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a b s t r a c t

In the present work, the usefulness of dried activated sludge has been investigated for the removal
of copper ions from synthetic aqueous solutions. Kinetic data and equilibrium sorption isotherm were
measured in batch conditions. The influence of some parameters such as: contact time, initial copper
concentration, initial pH of solution and copper salt nature on copper biosorption kinetics has been stud-
ied. Copper uptake was time contact, initial copper concentration, initial pH solution and copper salt
type dependent. Maximum copper sorption was found to occur at initial pH 5. Two simplified kinetic
models including a first-order rate equation and a pseudo second-order rate equation were selected to
describe the biosorption kinetics. The process followed a pseudo second-order rate kinetics. The process
mechanism was found to be complex, consisting of external mass transfer and intraparticle mass trans-
fer diffusion. Copper biosorption process was particle-diffusion-controlled, with some predominance of
quilibrium some external mass transfer at the initial stages for the different experimental parameters studied. Lang-
muir and Freundlich models were used to describe sorption equilibrium data at natural pH of solution.
Results indicated that the Langmuir model gave a better fit to the experimental data than the Freundlich
model. Maximum copper uptake obtained was qm = 62.50 mg/g (0.556 mmol/g) under the investigated
experimental conditions. Scanning electron microscopy coupled with X-ray energy dispersed analysis

ried a
for copper-equilibrated d

. Introduction

The presence of heavy metals in the aquatic environment is a
ource of great environmental concern. Copper is known to be one
f the heavy metals most toxic to living organisms and it is one
f the more widespread heavy metal contaminants of the environ-
ent [1,2]. The potential sources of copper in industrial effluents

nclude metal cleaning and plating baths, electrical industry, chem-
cal catalysis, pulp, paper board mills, wood pulp production, the
ertilizer industry, etc. The conventional methods of copper (II)
emoval from wastewaters are precipitation, ion exchange, elec-
rolysis, adsorption on activated carbon, etc. [2,3]. They become
nefficient and expensive especially when the heavy metal con-
entration is less than 100 ppm [4–6]. This situation has in recent
ears led to a growing interest in the application of biomateri-
ls technology for removal of trace amounts of toxic metals from
ilute aqueous wastes. Biomaterials including algae, bacteria, fungi,

igher plants, and products derived from these organisms, have
een demonstrated to remove certain chemicals species [7–9].
tabilized activated sludge from drying bed is a by-product from
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ctivated sludge demonstrated that copper existed on its surface.
© 2011 Elsevier B.V. All rights reserved.

wastewater treatment plants, and contains significant amounts
of heavy metals, organic toxins and pathogenic microorganisms,
which are considered to be harmful to the environment and all
living organisms. Agricultural use, land filling and incineration are
commonly used as disposal methods [10]. Dried activated sludge
may also be used as a low cost abundant material for the removal
of heavy metal ions: it may be an alternative to more costly mate-
rials such as activated carbon. The general term “biosorption” has
been used to describe a property of microorganisms to retain toxic
heavy metals from aqueous solutions [11]. In spite many types of
activated sludge have been demonstrated to remove heavy metals
ions from aqueous solutions in the literature [12–22], their suitabil-
ity, the mechanism involved and the factors governing the sorption
are still not fully understood clearly. Also, it should be noted that
the results reported in the literature on this subject have been per-
formed in different testing conditions (e.g., pH, temperature, etc.),
type of biosorbent material (sewage/aerobic/anaerobic activated
sludge, dead or lived, age, nature of effluent, etc.) and method.

In this work, biosorption of copper (II) ions from synthetic
aqueous solutions by dried activated sludge, in single metal solu-

tions, was investigated in batch conditions. Kinetic experiments
were performed at various contact time, initial copper concen-
tration, initial pH and copper salt nature. Two simplified kinetic
models, namely, a first-order rate model and a pseudo-second

dx.doi.org/10.1016/j.jhazmat.2011.07.063
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

B constant of Boyd’s model (min−1)
C0 initial metal ion concentration (mg/L)
Ct time metal ion concentration (mg/L)
Ce equilibrium metal ion concentration (mg/L)
F fraction of solute sorbed
KL Langmuir model constant
KF Freundlich model constant
kL Lagergren rate constant of sorption (min−1)
k pseudo second-order rate constant of sorption

