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In this work, the adsorption of lead(II) was studied on activated carbon prepared from Tamarind wood
with zinc chloride activation. Adsorption studies were conducted in the range of 10–50 mg/l initial lead(II)
concentration and at temperature in the range of 10–50 ◦C. The experimental data were analyzed by the
Freundlich isotherm and the Langmuir isotherm. Equilibrium data fitted well with the Langmuir model
and Freundlich model with maximum adsorption capacity of 43.85 mg/g. The rates of adsorption were
ead removal
ctivated carbon
hemical activation
inc chloride
dsorption
astewater treatment

found to confirm to pseudo-second-order kinetics with good correlation and the overall rate of lead(II)
uptake was found to be controlled by pore diffusion, film diffusion and particle diffusion, throughout
the entire adsorption period. Boyd plot confirmed that external mass transfer was the rate-limiting step
in the sorption process. Different thermodynamic parameters, viz., �H◦, �S◦ and �G◦ have also been
evaluated and it has been found that the sorption was feasible, spontaneous and endothermic in nature.
The results indicate that the Tamarind wood activated could be used to effectively adsorb lead(II) from
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aqueous solutions.

. Introduction

Lead is a heavy, soft, malleable, bluish gray metal. Its common
re is galena where it occurs in the form of sulphide. Most of the lead
n the air comes as aerosols, fumes and sprays. It is very widely used
n din storage batteries and the gasoline auto exhaust from gaso-
ine. Powder motor vehicle is the major source of atmospheric layer
n the urban area. Other anthropogenic sources of lead include the
ombustion of coal, processing and manufacturing of lead prod-
cts and manufacturing of lead additives such as tetra ethyl lead
TEL) for gasoline. Some lead is also introduced in the atmospheric
uring incineration of refuse of lead containing pesticides. Lead is
ystemic poison causing anemia, kidney malfunction, tissue dam-
ge of brain and even death in extreme poison. Lead occurs as its
ulphide, cerussite (PbCl2) and galena. Lead is also present at 50

arts per million (ppm) in the earths crust. In sea water 5 parts
er billion (ppb) lead is present. It is found in all living organism.
hose it is distributed in food and in environment. A human body
ontains about 121 ppb, 96% in the bone. The concentration of lead
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ncreases with age and it may reach to a limit at 400 mg. It is not
ssential for mammals. Under specific condition lead is stimula-
ory causing enhancing of protein synthesis, DNA synthesis and
ell replication. Any metabolic disturbance resulting is an osteol-
sis will liberate lead from its skeletal storage. Lead is deposited
ostly in bones and in some soft tissues. Lead is also retaining by
ammals in lever, kidney, muscles, etc. About 800 mg of lead create

oxicity in human beings. The removal Pb(II) from industrial efflu-
nts is a major problem due to the difficulty in threating such waste
aters by conventional treatment method. The presence of lead in
aste water is dangerous to aquatic flora and fauna even in rel-

tively low concentration and stringent environmental regulation
ttracts the attention of chemists and environmental engineers for
ts control. The major sources containing lead are the waste water
rom process industries engaged in lead acid battery, paints, oils,

ental phosphate, fertilizer, electronic wood production and also
ombustion of fossil fuel, forest fires, mining activity, automobile
mission, sewage waste water, sea spray, etc. are just few examples
1–3]. The industrial wastewaters are considered to be the main
ource of lead impurities.
The presence of high levels of lead in the environment may
ause long-term health risks to humans and ecosystems. It is there
ore mandatory that their levels in drinking water, waste water
nd water used for agricultural and recreational purposes must be
educed to within the maximum allowable concentrations recom-

http://www.sciencedirect.com/science/journal/13858947
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mailto:bcmeikap@che.iitkgp.ernet.in
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Nomenclature

1/n sorption intensity (dimensionless)
b Langmuir constant (l/g)
Ce equilibrium lead(II) concentration (mg/l)
C0 initial lead(II) concentration (mg/l)
Di effective diffusion coefficient (m2/s)
dp diameter of the adsorbent particles (mm)
F represents the fraction of solute adsorbed at any

time t (mg/g)
�G◦ free energy of sorption (kJ mol−1)
�H◦ heat of sorption (kJ mol−1)
k measure of adsorbent capacity (l/g)
K the constant obtained by multiplying KL and b (Lang-

muir’s constants) (mg l/g2)
K2 equilibrium rate constant of pseudo-second-order

adsorption (min−1)
Kad equilibrium rate constant of pseudo-first-order

adsorption (min−1)
Kc equilibrium constant (dimensionless)
kid rate constants of intraparticle diffusion

(mg/g min−1/2)
KL Langmuir constant (mg/g)
M mass of the adsorbent per unit volume (g/l)
qe amount of lead(II) adsorbed at equilibrium (mg/g)
R radius of the adsorbent particles (�m)
Ss outer specific surface of the adsorbent particles per

unit volume of particle free slurry (g/m3)
�S◦ standard entropy (kcal mol−1 K−1)
T temperature (◦C)
t time (min)
V volume of the solution (l)
W weight of adsorbent (g)

