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ABSTRACT

The biosorption potential of Zn(II) from aqueous solutions using activated sludge biomass
was investigated. Optimum biosorption conditions were determined with respect to pH,
adsorbent dose, contact time and temperature. Langmuir, Freundlich and Dubinin-
Radushkevich (D-R) isotherm models were applied to the equilibrium data. The maximum
Zn(Il) sorption capacity of activated sludge was found to be 76.92 mg g~ ' at pH 6, biomass
concentration 2 gL', contact time 30 min and temperature 20°C. The calculated mean
biosorption energy (9.82 kJmol ') using D-R model indicated that the biosorption of Zn(Il)
on the biomass was induced by chemical ion exchange.
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1. Introduction

Water resources pollution caused by indiscriminate
disposal of heavy metals has been causing worldwide
concern in the last few decades. The effluents of
industrial operations such as metal plating, electro-
plating, galvanizing plants, manufacture of batteries,
textile, tannery operations, pigment and chemical
manufacturing are major sources of zinc contaminants
for surface waters [1,2]. Although zinc is an essential
element in human health, as it participates in metabo-
lism, which stimulates the enzymes and plays an
important role in the functioning of immunologic
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system. It becomes toxic for humans at intake levels of
100-500 mg d " [3].

The WHO recommends the maximum acceptable
concentration of zinc in drinking water as of
5.0 mgL™" [4]. Therefore, the elimination of this metal
from water and wastewaters is important to protect
public health. The main techniques which have been
used on zinc content reduction from industrial waste
are chemical precipitation, ion exchange, membrane
filtration, electrolytic methods, reverse osmosis and
solvent extraction [5,6]. These conventional techniques
can reduce metal ions, but they are not sufficiently
effective due to the limitations in the pH range as well
as the high material and operational costs [7]. Hence,
there is a crucial need for the development of a
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method which is highly selective, more efficient, easy
to operate and hence cost-effective. Biosorption could
be a good alternative technology.

Biosorption in natural or uncontrolled situations
typically involves a combination of active and passive
transport mechanisms starting with the diffusion of the
metal ion to the surface of the microbial cell. Once the
metal ion has diffused to the cell surface, it will bind
to sites on the cell surface which exhibit some chemical
affinity for the metal. These steps contain a number of
passive accumulation processes and may include
adsorption, ion exchange, coordination, complexation,
chelation and micro-precipitation. Generally, such
metal ion adsorption is fast, reversible and not a limit-
ing factor in bioremoval kinetics when dealing with
dispersed cells. Biosorption is often followed by a
slower metal binding process in which additional
metal ion is bound, often irreversibly. This slow phase
of metal uptake can be due to a number of mecha-
nisms, including covalent bonding, surface precipita-
tion, redox reactions, crystallization on the cell surface
or, most often, diffusion into the cell interior and bind-
ing to proteins and other intracellular sites [8-10].

The use of activated sludge biomass as adsorbent
also offers a potential alternative to existing methods
for heavy metal removal [11]. The cell walls of acti-
vated sludge biomass, essentially consisting of various
organic compounds such as chitin, lipids, amino acids
and other cellular components offer many functional
groups which can bind metal ions such as carboxylate,
hydroxyl, sulphate, phosphate and amino groups.

The goal of our study is to assess the Zn(II) bio-
sorption potential of activated sludge. For this pur-
pose, biosorption process was characterized with
different operating conditions such as initial pH, con-
tact time and temperature. The Freundlich, Langmuir
and Dubinin—-Radushkevich (D-R) isotherm models
were applied to the equilibrium data.

2. Materials and methods
2.1. Materials

The sludge was obtained from the municipal
wastewater treatment plant of Kasserinein city in the
central west of Tunisia. The biomass was centrifuged
at 5,000 rpm for 15min, dried at 70°C to constant
weight and then grounded into powder. The modifica-
tion was done by chemical treatment of 9 g of the
sieved sludge with 400 mL of 0.15 molL™'HCI solu-
tion, the mixture was agitated for 10 h at 30°C. The
activated sludge was washed with deionized water,
until it reaches pH 5.5. It was later dried in the oven
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at about 80°C.The powder was sieved to obtain
particle sizes under 250 um, and was further used as
the biosorbent.

2.2. Reagents and equipment

A stock solution of zinc was prepared by dissolv-
ing appropriate amount of zinc chloride (ZnCl,) in 1 L
of Milli-Q water. The initial concentration of zinc used
is in the range of 10 mgL™" to optimize the process
parameters, and for the equilibrium isotherm studies
the metal concentrations were varied between 10 and
450 mgL™". The equilibrium metal concentrations
were determined by inductively coupled plasma mass
spectrometry ICP (ACTIVA; Horiba-JobinYvon, Ales,
France).

