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ABSTRACT

The adsorption of lead(II) onto xanthated date palm trunk (XDPT) from aqueous solutions
was studied in a batch adsorption system. Factors influencing lead(II) adsorption such as ini-
tial Pb(II) concentration (25.8–207.0mg/l), pH (1–6), contact time (5–240min), and adsorbent
dosage (0.625–6.0 g/l) were investigated. The adsorption process was relatively fast and equi-
librium was established within 120min. Maximum adsorption of Pb(II) occurred at pH� 5.
A comparison of the kinetic models on the overall adsorption rate showed that the adsorp-
tion system can be best described by the pseudo-second-order kinetics. The adsorption
equilibrium data obeyed Langmuir isotherm and the monolayer adsorption capacity of Pb(II)
was found to be 53.48mg/g. The adsorption mechanism has been suggested to be due to the
complexation of lead(II) ions with sulfur donors present in XDPT.

Keywords: Adsorption; Lead(II); Xanthated date palm trunk; Batch studies; Adsorption
isotherm

1. Introduction

Industrial, agricultural, and domestic activities of
human beings have polluted the environmental sys-
tem, by generation of wastewater containing high lev-
els of carcinogenic metals. Although the heavy metals
are necessary in trace amounts for normal develop-
ment of the biological cycles, most of them become
toxic at higher concentrations. It is well documented
that lead is one of the contaminants of industrial
wastewaters and lead poisoning exists in the waste-
water of many industries [1].

Industries, such as battery, printing and pigment
manufacturing, metal plating and finishing, ammuni-

tion, soldering materials, ceramic and glass indus-
tries, and iron and steel manufacturing units,
generate large quantities of wastewater contaminated
with lead [2–5]. All of these chemicals containing
lead are considered as cumulative poisons [6]. Lead
poisoning in human causes severe damage to kid-
ney, nervous system, reproductive system, liver, and
brain and lead to neonatal deaths [7,8]. In industrial
wastewaters, Pb(II) concentrations approach 200–
500mg/l. This value is very high according to water
quality standards, and Pb(II) concentration in waste-
water should be within a value of 0.1–0.05mg/l.
According to the US Environmental Protection
Agency (EPA), the permissible level of lead in
drinking water is 0.05mg/l [9].
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The various methodologies adopted in wastewater
treatment include adsorption chemical precipitation,
filtration, ion exchange, solvent extraction, oxidation/
reduction, evaporation, and membrane technology.
The process of adsorption has been the most versatile
and widely used technique for the removal of heavy
metal ions from wastewaters in recent years [10–16].
A variety of low-cost agro wastes such as bagasse fly
ash [11], tobacco stem [17], imperata cylindrica leaf
powder [18], peanut husk [19], sawdust [20], dates
stone [21], tree fern [22], and rubber leaf powder [23]
have been studied for Pb(II) containing wastewater
treatment (adsorption capacity: 2.50–46.73mg/g).
Modified rice husk [24], soda lignin [25], shells
(walnut, hazelnut and almond) [26], and rubber leaf
powder [27] have been reported as low-cost adsor-
bents for removal of Cu(II) from wastewater. Removal
of Hg(II) and Cr(VI) using wheat straw[28] and wool
[29], respectively, have also been reported.

