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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
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(Il) uptake. For Cu(ll), 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.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Wastewater treatment with activated sludge processes gener-
ates large quantities of excess sludge which must be eliminated.
The disposal of this type of waste is subject to various environ-
mental, social and economic problems. Disposal of heavy metals
loaded sludge can lead to severe environmental hazards when used
for agriculture or landfilling [1,2]. Thus, interest for the develop-
ment of techniques allowing sludge volume and mass reduction is
presently increasing [3]. Ultrasonic treatment is one of the most
promising recent technologies for reducing sludge production in
wastewater treatment plants [4]. Sludge is treated by ultrasounds
in order to improve its biodegradability prior to anaerobic digestion
[5,6] or recycling in aeration tank [3,7]. The effects of sonication on
physico-chemical characteristics of sludge are well known: solubi-
lization i.e. release of organic components: COD, proteins, nucleic
acids, polysaccharides [8-10], reduction of the flocs size [8,11-13],
biodegradability improvement [8,14].

Among mineral pollutants present in domestic wastewaters,
heavy metals are of great concern due to their high toxicity [15].
Wastewater treatment plants (WWTPs) are expected to control
the discharge of heavy metals in the environment [15]. However,
the design criteria for biological WWTPs are mainly focused on
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the removal of organic matter by activated sludge microorgan-
isms. The removal of heavy metals in those systems was (and
still is) regarded as a side-benefit, if any [1,2]. During sonication
and the subsequent biodegradation step, mainly organic mat-
ter is affected and the final quantity of waste-activated sludge
decreases. Mineral and/or non-biodegradable components such
as heavy metals are not affected and may accumulate in the
sludge or be released in the aqueous phase i.e. the effluent of
the WWTP. For example, Chipasa [16] showed an increase in the
contents of heavy metals per dry weight unit during anaerobic
digestion as a result of the microbial decomposition of sludge com-
pounds.

Uptake of heavy metals by sludge of WWTPs was the sub-
ject of numerous studies. Experimentations have been carried
out either to identify the mechanisms and the main parameters
affecting heavy metal uptake in WWTPs or to use waste-activated
sludge as a low cost adsorbent. The influence of a lot of physico-
chemical and process parameters has been extensively studied
and demonstrated: hydraulic residence time [17], sludge age
[18], feed C/N ratio [19], pH [20], temperature [20], dissolved
organic 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
of activated sludge and heavy metals uptake is available in the
literature. The most significant results come from Kim et al.
[26] who reported that after sonication of waste-activated sludge
heavy metals were released in the aqueous phase (Cu, Pb, Zn
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Nomenclature

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

Ce equilibrium metal concentration (mol/L)

COoD chemical oxygen demand (mg O,/L)

DOC dissolved organic carbon (mg C/L)

DOM dissolved organic matter

EPS extracellular polymeric substances

Es specific energy (kJ/kg TS)

Ky, Langmuir constant (L/pmol)

N Avogadro number (6.023 x 10~18 molecules/mol)

p statistic significance coefficient

Qe adsorbed metal (pumol/g TSS)

Qmax Langmuir maximal adsorptive capacity (pmol/g
TSS)

Qrr* ruthenium red maximal adsorptive capacity (mg/g
TSS)

Qs adsorbed metal per unit of floc surface area
(wmol/m?)

p Pearson’s correlation coefficient

RH relative hydrophobicity (%)

S constant related to limitation of adsorption in sig-
moidal Langmuir model (pmol/L)

SCOD  soluble chemical oxygen demand (mg O,/L)

TCOD  total chemical oxygen demand (mg O, /L)

TS total solids (g/L)

TSS total suspended solids (g/L)

VS volatile solids (g/L)

VSS volatile suspended solids (g/L)

WWTP wastewater treatment plant

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

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

2. Methods
2.1. Sludge sonication

Activated sludge samples were obtained from the aeration tank
in the municipal wastewater treatment plant of the city of Limoges
(250 miles south of Paris, France) and stored at 4 °C before use. The
main characteristics of this type of sludge were: total solids (TS):
3.54+0.2¢g/L, % of volatile solids (VS) in total solids (TS): 70 £ 1%,
total chemical oxygen demand (TCOD): 4400 + 720 mg O, /L.