2.3. Batch biosorption experiments

The biosorption equilibrium experiments of Zn(I)
were performed using a batch process to determine
the amount of metal ion adsorbed by biomass samples
under the effect of contact time, biosorbant dosage,
pH and temperature of adsorption medium. Necessary
amount of the dried biomass was equilibrated in a ser-
ies of aqueous solutions (25 mL) placed in conical
flasks containing different amounts of metal at a con-
stant pH, which was adjusted with 0.1 mol L™" HCI or
0.1 molL™" NaOH solution at the beginning of each
experiment. The flasks were shaken for the desired
contact time in an electrically thermostatic reciprocat-
ing shaker (HS 501 digital; KIKA Labortechnik,) at
150 rpm. The experiments were repeated at 20, 30 and
40°C. The time required for reaching the equilibrium
condition was estimated by drawing samples at regu-
lar intervals of time, till equilibrium was reached. The
contents of the flask were centrifuged and the centri-
fuge was analysed for metal concentration by using
ICP. The per cent biosorption of metal ion was
calculated as follows Eq. (1).

(G —Cr)

c x 100 1)

Biosorption (%) =

where C; and C are the initial and final (or equilib-
rium) metal concentrations, respectively.

To ensure the accuracy, reliability and reproduc-
ibility of the collected data, the measurements were
carried out in duplicated and the average values are
presented. Throughout the study, the contact time was
varied from 5 to 90 min, the pH from 2 to 8 and the
initial metal concentration C; from 10 to 450 mg L™
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3. Results and discussion
3.1. Effect of pH solution

The metal biosorption depends on the protonation
or unprotonation of functional groups (such as, amino,
carboxyl and phosphate groups) on the surface of the
cell wall. The ionic forms of the metal ions in solution
and electrical charge of the cell wall components
depend on the solution pH [12]. The biosorption of
Zn(Il) onto activated sludge was studied over a pH
range of 2-8 at room temperature; this temperature
was fixed according to the published works [13,14],
the results are given in Fig. 1.

As seen from Fig. 1, the uptake of free ionic
Zn(I) depends on pH, increasing with the increase
in pH from 2 to 6 and then decreasing with increas-
ing pH. At pH values lower than 3 Zn(Il), removal
was inhibited possibly as a result of the competition
between hydrogen and Zn(Il) ions on the sorption
sites with an apparent preponderance of hydrogen
ions, which restricts the approach of metal cations as
in consequence of the repulsive force. As the pH
increased, the ligands such as carboxylate groups in
the cell walls of activated sludge would increase the
negative charge density on the biomass surface,
increasing the attraction of metallic ions with positive
charge and allowing the sorption onto the cell sur-
face [15]. Above pH 6, insoluble Zn(Il) hydroxide
starts precipitating from the solution, so that adsorp-
tion rate was decreased. As a result, the optimum
pH for Zn(Il) biosorption was found as 6 and the
other biosorption experiments were performed at this
pH value [16].

100 ‘
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Fig. 1. Effect of pH on biosorption of Zn(II) onto activated
sludge (metal concentration C;=10mgL™" and tempera-
ture =20°C).
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3.2. Effect of biomass dosage

The effect of biomass dosage on the biosorption of
Zn(l) ions was studied using different biomass
dosage in the range of 0.5-6gL™" (Fig. 2).

From this figure, it is observed that the biosorption
yield firstly increased from 60 to 94.4% with an
increase in the biomass concentration from 0.5 to 2 g
L™". This is due to an increase in the surface area of
the biosorbent, which consequently increases the num-
ber of binding sites [17]. Further increase in biosorbent
dose did not entail an increase in the biosorption yield
for Zn**. This can be explained by the decreased
active binding sites on the biosorbent as a result of
partial aggregation at higher amount of biosorbent
[18]. Therefore, 2gL™" was selected as optimum
biosorbent concentration that would be required for
cost-effective treatment of Zn** ions.

3.3. Effects of contact time and temperature

The rate of sorption is of most important when
designing batch adsorption experiments. Conse-
quently, it is important to establish the time depen-
dence of such systems under various process
conditions. The experimental runs measuring the
effect of contact time on the batch sorption of metal
solution containing 10mgL™" of zinc and initial pH
value 6 is shown Fig. 3.

