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a b s t r a c t

The effects of sonication of activated sludge on heavy metal uptake were in a first time investigated in
respect with potential modifications of floc surface properties. The treatment led to the simultaneous
increase of specific surface area and of the availability of negative and/or hydrophilic sites. In parallel,
organic matter was released in the soluble fraction. Sorption isotherms of cadmium and copper showed
vailable online 21 May 2008

eywords:
ltrasounds
ctivated sludge
urface properties

that uptake characteristics and mechanisms were highly dependent on both heavy metal species and
specific energy supplied. The increase of both specific surface area and fixation sites availability led to
the increase of Cd(II) uptake. For Cu(II), organic matter released in soluble phase during the treatment
seemed to act as a ligand and to limit adsorption on flocs surface. Three different heavy metals uptake
mechanisms have been identified: proton exchange, ion exchange and (co)precipitation.
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. Introduction

Wastewater treatment with activated sludge processes gener-
tes large quantities of excess sludge which must be eliminated.
he disposal of this type of waste is subject to various environ-
ental, social and economic problems. Disposal of heavy metals

oaded sludge can lead to severe environmental hazards when used
or agriculture or landfilling [1,2]. Thus, interest for the develop-

ent of techniques allowing sludge volume and mass reduction is
resently increasing [3]. Ultrasonic treatment is one of the most
romising recent technologies for reducing sludge production in
astewater treatment plants [4]. Sludge is treated by ultrasounds

n order to improve its biodegradability prior to anaerobic digestion
5,6] or recycling in aeration tank [3,7]. The effects of sonication on
hysico-chemical characteristics of sludge are well known: solubi-

ization i.e. release of organic components: COD, proteins, nucleic
cids, polysaccharides [8–10], reduction of the flocs size [8,11–13],
iodegradability improvement [8,14].

Among mineral pollutants present in domestic wastewaters,

eavy metals are of great concern due to their high toxicity [15].
astewater treatment plants (WWTPs) are expected to control

he discharge of heavy metals in the environment [15]. However,
he design criteria for biological WWTPs are mainly focused on
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he removal of organic matter by activated sludge microorgan-
sms. The removal of heavy metals in those systems was (and
till is) regarded as a side-benefit, if any [1,2]. During sonication
nd the subsequent biodegradation step, mainly organic mat-
er is affected and the final quantity of waste-activated sludge
ecreases. Mineral and/or non-biodegradable components such
s heavy metals are not affected and may accumulate in the
ludge or be released in the aqueous phase i.e. the effluent of
he WWTP. For example, Chipasa [16] showed an increase in the
ontents of heavy metals per dry weight unit during anaerobic
igestion as a result of the microbial decomposition of sludge com-
ounds.

Uptake of heavy metals by sludge of WWTPs was the sub-
ect of numerous studies. Experimentations have been carried
ut either to identify the mechanisms and the main parameters
ffecting heavy metal uptake in WWTPs or to use waste-activated
ludge as a low cost adsorbent. The influence of a lot of physico-
hemical and process parameters has been extensively studied
nd demonstrated: hydraulic residence time [17], sludge age
18], feed C/N ratio [19], pH [20], temperature [20], dissolved
rganic matter [21,22], the presence of multiple metallic elements
23,24], the composition of the extracellular polymer matrix [25]
. .
However, few data concerning any link between sonication
f activated sludge and heavy metals uptake is available in the
iterature. The most significant results come from Kim et al.
26] who reported that after sonication of waste-activated sludge
eavy metals were released in the aqueous phase (Cu, Pb, Zn
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dx.doi.org/10.1016/j.jhazmat.2008.05.066


J. Laurent et al. / Journal of Hazardous

Nomenclature

A area occupied by a single rhodamine B molecule
(m2/molecule)

Ce equilibrium metal concentration (�mol/L)
COD chemical oxygen demand (mg O2/L)
DOC dissolved organic carbon (mg C/L)
DOM dissolved organic matter
EPS extracellular polymeric substances
ES specific energy (kJ/kg TS)
KL Langmuir constant (L/�mol)
N Avogadro number (6.023 × 10−18 molecules/mol)
p statistic significance coefficient
Qe adsorbed metal (�mol/g TSS)
Qmax Langmuir maximal adsorptive capacity (�mol/g

TSS)
QRR+ ruthenium red maximal adsorptive capacity (mg/g

TSS)
Qs adsorbed metal per unit of floc surface area

(�mol/m2)
rp Pearson’s correlation coefficient
RH relative hydrophobicity (%)
S constant related to limitation of adsorption in sig-

moidal Langmuir model (�mol/L)
SCOD soluble chemical oxygen demand (mg O2/L)
TCOD total chemical oxygen demand (mg O2/L)
TS total solids (g/L)
TSS total suspended solids (g/L)
VS volatile solids (g/L)
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VSS volatile suspended solids (g/L)
WWTP wastewater treatment plant

. .). Nevertheless, it appears essential to evaluate the possible
mpact of this process on quality of both final effluent and waste-
ctivated sludge generated. Thus, it is useful to determine to which
xtent sludge properties are modified by ultrasounds treatments
nd to assess the behaviour of heavy metals towards sonicated
ludge.