Greek letters
ˇ1 mass transfer coefficient (cm s−1)
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ı� density of the adsorbent particles (g/l)
εp porosity of the adsorbent particles (m Dc)

ended by national and international health authorities such as
orld Health Organisation (WHO). Its removal from wastewater

rior to discharge into environment is, there fore, necessary. Cur-
ent EPA drinking water standard for lead are 0.05 mg/l, but a level
f 0.02 mg/l has been proposed and is under review [4]. According to
ndian Standard Institution (ISI), the tolerance limit for discharge of
ead into drinking water is 0.05 mg/l [5] and in land surface waters
s 0.1 mg/l [6]. Increasingly stringent legislation on the purity of
rinking water has created a growing interest in the development of
onventional treatment processes. Various chemical and physico-
hemical methods for the treatment of wastewaters containing lead
astes are known, such as chemical precipitation, electrochemical

eduction, ion exchange, biosorption and adsorption [7–11]. The
hoice of treatment depends on effluent characteristics such as con-
entration of lead, pH, temperature, flow volume, biological oxygen
emand, the economics involved and the social factor like standard
et by government agencies. However, adsorption on to the sur-
ace of activated carbons is the most widely used method [12–18].
espite its prolific use in industries, activated carbon remains an

xpensive material. In recent years, research interest in the produc-
ion of low-cost alternatives to activated carbon has grown.

Activated carbon is a black solid substance resembling granular
r powder charcoal and are carbonaceous material that have highly
eveloped porosity, internal surface area of more than 400 m2 g−1
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nd relatively high mechanical strength [19]. They are widely used
s adsorbents in wastewater and gas treatments as well as in catal-
sis. The increasing usage and competitiveness of activated carbon
rices has prompted a considerable research work in the search of

nexpensive adsorbents especially developed from various agricul-
ural waste materials i.e. the usage of agricultural by-products such
s fruit stones [20,21], coconut shell [22,23], bagasse [24,25], nut-
hells [26,27] and coirpith [28,29] rice husk [30] as raw materials to
repare AC. These solid wastes are not only cheap and easily avail-
ble but also are considered as wastes that contribute to disposal
roblems. In this study Tamarind wood was chosen as an adsorptive
edia, as it is suitable for preparing microporous activated carbon

ue to its excellent natural structure and low ash content.
Most of the activated carbons are produced by a two-stage pro-

ess carbonization followed by activation. The first step is to enrich
he carbon content and to create an initial porosity and the acti-
ation process helps in enhancing the pore structure. Basically, the
ctivations are two different processes for the preparation of acti-
ated carbon: physical activation and chemical activation. There
re two important advantages of chemical activation in comparison
o physical activation. One is the lower temperature in which the
rocess is accomplished. The other is that the global yield of the
hemical activation tends to be greater since burn off char is not
equired. Among the numerous dehydrating agents, zinc chloride
n particular is the widely used chemical agent in the preparation
f activated carbon [31]. Knowledge of different variables during
he activation process is very important in developing the poros-
ty of carbon sought for a given application. Chemical activation by
inc chloride improves the pore development in the carbon struc-
ure, and because of the effect of chemicals, the yields of carbon are
sually high [32].

In this work it has been reported the results obtained on
he preparation of activated carbon from Tamarind wood with
inc chloride activation and their ability to remove lead(II) from
aste water. The influence of several operating parameters for

dsorption of Pb(II), such as contact time, initial concentration, tem-
erature, pH, particle size, adsorbent dose, etc. were investigated

n batch mode. The kinetic data were fitted to different models
nd the isotherm equilibrium data were fitted to Langmuir and
reundlich.

. Experimental technique

.1. Adsorbate

A stock solution of Pb(II) was prepared (1000 mg/l) by dissolving
equired amount of, Pb(NO3)2 in distilled water. The stock solution
as diluted with distilled water to obtain desired concentration

anging from 20 to 60 mg/l. All the chemicals used in the study were
rom Merck (India) Ltd. and Qualigens Glaxo (India) Ltd. analytical
rade.

.2. Adsorbent: Tamarind wood activated

The Tamarind wood was collected from Indian Institute of Tech-
ology campus of Kharagpur, West Bengal, India and washed with
eionized water four to five times for removing dirt and dust par-
icles. The washed wood was cut into 50.8–76.2 mm pieces. The
oods were sun dried for 20 days. Chemical activation of the

recursor was done with ZnCl2. 10 g of dried precursor was well
ixed with distilled water so that 100 ml concentrated solution

ontained 10 g of ZnCl2. The chemical ratio is defined as the ratio
f chemical activating agent (ZnCl2) to the precursor. The chem-
cal ratio (activating agent/precursor) was 100% in this case. The
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ixing was performed at 50 ◦C for 1 h. After mixing, the slurry
as subjected to vacuum drying at 100 ◦C for 24 h. The resulting

