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bstract

The excessive release of lead from lead acid batteries, smelting plant into the environment is a major concern worldwide. Adsorption process is
mong the most effective techniques for lead removal from wastewater and activated carbon has been widely used as an adsorbent. In this paper
n attempt has been made to investigate the adsorption behaviour of Pb(II) from aqueous systems onto granular activated carbon using the batch
ode and continuous mode in a packed bed column with more successive service and regeneration. The experiments were performed at constant

emperature and dimensions of column and packed bed of granular activated carbon with variation of flows through the bed and concentrations of
ead solutions. Breakthrough points were found out for the adsorption of lead on the adsorbent using continuous-flow column operation by varying

 
 

 

ifferent operating parameters like hydraulic loading rate from 4 to 16 m3/h m2 and feed concentrates from 20 to 60 mg/l. Granular activated carbon
olumn regeneration using 0.5 M concentration of HNO3 has been investigated. Results indicate encouraging performance towards removal of
b(II).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lead is one of the potentially toxic heavy metals when
dsorbed into the body [1]. The pollution of water resources
ue to indiscriminate disposal of lead metals has been causing
orldwide concern for the last few decades. The presence of lead

n drinking water even at low concentration may cause diseases
uch as anemia, encephalopathy, hepatitis and nephritic syn-
rome [2]. Lead is non-biodegradability and can accumulate in
iving tissues, thus becoming concentrated throughout the food
hain and can be readily absorbed into the human body [3]. Even
very small amount can cause severe physiological or neuro-
ogical damage to the human body. It is in general metabolic
oison and enzyme inhibitor, also cause mental retardation and
emipermanent brain damage in young children.
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ax: +91 3222 282250.
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Lead, an element which has been used by man for years,
an be regarded as a longstanding environmental contaminant.
t released into the environment in a number of ways, like
s process industries engaged in lead acid batteries, pulp and
aper, petrochemicals, refineries, printing, pigments, photo-
raphic materials and explosive manufacturing, ceramic, glass,
aint, oil, metal, phosphate fertilizer, electronic, wood produc-
ion and also combustion of fossil fuel, forest fires, mining
ctivity, automobile emissions, sewage wastewater, sea spray
re just few examples [4–6]. The industrial wastewaters are
onsidered to be the main source of lead impurities.

The presence of high levels of lead in the environment
ay cause long-term health risks to humans and ecosystems.

t is therefore mandatory that their levels in drinking water,
aste water and water used for agricultural and recreational
urposes must be reduced to within the maximum allowable con-
entrations recommended by national and international health

uthorities such as world health organisation. Its removal from
astewater prior to discharge into environment is, therefore,
ecessary. Current EPA drinking water standard for lead are
.05 mg/l, but a level of 0.02 mg/l has been proposed and is under
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Nomenclature

A0 original adsorptive capacity of the virgin adsor-
bent (mg/g)

Ar adsorptive capacity of the regenerated column
(mg/g)

b Langmuir constant (l/g)
Ce equilibrium lead concentration (mg/l)
Ci initial lead concentration (mg/l)
k measure of adsorbent capacity (l/g)
KL Langmuir constant (mg/g)
M metal adsorbed on adsorbent bed (mg)
m mass of adsorbent in column (g)
1/n sorption intensity, dimensionless
Q flow rate of the influent ((m3/(h m2))
Q0.5 adsorption column capacity (mg/g)
qe amount of lead adsorbed at equilibrium (mg/g)
T temperature (◦C)
t time (h)
tb breakthrough time (h)
V volume of the solution (l)
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W weight of adsorbent (g)

eview [7]. According to Indian Standard Institution, the toler-
nce limit for discharge of lead into drinking water is 0.05 mg/l
nd in land surface waters is 0.1 mg/l [8]. Increasingly strin-
ent legislation on the purity of drinking water has created a
rowing interest in the development of conventional treatment
rocesses. Various chemical and physico-chemical methods for
he treatment of wastewaters containing lead wastes are known,
uch as chemical precipitation, electrochemical reduction, ion
xchange, biosorption and adsorption [9–13]. The choice of
reatment depends on effluent characteristics such as concentra-
ion of lead, pH, temperature, flow volume, biological oxygen
emand, the economics involved and the social factor like stan-
ard set by government agencies. Various methods of wastewater
reatment were examined and adsorption emerged as one of the

ost promising technique [14] as it is generally preferred for
he removal of lead due to its high efficiency, easy handling,
vailability of different adsorbents and cost effectiveness.

