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a b s t r a c t

The basic oxygen furnace waste generated in steel plant has been used as a low cost adsorbent for the
removal of Pb(II) from aqueous solution. The effect of pH, adsorbent dosage, initial metal ion concen-
tration, contact time and temperature on adsorption process was studied in batch experiments. Results
of the equilibrium experiments showed that the solution pH was the key factor affecting the adsorp-
tion characteristics. Optimum pH for the adsorption was found to be 5 with corresponding adsorbent
dosage level of 5 g/L. The equilibrium was achieved within 1 h of contact time. Kinetics data were best
described by pseudo second order model. The effective particle diffusion coefficient of Pb(II) is the order
of 10−10 m2/s. The maximum uptake was 92.5 mg/g. The adsorption data can be well fitted by Freundlich
isotherm. The result of the equilibrium studies showed that the solution pH was the key factor affecting
seudo second order

ass transfer analysis
reundlich adsorption isotherm
esorption

the adsorption. External mass transfer analysis was also carried out for the adsorption process. The ther-
modynamic studies indicated that the adsorption is spontaneous and endothermic. The sorption energy
(10.1745 kJ/mol) calculated from Dubinin–Radushkevich isotherm indicated that the adsorption process
is chemical in nature. Desorption studies were carried out using dilute mineral acids to elucidate the
mechanism of adsorption. Application studies were carried out considering the economic viewpoint of
wastewater treatment plant operations.
. Introduction

Environmentalists are primarily concerned with the presence
f heavy metals due to their toxicity and impact on human health
nd environment. Lead poisoning in human causes severe damage
o kidney, nervous system, reproductive system, liver and brain.
evere exposure to lead has been associated with sterility, abor-
ion, stillbirths and neo-natal deaths [1,2]. Process industries, such
s battery manufacturing, printing and pigment, metal plating and
nishing, ammunition, soldering material, ceramic and glass indus-
ries, iron and steel manufacturing units generate large quantities
f wastewater contaminated with lead. In drinking water lead con-
amination occurs due to the corrosion and leaching of lead pipes
nd Pb/Sn solder joints associated with copper service lines used in

ousehold plumbing [3]. The permissible level of lead in drinking
ater is 0.05 mg/L [4]. The permissible limit of lead in wastewa-

er as set by Environment Protection Agency [5] and that of Bureau
f Indian Standards (IS 10500) is 0.1 mg/L [6]. Keeping in view the
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importance of the situation, specifically toxicity in children, it has
diverted the global attention towards understanding its behavioral
pattern in ecosystem and metabolism for adopting measures for its
effective removal from such industrial and municipal waste efflu-
ents.

The safe and effective disposal of wastewater contaminated
with Pb(II) is a challenging objective for industries because of
cost effective treatment alternatives are not readily available.
Common cleaning methods comprise chemical precipitation, co-
precipitation, and formation of volatile compounds such as hydride
and alkylate, ion exchange, electrolysis, membrane filtration, sol-
vent extraction, fertilization and sorption to metal oxide, clay,
activated carbon, organic sorbents. These methods differ with
respect to cost, complexity and efficiency [7–17]. Among these tech-
nologies, adsorption is a user-friendly technique for the removal of
heavy metal.

Efforts have been made to develop low-cost adsorbents, for the
removal of heavy metal from aqueous solutions including natural
water and industrial wastewater. These adsorbents are tea-industry

waste, red mud, rice husk ash, waste slurry, kaolinitic clay, fly ash,
paper mill sludge, pyrolyzed coffee residue and clay, phosphate,
blast furnace sludge etc. [18–31].

In steel production in a basic oxygen furnace, for every ton of
crude steel, about 100–150 kg of slag/sludge is generated in the form

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:drsudipkdas@vsnl.net
dx.doi.org/10.1016/j.jhazmat.2009.04.103
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Nomenclature

A Adsorbent in Eq. (6)
S Adsobet in Eq. (6)
AS Activated complex in Eq. (6)
b Langmuir constant (Lmg−1)
Cabs Concentration of metal ion on the adsorbent at equi-

librium (mgL−1)
Ce Concentration of metal ion in solution at equilibrium

(mgL−1)
Cf Final concentration of metal ion in solution (mgL−1)
C0 Initial concentration of metal ion in solution,

(mgL−1)
Ct Concentration of metal ion in solution after time t

(mgL−1)
(C0)a Initial metal ion concentration in clarified sludge
Va Volume of adsorbent, L
VS Volume of the solution, L
C0(M) Concentration of metal ion in solution
k Pseudo second order rate constant of adsorption

