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a b s t r a c t
The influences of pH value on Pb(II) removal by the biopolymer extracted from activated sludge were
investigated from various perspectives, including removal rate, functional groups, binding site number
between the biopolymer and Pb(II), and removal distribution. With the system pH value rising from
4.0 to 9.0, the total removal rate of Pb(II) without and with adding the biopolymer increased from
1.94% to 86.5% and from 32.2% to 95.4%, respectively. From the analyses of Fourier transform infrared
(FTIR) spectroscopy and two-dimensional correlation spectroscopy (2D-COS), the continuous dissociation
and deprotonation of functional groups in the biopolymer with rising system pH value promoted the
biosorption removal of Pb(II) via complexation and ion exchange. According to the three-dimensional
excitation emission matrix (3D-EEM) fluorescence spectrum, two protein-like fluorescence peaks of A
(Ex/Em = 280 nm/326–338 nm) and B (Ex/Em = 220–230 nm/324–338 nm) were identified in the
biopolymer. The binding site numbers, which were obtained via fluorescence quenching titration experiments, increased first and then decreased with rising system pH value for both peaks A and B.
Biosorption removal of Pb(II) was dominant under acid conditions, but biosorption and Pb(OH)2 precipitation co-existed under neutral and alkaline conditions. The biosorption and the Pb(OH)2 precipitation
were interestingly found to interfere with each other under alkaline conditions. The decreases in both
binding site number and biosorption removal rate indicated that Pb(OH)2 precipitation excelled the
biosorption in the competition of capturing Pb(II).
Ó 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Heavy metals are ubiquitous in the wastewater of China due to
a large amount of environmental release, and it can bring high
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hazard to both environment and human health [1]. Activated
sludge system has been applied to treat wastewater over a hundred years, and shows good metal-sequestering property [2]. The
biopolymer in activated sludge plays an important role in the
removal of heavy metals, and it can also be extracted to serve as
biosorbent for heavy metals [3]. The biopolymer in activated
sludge is a complex of proteins, carbohydrates, nucleic acids, uronic acids, humic-like substances, lipids, and glycoproteins [4]. A
number of factors can influence the removal of metal ions including biopolymer compositions [5], metal species and properties [6],
as well as environmental conditions such as pH value, temperature, hydrodynamic status and solution ionic strength [7–10].
Among all the influencing factors, pH value can significantly
affect the properties of both biopolymers and metal ions [11]. On
the one hand, higher pH value can arouse dissociation of functional
groups, deprotonation, and increasing negative charges of biopolymers, which can substantially enhance electrostatic attraction with
metal ions [12]. Ozdemir et al. [13] mentioned that pH value
affected the ionization state of the functional groups such as carboxylate, phosphate and amino groups of the cell wall and extracellular polymeric substances (EPS), all of which could become
strong metal scavengers. Comte et al. [14] revealed that the number of EPS binding sites increased with rising pH value. On the
other hand, pH value can also affect the solubility and speciation
of metal ions. Pardo et al. [15] mentioned that alkaline conditions
decreased the electronic charges and solubility of metal ions by
forming hydroxylated complex. Comte et al. [14] also found that
when the pH value was 4.0, the metallic species of Cu(II) and Pb
(II) would exist as soluble divalent cations, but were transformed
into insoluble hydroxylates at the pH value of 8.0. The hydroxylated complexes could not only enhance the removal of metal ions
by surface precipitation, but also could compete with the active
binding sites in biopolymer and decrease the adsorption capacity
[3]. Gupta et al. [15] mentioned that positively charged Pb(II) species were dominant in case of low pH value (<6). In the case of