The use of activated carbon (AC) is still very popular and
ifferent grades are available, but are quite expensive and the
egeneration of the carbon is not always possible. Activated
arbon has been chosen as an adsorptive media for removal
f lead, by many researchers [15–18]. Activated carbon is a
lack solid substance resembling granular or powder charcoal
nd are carbonaceous material that have highly developed poros-
ty, internal surface area of more than 400 m2/g and relatively
igh mechanical strength. They are widely used as adsorbents
n wastewater and gas treatments as well as in catalysis. The
ncreasing usage and competitiveness of activated carbon prices,

as prompted, a considerable research work has been done in
he search of inexpensive adsorbents especially developed from
arious agricultural waste materials, i.e. the usage of agricul-
ural by-products such as fruit stones [19], coconut shell [20,21],
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agasse [22,23], nutshells [24,25] as raw materials to prepare
C. These solid wastes are not only cheap and easily avail-
ble but are considered as wastes that contribute to disposal
roblems. In this study coconut shell has been chosen as an
dsorptive media. As it is suitable for preparing microporous
ctivated carbon due to its excellent natural structure and low
sh content.

In practice, activated carbon is found in two general forms:
ranular activated carbon (GAC) and powdered activated car-
on (PAC). GAC is composed of particles with sizes greater
han 0.1 mm, about the size of coarse sand [26]. PAC, of course,
s composed of particles smaller than that value. Exact specifi-
ations vary, but GAC is generally said to have a larger internal
urface area and smaller internal pores, while PAC is thought to
ave larger pores and a smaller internal surface area. Because
AC has a faster adsorption rate, it was often used in the past,
ut disposal and handling concerns have made granular activated
arbon (GAC) a more popular alternative for most applications.
AC is used in the filtration process in water treatment, and then

egenerated when it becomes less effective due to saturation with
hemicals. GAC is also usually much easier to handle and trans-
ort than PAC. The special advantages of packed bed are that it
as high residence time to and excellent heat and mass transfer
haracteristics. GAC is bigger is size and it has no elutriation
rom the bed and loss is minimum than PAC.

In the present batch mode and fixed-bed column adsorp-
ion study, GAC coconut shell origin is chosen as an adsorptive

edia to understand the adsorption behaviour of lead ions from
queous systems of synthetic waste water of lead contaminated
ater. Although batch laboratory adsorption studies provide use-

ul information on the application of adsorption to the removal of
pecific waste constituents, continuous column studies provide
he most practical application of this process in wastewater treat-

ent. Batch reactors were easy to use in the laboratory study,
ut less convenient for industrial applications. On the other hand,
xed-bed columns were widely used in various chemical indus-

ries because of their simple operation. Fixed-bed adsorption has
een applied to remove organic contaminants for many years
ith encouraging results. The reason for this is that the high

dsorption capacities in equilibrium with the influent concen-
ration rather than the effluent concentration can be achieved.
n static mode adsorption studies, the same solution remains
n contact with a given quantity of the adsorbent. The adsorp-
ion process continues, however, till equilibrium between the
olute concentration in solution, and the solute adsorbed per unit
eight of the adsorbent is reached. This equilibrium established

s static in nature, as it does not change further with time. In
ynamic column adsorption, solution continuously enters and
eaves the column, so that the complete equilibrium is never
stablished at any stage between the solute in solution and the
mount adsorbed. Equilibrium has to be continuously estab-
ished, as each time, it meets the fresh concentrations, and hence,
quilibrium in column mode is termed as dynamic equilibrium.

dditional information on the efficiency of the treated adsor-
ent in the column mode has been gathered in order to ascertain
he practical applicability of the adsorbent for real industrial
astewaters.
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rotameter of range 0–50 lit/min to monitor hydraulic loading
rate is incorporated in the feed line of the column. The syn-
thetic wastewater was pumped by a centrifugal pump from the
storage tank of lead contaminated water. All the sorption experi-

Table 1
Specification of packed bed column

Parameters Values

Column bed height (cm) 60
98 C.P. Dwivedi et al. / Journal of Ha

. Experimental technique

.1. Adsorbate

A stock solution of Pb(II) was prepared (1000 mg/l) by dis-
olving required amount of, Pb(NO3)2 in tap water. The stock
olution was diluted with tap water to obtain desired concentra-
ion ranging from 20 to 60 mg/l.