[(mg/g) min]
Kad Lagergren rate constant (min−1)
KA Adsorption rate constant in Eq. (7)
KS Desorption rate constant in Eq. (7)
Kc Thermodynamic equilibrium constant
Kd Distribution coefficient, L/g
Kf Measure of adsorption capacity, (mg/g)
Kid Intraparticle diffusion rate constant, [(mg/g) min1/2]
Kbq Constant obtained by multiplying qmax and b
M/ Mass of adsorbent, g
m Amount of adsorbent added, g
n Freundlich constants, intensity of adsorption
q Amount adsorbed per gram of the adsorbent (mg/g)
qe Amount adsorbed per gram of the adsorbent at equi-

librium (mg/g)
qmax Maximum adsorption capacity, (mg/g)
qt Amount adsorbed per gram of adsorbent at time t

min
r2 Correlation coefficient
Ra Radius of the adsorbent particle, m
RL Separation factor
Ss External surface area of the adsorbent per unit vol-

ume (m−1)
Bt Time dependent factor
De Diffusion coefficient (m2/s)
t Time (min)
V Volume of the solution (L)
F Amount adsorbed per gram of adsorbent at

time/amount adsorbed per gram of adsorbent at
equilibrium

XA Fractional of adsorbate adsorbed on the adsorbent
at any time, t

XAe Fractional of adsorbate adsorbed on the adsorbent
at equilibrium

Xm Maximum adsorption capacity (mmol/g)
E Mean sorption energy (kJmol−1)
�G0 Gibbs free energy (kJmol−1)
�H0 Heat of adsorption (kJmol−1)
�S0 Entropy of adsorption (kJK−1mol−1)

Greek letters
ˇ mass transfer coefficient (m/s)
� constant related to energy (mol2/kJ2)
ε Polanyi potential (kJ2/mol2)
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of waste depending upon the hot metal quality and steel making
practice. The current capacity of crude steel production in India is
26 mtpa through basic oxygen furnace route and it generates about
3.9 million ton of sludge waste every year. The sludge initially in the
dust form in the basic oxygen furnace arrested by hydro jetting and
then by venture scrubbers and collected in clarifier for settling. In
most steel plants this sludge is creating problems related to dis-
posal. Presently it is only partially reprocessed and a significant
proportion is either dumped or used for land filling [31].

The present study deals with a series of batch adsorption exper-
iments to investigate and explore the feasibility of clarified sludge
as low cost and readily available adsorbent for removal of heavy
metals from aqueous solutions. Effect of different parameters such
as initial pH, adsorbent dosage, initial metal ion concentration
and contact time on the adsorption of Pb(II) have been inves-
tigated. The kinetics of the adsorption of Pb(II) onto clarified
sludge have been studied using different adsorption techniques.
Experimental data were fitted to various isotherm equations
to determine the best isotherm to correlate the experimental
data. Thermodynamics of adsorption process have been stud-
ied and the change in Gibbs free energy, enthalpy and entropy
of adsorption has also been determined. The sorption energy of
adsorption process has also been calculated. Desorption of loaded
clarified sludge were also studied using dilute HCl and HNO3 solu-
tion.

2. Materials and methods

The clarified sludge was collected from the sludge thickener of
basic oxygen furnace of Rourkela Steel Plant, Rourkela, Orissa, India.
The sludge initially in the dust form in the basic oxygen furnace
was arrested by hydro jetting followed by venturi scrubbers and
then collected in clarifier for settling. The sample was subjected to
characterization by a variety of methods such as X-ray diffraction
(XRD), chemical analysis, thermo gravimetric analysis (TGA), parti-
cle size, BET surface area, and scanning electron microscope (SEM).
Clarified sludge, after collection it was ground, homogenized and
dried at 105 ± 5◦C for 3 h and cooled to ambient temperature in a
desiccators. The details of the characteristics of the clarified sludge
are given in our earlier paper [32] and Table 1.

All the necessary chemicals used in the study were of analytical
grade. Lead nitrate [Pb(NO3)2] was obtained from E. Merck India
Limited, Mumbai, India. Stock solution of Pb(II) was made by dis-
solving exact amount of Pb(NO3)2. The range of concentration of the
metal components prepared from stock solution varied between
3 mg/L and 300 mg/L. The test solutions were prepared by diluting
1 g/L of stock metal solution with double distilled water.

The necessary amount of clarified sludge was taken in a 250 mL
stopper conical flask containing 100 mL of desired concentration of
the test solution for the batch adsorption studies at the desired pH
value. Different initial concentration of metal solutions was pre-
pared by proper dilution from stock 1 g/L metal standard. pH of
the solution was monitored in a 5500 EUTECH pH Meter using FET
solid electrode calibrated with standard buffer solutions by adding
0.1 M HCl and 0.1 M NaOH solutions as per required pH value. Nec-
essary amount of clarified sludge was then added and contents in
the flask were shaken for the desired contact time in an electrically
thermostated reciprocating shaker at 120–130 rpm at 303 K. The
time required for reaching the equilibrium condition estimated by
drawing samples at regular intervals of time till equilibrium was
reached. The contents of the flask were filtered through filter paper

and the filtrate was analyzed for remaining metal concentration
in the sample using Atomic Absorption Spectrophotometer (Var-
ian SpectrAA 55, USA) as per procedure laid down in APHA, AWWA
standard methods for examination of water and wastewater, 1998
edition [33].
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Table 1
Characteristics of clarified sludge.
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dosage of 5 g/L, the incremental metal ion removal becomes very
article size range �m Effective particle diameter �m