higher pH values (pH 7–11), there were several Pb species with different charges, which included Pb(OH)+ and Pb(OH)2. To conclude,
pH value significantly affects not only the dissociation and deprotonation of biopolymer, but also the speciation and solubility of
metal ions. There is no doubt that these effects will be further
transferred to influencing the removal of metal ions in activated
sludge systems. However, the variations of adsorption mechanisms
under acid and alkaline conditions were usually ignored in many
researches about metal ions removed by adsorbents. Thus, it was
difficult to theoretically explain the phenomenon that the removal
performance markedly varied with pH value. To solve this problem, it is necessary to further investigate the different removal
mechanisms of metal ions under acid and alkaline conditions.
In this work, the influences of system pH value on metal ions
(Pb(II) as example) removal by the biopolymer extracted activated
sludge were investigated via analyzing the changes of removal
rate, functional groups, binding site number and removal distribution at different system pH values. The changes of Pb(II) removal
rate at different system pH values were analyzed through the Pb
(II) removal from the aqueous solution. The functional groups
changes of the biopolymer at different system pH values were
identified via Fourier transform infrared (FTIR) spectroscopy and
two-dimensional correlation spectroscopy (2D-COS). The binding
site number between the biopolymer and Pb(II) at different system
pH values were analyzed according to the results of threedimensional excitation emission matrix (3D-EEM) fluorescence
spectroscopy of the fluorescence quenching titration process. The
removal distribution of Pb(II) at different system pH values were
analyzed via modelling linear relationships between the adsorption removal rate and binding site number between Pb(II) and
the biopolymer.
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2. Materials and methods
2.1. Biopolymer and reagents
Activated sludge samples were collected from the secondary
settling tank back-flow sludge from a full-scale municipal WWTP
in Shanghai, China. The main parameters of the sludge after gravity
concentration were as following: pH 6.8–7.5, suspended solids (SS)
9.0 ± 1 g/L, and the ratio of volatile suspended solids to suspended
solids (VSS/SS) 65 ± 8%. The detailed extraction process of the
biopolymer in activated sludge can be referred to our former studies [16,17]. The biopolymer consisted of protein (54.76%, w/w),
polysaccharide (30.43%, w/w), and nucleic acid (14.81%, w/w).
All the used chemical agents, which were of analytical grades,
were obtained from Runjie Chemistry Reagents Co. Ltd. (Shanghai,
China). The stock solution of Pb(II) with an initial concentration of
1000 mg/L was prepared by dissolving AR grade of Pb(NO3)2 into
distilled water.
2.2. Removing experiments of Pb(II) with and without biopolymer
Experiments were carried out by adding the biopolymer into
200-mL Erlenmeyer flasks containing 50 mL of Pb(NO3)2 solutions
with 30 mg/L of metal ions. After adding the biopolymer with the
biopolymer/Pb(II) weight ratio of 2.5/1, the pH values of the mixture system were adjusted to 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 using
0.1 M NaOH and 0.1 M HNO3, respectively. During the adjusting
process, the solution pH values always varied. Adding acid or alkali
was not stopped until the pH value basically kept stable. The flasks
were sealed to prevent the change in volume of the solutions during the experiments, and shaken for 30 min at 35 °C in an isothermal shaker. Then the samples were taken out with syringes. After
separating the removed Pb(II) from the samples via centrifugation
at 10,800g for 10 min, the residual Pb(II) concentrations in the
supernatants were analyzed using inductively coupled plasma
atomic emission spectrometry (ICP-AES, Agilent 720ES, USA). The
control experiments without adding the biopolymer to Pb(NO3)2
solutions were simultaneously conducted under the same conditions. The removal rate of metal ions by the biopolymer was calculated using Eq. (1).


