between biosorption process and the
bove factors. The information obtained from these studies was
xpected to indicate whether the prepared biosorbents had the
otential for Pb(II) removal from aqueous solutions.

. Materials and methods

.1. Materials

The white-rot basidiomycete, P. chrysosporium (BKMF-1767)
as maintained by subculturing on potato dextrose agar slants at
◦C after 7 days cultivation. Spore suspensions were prepared by
iluting the spores in sterile distilled water and then adjusted to a
oncentration of 2.0 × 106 CFU mL–1. All reagents used in the exper-
ment were of analytical reagent grade and used without further
urification. Distilled water was used for the preparation of all the
olutions throughout this study.

.2. Preparation of immobilized biosorbents

.2.1. Synthesize of iron oxide nanoparticles
Iron oxide magnetic nanoparticles were prepared by coprecipi-
ating Fe(II) and Fe(III) in ammonia solution [25]. Firstly, FeCl3·6H2O
8.5 g) and FeCl2·4H2O (3.0 g) were dissolved in 38 mL HCl (0.4 M)
olution. Chemical precipitation was achieved under vigorous
tirring for 30 min by adding 375 mL NH4OH solution (0.7 M). It was
hem. Eng. Aspects 419 (2013) 147–155

noted that distilled water for both HCl and NH4OH preparation was
previously flushed with N2 for 10 min. After completely precipita-
tion and stratification, the final nanoparticles were washed three
times with distilled water to eliminate free electrolyte. At last, the
resultant products were collected by centrifuging at 4000 rpm for
5 min, and then freeze-dried for 24 h for further use.

2.2.2. Immobilization of P. chrysosporium for biosorbents
preparation

The immobilization of P. chrysosporium was conducted with
Ca–alginate and MNPs, by following steps: first, mixed up
Na–alginate (40 g L–1, 1 mL) and MNPs (0.10 g), and then steril-
ization under 115 ◦C for 30 min; next, the mycelium suspensions
(2.0 × 106 CFU mL–1, 0.5 mL) were inoculated into the above mix-
ture, and introduced into sterile CaCl2 (0.1 M, 20 mL) solution for
4 h. As a result, the P. chrysosporium – containing MNPs–Ca–alginate
microspheres were prepared at the size of about 3–4 mm. After that,
the microspheres were rinsed twice with sterile distilled water and
then introduced into 250 mL Erlenmeyer flasks containing 50 mL
growth medium. Finally, the mixture was incubated at 37 ◦C and
the rotation speed was fixed at 150 rpm. All the above operations
were performed under sterile condition. Meanwhile, flasks with
free and Ca–alginate immobilized P. chrysosporium were used as
control samples. After 4–5 days of incubation, all samples were
harvested for characterization and biosorption studies. 150 mg of
prepared biosorbents were freeze-dried for 24 h at vacuum con-
dition, and then the dry biosorbents were weighted. As a result,
wet-to-dry ratio of biosorbents was 300 mg/10 mg.

2.3. Biosorbents characterization

The surface morphological image and elemental composition
were obtained from environmental scanning electron microscope
(ESEM, FEI QUANTA 200) and energy disperse spectroscopy (EDS,
EDAX genesis xm-2) after gold plating at an accelerating voltage of
20 kV. The corresponding Fourier transform infrared spectropho-
tometer (FTIR) spectra of the biosorbent were recorded on a Nicolet,
Nexus-670 FTIR spectrometer over the range 4000–400 cm−1. X-
ray powder diffraction (XRD, Rigaku Rotaflex D/Max-C) was used
to analyze the composition crystalline structures of biosorbents and
performed by a monochromatized X-ray beam with nickel–filtered
CuK� radiation (� = 0.1542 nm).

2.4. Batch biosorption procedures

The freeze-dried biosorbents were used in the biosorption
experiments. The factors that affected the biosorption rate and
uptake capacity of the biosorbent were examined in a batch system.
Batch biosorption tests were conducted by mixing known weight
of biosorbents and 50 ml of solution of Pb(II)-containing solution
on a shaker at 150 rpm. After biosorption, the residual concentra-
tion of Pb(II) in the solution was measured by an atomic absorption
spectrometer (AAS, Agilent 3510, USA).