hemical-loaded samples were placed in a stainless-steel tubular
eactor and heated (5 ◦C/min) to the final carbonization tempera-
ure under a nitrogen flow rate of 150 ml/min STP. Samples were
eld at the final temperature (carbonization temperature) for car-
onization times of 40 min before cooling down under nitrogen.
itrogen entering in the reactor was first preheated to 250–300 ◦C

n a pre-heater. The products were washed sequentially with 0.5N
Cl, hot water and finally cold distilled water to remove residual
rganic and mineral matters, then dried at 110 ◦C. In all exper-
ments, heating rate and nitrogen flow was kept constant. The
xperiments were carried out for chemical ratio of (296%), acti-
ation time (40 min) and carbonization temperature (439 ◦C) this
as the optimization condition find out using response surface
ethodology. Then carbon was dried to 60 ◦C. After this, carbon was

rushed in a small ball mill with 50 numbers of small balls for 1 h.
he powder from ball mill is collected and dried to remove the mois-
ure. Then this powder carbon was kept in airtight packet for the
xperimental use.

.3. Method of experiment

Batch adsorption experiments were performed by contacting
.2 g of the selected activated samples with 100 ml of the aqueous
olution of different initial concentration (10, 20, 30, 50 mg/l) at
atural solution pH (5.68). The experiments were performed in a
hermal shaker at controlled temperature (30 ± 2 ◦C) for a period
f 1 h at 120 rpm using 250 ml Erlenmeyer flasks containing 100 ml
f different lead(II) concentrations at room temperature. Contin-
ous mixing was provided during the experimental period with a
onstant agitation speed of 120 rpm for better mass transfer with
igh interfacial area of contact. The remaining concentration of
b(II) in each sample after adsorption at different time intervals
as determined by atomic-absorption spectroscopy after filtering

he adsorbent with Whatmen filter paper to make it carbon free.
he batch process was used so that there is no need for volume cor-
ection. The lead(II) concentration retained in the adsorbent phase
as calculated according to

e = (Ci − Ce)V
W

(1)

here Ci and Ce are the initial and equilibrium concentrations
mg/l) of lead(II) solution respectively; V is the volume (l); and W
s the weight (g) of the adsorbent. Two replicates per sample were
one and the average results are presented.

The effect of adsorbent dosages (1–5 g/l) on the equilibrium
dsorption of Pb(II) on the selected carbon was investigated by
mploying different initial concentrations (10, 20, 30 and 50 mg/l)
t different temperature (10–50 ◦C). For these experiments, the
asks were shaken, keeping the pH at natural (6.2) constant and agi-
ation speed (120 rpm) for the minimum contact time required to
ttain equilibrium, as determined from the kinetic measurements
etailed above.

.4. Analytical method
Atomic-absorption spectrophotometry utilizes the phe-
omenon that atoms absorb radiation of particular wavelength. By
tomic-absorption spectrophotometer, the metals in water sample
an be analyzed. It detect concentration of Pb(II) in ppm level in
he solution and volume of sample required is only 1 ml for one
nalysis.
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.5. Characterization of the prepared activated carbon

.5.1. Pore structure characterization
The pore structure of the precursor and modified carbons were

nalyzed using N2 adsorption, X-ray diffraction (XRD), and scan-
ing electron microscope (SEM). The BET surface area, total pore
olume and density functional theory (DFT) pore size distribution
ere determined from nitrogen adsorption/desorption isotherms
easured at −194 ◦C (boiling point of nitrogen gas at atmospheric

ressure) by a Quantachrome Autosorb-I. Prior to gas adsorption
easurements, the activated carbon was degassed at 200 ◦C in a

acuum condition for a period at least 4 h. The BET surface area
as determined by means of the standard BET equation applied in

he relative pressure range from 0.05 to 0.3. The total pore volume
as calculated at a relative pressure of approximately 0.98 and at

his relative pressure all pores were completely filled with nitrogen
as. The DFT pore size distribution of activated carbon sample was
btained based on nitrogen adsorption isotherms, using Autosorb
oftware package with medium regularization.

Powder X-ray diffraction (XRD) patterns were recorded on a
igaku Miniflex Goniometer at 30 kV and 15 mA (Cu K� radiation).
canning electron microscopy (SEM) analysis was carried out on the
ctivated carbon prepared under optimum conditions, to study its
urface texture and the development of porosity. In this study, SEM
mages were recorded using JEOL JSM-6300F field emission SEM. A
hin layer of platinum was sputter-coated on the samples for charge
issipation during SEM imaging. The sputter coated was operated

n an argon atmosphere using a current of 6 mA. The coated samples
ere then transferred to the SEM specimen chamber and observed

t an accelerating voltage of 10 kV, 8 spot size, 4 aperture and 5 mm
orking distance.

.5.2. Surface chemistry determination
The surface chemistry of the precursor and modified carbons

ere determined using Fourier transform infrared radiation (FTIR).
TIR analysis was applied on the same activated carbon to deter-
ine the surface functional groups, by using FTIR spectroscope

FTIR-2000, PerkinElmer), where the spectra were recorded from
00 to 4000 cm−1.

