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a b s t r a c t

The present study explores the ability of modified soda lignin (MSL) extracted from oil palm empty
fruit bunches (EFB) in removing lead (II) ions from aqueous solutions. The effect of contact time, point
zero charge (pHpzc) and pH of the solution, initial metal ion concentration and adsorbent dosage on the
removal process were investigated. Furthermore, the MSL is characterized by SEM, XRF, FT-IR and surface
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area analysis. Equilibrium adsorption isotherms and kinetics were investigated. The experimental data
were analyzed by the Langmuir, Freundlich and Temkin models of adsorption. The kinetic data obtained at
different initial concentrations were analyzed using pseudo-first-order and pseudo-second-order models.
The results provide strong evidence to support the hypothesis of adsorption mechanism.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metals in water have been a major preoccupation for
esearchers for many years due to their toxicity towards aquatic life,
uman beings and the environment. As they do not degrade biolog-

cally like organic pollutants, their presence in industrial effluents
nd drinking water is a public health problem. Lead is recognized
s multifunctional metal, which is an essential element to pro-
uce pipes, paints, bullets and also one of the metals used in the
ewter industry. The purpose of lead in industrial sector brings
o a leaded-waste production. Lead is a poisonous metal that can
amage human nervous system and cause brain disorder. A long
erm exposure to lead may cause nephropathy, abdominal pains
nd particularly harmful to woman’s ability to reproduce [1,2].

Many studies have been conducted to determine the best meth-
ds for the removal of metal ions from water namely: chemical
recipitation, ion-exchange, electrochemical deposition, solvent
xtraction and adsorption. Among these methods, adsorption has
een shown as the most appealing in terms of economic and

n environmental friendly procedure to remove heavy metals
n wastewater [3]. For heavy metal ions of low concentrations
<100 mg L−1), adsorption is a much preferable technique to
emove heavy metals in wastewater. Activated carbon is the most

∗ Corresponding author. Tel.: +60 4 6533554; fax: +60 4 6574854.
E-mail address: mnm@usm.my (M.N.M. Ibrahim).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.044
popular material used as an adsorbent. However, it is quite expen-
sive. The discovery of alternative adsorbent to replace the costly
activated carbon is highly encouraged. Nowadays, researchers are
focusing more on various adsorbent which have metal-binding
capacities and able to remove unwanted heavy metals from con-
taminated water at lower cost. Production of lignin obtained from
industrial waste fulfills the requirement of low-cost adsorbent.

The use of agricultural wastes for the treatment of polluted
water is also an attractive and promising option for the envi-
ronment. A wide variety of agricultural waste materials such as
Moringa oleifera bark [4], sawdust [5], by-product of steelmaking
industry [6,7], bagasse fly ash [8], rubber tree leaf powder [9], Saraca
indica leaf powder [10], tree fern [11], Melocanna baccifera (bam-
boo) [12], rice husk [13], lalang (Imperata cylindrica) leaf powder
[14] are being used as low-cost alternatives to expensive adsor-
bents.

Lignin is polyphenolic polymer extracted from black liquor [15],
which is a waste from pulping process in the production of paper
from EFB of oil palm. Black liquor produced is considered toxic
and an unusable waste from the pulping and paper industry. Black
liquor was found to consist of high amount of lignin. Colloidal lignin
extracted into black liquor by alkali digestion of plant tissue can be

precipitated when pH of liquor is made acidic. Lignin is a com-
pound rich with functional groups, such as carbonyl, ether and
hydroxyl [16]. Lignin has been used for metals adsorption by some
researchers [17–20], however the potential of MSL extracted from
EFB of oil palm for heavy metals adsorption has not been explored

dx.doi.org/10.1016/j.jhazmat.2010.06.044
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mnm@usm.my
dx.doi.org/10.1016/j.jhazmat.2010.06.044
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et. This is a double edged enterprise that aims to overcome the
roblem related to the disposal of EFB in the palm oil refinery fac-
ory as well as to recycle the unwanted materials into a valuable
roduct.