2.5. Statistical analysis

All the experiments were carried out in triplicate and data
presented were the mean values from these independent experi-
ments. Standard deviation and error bars were indicated wherever
necessary. Statistical analyses were performed using the software

package SPSS 18.0 for Windows (SPSS, Germany). The Pearson
correlation analyses used to determine the relationships between
biosorption efficiency and the tested condition factors, in order to
determine the optimum biosorption condition.
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Fig. 1. ESEM images of the surface structure

. Results and discussions

.1. Characterization of biosorbents

.1.1. Morphology analysis by ESEM
In order to get more direct information about morphol-

gy of prepared biosorbents, ESEM micrographs of free and
NPs–Ca–alginate immobilized P. chrysosporium were obtained,

ncluding surface fungal mycelia along with embedded materials,
s shown in Fig. 1. Fig. 1(A) showed the P. chrysosporium hyphae
icrograph covered at the surface of biosorbents, it was found

hat the hyphae of immobilized P. chrysosporium were packed
oosely. The intracellular of the biosorbents had lots of tiny inter-
paces, offering more adsorptive sites for heavy metals [26]. Thus
. chrysosporium could be used as biosorbents for heavy metals.
he inside structure of the biosorbents was shown in Fig. 1(B). The
icrograph revealed that MNPs were in infinitesimal size and well

ispersed in the inside of P. chrysosporium hyphae pellet. Addition-
lly, it could be further confirmed by EDS analysis, as shown in Fig. 2.
s demonstrated in Fig. 2(a), in P. chrysosporium hyphae, elements
f C and O accounted for a large proportion (51% and 21%, respec-

ively). From Fig. 2(b), it was found that, Fe possessed a proportion
f 17.24% in the inside of the immobilized biosorbents, almost all
ntroduced by Fe3O4 nanoparticles. All these results confirmed that

ig. 2. EDS spectrum of MNPs–Ca–alginate immobilized P. chrysosporium. (a) P.
hrysosporium hyphae at the surface of the biosorbents and (b) iron oxide nano-
aterials embedded inside of the MNPs–Ca–alginate immobilized P. chrysosporium.
nd internal structure (B) of the biosorbents.

MNPs–Ca–alginate immobilized P. chrysosporium was successfully
prepared.

3.1.2. Functional group analysis by FTIR
Fig. 3 depicts the FTIR spectra of the iron oxide magnetic

nanoparticles (MNPs), free P. chrysosporium and MNPs–Ca–alginate
immobilized P. chrysosporium. The presence of MNPs could be
demonstrated by vibrations of Fe O bonds of iron oxide by two
strong absorption bands at around 628 and 590 cm–1 (Fig. 3(a))
[27]. Compared with Fig. 3(b) and (c), peaks assigned to C O shifted
after immobilization, from 1653 cm–1 to 1645 cm–1, 1414 cm–1

to 1417 cm–1, which indicated that carbonyl groups played an
important role in immobilization. The peak 1078 cm−1 relating
to the stretching vibration of P OH shifted to 1076 cm−1, while
the characteristic absorption band around 1140 cm−1 attributed to
the vibration of P O was not observed [27]. The results further
reflected the joining of the phosphate groups in the immobilization
process. Additionally, the obvious shift took place in the pos-
itions of O H and N H bending vibration, i.e., from 3359 cm−1

to 3394 cm−1, 1041 cm−1 to 1039 cm−1 [28,29]. These findings
implied that the immobilizing process was accomplished via the
reaction of a series of functional groups, including O H, C OH,
C O, N H, P O, P OH. Especially, the apparent change in the
range of 1000–1300 cm−1, which belonged to C OH stretching and
O H bending [30], suggested that C OH and O H played a major
role in biomass immobilization. Most importantly, it was obviously
found that the bands at around 627 and 586 cm–1 appeared, corre-
sponding to the stretching vibrations of Fe O bonds. It suggested
that P. chrysosporium was successfully immobilized by MNPs and
Ca–alginate.