The objectives of this study are a better knowledge of sludge
haracteristics modifications after an ultrasonic treatment and of
heir potential effects on heavy metals uptake by activated sludge.
his uptake is estimated by batch biosorption tests. Solubilization of
rganic components, specific surface area, negative surface charge
nd relative hydrophobicity are measured and linked to heavy met-
ls uptake capacities. Finally, evolutions of the uptake mechanisms
re also investigated.

. Methods

.1. Sludge sonication

Activated sludge samples were obtained from the aeration tank
n the municipal wastewater treatment plant of the city of Limoges
250 miles south of Paris, France) and stored at 4 ◦C before use. The

ain characteristics of this type of sludge were: total solids (TS):
.5 ± 0.2 g/L, % of volatile solids (VS) in total solids (TS): 70 ± 1%,
otal chemical oxygen demand (TCOD): 4400 ± 720 mg O2/L.

The ultrasonic device used throughout this study was an ultra-

onic homogenizer (Sonopuls, Bandelin). The operating frequency
as 20 kHz, value belonging to the low frequencies range which

eads to a better flocs disintegration [6]. The power supplied was
00 W. Batch experiments were carried out in a 1 L beaker and
ithout temperature regulation. The volume of the treated sam-

m
(
m
B
s
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le was of 900 mL. The specific energy (ES) supplied ranged from 0
o 214,400 kJ/kg TS and is defined as follows (1):

S = P × t

V × TS0
(1)

here ES is the specific energy supplied (kJ/kg TS); P is the ultra-
onic power (W); t is the ultrasonic time (s); TS0 is the total solids
oncentration before sonication and V is the sample volume (L).

.2. Sludge characteristics

Sludge characteristics measurements were done in triplicate.
hemical oxygen demand (COD) was measured by the closed reflux
olorimetric method (Dr. Lange). Polysaccharides were determined
sing the colorimetric method of Dubois et al. [27]. Protein and
umic acids were determined using the method of Lowry et al. [28]
odified by Frølund et al. [29]. In order to assess the degree of

ludge solubilization, all these measurements were done on both
otal and soluble fractions of sludge. The soluble fraction is defined
ere as the fraction resulting from the filtration of the samples
hrough a cellulose nitrate membrane (0.45 �m pore size). For all
olorimetric methods used in this study, the standard deviation
or triplicate samples was 1–8% and 5–20% for soluble and total
ractions respectively.

Measurements of total and organic solids were done on total
ludge, which allowed the determination of total and volatile
olids (TS and VS). They also were done on centrifugation pel-
ets (6000 × g; 20 min; 4 ◦C), which allowed the determination of
otal suspended and volatile suspended solids (TSS and VSS). All
hese parameters allowed the whole quantification of total and
articulate matter concentrations. The matter concentration of the
upernatant, i.e. the soluble phase, was then deduced and so was
he composition of each part of the sludge. The measurements were
btained using the normalized method [30]. The standard deviation
or triplicate samples was below 2%.

.3. Flocs surface properties

.3.1. Specific surface area
The specific surface area of biomass was determined by a

ye adsorption method inspired of Smith and Coackley [31] and
ørensen and Wakeman [32]. 2 mL of a rhodamine B solution (seven
oncentrations varying in the range 0–500 mg/L) were added to
n 18 mL sludge suspension (previously diluted to obtain a TSS
oncentration close to 0.25 g/L). The biomass–dye mixtures were
haken on a rotary shaker for 20 h at 180 rpm at ambient temper-
ture according to Sørensen and Wakeman [32]. Once equilibrium
as reached, each mixture was centrifuged (6000 × g; 20 min; 4 ◦C)

nd the dye remaining in supernatant was measured using a spec-
rophotometer (Shimadzu UV-1700) at 554 nm wavelength. The
pecific surface area of the flocs (m2/g) was determined by calcu-
ating the maximum dye adsorption capacity Qmax, using Langmuir
dsorption model (4). The coefficients of the Langmuir isotherm
odel were obtained with the linearized form of the Langmuir

quation. The maximum dye adsorption capacity was then used
o determine the biomass specific surface area according to Eq. (2)
31]:

= Qmax × N × A (2)

here S is the specific surface area of the solids (m2/g); Qmax is the

aximum dye adsorption capacity (mol/g); N is Avogadro’s number

6.023 × 1023 molecules/mol); A is the area occupied by a single dye
olecule (1.95 × 10−18 m2/molecule of the dye used in this study).

ecause of the weak values obtained for rhodamine B adsorption,
tandard deviation obtained from the linear regression for seven
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Table 1
Solubilization of activated sludge at different specific energies (results obtained on triplicate samples)

Specific energy
(kJ/kg TS)

TSS/TS (%)) VS/TS (%) Soluble mineral
matter/TS (%)

Soluble organic
matter/TS (%)

SCOD/TCOD (%) Ratio of soluble to total
polysaccharides (%)

Ratio of soluble to total
proteins (%)

Ratio of soluble to total
humic acids (%)

0 94.7 70 3.8 1.4 0.6 ± 0.1 0.2 ± 0.01 0 4.1 ± 0.6
± 0.7
± 0.7
± 1.8
± 0.8
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3.1. Solubilization of sludge components

The use of ultrasounds did not change total matter quantity
27,900 83.0 70 5.6 11.4 4.9
56,400 70.9 69 9.7 19.3 9.2

113,400 56.7 69 10.5 32.8 17.6
214,400 58.2 67 10.10 31.7 19.6

hodamine B concentrations was 12–29%. This values were quite
igh but sufficient enough to assess significative evolutions of spe-
ific surface area after sonication.

