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Abstract This paper focuses on the effectiveness of removing
Pb(II) from aqueous solution using bioflocculant MBFR10543
and a series of experimental parameters includingMBFR10543
dose, calcium ions concentration, solution pH, and temperature
on Pb(II) uptake was evaluated. Meanwhile, the flocculation
mechanism of MBFR10543 was discussed. Results have dem-
onstrated that the removal efficiency of Pb(II) reached 94.7 %
(with the sorption capacity of 81.2 mg·g−1) by adding
MBFR10543 in two stages, separately, 3×10−2 % (w/w) in
the 1.0 min’s rapid mixing (180 rpm) and 4×10−2 % (w/w)
after 2.0 min’s slow mixing (80 rpm) with pH value fixed at 6.
Pb(II) flocculation process could be described by the Langmuir
isotherms model and pseudo-second-order kinetic model. The
negative Gibbs free energy change indicated the spontaneous
nature of the flocculation. Fourier transform infrared spectra
analysis indicated that functional groups, such as –OH, C=O,
and C–N, were existed in MBFR10543 molecular chains,
which had strong capacity for removing Pb(II). Furthermore,
both charge neutralization and bridging being the main mech-
anisms involved in Pb(II) removal by MBFR10543.
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Introduction

It is well recognized that heavy metals discharged into surface
water, such as Pb(II), Cr(VI), Cu(II), Zn(II), Cd(II), etc., are

hazardous to human and the other living organisms owing
to their accumulation in living tissues throughout the food
chain as nonbiodegradable pollutants, even if small quan-
tities (Sari et al. 2007). Thus, the removal of heavy metals
from waters and wastewaters is extremely important.
Pb(II), exists in the wastewater of many industries, like
electric battery manufacturing, plating, tanneries, oil refin-
ing, smelting, and mining, is a potent neurotoxic and car-
cinogenic metal, whose pollution is of major concern
(Boudrahem et al. 2011; Lodeiro et al. 2006). The presence
of Pb(II) in drinking water, even at low concentrations, may
cause human diseases like anemia, hepatitis, kidney failure,
nervous diseases, etc. (Dumitru and Laura 2013; Feng et al.
2013; Wan et al. 2010). Therefore, the removal of excess
Pb(II) from wastewater is of great significance for
protecting human health as well as the environment.

A number of techniques have been applied to remove
Pb(II) from wastewater for decades, such as precipitation,
filtration, electroplating, and coagulation (Fu and Wang
2011; Jiang et al. 2010; Karatas 2012). However, these pro-
cesses pose a significant problem in terms of the disposal of
precipitated toxic sludge/waste products (Chakravarty et al.
2010; Meunier et al. 2006; Witek-Krowiak et al. 2011).
Further, ion-exchange treatments are also available, which
do not appear to be economical (Pehlivan and Altun 2006).
It has been reported that wood materials, agricultural by-
products, clay, natural zeolite, and other low-cost adsor-
bents have the capacity to adsorb and accumulate heavy
metals, and the sorption capacities are found to be ranging
from 3.04 to 425 mg ·g−1 for Pb(II) (Karatas 2012).
However, the uses of these materials have the disadvantage
of increasing the chemical oxygen demand (COD) of water
(Bai and Abraham 2003). As a result of this problem with
the aforementioned solutions, it becomes necessary to find
an effective and environment friendly process to remove
Pb(II) from industrial wastewater.
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Biosorption, which utilizes the ability of biological mate-
rials to bind and sequester heavy metals from aqueous solu-
tions, is a considerable alternative process because of its good
performance (Velmurugan et al. 2010). Many biological ma-
terials such as fungus Aspergillus niger and seaweeds have
shown potential for the removal of heavy metal (Senthilkumar
et al. 2007). Microbial bioflocculants (MBFs), secreted by
microorganisms during their active secretion and cell lysis,
is a kind of environment friendly material with the character of
harmless and biodegradable, which has been considered as a
potential solution to the toxicity to aquatic life and environ-
ment pollution in recent years (Li et al. 2009; Liu et al. 2010;
Sun et al. 2012). Broadly, due to the special properties (sorp-
tion capability and degradability), MBFs have attracted wide
attention in wastewater treatment, drinking water purification
and downstream processes in biotechnology (You et al. 2008).
MBFs belong to a kind of extracellular polymeric substances
that are complex mixtures of macromolecular polyelectro-
lytes, depending on the chemical composition and structure,
they exhibit ability to bind with metal ions. Therefore, it is
interesting to investigate the possible application of MBFs to
remove heavy metals. For example, removal of Pb(II) and
Cu(II) ions from aqueous solutions by bacterial strain from
soil (Tunali et al. 2006), biosorption of Cu(II) and Cd(II) ions
from aqueous solutions using Botrytis cinerea fungal
byproducts (Akar et al. 2005), and so on.