3.1.3. Structure analysis by XRD
As shown in Fig. 4(a), seven characteristic peaks of Fe3O4

(2� = 31.4, 35.4, 45.7, 55.2, 59.5, 62.5 and 77.5) marked are observed.
All the diffraction peaks matched well with result reported by Hu
et al. [31]. Importantly, the peaks were significantly broadened,
what corresponding to the nanocrystalline character of nanoparti-
cles [6]. The five peaks of the Fe3O4 could be observed in Fig. 4(b) for

MNPs–Ca–alginate immobilized P. chrysosporium, but the intensity
declined in a certain degree. The result confirmed that the biosor-
bents were successfully prepared and the immobilization process
did not significantly result in the phase change of Fe3O4.
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ig. 3. FTIR spectra for iron oxide magnetic nanoparticles (MNPs) (a), free P. chrysosp
00 and 4000 cm−1.

.2. Biosorption experiments

.2.1. Effect of pH on biosorption
Acidity of metal solutions has been identified as one of the

ost important controlling parameter in heavy metal biosorption
rocess [13,32]. The binding of H+ ions to the biomass may be
esponsible for the variation in biosorption of heavy metals, which
ompete with metallic ions for active sites on the biosorbent surface
12,33]. In order to establish the effect of pH on Pb(II) biosorption,
atch equilibrium studies were conducted at different pH values

anging from 2.0 to 6.5, adjusted by 0.1 M NaOH and HCl. The
iosorption experiment was investigated by the free, Ca–alginate
nd MNPs–Ca–alginate immobilized P. chrysosporium, respectively.

Fig. 4. XRD analysis for Fe3O4 MNPs (a), and MNPs–
(b), and MNPs–Ca–alginate immobilized P. chrysosporium (c) in the region between

As a result, metal uptake was affected strongly by variations in pH
(Fig. 5).

The variation in biosorption capacity of the selected biosorbents
in the detected pH range is shown in Fig. 5. Biosorption capacities
of MNPs–Ca–alginate immobilized P. chrysosporium were observed
at the value of 63.20 and 95.03 mg g–1 at pH 2.0 and pH 5.0, respec-
tively. As noticed low biosorption capacity of Pb(II) was found in
acidic environment, and an increasing tendency was observed with
the increase of pH in the range of 2.0–5.0. The lower uptake of Pb(II)
was observed in lower pH value, which might be attributed to large

quantities of protons competing with Pb(II) ions for the biosorption
site [34]. With the increase of pH, more positively charged Pb(II)
ions adsorbed on the free binding sites due to a larger portion of

Ca–alginate immobilized P. chrysosporium (b).
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Fig. 5. Effect of pH on the biosorption capacity of the free P. chrysosporium (a),
Ca–alginate immobilized P. chrysosporium (b) and MNPs–Ca–alginate immobilized
P ◦

i
a

d
t
c
o
i
t
w
g
b
d
o
o
r
w

M
o
b
(
i
m
M
I
t
o
6
r
t
P
b

3

b
b
C
F
w
f
s
c
a
a

. chrysosporium (c) for Pb(II) ions. Temperature: 30 C; initial concentration of Pb(II)
ons: 100 mg L–1; biosorbent dosage: 1.0 g L–1. The bars represent the standard devi-
tions of the means (n = 3).

issociation of protons from functional groups, which resulted in
he promotion of biosorption capacity. It was reported that, in the
ase of biosorption, the interaction not only depended on the nature
f the microbes, it might be a consequence of the solution chem-
stry of the metal ions to be adsorbed [13]. When pH increased
o 6, Pb2+ and Pb(OH)+ were partly translated to Pb(OH)2 [34],
hich would negatively affect the interactions between chemical

roups and Pb(II) ions. Therefore, it was not reasonable to carry out
iosorption experiments for Pb(II) at pH > 6.5, which would intro-
uce uncertainty to the results. The maximum biosorption capacity
f Pb(II) ions by MNPs–Ca–alginate immobilized P. chrysosporium
ccurred at pH 5.0 at the value of 95.03 mg g–1. According to the
esults of this initial experiment, further biosorption experiments
ere performed at pH value of 5.0 as an optimal value.

Additionally, the curves clearly showed that the
NPs–Ca–alginate immobilized P. chrysosporium had a higher level

f performance for removal of Pb(II) from aqueous medium. The
iosorption capacity of Pb(II) increased notably from 37.56 mg g–1

free P. chrysosporium) to 95.03 mg g–1 by MNPs–Ca–alginate
mmobilization at pH 5.0. Even by Ca–alginate immobilization, the

aximum capacity was 71.04 mg g–1, which was much lower than
NPs–Ca–alginate immobilized P. chrysosporium (95.03 mg g–1).

t further implied that MNPs played vital roles in the biosorp-
ion ability improvement. Importantly, the biosorption capacity
f MNPs–Ca–alginate immobilized P. chrysosporium exceeded
5 mg g–1 even at acid and neutral pH, while the free P. chrysospo-
ium showed poor ability (below 40 mg g–1). It further suggested
hat the prepared biosorbents showed great biosorption ability to
b(II), even it could be expected that the stability of the prepared
iosorbents were greatly augmented.