.3.2. Negative surface charge
Negative surface charge was estimated by adsorption of ruthe-

ium red, a cationic dye. This molecule mostly binds to hydroxyls,
arboxyls and sulfate groups [33]. Measurement was realized
ccording to the protocol described by Löwen and Piirtola [34]. 2 mL
f dye solution (seven concentrations varying in the range 0–1 g/L)
ere added to an 18 mL sludge suspension (previously diluted to

btain a TSS concentration close to 0.25 g/L). The biomass–dye
ixtures were shaken on a rotary shaker for 3 h at 180 rpm at

mbient temperature. Once equilibrium was reached, each mixture
as centrifuged (6000 × g; 20 min; 4 ◦C) and the dye remaining in

upernatant was measured using a spectrophotometer (Shimadzu
V-1700) at 533 nm wavelength. The negative surface charge of the
ocs was estimated by calculating the maximum dye adsorption
apacity Qmax, using Langmuir adsorption model (4). The coeffi-
ients of the Langmuir isotherm model were obtained with the
inearized form of the Langmuir equation. The standard deviation
btained from the linear regression for seven ruthenium red con-
entrations was 5–8%.

.3.3. Relative hydrophobicity
The relative hydrophobicity (RH) was measured as adherence

o hydrocarbons with a protocol deriving from Wilén et al. [35]. A
0 mL sample of sludge was agitated uniformly for 5 min with 15 mL
exadecane (Sigma) in a separatory funnel. After 30 min, when the
wo phases were completely separated, the aqueous phase was
ransferred into another glassware. The RH (%) was expressed as
he ratio of TS concentration in the aqueous phase after emulsifi-
ation (TSe) to the concentration of TS in the aqueous phase before
mulsification (TSi) (3):

H =
(

1 − TSe

TSi

)
× 100 (3)

The standard deviation for triplicate samples was 1–6%.

.4. Biosorption of heavy metals, Ca2+, Mg2+ and DOC
easurement

In a first time, heavy metals uptake by activated sludge flocs
as evaluated with cadmium (Cd) and copper (Cu) respectively.
ll metals were added as chloride salts (CdCl2·H2O, CuCl2, 2H2O,
urity >98%) using stock solutions of 10 g/L of Cd2+ and Cu2+. 100 mL
igh density polyethylene bottles were used for batch metal sorp-
ion experiments to minimize metal sorption to the bottle surface.
orption isotherms of each metal were obtained using 50 mL of
ixed liquor with known TSS concentration spiked with eight dif-

erent initial metal concentrations. The bottles were shaken for 3 h

t 180 rpm on a rotary shaker at ambient temperature (20 ± 2 ◦C
aily checked). Preliminary kinetic studies indicated that metal
orption by non-treated and sonicated sludge reached equilibrium
fter approximately 2 h. pH was not regulated and no buffers were
dded to keep the pH constant during the course of sorption. In

a

3.9 ± 0.2 8.00 ± 1.2 16.4 ± 2.4
5.6 ± 0.3 11.1 ± 1.7 23.1 ± 3.5

13.8 ± 1 19.3 ± 2.6 34.1 ± 6.3
13.2 ± 1.9 26.9 ± 5.7 37.2 ± 8.9

act, these buffers can affect the sorption process by complexing
etal ions in solution. Initial pH was equal to 6.8 ± 0.1 (Metrohm

44) and initial conductivity (WTW LF 538) was 570 ± 80 �S/cm.
nce equilibrium was reached, pH of the sludge suspension was
easured and the sludge suspension was filtered through a cellu-

ose nitrate membrane (0.45 �m pore size). The filtrate was divided
n two parts: one was acidified with a few drops of concentrated
NO3 and stored at 4 ◦C until analysis; the other one was stored
t −20 ◦C until analysis. The soluble metal, calcium and magne-
ium concentrations were determined in the acidified filtrate by
flame atomic absorption spectrometer (FAAS) Varian 220FS. The
issolved organic carbon was determined in the frozen filtrate with
TOCmeter (Dohrmann Phoenix 8000). Metal sorption data were
tted to Langmuir (4) and sigmoidal Langmuir (5) isotherm models:

e = Qmax × KL × Ce

KL + Ce
(4)

e = Qmax × KL × Ce

1 + KL × Ce + S/Ce
(5)

here Qe is the quantity of metal adsorbed per mass of TSS (�mol/g
SS); Ce is the equilibrium concentration of metal in solution
�mol/L); Qmax is the maximal adsorption capacity of metal on
ludge floc (�mol/g TSS); KL is the Langmuir constant related to
ffinity (L/�mol) and S is the constant related to the limitation of
dsorption at low concentrations (�mol/L).

.4.1. Statistical analysis and non-linear regression
Statistical analyses were carried out using the Gnumeric

oftware1. The analysis was simplified by using univariate linear
orrelations. The Pearson’s product momentum correlation coef-
cient was used to evaluate linear estimations. The Pearson’s rp

oefficient is always between −1 and +1, where −1 means a perfect
egative correlation and +1 a perfect positive correlation while 0
eans absence of relationship. Correlations were considered statis-

ically significant at a 95% confidence interval (p < 0.05). Non-linear
egression was carried out using the GnuPlot software2 to fit the
igmoidal isotherms obtained for copper with sigmoidal Langmuir
odel.