.5.3. Particle size analysis
Particle size analysis of powder activated carbon samples was

one on using a Malvern instruments, mastersizer 2000 (UK).
amples were dispersed in water with the help of an ultrasonic
agnetic stirrer before feeding into the instrument. Through use

f laser diffraction technology, the technique of laser diffraction is
ased around principle that particles passing through a laser beam
ill scatter light at an angle that is directly related to their size. As

he particle size decreases, the observed scattering angle increases
ogarithmically.

. Results and discussions

.1. Physical and chemical characterization of the adsorbent

.1.1. Chemical properties
Adsorbent pH may influence the removal efficiency. Distinctly

cidic adsorbent may react with the material to be removed and
ay hamper the surface properties of the adsorbent. The pH of

ctivated Tamarind wood was measured by using the method rec-

mmended by Al-Ghouti et al. [33] as follows: 3 g of activated
arbon was mixed with 30 ml of distilled water and agitated for
4 h. Then the pH value of the mixture was recorded with a pH
eter. For our experiment the pH of activated Tamarind wood was

.77.
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Table 1
Physico-chemical characteristics of the activated Tamarind wood.

Parameters Values

Moisture (%) 10
Ash (%) 4.55
Volatile matter (%) 36.48
Fixed carbon (%) 48.97
Bulk density (g/ml) 0.791
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ET surface area (m2/g) 1322
otal pore volume (cm2/g) 1.042
ean pore radius (Å) 5.3

Ash content of the activated carbon is the residue that remains
hen the carbonaceous portion is burned off. The ash consists
ainly of minerals such as silica, aluminum, iron, magnesium and

alcium. Ash in activated carbon is not required and considered
o be an impurity. Table 1 shows the proximity analysis of acti-
ated Tamarind wood. As the ash content is 4.55% it resembles good
dsorbent.

The spectra of the prepared activated carbon were measured
y an FTIR spectrometer within the range of 400–4000 cm−1 wave
umber. The FTIR spectrum obtained for the prepared activated
arbon and adsorbed Pb(II) plotted was shown in Fig. 1.

.1.2. Physical properties
The smaller the particle sizes of a porous carbon, the greater the

ate of diffusion and adsorption. Intraparticle diffusion is reduced as
he particle size reduces, because of the shorter mass transfer zone,
ausing a faster rate of adsorption. Since we have prepared our car-

on in a powdered form so it has a great efficiency of removal.
he particle size analysis of the prepared activated carbon was
one using Malvern analyzer. From Fig. 2 it shows that there are
o particles above the size of 150 �m.

Fig. 1. FTIR result of prepared activated carbon and adsorbed with Pb(II).
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ig. 2. Particle size distribution of activated Tamarind wood measured using Malvern
aster Size.

Density is particularly important in removal. If two carbons dif-
ering in bulk density are used at the same weight per liter, the
arbon having higher bulk density will be able to remove more
fficiently. Average bulk density can be calculated by water dis-
lacement method. In this method, volume of water displaced is
bserved by a particular amount of carbon. The average bulk den-
ity was found 0.791 g/ml.

From the N2 adsorption–desorption isotherms as shown in
ig. 3(a) and (b), it was possible to obtain the specific BET sur-
ace areas and the pore size distributions shown in Fig. 4(a) and
b), the precursor (raw Tamarind wood) and the activated carbon.
he activated carbon exhibit, type I and type IV isotherms. Type I
sotherm corresponds to essentially microporous activated carbon,
nd type IV isotherm indicates the presence of mesoporosity lead-
ng to a gradual increase in adsorption after the initial filling of the

icropores type I isotherm. The isotherms have two characteris-
ics regions; at low-pressure region (P/P0 < 0.2) significant uptake
f nitrogen occurred. This means that nitrogen molecules are
dsorbed in the microporous structure. The adsorption in microp-
res was interpreted according to the pore filling mechanism, thus
esult in highly adsorbed volume. While at higher relative pressure
P/P0 > 0.2), smaller gas volume adsorbed with increased relative
ressure. This indicates the existence of type IV isotherm. Surface
rea and total pore volume of activated carbon is also obtained from
2 adsorption isotherm. The surface area and total pores volume

or the activated carbon is found to be 1322 m2/g and 1.042 cm3/g,
espectively. The DFT result is given in Fig. 4(b) and it shows that
he activated carbon consists mainly pore width from 5 to 60 Å.

Fig. 5 shows the scanning electron microscope (SEM) images
f the activated carbon obtained under the optimum preparation
onditions. There was very little pores available on the surface
f the precursor. However, after ZnCl2 treatment under the opti-
um preparation conditions, many large pores in a honeycomb

hape were developed on the surface of the activated carbon
nd a smooth melt surface appeared, interspersed with generally
arge pores due to some of the volatiles being evolved as shown
n Fig. 5.