.2.2. Effect of contact time
The rate of biosorption was important for designing batch

iosorption studies [35]. In this study, time-course profile for the
iosorption of 50, 100 and 200 mg L–1 Pb-containing solution by
a–alginate–MNPs immobilized P. chrysosporium is presented in
ig. 6. As observed, the biosorption of Pb(II) increased considerably
ith increasing of contact time at the beginning of biosorption,

rom 0 to 1 h. It was mainly because that Pb(II) existing in aqueous

olution was firstly adsorbed to the biosorbent surface (mainly P.
hrysosporium hyphae). After that, the biosorption capacity kept
continued increasing tendency, at a slower rate, followed by
longer equilibrium period from 1 h to 8 h. The reason for the
Fig. 6. Effect of contact time on Pb(II) biosorption efficiency. pH value: 5.0; temper-
ature: 35 ◦C; biosorbent dosage: 1.8 g L–1.

continued ascent was probably that Pb(II) ions slowly transmit-
ted to the interior of biosorbents (mainly iron oxide MNPs and
Ca–alginate) with the saturation of surface binding sites. After
this equilibrium period, further increases in contact time did not
enhance the biosorption yield, suggesting that the biosorption
reached saturation at 8 h.

Results in our study were in accord with the study by Yetis et al.
[36], who demonstrated that biosorption occurred at two stages:
the first was the rapid surface binding and the second was the slow
intra-diffusion. Especially in the presence of MNPs, intra-diffusion
occurred in the interior of biosorbents might be further enhanced,
and then the saturation of function groups would be put off conse-
quently extending biosorption process. Additionally, the maximum
biosorption efficiency of Pb(II) with initial concentration of 50, 100,
200 mg L−1 reached 92.30%, 96.98% and 88.41%, respectively, sug-
gesting that the prepared biosorbents were effective at various
initial concentration. Despite the equilibrium time was about 8 h,
a 12 h of contact time was adopted for the subsequent experiment
to ensure the biosorption equilibrium.

3.2.3. Effect of biosorption temperature
Temperature played key roles in the biosorption process. In

this study, biosorption of Pb(II) by free, Ca–alginate immobi-
lized P. chrysosporium, MNPs and MNPs–Ca–alginate immobilized
P. chrysosporium appears to be temperature independent in the
temperature range of 20–45 ◦C (Fig. 7). It was apparent that
the biosorption efficiency for Pb(II) gradually elevated with the
increase in temperature from 20 ◦C to 35 ◦C. It has been suggested
that increase in metal uptake at increased temperature was due
to either higher affinity of sites for metal or an increase in binding
sites on relevant biomass [37]. Additionally, increasing the temper-
ature would decrease the viscosity of the solution which enhanced
the rate of diffusion of the adsorbate molecules across the external
boundary layer of the biosorbent and resulted in higher biosorption
efficiency [38].

At all the temperature tested, the highest removal efficiency
was observed at 35 ◦C with MNPs–Ca–alginate immobilized P.
chrysosporium at the value of 95.17%. It demonstrated that
the biosorption efficiency was enhanced to a great extent by
MNPs–Ca–alginate immobilization. Firstly, porosity in Ca–alginate
allowed Pb(II) to diffuse into the interior of biosorbents and come
in contact with the entrapped mediums, so that removal efficiency

of Ca–alginate immobilized P. chrysosporium has been height-
ened (62.86%). Moreover, besides Ca–alginate and P. chrysosporium,
MNPs also had considerable adsorption ability to Pb(II), the max-
imal efficiency was 70.4% at 35 ◦C. The heavy metals adsorbed to
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Fig. 7. Effect of temperature on Pb(II) biosorption efficiency by free P. chrysosporium
(a), Ca–alginate immobilized P. chrysosporium (b), iron oxide nanoparticles (c) and
MNPs–Ca–alginate immobilized P. chrysosporium (d). pH value: 5.0; contact time:
1 –1 −1
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Table 1
A comparison of maximal adsorption capacities (qm) of white-rot fungi biosorbents
and magnetic adsorbents used for Pb(II) removal.