50–350 302.298

. Results and discussion

.1. Effect of pH

The experiments concerning the effect of pH was carried out
n the range of pH that was not influenced by the metal precipita-
ion mainly as metal hydroxide. The calculation from the solubility
roduct equilibrium constant, Ksp [34] demonstrated that the suit-
ble range for the Pb(II) adsorption is 3–7. In general, adsorption of
ations is favored at pH > PHpzc. The oxides of iron, calcium and silica
resent in clarified sludge develop charge on the adsorbent surface

n contact with water. Except silica other metal oxides process for
he pH range of interest because of zero point charge (pHZPC) of
iO2, Fe2O3 and CaO are 2.2, 6.7 and 11.0, respectively [35]. A pos-
tive charge develops in the surface of oxides of clarified sludge in
n acidic medium due to the aqua complex formation of the oxide
resent as follows:

MO + HOH
H+
−→M − OH2+ + OH− (1)

The effects of initial pH on removal of Pb(II) are shown in Fig.
. The sorption at the low pH range usually takes place with low
emoval efficiency. This is due to high concentration of proton in
olution that competes with metal ion forming a bond with the
ctive sites. These bonded active sites become saturated and was
naccessible to other cations. In addition, when pH increases from

to 5, there is a decrease in positive surface charge (since the
eprotonation of the sorbent functional groups could be occurs),
hich results in a lower electrostatic repulsion between the posi-

ively charged metal ion and the surface of clarified sludge, favoring
dsorption. The same trend has also been reported in the removal

f Pb(II) ions by other vegetable materials such as spent grain [36],
inus sylvestris [37], and crop milling waste [38].

The metal ions in the aqueous solution may undergo solvation
nd hydrolysis. The process involved for metal adsorption is as fol-

ig. 1. Effect of pH on the adsorption of Pb(II) initial conc. 10 mg/L, adsorbent dosage
g/L, contact time 1 h.
ce area m2/g Bulk density g/c.c. Point of zero charge

4 1.98 9.80

lows [39],

M2+ + nH2O = M(H2O)n
2+ (2)

M(H2O)n
2+ = [M(H2O)n − 1(OH)]+ + H+ (3)

M2+ + nH2O
Ka
�[M(H2O)n−1(OH)]+ + H+ (4)

The pKa value for Pb(II) is 7.7. Perusal of the literature on metal
speciation shows that the dominant species is M(OH)2 at pH > 6.0
and M2+ and M(OH)+ at pH < 6.0. Maximum removal of metal was
observed at pH 5 for adsorption. On further increase of pH adsorp-
tion decreases probably due to the formation of hydroxide of lead
because of chemical precipitation [12,30,40]. So to ensure no inter-
ference from the metal precipitation, subsequent experiments were
carried out at pH 5.

3.2. Effect of adsorbent dosage

The effect of adsorbent dosage in terms of distribution coeffi-
cient on the removal of Pb(II) ion at C0 = 10 mg/L was studied and
results are represented in Fig. 2. The removal of metal ion was found
to increase with an increase in adsorbent dosage from 1 to 5 g/L.
The removed metal ion almost remained unchanged after adsor-
bent dosage 5 g/L. Increase in adsorption with increase in adsorbent
dosage attributed to the availability of larger surface area and more
adsorption sites. At low adsorbent dosage, m < 1 g/L, the absorbent
surface become saturated with the metal ions and the residual
metal ion concentration in the solution is large. With an increase in
adsorbent dosage, the metal ion removal increased to higher metal
ion uptake by the increased amount of adsorbent. For adsorbent
low as the surface metal ion concentration and the solution metal
ion concentration comes to equilibrium with each other. For higher
adsorbent dosage of 5.0 g/L, the removal efficiency becomes almost
constant for the removal of Pb(II) ions onto clarified sludge.

Fig. 2. Effect of adsorbent dosage on adsorption of Pb(II) pH 5, initial conc. 10 mg/L,
contact time 1 h.
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ig. 3. Effect of initial concentration on the adsorption of Pb(II) pH 5, adsorbent
osage 5 g/L, contact time 1 h.

.3. Effect of initial metal ion concentration

With increase in initial Pb(II) concentrations, more Pb(II) ions are
eft un-adsorbed in the solution due to the saturation of the binding
ites. This indicates that energetically less favorable sites become
nvolved with increasing ion concentration in aqueous solution. The
b(II) ion adsorption is attributed to the different mechanisms of
on exchange as well as to the adsorption process. During the ion
xchange process, the Pb(II) ion had to be moved not only through
he pores of the adsorbent mass, but also through the channels of
he lattice, they have to be replaced exchangeable cations. Diffusion
as faster through pores and was retarded when the ion moves

hrough the smaller diameter channels.
Here, the Pb(II) ion adsorption mainly be attributed to ion-

xchange reactions in the micro pores of the adsorbents. Fig. 3
epresents Kd as a function of Pb(II) ion concentration.

d = (C0 − Ce)
Ce

X(
V

M′ ) (5)

The Kd values increased with the decreasing concentration of
b(II) ion. In other words Kd values increased as the dilution of
b(II) ion proceeds. This effect can be explained as at low metal
on/adsorbent ratios, metal ion adsorption involves higher energy
ites. As the metal ion/adsorbent ratio increases, the higher energy
ites are saturated and adsorption begins on lower energy sites,
esulting in decreases in the percentage removal of metal ion [41].