.2. Adsorbent

The commercial grade coconut shell origin granulated acti-
ated carbon was used as precursor carbon in this study. The
arbon was washed with tap water to remove fines and impuri-
ies, oven dried at 110 ◦C for 6 h and stored in plastic containers
or further use. The proximate analysis was carried out using
he standard procedure. The BET surface areas of the coconut
hell activated carbon were measured in BET-Flowsorb-2300
nalyzer on the basic principle of monolayer adsorption. Nitro-
en and helium mixture nearly 30–35% was used to form the
onolayer. In this method first sample quantity is optimized after

everal trial runs so that surface area falls with in 0.5–2.5 m2. The
ample is dried in an air oven at 105 ◦C and free from any gases
r vapors for which 200–250 ◦C for 15 min is adequate. Surface
rea in Flowsorb-2300 is displayed in terms of quantity of sam-
le contained in sample tube holder and the displayed number
s converted to specific surface area by dividing the weight of
he sample.

To identify the functional group responsible for the adsorp-
ion in the GAC of coconut shell origin, Fourier transform
nfrared spectroscopy (FTIR) analysis was carried out. The
atio between the sample and potassium bromide (KBr) was
t about 1:100 prior to compacting into thin pellet using an
tons force hydraulic press for 5 min. Infrared spectrum was

btained in transmission and was set to operate in the range of
00–4000 cm−1.

.3. Reagents

All the chemicals used in the study were from Merck
India) Ltd. and Qualigens Glaxo (India) Ltd. analytical
rade.

.4. Analytical method

Atomic-absorption spectrophotometry utilizes the phe-
omenon that atoms absorb radiation of particular wavelength.
y atomic-absorption spectrophotometer, the metals in water

ample can be analyzed. It consists of four basic structural
lements; a light source (hollow cathode lamp), an atomizer
ection for atomizing the sample (burner for flame, graphite
urnace for electrothermal atomization), a monochrometer for
electing the analysis wavelength of the target element, and

 
 

 

detector for converting the light into an electrical signal.
t detect concentration of Pb(II) in ppm level in the solu-
ion and volume of sample required is only 1ml for one
nalysis.
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.5. Method of experiment

.5.1. Batch mode adsorption studies
Batch adsorption experiments were performed by contacting

.1 g of the selected GAC samples with 200 ml of the aqueous
olution of different initial concentration (20, 30, 40, 60 mg/l) at
atural solution pH. The experiments were performed in a ther-
al shaker at controlled temperature (30 ± 2 ◦C) for a period

f 24 h at 120 rpm using 250 ml Erlenmeyer flasks containing
00 ml of different lead concentrations at room temperature.
ontinuous mixing was provided during the experimental period
ith a constant agitation speed of 120 rpm for better mass

ransfer with high interfacial area of contact. The remaining
oncentration of Pb(II) in each sample after adsorption at dif-
erent time intervals, was determined by atomic-absorption
pectroscopy after filtering the adsorbent with Whatmen filter
aper to make it carbon free. The batch process was used so that
here is no need for volume correction. The lead concentration
etained in the adsorbent phase was calculated according to

e = (Ci − Ce)V

W
(1)

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

.5.2. Column adsorption studies
The experimental arrangement for lead removal is shown in

ig. 1. The effective column of borosilicate glass height, internal
iameter, area, volume of the column and weight of adsorbent
aken are listed in Table 1. The column was packed with adsor-
ent between two supporting layers of sand. The adsorbent was
dded from the top of the column and allowed to settle by gravity
orce. Granular activated carbon is packed up to desire bed height
n water filled column of and was kept submerged throughout the
uns to avoid air entrapment in the bed. Columns are mounted
ertically and the GAC bed is supported on perforated plate. The
pper portion of the adsorbent was covered with sand beads of
cm height.