The XRD result in Fig. 6 shows the crystalline structure of the
arbon layers of prepared activated carbon, under the optimum
reparation conditions at 500 ◦C activation temperature, 1 h activa-
ion time and 200% impregnation ratio. There are two broad peaks
hat are common to activated carbon, namely (0 0 2) and (1 0) peaks.
he two broad peaks observed near 2� = 24◦ and 42◦ are assigned
o the (0 0 2) and (1 0) reflections.

.2. Lead adsorption

.2.1. Contact time study

The relationship between contact time and lead sorption onto

ctivated Tamarind wood at different initial lead concentrations
s shown in Fig. 7. The adsorption was very fast from the begin-
ing to 30 min and the adsorption capacities increased from 78
o 91% with the lead concentration range of 10–50 mg/l at a
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Fig. 3. (a) N2 adsorption/desorption isotherm of precursor (raw Tamarind wood). (b) N2 adsorption/desorption isotherm of prepared activated carbon.
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Fig. 4. (a) Determination of pore size distribution of precursor (raw Tamarind wood) using DFT. (b) Determination of pore size distribution of prepared activated carbon using
DFT.
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Fig. 5. Scanning electron micrograph (1000×) of prepared activated carbon.

ontact time of 30 min. With further increase of time, the sorp-
ion kinetics decreased progressively, and finally the adsorption
pproached to equilibrium within 50 min in all the cases. The sorp-
ion capacities corresponding to equilibrium adsorption increased
rom 86 to 94% with the increase in lead concentration from 10
o 50 mg/l. The fast adsorption at the initial stage is probably due
o the increased concentration gradient between the adsorbate in
olution and adsorbate in adsorbent as there must be increased
umber of vacant sites available in the beginning. The progres-

ive increase in adsorption and consequently the attainment of
quilibrium adsorption may be due to limited mass transfer of
he adsorbate molecules from the bulk liquid to the external sur-
ace of activated Tamarind wood, initially and subsequently by

ig. 6. X-ray diffraction result of precursor (raw Tamarind wood) and prepared acti-
ated carbon.
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ig. 7. Effect of contact time on adsorption of Pb(II) at different initial feed concen-
ration and at constant temperature 30 ◦C, adsorbent dose 2 g/l and pH 6.5.

lower internal mass transfer within the activated Tamarind wood
articles.

.2.2. Adsorbent dose study
The effect of adsorbent dosage on the percentage removal Pb(II)

as been shown in Fig. 8. It can be seen from the figure that initially
he percentage removal increases very sharply with the increase in
dsorbent dosage but beyond a certain value 2.5–3 g/l, the percent-
ge removal reaches almost a constant value. This trend is expected
ecause as the adsorbent dose increases the number adsorbent par-
icles increases and thus more Pb(II) is attached to their surfaces.
he adsorption capacities for Pb(II) increased from 88.4 to 97.7, 86.6
o 97.36 and 83.9 to 96% at 20, 30 and 50 mg/l initial feed concen-
ration respectively with the increase in the adsorbent doses from

to 5 g/l at constant temperature 30 ◦C and pH 6.5. A maximum
emoval of 97.74% was observed at adsorbent dosage of 5 g/l at pH
.5 for an initial Pb(II) concentration of 20 mg/l. Therefore, the use
f 2 g/l adsorbent dose is justified for economical purposes.

.2.3. Effect of adsorbent particle size
The influence of particle size was studied for different initial

eed concentration of Pb(II) at constant temperature 30 ◦C and pH
.5. Fig. 9 shows the experimental results obtained from a series of
xperiments performed using different particle sizes of activated
amarind wood. The adsorption capacities for Pb(II) increased from

7 to 94, 59 to 90 and 56 to 88% at 10, 30 and 50 mg/l initial feed con-
entration respectively with the decrease in the particle size from
2 to 200 �m because the higher adsorption with smaller adsor-
ent particle may be attributed to the fact that smaller particles
ive large surface areas. The result showed that there was a gradual
ncrease of adsorption with the decrease in particle size.
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Fig. 8. Effect of adsorbent doses on adsorption of Pb(II) at different initial feed
concentration and at constant temperature 30 ◦C and pH 6.5.

Fig. 9. Effect of size of adsorbent on adsorption of Pb(II) at different initial feed
concentration at constant temperature 30 ◦C, adsorbent dose 2 g/l and pH 6.5.
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ig. 10. Effect of pH on adsorption of Pb(II) at different initial feed concentration at
onstant temperature 30 ◦C and adsorbent dose 2 g/l.

.2.4. Effect of solution pH on lead adsorption
Earlier studies have indicated that solution pH is an important

arameter affecting adsorption of heavy metals. Pb(II) removal was
tudied as a function of pH for two different initial concentrations
or a fixed adsorbent dose (2 g/l) and the results are shown in Fig. 10.
t is clear from this figure that the percent adsorption of Pb(II)
ncreases with increase in pH from pH 2.0 to 6.0 and after pH 6.5
natural pH) no adsorption takes place at all.