The ultrasonic device used throughout this study was an ultra-
sonic homogenizer (Sonopuls, Bandelin). The operating frequency
was 20 kHz, value belonging to the low frequencies range which
leads to a better flocs disintegration [6]. The power supplied was
100 W. Batch experiments were carried out in a 1L beaker and
without temperature regulation. The volume of the treated sam-

ple was of 900 mL. The specific energy (Es) supplied ranged from 0
to 214,400 kJ/kg TS and is defined as follows (1):

_ Pxt
N V x TSO
where Ejs is the specific energy supplied (k]/kg TS); P is the ultra-

sonic power (W); t is the ultrasonic time (s); TSq is the total solids
concentration before sonication and V is the sample volume (L).

Es (1)

2.2. Sludge characteristics

Sludge characteristics measurements were done in triplicate.
Chemical oxygen demand (COD) was measured by the closed reflux
colorimetric method (Dr. Lange). Polysaccharides were determined
using the colorimetric method of Dubois et al. [27]. Protein and
humic acids were determined using the method of Lowry et al. [28]
modified by Frelund et al. [29]. In order to assess the degree of
sludge solubilization, all these measurements were done on both
total and soluble fractions of sludge. The soluble fraction is defined
here as the fraction resulting from the filtration of the samples
through a cellulose nitrate membrane (0.45 wm pore size). For all
colorimetric methods used in this study, the standard deviation
for triplicate samples was 1-8% and 5-20% for soluble and total
fractions respectively.

Measurements of total and organic solids were done on total
sludge, which allowed the determination of total and volatile
solids (TS and VS). They also were done on centrifugation pel-
lets (6000 x g; 20 min; 4°C), which allowed the determination of
total suspended and volatile suspended solids (TSS and VSS). All
these parameters allowed the whole quantification of total and
particulate matter concentrations. The matter concentration of the
supernatant, i.e. the soluble phase, was then deduced and so was
the composition of each part of the sludge. The measurements were
obtained using the normalized method [30]. The standard deviation
for triplicate samples was below 2%.

2.3. Flocs surface properties

2.3.1. Specific surface area

The specific surface area of biomass was determined by a
dye adsorption method inspired of Smith and Coackley [31] and
Serensen and Wakeman [32]. 2 mL of arhodamine B solution (seven
concentrations varying in the range 0-500 mg/L) were added to
an 18 mL sludge suspension (previously diluted to obtain a TSS
concentration close to 0.25g/L). The biomass-dye mixtures were
shaken on a rotary shaker for 20 h at 180 rpm at ambient temper-
ature according to Serensen and Wakeman [32]. Once equilibrium
was reached, each mixture was centrifuged (6000 x g; 20 min; 4 °C)
and the dye remaining in supernatant was measured using a spec-
trophotometer (Shimadzu UV-1700) at 554 nm wavelength. The
specific surface area of the flocs (m?/g) was determined by calcu-
lating the maximum dye adsorption capacity Qmax, using Langmuir
adsorption model (4). The coefficients of the Langmuir isotherm
model were obtained with the linearized form of the Langmuir
equation. The maximum dye adsorption capacity was then used
to determine the biomass specific surface area according to Eq. (2)
[31]:

S=0Qmax x N xA (2)

where S is the specific surface area of the solids (m2/g); Qmax is the
maximum dye adsorption capacity (mol/g); Nis Avogadro’s number
(6.023 x 1023 molecules/mol); Ais the area occupied by a single dye
molecule (1.95 x 10~ '8 m?/molecule of the dye used in this study).
Because of the weak values obtained for rhodamine B adsorption,
standard 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 TSS/TS (%)) VS/TS (%) Soluble mineral Soluble organic SCOD/TCOD (%) Ratio of soluble to total

Ratio of soluble to total Ratio of soluble to total

(kJ/kg TS) matter/TS (%) matter/TS (%) polysaccharides (%) proteins (%) humic acids (%)
0 94.7 70 3.8 1.4 0.6 + 0.1 0.2 + 0.01 0 41 + 0.6
27,900 83.0 70 5.6 1.4 49 + 0.7 39+0.2 8.00 + 1.2 164 £ 2.4
56,400 70.9 69 9.7 19.3 92 £0.7 56+ 0.3 1.1 £ 1.7 231 £ 3.5
113,400 56.7 69 10.5 32.8 17.6 + 1.8 13.8 +1 193 + 2.6 341+ 6.3
214,400 58.2 67 10.10 31.7 19.6 £ 0.8 132+ 19 269 £+ 5.7 372 +£89

rhodamine B concentrations was 12-29%. This values were quite
high but sufficient enough to assess significative evolutions of spe-
cific surface area after sonication.