.4. Effect of contact time

The experimental runs measuring the effect of contact time
n the batch adsorption of metal solution containing 10 mg/L of
b(II) at 303 K and initial pH value 5 is shown in Fig. 4. During the
xperiment contact time was varied from 0 min to 3 h. The initial
apid adsorption gives away a very slow approach to equilibrium. In
resent studies, for Pb(II) equilibrium was achieved by 1 h of contact
ime.
.5. Adsorption kinetics study

The study of adsorption kinetics describes the solute uptake rate
nd evidently these rate controls the residence time of metal ion
Fig. 4. Effect of contact time on the adsorption of Pb(II) initial conc. 10 mg/L, adsor-
bent dosage 5 g/L, pH 5.

uptake at the solid–solution interface including the diffusion pro-
cess. The mechanism of adsorption depends on the physical and
chemical characteristics of the adsorbent as well as on the mass
transfer process [42]. The results obtained from the experiments
were used to study the kinetics of metal ion adsorption. The rate
kinetics of Pb(II) adsorption on clarified sludge was analyzed using
pseudo first order [43], pseudo second order [44], and intraparti-
cle diffusion models [45]. The conformity between experimental
data and the model predicted values was expressed by correlation
coefficient (r2).

3.5.1. Pseudo first order model
The adsorption of Pb(II) from a liquid phase to solid phase

can be considered as a reversible process with equilibrium being
established between the solution and solid phase. Adsorption
phenomenon can be described as the diffusion control process,
assuming a non-dissociation molecular adsorption of Pb(II) on clar-
ified sludge particles as follows:

A + S � AS (6)

If initially no adsorbate present the adsorbent (i.e., CAS0 = 0 at
t = 0), then assuming the first order rate kinetics the fractional
uptake on the adsorbate by the adsorbent can be expressed as,

q

qe
= 1 − exp[KACs + KA

KS
]t (7)

Equation can be transformed as:

log (qe − q) = logqe − Kadt

2.303
(8)

where,

Kad = [(KACS + KA

KS
)]t (9)

and
q = XA

and

qe = XAe
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tion coefficient, r2, was calculated from these plots. The linearity of
these plots indicates the applicability of the three models. The val-
ues of rate constants and correlation coefficients for each model are
shown in Table 2. However, the correlation coefficient, r2, showed
ig. 5. Lagergren plot for the adsorption of Pb(II) by clarified sludge pH 5, initial
onc. 10 mg/L, adsorbent dosage 5 g/L.

This equation is the so-called Lagergren equation [46]. The
esults are depicted in Fig. 5.

.5.2. Pseudo second order model
The pseudo second order model [43] is based on the assumption

f chemisorption of the adsorbate on the adsorbent. The kinetic rate
odel can be represented as:

dqt

dt
= k(q − qt)

2 (10)

Separating the variables in equation and integrating the bound-
ry conditions, qt = 0 at t = 0 and qt at time t, the following equation
s obtained

t

qt
= 1

k.q2
+ 1

q
.t (11)

This is a linear form equation for a pseudo second order reac-
ion. The constant (k and q) can be experimentally determined by
lotting (1/qt).t against t from Fig. 6.

.5.3. Intraparticle diffusion model
The possibility of intraparticle diffusion was explored by using

he Weber–Morris intraparticle diffusion model [44].

t = Kidt0.5 (12)

If the Weber–Morris plot of qt vs t0.5 gives a straight line, then
he adsorption process is controlled by intraparticle diffusion only.
owever, if the data exhibit multi-linear plots, then two or more

teps influence the adsorption processes. The mathematical depen-
ence of fractional uptake of the adsorbate on t0.5 is obtained if the
dsorption process is considered to be influenced by diffusion in the
ylindrical and convective diffusion in the adsorbate solution. It is
ssumed that the external resistance to mass transfer surrounding
he particles is significant only in the early stage of the adsorp-
ion. The first stripper portion represents this. The second linear
ortion is the gradual adsorption stage with intraparticle diffusion

ominating.

In Fig. 7 the data points are related by two straight lines—first
traight portion depicting the macropore diffusion and second
epresenting the micropore diffusion. These show only the pore
iffusion data. Extrapolation of the linear portion of the plots to the
Fig. 6. Pseudo second order plot for the adsorption Pb(II) by selected adsorbents pH
5, initial conc. 10 mg/L, adsorbent dosage 5 g/L.

Y-axis gives the intercepts, which provide the boundary layer thick-
ness. The deviation of straight lines from the origin (figure) may
be due to difference in rate of mass transfer in the initial and final
stage of adsorption. Further, such deviation of straight line from the
origin indicates that the pore diffusion is not sole rate-controlling
step. The adsorption data for q vs t0.5 for the initial period show
curvature usually attributed to boundary layer diffusion effects or
external mass transfer effects [45]. These indicate the mechanism
of Pb(II) adsorption by clarified sludge is complex and both, the sur-
face adsorption as well as intraparticle diffusion contribute to the
rate determining step.