Effluent after passing through the columns was discharged
nto a sump below the column. The operation is in down flow
lug mode. Two control valves to regulate the flow and a
nternal diameter of the column (cm) 4.0
olume of the column (cm3) 1004.8
ulk density (g/ml) 0.512
eight of the adsorbent taken (g) 385.84



C.P. Dwivedi et al. / Journal of Hazardous Materials 156 (2008) 596–603 599

m
s
a
w

2

t
l
u
v
c
r
a
d

3

3
a

3
a

e
w
s
b

b
s

3

c
m
o
6
t
o
c
b
c
g

3

s
w
c
s
r
s
b
calculated by water displacement method. In this method, vol-
ume of water displaced is observed by a particular amount of
carbon. The average bulk density was found 0.5125 g/ml. The
BET surface area of granular activated carbon of coconut shell

Table 2
Proximate analysis of GAC of coconut shell origin

Parameters Values

 
 

 

Fig. 1. Schematic diagram of experimental setup for column studies.

ents were carried out at the room temperature of 30 ± 2 ◦C. The
amples were collected in regular time intervals and stored for
nalysis. The residual concentration of lead in aqueous sample
as determined using atomic adsorption spectrophotometer.

.5.3. Regeneration
Regeneration of the adsorbent material is of crucial impor-

ance in the economic development. The aim is to remove the
oaded metal from the column in the smallest possible vol-
me of an eluting solution. Regeneration must produce small
olume of metal concentrates suitable for metal-recovery pro-
ess, without damaging the capacity of the adsorbent, making it
eusable in several adsorptions and desorption cycles. Regener-
tion should also ensure that eluted solution is not posing any
isposal problem waste in terms of high acidity.

. Result and discussion

.1. Physical and chemical characterization of the
dsorbent

.1.1. Fourier transform infrared spectroscopy (FTIR)
nalysis

The spectra of carbons were measured by an FTIR spectrom-

ter within the range of 400–4000 cm−1 wave number. Spectra
ere plotted for the adsorbent GAC coconut shell origin was

hown in Fig. 2. The broad band at 750 cm−1 that represents
ounded O–H groups. On the other hand, C–H stretch could

M
A
V
F

Fig. 2. FTIR analysis of GAC of coconut shell origin.

e ascribed to the band that appeared at 1085 cm−1. The C O
tretch could be ascribed to the bend that appeared at 2830 cm−1.

.1.2. Chemical properties
Granular activated carbon pH may influence the removal effi-

iency. Distinctly acidic activated carbon may react with the
aterial to be removed and may hamper the surface properties

f the activated carbon. For our experiment the pH of carbon was
.5. Ash content of the carbon is the residue that remains when
he carbonaceous portion is burned off. The ash consists mainly
f minerals such as silica, aluminum, iron, magnesium and cal-
ium. Ash in activated carbon is not required and considered to
e an impurity. Table 2 shows the proximity analysis of GAC
oconut shell origin. As the ash content is 4.3% it resembles
ood adsorbent.

.1.3. Physical properties
Particle size distribution analysis was done manually. Initial

ample of weight 400 gm was taken for analysis. This sample
as passed through different sieves and amount of fine and

oarse were measured the mesh size 8–20. The nominal particle
ize was found 0. 11 mm. Density is particularly important in
emoval. If two carbons differing in bulk density are used at the
ame weight per liter, the carbon having higher bulk density will
e able to remove more efficiently. Average bulk density can be
oisture (%) 4.8
sh (%) 4.3
olatile matter (%) 18.2
ixed carbon (%) 72.7
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ters k, n, KL, b, R2 for all the experiments with pH of solution at
natural for maximum removal of Pb(II) are presented in Table 3.
Maximum adsorption capacity was found to be 26.546 mg of
Pb(II) per g of GAC as adsorbent.

 
 

 

ig. 3. Freundlich adsorption isotherm for lead at 0.1 g/200 ml of adsorbent
oncentration.

rigin was measured and it was found 1015 m2/g. The aver-
ge pore diameter was found 26.14 Å. This shows that GAC is
easonably good for adsorption.

.2. Pb(II) equilibrium adsorption isotherms

Several models have been used in the literature to describe
he experimental data of adsorption isotherms. The Freundlich
nd Langmuir models are the most frequently employed models.
n the present work both models were used.