. Results and discussion

For each studied specific energy, several sludge samples col-
ected at different times were studied. The results presented here
orrespond to one set of measurements representative of the trends
bserved throughout the study.
nd TS concentration measured after sonication was constant so

1 http://www.gnome.org/projects/gnumeric/.
2 http://www.gnuplot.info/.

http://www.gnome.org/projects/gnumeric/
http://www.gnuplot.info/


J. Laurent et al. / Journal of Hazardous Materials 162 (2009) 652–660 655

Table 2
Heavy metals released during sonication (results obtained on triplicate measurement)

Specific energy (kJ/kg TS) Soluble Cd (�g/L) Soluble Ni (�g/L) Soluble Cu (�g/L) Soluble Ca(II) (mg/L) Soluble Mg(II) (mg/L)

0 <DLa <DL 6 ± 1 29.2 7.1
27,900 <DLa 7 ± 1 26 ± 1 35.4 8.0
56,400 <DLa 10 ± 1 29 ± 1 45.1 12.7
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Evolutions of the negative surface charge (measured by ruthe-
nium red adsorption method) and of the relative hydrophobicity
appear at Fig. 2. Ruthenium red maximal adsorption capacity (QRR+)
increased with energy input whereas relative hydrophobicity (RH)
decreased. These evolutions occurred in a two steps sequence:
13,400 <DLa 189 ± 7
14,400 <DLa 60 ± 2

a DL = detection limit of the apparatus used for analysis.

s for the total organic solids (VS) ratio (Table 1). Thus ultrasounds
id not induce an evaporation or mineralization phenomenon.
owever, soluble matter concentration increased, whereas par-

iculate matter concentration decreased (Table 1). These results
re consistent with those obtained by Bougrier et al. [8] on
aste-activated sludge: ultrasounds led to the solubilization of
rganic and mineral solids. Solubilization of mineral matter was
ow; the ratio of soluble mineral matter at 214,400 kJ/kg TS was
nly 10%, whereas the ratio of soluble organic matter was 32%
Table 1). The solubilization of organic matter was underlined
y the increase of soluble COD, proteins, polysaccharides and
umic acids with increasing specific energy supplied (Table 1).
or all the parameters measured, ratio of soluble to total concen-
rations increased fast with increasing specific energy from 0 to
13,400 kJ/kg TS. For higher specific energies, the increase of soluble
o total components concentrations was lower. Concerning organic
omponents, the order of solubilization varied as follows: humic
cids > proteins > polysaccharides. Humic acids reached the high-
st ratio of soluble to total concentrations for all specific energies
tudied. This suggests that sonication affected the floc extracel-
ular matrix to a great extent knowing that humic acids are not
ntracellular components.

.2. Heavy metals, Ca(II) and Mg(II) release

As activated sludge used in this study was obtained from a
eal WWTP, it contained heavy metals originating from wastew-
ter. Thus, they had to be taken into account in a quantitative
espect. In order to assess the potential release of these metals
ue to sonication, soluble concentrations of cadmium, nickel and
opper were measured by FAAS immediately after sonication. It
an be noticed that copper and nickel soluble concentrations were
ncreasing in parallel with specific energy whereas cadmium con-
entrations could not be detected with the FAAS used in this study
Table 2). The question of cadmium behaviour remained to be
lucidated by using a more sensitive analytical method. Thus, son-
cation led to the release of nickel and copper in soluble phase.
hese results are in accordance with those of Kim et al. [26] who
bserved a reduction of the amount of Cu, As, Se, Pb, Zn and Zn
ontained in the filtration cake of sonicated sludge. Heavy metals
ound to sludge flocs components were solubilized together with
hese components. Moreover, it can be noticed that ultrasounds
ere used to accelerate the release of heavy metals during the real-

zation of sequential extraction schemes applied on a sludge sample
36,37].

Soluble concentrations of Ca(II) and Mg(II) were also determined
Table 1). Their concentrations were increasing for specific energies
anging from 0 to 56,400 kJ/kg TS and decreasing for higher specific
nergies. This can be attributed to variations in the initial Ca(II)
nd Mg(II) content of the different samples. However, both, Ca(II)

nd Mg(II) follow the same trend with the increase of the specific
nergy. According to the divalent cations bridging theory, Ca(II) and
g(II) cations are involved in bioflocculation [38]. Thus, as soluble

rganic matter released by sonication can act as a good flocculant
12], the decrease of Ca(II) and Mg(II) concentrations at higher spe-

F
s
t
c

162 ± 4 26.0 8.6
196 ± 4 25.3 6.0

ific energies can also be linked to a reflocculation phenomenon
nduced by the higher soluble organic matter content.