Bioflocculant MBFR10543 is a kind of microbial floccu-
lant harvested from alkaline-thermal (ALT) pretreated sludge.
It is relatively effective, eco-friendly, simple, and inexpensive
to operate in our previous studies (Guo et al. 2013, 2014). The
main objective of this research was to investigate the effec-
tiveness of MBFR10543 to remove Pb(II) from aqueous so-
lution and explore the flocculation mechanism based on the
experimental results. The Pb(II) removal potential of
MBFR10543 was evaluated as a function of MBFR10543
dose, solution pH, and temperature. Following the Pb(II)
flocculation experiment, the interactions between
MBFR10543 and Pb(II) were investigated by Fourier trans-
form infrared spectra (FT-IR) and environmental scanning
electron microscope (ESEM) analysis to determine the floc-
culation characteristics. Bonding mechanism was detected by
adding 20 ml EDTA (3.0 mol·l−1) or CH4N2O (3.0 mol·l−1)
into the stable Pb(II)-loaded MBFR10543 systems. Further,
the Zeta potential during the flocculation process was also
monitored to propose the flocculation mechanism.

Materials and methods

Reagents

Pb(NO3)2 (Hengxing Chemicals, China) was prepared by
dilution of 1.0 g·l−1 stock solution, and the fresh diluents were

used in each experiment. CaCl2 (Hengxing Chemicals) was
prepared at the concentration of 5.0 g·l−1. NaOH and HCl
(Sanpu Chemicals, China) were prepared at the concentration
of 1.0 mol·l−1. EDTA and CH4N2O (Fuchen Chemicals,
China) were prepared at the concentration of 3.0 mol·l−1.
Unless otherwise stated, all reagents used were analytically
pure.

Bacteria strain and bioflocculant MBFR10543

Bioflocculant-production strain, Rhodococcus erythropolis,
was deposited in China Center for Type Culture Collection
(CCTCC) (No. ACCC.10543). Bioflocculant MBFR10543, a
kind of microbial flocculant, was harvested from alkaline-
thermal (ALT) pretreated sludge with suspended sludge solids
concentration of 25 g·l−1 by R. erythropolis; this sludge was
collected from biofiltration unit at a swine wastewater treat-
ment plant located in Fuhua pig farm, Hunan Province, China
(Guo et al. 2014).

Sludge treatments disintegrated the organic fractions and
released soluble carbon into the sludge medium. Carbon
sources and nitrogenous organic materials available in sludge
medium changed with different treatment methods and there-
fore could change bioflocculants secretion pattern and yields.
Thus, before bioflocculant production, the sludge suspensions
were treated by sterilization (ST), alkaline-thermal (ALT) and
acid-thermal (ACT) treatments, respectively. Sterilization was
carried out by autoclaving (steam sterilization) at 121 °C for
30 min. In ALT treatment, first, pH value of the sludge
solution was raised to 10 by using 1.0 mol·l−1 NaOH at room
temperature (25 °C) and then autoclaved in the same proce-
dure. In ACT treatment, first, pH value was reduced to 2.0
using 1.0 mol·l−1 HCl at room temperature (25 °C) and then
autoclaved in the same procedure. After autoclaving, pH value
of all the sludge samples were adjusted to 7.0 using 1.0 mol·l−1

HCl or NaOH. In our previous study, the specific carbon and
nutrients content released in the ALTsludge mediumwas more
favorable to bioflocculants secretion as compared to that of ST
and ACT sludge (Guo et al. 2013, 2014).

Flocculation and sorption tests

A standard Jar Tester was used for the flocculation tests in
Pb(NO3)2 solution dosed with MBFR10543. CaCl2 and
MBFR10543 were added into 1.0 l of Pb(NO3)2 solution in
1.0 l beaker in turn and then fixed on the floc-tester (ET-720,
Lovibond, Germany). The pH of the mixture was adjusted
using 1.0 mol·l−1 NaOH or HCl. MBFR10543 was added in
two stages into the Pb(II) solution, separately, before rapid
mixing (first stage) and after 2-min slow mixing (second
stage). Flocculation was the first stage, began with 1.0 min
rapid mixing at 180 rpm and ended with 2.0-min slow mixing
at 80 rpm. The slowmixing after the first stage was the second
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stage, about sorption. After the two stages’ stirring, the mix-
ture was allowed to stand to establish its equilibrium. The
influence of the flocculation parameters including solution pH
and doses of MBFR10543 and CaCl2 was investigated by
analyzing the removal efficiency of Pb(II) and the Zeta poten-
tials of the flocculation systems. The concentrations of Pb(II)
were determined by flame atomic adsorption spectrometry
(Modle Analyst 700, Perkin-Elmer, USA) after being filtered
by 0.45 μm filter membrane (APHA 2005). The experiments
were performed at room temperature (25 °C). The removal
efficiency (RE) and removal capacity of Pb(II) was calculated
as follows:

RE %ð Þ ¼ C0 − Ceð Þ=C0 � 100 ð1Þ

Removal capacity ¼ C0 − Ceð ÞV=WR ð2Þ

where C0 and Ce are the initial and equilibrium Pb(II) concen-
trations (milligram per liter), respectively, V is the volume of
the Pb(NO3)2 solution (liter), and WR is the weight of
MBFR10543 used (gram).

Following Pb(II) sorption experiments, isotherms, kinetics,
and thermodynamics were described, and the bonding mech-
anism was detected by adding 20 ml EDTA (3.0 mol·l−1) or
CH4N2O (3.0 mol · l−1) into the stable Pb(II)-loaded
MBFR10543 systems. The variation of Zeta potential during
the process of flocculation was monitored by Zetasizer 2000
(Malvern Instruments, England). Samples were carried out at
different time points: Pb(NO3)2 solution at pH 6, after adding
MBFR10543, after adding CaCl2 and during flocculation
process. All experiments were performed in triplicates for
the mean calculation.