The Freundlich equation is purely empirical based on sorp-
ion on heterogeneous surface, which is commonly presented
s:

e = KC1/n
e (2)

The lead sorption isotherm followed the linearized Fre-
ndlich model as shown in Fig. 3. The relation between the
etal uptake capacity ‘qe’ (mg/g) of adsorbent and the residual
etal ion concentration ‘Ce’ (mg/l) at equilibrium is given by

n qe = ln k + 1

n
ln Ce. (3)
here the intercept ln k is a measure of adsorbent capacity,
nd the slope 1/n is the sorption intensity. The isotherm data
t the Freundlich model well (R2 = 0.89). The values of the
onstants k and 1/n were calculated to be 6.699 and 0.2824.

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

The Langmuir isotherms model is valid for monolayer
dsorption on to surface containing finite number of identical
orption sites which is described by the following equation:

e =
(

KLbCe

1 + bCe

)
. (4)

The Langmuir equation relates solid phase adsorbate concen-
ration (qe), the uptake, to the equilibrium liquid concentration
Ce). The Langmuir equation can be rearranged to linear form
or the convenience of plotting and determining the Langmuir
onstants as below:

Ce

qe
= 1

bKL
+ Ce

KL
(5)

where KL and b are the Langmuir constants, representing the
aximum adsorption capacity for the solid phase loading and

he energy constant related to the heat of adsorption respectively.
t can be seen from Fig. 4 that the isotherm data fits the Lang-
uir equation well (R2 = 0.99). The values of KL and b were

etermined from the figure and were found to be 26.546 mg/g
nd 1.7138 l/mg, respectively. The outcome values of parame-
ig. 4. Langmuir adsorption isotherm for lead at 0.1 g/200 ml of adsorbent
oncentration.
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Table 3
Adsorption isotherms parameter for lead(II) removal

Parameters KL(mg/g) b(l/mg) R2 k(1/g) 1/n
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alues 26.546 1.713 0.990 Langumir 6.699 0.282
0.890 Freundlich

.3. Adsorption dynamic column studies

.3.1. Column adsorption capacity
As the adsorbate solution passes through column, the adsorp-

ion zone (where the bulk of adsorption takes place) starts
oving out of the column and the effluent concentration start

ising with time. This is termed as break point. The time taken for
he effluent concentration to reach a specific breakthrough con-
entration of interest is called the break though time. The results
f examinations in the column are represented by breakthrough
urves. The breakthrough is the point on the S-shaped curve at
hich the solute concentration reaches its maximum allowed
alue (usually 5% of its influent value), and the point of the
olumn exhaustion is the point where the effluent concentration
eaches 95% of its influent value [27] The breakthrough time (tb)
or each of the columns operation was defined as the time when
he effluent concentration (Ce) of Pb(II) reached 50% of the ini-
ial concentration (Ci). Breakthrough curve were plotted-giving
atio of effluent and feed (influent) concentrations (Ce/Ci) and
ime (h) for varying operating conditions.

The approach of Treybal [28] has been adopted for calculating
he column capacity for the removal of Pb(II). Breakthrough
apacity Q0.5 (at 50% or Ce/Ci = 0.5) expressed in mg of Pb(II)
dsorbed per gram of adsorbent was calculated using Eq. (6):

0.5 = M

m
= tbQCi

m
(6)

here M is the metal adsorbed on adsorbent bed (mg), m
s mass of adsorbent in bed (g) and Q is flow rate of the
nfluent((m3/(h m2)).

Table 4 presents the column adsorption capacity for lead
nto the adsorbent for varying operating variables that is flow
ate and feed concentration. The column capacity for Pb(II)
dsorption for the bed height of 0.6 m, hydraulic loading rate

f 12 m3/(h m2) and the feed concentration of 30 mg/l for 50%
reakthrough concentration were found to be 2.0132 mg/g. From
omparison of adsorption capacity from Langmuir isotherm
nd column experiments, we can see that the less-stirred prop-

a
T
o
T

able 4
olumn adsorption capacity, Q0.5 at various operating conditions at 50% break throu

nitial concentration (mg/l) Breakthrough time, 50% (h) Hydraul

0 5 12
0 4.4 12
0 4.5 12
0 3.25 12
0 5.4 4
0 4.95 8
0 4.45 12
0 3.10 16
ig. 5. Break through curve for different feed concentration at constant hydraulic
oading rate of 12 m3/h/m2.

rty in column mode reduced the lead(II) adsorption capacity
n GAC.