.3. Evolution of floc surface properties

According to Dewil et al. [11], the reduction of the flocs size after
onication offers an extended surface area. Measurement of specific
urface area by rhodamine B adsorption confirmed this assump-
ion (Fig. 1). Determination coefficients (R2) of the Langmuir model
sed for calculation varied in the range 0.73–0.92. For non treated
ludge, the value was 28 ± 4 m2/g TSS, which was of the same order
f magnitude as the ones obtained with the same method on both
ctivated sludge (5.5–9 m2/g TSS), and anaerobically stored acti-
ated sludge (13.5–24 m2/g TSS) by Sørensen and Wakeman [32].
heng et al. [39] obtained a value of 55.3 m2/g TSS on granular acti-
ated sludge. However, the values obtained in this study were lower
han those obtained on activated sludge by Smith and Coackley [31]
40–142 m2/g TSS) and Kim et al. [40] (91 m2/g TSS) who used New
occine instead of rhodamine B. Their adjusting of pH may cause
he sludge to undergo chemically induced changes. Thus, due the
ifferent protocols and also different origins of sludge, direct and
recise comparisons are difficult to set up.

Specific surface area increased in a two steps sequence with
nergy input. For specific energy between 0 and 113,400 kJ/kg TS,
n important increase was noticed: from 28 ± 4 to 104 ± 18 m2/g
SS. For higher specific energies, the specific surface area increase
as apparently lower (from 104 ± 18 m2/g TSS for ES = 113,400 kJ/kg

SS to 114 ± 26 m2/g TSS for ES = 214,400 kJ/kg TS).
ig. 1. Specific surface area increase with specific energy. The error bars repre-
ent the standard deviation calculated from the linear regression performed using
he linearized Langmuir model. Seven points corresponding to seven rhodamine B
oncentrations were used for each value calculation.
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Fig. 2. Evolution of the relative hydrophobicity and adsorption capacity of ruthe-
nium red with specific energy. For ruthenium red, the error bars represent the
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Table 3
Pearson’s correlation coefficient (rp) an p-values (p) for linear correlations between
specific surface area and relative hydrophobicity and adsorption capacity of ruthe-
nium red
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tandard deviation calculated from the linear regression performed using the lin-
arized Langmuir model. Seven points corresponding to seven ruthenium red
oncentrations were used for each value calculation. For RH, error bars represent
he standard deviation obtained for triplicate samples.

or specific energy between 0 and 114,400 kJ/kg TS, both impor-
ant increase of QRR+ and important decrease of RH were noticed
QRR+ increased from 254 ± 14 mg/g TSS to 373 ± 24 mg/g TSS and
H decreased from 85% to 49%). For higher specific energies, evolu-
ions seemed to be lower (QRR+ = 418 ± 24 mg/g TSS and RH = 42% for
S = 214,400 kJ/kg TS). The values obtained in this study for QRR+ are
f the same order of magnitude as the ones obtained by Figueroa
nd Silverstein [33].

The relative hydrophobicity of the sludge expressed in this study
ndicated the presence of both hydrophobic and hydrophilic groups
t the surface of the flocs. On one hand, hydrophilic molecules are
enerally polar or charged while hydrophobic molecules are non-
olar [41]. On the other hand, as mentioned above (see Section
.3.2), ruthenium red binds essentially to hydroxyls, carboxyls and
ulfate groups at the surface of the flocs. Thus, the decrease of RH
nd the increase of QRR+ due to sonication can be linked to the
ncrease of the availability of polar/charged groups such carboxyls,

ydroxyls and sulfate at the surface of the flocs.

Evolutions of QRR+ and RH appeared to be concomitant with spe-
ific surface area increase (Fig. 3). This is confirmed by the strong
nd significant correlations obtained between the three parameters

ig. 3. Relative hydrophobicity and RR+ maximal adsorption capacity vs. specific
urface area.
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H −0.9736 0.0051
RR+ 0.8800 0.0490

Table 3). Thus, it can be assumed that sonication at the frequency
sed in this study (20 kHz) affected floc surface properties in an
ssentially physical manner. In fact, groups buried inside the EPS
extracellular polymeric substances) matrix were made free by the
isintegration of the floc but no significant chemical modifications
eemed to occur at the floc surface. This hypothesis is in accor-
ance with the fact that hydromechanical shear forces produced by
ltrasonic cavitation are predominantly responsible for the sludge
isintegration [6]. These forces are namely predominant at fre-
uencies inferior to 100 kHz [6,10,42]: high frequencies promote
xidation by radicals whereas low frequencies promote physical
henomena like pressure waves [43].

Surface binding and complexation with the negatively charged
unctional groups (carboxyls, hydroxyls, phosphoric . . .) at the sur-
ace of the floc is one of the predominant mechanisms identified
or heavy metal uptake by activated sludge [44]. Choi and Yun [45]
lso showed that carboxyl groups contributed to the metallic ions
ptake by sewage sludge. Kim et al. [40] linked the increase of
etal biosorption in a sludge spiked with the filamentous bac-

eria Nocardia amarae. They showed that this increase was due
o the higher specific surface area of Nocardia cells. Thus, the
esults presented in this study showed that the number of available
ites for biosorption of heavy metals was increasing with sonica-
ion.

.4. Heavy metals adsorption capacity of the sonicated activated
ludge

Cadmium and copper were studied because of their usual sig-
ificant concentrations in wastewater [15,16]. To determine the
mount of metal sorbed to activated sludge at various metal equi-
ibrium concentrations, eight different initial metal concentrations
anging from 0 to 200 mg/L were used for batch sorption study
s previously described in Section 2.4. Fig. 4 allows the compari-
on of metal biosorption isotherms for activated sludge treated by
ltrasounds with specific energy ranging from 0 to 214,400 kJ/kg
S.