Isotherms, kinetics, and thermodynamics studies

Isotherm fitting with model equations is a key issue to explore
flocculation mechanisms, and the Langmuir and Freundlich
models were applied to understand the sorption behavior of
Pb(II) during Pb(II) flocculation process (Sari and Tuzen
2008; Sari et al. 2008). The Langmuir isotherm assumes that
adsorption occurs at specific homogeneous sites within the
adsorbent and can be saturated as Eq. (3).

Ce

qe
¼ 1

kLqm
þ Ce

qm
ð3Þ

where qe and qm (milligram per gram) are the equilibrium and
maximum sorption capacity of Pb(II), and kL (liter per

milligram) is the Langmuir constant which is related to the
affinity of the binding sites.

The essential feature of the Langmuir isotherm can be
expressed by means of a separation factor or equilibrium
parameter RL, which is calculated by the Eq. (4). There are
four probabilities for the RL value: (i) for favorable exchange,
0<RL<1; (ii) for unfavorable exchange, RL>1; (iii) for linear
exchange, RL=1; and (iv) for irreversible exchange, RL=0
(Riahi et al. 2009).

RL ¼ 1

1þ kLCe
ð4Þ

The Freundlich isotherm is based on multilayer sorption by
assuming that the adsorbent has a heterogeneous surface with
non-uniform distribution of sorption sites (Widiastuti et al.
2011), and the liner form of the Freundlich isotherm equation
is normally given as Eq. (5):

logqe ¼ logk f þ 1

n
logCe ð5Þ

where kf and 1 / n represent the Freundlich capacity coefficient
and the Freundlich intensity parameter, respectively, and 1 / n
is also known as the heterogeneity factor.

Isotherm studies were conducted by contacting 3×10−2+
4×10−2 % (w/w) MBFR10543 into 1.0 l Pb(II) solution at
concentration of 60 mg·l−1 with the solution stirring in two
stages. The experiments were performed at different temper-
atures (25, 35, and 45 °C) by water bath. Sorption isotherms
are plots of the equilibrium sorption capacity (qe) (according
to Eq. (2)) versus the equilibrium concentration of the residual
Pb(II) in the solution (Ce). The equilibrium uptake was calcu-
lated by Eqs. (6) and (7).

qe ¼ C0 − Ceð ÞV=W ð6Þ

W ¼ C0 − Cfð ÞVþWR ð7Þ

where Cf (milligram per liter) is the concentration of Pb(II)
after first stage. W (gram) is the weight of adsorbent. All the
batch experiments were carried out in triplicate and the aver-
age values were presented (with standard error less than 5 %
of the mean).

Kinetic models were always used to investigate the char-
acteristics of sorption and its potential rate-controlling steps
that include mass transport and chemical reaction processes
(Anayurt et al. 2009; Sari and Tuzen 2009; Uluozlu et al.
2008). In addition to clarifying the sorption kinetics of Pb(II)
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ontoMBFR10543, two kinetic models, pseudo-first-order and
pseudo-second-order were applied, and the equations were
determined by Eqs. (8) and (9). Kinetic studies were conduct-
ed by contacting 3×10−2+4×10−2 % (w/w) MBFR10543 into
1.0 l Pb(II) solution at different initial concentrations (40, 50,
and 60 mg·l−1) with the samples stirring for designated time.
The experiments were performed at temperature of 25 °C.

log qt − qeð Þ ¼ logqe −
k1

2:303
t ð8Þ

t

qt
¼ 1

k2qe2
þ t

qe
ð9Þ

where qt (mg·g−1) is the amount of adsorbed Pb(II) at time t,
and k1 (min−1) and k2 (g·mg−1·min−1) are the rate constants of
the pseudo-first-order and pseudo-second-order models,
respectively.

Effects of sorption temperature on the flocculation of Pb(II)
were given from the calculated thermodynamic parameters
(Liu and Liu 2008; Lu 2008), and the thermodynamic data
such as enthalpy (ΔHo), free energy change (ΔGo) and entro-
py (ΔSo) can be calculated by Eqs. (10)–(13).

ΔGo ¼ −RT lnK ð10Þ

d lnK

d 1
�
T

� � ¼ −
ΔHo

RT2 ð11Þ

d
ΔGo

T

� �
¼ −

ΔHo

T2 dT ð12Þ

ΔGo ¼ ΔHo − TΔSo ð13Þ

where K is the equilibrium constant (liter per gram), R is the
universal gas constant (8.314 J·mol−1·K−1), and T is the
temperature (Kelvin).