Re ¼


ðC 0  C e Þ
 100%
C0

ð1Þ

where Re is the equilibrium removal rate and adsorption quantity of
metal ions, respectively; C0 (mg/L) and Ce (mg/L) are the liquid
phase concentrations of the metal ions at time 0 (min) and equilibrium status, respectively.
2.3. FTIR spectroscopy and 2D-COS analyses
The FTIR spectroscopy results of the biopolymer before and
after adsorbing Pb(II) (Fig. S1) showed that the functional groups
responsible for binding Pb(II) contained hydroxyl, amino, carboxyl
and amide groups. To determine complexation and proton dissociation of the functional groups, the FTIR spectra of the biopolymer
at different system pH values were analyzed with a Nicolet 5700
FTIR (Thermo Electron Co., USA). The pH values of the biopolymer
were adjusted to 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 using 0.1 M HCl or
NaOH solution, and we stop added the acid or alkali when the solution pH value basically keep stable as the deviation of pH value is
less than 0.1 within 5 min. Each sample was lyophilized and then
mixed with dried KBr (FTIR grade, Aldrich) in the ratio of 1:100.
The mixtures were then dried by heating and they were kept under
vacuum in a desiccator prior to use. The pellets of 12 mm diameter
were prepared by using 200 mg of mixture at 7  103 kg/cm2 pres-
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sure for 90 s. The control experiment was conducted using a clean
KBr pellet. The samples were scanned between the region of 4000
and 400 cm1 at a resolution of 5 cm1 with 16 scans, and the FTIR
spectra between the region of 2000 and 800 cm1 were extracted
to reflect the changes of the major functional groups in the
biopolymer [18].
In order to enhance the FTIR spectrum resolution and elucidate
the changes in chemical structures at different system pH values,
the 2D-COS was applied in this study and the detailed steps were
previously described by Noda et al. [19]. The obtained FTIR spectra
were converted into absorbance for the 2D-COS analysis. The
reconstructed data matrix was then progressed using the ‘‘2D
shige” software released by Kwansei-Gakuin University, Japan.
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ð2Þ

where F0 and F are the fluorescence intensities of fluorophore in the
absence and presence of Pb(II), respectively; Kb is the binding constant, and n is the binding site number. The values of n and Kb were
obtained from the slope and intercept of the modified Stern-Volmer
plot, respectively.
3. Results and discussion
3.1. Influence of system pH value on the removal rate of Pb(II) by the
biopolymer
Fig. 1 shows the total removal rate of Pb(II) without and with
adding the biopolymer at the noted system pH values. Without
adding the biopolymer, the total removal rate of Pb(II) was very
low as the initial system pH value lower than 6.0. It should be refer
to the Erlenmeyer flask adsorption resulted from its silicon-oxygen
group which has good adsorption ability for heavy metals [27]. It
was reasonable that we could consider the stable removal rate of
Pb(II) by the Erlenmeyer flask at different system pH values. Then,
the total removal rate dramatically increased from 2.08% to 86.5%
with the pH value rising from 6.0 to 9.0, and Pb(OH)2 precipitates
were observed at the pH values higher than 6.0. After adding the
biopolymer, the total removal rate of Pb(II) rapidly increased to
32.2% at pH 4.0, and then further increased to 41.5% at pH 6.0. As
the pH value was higher than 6.0, the total removal rate dramatically increased and reached to 95.36% at pH 9.0. The results confirmed that the biopolymer should be responsible for the
removal of heavy metals in activated sludge system [28].
The removal of Pb(II) (Re) by the biopolymer at different system
pH values should be refer to biosorption (RB) and non-biosorption

Fig. 1. Influence of system pH value on the Pb(II) removal rate without and with
adding the biopolymer at 35 °C with initial CPb(II) = 30 mg/L and initial
CBiopolymer = 75 mg/L.

(RN). Under acid conditions, the non-biosorption should be Erlenmeyer flask adsorption (RE) as no Pb(OH)2 precipitate formed.
But under alkaline conditions, the non-biosorption might contain
both Erlenmeyer flasks adsorption (RE) and Pb(OH)2 precipitation
(RP). Their relationship can be expressed as Eq. (3).