.4.1. Cadmium
For each equilibrium concentration, the cadmium adsorptive

apacity increased with specific energy. Cadmium isotherms were
ell described by Langmuir model as shown at Fig. 4a. The
aximum adsorptive capacity (Qmax) obtained from the model

ncreased in a two steps sequence with specific energy (Fig. 6).
or specific energy between 0 and 113,400 kJ/kg TS, an impor-
ant increase was noticed: from 298 to 888 �mol/g TSS. For higher
pecific energies, the Qmax increase was apparently lower (from
88 �mol/g TSS for ES = 113,400 kJ/kg SS to 941 �mol/g TSS for
S = 214,400 kJ/kg TS). Qmax evolutions seemed to be concomitant
ith the increase of specific surface area (see Section 2.3.1). To
heck this assumption, the cadmium sorption results were nor-
alized with the specific surface area values obtained from the

urface properties study (Section 2.3.1). The results obtained appear
t Fig. 5a.
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The convergence of isotherm curves supports the hypothesis
hat the increase of cadmium sorption capacity after sonication
as due to the greater surface area thus available and consequently

o the best availability of binding sites at the surface of sonicated

ig. 5. Surface area normalized sorption isotherms for different specific energies.
a) Cd(II); (b) Cu(II).
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ocs. Conversely, these results suggest that cadmium uptake mech-
nisms were not significantly altered by ultrasound treatment.

.4.2. Copper
Copper sorption isotherms became more and more S shaped

s the specific energy increased (Fig. 4b). The classical Langmuir
odel did not correctly describes the results obtained so the sig-
oidal Langmuir model (see Section 2.4) was used. The copper

dsorptive capacity decreased with increasing specific energy for
ow equilibrium concentrations. This decrease was not significant
or highest equilibrium concentrations and moreover, maximum
dsorptive capacity (Qmax) calculated from the model showed a
light increase in parallel with specific energy (Fig. 6). It ranged from
06 �mol/g TSS at 0 kJ/kg TS to 852 �mol/g TSS at 214,000 kJ/kg
S.

As showed in the solubilization study (see Section 3.1),
onication generates the release of organic compounds such carbo-
ydrates, proteins and humic acids. Previous studies [21,22,46] have
emonstrated that dissolved organic matter (DOM) has a strong

nfluence on the uptake of heavy metals by activated sludge par-
iculates. It could therefore be assumed that this newly present
OM could play the role of a ligand limiting adsorption of copper
t low concentrations. This phenomenon could explain the S shape
f the isotherms obtained with sonicated sludge. In fact, according
o Limousin et al. [47] who reviewed the physical bases, the mod-
ling and the measurement of adsorption isotherms, this type of
shaped isotherm can occur for metallic species when a soluble

igand is present. At low metal concentration, adsorption is limited
y the presence of the ligand. Adsorption only occurs after ligand
aturation. The point of inflection illustrates the concentration for
hich the adsorption overcomes the complexation.

The surface area normalized copper isotherms are shown at
ig. 5b. Isotherms obtained at different specific energies did not fall
n concordance at all: the adsorptive capacity per square meter of
urface area decreases with increasing sonication energies for each
quilibrium concentration. This observation is concomitant with
he increase of DOM with increasing sonication energies (Section
.1). Therefore, copper uptake seemed to be altered by ultrasound
reatment. This confirms the fact that although more binding sites

ere available after sonication, adsorption might be limited by

omplexation of the metal with DOM. However, Qmax calculated by
he sigmoidal Langmuir model increased showing that the higher
vailability of metal binding sites due to sonication was still increas-
ng copper binding capacity (Fig. 6).

ig. 6. Evolution of maximum adsorptive capacities for cadmium and copper with
onication. Qmax values were obtained for eight metal concentrations from Langmuir
nd sigmoidal Langmuir models for cadmium and copper respectively.
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.5. Investigation on the mechanisms of metal biosorption

Several mechanisms of heavy metals uptake by activated sludge
ave already been identified in the literature: surface binding and
omplexation with the negatively charged functional groups at the
urface of the floc is one of the predominant mechanism identified
or heavy metals uptake by activated sludge [44,48]. Ion exchange
Ca(II), Mg(II), H+) is also involved [19,45,48,49] as well as precipita-
ion [50]. In this study, the evolutions of some of these mechanisms
ere investigated with regards to the metal species and the spe-

ific energy previously applied to the sludge. Therefore, final pH
nd the final solution concentrations of DOC, Ca(II) and Mg(II) were
etermined.

.5.1. Proton exchange
As previously mentioned (see Section 2.4), pH was not regu-

ated during the course of the biosorption experiments. For each
tudied metal, the final pH value decreased with increasing equilib-
ium concentration suggesting that a proton exchange mechanism
uring sorption process was happening (Fig. 7). This phenomenon
as been previously showed [19] and the proton exchange mech-
nism has been demonstrated on dried sludge [45,49]. However,
n our study, fresh activated sludge was used and it was therefore
mpossible to quantify this mechanism because of the biological
ctivity interference during biosorption test: since the bottles used
or the test were closed, denitrification phenomenon caused the pH
ncrease (up to 0.7 pH units) as demonstrated by the control tests
ealized without metal addition.