FT-IR spectra and ESEM analysis

To investigate the characteristics of the flocculation process
including the mechanism involved, the FT-IR and ESEM
profiles were studied. Fourier transform-infrared spectrometer

(EQUINOX 55, Bruker, Germany) was employed to examine
the interactions between the Pb(II) and functional groups on
MBFR10543. Original samples and flocs whichMBFR10543
flocculated Pb(II) under the optimal experimental conditions
were collected, followed by vacuum freeze-drying. The sam-
ples were ground well to make KBr pellets under hydraulic
pressure of 400 kg·cm2, and spectra were recorded in the
range of 400–4,000 cm−1. In each scan, the amounts of the
sample and KBr were kept constant in order to know the
changes in the intensities of characteristic peaks with respect
to the structural changes. ESEM (Quanta 200 FEG, FEI,
USA) was applied to analyze the surface morphology of
original and Pb(II)-loaded MBFR10543 in low vacuummode
at an acceleration potential of 20 keV. Furthermore, micro-
analysis of the Pb(II)-loaded MBFR10543 was carried out
with an energy-dispersive spectrometer (EDS) equipped on
the Quanta 200.

Results

Removal efficiency and removal capacity in different
experiment conditions

Effects of MBFR10543 dose on the flocculation behavior

The effects of MBFR10543 dose on the flocculation of Pb(II)
was investigated by adding different mass fractions of
MBFR10543 into 1.0 l Pb(NO3)2 solution (60 mg·l−1) with
pH value fixed at 6. MBFR10543 was added before rapid
mixing (first stage) and after 2-min slow mixing (second
stage). As can be seen from Fig. 1a, at the first stage, the
removal efficiency of Pb(II) increased to 65.2 % when 3×
10−2 % (w/w) MBFR10543 was added and then decreased
with increasing addition of MBFR10543. Less dose of
MBFR10543 meant less MBFR10543 molecules adsorbed
Pb(II), and fewer bridges were developed between them.
Further increase of MBFR10543 led to a drastic decrease of
the removal efficiency of Pb(II), because more doses of
MBFR10543 would inhibit small flocs to grow into big ones.
As a result of stronger repulsion force between flocs, they
could be deflocculated. After the first stage, the residential
concentration of Pb(II) was still high (20.9 mg· l−1), so
MBFR10543 needed to be added continuously based on the
preliminary tests. At the second stage, the removal efficiency
of Pb(II) reached about 94.2 % when the addition of
MBFR10543 was adjusted to 4×10−2 % (w/w). The removal
capacity showed the same tendency to removal efficiency after
the second stage, and a maximum value of 80.8 mg·g−1 was
achieved. This dosing method of MBFR10543 in two stages
was similar with that in the Pb(II) removal process by
MBFGA1 (Feng et al. 2013). Like flocculating MBFGA1,
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the dose ofMBFR10543 should be optimized because more or
less dose would be unfavorable to the flocculation.

Effects of CaCl2 dose on the flocculation behavior

The effect of CaCl2 on the flocculating efficiency of Pb(II)
was investigated by adding different volumes of CaCl2 and

3×10−2+4×10−2 % (w/w) MBFR10543 into 1.0 l Pb(NO3)2
solution (60 mg·l−1) with pH value fixed at 6. Fig. 1b indi-
cated that the removal efficiency of Pb(II) was low without
adding CaCl2. With further addition of CaCl2, the removal
efficiency of Pb(II) increased, and the maximum value of
81.2 mg·g−1 was achieved after 5×10−3 % (w/w) CaCl2 added.
During the flocculating process, as a kind of coagulant aid,
Ca2+ increases the initial sorption capacity of MBFR10543 by
decreasing the negative charge on the polymer. It has also been
reported to develop bridges between anionic polyelectrolytes
and negatively charged colloidal particles, thereby enhancing
particle flocculation (Lee et al. 2012). These two mechanisms
have been detected in our previous studies (Guo et al. 2013,
2014), flocculating activity of kaolin clay suspension was
enhanced to 94.5 % by adding 20 mg of bioflocculant in the
presence of 0.5 g Ca2+, while a flocculating activity of 44.7 %
was achieved when 20 mg of the bioflocculant was added into
kaolin suspension (1.0 l) alone and only 17.2 % reached when
0.5 g Ca2+ was added alone.

Effect of pH value on the flocculation behavior

Solution acidity was an important factor on the flocculation of
Pb(II) for both solution chemistry of Pb(II) and surface char-
acteristics of MBFR10543. It directly related with the compe-
tition between hydrogen ions (H+) and Pb(II) to get adsorbed
to active sites and also the activity of the functional groups
present on the MBFR10543 surface that are responsible for
Pb(II) removal (Pehlivan et al. 2009; Huang and Liu 2013).
The functional groups not only disturbed the combining force
for Pb(II) in solution but also were involved in the ion-
exchange of Pb(II) on the MBFR10543. So the removal of
Pb(II) was highly dependent on the pH value of aqueous
solution. The pH optimization study was carried out by adding
5×10−3 % (w/w) CaCl2 and 3×10−2+4×10−2 % (w/w)
MBFR10543 into 1.0 l Pb(NO3)2 solution (60 mg· l−1),
and the results were presented in Fig. 1c. In order to avoid
the precipitation in alkaline condition, the flocculation of
Pb(II) was carried out in acid condition (pH 2–7) in this
study. As shown in Fig. 1c, the Pb(II) removal is positively
correlated with the increase of pH value in the solution,
reaching a maximum removal efficiency of 94.7 % (with
the sorption capacity of 81.2 mg·g−1) at pH 6. Similar
values of optimum pH (6.2) for Pb(II) removal have been
reported in the literature using pestan (an extracellular
polysaccharide) (Moon et al. 2006). Additionally, the re-
moval capacity of MBFR10543 for Pb(II) (81.2 mg·g−1)
was higher than majority of other biosorbents that have
been mentioned (12.3-72.5 mg·g−1) on relevant works pre-
viously (Table 1). Therefore, it could be noteworthy that
MBFR10543 has important potential for the removal of
Pb(II) from aqueous solution.
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Fig. 1 Effect of aMBFR10543 dose, bCaCl2 dose, and c solution pH on
the removal of Pb(II)
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Isotherms, kinetics, and thermodynamics parameters