Palm trunk is one of the main agricultural wastes
generated by the palm oil industries. Realizing the
scale of this waste, several studies were initiated to
convert oil palm wood to value added products. Hoi
et al. [30] and Lim and Lim [31] reported pyrolyzing
oil palm wood charcoal. However, due to friable nat-
ure of wood, low calorific value was obtained and it
was difficult to control the conversion efficiency as
well as the pyrolysis rate. Hence, oil palm wood was
suggested unsuitable to be used as charcoal fuel. The
use of oil palm wood as raw material for activated
carbon was highlighted by Hussein et al. [32], and
they showed that the combination of chemical and
physical activation methods could be used to produce
activated carbon with fairly high surface area. Al-Hai-
dary et al. [33] have studied date palm fibres and
palm leaves as adsorbents for Pb(II) ions from its
aqueous solution. Issabayeva et al. [34] have studied
palm shell activated carbon to remove copper(II) ions
from aqueous solutions. Ahmad et al. [35] have
reported preparation and characterization of activated
carbon from palm wood and its use in methylene blue
adsorption. Sulfur as a soft ligand shows strong affin-
ity for a number of metals such as lead, cadmium,
copper, etc. which are classified as soft acids.
Xanthates are formed by the reaction of an organic
hydroxyl-containing substrate with carbon disulfide
under basic condition [36]. The main components of
date palm fibre and petiole are cellulose 44.17%, hemi-
celluloses 21.95%, and lipids 0.39% and the loss in
ignition is about 14.17% [33]. Many of these contain
several hydroxyl groups, which render the date palm
trunk as a potential adsorbent by xanthation process.

In this work, we have introduced a xanthate func-
tional group onto the cellulose network of date palm

trunk. The xanthate group with a sulfur atom has a
greater tendency to form stable complexes with lead(II)
ions and lead to the elimination of Pb(II) from aqueous
solutions. The purpose of this work is to exploit and
utilize xanthated date palm trunk (XDPT) as a new
modified agricultural waste for enhanced treatment of
wastewater containing lead(II).

2. Experimental

2.1. Materials

Pb(NO3)2 (A.R. grade) was purchased from Merck,
India. A stock solution of lead(II) (2070mg/l) was pre-
pared by dissolving Pb(NO3)2 in demineralized water
(DMW) and acidified with concentrate HNO3 (5ml) to
prevent hydrolysis. The stock solution was diluted
with DMW to obtain solutions of desired concentra-
tions. The pH of the solution was adjusted by using
buffer solutions viz., HCl/KCl (pH 1–3); CH3COOH/
CH3COONH4 (pH 4–6).

2.2. Preparation of XDPT

Date palm trunk (DPT) was obtained from rural
areas around Kanpur (India), cut into a length of
approximately 1 cm, washed thoroughly with DMW
to remove water soluble materials, dried overnight at
100 ± 2˚C in a hot air oven, and allowed to cool down
to room temperature. It was ground and sieved to
obtain an average particle size of 75lm. Then, the
DPT powder (50 g) was stirred with concentrated
H2SO4 (100ml) for 60min and left overnight. The acid
treatment of such a biopolymer creates a suitable envi-
ronment for its ring opening [37,38]. The material was
stirred with DMW to remove excess of acid, centri-
fuged to separate washings, and dried at 70 ± 2˚C.
Acid-treated DPT (25 g) was treated with NaOH
solution (200ml, 4M) and shaken for 60min. Then,
CS2 (25ml) was added, stirred for 3 h, and allowed to
stand for overnight. The product was filtered, washed,
centrifuged, and dried at 70 ± 2˚C. The material
labeled as XDPT was used as an adsorbent. The
synthetic route to XDPT is shown in Scheme 1.

2.3. Characterization of XDPT

The specific area of XDPT was measured using a
BET surface analyzer (Quanta chrome autosorb). The
apparent density was calculated by filling a calibrated
cylinder with a given weight of XDPT and tapping the
cylinder until a minimum volume was recorded. This
density is referred to as the tapping or bulk density of
the adsorbent. The pycnometer method was used for
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the measurement of real density wherein a pycnometer
was filled with the XDPT and a solvent (methanol) was
added to fill the void. The weight was determined at
each step. The pH of the XDPT was measured as fol-
lows: the suspension was prepared in a ratio of water
(10ml) to XDPT (1 g); this mixture was stirred and pH
was measured several times until a constant value was
reached. The physicochemical properties of XDPT are
presented in Table 1.