(g mg−1 min−1)
ki intraparticle diffusion rate parameter

(mg metal/g sorbent time−0.5)
m dried activated sludge weight in dry form (g)
n Freundlich model constant
qt amount of metal ion sorbed at time t (mg/g)
qe amount of metal ion sorbed at equilibrium (mg/g)
qm maximum metal ion sorption capacity (mg/g)
R2 regression coefficient
S specific surface area (m2/g)
t time (min)
V volume of solution (mL)
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ˇL external mass transfer coefficient
ˇLS external mass transfer rate

rder rate model, were selected to analyse the kinetic data
btained. To identify the main rate controlling steps in the overall
ptake mechanism, a single external mass transfer diffusion model
nd intra-particle mass transfer diffusion model were used. The
iosorption equilibrium data were obtained at natural pH of solu-
ions and described by Langmuir and Freundlich sorption models.
pectroscopic techniques SEM/EDAX were used to characterize this
aterial used, before and after equilibration with the copper ion,

n an attempt to better understand the mechanism of the removal.
hese fundamental data will be useful for further applications in
he treatment of practical waste or process effluents and may con-
ribute to a better understanding or application of the biosorption
henomena at the liquid/solid interface.

. Materials and methods

.1. Biosorbent material and metal ion

Dried activated sludge was collected in February 2001, from dry-
ng bed of a conventional biological wastewater treatment plant in

aghnia, Algeria, in a solid form. After grinding and sieving in the
orm having a 0.2–5.0 mm particle size, it was ambient dried in
he laboratory during one month. Further, it was used throughout
his work without any preliminary purification. Prior to biosorption
xperiments, as a preliminary step for the subsequent evaluation
f metal uptake capacity, its original content in heavy metal ions
amely: copper and cadmium due to the ready availability of their

on selective electrodes in our laboratory, was evaluated using
ifferent acids HCl, HNO3, and H2SO4 (0.01 N), respectively, and
istilled water. From the results obtained at equilibrium after 24 h
f contact solution-activated sludge under the experimental con-
itions used here (2 g/L, 400 rpm and 25 ◦C), it was concluded that
his dried activated sludge contained little/negligible copper ions
nitially [23]: 18 mg/g with H2SO4 (0.01 N) and traces with distilled
ater. In the same time under these conditions, great amounts of
admium ions were also leached from the biosorbent: about 15, 54,
04, 0.004 mg/g with HCl, HNO3, H2SO4 (0.01 N) and distilled water
espectively.
ardous Materials 194 (2011) 69–78

Spectroscopic techniques SEM/EDAX using a scanning electron
microscope (JOEL JSM-64 000) were used to characterize this mate-
rial used, before and after equilibration with the copper ions.

Copper solutions of desired concentration were prepared from
Cu (NO3)2·4H2O (Fluka), by dissolving the exact quantities of cop-
per salts in distilled water. All chemicals were commercial products
used without purification.

2.2. Biosorption kinetics

The initial solution metal concentration was 100 mg/L for all
experiments except for that carried out to examine the effect of
the initial concentration of copper. For metal removal kinetics stud-
ies, 0.6 g of dried activated sludge was contacted with 0.3 L of metal
solutions in a beaker agitated vigorously by a magnetic stirrer using
a water bath maintained at a constant temperature of 25 ◦C. In all
cases, the working pH was that of the solution and was not con-
trolled. The residual copper concentration in the aqueous solution
at appropriate time intervals, was obtained by using a Cu2+-ion
selective electrode technique. Based on the ready availability of this
electrode in our laboratory, this method was chosen. The electrode
used for measurement of copper was Orion Model 9429 and was
used in conjunction with Orion Model 06 237.100 reference elec-
trode and an Orion Model 710A meter. For the measurement of
pH, an Orion Model 9107 combination electrode with the afore-
mentioned meter was used. For certain experiments, this copper
concentration was also obtained using a Perkin Elmer Model 2280
atomic absorption spectrophotometer. No differences in the results
obtained by these two methods of analysis were observed. The
metal uptake qt (mg ion metal/g dried activated sludge) was deter-
mined as follows:

qt = (C0 − Ct) × V

m
(1)

where C0 and Ct are the initial and time metal ion concentrations
(mg/L), respectively, V is the volume of solution (mL), and m is the
dried activated sludge weight (g).

To study the influence of pH of copper solution, the initial pH
value was varied within the range 3–6 to ovoid metal solid hydrox-
ide precipitation. Initial pH was adjusted to the required value by
adding small amounts of 0.1 N HNO3/NaOH.