The aim of this paper is to assess the ability of MSL to adsorb lead
II) ions from aqueous solutions. The effect of contact time, pH of
he solution, initial concentration and dosage of the adsorbents on
he removal of lead (II) ions were studied. The adsorption isotherm
nd probable mechanism are explained and also try to find out the
inetics and order of reaction at the surface of the adsorbent.

. Experimental materials and methods

.1. Materials

The raw material used in this study consisted of oil palm empty
ruit bunch long fiber supplied by Sabutek (M) Sdn. Bhd., Teluk
ntan, Malaysia, a local company specializing in recycling oil palm
ignocellulosic wastes. The EFB fiber was pulped in a 20 L stainless
teel rotary digester unit together with 20% (w/v) NaOH (cooking
iquor) for 3 h at a maximum cooking temperature of 170 ◦C. The

ixture of cooking liquor to EFB fiber was in the ratio of 2:8 (v/w).
rior to the pulping process, the fiber was soaked in water for 2
ays to remove dirt.

.2. Preparation of soda lignin

The pH of black liquor was measured as 12.45 and its density was
etermined to be 0.987 g/mL. The soda lignin was precipitated from
oncentration black liquor by acidifying it to pH 2.0 using calculated
mount of 20% (v/v) sulfuric acid. The precipitate was filtered and
ashed with distilled water at pH 2.0, which was prepared using

he same acid as in the earlier step. The soda lignin was dried in an
ven at 55 ◦C for 24 h.

.3. Preparation of MSL

The modification of soda lignin was performed by mixing 10.0 g
f soda lignin extracted from black liquor of oil palm EFB with 1.0 M
f NaOH (500 mL). The mixture was stirred for 2 h at 80 ◦C. Then the
ixture was cool at room temperature and continued stirred for 2 h.

hen the MSL was precipitated from the mixture by acidifying it to
H 7.0 using 0.5 M of acetic acid. The precipitate was filtered and
ashed with distilled water at pH 7.0, which was prepared using

he same acid as in the earlier step. The MSL was dried in an oven
t 55 ◦C for 24 h. The MSL was then ground and sieved to a constant
ize (100–125 �m) before use.

.4. Adsorbate solution

Stock solution (1000 mg/L) of lead (II) was prepared by dissolv-
ng lead nitrate salt in distilled water. The solution was further
iluted to the required concentrations before use. All the chemi-
als used were of analytical reagent grade and were obtained from
igma–Aldrich and Fluka (Germany).

.5. SEM, FT-IR, XRF study and surface area analysis

Surface morphology was studied with Leo Supra 50 VP
ield Emission Scanning Electron Microscope (Carl-Ziess SMT,
berkochen, Germany). The various elements present in MSL

ere determined by energy dispersive X-ray analyzer (INCA-400

f Oxford Instruments Analytical, Bucks, UK). Fourier Transform
nfrared (PerkinElmer FT-IR System 1600 Model) analysis was done
n the MSL and lead (II) ions adsorbed MSL to determine the surface
unctional groups that might be involved in lead (II) ions adsorption
ous Materials 182 (2010) 377–385

and the spectra were recorded from 4000 to 400 cm−1. The chemi-
cal composition of MSL was determined by wavelength dispersion
X-ray fluorescence analysis using Rigaku RIX 3000. The surface area
of the MSL was measured by using a Micrometrics ASAP-2010 BET
surface area analyzer.

2.6. Batch adsorption studies

Batch adsorption studies were carried out by shaking 0.5 g of
MSL with 50 mL of the aqueous solutions of lead (II) ions in dif-
ferent conical flask using a temperature-controlled shaker. The
solution–adsorbents mixtures were stirred at 250 rpm and at the
end of pre-determined time interval the reaction mixtures were
filtered out and analyzed for its metal ion concentrations using
Atomic Absorption Spectrometer (Analyst 200 AA, PerkinElmer,
USA). The adsorption experiments were also conducted to deter-
mine the equilibrium time (5–360 min.), initial concentrations
(5–100 ppm) and dosage of the adsorbent (0.02–1.0 g) for max-
imum adsorption. All the investigations were carried out in
triplicate to avoid any discrepancy in experimental results and
metal solution controls were kept throughout the experiment to
maintain quality control. The percentage of metal adsorption by
the adsorbents was computed using the equation:

% adsorption =
{

Ci − Ce

Ci

}
× 100 (1)

where Ci and Ce are the initial and equilibrium concentration of
metal ion (mg/L) in the solution. Adsorption capacity was calculated
by using the mass balance equation for the adsorbent:

q = (Ci − Ce)V
W

(2)

where q is the adsorption capacity (mg/g), V is the volume of metal
ion solution (L) and W is the weight of the adsorbent (g).

2.7. Point of zero charge (pHPZC) and pH measurements

The pH of the aqueous slurry was determined by adding 1 g of
MSL in 50 mL distilled water, stirred and the final pH was measured
after 24 h. The pH was found 4.91. The determination of pHPZC of
MSL was performed according to the solid addition method [21]:
50 mL of 0.01 M KNO3 solution was placed in conical flasks. The
initial pH of the solutions was adjusted to a value between 2 and 6
by adding 0.1 M HCl or NaOH solutions. Then, 1 g of MSL was added
to each flask, stirred and the final pH of the solutions was measured
after 24 h. The value of pHPZC can be determined from the curve that
cuts the pH0 line of the plot �pH versus pH0. The pHPZC of MSL was
found 4.70.

2.8. Batch kinetic studies

The procedures of kinetic experiments were basically to those
of equilibrium experiments. The aqueous solutions were taken at
preset time intervals, and the concentration of lead (II) ions was
similarly measured. The amount of adsorption at time t, was calcu-
lated by:

qt = (Ci − Ct)V
W

(3)

where Ct (mg/L) is the concentration of lead (II) ions at any time.
2.9. Desorption experiments

For the desorption study, 0.08 g of MSL was in contacted with
100 mg L−1 of Pb (II) ions solution for 3 h. After adsorption exper-
iment, MSL was collected by filtration and washed with distilled
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ater for three times to remove excess lead (II) ions. Then it
as contacted with 50 mL of different concentrations (1 × 10−3,
× 10−3, 1 × 10−2, 2 × 10−2, 1 × 10−1, 2 × 10−1 mol L−1) of differ-
nt desorbing solutions (HCl, HNO3 and EDTA). The mixture was
tirred at 400 rpm for 1 h, filtered and analyzed. A blank was also
arried out in which distilled water was used for desorbing lead
II) ions. The experiment was carried out in triplicate to avoid any
iscrepancy in experimental results. The percentage of desorption
Dp) of lead (II) ions was calculated from the following expression:

p =
(

mr

m0

)
× 100 (4)

here mr is the amount of lead (II) ions desorbed (mg) and m0 is
he amount of lead (II) ions adsorbed (mg).

. Results and discussion

.1. Characterization of MSL

Characteristics of MSL such as surface area, pore diameter, mois-
ure content and ash content were determined. The BET surface area
nd Langmuir surface area were found to be 0.26 and 0.40 m2 g−1,
espectively by using the nitrogen adsorption method. The influ-
nce of other properties on the extent of adsorption was evaluated
y measuring the moisture content (1.92%) and ash content (16.5%).
ore sizes are classified in accordance with the classification
dopted by the International Union of Pure and Applied Chem-

stry (IUPAC), that is, micropores (diameter (d) < 20 ´̊A), mesopores

20 ´̊A < d < 500 ´̊A), and macropores (d > 500 ´̊A). The average pore
iameter determined by Barrett–Joiner–Halenda (BJH) method was