2.3.2. Negative surface charge

Negative surface charge was estimated by adsorption of ruthe-
nium red, a cationic dye. This molecule mostly binds to hydroxyls,
carboxyls and sulfate groups [33]. Measurement was realized
according to the protocol described by Léwen and Piirtola [34]. 2 mL
of dye solution (seven concentrations varying in the range 0-1 g/L)
were added to an 18 mL sludge suspension (previously diluted to
obtain a TSS concentration close to 0.25g/L). The biomass-dye
mixtures were shaken on a rotary shaker for 3h at 180rpm at
ambient temperature. Once equilibrium was reached, each mixture
was centrifuged (6000 x g; 20 min; 4 °C) and the dye remaining in
supernatant was measured using a spectrophotometer (Shimadzu
UV-1700) at 533 nm wavelength. The negative surface charge of the
flocs was estimated by calculating the maximum dye adsorption
capacity Qmax, using Langmuir adsorption model (4). The coeffi-
cients of the Langmuir isotherm model were obtained with the
linearized form of the Langmuir equation. The standard deviation
obtained from the linear regression for seven ruthenium red con-
centrations was 5-8%.

2.3.3. Relative hydrophobicity

The relative hydrophobicity (RH) was measured as adherence
to hydrocarbons with a protocol deriving from Wilén et al. [35]. A
30 mL sample of sludge was agitated uniformly for 5 min with 15 mL
hexadecane (Sigma) in a separatory funnel. After 30 min, when the
two phases were completely separated, the aqueous phase was
transferred into another glassware. The RH (%) was expressed as
the ratio of TS concentration in the aqueous phase after emulsifi-
cation (TSe) to the concentration of TS in the aqueous phase before
emulsification (TS;) (3):

1-TSe
RH__< = ) x 100 (3)

i

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

2.4. Biosorption of heavy metals, Ca?*, Mg?* and DOC
measurement

In a first time, heavy metals uptake by activated sludge flocs
was evaluated with cadmium (Cd) and copper (Cu) respectively.
All metals were added as chloride salts (CdCl,-H,0, CuCl,, 2H,0,
purity >98%) using stock solutions of 10 g/L of Cd?* and Cu2*. 100 mL
high density polyethylene bottles were used for batch metal sorp-
tion experiments to minimize metal sorption to the bottle surface.
Sorption isotherms of each metal were obtained using 50 mL of
mixed liquor with known TSS concentration spiked with eight dif-
ferent initial metal concentrations. The bottles were shaken for 3 h
at 180rpm on a rotary shaker at ambient temperature (2042 °C
daily checked). Preliminary kinetic studies indicated that metal
sorption by non-treated and sonicated sludge reached equilibrium
after approximately 2 h. pH was not regulated and no buffers were
added to keep the pH constant during the course of sorption. In

fact, these buffers can affect the sorption process by complexing
metal ions in solution. Initial pH was equal to 6.8 0.1 (Metrohm
744) and initial conductivity (WTW LF 538) was 570+ 80 w.S/cm.
Once equilibrium was reached, pH of the sludge suspension was
measured and the sludge suspension was filtered through a cellu-
lose nitrate membrane (0.45 wm pore size). The filtrate was divided
in two parts: one was acidified with a few drops of concentrated
HNO; and stored at 4°C until analysis; the other one was stored
at —20°C until analysis. The soluble metal, calcium and magne-
sium concentrations were determined in the acidified filtrate by
a flame atomic absorption spectrometer (FAAS) Varian 220FS. The
dissolved organic carbon was determined in the frozen filtrate with
a TOCmeter (Dohrmann Phoenix 8000). Metal sorption data were
fitted to Langmuir (4) and sigmoidal Langmuir (5) isotherm models:
Qmax x K x Ce
Q = K + Ce (4)
Qmax x Ki x Ce

%:1+mxg+yg

(5)
where Qe is the quantity of metal adsorbed per mass of TSS (iwmol/g
TSS); Ce is the equilibrium concentration of metal in solution
(pmol/L); Qmax is the maximal adsorption capacity of metal on
sludge floc (umol/g TSS); K is the Langmuir constant related to
affinity (L/pmol) and S is the constant related to the limitation of
adsorption at low concentrations (pmol/L).