Adsorbents qm (mg/g) Cycles Reference

Fe3O4 MNPs 36.0 mg/g 5 [38]
m-PAA-Na-coated MNPs 40.0 mg/g 3 [47]
Magnetic alginate beads 100 mg/g 5 [5]
Free Phanerochaete chrysosporium 80 mg/g – [36]
Loofa sponge immobilized P.

chrysosporium
135.3 mg/g 5 [11]

Ca–alginate immobilized P.
chrysosporium

63.7 mg/g – This study

and initial Pb(II) concentration (Table 2). As expected, the most sig-
nificant correlations between biosorption efficiency and contact
2 h; biosorbent dosage: 1.0 g L ; Pb(II) concentration: 100 mg L .

he surface might transmit to the interior of the biosorbents due
o the electrostatic attraction between MNPs and heavy metal ions
39], which resulted in the enhancement of biosorption capacity of
iosorbents.

.2.4. Effect of biosorbent dosage
An optimum biosorbent dosage is essentially required to max-

mize the interactions between metal ions and biosorption sites
f biosorbent [40]. To evaluate the optimum dosage of biosorbent,
.45–2.7 g of freshly prepared MNPs–Ca–alginate immobilized P.
hrysosporium biosorbents were added to 50 mL of Pb-containing
queous solution at the concentration of 100 mg L−1. Evidently, the
iosorption percentage and equilibrium capacity were sensitive to
he variation of biosorbent content. Fig. 8 illustrated an elevation of
he removal percent with the increasing in biosorbent dosage. This
esult might be attributed to that increasing the dosage of biosor-
ents would increase the density of reactive groups available for
etal binding and on the external surface area of the biosorbent.
dditionally, the increasing biosorbent dose may affect the con-
entration gradient between the surface of the biosorbent and the
nternal groups due to the change in the concentration of the solu-
ion [41]. More biosorption sites were supplied by larger dosage of
iosorbents, therefore resulted in higher removal efficiency. While
he subdued increasing trend of efficiency emerged at a higher
osage than 1.5 g L−1, which could be explained as a consequence
f partial aggregation of biosorbent, consequently contributing to
he decrease in effective surface area for the biosorption [12].

On the other hand, if the results were expressed in Pb(II) removal
apacity, the values exhibited opposite trend with removal effi-
iency. It illustrated that the biosorption capacity decreased with an
ncrease in biosorbent dosage. As the biosorbent dosage increased
rom 0.3 to 1.8 g L−1, the biosorption capacity for Pb(II) decreased
rom 194.43 mg/g to 51.78 mg/g. The decrease in biosorption capac-
ty might be resulted from interference existed between binding
ites and biosorbent, or insufficiency of metal ions in solution with
espect to available binding sites [42]. Moreover, overlapping of

iosorption sites as a result of overcrowding of biosorbents may
lso resulted in the decrease of biosorption capacity [43].
MNPs–Ca–alginate immobilized P.
chrysosporium

185.25 mg/g 5 This study

3.2.5. Effect of Pb(II) initial concentration
The biosorption capacity was a function of the initial concen-

tration of Pb(II). To measure the biosorption ability, biosorption
experiments were carried out with the wide ranges of initial total
metal ion concentration of 10–500 mg L–1. The results, in terms of
Pb(II) biosorption efficiency and capacity versus initial concentra-
tion of Pb(II), are presented in Fig. 9. Normally, the conventional
biosorbents were not suitable to remove metal ions in low con-
centrations (less than 100 ppm). However, it was evident that the
prepared biosorbents were quite effective for Pb(II) removal. Even
at an extremely low concentration of 10 mg L–1, the biosorption
efficiency reached up to 83.68%. Therefore, as-prepared biosor-
bents showed a promising prospect for application in trace metal
removal. Moreover, it could be observed that the removal effi-
ciency enhanced with the increasing of Pb(II) concentration below
100 mg L–1. This increase might be due to a reinforce in electrostatic
interactions (relative to covalent interactions) with increasing
Pb(II) concentration [44]. In addition, it has been demonstrated
that the initial concentration supplied a kind of important driving
force to overcome the existing mass transfer resistance of Pb(II)
ions between the aqueous and solid phases [45]. The maximum
biosorption efficiency was 94.96% at the initial Pb(II) concentra-
tion of 100 mg L–1. However, the biosorption efficiency presented a
declining trend while the Pb(II) concentration was elevated above
200 mg L–1. It seemed to be a result of insufficient available sites on
the surface of biosorbents and saturation in the interior of biosor-
bents, subsequently resulting in the saturation of biosorption sites
and decline of the biosorption efficiency [46].