57.23 ´̊A, suggesting that MSL consists of mesopores.
The SEM micrographs of MSL before and after lead (II) ions

dsorption are shown in Fig. 1(a) and (b). It is clear from the micro-
raphs that MSL possesses a rough surface morphology, where
here is a good possibility for lead (II) ions to be adsorbed. The
urface of lead (II) ions treated adsorbent is different from the sur-
ace of natural adsorbent. The EDX study showed the elemental
omposition of MSL (Fig. 1(c)), which showed that MSL has a high
ercentage of carbon (60.20%) and oxygen (32.08%). Based on the
article morphology, the MSL seems to be suitable to be used as
dsorbent. MSL is composed mainly of oxides such as Na2O (1.4%),
iO2 (0.19%), P2O5 (0.012%), K2O (0.21%), Fe2O3 (0.013%), SO3 (2.8%)
nd trace amount of MgO, Al2O3, CaO, CuO, ZnO, etc.

The FT-IR spectrum of MSL (Fig. 2) displays a number of absorp-
ion peaks indicating the presence of different types of functional
roups. A wide absorption peak at 3408 cm−1 is assigned to aro-
atic and aliphatic OH groups while peaks at 2929 and 2850 cm−1

re related to the C–H vibration of CH3 and CH2 groups of side
hains and aromatic methoxyl groups. The absorption peak at
708 cm−1 assigned as unconjugated carbonyl vibration. Three
trong absorption peaks at 1602, 1515 and 1462 cm−1 correspond
o typical aromatic ring vibrations of the phenylpropane skeleton.
he absorption peak at 1424 cm−1 shows aromatic methyl group
ibrations. The absorption peaks at 1328 and 1217 cm−1 assigned
o syringyl ring C–O stretching. The peaks observed at 1116 and
31 cm−1 corresponding to the presence of syringyl units [22,23].
he FT-IR spectrum for lead (II) ions loaded MSL shows intensity of
he peaks were shifted slightly substantially lower than those in the

SL, suggesting the participation of these functional groups in the

inding of lead (II) ions by MSL. The wave numbers of MSL shifted
rom 3408 to 3422 cm−1, from 2929 to 2934 cm−1 after lead (II) ions
dsorption (Fig. 2), these decreases were attributed to aromatic and
liphatic OH groups participating in lead (II) ions adsorption onto
SL.
Fig. 1. SEM micrograph of MSL (magnification, 2000×): (a) before adsorption, (b)
after adsorption and (c) EDX spectra of MSL.

3.2. Effect of contact time and initial metal concentration

The effect of contact time on the adsorption capacity of lead (II)
ions at different initial concentrations is shown in Fig. 3. It shows
that the adsorption of lead (II) ions is rapid but it gradually slows
down until it reaches the equilibrium. This is due to the fact that
a large number of vacant surface sites are available for adsorption
during the initial stage, and after a lapse of time the remaining

vacant surface sites are difficult to be occupied due to repulsive
forces between the solute molecules on the solid and bulk phases.
Based on the results, the contact time was fixed at 60 min for the rest
of batch experiments to ensure that the equilibrium was reached. A
similar result was also observed for the removal of cadmium (II) and
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then continued with a small increment at pH 3.0–5.0 and reached a
Fig. 2. FT-IR of MSL: (a) before

ead (II) ions from aqueous solutions by adsorption onto sawdust
f Pinus sylvestris [7]. Fig. 3 also shows the amount of lead (II) ions
dsorbed per unit mass of adsorbent increased with the increase
n initial concentration. The amount of lead (II) ions adsorbed at
quilibrium increased from 2.47 to 21.54 mg/g as the initial concen-
ration was increased from 5 to 100 ppm. The initial heavy metals
oncentration provides an important driving force to overcome the
ass transfer resistance of heavy metals ions between the aqueous

nd solid phases, and therefore, a higher initial metal concentration
ill enhance the rate of adsorption.

