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ABSTRACT

Distribution of Pb(II) in the chemical fractions of activated sludge during sorption was
investigated in this study. The Community Bureau of Reference sequential extraction proce-
dure was applied to the sludge samples to evaluate the effect of contact time, pH, tempera-
ture, and Cu(II) concentration on the distribution of Pb(II) in the chemical fractions. Results
indicated that there was a significant correlation between the chemical fraction distribution
of Pb(II) and changes in all the above mentioned parameters. With a rise in pH, Pb(II) in
the acid soluble/exchangeable fraction increased from 0.62 to 2.91 mg/g. And the reducible,
oxidizable, and residual fractions reached a maxima of 4.75, 3.45, and 2.81 mg/g at pH 7,
respectively. With increasing Cu(II) concentration, Pb(II) in the acid soluble/exchangeable,
oxidizable, and residual fraction decreased by 0.4, 2.21, and 1.66 mg/g. Conversely, sorption
of the reducible fraction reversely increased by 2.45 mg/g. The Langmuir and Freundlich
models were applied to describe equilibrium isotherms, and the sorption isotherm data
were described well by both models. X-ray photoelectron spectroscopic measurements
confirmed the existence of acid soluble/exchangeable and oxidizable fractions of Pb(II) in
the activated sludge at the molecular level.
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1. Introduction

Wastewater containing heavy metal has caused
severe environmental problems due to increasing dis-
charge, toxicity, and impact on human health and
environment [1]. Lead is one such heavy metal with
specific toxicity and accumulative toxic effect [2]. Lead

poisoning in humans causes severe damage to the
liver, kidney, nervous system, and reproductive sys-
tem. Severe exposure to lead may result in mental
retardation, infertility, spontaneous abortions, still-
births, reticulocytosis, cancer, etc. [3]. Pb(II) in waste-
water is mainly from industrial processes such as
electroplating, battery manufacturing, automotive
manufacturing, metal finishing, mining, and tanneries
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[4]. A variety of techniques such as chemical precipita-
tion, ion-exchange, adsorption, extraction, membrane
filtration, and electrochemical treatment have been
employed to remove heavy metals [2]. Among these,
sorption has emerged as one of the most cost-effective
and efficient technologies for the removal of heavy
metals from wastewaters [5].

Activated sludge, composed of microbial groups,
larger flocs, and inorganic matter, has been proved to
be an economically effective sorbent due to its low cost
and high availability [5,6]. Researchers have found that
there are five main parameters that influence the sorp-
tion of heavy metal onto the activated sludge: contact
time, temperature, particle size of sorbent, initial ion
concentration, and pH [6]. Due to complexation with
different components within activated sludge, the
Community Bureau of Reference (BCR) sequential
extraction procedure has been used for the partitioning
of heavy metals sorbed onto activated sludge into four
fractions: acid soluble/exchangeable fraction (F1),
reducible fraction (F2), oxidizable fraction (F3), and
residual fraction (F4) [7]. It is generally recognized that
the chemical fraction of heavy metals determines its
potential mobilization and desorption characteristics.
The relationship between chemical fractions of heavy
metals, activated sludge component type, and stability
is shown in the Table 1 [8,9]. Previous studies mainly
focus on sorption capacity of Pb(II) onto activated
sludge and sorption mechanism [10,11]. However, rela-
tively few attempts have been made to evaluate the
distribution of Pb(II) in the chemical fractions of
activated sludge during sorption.

In the present paper, Pb(II) was the heavy metal
selected in this study to investigate sorption behavior
of metals onto activated sludge and distribution of
metal in the chemical fractions. The overall objectives
of this study were: (1) to investigate the Pb(II) sorption
characteristics of activated sludge taking into account
kinetic and equilibrium; (2) to investigate the effect of
initial pH, initial Cu(II) ion concentration, tempera-
ture, and contact time on the distribution of Pb(II) in
the chemical fractions of activated sludge after sorp-
tion equilibrium in accordance with the BCR sequen-
tial extraction procedure; (3) to identify the local

species of Pb(II) sorbed on activated sludge by X-ray
photoelectron spectroscopic (XPS).