Re ¼ RB þ RN ¼ RB þ RE þ RP

ð3Þ

Since the Erlenmeyer flask adsorption was very low and almost
constant, the biosorption should be the predominant in the
removal of Pb(II) as the system pH value lower than 6.0. The precipitates formed as the pH value higher than 6.0, and the increase
of the total removal rate of Pb(II) could be mainly attributed to
both biosorption and precipitation. However, their interactions
and respective contributions in the removal of Pb(II) under alkaline
conditions need to be further investigated.
3.2. Influence of system pH value on the major functional groups in the
biopolymer
Analyzing the influence of system pH value on the functional
groups in biopolymer is helpful to qualitatively understand the
contribution change of the removal by the biosorption. The influence of pH value on the major functional groups (hydroxyl, amino,
carboxyl and amide) in the biopolymer was investigated at different system pH values. As shown in Fig. 2, a small peak at
1710 cm1 was observed in the biopolymer at pH 4.0, which corresponded to C@O stretching of protonated carboxyl groups [18]. The
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3D-EEM fluorescence spectroscopy can be applied as a reliable
technique to understand the biopolymer features [20–23]. According to the 3D-EEM fluorescence spectrum (Fig. S2), peak A (Ex/
Em = 280 nm/326–338 nm)
and
peak
B
(Ex/Em = 220–
230 nm/324–338 nm) were identified in the biopolymer. Both
peaks A and B could be assigned to protein-like fluorescence
[24,25].
In order to obtain the binding site number between the biopolymer and Pb(II) at different system pH values, the fluorescence
quenching titration experiments of the biopolymer by Pb(II) were
carried out. The fluorescence intensities of peak A and peak B at
different values (4.0, 5.0, 6.0, 7.0, 8.0 and 9.0) were shown in
Fig. S3. Based on the data obtained from the fluorescence quenching titration experiments, the binding site number between
biopolymer and Pb(II) could be calculated from the following modified Stern-Volmer Eq. (2) [26]:
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Fig. 2. Influence of system pH value on the functional groups of the biopolymer.
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peak at 1648 cm1 (vibrations of C@O in amide groups) considerably decreased with rising pH value. The peak intensity at
1398 cm1 kept unchanged when pH value increased from 4.0 to
6.0, because OAH and NAH could not dissociate hydrogen ions
under acid conditions [29]. However, they considerably decreased
under alkaline conditions. The peaks disappeared or decrease with
rising pH value due to the continuous dissociation of carboxyl and
amide groups [18]. In addition, the peak intensities at 1076 and
1046 cm1 decreased with rising pH value because of the structural destruction of polysaccharides and/or nucleic acids [18]. As
shown in Fig. S1, the adsorption mechanisms of Pb(II) by the
biopolymer in activated sludge should be complexation and ionexchange between functional groups and metal ions.
To further elucidate the changes in functional groups of the
biopolymer at different system pH values, 2D-COS was applied to
enhance the FTIR spectroscopy resolution. Fig. 3(a) and (b) show
the 2D FTIR correlation synchronous and asynchronous maps of
the biopolymer at different system pH values, respectively. The
synchronous map of 800–2000 cm1 region (Fig. 3(a)) contains
one autopeak at 1395 cm1 and three negative crosspeaks at (995,
1395) cm1, (850, 1395) cm1, and (1100, 1395) cm1. The higher
intensity change at 1395 cm1 showed that amide II in proteins
was more sensitive than OAH in polysaccharides to the pH variation [30]. Meanwhile, the asynchronous map of 800–2000 cm1
region (Fig. 3(b)) displays two positive crosspeaks at (1395,
1640) cm1 and (1370, 1400) cm1, and two negative crosspeaks
at (1075, 1395) cm1 and (995, 1645) cm1. Based on the Noda’s