.3. Point of zero charge (pHPZC) measurements and effect of pH
The pHPZC of an adsorbent is a very important characteristic that
etermines the pH at which the adsorbent surface has net electri-
al neutrality. At this value, the acidic or basic functional groups no
onger contribute to the pH of the solution. The pH of the solution

ig. 3. Effect of contact time and initial concentration of lead (II) ions adsorption.
ption and (b) after adsorption.

affects the surface charge of the adsorbents as well as the degree of
ionization of different pollutants. The hydrogen ion and hydroxyl
ions are adsorbed quite strongly and therefore the adsorption of
other ions is affected by the pH of the solution. The effect of pH on
the adsorption of lead (II) ions on MSL has been studied by varying
it in the ranges of 2.0–6.0 as shown in Fig. 4. As shown in Fig. 4,
the uptake of lead (II) ions depends on pH, at low pH value of 2.0,
MSL adsorbed low amount of lead (II) ions. When the initial pH
of the lead (II) ions solution was increased, the adsorption capac-
ity was increased as well. Sharp increment in adsorption capacity
was observed from pH 2.0 to 3.0, indicating that more Pb (II) ions
were adsorbed on MSL at higher pH values. The adsorption capacity
plateau at pH 5.0–6.0. The optimum pH for adsorption of Pb (II) was
recorded at pH 5.0. Above this pH a slow decrease in the sorption of
metal ion was observed. The lead (II) ions in aqueous solution may

Fig. 4. Effect of the solution pH on lead (II) ions adsorption.
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bate required to form a monolayer. Hence, a plot of Ce/qe versus
Ce should be a straight line with a slope (1/b) and an intercept as
(1/bKL) as shown in Fig. 7. The Langmuir type adsorption isotherm
indicates surface homogeneity of the adsorbent and hint towards
Fig. 5. Effect of adsorbent dosage on lead (II) adsorption.

ndergo solvation, hydrolysis and polymerization. Lead (II) ions can
orm several hydrolysis products, which exist under different con-
itions [24,25]. In dilute aqueous solutions of pH less than 6, lead

ons exist as Pb2+ or Pb(OH)+ or both, whereas the formation of Pb2+

ydrolysis products occur at pH greater than 6.0 which might lead
o its polymerization. Due to this reason all the experiments were
arried out at pH 5. A similar phenomenon was observed for the
iosorption of lead from aqueous solutions by M. oleifera bark [4].

.4. Effect of adsorbent dosage

Fig. 5 shows the adsorption of lead (II) ions by MSL at different
osage of adsorbent (0.02–1.0 g) at initial concentration of 100 ppm
etal solution at 27 ◦C. When the adsorbent dosage was increased

rom 0.02 to 1.0 g, the percentage adsorption generally increases,
ut the amount adsorbed per unit mass of adsorbent decreases con-
iderably. The increase in the adsorption percentage or decrease
n unit adsorption with increase in the dose of adsorbent is due
o the increase in active sites on the adsorbent and thus making
asier penetration of the metal ions to the adsorption sites. Espe-
ially, when the adsorbent added is beyond 0.3 g, the decrease in
ead (II) adsorption is not very prominent which is perhaps due to
he formation of adsorbent agglomerates reducing available sur-
ace area and blocking some of the adsorption sites. Adsorption
ncreased from 51.2 to 92.4% with increase in adsorbent dose. Maxi-

um removal of lead (II) ions was observed with an adsorbent dose
f 0.8 g and there after a slow increase in the percentage removal
as seen reaching a constant value with respect to the adsorbent
osage.

.5. Effect of particle size

The batch adsorption experiments were carried out using five
ifferent particle sizes, 53–75, 75–100, 100–125, 125–150 and
50–200 �m at pH 5 with an adsorbent dose of 0.5 g/50 mL, shak-

ng time 60 min at 27 ◦C. Fig. 6 shows the amount of lead (II) ions
dsorbed per unit mass of MSL increased with the decrease in
article size. Increases the particle sizes are contributed to less
vailability of surface area to form binding and then decrease the
ptake of lead (II) ions adsorption onto MSL. The MSL of particle size

00–125 �m was selected for adsorption studies due to the suffi-
ient adsorption capacity and easiness of its preparation. Moreover,
he lower particle size 53–100 �m has good adsorption capacity but
t is very difficult to prepare the MSL of this particle size and require
lot of labor.
Fig. 6. Effect of particle size on lead (II) adsorption.