2.4. Batch adsorption experiments

For batch adsorption studies, XDPT (0.05 g) was
added to a series of Erlenmeyer flasks filled with lead
(II) solutions (20ml; 25.8–207.0mg/l; pH 1�6), sealed
with parafilm, and then shaken (120 rpm) at room tem-
perature (�30˚C) in an orbital shaker incubator until the
equilibrium was reached (120min). The sample solution
was filtered using Whatman filter paper (No. 4) and the
filtrate was analyzed for Pb(II) by spectrophotometric
method using 1, 5-diphenyl thiocarbazone in aqueous
miceller solutions [39]. The amount of Pb(II) adsorbed
(qe) was calculated using Eq. (1):

qe ¼
Ci � Ce

M

� �
V ð1Þ

where Ci and Ce (mg/l) are the initial and final Pb(II)
concentrations, respectively, V is the solution volume (l),
andM is the weight of the adsorbent used (g).

3. Result and discussion

3.1. FT-IR analysis

FT-IR spectra of DPT, H2SO4-treated DPT,
XDPT, and Pb(II)-loaded XDPT are shown in
Fig. 1. In the FT-IR spectrum of DPT, the absorp-
tion peaks at 3,396, 2,921, 1,738, and 1247 cm�1 are
due to –OH, C–H, C=O, and C–O stretching vibra-
tions, respectively. The absorption peaks at 1,730
and 1,207 cm�1 in the FT-IR spectrum of H2SO4-
treated DPT are due to CHO formed during char-
ring process before the modification of DPT. These
peaks disappear after modification of DPT into
XDPT and intense broad band is observed at
1,587 cm�1 corresponding to C=S stretching vibra-
tion of the xanthate group. It may be due to –
CS2H deformation suggesting that XDPT has been
successfully xanthated. The stretching vibrations of
C–S and S–O at 1,193 and 1,038 cm�1, respectively,
in the spectrum of XDPT are indicative of the pres-
ence of the xanthate group bonded to the charred
material. The major absorption bands of the C=S
groups lie in the region 1,592–1,035 cm�1 [40]. The
very weak vibration for C–S is also observed
around 615 cm�1. FT-IR spectrum of Pb(II)-loaded
XDPT showed that the peaks expected at 3,428,
1,587, 1,193, and 1,038 cm�1 have been shifted,
respectively, to 3,421, 1,548, 1,193, and 1,027 cm�1

due to Pb(II) adsorption. The significant shift of
these peaks to lower wave numbers after Pb(II)
adsorption indicates chemical interaction between
Pb(II) and –OH and C=S groups of XDPT.

3.2. Effect of contact time

Preliminary kinetic experiments were conducted to
calculate the time taken for the adsorption equilibrium
of Pb(II) onto XDPT (Fig. 2). It is apparent that signifi-
cant removal of Pb(II) occurred within 30min and no
appreciable change in terms of the removal of Pb(II)
ions was observed after 120min. The high rate of
adsorption of Pb(II) in the initial stage is probably due
to the availability of larger surface area of XDPT avail-
able for the adsorption of Pb(II). Once the surface
adsorption sites were exhausted, the rate of adsorp-
tion was further controlled by the rate of transport of
the adsorbent particles from the exterior to interior
sites [41].

Scheme 1. Synthetic route to XDPT.

Table 1
Properties of XDPT

Bulk density (g/cc) 1.12

Moisture (%) 13.6

Ash content (%) 2.8

Matter soluble in water (%) 0.0

Matter soluble in acid (%) 0.0

pH 7.8

Surface area (m2/g) 5.33
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3.3. Effect of initial pH of solution

The effect of solution pH (1–6) on the adsorption
kinetics of Pb(II) onto XDPT is shown in Fig. 3(a). The
experiments were performed for initial Pb(II) concen-
tration (103.5mg/l), adsorbent dose (2.5 g/l), and
temperature (30˚C). The results indicate that the maxi-
mum uptake of Pb(II) was obtained at pH 5. At
pH<5, concentration of H+ ions is higher and their
mobility is also higher compared with Pb(II) ions.
Competition between H+ ions with Pb(II) ions
decreased the adsorption of Pb(II) on to XDPT. On the
other hand, at pHP 5, adsorption increased due to the
low concentration of H+ ions and a greater number of
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Fig. 1. FT-IR spectra of (a) DPT, (b) H2SO4-treated DPT, (c) XDPT, and (d) Pb(II)-loaded XDPT.