a

rule [30], amide II in proteins decreased more quickly with rising
pH value than OAH in polysaccharides.
3.3. Influence of system pH value on the binding site number between
the biopolymer and Pb(II)
Ascertaining the influence of system pH value on the binding
site number between the biopolymer and Pb(II) can quantificationally disclose the contribution change of the removal of the biosorption. Based on the results of fluorescence quenching titration
experiments, the modified Stern-Volmer plots are shown in
Fig. 4. The values of binding constant (Kb), binding site number
(n) and correlation coefficients at different system pH values were
listed in Table 1.
The values of Kb for both peaks A and B decreased with rising pH
value, meaning that the biopolymer-Pb(II) complex was unstable
under alkaline conditions. Pardon et al. [12] reported that alkaline
conditions decreased the electronic charge and solubility of metals
by forming hydroxylated complex. The metallic species of Pb exists
as soluble divalent cations at pH 4.0, but they will be transformed
into insoluble hydroxylates as the pH value higher than 6.0 [14].
Therefore, the biopolymer-Pb(II) complex was unstable at higher
pH value due to the decrease of the electronic charge. In addition,
the higher Kb value for peak B at different system pH values indicated that the binding between Pb(II) and fluorophore in peak B
was more stable than that of peak A.
The binding site number n between biopolymer and Pb(II) for
both peaks A and B increased first and then decreased with rising
system pH value. The binding site number was close to 1.0 for peak
A, but higher than 1.0 for peak B, indicating that only one class of
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3.4. Influence of system pH value on the removal distribution of Pb(II)
by the biopolymer
When the system pH value was lower than 6.0, no precipitate
was observed and the metallic species of Pb should exist as soluble
divalent cations [14]. Thus, the removal of Pb(II) should be
biosorption by the biopolymer and adsorption by Erlenmeyer flask
(RB = Re  RE). As shown in Fig. 5, the biosorption removal rate correlated well with the binding site number of biopolymer-Pb(II)
complex for both peaks A (RB–A = 29.40 nA, R2 = 0.9995, P = 0.00)
and B (RB–B = 19.46nB, R2 = 0.9996, P = 0.00), which further
confirmed that the biosorption removal of Pb(II) should be the
interaction result between Pb(II) and the binding sites in the
biopolymer. However, Pb(OH)2 precipitates were observed at
system pH value over 6.0 during the titration process. Pb(OH)2
precipitation impaired the biosorption. Which resulted in the
decrease of binding site number for both peaks A and B. It was
unclear whether the biosorption affected Pb(OH)2 precipitation.
In order to further investigate the interactions and respective
contributions of biosorption and precipitation in the removal of
Pb(II) under alkaline conditions, we assumed that biosorption
would not affect the formation of Pb(OH)2 precipitates under alkaline conditions, and RB = Re  RE  RP. So the calculated biosorption
removal rates of Pb(II) at pH 7.0, 8.0 and 9.0 should be 33.9%, 22.5%
and 8.84%, respectively. However, based on the binding site number and its relationship with the biosorption removal rate, the theoretical values of the biosorption removal rate at pH 7.0, 8.0 and
9.0 should be 35.3%, 28.7% and 24.5% for peak A, and 38.0%,
30.9% and 23.9% for peak B, respectively (Fig. 5), which were higher
than the calculated values for both peaks A and B based on the
assumption. This suggested that the hypothesis was inaccurate.
The biosorption indeed impaired the formation of Pb(OH)2 precipitates under alkaline conditions, and high system pH value could
enhance the impairment.
As the theoretical values of the biosorption removal rate were
similar for peak A and B (RB–A  RB–B), we used the mean value of
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binding sites was present in peak A and more than one class of
binding sites in the fluorophore of peak B for the binding of Pb
(II). As the increasing of system pH value from 4.0 to 6.0, the binding site number increased from 0.992 to 1.20 and 1.48 to 1.83 for
peaks A and B, respectively, and even reached 1.91 for peak B at
pH 7.0, suggesting that the increasing of system pH value in the
acid range could increase the binding site number in biopolymer,
resulted in the improving of the removal rate of Pb(II). However,
as the system pH value increased to 9.0, the binding site number
for peaks A and B decreased to 0.889 and 1.32, respectively. It indicated that alkaline conditions caused the decrease of binding site
number between the biopolymer and Pb(II).