3.6. Adsorption isotherm studies

To quantify the adsorption capacity of MSL for the removal of
lead (II) ions from aqueous solutions, the Langmuir, Freundlich and
Temkin isotherm models were used at different temperatures.

3.6.1. Langmuir model
This model assumes that the adsorptions occur at specific homo-

geneous sites on the adsorbent and is used successfully in many
monolayer adsorption processes [26]. The data of the equilibrium
studies for adsorption of lead (II) ions onto MSL may follow the
following form of Langmuir model:

Ce

qe
=

(
1
b

)(
1
KL

)
+

(
1
b

)
(Ce) (5)

where Ce is the equilibrium concentration (mg/L) and qe is the
amount adsorbed per specified amount of adsorbent (mg/g), KL is
the Langmuir equilibrium constant and b is the amount of adsor-
Fig. 7. Langmuir isotherm plots for lead (II) ions adsorption at different tempera-
tures.
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Table 1
The related parameters for the adsorption of lead (II) ions on MSL at different temperatures.

Adsorption isotherms and its constants Temperatures (◦C)

27 37 47 57 67

Langmuir adsorption isotherm constants
b (mg/g) 20.00 30.76 46.72 41.49 42.37
KL (L/mg) 0.120 0.090 0.030 0.038 0.032
R2 0.992 0.991 0.985 0.969 0.984

Freundlich adsorption isotherm constants
KF (mg/g) (L/mg)1/n 1.804 1.628 1.597 1.567 1.483
n 2.766 1.640 1.890 2.712 2.975
R2 0.962 0.984 0.987 0.896 0.935
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Temkin adsorption isotherm constants
KT (L/mg) 0.605
B 1.070
R2 0.979

he conclusion that the surface of adsorbent is made up of small
dsorption patches which are energetically equivalent to each
ther in respect to adsorption phenomenon. The correlation coeffi-
ient (R2) values of 0.969–0.992 indicated that the adsorption data
f lead (II) ions onto MSL was well fitted to the Langmuir isotherm.
he values of constants KL and b were calculated and reported in
able 1.

.6.2. Freundlich model
The Freundlich model can be applied for non-ideal adsorption on

eterogeneous surfaces and multilayer adsorption [27]. According
o this model:

e = (KF)(C1/n
e ) (6)

n qe = ln KF + 1
n

ln Ce (7)

here KF is Freundlich equilibrium constant, n is an empirical con-
tant and rest of the terms have the usual significance. Thus, a plot
f ln qe versus ln Ce should be a straight line with a slope 1/n and an
ntercept of ln KF as shown in Fig. 8. The related parameters were
alculated and reported in Table 1.
.6.3. Temkin model
Temkin and Pyzhev [28], considered the effects of indirect adsor-

ate/adsorbate interactions on adsorption isotherms. The Temkin

ig. 8. Freundlich isotherm plots for lead (II) ions adsorption at different tempera-
ures.
66 0.238 0.197 0.186
72 1.055 1.007 1.050
28 0.987 0.988 0.948

isotherm has been used in the form as follows:

qe =
(

RT

b

)
ln(KTCe) (8)

This equation can be expressed in its linear form as

qe = B ln KT + B ln Ce (9)

where B = (RT/b), a plot of qe versus ln Ce yielded a linear line, as
shown in Fig. 9, enables the determination of the isotherm con-
stants KT and B. KT is the Temkin equilibrium binding constants
(L/mg) corresponding to the maximum binding energy and con-
stant B is related to heat of adsorption. The heat of adsorption of
all the molecules in the layer would decrease linearly with cover-
age due to adsorbate/adsorbate interactions. The constants KT and
B together with the R2 values are shown in Table 1.

From Table 1, the Langmuir adsorption isotherm model yielded
best fit as indicated by the highest R2 values at all temperatures
compared to the Freundlich and Temkin adsorption isotherm mod-
els. Table 2 lists a comparison of maximum monolayer adsorption
capacity of lead (II) ions on various waste adsorbents. MSL from EFB

is found to have a relatively large adsorption capacity of 46.72 mg/g
at 47 ◦C and this indicates that it could be considered a promising
material for the removal of lead (II) ions from aqueous solutions.