2.4.1. Statistical analysis and non-linear regression

Statistical analyses were carried out using the Gnumeric
software!. The analysis was simplified by using univariate linear
correlations. The Pearson’s product momentum correlation coef-
ficient was used to evaluate linear estimations. The Pearson’s 1,
coefficient is always between —1 and +1, where —1 means a perfect
negative correlation and +1 a perfect positive correlation while 0
means absence of relationship. Correlations were considered statis-
tically significant at a 95% confidence interval (p <0.05). Non-linear
regression was carried out using the GnuPlot software? to fit the
sigmoidal isotherms obtained for copper with sigmoidal Langmuir
model.

3. Results and discussion

For each studied specific energy, several sludge samples col-
lected at different times were studied. The results presented here
correspond to one set of measurements representative of the trends
observed throughout the study.

3.1. Solubilization of sludge components
The use of ultrasounds did not change total matter quantity

and TS concentration measured after sonication was constant so

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

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

Specific energy (kj/kg TS) Soluble Cd (pg/L) Soluble Ni (ug/L)

Soluble Cu (pg/L) Soluble Ca(II) (mg/L) Soluble Mg(II) (mg/L)

0 <DL? <DL
27,900 <DL? 7+1
56,400 <DL? 10£1

113,400 <DL? 189+7
214,400 <DL? 60+2

6+1 29.2 7.1
26+ 1 354 8.0
29+1 45.1 12.7

162 + 4 26.0 8.6
196 + 4 253 6.0

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

as for the total organic solids (VS) ratio (Table 1). Thus ultrasounds
did not induce an evaporation or mineralization phenomenon.
However, soluble matter concentration increased, whereas par-
ticulate matter concentration decreased (Table 1). These results
are consistent with those obtained by Bougrier et al. [8] on
waste-activated sludge: ultrasounds led to the solubilization of
organic and mineral solids. Solubilization of mineral matter was
low; the ratio of soluble mineral matter at 214,400 kJ/kg TS was
only 10%, whereas the ratio of soluble organic matter was 32%
(Table 1). The solubilization of organic matter was underlined
by the increase of soluble COD, proteins, polysaccharides and
humic acids with increasing specific energy supplied (Table 1).
For all the parameters measured, ratio of soluble to total concen-
trations increased fast with increasing specific energy from 0 to
113,400 kJ/kg TS. For higher specific energies, the increase of soluble
to total components concentrations was lower. Concerning organic
components, the order of solubilization varied as follows: humic
acids > proteins > polysaccharides. Humic acids reached the high-
est ratio of soluble to total concentrations for all specific energies
studied. This suggests that sonication affected the floc extracel-
lular matrix to a great extent knowing that humic acids are not
intracellular components.

3.2. Heavy metals, Ca(ll) and Mg(Il) release

As activated sludge used in this study was obtained from a
real WWTP, it contained heavy metals originating from wastew-
ater. Thus, they had to be taken into account in a quantitative
respect. In order to assess the potential release of these metals
due to sonication, soluble concentrations of cadmium, nickel and
copper were measured by FAAS immediately after sonication. It
can be noticed that copper and nickel soluble concentrations were
increasing in parallel with specific energy whereas cadmium con-
centrations could not be detected with the FAAS used in this study
(Table 2). The question of cadmium behaviour remained to be
elucidated by using a more sensitive analytical method. Thus, son-
ication led to the release of nickel and copper in soluble phase.
These results are in accordance with those of Kim et al. [26] who
observed a reduction of the amount of Cu, As, Se, Pb, Zn and Zn
contained in the filtration cake of sonicated sludge. Heavy metals
bound to sludge flocs components were solubilized together with
these components. Moreover, it can be noticed that ultrasounds
were used to accelerate the release of heavy metals during the real-
ization of sequential extraction schemes applied on a sludge sample
[36,37].