.3. Adsorption kinetics models

In order to investigate the controlling mechanism of adsorp-
ion processes such as mass transfer and chemical reaction, the
seudo-first-order and pseudo-second-order equations are applied
o model the kinetics of lead adsorption onto activated Tamarind
ood.

.3.1. Pseudo-first-order model
Lagergren proposed a pseudo-first-order kinetic model. The

ntegral form of the model is

og(qe − q) = log qe − Kad t (2)

2.303

here q is the amount of lead(II) sorbed (mg/g) at time t (min),
e is the amount of lead(II) sorbed at equilibrium (mg/g), and Kad
s the equilibrium rate constant of pseudo-first-order adsorption
min−1). This model was successfully applied to describe the kinet-
cs of many adsorption systems.
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the initial and final stages of the experiment. This can be attributed
to the fact that in the initial stages, sorption was due to boundary
layer diffusion effect whereas, in the later stages (linear portion
ig. 11. Kinetics of Pb(II) removal according to the Lagergren model at initial feed
oncentration of 10, 20, 30 and 50 mg/l.

.3.2. Pseudo-second-order model
The adsorption kinetics may also be described by a pseudo-

econd-order reaction. The linearized-integral form of the model
s

t

q
= 1

K2q2
e

+ 1
qe

t (3)

here K2 is the pseudo-second-order rate constant of adsorption.
The applicability of the above two models can be examined

y each linear plot of log(qe − q) versus t, and (t/q) versus t,
espectively, and are presented in Figs. 11 and 12. To quantify
he applicability of each model, the correlation coefficient, R2,
as calculated from these plots. The linearity of these plots indi-

ates the applicability of the two models. However, the correlation
oefficients, R2, showed that the pseudo-second-order model, an
ndication of a chemisorptions mechanism, fits better the experi-

ental data (R2 > 0.999) than the pseudo-first-order model (R2 is
n the range of 0.985–0.995).

.4. Adsorption mechanisms

It is always important to predict the rate-limiting step in an
dsorption process to understand the mechanism associated with
he phenomena. For a solid liquid sorption process, the solute trans-
er is usually characterized by either external mass transfer or
ntraparticle diffusion or both. Generally three types of mechanisms
re involved in the adsorption process, mentioned as follows [26]:
1. Film diffusion, which involves the movement of adsorbate
molecules from the bulk of the solution towards the external
surface of the adsorbent.

o
e
t
o

ig. 12. Kinetics of Pb(II) removal according to the pseudo-second-order model at
nitial feed concentration of 10, 20, 30 and 50 mg/l.

. Particle diffusion, where the adsorbate molecules move in the
interior of the adsorbent particles.

. Sorption of the adsorbate molecules on the interior of the porous
adsorbent.

.4.1. Weber and Morris model
Intraparticle diffusion model is of major concern because it is

ate-determining step in the liquid adsorption systems. During the
atch mode of operation, there was a possibility of transport of
orbate species into the pores of sorbent, which is often the rate
ontrolling step. The rate constants of intraparticle diffusion (kid) at
ifferent temperatures were determined using the following equa-
ion:

= kidt1/2 (4)

here q is the amount sorbed at time t and t1/2 is the square
oot of the time. The values of kid (0.211, 0.591, 0.953 and
.854 mg/g min−1/2) at different initial feed concentrations 10, 20,
0, 50 mg/l respectively, were calculated from the slopes of respec-
ive plot (q versus t1/2 of Fig. 13) at later stages. The dual nature of
he curves was obtained due to the varying extent of sorption in
f the curve) was due to the intraparticle diffusion effects. How-
ver, these plots indicated that the intraparticle diffusion was not
he only rate controlling step because it did not pass through the
rigin.
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ig. 13. Weber and Morris (intraparticle diffusion) plot for the adsorption of Pb(II)
or different initial feed concentration at pH 6.5, temperature 30 ◦C and adsorbent
osage 2 g/l.

.4.2. Boyd model
Of the three steps, the third step is assumed to be very rapid and

an be considered negligible. For design purposes, it is required to
istinguish between film diffusion and particle diffusion. In order
o identify the slowest step in the adsorption process, Boyd kinetic
quation [27] was applied, which is represented as

= 1 − 6
�2

exp(−Bt) (5)

nd

= q

qe
(6)

here qe is the amount of Pb(II) adsorbed at equilibrium (mg/g)
nd q represents the amount of Pb(II) adsorbed at any time t (min),
represents the fraction of solute adsorbed at any time t, and Bt is
mathematical function of F. Eq. (5) can be rearranged by taking

he natural logarithm to obtain the equation:

t = −0.4977 − ln(1 − F) (7)

The plot of [−0.4977 − ln(1 − F)] against time t can be employed
o test the linearity of the experimental values. If the plots are lin-
ar and pass through origin, then the slowest (rate controlling)
tep in the adsorption process is the internal diffusion, and vice
ersa. From Fig. 14, it was observed that the plots are linear but do
ot pass though the origin suggesting that the adsorption process

s controlled by film diffusion. The calculated B values were used

o calculate the effective diffusion coefficient, Di (m2/s) using the
elationship:

= �2Di

r2
(8)

p
(
c
l
t

Fig. 14. Boyd plot for the adsorption of Pb(II).

here Di is the effective diffusion coefficient of solute in the adsor-
ent phase and r is the radius of the adsorbent particles. The Di
alues were found to be 4.0 × 10−11, 2.99 × 10−11, 3.07 × 10−11 and
.21 × 10−11 m2/s, respectively for an initial Pb(II) concentration of
0, 20, 30 and 50 mg/l.