The isotherms data were obtained by linear regression method
and were summarized in Table 2. Within the studied temper-
ature range (25, 35, and 45 °C), the isotherms data exhibited
higher correlation with Langmuir model than Freundlich mod-
el (based on the higher correlation coefficient, i.e., R2 values).
From Langmuir model, the qm values decreased with the
rising temperature, this suggested the affinity between the
active sites of the MBFR10543 and Pb(II) and also between
the adjacent molecules of the adsorbed phase would be stron-
ger at higher temperature in comparison to lower temperature
(Feng et al. 2013; Ghorai et al. 2012). Additionally, all the RL
values that were obtained between 0 and 1 indicated that the
removal of Pb(II) by MBFR10543 was propitious; this im-
plied that the Langmuir equation was able to properly describe
the equilibrium isotherm of Pb(II) adsorbed onto
MBFR10543. The fact that the data did not fit well with the
Freundlich isotherm indicates that Pb(II) removal is more like
a monolayer surface sorption process with finite number of
identical sites, which were homogeneously distributed on
MBFR10543 surface. From Freundlich model, the obtained
values of 1 / n are lower than 1 which suggests that the
removal of Pb(II) by the MBFR10543 is substantially
favorable.

The model rate constants, correlation coefficients, and cal-
culated qe values of the two kinetics models for the sorption of
Pb(II) ontoMBFR10543 at various initial concentrations were
tabulated in Table 3. It was found that correlation coefficients

values of pseudo-first-order equation were relatively low
within the studied Pb(II) concentrations’ range, indicating
the bad linearization, yet these values of pseudo-second-
order equation were extremely high and all greater than
0.99. Besides, the calculated qe values of pseudo-second-
order equation matched very well with the experimental data.
These results suggested that the sorption of Pb(II) onto
MBFR10543 followed well the pseudo-second-order model.
Thus, experiment results supported the assumption that the
rate-limiting step in sorption of heavy metals are chemisorp-
tion involving valence forces through the sharing or exchange
of electrons between adsorbent and metal ions. Additionally, it
is worthwhile to note that k1 and k2 have higher values at a
higher initial Pb(II) concentration, which leads to a higher
driving force for the sorption of Pb(II), hence a higher sorption
capacity.

The effects of temperature on the sorption of Pb(II) onto
MBFR10543 was given from the calculated thermodynamic
parameters (Table 4). It is clear that the values of ΔGo were
negative at various temperatures (−5.46, −6.82, and −8.09 kJ·
mol−1 at 25, 35, and 45 °C, respectively) with Pb(II) concen-
tration of 60 mg·l−1, confirming that the sorption of Pb(II)
onto MBFR10543 was spontaneous in nature and thermody-
namically favorable, and no energy input to the system is
required. It is worth noting that ΔGo values became more
negative as temperature increased, the increase inΔGo values
with increased temperature showed an increase in driving
force for Pb(II) sorption at higher temperature. The positive
values of ΔHo indicated that the sorption was enothermic
process at 25–45 °C. The positive values of ΔSo confirmed
the increased randomness at solid/solution interface during the
flocculation process.

Flocculation mechanism

FT-IR analysis

The studies so far indicated that MBFR10543 can be success-
fully used for the removal of Pb(II) from aqueous solution. An
effort was made to identify the components of the
MBFR10543 that are responsible for Pb(II) removal. Hence,
the nature of the possible Pb(II)-MBFR10543 interactions was
elucidated on the basis of FT-IR, and the FT-IR spectra of

Table 1 Biosorbents used for Pb(II) removal capacity (milligram per
gram)

Biosorbents Removal capacity References

Pestalotiopsis sp. 51.9 Moon et al. (2006)

Saccharomyces cerevisiae 30.1 Cabuk et al. (2007)

Lichen (Cladonia furcata) 12.3 Sari et al. (2007)

Barley straws 23.2 Pehlivan et al. (2009)

Penicillium sp. 72.5 Velmurugan et al. (2010)

Pseudomonas sp. 69.8 Huang and Liu (2013)

Solanum melongena leaf 55.6 Yuvaraja et al. (2014)

MBFR10543 81.2 This study

Table 2 Parameters for Langmuir and Freundlich isotherms for Pb(II) removal by MBFR10543

Temperature (Kelvin) Langmuir isotherms Freundlich isotherms

qm (milligram per gram) kL (liter per milligram) RL R2 kf (milligram per gram) 1 / n R2