Fig. 2. Effect of contact time on the adsorption of Pb(II)
onto XDPT.

Fig. 3. (a) Effect of pH of solution on the adsorption of Pb
(II) onto XDPT. (b) Point of zero charge (pHpzc) curve of
XDPT.
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surface ligands of XDPT with negative charges. The
optimum pH of the solution can be explained on the
basis of pHpzc (Point of zero charge). The pHpzc is
defined as the pH at which the net charge of adsor-
bent surface becomes zero. The point of zero charge
for XDPT was found to be 3.8 as shown in Fig. 3(b).
Below pHpzc (pH<3.8), the surface charge was posi-
tive and above pHpzc (pH>3.8), the surface charge of
the xanthated adsorbent was negative. Hence, at
pH>3.8, the adsorption of the Pb(II) ions increased
while the adsorption of Pb(II) ions decreased at
pH<3.8. The amount of adsorption increased above
pHpzc due to interaction of Pb(II) ions and Pb(OH)+

with a negatively charged adsorbent surface.
However, at the point of zero charge, the change in
adsorption rate was not similar (Fig. 3(a)). Probably,
H+ ions (competing ions) are responsible for
the adsorption rate below pH 5. At low pH, particu-
larly below pHpzc, the positively charged Pb+2 and
Pb(OH)+ species may repel with the positively
charged adsorbent surface having an identical charge
and there by decreases the Pb(II) adsorption.

3.4. Effect of adsorbent dose

The amount of adsorbent dose was varied (0.625–
6.0 g/l) and all of the other experimental variables
were fixed (pH 5.0, initial concentration; 103.5mg/l,
contact time; 120min agitation speed/rpm; 125). A
plot of adsorbent dose vs. % removal of Pb(II) adsorp-
tion is presented in Fig. 4. The Pb(II) removal
increased from 33.9–99.4% with an increase in the
amount of adsorbent dose (0.625–5.0 g/l). This may be
due to an increased adsorbent surface area and avail-
ability of more adsorption sites or more functional
groups resulting from the increased dose of the adsor-
bent [42]. At higher adsorbent doses (>5.0 g/l),
the incremental Pb(II) removal was very low due to

equilibrium between the surface Pb(II) concentration
and the solution Pb(II) concentration.

3.5. Effect of initial concentration of Pb(II)

A plot of adsorption capacity vs. concentration
(Fig. 5) shows that adsorption capacity increases
(6.9–36.2mg/g) with the increasing initial Pb(II)
concentration (25.8–207.0mg/l). This seems to be
due to the increase in the driving force of the
concentration gradient with an increase in the Pb(II)
initial concentration.

3.6. Adsorption isotherms

Initial Pb(II) concentrations were varied and the
adsorbent mass in each experiment was kept constant.
The Langmuir model [43] takes the form of equation:

Ce

qe
¼ 1

bKL

þ Ce

b
ð2Þ

where Ce is the equilibrium concentration (mg/l), qe is
the amount of Pb(II) ions adsorbed per specified
amount of the adsorbent (mg/g), KL (l/mg) is the
Langmuir equilibrium constant, and b (mg/g) is the
amount of adsorbate required to form a monolayer.
Hence, a plot of Ce/qe vs. Ce should be a straight line
with a slope (1/b) and an intercept (1/bKL) as shown
in Fig. 6. The Langmuir constant and its correlation
coefficient evaluated from the adsorption for Pb(II) are
given in Table 2. The high value of Langmuir coeffi-
cient (R2 = 0.99) confirms that the Langmuir isotherm
is the best fit for the adsorption of Pb(II) onto XDPT.

The essential characteristics of the Langmuir iso-
therm can be expressed by a dimension less constant
called the equilibrium parameter (RL) as expressed by
equation:

Fig. 4. Effect of adsorbent dose on the adsorption of Pb(II)
onto XDPT.