Biosorption removal rate of Pb(II) (%)

Binding site number of biopolymer-Pb(II)

1.35

1.50

1.65

1.80

1.95

Binding site number of biopolymer-Pb(II)
Fig. 5. Linear relationships between the biosorption removal rate and binding site
number between Pb(II) and the biopolymer for peak A and B. ‘‘Actual” means the
biosorption removal rate of Pb(II) under acid conditions as no Pb(OH)2 precipitate
formed; ‘‘Calculated” means the biosorption removal rate of Pb(II) based on the
hypothesis that biosorption would not affect the formation of Pb(OH)2 precipitates
under alkaline conditions; ‘‘Theoretical” means the biosorption removal rate based
on the binding site number and its relationship with the biosorption removal rate
under acid conditions.

the biosorption removal rates for peaks A and B as the biosorption
removal rate of Pb(II) under alkaline conditions (Eq.(4)).

RB ¼ ðRB-A þ RB-B Þ=2

ð4Þ

As the removal rates of Pb(II) by the Erlenmeyer flask at different system pH values almost kept stable, we could calculate the
removal rates of Pb(II) by Pb(OH)2 precipitation using Eq. (5).

RP ¼ Re  RB  RN

ð5Þ

Fig. 6 shows the respective and total contributions of flask
adsorption, biosorption and precipitation in the removal of Pb(II)
at different system pH values. Therefore, biosorption should be
predominant for Pb(II) removal under acid conditions, while
biosorption and Pb(OH)2 precipitation co-existed under neutral
and alkaline conditions.
3.5. Influences of system pH value on removal mechanisms of Pb(II) by
the biopolymer
Under acid conditions, biosorption removal of Pb(II) was dominant, and the biosorption removal rate increased with rising system pH value. Increasing the system pH value was found to
promote the dissociation and deprotonation of functional groups

Total removal rate of Pb(II) (%)
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Appendix A. Supplementary data
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Supplementary data associated with this article can be found, in
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Fig. 6. Removal distributions of Pb(II) via flask adsorption, biosorption and Pb(OH)2
precipitation at different various system pH values and 35 °C with initial
CPb(II) = 30 mg/L and initial CBiopolymer = 75 mg/L; and the removal rates of Pb(II)
without adding the biopolymer at different system pH values at 35 °C.

in the biopolymer, which could improve the biosorption removal of
Pb(II) via complexation and ion exchange [18].
Under neutral and alkaline conditions, biosorption and Pb(OH)2
precipitation co-existed in the system, and the total removal rate
also increased with rising system pH value [3]. However, the
biosorption and the Pb(OH)2 precipitation were interestingly found
to interfere with each other under alkaline conditions. The
decreases in both binding site number and biosorption removal
rate indicated that Pb(OH)2 precipitation excelled the biosorption
in the competition of capturing Pb(II).
The significance of this study lies in the following two points.
On the one hand, the results of this study would help to deepen
our understanding in the removal of metal ions by activated sludge
system under different pH conditions. On the other hand, the
results of this study would provide important theoretical support
for the biopolymer extracted as biosorbent for heavy metals in
industrial wastewater.
4. Conclusions
The total removal rate of Pb(II) after the addition of the biopolymer increased with system pH value rising from 4.0 to 9.0. The
continuous dissociation and deprotonation of functional groups
in the biopolymer with rising system pH value could promote
the biosorption removal of Pb(II) via complexation and ion
exchange. The binding site numbers between the biopolymer and
Pb(II) increased first and then decreased with rising system pH
value for both fluorescence peaks A and B. Biosorption removal
of Pb(II) was dominant under acid conditions, but biosorption
and Pb(OH)2 precipitation co-existed under neutral and alkaline
conditions. Under alkaline conditions, the biosorption and the Pb
(OH)2 precipitation interfered with each other, but Pb(OH)2 precipitation excelled the biosorption in the competition of capturing Pb
(II).
Acknowledgements
This work was supported by the Foundation of State Key
Laboratory of Pollution Control and Resource Reuse (Tongji
University), China (No. PCRRE16019), Sheng Yun-Fei College
Students Scientific and Technological Innovation Fund, China
Scholarship Council, the National Science & Technology Pillar
Program (2013BAD21B03), and the higher school innovative
engineering plan (111 Project).