2. Materials and methods

2.1. Preparation of aerobic activated sludge

Aerobic activated sludge, a complex consortium of
microorganisms mainly composed of bacteria was
obtained from the wastewater treatment plant in the
Technical and Economic Development Area (Tianjin,
China). The plant uses a sequencing batch reactor acti-
vated sludge process (SBR) for wastewater treatment.
Immediately after collection, the aerobic activated
sludge samples were aerated and stirred in a 50-L
reactor, at room temperature. Conditions in the reactor
were maintained at an agitation rate of 150 rpm, pH
of 6.8–7.2, and dissolved oxygen (DO) in a range from
2 to 4 mg/L. Synthetic wastewater was fed into the
reactor and the organic loading rate of the system was
about 800 mg COD/(L d) [12]. The hydraulic retention
time was 24 h and the solids retention time was 15 d.
The mixed liquor suspended solids (MLSS) and mixed
liquor volatile suspended solids (MLVSS) concentra-
tions were 1.2 ± 0.1 and 0.9 ± 0.1 g/L, respectively.
After 30 d growth, mature aerobic activated sludge
was harvested, and washed thoroughly three times
with distilled water to remove the surface soluble ions
and stored at 4˚C.

2.2. Reagents and glassware

All the chemicals used in this study were of
analytical grade, and deionized water was used to
prepare all solutions. Ammonium acetate was pur-
chased from Guangfu Fine Chemical Research Insti-
tute (Tianjin, China). The stock solution of Pb(II) was
prepared by dissolving extract amount of lead nitrate
in deionized water. The range of desired experimental
concentrations was obtained by diluting the stock
solution. The hydroxylammonium chloride reagents
were prepared prior to use. Acetic acid, hydrochloric
acid, nitric acid, hydrogen peroxide, and perchloric
acid were provided by Kemiou (Tianjin, China).

Table 1
Relationship between chemical fraction of heavy metals, component type, and stability

Fraction of heavy metals Component type Stability

Acid soluble/exchangeable fraction (F1) Carbonates/exchangeable metal Direct effect fraction
Reducible fraction (F2) Fe and Mn oxides Direct effect fraction
Oxidizable fraction (F3) Organic matter/sulfide Potential effect fraction
Residual fraction (F4) Primary and secondary minerals Stable fraction
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All standards, reagent solutions, and samples were
stored in polyethylene containers previously cleaned
with 2 M HNO3 for 24 h and rinsed with deionized
water [13]. 50-mL acid washed polyethylene centrifuge
tubes were used for extraction. Extracted material was
stored in 15-mL polyethylene vessels.

2.3. Batch experiments

Sorption behavior of Pb(II) onto activated sludge
and distribution of Pb(II) in the chemical fractions of
activated sludge during sorption were studied using a
series of batch sorption experiments. Experiments were
carried out in triplicate for all of the operating vari-
ables studied. All values reported in this document are
average values. 300-mL samples were centrifuged at
4,000 rpm for 20 min and then the supernatant was
decanted. The activated sludge was freeze-dried to
determine the Pb(II) concentration in the various
chemical fractions by sequential extraction using the
BCR three-step procedure and analysis of the residual
fractions during sorption process of aerobic activated
sludge [7]. Blank experiments were carried out with Pb
(II) solution and without activated sludge to make sure
that Pb(II) was not being lost on the glassware. Control
experiments were run in a Pb(II) free solution to
address issues of interference.

Experiments to determine the effect of contact time
on the distribution of Pb(II) in the chemical fractions
of activated sludge during sorption were conducted as
follows: a series of reactors containing 15 L of Pb(II)
solution of known initial concentration (50 mg/L) and
the mixed liquor suspended solid (4,000 mg/L) were
stirred using a shaker at 20˚C for different contact
time intervals (0.1, 0.5, 1, 2, 4, 8, 12, 18, 24, 36, 48, 60,
72, 96, and 120 h). Samples were processed as
described in Sections 2.4 and 2.5, immediately after
being gathered from the reactors.