Fig. 9. Temkin isotherm plots for lead (II) ions adsorption at different temperatures.



M.N.M. Ibrahim et al. / Journal of Hazardous Materials 182 (2010) 377–385 383

Table 2
Comparison of adsorption capacities of various adsorbents for lead (II) ions.

Adsorbents Maximum monolayer
adsorption capacity (mg/g)

References

MSL from EFB 46.72 This study
Meranti sawdust 34.24 [5]
Rolling mill scale 02.74 [6]
Blast furnace sludge 79.87 [6]
Bagasse flyash 02.50 [8]
Rubber leaf powder 46.73 [9]
Saraca indica leaf powder 01.19 [10]
Tree fern 40.00 [11]
Lignin from woods 08.20–09.00 [17]
Corncobs 08.29 [29]
Bentonite 07.56 [30]
Activated carbon 06.68 [30]
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Table 3
Pseudo-first-order and pseudo-second-order models for the adsorption of lead (II)
ions onto MSL.

Kinetic models and its parameters Initial concentrations (ppm)

5 10 20 50

qe,exp (mg/g) 3.070 4.083 5.231 6.034

Pseudo-first-order kinetic model
qe (mg/g) 0.521 0.374 1.373 19.52
k1 (min−1) 0.021 0.025 0.029 0.036
R2 0.946 0.786 0.837 0.982

Pseudo-second-order kinetic model
qe (mg/g) 3.178 4.826 5.411 6.238
Blast Furnace slag 05.52 [30]
Fly ash 04.98 [30]
Kaolin 04.50 [30]

.7. Kinetic studies

The modeling of the kinetics of adsorption of lead (II) ions on
SL was investigated by two common models, namely, pseudo-

rst-order model and pseudo-second-order model. The conformity
etween experimental data and the model predicted values was
xpressed by correlation coefficient (R2).

.7.1. Pseudo-first-order model
The pseudo-first order rate model of Lagergren [31] is based on

olid capacity and generally expressed as follows:

og(qe − q) = log(qe) −
(

k1

2.303

)
t (10)

here qe is the amount of solute adsorbed at equilibrium per unit
eight of adsorbent (mg/g), q is the amount of solute adsorbed at

ny time (mg/g) and k1 is the adsorption constant. This is the most
opular form of pseudo-first-order kinetic model. Values of k1 at
ifferent temperature were calculated from the plots of log(qe − q)
ersus t (Fig. 10) for lead (II) ions. Constant k1 and correlation coef-

2
cients (R ) have been calculated and summarized in Table 3. The
orrelation coefficients (R2) values obtained were relatively low, it
howed that this model have very poor correlation coefficients (R2)
or best fits data.

ig. 10. Pseudo-first-order kinetic plots for lead (II) ions adsorption onto MSL.
k2 (g mg−1 min−1) 0.304 0.849 2.659 1.157
h (mg g−1 min−1) 3.070 19.77 77.85 45.02
R2 0.999 0.999 0.981 0.989

3.7.2. Pseudo-second-order model
The kinetic data were analyzed using the pseudo-second-order

model [32] which, can be expressed as:

t

q
=

(
1

k2q2
e

)
+

(
1
qe

)
t (11)

h = k2q2
e (12)

where h is the initial sorption rate (mg/g min). The plot of t/q ver-
sus t should give a linear relationship, from which, qe and k2 can be
determined from the slope and intercept of the plot (Fig. 11). The k2
and qe determined from the model are presented in Table 3 along
with the corresponding correlation coefficient (R2) values. The val-
ues of the calculated and experimental qe are presented in Table 3.
It can be seen from this table that the adsorption of lead (II) ions
perfectly follow the pseudo-second-order kinetic model.