.5.2. Cation exchange
The amount of Ca(II) and Mg(II) ions (counter ions) in solution

ncreased with increasing quantity of adsorbed metal (Fig. 8). As
uggested by Yuncu et al. [19], this release of divalent cations during
iosorption of heavy metals by activated sludge can be linked to a
ation exchange mechanism. In the context of this work, the term
on exchange refers to binding of a metal cation to a site which was
nitially occupied by another cation, this second ion being released
pon the binding of the first ion. This phenomenon has also been
bserved by Hawari and Mulligan [48] during biosorption of Cd, Ni,
u and Pb on calcium treated anaerobic biomass.
The quantity of Ca(II) and Mg(II) released in solution increased
inearly with the quantity of adsorbed metal for each metal and
ach specific energy studied. Therefore, linear regression has been
arried out for each metal and each specific energy. The slope value
f the regression line obtained can be expressed in �eq of released

Fig. 7. pH decrease with biosorption for different specific energies (copper).

F
s
l
c

ig. 8. Release of Ca(II) and Mg(II) during adsorption of copper on different sonicated
ludges.

ounter ions per �eq of adsorbed metal ion. Thus, it represents the
ation release ratio: cations released (�eq)/metal ions adsorbed
�eq). Fig. 9 presents the ratio of desorbed cations as a function
f specific energy for respectively Cd and Cu. This ratio was below
for most of the studied specific energies for both cadmium and

opper. This indicates that the whole metal removal cannot be only
xplained by ion exchange alone as previously mentioned in the
iterature [19,48].

There were apparently no major differences in the divalent
ations release ratios observed at different specific energies for
admium (Fig. 9). The cations release ratios were comprised
n a range varying from 0.55 ± 0.07 �eq/�eq at 0 kJ/kg TS to
.88 ± 0.18 �eq/�eq at 113,400 kJ/kg TS. This underlines the fact
hat for this metal, there was no significant shift in the mecha-
ism of metal uptake with increasing sonication energy. However,

or copper, the cations release rate ranged from 0.44 ± 0.06
o 0.49 ± 0.10 �eq/�eq for specific energies between 0 and
6,400 kJ/kg TS and raised up to 1.00 ± 0.11 and 1.48 ± 0.32 �eq/�eq
t 214,400 and 113,400 kJ/kg TS respectively. There is therefore a
hift in the copper uptake mechanisms as ion exchange seemed
o become more prevalent for higher specific energies. Several
ypotheses can be formulated to explain this shift:
sites with high affinity for copper that were firstly bound by Ca(II)
and/or Mg(II) as counter ions,

ig. 9. Rate of divalent cations released during sorption process as a function of
pecific energy. The error bars represent the standard deviation calculated from the
inear regression of cations released versus metal adsorbed curves for eight metal
oncentrations.



J. Laurent et al. / Journal of Hazardous Materials 162 (2009) 652–660 659

F
f

•

3

t
s
E
t
l
m
h
e
c
b
i
c

a
f
n
m
t
a
t
e
f
o
p
c
t
c

c

F
s

d
t
t
c
m
i
m
b

t
p
t
o
s
t

4

m
t
l
s

•

•

•

•

ig. 10. DOC released as a function of adsorbed metal for specific energies ranging
rom 0 to 56,400 kJ/kg TS: (a) Cd; (b) Cu.

a further destructuration of the floc leading to the release of Ca(II)
and Mg(II) due to the action of Cu2+ ions because the floc structure
after treatment at higher specific energies might be weaker.

.5.3. DOC release or precipitation during metal adsorption
According to the divalent cation bridging theory which describes

he best the role of cations in bioflocculation [38], divalent cations
uch Ca(II) and Mg(II) bridge negatively charged groups within the
PS. Thus, the release of Ca(II) and Mg(II) can also be related to
he destructuration of the floc due to the presence of heavy metals
eading to polymers release in the bulk solution. Yuncu et al. [19]

easured the release of carbohydrates during the biosorption of
eavy metals. It was attributed to the release of EPS during the ion
xchange process. However, they noticed that the measurement of
arbohydrates was not sufficient to assess the release of EPS during
iosorption as there are other major constituents such as proteins

n the EPS. This is the reason why the measurement of DOC was
hosen in this study to estimate more completely the EPS release.

The increase of DOC equilibrium concentration with heavy met-
ls adsorbed was effectively observed for specific energies ranging
rom 0 to 56,400 kJ/kg TS (Fig. 10). The release of DOC was more pro-
ounced as the specific energy increased suggesting that flocs were
ore subject to heavy metal induced destructuration after sonica-

ion. Ideally, a higher polymer release is expected with a higher
mount of adsorbed metal. However, DOC release was not propor-
ional to adsorbed metal (Fig. 10): DOC release increased at a greater
xtent for lower amounts of adsorbed metal and reached a plateau
or higher amounts of adsorbed metal. This can be attributed to
ther phenomena interfering during the biosorption test such as
recipitation of the DOM–heavy metal complexes formed. This is

onfirmed by the decrease of the amount of DOC released by sludge
reated at 56,400 kJ/kg TS for the highest copper equilibrium con-
entrations.