According to this figure, the biosorption yield of
Zn(Il) increases with rise in contact time up to 25 min
at 20-40°C. After this time there was no considerable
increase. Therefore, the optimum contact time was
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Fig. 2. Effect of biomass dosage on biosorption of Zn(Il) by
activated sludge (metal concentration: 10 mgL™"; pH 5 and
temperature: 20°C).
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Fig. 3. Effect of contact time and temperature on biosorp-
tion of Zn(Il) by activated sludge (metal concentration
Ci=10 mg L, pH 6 and biomass dosage =2 gL_l).

selected as 25 min for further experiments. On the
other hand, the biosorption percentage decreased from
94 to 86% as temperature was increased from 20 to
40°C for the equilibrium time 25 min. This result indi-
cated the exothermic nature of Zn(Il) biosorption onto
activated sludge biomass. A decrease in the biosorp-
tion of Zn(II) ions with the rise in temperature may be
due to either the damage of active binding sites in the
biomass or increasing tendency to desorb metal ions
from the interface to the solution [19,20]. The optimum
temperature was selected as 20°C for further biosorp-
tion experiments.
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Fig. 4. Zn(I) sorption isotherms using activated sludge
(metal concentration C;=10 mg LY, temperature=20°C,
pH 6, biomass dosage=2 gL ™" and contact time =25 min).

A. Rezgui et al. [ Desalination and Water Treatment 56 (2015) 2699-2705

4 T T T

Celq‘3 = 0.013 C‘3 +0.475
R =0.9960

35

w

N

Celq(gL")

0 1 1 1 1 1
0 50 100 150 200 250 300

Ce(mgL”)

Fig. 5. Langmuir isotherm plots for biosorption of Zn(II)
onto activated sludge (metal concentration C;=10mgL™,
temperature=20°C, pH 6, biomass dosagengL*1 and
contact time = 25 min).

3.4. Biosorption isotherms

The isotherm represents the equilibrium relation-
ship between the adsorption capacity of the adsorbent
(ge) and the final metal concentration in the aqueous
phase (C.). For optimization of the biosorption process
design, it is necessary to obtain the appropriate corre-
lation for the equilibrium curve. The isotherm studies
were carried out at optimum temperature 20°C [21].
Fig. 4 illustrates the dynamic biosorption of zinc onto

(]
log q= 0.54 log Ce +0.63
R =0.9957
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Fig. 6. Freundlich isotherm plots for biosorption of Zn(II)
onto activated sludge (metal concentration C;=10 mgL™",
temperature=20°C, pH 6, biomass dosage=2 gL_1 and
contact time =25 min).
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Table 1
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The isotherm parameters for the biosorption of Zn(Il) onto activated sludge biomass

Langmuir parameters

Freundlich parameters

D-R parameters

Jm (mg g~ b(Lmg" Ry R ki

R S (mol]?) E (k] mol ™) R

76.92 2.73x 1072 0.78 0.9960 4.26

0.54 0.9957 5.18x107° 9.82 0.9958

activated sludge. The amount of Zn(Il) uptake by
activated sludge (g) was determined using the mass
balance equation

=Gy @
m

In this study, the equilibrium data were evaluated by

three isotherms models, which are namely the

Langmuir, Freundlich and D-R isotherm models were

analysed.

A basic assumption of the Langmuir theory is that
sorption takes place at specific homogeneous sites
within the sorbent [22]. This model can be written in
linear form

Ce 1 Ce
==——q
qe qmaxb qmax

3)

where g, is the equilibrium metal ion concentration on
the biosorbent (mgg™), C. is the equilibrium metal
ion concentration in the solution (mg L™, Jmax is the
monolayer biosorption capacity of the biosorbent
(mgg™") and b is the Langmuir biosorption constant
(Lmg™") relating the free energy of adsorption. The
values of gmax and Langmuir constant b were calcu-
lated from the slope and intercept of the linear plot of
Ce/ge vs. Ce (Fig. 5).

As seen from the figure, the value of correlation
coefficient (R*=0.9920) shows that the biosorption of
zinc ions onto activated sludge biomass fitted well
with the Langmuir model indicates the formation of
monolayer coverage of heavy metal ions on the outer
surface of biosorbant [23,24]. The maximum biosorp-
tion capacity (4n,) and Langmuir constant (b) were
found to be 7692mgg ' and -2.73x10°L mg ',
respectively. To determine if sorption process is
favourable or unfavourable for the Langmuir-type
sorption process, the isotherm can be classified by the
dimensionless constant separation factor, Ry, can be
defined by the Eq. (3)

1

Ry =—+—
L 1+0bCy @

The value of R;<1 indicates unfavourable, R;=1
linear, 0<Ry<1 favourable or R;=0 irreversible

sorption [25]. The Ry value for the study was found to
be 0.78 for Zn(Il) biosorption onto activated sludge.