Blank runs with only the biosorbent in 100 mL of distilled water,
were conducted simultaneously at similar conditions to under-
stand the pH change of solution during biosorption experiments.
Blanks were also run without the biosorbent to determine the
impact of pH change on the metal solution. Preliminary experi-
ments had shown that copper sorption losses to the container walls
were negligible.

2.3. Biosorption isotherm

The equilibrium isotherm was determined by contacting a
constant mass 0.2 g of dried activated sludge with a range of dif-
ferent concentrations of copper solutions: 10–1100 mg/L. Mixtures
sludge-solution were agitated in a series of 250 mL conical flasks
with equal volumes of solution 100 mL for a period of 24 h at room
temperature 25 ± 1 ◦C. This contact time was beyond to that pre-
viously determined by kinetics tests using the same conditions to
ensure that equilibrium was reached. The mixture pH was not con-
trolled after the initiation of experiments. After shaking the flasks,
the equilibrium pH was measured. The concentration of unbound

copper ions at equilibrium was obtained using a Cu2+-ion-selective
electrode (Cu-ISE) technique and the copper loading by activated
sludge was determined.

All studies were carried out in duplicate.
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Fig. 2. Effect of initial pH on the kinetics of copper biosorption by dried acti-
vated sludge (initial copper concentration = 100 mg/L, sorbent dose = 2 g/L, agitation
ig. 1. Kinetics of copper biosorption by dried activated sludge (initial copper
oncentration = 100 mg/L, sorbent dose = 2 g/L, natural solution initial pH, agitation
peed = 400 rpm, and T = 25 ◦C).

. Results and discussion

.1. Biosorption kinetics

.1.1. Effect of contact time
A preliminary experiment was performed to determine the

quilibrium time. According to Fig. 1 obtained for an initial copper
oncentration 100 mg/L, the kinetics of copper biosorption by dried
ctivated sludge presents a shape characterized by a strong increase
f the amount of copper biosorbed during the first minutes of con-
act solution-activated sludge, follow-up of a slow increase until to
each a state of equilibrium. The necessary time to reach this equi-
ibrium is about 5 h and an increase of removal time to 24 h does
ot show notable effects. At equilibrium, about 56% of initial copper
olution was removed by dried activated sludge (qe = 30.36 mg/g)
nder these experimental conditions.

During the course of copper biosorption by dried acti-
ated sludge, a slight decrease in the initial pH value
�pH = pH0 − pHe = 0.15 unit) of the solution between the ini-
ial and equilibrium time was observed. In order to investigate
he reason of this initial pH value change, experiments were
erformed with the biosorbent material tested in distilled water
nder the same conditions in absence of copper ions. Initial pH
alue of solution (figure not shown here) exhibited an increase
�pH = pHe − pH0 = 1.58 unit) that can be interpreted as a possible
xation of H3O+ ions by the negative groups present on the
iosorbent surface.

Concerning the decrease in its value in the presence of copper
ons, it can be interpreted as a possible release of H3O+ ions into the
olution due to copper ions biosorption. The same tendencies were
bserved with other systems sorbent–metal [24–27]. An opposite
rend was observed during the sorption of copper ions by sunflower
eaves [28] and fig leaves [24] and for other systems metal–sorbent
29–35]. At this stage, further investigations are required to under-
tand the mechanisms involved in copper biosorption by this type
f complex natural materials.

.1.2. Effect of initial copper concentration
Several experiments were also undertaken to study the effect
f the initial copper concentration (20–500 mg/L), on the copper
iosorption kinetics from solution by dried activated sludge. Ini-
ial metal concentration provides an important driving force to
vercome all mass transfer resistances of the metal ion between
speed = 400 rpm, and T = 25 ◦C).

the aqueous and solid phases. Hence a higher initial concentra-
tion of copper will enhance the biosorption process [36]. For all
concentrations studied, the obtained curves have the same shape
(figure not shown here). From the results obtained at equilib-
rium, the necessary time to reach equilibrium was in the range
of 2.5–7 h with no clear tendency about its evolution with the
initial metal concentration. The amount of copper biosorbed at
the equilibrium increases with the initial copper concentration:
9.21 mg/g (C0 = 20 mg/L) and 59.41 mg/g (C0 = 500 mg/L).