298 24.27 1.01 0.016 0.9666 16.41 0.190 0.8987

308 22.17 0.49 0.033 0.9159 12.88 0.226 0.8796

318 21.55 0.33 0.048 0.9009 4.39 0.577 0.8863
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original and Pb(II)-loaded MBFR10543 in the range of
4,000–400 cm−1 were taken and presented in Fig 2 and
Table 5. The complex spectra in Fig 2 show several strong
sorption bands, which were assigned on the basis of the
structure of the MBFR10543 and were facilitated by the
available data of FT-IR spectra. The FT-IR spectrum of
Pb(II)-free form showed several distinct and sharp peaks at
3,378 cm−1 (indicative of –OH and –NH2 functional groups),
2,930 cm−1 (indicative of C–H groups), 1,651 cm−1 (indica-
tive of –C=O groups), 1,455 cm−1 (indicative of the bending
of –CH3), 1,265 cm−1 (indicative of C–N groups in amide
band of the protein peptide bond), and 1,060 cm−1 (indicative
of C–O groups) (Huang et al. 2012; Feng et al. 2013). In
conclusion, the Fourier transform infrared spectra (FTIR)
spectrum of the Pb(II)-free MBFR10543 showed the presence
of hydroxyl, carboxyl, and amine groups, which always
played important roles in Pb(II) removal. The significant shifts
of the wave number and intensity of these specific peaks after
Pb(II) sorption from the spectra of Pb(II)-loaded
MBFR10543, suggesting the aforementioned functional
groups were mainly involved in the sorption of Pb(II) onto
MBFR10543 (Sari et al. 2007). After loading Pb(II), the peaks
of hydroxyl (−OH) groups shifted from 3,378 to 3,364 cm−1;
this significant shifts of –OH peak to the lower wave number
after the Pb(II) sorption suggested that chemical interactions
between the Pb(II) and –OH groups occurred on the
MBFR10543 surface and the hydrogen bonding of the hy-
droxyl groups decreases after Pb(II) loading. The shifts of
C=O from 1,651 to 1,655 cm−1 in the Pb(II)-loaded
MBFR10543 can be assigned to the carboxylate ion
(−COO−). The shifts of C–N implied the involvement of

amide groups in the flocculation process of Pb(II). All the
conspicuous change in the FTIR spectrum demonstrated that
the chemical interactions, between Pb(II) and the amine, car-
boxyl, and hydroxyl groups of MBFR10543, were mainly
involved in the flocculation process of Pb(II). The results were
in good agreement with those obtained by other researchers
(Chen et al. 2008; Yahya et al. 2012), which all came to the
conclusion that functional groups responsible for Pb(II) re-
moval were mainly carboxyl, hydroxyl, and amine groups.

ESEM analysis

To investigate the flocculation process further, the original and
Pb(II)-loaded MBFR10543 were observed under the ESEM.
In secondary electron mode, ESEM micrographs showed that
the surface and the texture of Pb(II)-loaded MBFR10543
became rougher and more compact compared with the
Pb(II)-free MBFR10543 prepared by vacuum freeze-drying,
which characterized a stronger sorption capacity (Fig. 3).
Content of 57.1 % in the detection area of Pb(II)-loaded
MBFR10543 and the appearance of Pb(II) signal at about
2.3, 10.6, and 12.6 keV presented in Table 6 clearly demon-
strated the presence of Pb(II) due to the sorption onto
MBFR10543 and a strong coordination linkage between
Pb(II) and functional groups involved in MBFR10543. For
example, the intensity of the phosphorus signal at about
2.1 keV was considerably reduced after the Pb(II) sorption,
this could be indicative of the complexation of Pb(II) with

Table 3 Pseudo-first-order and pseudo-second-order parameters for Pb(II) removal by MBFR10543

C0 (milligram per liter) Pseudo-first-order Pseudo-second-order

k1 (per minute) qe (milligram per gram) R2 k2 (gram per milligram per minute) qe (milligram per gram) R2

50 0.089 20.61 0.9239 0.022 72.99 0.9991

60 0.090 21.48 0.9089 0.021 75.21 0.9992

70 0.091 22.18 0.9242 0.020 75.76 0.9996

Table 4 Thermodynamic parameters for Pb(II) removal byMBFR10543

C0 (milligram
per liter)

ΔGo (kilojoule
per mole)

ΔHo (kilojoule
per mole)

ΔSo (kilojoule
per mole)

298 K 308 K 318 K

50 −3.51 −5.05 −7.79 24.49 0.101

55 −4.73 −5.96 −7.91 25.06 0.103

60 −5.46 −6.82 −8.09 25.42 0.105

65 −5.17 −6.09 −7.68 23.55 0.099

70 −4.24 −5.25 −7.03 22.12 0.092
Fig. 2 FTIR spectrum of original and Pb(II)-loaded MBFR10543
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phosphate groups on the MBFR10543 surface. In addition,
the disappearance of K signal at about 3.3 keV was observed
after Pb(II) sorption indicated that flocculation and sorption
process also included ion-exchange mechanism for Pb(II)
removal (Cabuk et al. 2007).

Bonding and flocculation mechanism

MBFR10543 participates in the flocculation, mainly through
hydroxyl, carboxyl, and amine groups, which induces very
high binding capacity. In general, addition of EDTA and
CH4N2O in the stable Pb(II)-MBFR10543-Ca2+ systems
could destroy the ionic bonds or hydrogen bonds in the
system, respectively. In this study, after addition of EDTA
(3.0 mol·l−1) into the stable system, the flocs dissolved grad-
ually and became cloudy, while nothing happened by adding
CH4N2O (3.0 mol·l−1). The results indicated that ionic bond
combination was the main way of combining between
MBFR10543 and Pb(II), whereas the hydrogen-bonding in-
teraction was not obvious.