The effect of temperature on the distribution of
Pb(II) in the chemical fractions during sorption was
investigated between 10 and 30˚C, at 10˚C intervals. In
the temperature tests, a series of flasks (1,000 mL)
containing 400 mL of test solution at varying Pb(II)
concentration and sludge with mixed liquor sus-
pended solids of 4,000 mg/L were maintained in a
temperature-controlled gas bath shaker. The flasks
were agitated on the shaker at 150 rpm for 96 h to
ensure steady state was reached.

Batch experiments were used to investigate the
effect of pH on the distribution of Pb(II) in the chemical
fractions. The solution pH was monitored using a HI
8424 Waterproof pH Meter with a glass electrode cali-
brated with standard buffer solutions. The necessary
amount of clarified sludge was then added and contents

in the flask were shaken for the desired contact time in
a temperature-controlled gas bath shaker at 150 rpm, at
30˚C. The impact of Cu(II) on the distribution of Pb(II)
in the chemical fractions of activated sludge was also
evaluated during these experiments.

2.4. Sample pretreatment

Sludge samples from the different sorption pro-
cesses were rinsed with deionized water, immediately
after collection, and then lyophilized in an Edwards
4K freeze dryer [14] .The dried sample was ground in
an agate mortar and then screened through a sieve
(mesh size 100). The final dried sludge sample was
stored in polyethylene bags, at room temperature.

2.5. Sequential extraction

Sequential extraction was performed using the
BCR three-step procedure recommended by BCR, and
the analysis of the residual fractions was added as a
fourth step [8]. For practical reasons, both sample
amount and extractant volume were reduced by one-
half to keep the weight to volume ratio the same as in
the original BCR extraction scheme [15].

Step one: acid soluble/exchangeable fraction (F1,
exchangeable metal and carbonate-associated frac-
tions). Sludge samples (0.25 g) were placed in 50-mL
polypropylene centrifuge tubes containing 10 mL of
acetic acid (0.1 mol/L) and then shaken for 16 h, at
room temperature. The liquid and solid phases were
separated by a centrifuge operating at 4,000 rpm for
20 min. The suspension was then filtered through a
0.45 μm membrane filter and the residue was pre-
served for the extraction process.

Step two: reducible fraction (F2, fraction associated
with Fe and Mn oxides). The residues from step one
were mixed with 10 mL of 0.1 mol/L hydroxyl ammo-
nium chloride (adjusted to pH 2 with nitric acid) to form
a slurry that was continuously stirred for 16 h. Then, the
extraction procedure described above was followed.

Step three: oxidizable fraction (F3, fraction bound to
organic matter). The residues from step two were dis-
persed in 2.5-mL volume of hydrogen peroxide (30%),
and digested at room temperature for 1 h with occa-
sional shaking. A second 2.5-mL aliquot of hydrogen
peroxide was introduced and digested at 85˚C (water
bath) for 1 h. The contents were evaporated to a small
volume. 12.5-mL ammonium acetate (1.0 mol/L,
adjusted to pH 2 with nitric acid) was added to the
cool, moist residue. These were then mixed by shaking,
then centrifuged, and the extract was separated as
described in step one.
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Step four: residual fraction (F4, fraction associated
with primary and secondary minerals). 5 mL of
HNO3, 5 mL of HF and 3 mL of HClO4 were added to
the residues from step three. The mixture was then
heated on a hot plate and evaporated until almost
completely dry. After cooling, the residues were dis-
solved in 5% HNO3. The resultant solutions were used
to determine the heavy metal content.

The concentrations of Pb(II) in the different fractions
was determined by Unicam 929 model flame atomic
absorption spectrophotometer (Beijing Purkinjie gen-
eral, China). Each experiment was conducted in tripli-
cate, and the results reported are the average values.

2.6. Analysis methods

XPS measurements were undertaken with a KRA-
TOS XSAM 800 equipped with an energy analyzer.
The binding energies were calibrated against the C 1s
peak, at 284.6 eV. Curve fitting was carried out with a
mixed Lorentzian–Gaussian function.