Soluble concentrations of Ca(Il) and Mg(Il) were also determined
(Table 1). Their concentrations were increasing for specific energies
ranging from 0 to 56,400 k]/kg TS and decreasing for higher specific
energies. This can be attributed to variations in the initial Ca(Il)
and Mg(II) content of the different samples. However, both, Ca(II)
and Mg(II) follow the same trend with the increase of the specific
energy. According to the divalent cations bridging theory, Ca(Il) and
Mg(II) cations are involved in bioflocculation [38]. Thus, as soluble
organic matter released by sonication can act as a good flocculant
[12], the decrease of Ca(Il) and Mg(Il) concentrations at higher spe-

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

3.3. Evolution of floc surface properties

According to Dewil et al. [11], the reduction of the flocs size after
sonication offers an extended surface area. Measurement of specific
surface area by rhodamine B adsorption confirmed this assump-
tion (Fig. 1). Determination coefficients (R?) of the Langmuir model
used for calculation varied in the range 0.73-0.92. For non treated
sludge, the value was 28 + 4 m?2/g TSS, which was of the same order
of magnitude as the ones obtained with the same method on both
activated sludge (5.5-9m?/g TSS), and anaerobically stored acti-
vated sludge (13.5-24 m?/g TSS) by Serensen and Wakeman [32].
Zheng et al. [39] obtained a value of 55.3 m2/g TSS on granular acti-
vated sludge. However, the values obtained in this study were lower
than those obtained on activated sludge by Smith and Coackley [31]
(40-142m?/g TSS) and Kim et al. [40] (91 m2/g TSS) who used New
Coccine instead of rhodamine B. Their adjusting of pH may cause
the sludge to undergo chemically induced changes. Thus, due the
different protocols and also different origins of sludge, direct and
precise comparisons are difficult to set up.

Specific surface area increased in a two steps sequence with
energy input. For specific energy between 0 and 113,400 kJ/kg TS,
an important increase was noticed: from 28 +4 to 104+ 18 m?/g
TSS. For higher specific energies, the specific surface area increase
was apparently lower (from 104 & 18 m2/g TSS for Es = 113,400 k] /kg
TSS to 114 + 26 m?/g TSS for Es = 214,400 k]/kg TS).

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 (Qrg+)
increased with energy input whereas relative hydrophobicity (RH)
decreased. These evolutions occurred in a two steps sequence:

140
120
100}

80

60{{

40

Specific surface area (m?/g TSS)

20

1 1 1
100000 150000 200000

Specific energy (kJ/kg TS)

1
0 50000 250000

Fig. 1. Specific surface area increase with specific energy. The error bars repre-
sent the standard deviation calculated from the linear regression performed using
the linearized Langmuir model. Seven points corresponding to seven rhodamine B
concentrations 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
standard deviation calculated from the linear regression performed using the lin-
earized Langmuir model. Seven points corresponding to seven ruthenium red
concentrations were used for each value calculation. For RH, error bars represent
the standard deviation obtained for triplicate samples.

for specific energy between 0 and 114,400 k]/kg TS, both impor-
tant increase of Qggr+ and important decrease of RH were noticed
(Qgr+ increased from 254 4+ 14 mg/g TSS to 373 +24 mg/g TSS and
RH decreased from 85% to 49%). For higher specific energies, evolu-
tions seemed to be lower (Qgg+ =418 + 24 mg/g TSS and RH = 42% for
Es=214,400kJ/kg TS). The values obtained in this study for Qgg+ are
of the same order of magnitude as the ones obtained by Figueroa
and Silverstein [33].

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

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

~ 450 90

)

400 - 80

2 —_
T 350 70 =
x >
2 300+ 60 5
~ Qo
2 250 | o
o 250 . 50 §
S 200 Ota 3
Q c
3 []
& 150 -30 >
3 ©
o 100 . 20 ©
2 —&— Negative surface charge ox
qg;, 50 - Relative hydrophobicity -10

Z o0 T T T T T 0

0 20 40 60 80 100 120

Specific surface area (mzlg TSS)

Fig. 3. Relative hydrophobicity and RR* maximal adsorption capacity vs. specific
surface area.

Table 3

Pearson’s correlation coefficient (r, ) an p-values (p) for linear correlations between
specific surface area and relative hydrophobicity and adsorption capacity of ruthe-
nium red

Parameter p p
RH —-0.9736 0.0051
Qrr+ 0.8800 0.0490

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

Surface binding and complexation with the negatively charged
functional groups (carboxyls, hydroxyls, phosphoric....) at the sur-
face of the floc is one of the predominant mechanisms identified
for heavy metal uptake by activated sludge [44]. Choi and Yun [45]
also showed that carboxyl groups contributed to the metallic ions
uptake by sewage sludge. Kim et al. [40] linked the increase of
metal biosorption in a sludge spiked with the filamentous bac-
teria Nocardia amarae. They showed that this increase was due
to the higher specific surface area of Nocardia cells. Thus, the
results presented in this study showed that the number of available
sites for biosorption of heavy metals was increasing with sonica-
tion.