Zeta potential and flocculation mechanism

The removal efficiency and Zeta potential of Pb(II) during
flocculation process were shown in Fig. 4. At the first stage,
the removal efficiency of Pb(II) increased rapidly, and then it

increased steadily and reached equilibrium (94.7 %) after the
second stage. The pH played an important role in the process.
MBFR10543 had a linear long-chain molecular structure and
appeared to have a molecular weight of 3.99×105 Da (Guo
et al. 2013, 2014). With the increasing pH value of below 7,
the MBFR10543 molecules stretch form a linear structure so
that more of the active binding sites emerged, and the removal
capacity of Pb(II) was bigger. It was found that the Zeta
potential of Pb(NO3)2 solution was about 41.6 mV at pH 6
without Ca2+ and MBFR10543 additions, which turned to be
17.2 mVafter adding 3×10−2 % MBFR10543 alone (without
Ca2+), and then 10.1 mV when 4×10−3 % CaCl2 was added.
As shown in Fig. 4, after the first stage, the Zeta potential
appeared to be 8.7 mV. The addition of MBFR10543, which
aroused a big reduction of about 25.9 mV in the Zeta potential
of Pb(NO3)2 solution after the 1-min stirring, indicated that the
charge neutralization would not be the main Pb(II) removal
mechanism in this stage. Ca2+ reduced the thickness of the
diffuse double layer of adjacent colloids, thus reducing the
interparticle distance and making MBFR10543 attract more
Pb(II) around its surface, and small flocs formed. The main
Pb(II) removal mechanism involved in the second stage was
sorption, in which bridging occurred after Pb(II) and Ca2+

Table 5 Wave number of FT-IR sorption peaks of original and Pb(II)-
loaded MBFR10543

Functional groups Original MBFR10543 Pb(II)-loaded MBFR10543

–OH and –NH2 3,378 3,364

–C=O 1,651 1,655

–CH3 1,455 1,380

C–N 1,265 –

C–H 2,930 2,964

C–O 1,060 1,051

Fig. 3 ESEM micrographs of
original MBFR10543 (b) and
Pb(II)-loaded MBFR10543 (a)

Table 6 EDS analysis of original and Pb(II)-loaded MBFR10543

Element Original MBFR10543 Pb(II)-loaded MBFR10543

Energy (kiloelectron volt) wt.% Energy
(kiloelectron volt)

wt.%

C 0.3 58.3 0.3 13.3

O 0.6 24.9 0.6 17.8

P 2.1 4.8 2.1 6.1

S 2.3 0.5 – –

K 3.2, 3.6 8.8 – –

Na 1.2 0.8 1.2 0.5

Ca – 3.5 3.5

Pb – 2.3, 10.6, 12.6 57.1
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adsorbed onto MBFR10543. The fact that bridging
played a major role during the second stage was con-
firmed by the occurrence of flocculation at a Zeta potential of
about −24.8 mV. Many flocs could be adsorbed onto a long
molecular chain, simultaneously, they could be absorbed by
other polymer chains. Thus, flocs formed three-dimensional
structure with a better settling capacity (Feng et al. 2013;More
et al. 2012).

Discussion

The MBFR10543 appears as an effective and alternative
microbial flocculant to be used for the removal of Pb(II)
from wastewaters, and the maximum sorption capacity of
81.2 mg·g−1 can be reached when MBFR10543 was added
in two stages, separately. For Pb(II) removal, the behavior
of Pb(II) as a function of water’s pH can be explained by
considering the change in density of hydrogen ions (H+)
and the surface charge of MBFR10543. At pH values lower
than 6, the removal efficiency of Pb(II) was in the range of
60–80 % and decreased with the decreasing solution pH
value, which may be attributed to the increased density of
H+ corresponding to the decreasing pH value that could
strongly compete with Pb(II) to get adsorbed on the binding
sites which are responsible for Pb(II) (Nasir et al. 2007).
Furthermore, the sorption was related to physicochemical
interaction of the species in solution. Pb(II) removal was
inhibited because the functional groups would be protonat-
ed at high acidic pH (low solution pH), thereby the strong
resistance against Pb(II) binding. In contrast, when pH
increases, more functional groups would be exposed (the
active sites in MBFR10543) and efficiently release their
protons into the solution to carry negative charges to en-
hance the Pb(II) sorption capacity. The effects of pH can
also be explained in terms of pHpzc of the MBFR10543

(Yuvaraja et al. 2014). The pHpzc is an important charac-
teristic for adsorbents to determine the pH at which the
surface has net electrical neutrality. Surface charge of
MBFR10543 is positive which results in low Pb(II) remov-
al at water pH lower than pHpzc, and it is negative at water
pH greater than pHpzc for attachment of Pb(II) to the
surface to a greater extent. The pHpzc value of the
MBFR10543 is found to be 2.5. Meanwhile, the surface
charge of MBFR10543 determined by measuring its Zeta
potential at different pH values showed that Zeta potential
decreased from +3.93 to −27.80 mV, which was corre-
sponding to the increase in pH from 2 to 7. This clearly
indicated that at low pH values, the surface being positively
charged would not be favorable for the attachment of pos-
itively charged Pb(II) due to electrostatic repulsion. With
the increase of pH values, the cell surface became more
negatively charged, favorable for Pb(II) removal. That is, at
low pH values, increased positive charge (protons) density
on the sites of MBF surface restricted the approach of Pb(II)
as a result of repulsive force. In contrast, as the pH values
increased, MBF surfaces were more negatively charged,
and subsequently, sorption of the Pb(II) with positive
cha rge was reached max imum around pH 5–7
(Karthikeyan et al. 2007).