3. Result and discussion

3.1. Effect of contact time

The effect of contact time on the sorption of Pb(II)
by activated sludge is illustrated in Fig. 1(a). The
removal of Pb(II) by the sorbent increased quickly at
the initial stage of sorption, but later the sorption rate
slowed. Similar results were observed in many studies
using different sorbents on the uptake of other heavy
metals [16,17]. The sorption equilibrium was reached
at 96 h and achieved the maximum Pb(II) removal of
93.51%. 96 h was selected as optimum shaking time
for further experiments.

Fig. 1(b) shows the effect of contact time on the
distribution of Pb(II) in the chemical fractions of acti-
vated sludge during sorption. The content of Pb(II) in
the F1, F2, and F4 fractions increased rapidly during
the first 0.1 h. Further increase was slow after this ini-
tial period. The decrease in sorption rate was likely
caused by a decrease in available sorption sites on the
activated sludge particles, lower Pb(II) concentration
in the solution, and high activation energy required
for further sorption [18]. All of these factors are
known to cause an influence on the rate of sorption
process. Maximum content of Pb(II) in F3 fraction was
reached within 0.1 h and the value decreased with the
increasing contact time. A possible reason for this phe-
nomenon is that the deterioration of organic matter in
activated sludge causes sorbed Pb(II) to release [19].

The pseudo-first-order and pseudo-second-order
kinetic models were used for analysis of sorption kinet-
ics. Mathematical equations of the pseudo-first-order

and pseudo-second-order kinetic models are repre-
sented as follows [20]:

ln ðqe � qtÞ ¼ ln qe � k1t (1)

t

qt
¼ 1

k2q2e
þ t

qe
(2)

The results of sorption kinetic experiments are shown
in Fig. 2. The pseudo-first-order constant (k1), pseudo-
second-order constant (k2), and correlation coefficient
(R2) are listed in Table 2. It can be seen from the Table 2
that there is an agreement between experimental
and calculated qe values for the pseudo-first-order
model and pseudo-second-order mode. The correlation
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Fig. 1. The effect of contact time on sorption (a) and chem-
ical fraction distribution (b) of Pb(II) adsorbed onto acti-
vated sludge.
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coefficient (R2) between the experimental data and the
two model’s values predicted by the two models are
both above 0.99. Therefore, both the pseudo-first-order
and pseudo-second-order models are able to model the
sorption process of Pb(II) onto activated sludge. How-
ever, these two represent different sorption processes
and mechanisms [17]. The fact that both the two models
can be used to model sorption suggests that the sorp-
tion mechanism of activated sludge is complex, and the
overall sorption rate of the Pb(II) is controlled both by
chemical and diffusion processes [17].

3.2. Effect of temperature

The experimental temperature was varied from 10
to 30˚C to determine the effects of the temperature on
the sorption rate. Initial metal ion concentrations were
10, 20, 35, 50, 100, and 150 mg/L. Table 3 shows the
effect of temperature on Pb(II) removal efficiencies.
The removal efficiency was highest at 30˚C and lowest
at 10˚C, indicating the sorption of Pb(II) onto activated
sludge increased as the temperature rose. Sheng et al.
[21] noted that one possible reason for this phenome-
non is that the Pb(II) ions were well hydrated. In
order to be sorbed on sorbents, the ions need energy

to break the hydration shell. Therefore, the removal of
water molecules from Pb(II) ions is an endothermic
process that works better under higher temperature
conditions. Another possible explanation of this phe-
nomenon has been given that the increase in sorption
capacity is related to an increase in the number of
available active surface sites and a reduction of activa-
tion energy as well as a decrease in the thickness of
the boundary layer surrounding the sorbent with the
increasing temperature [22].

As shown in Fig. 3, the temperature had a signifi-
cant influence on the distribution of Pb(II) in the
chemical fractions of activated sludge during sorption.
It can be observed that the content of F1, F2, F3, and F4
fraction in activated sludge increased as the tempera-
ture increased. This was mainly due to activation of
more sorption sites, lower activation energy of
reaction, and faster diffusion rate at higher tempera-
ture (10–30˚C) [22]. The F2 fraction was associated
with Fe and Mn oxides, and F3 fraction was associated
with organic matter [14]. Turner et al. [23] indicated
that sorption of heavy metal onto Fe and Mn oxide-
coated sand increased with increasing temperature.
Song et al. [24] found that heavy metal removal effi-
ciency of organic matter was promoted at a higher
temperature.