3.4. Heavy metals adsorption capacity of the sonicated activated
sludge

Cadmium and copper were studied because of their usual sig-
nificant concentrations in wastewater [15,16]. To determine the
amount of metal sorbed to activated sludge at various metal equi-
librium concentrations, eight different initial metal concentrations
ranging from 0 to 200 mg/L were used for batch sorption study
as previously described in Section 2.4. Fig. 4 allows the compari-
son of metal biosorption isotherms for activated sludge treated by
ultrasounds with specific energy ranging from 0 to 214,400 k]/kg
TS.

3.4.1. Cadmium

For each equilibrium concentration, the cadmium adsorptive
capacity increased with specific energy. Cadmium isotherms were
well described by Langmuir model as shown at Fig. 4a. The
maximum adsorptive capacity (Qmax) obtained from the model
increased in a two steps sequence with specific energy (Fig. 6).
For specific energy between 0 and 113,400k]/kg TS, an impor-
tant increase was noticed: from 298 to 888 wwmol/g TSS. For higher
specific energies, the Qmax increase was apparently lower (from
888 wmol/g TSS for Es=113,400k]/kg SS to 941 wmol/g TSS for
Es=214,400k]/kg TS). Qmax evolutions seemed to be concomitant
with the increase of specific surface area (see Section 2.3.1). To
check this assumption, the cadmium sorption results were nor-
malized with the specific surface area values obtained from the
surface properties study (Section 2.3.1). The results obtained appear
at Fig. 5a.
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Fig. 4. Sorption isotherms for different specific energies obtained from one rep-
resentative set of measurements. (a) Cd(II); (b) Cu(ll). Data points represent the
experimental results and curves represent the theoretical values obtained from the
Langmuir model (cadmium) or sigmoidal Langmuir model (copper).

The convergence of isotherm curves supports the hypothesis
that the increase of cadmium sorption capacity after sonication
was due to the greater surface area thus available and consequently
to the best availability of binding sites at the surface of sonicated

10
.
*
8 A
& A
£
= * _* O
o
| o
5 6 * O
8 A 4
4 * 4 Untreated
. o O 27900 kJ/kg TS
A 56400 kJ/kg TS
2 AO ©® 113400 kJ/kg TS
¥ 214400 kJ/kg TS|
0 T T T T
() 0 200 400 600 800 1000
Ce (umol/L)
20
* & Untreated
. O 27900 kJ/kg TS
— 154 A 56400 kJ/kg TS
< .
E ® 113400 kJ/kg TS
3 ¥ 214400 kJ/kg TS|
g A A0
z 104 d
© o
A
>
5 Yo O
> Qi *«
* O *
°
omi ‘ : . :
0 500 1000 1500 2000 2500
(b) Ce (umol/L)

Fig. 5. Surface area normalized sorption isotherms for different specific energies.
(a) Cd(11); (b) Cu(II).

flocs. Conversely, these results suggest that cadmium uptake mech-
anisms were not significantly altered by ultrasound treatment.

3.4.2. Copper

Copper sorption isotherms became more and more S shaped
as the specific energy increased (Fig. 4b). The classical Langmuir
model did not correctly describes the results obtained so the sig-
moidal Langmuir model (see Section 2.4) was used. The copper
adsorptive capacity decreased with increasing specific energy for
low equilibrium concentrations. This decrease was not significant
for highest equilibrium concentrations and moreover, maximum
adsorptive capacity (Qmax) calculated from the model showed a
slightincrease in parallel with specificenergy (Fig.6). It ranged from
506 pmol/g TSS at 0kJ/kg TS to 852 wmol/g TSS at 214,000 k]/kg
TS.