.4.3. McKay et al. model
During the present investigation, step (2) has been assumed

apid enough with respect to the other steps and therefore it is not
ate limiting in any kinetic study. Taking in to account these prob-
ble steps, McKay et al. model [28] has been used for the present
nvestigation:

n
(

Ce

C0
− 1

1 + mK

)
= ln

(
mK

1 + mK

)
−

(
1 + mK

mK

)
ˇ1Sst (9)

here m is the mass of the adsorbent per unit volume, K the con-
tant obtained by multiplying KL and b (Langmuir’s constants), ˇ1
he mass transfer coefficient, and Ss is the outer specific surface of
he adsorbent particles per unit volume of particle free slurry. The
alues of m and Ss were calculated using the following relations:

= W

V
(10)

s = 6m

dpı�(1 − εp)
(11)

here W is the weight of the adsorbent, V the volume of particle-
ree slurry solution, and dp, ı� and εp are the diameter, density and

orosity of the adsorbent particles, respectively. The values of ˇ1
2.825 × 10−4, 3.233 × 10−4, 6.301 × 10−4 and 8.998 × 10−4 cm s−1)
alculated from the slopes and intercepts of the plots (Fig. 15) of
n(Ce/C0 − (1/1 + mK)) versus t (min) at different initial feed concen-
ration of Pb(II) (10, 20, 30 and 50 mg/l). The values of ˇ1 obtained
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stant adsorbent dose 2 g/l and pH of 6.5. The adsorption increased
from 78.3 to 99.15, 73.8 to 96.4, 67.8 to 94.7 and 59.5 to 93.3% for dif-
ferent initial feed concentration 10, 20, 30 and 50 respectively with
the rise in temperature from 10 to 50 ◦C (Fig. 18). It can be seen

Table 2
Adsorption isotherms parameter at pH 6.5 and temperature = 30 ◦C for Pb(II)
removal.

Parameters Values
ig. 15. Mass transfer plot for the adsorption of Pb(II) at pH 6.5, initial concentration
0 mg/l, and adsorbent dosage 2 g/l.

how that the rate of transfer of mass from bulk solution to the
dsorbent surface was rapid enough so it cannot be rate control-
ing step [29]. It can also be mentioned that the deviation of some
f the points from the linearity of the plots indicated the varying
xtent of mass transfer at the initial and final stages of the sorption.

.5. Adsorption isotherms

Several models have been used in the literature to describe the
xperimental data of adsorption isotherms. The Freundlich and
angmuir models are the most frequently employed models. In the
resent work both models were used.

The lead(II) sorption isotherm followed the linearized Fre-
ndlich model as shown in Fig. 16. The relation between the metal
ptake capacity ‘qe’ (mg/g) of adsorbent and the residual metal ion
oncentration ‘Ce’ (mg/l) at equilibrium is given by

n qe = ln k + 1
n

ln Ce (12)

here the intercept ln k is a measure of adsorbent capacity, and
he slope 1/n is the sorption intensity. The isotherm data fit the
reundlich model well (R2 = 0.984). The values of the constants
and 1/n were calculated to be 9.231 and 0.668, respectively.

ince the value of 1/n is less than 1, it indicates a favorable
dsorption.

The Langmuir equation relates solid phase adsorbate concentra-

ion (qe), the uptake, to the equilibrium liquid concentration (Ce)
s follows:

e =
(

KLbCe

1 + bCe

)
. (13)

K
b
R
K
1

Fig. 16. Freundlich adsorption isotherm.

here KL and b are the Langmuir constants, representing the maxi-
um adsorption capacity for the solid phase loading and the energy

onstant related to the heat of adsorption respectively. It can be
een from Fig. 17 that the isotherm data fits the Langmuir equation
ell (R2 = 0.973). The values of KL and b were determined from the
gure and were found to be 43.859 mg/g and 0.274 l/mg, respec-
ively. The outcome values of parameters k, n, KL, b, R2 for all the
xperiments with pH of solution equal to 6.5 for maximum removal
f Pb(II) are presented in Table 2.