3.1.3. Effect of initial pH
The pH of metal bearing wastewater varies greatly. The inter-

action between sorbate and sorbent is affected by the pH of an
aqueous medium in two ways: firstly, since metal ions can have
different speciation forms at different pH. Secondly, the surface
of the biosorbent consists of biopolymers with many functional
groups, so the net charge on biosorbent, is also pH dependent [37].
Thus, the effect of pH in the solution on the removal efficiency of
Cu (II) by dried activated sludge was studied at different pH values
in the range 3–6. The distribution diagrams of copper species as
a function of pH show that only cationic species (Cu2+, Cu(OH)+)
are present in solution over this range studied [38]. As shown in
Fig. 2, the initial pH of copper solution has an influence on the kinet-
ics of copper biosorption by dried activated sludge. The necessary
time to reach equilibrium was in the range of 6–7 h depending on
initial pH of solution. The amount of copper biosorbed at the equi-
librium increases with the initial pH value: 21.25 mg/g (pH0 = 3)
and 35.03 mg/g (pH0 = 5) and decreases beyond this last value of
pH0 to 31.70 mg/g (pH0 = 6). These observations can be explained
by the fact that at lower pH values, the surface charge of the biosor-
bent is positive, which is not favourable to copper ion biosorption.
Meanwhile, hydrogen ions compete strongly with metal ions for the
active sites, resulting in less biosorption. With increasing pH from 3
to 5, electrostatic repulsions between copper ions and surface sites
and the competing effect of hydrogen ions decrease: consequently,
the metal biosorption increases. Other authors [38] have found the
same trend for copper sorption by other sorbent materials. Beyond

pH 5, insoluble copper hydroxide starts precipitating resulting in
lower amount of copper biosorbed at equilibrium.
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ig. 3. Effect of copper salt nature on the kinetics of copper biosorption by dried acti-
ated sludge (initial copper concentration = 100 mg/L, sorbent dose = 2 g/L, natural
olution initial pH, agitation speed = 400 rpm, and T = 25 ◦C).

.1.4. Effect of copper salt nature
Fig. 3 shows that the nature of copper salt used influences the

mount of copper biosorbed at equilibrium and the time required
o reach equilibrium.

The amount of copper biosorbed by dried activated sludge
t equilibrium is variable and salt nature depending: 30.77 mg/g
copper nitrate), 35.22 mg/g (copper acetate), 28.31 mg/g (copper
hloride), and 23.94 mg/g (copper sulphate). The necessary time to
each equilibrium was dependent on the nature of copper salt used:
h (copper nitrate and copper acetate), 4 h (copper chloride), and
h (copper sulphate).

During the phenomenon of copper biosorption, in general, a
ecrease in the initial pH value of solutions (figure not shown here)
as also observed [23]. Concerning the effect of initial solution pH,

xcept for pH0 = 6, an opposite tendency to that mentioned above,
.e. an increase in its value was observed for all the other values of
nitial pH.

.1.5. Modelling
To analyse the kinetic data of copper biosorption by dried acti-

ated sludge under the different experimental conditions tested,
wo common equations from the literature, namely, the first-order
ate model of Lagergren [39] and the pseudo second-order rate
odel [40] were chosen and shown below as Eqs. (2) and (3) in

heir linear forms:

og(qe − qt) = log qe − kLt

2.3
(2)

t

qt
= 1

k.q2
e

+ t

qe
(3)

here kL is the Lagergren rate constant of sorption (min−1) and k is
he pseudo second-order rate constant of sorption (g mg−1 min−1);
e and qt are the amounts of copper biosorbed (mg/g) at equilibrium
nd at time t, respectively. For all initial copper concentrations, the
ifferent values of constants from the slope and intercept of linear
lots of log (qe − qt) vs. t and t/qt vs. t (figures not shown here) are
ummarized in Table 1.

Compared to the first-order rate equation (R2 = 0.9336–0.9964),
he pseudo second-order rate model adequately described the

inetics of copper biosorption with acceptable correlation coef-
cient (R2 = 0.9925–0.9997). The equilibrium copper biosorption
apacity, qe, increases with the increase in the initial copper con-
entration. The values of qe obtained from the fitting to the pseudo
ardous Materials 194 (2011) 69–78

second-order rate model are very similar to the experimental
values obtained from the biosorption kinetics at equilibrium: con-
sequently, it was further used to describe all the kinetics of copper
biosorption by dried activated sludge obtained under other exper-
imental conditions. The results obtained and also presented in
Table 1 confirm that the kinetic data obtained follow the pseudo
second-order kinetic model. In this model, all the steps of sorp-
tion such as: external diffusion, internal diffusion, and sorption are
lumped together and it is assumed that the difference between the
average solid phase concentration and the equilibrium concentra-
tion is the driving force for sorption, and that the overall sorption
rate is proportional to the square of the driving force [41].