3.3. Sorption isotherm

The purpose of the sorption isotherm is to reveal
the specific relationship between the equilibrium con-
centration of adsorbate in the bulk liquid and the
amount sorbed onto the surface of the sorbent. The
equilibrium data were analyzed using the Langmuir
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Fig. 2. Sorption kinetics of Pb(II) on activated sludge at
20˚C. Initial Pb(II) concentration was 50 mg/L; the dosage
of adsorbents was 4,000 mg/L.

Table 2
Pseudo-first-order and pseudo-second-order adsorption rate constants for Pb(II) onto activated sludge

C0 (mg/L) qex (mg/g)

Pseudo-first-order constants Pseudo-second-order constants

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (mg/gmin) R2

50 11.68 11.47 18.84 0.9925 11.56 4.27 0.9975

Table 3
Temperature effect on percent removal of Pb(II) by acti-
vated sludge

T (˚C)

Percent removal (%)

20 mg/L 50 mg/L 100 mg/L 150 mg/L

10 95.91 87.42 76.78 64.42
20 97.49 93.51 83.15 71.44
30 98.90 96.73 89.39 78.59
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and Freundlich isotherm as expressed in Eqs. (3) and
(4), respectively [20].

qe ¼ qmKLCe

1þ KLCe
(3)

qe ¼ KFC
1=n
e (4)

Where qm (mg/g) represents the maximum amount of
metal ion uptaken per unit mass of the biomass, qe
(mg/g) and Ce (mg/L) are the amounts of Pb(II)
sorbed per unit mass of sorbent and equilibrium con-
centration in the solution, KL (L/mg) is the Langmuir
sorption constant. KF and n refer to model constants
that are related to the sorption capacity and intensity,
respectively.

The Langmuir isotherm for Pb(II) at different
temperatures is shown in Fig. 4, and corresponding

parameters are listed in Table 4. The sorption capacity
(qm) in Langmuir model increased with increasing
temperature, indicating that the sorption process is
endothermic. Increase in sorption capacity with
increase in temperature may be attributed to an
increase in the number of sorption sites on the aerobic
granular sludge as the temperature increased. Temper-
ature can increase the number of sorption sites by
activating the sorption sites on the sludge particles
[22]. The essential features and the feasibility of
the Langmuir isotherm model can be expressed in
terms of dimensionless constant separation factor or
equilibrium parameter, RL, given by [17]:

RL ¼ 1

1þ KLC0
(5)

Where C0 (mg/L) is the initial amount of adsorbate,
and KL (L/mg) is the Langmuir constant described
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above. The parameter RL indicates the slope of the iso-
therm. The RL values classified as RL> 1, RL= 1, 0 <
RL< 1, and RL= 0 indicated whether the sorption is
unfavorable, linear, favorable, or irreversible, respec-
tively [17]. The sorption intensity (RL) values are given
in Fig. 5. Between 10 and 200 mg/L initial Pb(II), the
sorption intensity (RL) ranges were 0.5–0.048,
0.34–0.026, and 0.20–0.013 at 10, 20, and 30˚C, respec-
tively. According to Mckay et al. [25], the parameter
(0 <RL< 1) indicates that the aerobic activated sludge
is a suitable sorbent for sorption of Pb(II) from
aqueous solutions.

The equilibrium data was fitted to the Freundlich
isotherm model for the sorption of Pb(II) onto acti-
vated sludge. The Freundlich isotherms for Pb(II) at
different temperatures are shown in Fig. 4, and the
corresponding parameters are listed in Table 4. The
magnitude of 1/n quantifies the favorability of the
sorption and the degree of heterogeneity of the acti-
vated sludge surface. The magnitude of 1/n in this
study was determined to be lower than unity. This

indicates a favorable sorption environment and
sorption capacity of the system at 10, 20, and 30˚C.
The equilibrium sorption data was well modeled by
both the Langmuir and Freundlich isotherms. This
may be attributed to both the homogeneous and heter-
ogeneous distribution of active sites on the surface of
the activated sludge. The sorption properties of the
activated sludge are likely to be complex and involve
more than one mechanism [16].