As showed in the solubilization study (see Section 3.1),
sonication generates the release of organic compounds such carbo-
hydrates, proteins and humic acids. Previous studies [21,22,46] have
demonstrated that dissolved organic matter (DOM) has a strong
influence on the uptake of heavy metals by activated sludge par-
ticulates. It could therefore be assumed that this newly present
DOM could play the role of a ligand limiting adsorption of copper
at low concentrations. This phenomenon could explain the S shape
of the isotherms obtained with sonicated sludge. In fact, according
to Limousin et al. [47] who reviewed the physical bases, the mod-
eling and the measurement of adsorption isotherms, this type of
S shaped isotherm can occur for metallic species when a soluble
ligand is present. At low metal concentration, adsorption is limited
by the presence of the ligand. Adsorption only occurs after ligand
saturation. The point of inflection illustrates the concentration for
which the adsorption overcomes the complexation.

The surface area normalized copper isotherms are shown at
Fig. 5b. Isotherms obtained at different specific energies did not fall
in concordance at all: the adsorptive capacity per square meter of
surface area decreases with increasing sonication energies for each
equilibrium concentration. This observation is concomitant with
the increase of DOM with increasing sonication energies (Section
3.1). Therefore, copper uptake seemed to be altered by ultrasound
treatment. This confirms the fact that although more binding sites
were available after sonication, adsorption might be limited by
complexation of the metal with DOM. However, Qmax calculated by
the sigmoidal Langmuir model increased showing that the higher
availability of metal binding sites due to sonication was still increas-
ing copper binding capacity (Fig. 6).
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Fig. 6. Evolution of maximum adsorptive capacities for cadmium and copper with
sonication. Qmax values were obtained for eight metal concentrations from Langmuir
and sigmoidal Langmuir models for cadmium and copper respectively.
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3.5. Investigation on the mechanisms of metal biosorption

Several mechanisms of heavy metals uptake by activated sludge
have already been identified in the literature: surface binding and
complexation with the negatively charged functional groups at the
surface of the floc is one of the predominant mechanism identified
for heavy metals uptake by activated sludge [44,48]. lon exchange
(Ca(I1), Mg(II), H*) is also involved [ 19,45,48,49] as well as precipita-
tion [50]. In this study, the evolutions of some of these mechanisms
were investigated with regards to the metal species and the spe-
cific energy previously applied to the sludge. Therefore, final pH
and the final solution concentrations of DOC, Ca(Il) and Mg(II) were
determined.

3.5.1. Proton exchange

As previously mentioned (see Section 2.4), pH was not regu-
lated during the course of the biosorption experiments. For each
studied metal, the final pH value decreased with increasing equilib-
rium concentration suggesting that a proton exchange mechanism
during sorption process was happening (Fig. 7). This phenomenon
has been previously showed [19] and the proton exchange mech-
anism has been demonstrated on dried sludge [45,49]. However,
in our study, fresh activated sludge was used and it was therefore
impossible to quantify this mechanism because of the biological
activity interference during biosorption test: since the bottles used
for the test were closed, denitrification phenomenon caused the pH
increase (up to 0.7 pH units) as demonstrated by the control tests
realized without metal addition.

3.5.2. Cation exchange

The amount of Ca(Il) and Mg(II) ions (counter ions) in solution
increased with increasing quantity of adsorbed metal (Fig. 8). As
suggested by Yuncu et al. [19], this release of divalent cations during
biosorption of heavy metals by activated sludge can be linked to a
cation exchange mechanism. In the context of this work, the term
ion exchange refers to binding of a metal cation to a site which was
initially occupied by another cation, this second ion being released
upon the binding of the first ion. This phenomenon has also been
observed by Hawari and Mulligan [48] during biosorption of Cd, Ni,
Cu and Pb on calcium treated anaerobic biomass.

The quantity of Ca(Il) and Mg(II) released in solution increased
linearly with the quantity of adsorbed metal for each metal and
each specific energy studied. Therefore, linear regression has been
carried out for each metal and each specific energy. The slope value
of the regression line obtained can be expressed in peq of released
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Fig. 7. pH decrease with biosorption for different specific energies (copper).
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Fig.8. Release of Ca(Il) and Mg(II) during adsorption of copper on different sonicated
sludges.

counter ions per peq of adsorbed metal ion. Thus, it represents the
cation release ratio: cations released (weq)/metal ions adsorbed
(neq). Fig. 9 presents the ratio of desorbed cations as a function
of specific energy for respectively Cd and Cu. This ratio was below
1 for most of the studied specific energies for both cadmium and
copper. This indicates that the whole metal removal cannot be only
explained by ion exchange alone as previously mentioned in the
literature [19,48].