Fig. 5. Effect of concentration on the adsorption of Pb(II)
onto XDPT.
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RL ¼ 1

1þ KLCi
ð3Þ

where KL is the Langmuir constant and Ci is the initial
Pb(II) concentration. RL values represent the type of
isotherm and its value between 0 and 1 indicates
favorable adsorption. The RL values evaluated (data
not given) from the b values for Pb(II) ions at various
concentrations were found to be between 0 and 1, fur-
ther supporting the Langmuir model [44].

The Freundlich model [45] can be easily linearized
by the Freundlich equation:

ln qe ¼ lnKF þ 1

n
lnCe ð4Þ

where qe is the amount of Pb(II) adsorbed (mg/g) and
Ce is the equilibrium concentration of Pb(II) solution
(mg/l). KF and n are the Freundlich constants which
indicate the capacity and the intensity of the adsorp-
tion, respectively. Thus, a plot of ln qe vs. ln Ce should
be a straight line with a slope of 1/n and an intercept
of ln KF as shown in Fig. 7. The value of the Freund-
lich constant (n) was 1.578 for XDPT (Table 2)
showing that the adsorption process may be favorable.
R2 value (<0.99) obtained from Freundlich isotherm
indicated that Freundlich model is not suitable.
(Fig. 7, Table 2).

The Langmuir and Freundlich adsorption isotherms
of raw-DPT are compared in Figs. 6(b) and 7(b) and
the adsorption data are given in Table 2. On the whole,
the Langmuir isotherm displays a higher regression
coefficient (R2) compared to the Freundlich isotherm
for both raw-DPT and XDPT and the adsorption data
fit better with the Langmuir adsorption isotherm
model.

3.7. Adsorption kinetics study

The transient behavior of the batch adsorption
process at different Pb(II) concentrations is analyzed
using the pseudo-first-order and pseudo-second-order
models.

Fig. 7. Fruendlich isotherms for adsorption of Pb(II) onto
(a) XDPT and (b) raw-DPT.

Table 2
Langmuir and Freundlich adsorption isotherm constants
for adsorption of Pb(II) on XDPT and on raw-DPT

Isotherm Constants XDPT Raw-DPT

Langmuir b (mg/g) 53.48 19.2

KL (l/mg) 0.175 0.055

R2 0.992 0.990

Freundlich KF (mg/g) 1.949 1.231

n 1.578 1.25

R2 0.968 0.966

Fig. 6. Langmuir isotherms for adsorption of Pb(II) onto
(a)XDPT and (b) raw-DPT.
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3.7.1. Pseudo-first-order model

The pseudo-first-order rate model of Lagergren
[46] is based on solid adsorbent capacity and gener-
ally expressed as follows:

logðqe � qtÞ ¼ ðlog qeÞ � k1
2:303

� �
t ð5Þ

where qe is the amount of solute adsorbed at equilib-
rium per unit weight of the adsorbent (mg/g), qt is
the amount of solute adsorbed at any time (mg/g),
and k1 (min�1) is the adsorption rate constant. Values
of k1 calculated from the plots of log (qe� qt) vs. t
(Fig. 8) at different initial concentrations are summa-
rized in Table 3. The rate constant k1 ranges between
1.5� 10�2 to 2.2� 10�2 min�1. Boudrahem et al. [47]
have reported K1 values 4.3� 10�2, 2.7� 10�2,
3.5� 10�2, 5.1� 10�2, and 3.7� 10�2 for the initial Pb
(II) concentrations of 10, 30, 50, 70, and 90mg/l,
respectively. As shown in Table 3, the coefficient of
linear regression (R2) of Eq. (2) is low, ranging from
0.874 to 0.932 and qe (cal) values do not agree with qe
(exp.) data. These results suggest that the pseudo-
first-order model does not describe the adsorption
kinetics of Pb(II) onto XDPT.