3.4. Effect of pH

pH is one of the major parameters affecting the
sorption process of metal ions [1]. In order to evaluate
the overall influence of pH on the distribution of
Pb(II) in the chemical fractions, experiments were
carried out over a range of pH values. In each experi-
ment, 1.6 g of activated sludge was added to 400 mL
of Pb(II) solution containing a constant initial Pb(II)
ion concentration of 50 mg/L in conical flasks at
pH 2.0–9.0 for 96 h.

Fig. 6(a) shows the effect of initial pH on Pb(II)
removal efficiency. The sorption percentage of Pb(II)
increases from 29.94 to 85.31% as the solution pH
increases from 2.0 to 4.0. From 4.0 to 7.0, the sorption
continues to increase slightly as pH increases. At pH
7.0–9.0, there is no further increase in sorption capac-
ity. The effect of pH on the distribution of Pb(II) in
the chemical fractions of activated sludge during sorp-
tion is shown in Fig. 6(b). From the fractionation chart,
F1 shows the gradually increasing trend as the pH
increased. The maximum Pb(II) content of F2, F3, and
F4 occurred at pH 7.0. The distribution of chemical
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Table 4
Isotherm constants for the sorption of Pb(II) onto activated
sludge

T (ºC)

Freundlich Langmuir

KF

(L/mg) n R2
qm
(mg/g)

KL

(L/mg) R2

10 5.46 2.65 0.995 30.35 0.1 0.961
20 7.49 2.96 0.993 31.08 0.19 0.960
30 10.22 3.41 0.984 32.07 0.39 0.955
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Fig. 5. Langmuir model of RL parameter as a function of
initial Pb(II) concentration.
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fraction of Pb(II) can be used to determine the binding
mechanisms at work in the sludge. In the low pH
range, the low removal efficiency of Pb(II) can be
attributed to high concentration of H+ that competes
with Pb2+ for active sites [26]. The phenomenon of
active site competition was also the main reason for
the lower content of Pb(II) in F1 fraction in a lower
pH than that in higher one. Pb(II) content in the F2
fraction is predominant. This result was consistent
with the findings of Stylianou et al. [27]. The content
of Pb(II) in the F2 fraction was a highly pH-dependent
process described by the following chemical reactions
[28]:

Cation sorption: Fe-OHþMþ ¼ Fe-OMþHþ

Oxyanion sorption:
Fe-OHþH2L ¼ FeHðx�iÞLð1�iÞ þ ði� 1ÞHþ þH2O

Where Fe-OH is an iron oxide surface, M is an ele-
ment cation, and L is an oxyanion ligand. The sorption
capacity of iron and manganese oxide increases with
increasing pH. The content of Pb(II) distribution in F3
was 0.55 mg/g. Pavasant et al. [29] indicated H+ com-
peted with metal ions in forming a bond with the
active sites (the functional groups) on the surface of
the sludge. Additionally, previous studies suggest that
sludge floc structure and cell wall integrity was dis-
rupted due to acidification at low pH [30,31]. Further
studies will be carried out at the molecular level using
spectroscopic techniques such as XPS and XAFS to
investigate these sorption phenomena. The low con-
tent of Pb(II) in F4 suggests that H+ product, the
adverse effect to sorption capacity of residual solids in
the activated sludge. Similar results have been
reported from studies involving acid extraction of
heavy metal from activated sludge [27].