Indeed, the results obtained for higher specific energies
onfirmed this assumption because DOC concentrations were
ig. 11. Precipitation of DOC as a function of copper equilibrium concentration for
ludge treated at 208,700 kJ/kg TS.

ecreasing with increasing amount of adsorbed metal. This means
hat part of DOC was transferred to the solid phase. It could
herefore be assumed that the solubility of the DOM–heavy metal
omplexes formed was overcome due to the higher DOM/heavy
etal ratio of the sonicated sludge. Thus, these complexes precip-

tated, leading to the decrease of DOC concentration after heavy
etals addition. Fig. 11 shows the results obtained after copper

iosorption on sludge treated at 208,700 kJ/kg TS.
Therefore, it can be concluded that the final DOM content in

he aqueous phase after biosorption results from two antagonistic
henomena: on one hand, DOC concentration increases because of
he polymer release due to the ion exchange mechanism. On the
ther hand, the complexes formed between DOM released in the
onication process and heavy metals added precipitate, decreasing
he final DOC concentration.

. Conclusions

In this study, it is demonstrated that sonication is affecting heavy
etals uptake by activated sludge to a great extent. Depending on

he metal specie considered, the uptake can either be enhanced or
imited. In fact, sonication induces important modifications of both
oluble and particular phases composition and characteristics:

Sonication of activated sludge led to solubilization of organic
matter: COD, polysaccharides, proteins and humic acid concen-
trations increased in the aqueous phase.
Sonication affected flocs surface properties by increasing the
specific surface area and the negative surface charge whereas
relative hydrophobicity decreased. As there were strong corre-
lations between specific surface area increase, negative surface
charge increase and relative hydrophobicity decrease, it can be
assumed that sonication effects on floc surface properties are
essentially physical: negative and/or polar sites are made free by
floc disruption due to ultrasound waves.
The increase in fixation sites availability at the surface of the flocs
due to sonication led to an increase of the number of available
active sites for fixation of metal ions at the surface of the floc. Thus,
cadmium and copper maximal adsorptive capacities increased.

Depending on the heavy metal species considered, sonication
caused a shift in the metal affinity towards activated sludge:
cadmium affinity was not significantly modified by sonication
whereas copper uptake was affected by the increasing concen-
tration of DOM acting as a ligand towards copper ions. The
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DOM–copper complex formed first limited adsorption on sludge
particulates. Once either the ligand was saturated or the solu-
bility of the complex was reached, copper uptake increased by
means of adsorption and/or precipitation. Moreover, it seemed
that ion exchange mechanism was more pronounced during cop-
per biosorption by sludge treated at highest specific energies.
Three heavy metal uptake mechanisms by sonicated activated
sludge have been identified: proton exchange, divalent cations
exchange and precipitation with dissolved organic matter. How-
ever, the relative importance and evolution of these different
mechanisms remains to be elucidated.

cknowledgement

The authors thank the Conseil Régional du Limousin for its finan-
ial supports.

eferences

[1] L. Lazzari, L. Sperni, P. Bertin, B. Pavoni, Correlation between inorganic (heavy
metals) and organic (PCBs and PAHs) micropollutant concentrations during
sewage sludge composting processes, Chemosphere 41 (2000) 427–435.

[2] J. Scancar, R. Milacic, M. Strazar, O. Burica, Total metal concentrations and par-
titioning of Cd, Cr, Cu, Fe, Ni and Zn in sewage sludge, Science of the Total
Environment 250 (2000) 9–19.

[3] S.H. Yoon, H.S. Kim, S. Lee, Incorporation of ultrasonic cell disintegration into
a membrane bioreactor for zero sludge production, Process Biochemistry 39
(2004) 1923–1929.

[4] H. Ødegaard, Sludge minimization technologies—an overview, Water Science
and Technology 49 (2004) 31–40.

[5] T. Mao, K.Y. Show, Performance of high-rate sludge digesters fed with sonicated
sludge, Water Science and Technology 54 (2006) 27–33.

[6] A. Tiehm, K. Nickel, M. Zellhorn, U. Neis, Ultrasonic waste-activated sludge dis-
integration for improving anaerobic stabilization, Water Research 35 (2001)
2003–2009.

[7] X.Q. Cao, J. Chen, Y.L. Cao, J.Y. Zhu, X.D. Hao, Experimental study on sludge
reduction by ultrasound, Water Science and Technology 54 (2006) 87–93.

[8] C. Bougrier, H. Carrère, J.P. Delgenès, Solubilisation of waste-activated sludge
by ultrasonic treatment, Chemical Engineering Journal 106 (2005) 163–169.

[9] F. Wang, S. Lu, M. Ji, Components of released liquid from ultrasonic waste-
activated sludge disintegration, Ultrasonics Sonochemistry 13 (2006) 334–338.

10] P. Zhang, G. Zhang, W. Wang, Ultrasonic treatment of biological sludge: floc
disintegration, cell lysis and inactivation, Bioresource Technology 98 (2007)
207–210.

11] R. Dewil, J. Baeyens, R. Goutvrind, Ultrasonic treatment of waste-activated
sludge, Environmental Progress 25 (2006) 121–128.

12] E. Gonze, S. Pillot, E. Valette, Y. Gonthier, A. Bernis, Ultrasonic treatment of an
aerobic activated sludge in a batch reactor, Chemical Engineering and Process-
ing 42 (2003) 965–975.

13] S. Na, Y.U. Kim, J. Khim, Physiochemical properties of digested sewage sludge
with ultrasonic treatment, Ultrasonics Sonochemistry 14 (2007) 281–285.

14] T.I. Onyeche, O. Schläfer, H. Bormann, C. Schröder, M. Sievers, Ultrasonic cell dis-
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