3.1.6. Rate determining steps
From a mechanistic viewpoint, to interpret the experimental

data, it is necessary to identify the steps involved during the sorp-
tion process. It is generally agreed that there are four consecutive
steps which describe the overall sorption process of solute from a
solution by a sorbent particle [42]. These steps, as adapted to apply
to the sorption of metal ions by a sorbent particle, are as follows:

1. External mass transfer of the metal ions from the solution bulk
to the boundary film.

2. Metal ions transport from the boundary film to the surface of the
sorbent particle.

3. Diffusion of the metal ions within the sorbent particle to the
sorption sites: internal diffusion of metal ions.

4. Final uptake of metal ions at the sorption sites, via complexation,
sorption, or precipitation, which is fast.

The first and the second step are external mass transfer resis-
tance steps, depending on various parameters such as agitation and
homogeneity of solution. In this study, the agitation given here to
the solution (400 rpm) is considered as sufficient to avoid steps 1
and 2 being controlling steps [23]. In a well-agitated batch sys-
tem, the boundary layer surrounding the particle is much reduced,
reducing the external mass transfer coefficient; hence, the third
intraparticle diffusion resistance step is more likely to be the rate
controlling step [43]. In the process of establishing the rate lim-
iting step, the fourth step is assumed to be very rapid and is
therefore not considered in any kinetic analysis [44]: sorption is a
quasi-instantaneous process, as well as complexation mechanism,
precipitation seems to occur with a lower rate [11]. The sorption
rate will be controlled by the rate of diffusion [45]. Consequently,
the two rate limiting steps investigated are external film mass
transfer and intraparticle diffusion, either singly or in combination.
Models were established to determine the two coefficients initially
based on single resistance mass transport analysis [46].

3.1.6.1. External mass transfer resistance model. This model
assumes that the surface solute concentration, Cs, on the sorbent is
negligible at t = 0, and that intraparticle diffusion is also negligible;
it is applied to calculate the initial rate of solute sorption [47].
The initial rate of sorption can be determined using the classic
mass transfer equation (4) which describes the evolution of solute
concentration Ct in solution:

dCt

dt
= −ˇLS(Ct − Cs) (4)
where ˇL is the external mass transfer coefficient, Ct is the liquid
phase solute concentration at a time t, Cs is the liquid phase solute
concentration at the particle surface and S is the specific surface
area for mass transfer.
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Table 1
Model rate constants for copper biosorption kinetics by dried activated sludge.

qeexp. (mg/g) First-order kinetics model Pseudo second-order kinetics model

qecal. (mg/g) kL (×103 min−1) R2 qecal. (mg/g) k′ (×104 g mg−1 min−1) R2

C0 (mg/L) Initial copper concentration
20 9.21 8.06 18.45 0.9790 9.36 63.60 0.9997
60 23.02 21.76 8.54 0.9912 24.36 6.60 0.9971
100 30.77 39.90 17.20 0.9336 32.18 5.10 0.9925
200 49.08 41.68 70.94 0.9911 51.36 3.80 0.9982
300 52.92 44.60 12.83 0.9964 54.29 6.90 0.9995
400 54.79 56.49 18.70 0.9942 56.43 6.20 0.9981
500 59.41 57.55 17.34 0.9919 60.72 7.50 0.9995

pH0 Solution initial pH
3 21.25 22.55 6.70 0.9973
4 31.04 32.43 6.80 0.9978
4.5 31.45 32.70 7.62 0.9985
5 35.03 37.69 3.30 0.9968
6 31.70 34.34 3.20 0.9970

Salt Copper salt nature
Nitrate 30.77 32.18 5.10 0.9925

35.95 13.50 0.9996
28.86 18.10 0.9994
25.63 5.20 0.9968
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Table 2
Effect of different experimental parameters on diffusion coefficients for copper
biosorption by dried activated sludge.