.6. Effect of temperature on lead adsorption

Experiments were performed at different temperatures 10, 20,
0, 40 and 50 ◦C for different initial feed concentration and at con-
L (mg/g) 43.859
(l/g) 0.274

2 0.973 Langmuir, 0.984 Freundlich
(1/g) 9.231

/n 0.668
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Fig. 17. Langmuir adsorption isotherm.

rom the figure that initially the percentage removal increases very
harply with the increase in temperature but beyond a certain value
0–40 ◦C, the percentage removal reaches almost a constant value.
he above results also showed that, the sorption was endother-
ic in nature. Since sorbent is porous in nature and possibilities of

iffusion of sorbate cannot be ruled out therefore, increase in the
orption with the rise of temperature may be diffusion controlled
hich is endothermic process, i.e. the rise of temperatures favors

he sorbate transport with in the pores of sorbent The increased
orption with the rise of temperature is also due to the increase in
he number of the sorption sites generated because of breaking of
ome internal bonds near the edge of active surface sites of sorbent.

.6.1. Thermodynamic parameters
Thermodynamic parameters such as free energy (�G◦), enthalpy

�H◦) and entropy (�S◦ change of adsorption can be evaluated

rom the following equations [14,15]:

c = CAe

Ce
(14)

G0 = −RT ln Kc (15)

t
t
a
t
�

able 3
hermodynamic parameters for the adsorption of Pb(II).

0 (mg/l) �H◦ (kJ mol−1) �S◦ (kJ mol−1 K−1) �G◦ (kJ m

10 ◦C

10 68.438 0.2503 −139.29
0 45.701 0.1812 −93.68
0 43.632 0.1465 −89.15
0 43.546 0.1580 −88.27
ig. 18. Effect of temperature for different initial feed concentration at constant
dsorbent dose 2 g/l and pH 6.5.

here Kc is the equilibrium constant and CAe and Ce (both in mg/l)
re the equilibrium concentrations for solute on the sorbent and in
he solution, respectively. The Kc values are used in Eqs. (14) and
15) to determine the �G◦, �H◦ and �S◦ The Kc may be expressed
n terms of the �H◦ (kJ mol−1) and �S◦ (cal mol−1 K−1) as a function
f temperature:

n Kc = −�H◦

RT
+ �S◦

R
(16)

hermodynamic parameters such as free energy of sorption (�G◦),
he heat of sorption (�H◦) and standard entropy (�S◦) changes dur-
ng the sorption process were calculated using Eqs. (14)–(16) on a

◦
emperature range of 10–50 C at different initial feed concentra-
ion of Pb(II), (�H◦) and (�S◦) and were obtained from the slope
nd intercept of a plot of ln Kc against 1/T (Fig. 19). The values of
hese parameters are recorded in Table 3. The negative values of

G◦ indicate the spontaneous nature of the process and more neg-

ol−1)

20 ◦C 30 ◦C 40 ◦C 50 ◦C

−141.79 −144.29 −146.80 −149.30
−95.37 −97.07 −98.76 −100.46
−90.76 −92.37 −93.98 −95.58
−89.85 −91.43 −93.01 −94.59
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ig. 19. A plot of ln Kc against 1/T for Pb(II) adsorption for different initial feed
oncentration at constant adsorbent dose 2 g/l and pH 6.5.

tive value with increase of temperature shows that an increase in
emperature favors the sorption process. The positive values of �H◦

ndicate that the sorption process was endothermic in nature and
he negative values of �S◦ suggest the probability of a favorable
orption.

. Conclusions

Removal of lead(II) from aqueous solutions is possible using
everal abundantly available low-cost adsorbents. The present
nvestigation shows that Tamarind wood activated carbon is an
ffective adsorbent for the removal of lead(II) from aqueous solu-
ions. Characterization has shown a clear demarcation in the
hysico-chemical properties of the adsorbent. From the kinet-

cs studies it is observed that adsorption of lead(II) is very rapid
n the initial stage and decreases while approaching equilibrium.
he equilibrium time increases with initial lead(II) concentration.
he percentage removal of lead(II) increases with the increase in
dsorbent dosage and decrease with increase in initial lead(II)
oncentration. Experimental results are in good agreement with
angmuir adsorption isotherm model, and have shown a bet-
er fitting to the experimental data. Adsorption of lead(II) obeys
seudo-second-order equation with good correlation. The overall
ate of lead(II) uptake was found to be controlled by pore diffusion,
lm diffusion and particle diffusion, throughout the entire adsorp-
ion period. Boyd plot confirmed that external mass transfer was the
ate-limiting step in the sorption process. Different thermodynamic

arameters, viz., �H◦, �S◦ and �G◦ have also been evaluated and

t has been found that the sorption was feasible, spontaneous and
ndothermic in nature. The positive value of the entropy change
uggests the increased randomness. Under the prevailing condi-
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ions, the maximum Pb(II) removal efficiency was found to be 99%.
s the adsorbent is derived from an agricultural waste, activated
arbon may be useful for the economic treatment of wastewater
ontaining lead(II). However, more investigations are needed on
ifferent types of industrial wastewaters and different operating
onditions before such conclusions can be generalized.
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