The Freundlich isotherm model is employed to
describe the adsorption on heterogeneous surface and
is not restricted to the formation of monolayer. The
linear form of the Freundlich adsorption isotherm can
be defined by the following equation [26]:

1
logge = logks + Elog C. ®)

where k¢ is the constant related to the biosorption
capacity and 1/ is the empirical parameter related to
the biosorption intensity of the adsorbent. The dimen-
sionless constant 1/n (or heterogeneity factor) gives an
indication of the adsorption intensity [27]. It is gener-
ally admitted that low values of 1/n (0.1<1/n<0.5)
are characterized by good adsorption, whereas higher
values indicate a moderate adsorption (0.5<1/n<1)
or a low one (1/n>1) [28,29]. The Freundlich isotherm
constants k¢ and 1/n were calculated from the slopes
and intercepts of the linear plot of logg. vs.
log C.(Fig. 6). The values of k; and 1/n are listed in
Table 1. The 1/n values were between 0 and 1, indi-
cating that the biosorption of Zn(Il) onto activated
sludge biomass was favourable at studied conditions.

45
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Fig. 7. D-R isotherm plots for adsorption of Zn(II) onto
activated sludge (metal concentration C;=10mgL™",
temperature=20°C, pH 6, biomass dosagengL_1 and
contact time =25 min).
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Table 2
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Comparison of biosorption capacity of activated sludge biomass for Zn(Il) with that of other adsorbent

Adsorbents pH Temperature (°C) Biosorption capacity (mg g ") References
Orange peel 5 30 25.00 [36]

Short hemp fibre 5.5 20-25 8.00 [37]

Lignin 5.5 20 28.30 [38]
Commercial activated carbon 5-6 27 20.52 [39]
Activated sludge 6 20 76.92 Present study

The D-R isotherm is more general than Langmuir
isotherm since it does not assume a homogeneous sur-
face or constant biosorption potential. It was applied
to distinguish between the physical and chemical
biosorption of Zn(II) [30].

The linear presentation of the D-R isotherm
equation [31] is expressed by Eq. (6)

Ln g. = Ln g, — f&? (6)

where g, is the amount of metal ions adsorbed on per
unit weight of adsorbent (mol L™"), gy, is the maximum
adsorption capacity (molg™), f is the activity coeffi-
cient related to adsorption mean free energy (mol”J %)

and ¢ is the Polanyi potential [8 =RTLn (1+ Cle) .

The D-R isotherm model well fitted the equilib-
rium data since the R* value was found to be 0.9914
(Fig. 7). From the intercept of the plots, the adsorption
mean free energy E (k] mol™") is as follows [32,33]

E = 7)

-
e

Within DR equation the E (k] mol™") value gives infor-
mation about adsorption mechanism, physical or
chemical. If it lies between 8 and 16Kk] mol~!, the
adsorption process takes place chemically and while,
E<8kJmol™' the adsorption process proceeds
physically [34].

The mean adsorption energy was calculated as 9.82
kJ/mol for the biosorption of Zn(Il) ions. This result
indicated that the biosorption process of Zn(Il) onto
activated sludge may be carried out via chemical ion-
exchange mechanism because the sorption energy lies
within 8-16 kJ/mol [35]. All the isotherm parameters
are listed in Table 1.

3.5. Comparison of adsorption capacities of the adsorbents
for the removal of Zn(Il) with different adsorbents reported
in literature

The sorption capacity of activated sludge biomass
for the removal of Zn(Il) has been compared with

capacities of different biosorbents reported in litera-
ture (Table 2). Generally, the maximum adsorption
capacity depends on experimental conditions such as
temperature, adsorbent dose and pH. According to
the published works [36-39], the gma.x of activated
sludge was higher than that of others, but despite that
several methods have been used to modify natural
adsorbents either physically or chemically in order to
improve the sorption capacity especially in acidic con-
dition. However, it can be noteworthy that the acti-
vated sludge biomass has important potential for the
removal of Zn(Il) ions from aqueous solution.

4. Conclusion

The potential of activated sludge biomass for the
removal of Zn(Il) ions from aqueous solutions was
dependent on biosorption process such as pH, biosor-
bant dose, contact time and temperature. The
Langmuir biosorption isotherm was demonstrated
to provide the best correlation for the biosorption of
Zn(Il) ions onto activated sludge. The maximum bio-
sorption capacity was found to be 76.92 mg of Zn(Il)
per gram of activated sludge. The calculated mean
free energy (9.82kJmol™") from the D-R model indi-
cated that the biosorption of Zn(Il) using activated
sludge was taken place by chemical ion-exchange.
The comparative study revealed that the retention
capacity of the activated sludge is substantially
greater than that of the commercial activated carbon
thus, indicating that this support can be an effective
alternative to the removal of the ions Zn(I) from
aqueous solutions.
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