In order to quantify the applicability of each model, the correla-
Fig. 7. Weber and Morris plot for the adsorption Pb(II) by selected adsorbents pH 5,
initial conc. 10 mg/L, adsorbent dosage 5 g/L.
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Table 2
Rate kinetics for adsorption.
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adsorbent–adsorbate and adsorbent–adsorbent interactions have
agergren first order Pseudo second order

ad × 10−2 min−1 r2 �2 K2 g mg1 min−1 r2 �2

6.47 0.958 8.389 0.467 0.999 0.0197

hat the pseudo second order model, an indication of chemisorp-
ions mechanism, fits better with the experimental data than the
seudo first order model. In addition, the Chi-square test was also
one to support the best fit adsorption model. The equation for
valuating the best fit model is to be written as:

2
t =

∑ (qt − qtm)2

qtm
(13)

It has been found that �2 values are much less in pseudo sec-
nd order model than that of pseudo first order and intraparticle
iffusion model (Table 2). Thus, based on the high correlation coef-
cient and low �2

t value, it can be said that adsorption of Pb(II)
nto clarified sludge follow pseudo second order model than that
f intraparticle diffusion model.

.5.4. Mass transfer analysis
Mass transfer analysis for the removal of Pb(II) from aqueous

olutions by clarified sludge were carried out using the following
quation as proposed by McKay et al. [46]

n

(
Ct

Co
− 1

1 + MKbq

)
= ln

(
MKbq

1 + MKbq

)
−

(
1 + MKbq

MKbq

)
ˇSst (14)

The plot of ln
(

(Ct/Co) − (1/1 + MKbq)
)

vs t results a straight line

f slope
[(

(1 + MKbq/MKbq)
)

ˇSs

]
and the values of mass trans-

er coefficients (ˇ) calculated from the slops of the plots was
.20 × 10−5 cm/s with a high value (0.9987) of correlation coeffi-
ient. The values of mass transfer coefficients (ˇ) obtained from
he study indicate that the velocity of the adsorbate transport from

ulk to the solid phase was quite fast.

.5.5. Determination of diffusivity
Kinetic data could be treated by the models given by Boyd et al.

47] which is valid for the experimental conditions used. Diffusion

ig. 8. Langmuir plot for the adsorption of Pb(II) by selected adsorbents pH 5, adsor-
ent dosage 5 g/L, contact time 1 h.
er and Morris Bangham

10−2 mg g−1 min−0.5 r2 �2 k0 × 103 Lg−1 ˛ r2

9 0.869 0.847 7.28 0.788 0.897

found to be rate controlling in the adsorption of Pb(II) onto the
particles of spherical shape. As the volume of the solution is much
higher compared to the volume of the clarified sludge particle and
if the concentration of metal ions is assumed constant from the
surface to the centre of the adsorbent particle, then the fraction of
metal ion bound at time t can be expressed as:

F(t) = 1 − 6
i2�2

∑̨
i=1

exp

(
−Det�2i2

R2
a

)
(15)

Applicability of Vermeulen’s approximation is limited and
highly depends on the ratio of the initial metal ion concentration
in clarified sludge (C0)a and in the solution C0 and of the vol-
ume of adsorbent (Va) and the volume of the solution (VS). For
the criterion of ‘infinite solution volume’ that is given by the ratio
(C0)aVa < < C0(M)VS, where the concentration of metal ion in the
solution remains negligible throughout the process, and for the
range 0 ≤ F(t) ≤ 1 in the solution of divalent exchangeable ions, Eq.
(15) can be simplified [48]as:

ln
[

1
1 − F2(t)

]
= �2

R2
a

Det (16)

where plot of ln[1/(1 − F2(t))] vs t provides a line from those slope
�2De/r2 the diffusion coefficient, De can be calculated. The value
of diffusion coefficient as calculated from the equation was found
to be 3.56 × 10−10 m2/s for the adsorption of Pb(II) onto clarified
sludge.

The pores of clarified sludge have different sizes along its
length and adsorbent has a wide pore size distribution. The
their impact on the diffusion process and affect the value of De. The
properties of the adsorbents – pore size along the length of pore, ori-
entation, electronic field and the interaction of the adsorbate–van
der Walls attractive forces, surface diffusion characteristics and

Fig. 9. Freundlich plot for the adsorption of Pb(II) by selected adsorbents pH 5,
adsorbent dosage 5 g/L, contact time 1 h.
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Table 3
Langmuir and Freundlich adsorption isotherm constants.
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angmuir constants

max mg g−1 b L mg−1 r2 �2 SD

2.51 0.115 0.952 0.639 0.012

dsorption mechanism – all affect the diffusion. Mesopores are
ound to occupy most of the pore length of clarified sludge. The dif-
usion within the pores of wider path and weaker retarding forces
f electrostatic interaction accounts for the greater De and one
ithin the pore of narrower mesh widths and stronger retarding

orces accounts for lower De. For the present system, the value of
e, fall well within the values reported in literature, especially for
hemisorption system (10−9–10−17 m2/s) [49].