To further investigate the reason for pH dependence of
removal of Pb(II) by MBFR10543, FT-IR studies on the basis
of the surface charge density at different pH values were
performed for the original [Pb(II)-free form] and Pb(II)-loaded
MBFR10543. Results have demonstrated that carboxyl, hy-
droxyl, and amine groups were mainly responsible for Pb(II)
removal. The negative charge between pH 3 and 4 could
develop due to the carboxyl group, whereas hydroxyl group
was responsible for negative charges at pH values of 4–7. The
positive charge at low pH (<3) might be attributed to the
amine group on the MBFR10543 (Huang and Liu 2013). As
the acidity decreased in the solution, the deprotonation of acid
functional groups are strengthened, and in consequence, the
numbers of attractions will increase between negative charge
on MBFR10543 and Pb(II). Dissociation of the hydroxyl and
carboxylic acid groups was at pKa of 8–12 for hydroxyl and
3.8–5 for carboxylic groups (Pehlivan et al. 2009).
Protonation of NH2 to form NH3

+ was at lower pH. At pH
greater than 4, the carboxylic acid group is converted to the –
COO−, and Pb(II) is adsorbed. The involvement of carboxylic
acid groups in the flocculation process explains the effect of
pH on Pb(II) removal (see “Effect of pH value on the floccu-
lation behavior” section). With the decreasing pH of below 4,
majority of the carboxylate ions are converted to carboxylic
acid groups (−COOH), and hence, the removal efficiency
decreases (Gupta and Rastogi 2008). As more NH2 groups
were protonated to NH3

+ form, there were only fewer NH2-
binding sites on the surface of MBFR10543–NH2 for Pb(II)
sorption (Hao et al. 2010). The functional groups, such as –
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OH, −COOH, and –NH2 groups interaction with Pb(II), are
shown as follows:

MBFR10543 −OH→MBFR10543 −O− þ Hþ ð14Þ

MBFR10543 −O− þ Pb2þ→MBFR10543 −O − Pbþ Hþ

ð15Þ

MBFR10543 − COOH→MBFR10543 − COO− þ Hþ ð16Þ

MBFR10543 − COO− þ Pb2þ→MBFR10543 − COO − Pbþ Hþ

ð17Þ

MBFR10543 −NH3
þ→MBFR10543 −NH2 þ Hþ ð18Þ

MBFR10543 −NH2 þ Pb2þ→MBFR10543 −NH2 Pb
2þ

ð19Þ

MBFR10543 −NH3
þ þ Pb2þ→MBFR10543 −NH2 Pb

2þ þ Hþ

ð20Þ

EDTA (3.0 mol·l−1) should be able to compress the elec-
trical double layer of the colloidal particles, and bridging
occurred between EDTA and MBFR10543, and thereby, the
cloudy Pb(II)-MBFR10543-Ca2+ systems could be
restabilized. However, the experimental results showed that
the cloudy systems did not settle in 30 min, indicating Ca2+

played a binding role of the bridging in the flocculation
process. After addition of the EDTA, the ionic bonds in the
bridging were destroyed and the stable system became cloudy
due to the strong coordination between EDTA and Ca2+

(complex stability constant log β1 as high as 11.0). If there
were hydrogen bonds in the bridging, they could be destroyed
in the CH4N2O solution, and new hydrogen bonds formed,
and thereby, the stable system became cloudy. After addition
of 3.0 mol · l−1 CH4N2O, there was no significant
deflocculation phenomenon, indicating that the hydrogen-
bonding interactions was not obvious.

The flocculation of Pb(II) was completed by charge neu-
tralization and bridging mechanism in two stages: coagulation

and sorption. The first stage was the coagulation, in which
MBFR10543 attract Pb(II) around its surface by reducing the
thickness of the diffuse double layer of adjacent colloids and
thus reducing interparticle distance by addition of Ca2+. The
second stage was sorption, in which slow mixing allowed the
aggregates to combine two or more flocs to form larger floc
particles and precipitate as evidenced in the jar tests. Futher,
the FT-IR, ESEM, and desorption analysis (bonding testing
experiments) illustrated that chemical reaction also happened
during flocculation process.

All in all, the MBFR10543 appears as an effective and
alternative microbial flocculant to be uesd for the removal of
Pb(II) from wastewaters by adding in two stages, separately.
Pb(II) was adsorbed through bridging mechanism, and car-
boxyl, hydroxyl and amine functional groups were involved
in the process. Based on the results, MBFR10543 could be
used as an efficient source of biomaterial to solve the serious
problems caused by heavy metal ions pollution.
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