There were apparently no major differences in the divalent
cations release ratios observed at different specific energies for
cadmium (Fig. 9). The cations release ratios were comprised
in a range varying from 0.55+0.07 peq/peq at 0kJ/kg TS to
0.88 +£0.18 peq/peq at 113,400 kJ/kg TS. This underlines the fact
that for this metal, there was no significant shift in the mecha-
nism of metal uptake with increasing sonication energy. However,
for copper, the cations release rate ranged from 0.4440.06
to 0.49+0.10 peq/peq for specific energies between 0 and
56,400 k]/kg TS and raised up to 1.00 4+ 0.11 and 1.48 £ 0.32 p.eq/peq
at 214,400 and 113,400 k]/kg TS respectively. There is therefore a
shift in the copper uptake mechanisms as ion exchange seemed
to become more prevalent for higher specific energies. Several
hypotheses can be formulated to explain this shift:

e the greatest availability, after high energy sonication, of binding
sites with high affinity for copper that were firstly bound by Ca(II)
and/or Mg(Il) as counter ions,
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Fig. 9. Rate of divalent cations released during sorption process as a function of
specific energy. The error bars represent the standard deviation calculated from the
linear regression of cations released versus metal adsorbed curves for eight metal
concentrations.
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e afurther destructuration of the floc leading to the release of Ca(Il)
and Mg(II) due to the action of Cu* ions because the floc structure
after treatment at higher specific energies might be weaker.

3.5.3. DOC release or precipitation during metal adsorption

According to the divalent cation bridging theory which describes
the best the role of cations in bioflocculation [38], divalent cations
such Ca(Il) and Mg(II) bridge negatively charged groups within the
EPS. Thus, the release of Ca(Il) and Mg(Il) can also be related to
the destructuration of the floc due to the presence of heavy metals
leading to polymers release in the bulk solution. Yuncu et al. [19]
measured the release of carbohydrates during the biosorption of
heavy metals. It was attributed to the release of EPS during the ion
exchange process. However, they noticed that the measurement of
carbohydrates was not sufficient to assess the release of EPS during
biosorption as there are other major constituents such as proteins
in the EPS. This is the reason why the measurement of DOC was
chosen in this study to estimate more completely the EPS release.

The increase of DOC equilibrium concentration with heavy met-
als adsorbed was effectively observed for specific energies ranging
from 0 to 56,400 kJ/kg TS (Fig. 10). The release of DOC was more pro-
nounced as the specific energy increased suggesting that flocs were
more subject to heavy metal induced destructuration after sonica-
tion. Ideally, a higher polymer release is expected with a higher
amount of adsorbed metal. However, DOC release was not propor-
tional to adsorbed metal (Fig. 10): DOCrelease increased at a greater
extent for lower amounts of adsorbed metal and reached a plateau
for higher amounts of adsorbed metal. This can be attributed to
other phenomena interfering during the biosorption test such as
precipitation of the DOM-heavy metal complexes formed. This is
confirmed by the decrease of the amount of DOC released by sludge
treated at 56,400 kJ/kg TS for the highest copper equilibrium con-
centrations.

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

decreasing with increasing amount of adsorbed metal. This means
that part of DOC was transferred to the solid phase. It could
therefore be assumed that the solubility of the DOM-heavy metal
complexes formed was overcome due to the higher DOM/heavy
metal ratio of the sonicated sludge. Thus, these complexes precip-
itated, leading to the decrease of DOC concentration after heavy
metals addition. Fig. 11 shows the results obtained after copper
biosorption on sludge treated at 208,700 kJ/kg TS.

Therefore, it can be concluded that the final DOM content in
the aqueous phase after biosorption results from two antagonistic
phenomena: on one hand, DOC concentration increases because of
the polymer release due to the ion exchange mechanism. On the
other hand, the complexes formed between DOM released in the
sonication process and heavy metals added precipitate, decreasing
the final DOC concentration.

4. Conclusions

In this study, itis demonstrated that sonication is affecting heavy
metals uptake by activated sludge to a great extent. Depending on
the metal specie considered, the uptake can either be enhanced or
limited. In fact, sonication induces important modifications of both
soluble 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.

e 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.
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