.5.6. Reichenberg model
The rate of sorption is determined by applying well-known

quation for the diffusion and mass transfer phenomena. For the
ast reaction, the sorption may be due to film diffusion [50] and
ccur within the microspores of the adsorbent. In that case Reichen-
erg equation is applied, i.e.,

(t) =
(

1 − 6
�2

)
e−Bt (17)

bove equation may be written as:

t = −0.4977 ln(1 − F(t)) (18)

The plot of Bt vs time is linear with a correlation factor of 0.9904
hereby indicating that sorption was controlled by film diffusion.

.5.7. Bangham’s equation
Whether pore diffusion is the only rate controlling step or not

n the adsorption system is to be checked for kinetic data using
angham’s equation [51],

C0 k0m

og log(

C0 − qtm
) = log(

2.303V
) + ˛ log(t) (19)

here ˛ (<1) and k0 are constants. If the experimental data are
epresented by Eq. (19), then it is an indication that the adsorption
inetics is limited by pore diffusion. However, the above equation

ig. 10. Dubinin–Radushkevich isotherm of Pb(II) onto selected adsorbents pH 5,
dsorbent dosage 5 g/L, contact time 1 h., temperature 303 ± 2 K.
Freundlich constants

Kf ((mg/g)/(mg/L)1/n) n r2 �2 SD

8.914 1.287 0.999 0.247 0.019

does not give a good fit of the experimental data, indicating thereby
that the diffusion of adsorbate into the pores of the adsorbent is not
solely a rate-limiting step [52]. With increase in contact time, the
effect of diffusion process on overall adsorption could be ignored.
Values of Bangham parameters, correlation coefficient and error
function values are given in Table 2.

3.6. Adsorption isotherms

The adsorption isotherm for the removal of metal ion was stud-
ied using initial concentration of between 10 and 300 mg/L at
an adsorbent dosage level of 5.0 g/L for Pb(II) 303 K. The adsorp-
tion equilibrium data are conveniently represented by adsorption
isotherms, which correspond to the relationship between the mass
of the solute adsorbed per unit mass of adsorbent qe and the solute
concentration for the solution at equilibrium Ce.

3.6.1. Langmuir adsorption isotherm
The data obtained were then fitted to the Langmuir adsorption

isotherm [53] applied to equilibrium adsorption assuming mono-
layer adsorption onto a surface with a finite number of identical
sites and is represented as follows,

Ce

qe
= 1

qmaxb
+ Ce

qmax
(20)

Linear plots of Ce/qe vs Ce (Fig. 8) were employed to determine
the value of qmax (mg/g) and b (L/mg). The data obtained with the
correlation coefficients (r2) were listed in Table 3.

Weber and Chakraborti [54] expressed the essential character-
istics and the feasibility of the Langmuir isotherm in terms of a
dimensionless constant separation factor or equilibrium parameter
RL, which is defined as:

RL = 1
1 + bCo

(21)

The RL value indicates the shape of the isotherm as follows:

RL value Type of isotherm
RL > 1 Unfavorable
RL = 1 Linear
0 < RL < 1 Favorable
RL = 0 Irreversible

According to McKay et al. [55], RL values between 0 and 1 indicate
favorable adsorption. The RL value for the adsorption on clarified

sludge at initial concentration of 10 mg/L (lowest concentration
studied) and 300 mg/L (highest concentration studied) are 0.480
and 0.028, respectively. The data obtained represent a favorable
adsorption.

Table 4
Effect of temperature on the removal efficiency. Experimental condition: pH 5, adsor-
bent conc. 5 g/L, and contact time 1 h.

Temperature (K) Percentage removal of Pb(II) %

10 mg/L 25 mg/L 50 mg/L

303 99.2 98.32 99.63
313 99.45 99.1 99.26
323 97.87 97.32 98.02
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Table 6
Desorption of Pb(II) from loaded clarified sludge.

Strength of HNO3 (M) Desorption (%)

0.1 68.90
0.25 87.8

The increase in adsorption with rise in temperature may be due
to the strengthening of adsorptive forces between the active sites
of the adsorbents and adsorbate species and between the adjacent
ig. 11. Determination of thermodynamic parameter for the adsorption of Pb(II) on
larified sludge.

.6.2. Freundlich adsorption isotherm
The adsorption data obtained were then fitted to the Freundlich

dsorption isotherm [56], which is the earliest relationship known
escribing the adsorption equilibrium and is expressed by the fol-

owing equation,

og qe = log Kf + 1
n

log Ce (22)

The Freundlich isotherm constants Kf and n are constants
ncorporating all factors affecting the adsorption process such as
dsorption capacity and intensity of adsorption. The constants Kf
nd n were calculated from Eq. (22) and Freundlich plots (Fig. 9).
he amount of absorbent required to reduce any initial concentra-
ion to predetermined final concentration can be calculated. The
alues for Freundlich constants and correlation coefficients (r2) for
he adsorption process are also presented in Table 3. The values of n
etween 1 and 10 (i.e.1/n less than 1) represent a favorable adsorp-
ion. The values of n, which reflects the intensity of adsorption, also
eflected the same trend. The n values obtained for the adsorption
rocess represented a beneficial adsorption.