As pH increases, the overall surface charge of the
activated sludge becomes more negative, and sorption
capacity increases because of a higher electrostatic
attraction between the positive charge metal ion and
negative surface charge of activated sludge [32]. In
addition, more sites are available for heavy metal ion
adsorption as the concentration of H+ decrease. The
main species of Pb(II) in the solution transforms from
Pb2+ to Pb(OH)+ as pH increases [33]. Thus, more Pb
(II) can be sorbed onto activated sites. The main rea-
sons behind activated site increase are (1) the total
binding on a charge basis of the activated sludge stays
approximately constant and (2)ion exchange takes
place with a divalent metal ion to proton ratio close to
1:2 [26]. The four fractions (F1, F2, F3, and F4) of heavy
metal in activated sludge increase to a certain degree
with increasing pH. It is believed that ion exchange,
sorption, precipitation with phosphates and sulfides,
complexation with organic matter, and binding to pri-
mary and secondary minerals are highly pH depen-
dent and increase with increasing pH [17,28]. The
main species at pH 7.0–9.0 are Pb(OH)+ and Pb(OH)2
[33]. Removal of heavy metals can be attributed to ion
exchange, complexation with negatively charged
group, and chemical precipitation. The content of Pb
(II) distribution in F1 is considerable at the alkaline
region. Such behavior is due to hydrates formed
through hydrolyzation of heavy metal ions precipitat-
ing on the surface of activated sludge. Chemical pre-
cipitation of Pb(II) is adverse to bond formation with
the active sites (the functional groups) on the surface
of the sludge, and sorption of heavy metals by organic
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Fig. 6. pH effect on sorption (a) and chemical fraction dis-
tribution (b) of Pb(II).
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matter decreases as the alkalinity increases. The con-
tent of Pb(II) in the F2 fraction and F4 fraction
decreases because of low ability or even inability of
Pb(OH)+ and Pb(OH)2 to diffuse into the mineral crys-
tal lattice, at high alkalinity [34].

3.5. Effect of Cu(II)

Interference of Cu(II) may have a detrimental effect
on the sorption of Pb(II) by activated sludge. A set of
experiments were conducted for a binary solution con-
taining constant Pb(II) concentration (50 mg/L) and
variable concentrations (5–100 mg/L) of Cu(II). The
sorption plots showed multi-linearity in sorption pro-
cess of Pb(II) onto activated sludge (Fig. 7(a)). Multi-
linearities were observed indicating that there was
two-stage effect on sorption of Pb(II) onto activated
sludge by Cu(II). The constants of the inhibition model
were calculated to be k1´ (−68.72), R2

1 (0.99), k2´ (−4.59),
and R2

2 (0.96) in the first stage and second stage,
respectively. k1´ and k2´ are the inhibiting rates, and
R2
1 and R2

2 are the correlation coefficients. Fig. 7(a)
clearly shows that Cu(II) has a negative effect on sorp-
tion of Pb(II) (k1´ < k2´ < 0). Previous studies presented
the similar results showing that the maximum mass of
adsorbable Pb(II) in Pb–Cu binary system declined
with increasing the initial concentration of Cu(II),
while initial concentration of Pb(II) was held constant
[35,36]. Because k1´ < k2´, the conclusion was drawn
that Cu(II) competes with Pb(II) by forming stable
complexes that replace Pb(II) on the sorption sites and
leads to partial Pb(II) release into solution [37].

Fig. 7(b) shows that Cu(II) had severe influence on
the transformation of Pb(II) fraction in the sludge. In
the single-ion situation, the distribution order of Pb in
different fractions was F2 (4.75 mg/g) > F3 (3.45 mg/g)
> F4 (2.81 mg/g) > F1 (1.07 mg/g). Cu(II) facilitates Pb
(II) transformation to F2 fraction, while at the same
time inhibiting Pb (II) transformation in the F3 and F4
fractions. However, the F1 fraction is polytropic. Cu(II)
at low concentration (≤20 mg/L) has little impact on
the F1 fraction of Pb(II). At high concentrations
(20–100 mg/L), the content of Pb(II) in the F1 fraction
decreases slowly as the concentration of Cu(II)
increases.

It is generally complicated to find a common rule
to identify how metal properties affect competitive
sorption. In general, it has been reported that, the
chemical properties of cations (atomic weight, electro-
negativity, electrode potential, and ionic size), the
types of bonding, and the characteristics of sorbent
are crucial to the competitive effect and distribution of
Pb(II) in the chemical fractions [35,36]. Thus, in binary
solution, sorption of metals is a competitive process

between ions in solution, which were sorbed onto the
biomass surface and those diffused into cell and resid-
ual solid.