Parameter External mass transfer
model

Intraparticle diffusion
model

ˇLS (103 min−1) ki (mg/g min−0.5) C (mg/g)

C0 (mg/L) Initial copper
concentration

20 31.82 0.08 7.74
60 12.58 0.50 12.53
100 11.46 0.11 28.68
200 11.47 2.06 9.73
300 8.75 0.60 41.58
400 4.11 3.32 13.32
500 7.25 1.25 40.11

pH0 Solution initial pH
3 6.98 1.02 1.78
4 5.84 0.85 15.09
4.5 8.66 0.72 18.93
5 6.04 0.66 21.49
6 6.74 1.21 6.85

Salt Copper salt nature
Nitrate 10.11 0.11 28.68
Acetate 18.35 0.51 26.48
Acetate 35.22
Chloride 28.31
Sulphate 23.94

This equation can be simplified, by substituting the following
oundary conditions: Ct → C0 and Cs → 0 when t → 0; C0 = initial
olute concentration [38–40], to:

d(Ct/C0)
dt

= −ˇLS (5)

o the external mass transfer rate, ˇLS, is approximated by the ini-
ial slope of the Ct/C0 vs. time graph and can be calculated either by
ssuming a polynomial relation between Ct/C0 and time or based on
he assumption that the relation-ship was linear for the first initial
apid phase. The first technique was used here.

.1.6.2. Intraparticle diffusion resistance model. Weber and Morris
48] demonstrated that in intraparticle diffusion studies, rate pro-
esses are usually expressed in terms of square root of time. So qt

r fraction solute sorbed is plotted against t0.5 as follows:

t = kit
0.5 + C (6)

here qt is the solute concentration in the solid, ki is the slope of
he plot defined as an intraparticle diffusion rate parameter and C
s proportional to the boundary layer thickness.

Initial slope is determined by the derivative (at t = 0) of the
olynomial linearisation of qt vs. t0.5. If particle diffusion is rate
ontrolling, the plots qt vs. t0.5 are linear and the slope of the
lots is defined as an intraparticle diffusion rate parameter, ki
mg metal/g sorbent time−0.5) [46]. In theory, the plot between qt

nd t0.5 is given by four regions representing the external mass
ransfer followed by intraparticle diffusion in macro, meso and

icropore [49].
Fig. 4a and b (as a typical example) shows plots of Ct/C0 vs.

ime and qt vs. t0.5 for the effect of initial copper concentration
n copper biosorption kinetics by solid activated sludge. Table 2
ummarizes the mass transfer coefficients for the different kinds of
ransfer resistance.

As shown in Table 2, the values of mass transfer coefficients
btained are different and dependent on the experimental param-
ter studies. In Fig. 4b showing qt vs. t0.5, three linear portions were
bserved in the same experiment: a first linear portion followed by
wo other linear portions before equilibrium indicating multiple-
tage diffusion of copper onto dried activated sludge particles. Such

multiple nature of the curve confirms that intraparticle diffusion

s not a fully operative mechanism for this system and reflects two
tages: external mass transfer at initial time periods followed by
ntraparticle diffusion of copper onto activated sludge particles. The
Chloride 12.50 0.23 24.40
Sulphate 5.87 0.94 6.11

slope of the third linear portion characterizes the rate parameter
corresponding to the intraparticle diffusion, whereas the inter-
cept, C (mg/g), is proportional to the boundary layer thickness: the
larger intercept the greater is the boundary layer effect [50]. For all
experimental parameters studied, except some cases, positive and
significant ordinate intercepts, C (mg/g), is obtained indicating the
influence of external rate control [45].

These observations indicate that copper biosorption by dried
activated sludge is a complex process. Thus, in order to determine
the actual rate-controlling step involved in copper biosorption pro-
cess, the biosorption data were further analysed by the kinetic
expression given by Boyd et al. [51]:

F = 1 −
(

6
�2

)
exp(−Bt) (7)

where F is the fraction of solute sorbed at different times t and Bt

is a mathematical function of F and given by:

F = qt

q∝
(8)
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ig. 4. Diffusion plots for copper biosorption kinetics by dried activated sludge: eff

here qt and q∝ represent the amount of solute sorbed (mg/g) at
ny time t and at infinite time.