Additionally, as we expected, the overall trend of biosorp-
tion capacity was an increase with increasing of initial Pb(II)
concentrations. But the initial slope was much greater affected
by the variation of biosorption capacity than in the case of
biosorption efficiency. In the case of MNPs–Ca–alginate immo-
bilized P. chrysosporium, the maximum biosorption capacity was
185.25 mg g–1 dry biosorbent in the presence of 500 mg L–1 Pb(II)
ions, which was much higher than other reported adsorbents. A
comparison of maximum adsorption capacities (qm) of white-rot
fungi biosorbents and magnetic nanosorbents for Pb(II) removal
has been given in Table 1. A perusal of Table 1 showed that the novel
biosorbent used in the present study was an efficient material for
removal of Pb(II) from aqueous solution.

3.3. Statistical analysis

Pearson correlation analysis was conducted to evaluate the
relationships between biosorption efficiency and biosorption con-
ditions, such as pH, contact time, temperature, biosorbent dosage
time were observed, which was consistent with previous results
that biosorption efficiency increased with increasing contact time,
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Fig. 8. Effect of biosorbent dosage on Pb(II) biosorption efficiency. pH value: 5.0; temperature: 35 ◦C, Pb(II) concentration: 100 mg L−1.

Fig. 9. Effect of initial Pb(II) concentration on biosorption efficiency and capacity. pH value: 5.0; temperature: 35 ◦C; biosorbent dosage: 2.0 g L–1.

Table 2
Pearson correlation matrix of biosorption efficiency and biosorption conditions observed in experiments.

Efficiency pH Time Temperature Dosage Concentration

Efficiency 1
pH 0.231* 1
Contact time 0.480** –0.338** 1
Temperature 0.062 –0.048 –0.265* 1
Dosage 0.132 –0.078 0.098 –0.102 1
Concentration –0.427** 0.030** 0.164 –0.303** –0.063 1

s
q
l
p
w
t
t
r

* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).

uggesting that adequate contact time for effective removal was
uite essential. In addition, biosorption efficiency positively corre-

ated with pH, which suggested that pH affected the biosorption
rocess to a large extent. Meanwhile, no significant correlations

ere observed for the temperature and biosorbent dosage respec-

ively, therefore the biosorbents showed an enhanced stability to
emperature in a large range of dosages. While a negative cor-
elation was obtained between biosorption efficiency and initial
concentration, as a result of the definite occupancy number of
biosorbents.

4. Conclusions
In this work, MNPs–Ca–alginate immobilized P. chrysosporium
biosorbents were successfully prepared and characterized by ESEM,
EDS, XRD and FTIR. Meanwhile, abundant results demonstrated
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hat the prepared biosorbents showed a promising prospect for
pplication in heavy metal wastewater treatment. It was found
hat biosorption efficiency was dependent on experimental con-
itions. The biosorption efficiency was highly pH dependent and

ncreased with an increase of pH in the range of 2.0–5.0. The opti-
al biosorption occurred at pH 5.0 and 35 ◦C. In addition, the

iosorption efficiency quickly increased at first 1 h, and then kept
continued increasing tendency at a slower rate, followed by
longer equilibrium period at 8 h. The biosorption capacity for

b(II) (188.25 mg g–1) was significantly higher than conventional
dsorbents. Additionally, by Pearson correlation analysis, it was
uggested that the biosorption efficiency was highly time and pH
ependent, and affected by initial Pb(II) concentration at a large
xtent, while the temperature and biosorbent dosage affected at a
ower extent. In summary, iron oxide nanoparticles combined with
a–alginate were available immobilization carries for the entrap-
ent of P. chrysosporium to prepare effective biosorbent for Pb(II)

emoval [38,47].
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