.3.2. The effect of initial concentration
The effect of the initial lead concentration on the break-

hrough curve shape has been examined on the GAC with
ow rate 12 m3/(h m2) and changing initial concentration from
0–60 mg/l. The change in the initial metal ion concentration has

significant effect on breakthrough curve as illustrated in Fig. 5.
he larger the initial feed concentration, the steeper is the slope
f break through curve and smaller is the breakthrough time.
hese results demonstrate that the change of concentration gra-

gh concentrations

ic loading rate (m3/(h m2)) Adsorption column capacity, Q0.5 (mg/g)

0.7540
0.9953
1.3572
1.4703
0.8144
1.4930
2.0132
1.8352
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ig. 6. Break through curve for different hydraulic loading rate at constant feed
oncentration of 60 mg/l.

ient affects the saturation rate and breakthrough time, or in other
ords, the diffusion process is concentration dependent. As the

eed concentration increases, metal loading rate increases, but
o does the driving force for mass transfer, which in a decrease
n the adsorption zone length.

.3.3. The effect of flow rate
The experiments were conducted at bed height of 0.6 m, at

onstant feed concentration of 30 mg/l, with hydraulic loading
ate ranging from 4.0 to 16.0 m3/(h m2). Results of the exper-
ments on effect of hydraulic loading rate (HLR) are plotted
n Fig. 6, which shows that breakthrough time decreases from
.4 to 3.1 h, as HLR increases from 4.0 to 16.0 m3/(h m2). The
dsorption capacity, calculated using Eq. (6), accordingly shows
maximum for 12 m3/(h m2). The variation in the slope of the
reakthrough curve and adsorption capacity may be explained on
he basis of mass transfer fundamentals. Increase in the hydraulic
oading rate causes increase in zone speed, resulting in decrease
n the time required to achieve breakthrough.
.4. Column regeneration studies

In the present study, elution of the lead (adsorbate) from
queous solution was done using 0.5M HNO3, under identical

t

R

ig. 7. Regeneration of GAC packed bed with 0.5 M HNO3 for desorbing lead
II).

onditions of hydraulic loading rate of 4.0 m3/(h m2), adsorbent
ed height of 0.6 m as used for preloading of adsorbent with
0 mg/l of lead(II) as feed concentration. The result obtained
s shown in Fig. 7. It can be inferred from Fig. 7 that the total
luant volume amounted to be 2975 ml for 0.5M HNO3. This is
ue to the fact that after reaching an optimum value with dilu-
nts flow rate the concentration decreases, as a result the rate
ecreases. Although it is better to use higher concentration of
NO3, because high conc. of HNO3 provides more exchange-

ble H+ ions with metal ions. However, in terms of the quantity
f eluant used, in the actual elution process as well as seri-
us problems caused by disposal of waste with a higher acid
ontent, it could be that 0.5M HNO3 may be more suitable as
luant. After the metal ion was recovered, column regenerated
ith 0.5M HNO3, was washed with tap water and again loaded
ith lead(II) concentration of 60 mg/l under the identical con-
itions as used for regeneration. After regeneration the HNO3
s discharged subjected to neutralization with treatment of lime.
egeneration efficiency can be calculated using Eq. (7):
After regeneration the HNO3 is discharged after neutraliza-
ion with treatment of lime.

E% = Ar

A0
× 100 (7)
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In the above equation, Ar is the adsorptive capacity of the
egenerated column (mg/g) and A0 is the original capacity of the
irgin adsorbent (mg/g).

. Conclusions

The column performance characteristics have been inves-
igated for GAC packed bed to remove lead(ll) from the
astewater. Adsorption of Pb(II) on GAC followed both Lang-
uir and Freundlich adsorption isotherm models. Adsorption

apacity for 60 mg/l feed concentration of Pb(II) at hydraulic
oading rate of 12 m3/(h m2) and 0.6 m bed height is found to be
.0132 mg/g, which indicates that practically adsorption capac-
ty of GAC is far less than batch mode results. This may be due to
he potential irreversibility of the sorption process and the differ-
nt approaches to adsorption equilibrium in different systems,
.e. the solution-phase concentration is continuously decreasing
n the adsorption isotherm and in the batch systems while that
oncentration is continuously increasing in the column system.
emoval of Pb(II) onto adsorbent depends on adsorbent con-
entration, and hydraulic loading rate and feed concentration.
he adsorbed lead(II) ion can be effectively eluted with the use
f mineral acid such as HNO3 of 0.5 M concentrations.
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