Substituting Eq. (7) into Eq. (8), the kinetic expression becomes:

t = −0.4967 − ln
(

1 − qt

q∝

)
(9)

hus, the value of Bt can be calculated for each value of F using Eq.
9). These values were plotted against time. The linearity of this plot
ill provide useful information to distinguish between external

ransport and intraparticle transport controlled rates of sorption
50]. For all experimental parameters studied, it was observed (see

ig. 5, as a typical example) that the plots were linear but did not
ass through the origin, indicating that external mass transport
ainly governs the rate-limiting process [51].
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ig. 5. Boyd’s model plot for copper biosorption kinetics by dried activated sludge:
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initial copper concentration (as a typical example): (a) Ct/C0 vs. t and (b) qt vs. t0.5.

3.2. Biosorption equilibrium

Equilibrium data, commonly known as adsorption isotherms,
are basic requirements for the design of adsorption systems. These
data provide information on the capacity of the adsorbent or the
amount required to remove a unit mass of pollutant under the
system conditions [52,53]. Fig. 6 shows the copper biosorption
isotherm (qe vs. Ce) by dried activated sludge at natural pH of solu-
tions which is of L type according to the classification of Giles et al.
[54] for liquid–solid adsorption. From the plot of this isotherm, the
maximum capacity of copper biosorbed by activated sludge is about
60 mg/g under these experimental conditions.
During the experiments of copper biosorption equilibrium, it
was also observed that the initial pH value of solutions slightly
decreased and the pH value at equilibrium varied with the initial
copper concentration [23].
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Fig. 6. Isotherm of copper biosorption by dried activated sludge at 25 ◦C (sorbent
dose = 2 g/L, initial pH no adjusted, and agitation speed = 400 rpm).
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[2].
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In order to optimise the design of a sorption system to remove
ollutant from effluents, it is important to establish the most
ppropriate correlation for the equilibrium curve. Two isotherm
quations have been tested in the present study, namely, Langmuir
55] and Freundlich [56]. This modelling permits us to determine
he maximal capacity of biosorption.

The quality of the isotherm fit to the experimental data is typi-
ally assessed based on the magnitude of the correlation coefficient
or the regression; i.e. the isotherm giving an R2 value closest to
nity is deemed to provide the best fit.

a) The Langmuir model has the following form:

e = qmKLCe

1 + KLCe
(10)

ith qe is the amount of metal ion sorbed at equilibrium per g
f sorbent (mg/g), qm is the maximal metal sorption capacity of
orbent material (mg/g), Ce is the equilibrium metal ion concen-
ration in the solution (mg/L) and KL is the constant of equilibrium
L/mg) depending on temperature and the applied conditions. This
quation can be linearised under the following shape:

Ce

qe
= 1

KL.qm
+ Ce

qm
(11)

f the equation of Langmuir is valid to describe the experimental
esults, it must verify the linearised shape of the basis equation, in
ystem of coordinates Ce/qe = f(Ce), that will permit to obtain the
onstants qm and KL from the intercepts and slopes.

b) The Freundlich model has the form:

e = KFCn
e (12)

here qe and Ce are as described before, KF and n are the posi-
ive constants depending on the nature of system solute–sorbent
nd temperature, n < 1. This equation can be linearised under the
ollowing form:

n qe = Ln KF + n Ln Ce (13)

f this equation is verified with data of sorption equilibrium,
e must obtain a straight line in the system of coordinates

n qe = f(Ln Ce), the slope and the intercept to the origin give the
alues of constants n and KF respectively.

From results obtained (figures not shown here), it appears

hat the Langmuir model acceptably fits the experimental results
ver the experimental range with good coefficients of regres-
ion. The model parameters determined by least squares fit of the
xperimental sorption data are: qm = 62.50 mg/g (0.556 mmol/g),

able 3
omparison of maximum capacities of some sorbents materials for copper (II) ions
orption, from the literature.

Sorbent material qm (mg/g) Reference

P. chrysosporium 248.15 [58]
Bacillus subtilis 146.09 [59]
Dried sunflower leaves 89.37 [28]
Penicillium ochrochloron 80.70 [60]
Peanut hull carbon 65.57 [61]
Dowex 50X8-200 66.08 [58]
Dried activated sludge 62.50 This work
Chitin 29.04 [62]
Kaolinite 10.79 [63]
Activated sludge 7.94 [64]
Cellulose 7.06 [65]
Lignite 6.35 [66]
Perlite 0.26 [67]
ardous Materials 194 (2011) 69–78 75

KL = 0.037 L/mg (R2 = 0.996). According to coefficients of correla-
tion R2 = 0.900 obtained with KF = 12.62 and n = 0.25, the model of
Freundlich is not adequate for modelling the isotherm of copper
biosorption by dried activated sludge in all the studied concentra-
tion domain. The applicability of these models should be considered
as a mathematical representation of the sorption equilibrium over
a given metal ion concentration range. The mechanistic conclusions
from the good fit of the models alone should be avoided.