[1] S.P. Cheng, Heavy metal pollution in China: origin, pattern and control,
Environ. Sci. Pollut. Res. 10 (2003) 192–198.
[2] R.M. Tong, M.B. Beck, A. Latten, Fuzzy control of the activated sludge
wastewater treatment process, Automatica 16 (1980) 695–701.
[3] W.W. Li, H.Q. Yu, Insight into the roles of microbial extracellular polymer
substances in metal biosorption, Bioresour. Technol. 160 (2014) 15–23.
[4] G.P. Sheng, H.Q. Yu, X.Y. Li, Extracellular polymeric substances (EPS) of
microbial aggregates in biological wastewater treatment systems: a review,
Biotechnol. Adv. 28 (2010) 882–894.
[5] G. Guibaud, D. Bhatia, P. d’Abzac, I. Bourven, F. Bordas, E.D. van Hullebusch, P.
N.L. Lens, Cd (II) and Pb (II) sorption by extracellular polymeric substances
(EPS) extracted from anaerobic granular biofilms: evidence of a pH sorptionedge, J. Taiwan Inst. Chem. Eng. 43 (2012) 444–449.
[6] A.G. González, L.S. Shirokova, O.S. Pokrovsky, E.E. Emnova, R.E. Martínez, J.M.
Santana-Casiano, M. González-Dávila, G.S. Pokrovski, Adsorption of copper on
Pseudomonas aureofaciens: protective role of surface exopolysaccharides, J.
Colloid Interface Sci. 350 (2010) 305–314.
[7] T.A. Saleh, S.A. Haladu, S.A. Ali, A novel cross-linked pH-responsive
tetrapolymer: synthesis, characterization and sorption evaluation towards Cr
(III), Chem. Eng. J. 269 (2015) 9–19.
[8] S.A. Ganiyu, K. Alhooshani, K.O. Sulaiman, Q. Muhammad, I.A. Bakare, A.
Tanimu, T.A. Saleh, Influence of aluminium impregnation on activated carbon
for enhanced desulfurization of DBT at ambient temperature: role of surface
acidity and textural properties, Chem. Eng. J. 303 (2016) 489–500.
[9] M. Danish, R. Hashim, M. Rafatullah, O. Sulaiman, A. Ahmad, Adsorption of Pb
(II) ions from aqueous solutions by date bead carbon activated with ZnCl2,
Clean Soil Air Water 39 (2011) 392–399.
[10] M.N.M. Ibrahim, W.S.W. Ngah, M.S. Norliyana, W.R.W. Daud, M. Rafatullah, O.
Sulaiman, R. Hashim, A novel agricultural waste adsorbent for the removal of
lead (II) ions from aqueous solutions, J. Hazard. Mater. 182 (2010) 377–385.
[11] Q.R. Zhang, Q. Du, T.F. Jiao, B.C. Pan, Z.X. Zhang, Q.N. Sun, S.F. Wang, T. Wang, F.
M. Gao, Selective removal of phosphate in waters using a novel of cation
adsorbent: zirconium phosphate (ZrP) behavior and mechanism, Chem. Eng. J.
221 (2013) 315–321.
[12] R. Pardo, M. Herguedas, E. Barrado, M. Vega, Biosorption of cadmium, copper,
lead and zinc by inactive biomass of Pseudomonas putida, Anal. Bioanal. Chem.
376 (2003) 26–32.
[13] G. Ozdemir, T. Ozturk, N. Ceyhan, R. Isler, T. Cosar, Heavy metal biosorption by
biomass of Ochrobactrum anthropi producing exopolysaccharide in activated
sludge, Bioresour. Technol. 90 (2003) 71–74.
[14] S. Comte, G. Guibaud, M. Baudu, Biosorption properties of extracellular
polymeric substances (EPS) towards Cd, Cu and Pb for different pH values, J.
Hazard. Mater. 151 (2008) 185–193.
[15] V.K. Gupta, S. Agarwal, T.A. Saleh, Synthesis and characterization of aluminacoated carbon nanotubes and their application for lead removal, J. Hazard.