2
e =

∑ (qe − qem)2

qem
(23)

From the Table 3, it is seen that experimental data are better
tted to Freundlich (r2 = 0.999) than Langmuir (r2 = 0.952) adsorp-
ion isotherm. Moreover, Chi-square test was also done using Eq.
23) to select the better fit adsorption isotherm model. From the

xperimental data, �2 value of Freundlich (0.247) is lower than the
angmuir (0.639) adsorption isotherm model. Therefore, uptake of
b(II) ion preferably follows the heterolayer adsorption process.

able 5
hanges in thermodynamic parameters.

H0 (kJ/mol) �S0 (kJ/mol) T (K) −�G0 (kJ/mol) r2

0.35 0.122 303 6.714 0.999
313 7.976
323 9.159
0.5 98.42
0.75 98.43
1 98.42

3.6.3. Dubinin–Radushkevich (D–R) isotherm
The D–R isotherm [57] was employed in the following linear

form:

ln Cabs = ln Xm − �ε2 (24)

The Polanyi potential [58], ε, can be expressed as,

ε = RT ln(1 + 1
Ce

) (25)

A plot of lnCabs vs ε2 in Fig. 10 gave a straight line from which
values of � and Xm for Pb(II) was evaluated. Using the calculated
value of �, it was possible to evaluate the mean sorption energy, E,
from

E = 1√−2�
(26)

Although the Freundlich isotherm provides the information
about the surface heterogeneity and the exponential distribution
of the active sites and their energies, it does not predict any sat-
uration of the surface of the adsorbent by the adsorbate. Hence,
infinite surface coverage could be predicted mathematically. In con-
trast, D–R isotherm relates the heterogeneity of energies close to
the adsorbent surface. If a very small sub-region of the sorption
surface is chosen and assumed to be approximately by the Lang-
muir isotherm, the quantity

√
� can be related to the mean sorption

energy, E, which is the free energy for the transfer of 1 mole of
metal ions from the infinity to the surface of the adsorbent. The esti-
mated value of E was 10.1745 kJ/mol, which is the range expected
for chemisorptions (8–16 kJ/mol).

3.7. Adsorption thermodynamics

3.7.1. Effect of temperature on adsorption of Pb(II)
Adsorption experiments to study the effect of temperature were

carried out at 303, 313 and 323 K at optimum pH value of 5 and
adsorbent dosage level of 5 g/L. The equilibrium contact time for
adsorption was maintained at 1 h. The percentage of adsorption
decreases with rise of temperature from 303 to 323 K. The results
were shown in Table 4 and it revealed the endothermic nature of
the adsorption process which later utilized for determination of
changes in Gibbs free energy (�G0), heat of adsorption (�H0) and
entropy (�S0) of the adsorption of Pb(II) from aqueous solutions.
molecules of the adsorbed phase.

Table 7
Performance of fresh and recycled clarified sludge.

Adsorbent Conc. of Pb(II) solution mg/L Percent removal %

Initial Final

Fresh 10 0.048 99.52
First recycle 10 0.716 92.84
Second recycle 10 1.276 87.24
Third recycle 10 2.643 73.57
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Table 8
Results of removal of Pb(II) from industrial effluent using clarified sludge.

Test parameter Untreated effluent Treated effluent Remarks

PH 2.7 5 –
Conductivity (�mhos/cm) 1737 1682 –
Pb(II) (mg/L) 2.84 0.043 Successfully meet the IS 10500 norms

of discharge water of Pb(II) [6]
Fe (mg/L) 1.2 0.9 –
C
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a (mg/L) 214
g (mg/L) 64

hloride (mg/L) 18
SS (mg/L) 26

.7.2. Effect of temperature on thermodynamics parameter on
dsorption of Pb(II)

The variation in the extent of adsorption with respect to temper-
ture has been explained based on thermodynamic parameters viz.
hanges in standard free energy, enthalpy and entropy. The depen-
ence on temperature of adsorption of Pb(II) on the clarified sludge
ere evaluated using equations:

n KC = −�H0

RT
+ �S0

R
(27)

nd

G0 = −RT ln KC (28)

rom the slope and intercept of the plot (Fig. 11), the values of �H
nd �S had been computed, while �G was calculated using Eq.
28). The values of these parameters thus calculated are recorded in
able 5. It may be concluded from the positive values of �H0 that the
orption process is endothermic while the positive value of �S0 is
n indicative of increased randomness at the adsorbent–absorbate
nterface during the adsorption. The negative value of �G0 con-
rms the feasibility of the process and spontaneous nature of the
dsorption process.

.8. Desorption studies

The Pb(II) loaded clarified sludge creates disposal problem as it is
azardous in nature. This problem may be overcome to some extent
y using desorption methods. It allows recovery of the Pb(II) ion
rom the metal loaded adsorbent and the adsorbent regeneration
rocess.