In spite of these limitations, these models can provide informa-
tion on metal-uptake capacities for any performance comparison
between various sorbent materials [57]. According to Artola et al.
[22], the sorption of metal by the sludge is a consequence of the
interaction between metal ions in the aqueous phase and the cell
wall of bacteria. The activated sludge biomass is known as a rich
organic mass and composes of microorganisms (bacteria, algae
and protozoa) and inorganics. The biochemical composition of
this organic mass are protein, lipid, extra cellular polysaccharides,
nucleic acids, cell wall compositions and other cellular compounds
of the microorganism which are able to interact with metal ions
in aqueous solutions [36]. For comparison, this copper biosorp-
tion capacity obtained by the dried activated sludge is also higher
than those of some other sorbent materials reported in the lit-
erature (see Table 3) although this direct comparison is difficult
due to the varying experimental conditions used in these studies.
Differences of metal uptake are due to the properties of each sor-
Fig. 7. SEM micrographs of dried activated sludge (500×): (a) in the absence of
copper and (b) after copper biosorption (C0 = 100 ppm).
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Fig. 8. EDAX spectra of dried activated sludge: (a) in the ab

.3. Scanning electron microscopy/energy dispersive analysis of
-rays (SEM/EDAX)

Electron microscopic examination of dried activated sludge,
efore and after copper biosorption, was also undertaken in order
o locate the active sorptive sites of the biosorbent. The scanning
lectron microscopic (SEM) micrographs and the X-ray energy dis-
ersion analysis (EDAX) of dried activated sludge, before and after
quilibration with copper solution, are shown in Figs. 7a, b and 8a,
espectively.

The SEM micrograph (see Fig. 7a) shows the presence of white
odules indicating the presence of heavy elements such as: cal-
ium, etc. Their EDAX analysis conclusively identified them as:
l, Si, P, S, Cl, K, Ca and Fe, with no copper signal presence (see
ig. 8a): copper is not present superficially in the dried activated
ludge structure. Dried activated sludge contains both inorganic
nd organic matters, mainly in the forms of iron, alumina, sil-
ca and carbonates. The presence of white nodules is more clear

n Fig. 7b in which dried activated sludge had been exposed to
00 ppm copper solution. The EDAX spectrum of these nodules
howed a copper signal and other elements signals observed pre-
iously, as illustrated in Fig. 8b. The presence of cadmium on
of copper and (b) after copper biosorption (C0 = 100 ppm).

sunflower leaves is consistent with the uptake isotherm. The anal-
ysis results confirm in the biosorption of copper by dried activated
sludge, the metal is mainly located superficially in the biosorbent
structure.

4. Conclusion

The results obtained confirm that dried activated sludge can
remove copper ions from aqueous solution. The sorption kinetics
performances are strongly affected by parameters such as: con-
tact time, initial copper concentration and initial pH of solution.
The amount of copper removed by dried activated sludge increased
with the increase of these parameters at a specific time. The kinetics
of copper biosorption followed a pseudo-second-order rate kinet-
ics. Analysis of diffusion mechanisms of copper biosorption by dried
activated sludge was problematic: diffusion mechanisms were pre-
dominant in rate controlling steps. The investigated operating

parameters have different effects on mass transfer coefficients.
Under these experimental conditions, the analysis of mechanistic
steps involved in the copper biosorption process confirms that the
biosorption process is particle-diffusion-controlled, with some pre-
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ominance of some external mass transfer at the initial stages. An
cceptable fitting of the equilibrium isotherm was obtained with
angmuir model in all the range of copper concentrations studied.
lectron micrographs obtained show that copper is present super-
cially in dried activated sludge. The analysis results confirm the
iosorption of copper by dried activated sludge. This experimental
tudy is quite useful in developing an appropriate technology for
esigning a waste water treatment plant. However, further work
hould be performed in order to better understand copper biosorp-
ion binding mechanism by dried activated sludge.
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