Mater. 185 (2011) 17–23.
[16] Y. Zhou, S.Q. Xia, J. Zhang, Z.Q. Zhang, S.W. Hermanowicz, Adsorption
characterizations of biosorbent extracted from waste activated sludge for Pb
(II) and Zn (II), Desalin. Water Treat. 57 (2015) 9343–9353.
[17] Z.Q. Zhang, Y. Zhou, J. Zhang, S.Q. Xia, S.W. Hermanowicz, Effects of short-time
aerobic digestion on extracellular polymeric substances and sludge features of
waste activated sludge, Chem. Eng. J. 299 (2016) 177–183.
[18] L.L. Wang, L.F. Wang, X.M. Ren, X.D. Ye, W.W. Li, S.J. Yuan, M. Sun, G.P. Sheng,
H.Q. Yu, X.K. Wang, PH dependence of structure and surface properties of
microbial EPS, Environ. Sci. Technol. 46 (2012) 737–744.
[19] I. Noda, Y. Ozaki, Two-Dimensional Correlation Spectroscopy: Applications in
Vibrational and Optical Spectroscopy, John Wiley & Sons, 2005.
[20] G.P. Sheng, H.Q. Yu, Characterization of extracellular polymeric substances of
aerobic and anaerobic sludge using three-dimensional excitation and emission
matrix fluorescence spectroscopy, Water Res. 40 (2006) 1233–1239.
[21] B.M. Lee, H.S. Shin, J. Hur, Comparison of the characteristics of extracellular
polymeric substances for two different extraction methods and sludge
formation conditions, Chemosphere 90 (2013) 237–244.
[22] T. Ohno, A. Amirbahman, R. Bro, Parallel factor analysis of excitation–emission
matrix fluorescence spectra of water soluble soil organic matter as basis for
the determination of conditional metal binding parameters, Environ. Sci.
Technol. 42 (2007) 186–192.
[23] G.P. Sheng, J. Xu, W.H. Li, H.Q. Yu, Quantification of the interactions between
Ca2+, Hg2+ and extracellular polymeric substances (EPS) of sludge,
Chemosphere 93 (2013) 1436–1441.
[24] D.Y. Zhang, X.L. Pan, K.M.G. Mostofa, X. Chen, G.J. Mu, F.C. Wu, J. Liu, W.J. Song,
J.Y. Yang, Y.L. Liu, Q.L. Fu, Complexation between Hg (II) and biofilm
extracellular polymeric substances: an application of fluorescence
spectroscopy, J. Hazard. Mater. 175 (2010) 359–365.
[25] J. Wingender, T.R. Neu, H.-C. Flemming, What are bacterial extracellular
polymeric substances?, in: Microbial Extracellular Polymeric Substances,
Springer, 1999, pp 1–19.

1104

Y. Zhou et al. / Chemical Engineering Journal 308 (2017) 1098–1104

[26] T.L. Hill, Cooperativity Theory in Biochemistry: Steady-State and Equilibrium
Systems, Springer Science & Business Media, 2013.
[27] G.M. Renlund, S. Prochazka, R.H. Doremus, Silicon oxycarbide glasses: Part II.
Structure and properties, J. Mater. Res. 6 (1991) 2723–2734.
[28] Y. Zhou, Z.Q. Zhang, J. Zhang, S.Q. Xia, Understanding key constituents and
feature of the biopolymer in activated sludge responsible for binding heavy
metals, Chem. Eng. J. 304 (2016) 527–532.

[29] G. Guibaud, N. Tixier, A. Bouju, M. Baudu, Relation between extracellular
polymers’ composition and its ability to complex Cd, Cu and Pb, Chemosphere
52 (2003) 1701–1710.
[30] I. Noda, Advances in two-dimensional correlation spectroscopy, Vib. Spectrosc.
36 (2004) 143–165.