3.6. XPS analysis

In order to get the information of Pb(II) sorbed
onto activated sludge at a molecular level, XPS was
used to identify the local species of Pb(II) sorbed on
activated sludge. Fig. 8(a) shows the typical result of
XPS spectral analysis for activated sludge before and
after sorption of Pb(II). The changes of the peak shape
and area of core level spectra indicate chemical bind-
ing of Pb(II) to activated sludge. Small but clear Pb
4f5/2, 7/2 peak was observed for the Pb(II) loaded
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distribution (b) of Pb(II).
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activated sludge. The peaks suggest that a significant
amount of Pb(II) is sorbed on activated sludge.

XPS C 1s spectra analysis is presented in Fig. 8(b).
Peaks in the C 1s region show that C atoms are
involved in six different states. The peak centered at
284.6 eV represents reference carbon and the aromatic
carbons present in the benzene ring of the imine [38].
C 1s peaks at 286.0, 287.4, 288.8, 290.4, and 291.8 eV
can be assigned to –C=O (e.g. ether, hydroxyl group),
–C=O (e.g., ketone, aldehyde), –COO– (e.g. carboxylic,
ester), –OCOO– (polycarbonate), and –CF3 (fluorinated
polycarbonate) species, respectively [39,40]. After sorp-
tion of Pb(II), the variation of area and FWHM indi-
cates that the chemical state of carbon has changed.
Variation of the proportion of the organic matter in
the activated sludge after sorption indicates that organic matter is involved in the sorption reaction. In

addition, the interaction between activated sludge and
Pb(II) leads to the disappearance of C 1s at 291.8 eV.

XPS Pb 4f spectra analysis results are presented in
Table 5. The XPS Pb 4f spectrum is composed of a
doublet (Pb 4f7/2 and 4f5/2). The binding energy of the
Pb(4f7/2) electron was measured at 139.0 eV. This
value is similar to that measure for lead carbonate and
lead oxalate compounds, indicating that Pb(II) is
bound by activated sludge through the hydroxyl and
carbonyl groups [41,42]. It should be noted that the
results obtained at this stage were sufficient to confirm
partial binding of lead to organic matter. The lower
binding energy peak at 137.4 eV could be attributed to
lead oxide [42], which was assigned to acid soluble/
exchangeable fraction because of the solubility in
acetic acid. However, information about lead in the
reducible fraction and residual fraction was not
provided by XPS.

4. Conclusion

In this study, distribution of Pb(II) in the chemical
fractions of activated sludge during sorption
depended significantly on contact time, pH, tempera-
ture, and Cu(II) concentration. With a rise in pH, the
contents of Pb(II) in acid soluble/exchangeable frac-
tion increased from 0.62 to 2.91 mg/g. The reducible,
oxidizable, and residual fractions reached a maxima of
4.75, 3.45, and 2.81 mg/g at pH 7, respectively.
With increasing Cu(II) concentration, the contents of
Pb(II) in the acid soluble/exchangeable, oxidizable,
and residual fractions decreased by 0.4, 2.21, and
1.66 mg/g, respectively, while the reducible fraction
reversely increased by 2.45 mg/g. The isotherm data
was described well by Langmuir and Freundlich mod-
els at pH 7. XPS measurements confirmed the exis-
tence of acid soluble/exchangeable and oxidizable
fractions of Pb(II) in the activated sludge.
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Fig. 8. XPS spectral analysis of activated sludge, (a) whole
spectra and and (b) C 1s spectra.

Table 5
Analysis of XPS spectra of Pb 4f

Sample Number Pos. FWHM Area
Area
(%)

Native
activated
sludge +
Pb(II)

1 4f5/2
142.09

1.86 2,485.2 37.59

2 4f7/2
137.40

1.74 3,271.1 49.71

3 4f5/2
143.49

1.21 359.4 5.43

4 4f7/
2139.00

1.56 479.0 7.27
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