Batch desorption experiments were carried out to further eluci-

ate the mechanism of adsorption. Attempts were made to desorb
b(II) ions from clarified sludge using 0.1 M solutions of dilute
Cl and HNO3 solution having good potential to dissolve metal

ons under study by batch desorption technique maintaining the
ame conditions similar to batch adsorption studies. Initially to

able 9
omparison of adsorption capacities of the adsorbents for the removal of Pb(II) with
hose other adsorbents.

l No. Adsorbents Adsorption capacities
of Pb(II) mg/g

Reference

1. Kaolinite clay 4.76–6.76 [22]
2. Blast furnace slag 40.0 [25]
3. Pyrolyzed coffee residue and clay 47.00 [29]
4. Celtek clay 18.8 [59]
5. Activated slag 41.48 [60]
6. Bentonite clay 20 [61]
7. Clinoptilolite 166 [62]
8. Phosphatic clay 28.7 [63]
9. Baggase fly ash 2.50 [64]

10. Fly ash 18.0 [65]
11. Harro river sand 47 [66]
12. Clarified sludge 92.51 Present work
186 –
59 –
14

23

observed the desorption capability of individual acids, the des-
orption experiments conducted for 1 h time. The results on batch
desorption from adsorbate rich-adsorbent showed that HCl and
HNO3 could desorb 24% and 26% of the adsorbed Pb(II), respec-
tively within 1-h time. Based on above findings, desorption studies
with different concentrations of HNO3 were carried out to des-
orbs maximum amount of adsorbed Pb(II) from the adsorbent. The
results of desorption experiments with various concentrations of
HNO3 (0.1–1 M) are shown in Table 6. It was evident that max-
imum desorption efficiency was obtained with 0.5 M HNO3. The
maximum percent recovery was 98.4% with 0.5 M HNO3 solu-
tions.

The regenerated adsorbent may be recycled for reuse and ulti-
mately the adsorbents must be incinerated. Table 7 shows the
performance of the regenerated adsorbent. Adsorption/desorption
cycle of the clarified sludge decreases as the number of cycle
increases. More than 90% metal ion removal is possible using two
cycles for Pb(II).

3.9. Application studies using industrial effluents

Application studies for Pb(II) were carried out using a
wastewater sample having following characteristics. pH, 2.7;
Pb(II), 2.84 mg/L; conductivity, 1737 �mhos/cm; Ca, 214 mg/L; Fe,
1.2 mg/L; Mg, 64 mg/L; chloride, 18 mg/L and TSS, 26 mg/L.

In the above wastewater matrix, batch operation was carried out
under optimum condition as obtained from batch adsorption stud-
ies. The results are shown in Table 8. Removal efficiency of 98.5% for
Pb(II) was achieved and thereby meeting the CPCB limits (0.1 mg/L)
of Pb(II) for discharge to inland surface water. Pb(II) concentration
in the treated effluent was 0.043 mg/L.

3.10. Comparison of adsorption capacity with different
adsorbents reported in literature

The adsorption capacities of the various adsorbents of similar
types for the removal of Pb(II) have been reported in Table 9. The
values reported in the form of monolayer adsorption capacity. The
experimental data of the present investigations are comparable
with the reported values.

4. Conclusions

In this study, batch adsorption experiments for the removal
of Pb(II) from aqueous solutions have been carried out using
clarified sludge as low cost, readily available adsorbent. The
adsorption characteristics have been examined at different pH
values, initial metal ion concentrations, contact time and adsor-

bent dosages. The obtained results can be summarized as
follows,

(1) The pH experiments showed that the governing factors affect-
ing the adsorption characteristics. Optimum adsorption at pH
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5-and at higher pH precipitation of hydroxyl species onto the
adsorbents (pH 3–7).

(2) Maximum uptake was obtained at adsorbent dose of 5 g/L,
which may be considered as optimum adsorbent dosage level
at the specified conditions.

(3) The equilibrium time for adsorption of Pb(II) from aqueous
solutions was achieved within 30 min of contact time.

(4) The experimental data were better described by pseudo sec-
ond order model as evident from correlation coefficient (r2)
and �2 values.

(5) The effective diffusivity calculated using Vermeulen’s approxi-
mation was found to be 3.56 × 10−10 m2/s which also indicated
that the interaction between Pb(II) and clarified sludge is
chemical in nature.

(6) Freundlich adsorption isotherm models were better fitted than
Langmuir adsorption isotherm model. The monolayer adsorp-
tion capacity was obtained 92.51 mg/g for clarified sludge.

(7) Sorption energy for adsorption process were found to be
10.1745 kJ/mol, indicative of chemical adsorption phenomena
responsible for the removal of Pb(II) from wastewater.

(8) The value of �H0 and �S0 were found to be 30.35 kJ/mol
and 0.122 kJ/(mol K), respectively. The positive value of �H0

indicate the endothermic nature of the process while a pos-
itive value of �S0 suggested an increase randomness at the
solid–solution interface during the adsorption of Pb(II) onto
clarified sludge.

(9) Dilute HNO3 solution have good potential to desorp Pb(II)
under study by batch desorption technique maintaining the
same conditions similar to batch adsorption studies.

10) Studies on industrial wastewater from electroplating unit
show the percentage removal was 98%.
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