3.8. Ion-exchange mechanism

The existence of ion-exchange mechanism during the lead (II)
ions sorption by MSL from EFB was investigated in this work by fol-
lowing the release of Ca2+, Mg2+, K+, H+ and Na+ from this material
after the sorption of lead (II) ions. For this study, 0.10 g MSL was

mixed with 50 mL, 100 ppm of lead (II) ions solution at pH 5.0. The
mixture were stirred for 1 h and the final pH of the solution found
to be lower than the initial pH, which indicates that H+ ions were
also exchanged with lead ions. The net release of Ca2+, Mg2+, K+, H+

Fig. 11. Pseudo-second-order kinetic plots for lead (II) ions adsorption onto MSL.
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Table 4
Amount of Ca2+, Mg2+, Na+, K+ and H+ release due to adsorption of lead (II) ions.

System Total Pb2+ (mmol/L) [Ca2+] (mmol/L) [Mg2+] (mmol

Blank 0.000 0.022 0.007
MSL with Pb2+ 0.038 0.039 0.012

Table 5
Desorption of MSL by HNO3, HCl and EDTA as desorbing solution at various
concentrations.

Desorbing solution Concentration (mol/L) Desorption (%)
MSL

HNO3

1 × 10−3 46.00
2 × 10−3 57.00
1 × 10−2 81.00
2 × 10−2 72.50
1 × 10−1 86.50
2 × 10−1 95.00

HCl

1 × 10−3 26.00
2 × 10−3 40.50
1 × 10−2 66.50
2 × 10−2 69.00
1 × 10−1 83.50
2 × 10−1 79.50

1 × 10−3 32.50
2 × 10−3 21.50
1 × 10−2 37.50
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EDTA 2 × 10−2 34.50
1 × 10−1 90.00
2 × 10−1 90.50

nd Na+ due to the adsorption process was calculated by subtract-
ng the amount of cations released from blanks from the amount of
ations measured in the effluent after lead (II) adsorption.

The ion-exchange mechanism is given by the Rb/r ratio [17]:

b/r = [Pb2+]
[Ca2+]

+ [Mg2+] +
[

K+

2

]
+

[
Na+

2

]
+ [H+] (13)

The concentration of cations is expressed in m mol/L. If the Rb/r
atio is equal to 1, this is an indication that ion-exchange is a pre-
ominant mechanism [33]. Based on Table 4, the calculated value
f Rb/r is 0.904 which is close to 1. It suggests that the ion-exchange
s another mechanism involved in the removal of lead (II) ions on

SL as well as complexation reaction.

.9. Desorption study

The desorption studies help to elucidate the behaviour of
dsorption, the recovery of lead (II) ions from aqueous solutions,
ecycling of the adsorbent and practical applications of treatment
f industrial effluent. As the concentration of desorbing solutions
HCl, HNO3 and EDTA) increases, more lead (II) ions were able to
e desorbed. As shown in Table 5, more than 80% of lead (II) ions
ere able to be desorbed from MSL using 0.02 mol/L HCl, HNO3 and

DTA solutions. This result showed that the test adsorbent could be
eused without significant losses in its initial adsorption capacity.

. Conclusion

The results obtained show that the modified soda lignin from
il palm empty fruit bunches, an abundantly available agricultural
aste, can be used for the removal of lead (II) ions from aqueous
olution. The amount of lead (II) ions uptake (mg/g) was found to
ncrease with increase in contact time, pH and initial metal ion
oncentration. Equilibrium data fitted very well in the Langmuir
sotherm equation, confirming the monolayer adsorption capacity
f lead (II) ions onto MSL with a monolayer adsorption capacity of

[

[

[

/L) [K+] (mmol/L) [Na+] (mmol/L) [H+] (mmol/L) Rb/r

0.135 3.915 0.148
0.9040.148 4.024 0.066

46.72 mg/g at 47 ◦C. The rate of adsorption was found to conform
to pseudo-second-order kinetics with a good correlation. These
results demonstrate the MSL from oil palm empty fruit bunches
is expected to be economically feasible for the removal of lead (II)
ions from aqueous solutions.
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