3.7.2. Pseudo-second-order model

The pseudo-second-order model [48] can be
expressed as:

t

qt
¼ 1

k2q2e

� �
þ 1

qe

� �
t ð6Þ

where k2 (g/mgmin) is the rate constant of
the pseudo-second-order equation, qe (mg/g) is the
maximum adsorption capacity, and qt (mg/g) is the
amount of adsorption at time t (min). The plot of t/qt
vs. t (Fig. 9) shows a linear relationship. The value of
qe (mg/g) and k2 (g/mgmin) are determined from the
slope and intercept of the plot. The results are sum-
marized in Table 3 for each initial concentration. It
can be seen that the calculated coefficient of determi-
nation (R2) is very close to unity and that qe (cal) val-
ues agree with the experimental values. These results
suggest that the pseudo-second-order model describes
the adsorption kinetics of the present system. It can be
understood from Table 3 that k2 values decreased with
the increased initial Pb(II) concentration. This decrease
in k2 values at higher concentrations seems to be due
to the repulsion effect between the adsorbed and the
nonadsorbed Pb(II) ions.

Fig. 8. Pseudo-first-order kinetic plot for adsorption of
Pb(II) onto XDPT.

Table 3
Pseudo-first-order and pseudo-second-order models for adsorption of Pb(II) on XDPT

Initial concentration (mg/l) qe.exp.(mg/g) Pseudo-first-order Pseudo-second-order

k1 (min�1) qe (cal) (mg/g) R2 k2 (g mg�1 min�1) qe (cal) (mg/g) R2

25.87 6.12 0.015 2.981 0.874 0.039 6.28 0.995

51.75 13.09 0.019 6.321 0.932 0.016 13.12 0.998

103.5 24.84 0.022 8.935 0.864 0.010 25.49 0.998

Fig. 9. Pseudo-second-order kinetic plot for adsorption of
Pb(II) onto XDPT.
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3.8. Adsorption mechanism

The adsorption of Pb(II) was found to be maxi-
mum at optimum pH� 5 and decreased below the pH
point of zero charge (pHpzc 3.8). The adsorption sites
on XDPT for the adsorption of Pb(II) ions are sulfur
atoms of the xanthate groups. The xanthate groups
are not protonated above pH 1.5 and have a net nega-
tive charge and hence the adsorption of Pb(II) ions on
XDPT started above pH 2.

Since the XDPT has a very low specific surface area
(�5.83m2/g), physical adsorption alone cannot contrib-
ute to the higher Pb(II) uptake values. The probable
adsorption mechanism between Pb(II)–XDPT interac-
tion could be ion exchange, complexation, or combina-
tion of both processes. The cation (Na+) from the
xanthated group contained in the monomeric unit has
been exchanged by the Pb(II) ions present in the solu-
tion. A schematic representation of the ion exchange
and complexation mechanisms of Pb(II) ions with the
xanthate groups is shown in Scheme 2. In ion exchange
process, two negatively charged sulfur atoms partici-
pate in capturing one divalent lead ion (Scheme 2(a)).
However, complexation occurs between four sulfur
atoms and one divalent lead ion (Scheme 2(b)). Because
lead belongs to post-transition metals, which have
empty orbitals that can be occupied by electrons to form
complex, and considering steric hindrance, complexa-
tion mechanism is the most possible adsorption process.

According to the “HSAB” theory by Pearson, xan-
thate is a soft base and it tends to form stable com-
plexes with soft acids like heavy metal ions [49]. The
Pb(II) ions are larger in size and more polarizable and
the ligands of XDPT will have a much higher affinity
towards the Pb(II) ions and hence the adsorption
capacity was found to be higher than its raw biomass.
The precipitate formation constant (Ks) indicates the
strength of lead and XDPT complex. It also shows that
the lead complexation with sulfur is stronger than the
formation of lead hydroxide complex [50]; [Pb(OH)2;
Ks = 1015.2 and PbS Ks = 1027.5]. This strong affinity
between sulfur and lead may result in a high affinity
constant.

3.9. Desorption studies

Desorption studies were carried out by batch
method. Eluting using EDTA (0.01M) –HNO3 (0.1M)
resulted �95% desorption of Pb(II) ions. The loss in
the adsorption capacity after three cycles of operation
was found to be �18%.

4. Conclusions

A new adsorbent XDPT was prepared by the treat-
ment of DPT with CS2 under basic condition. The
adsorption of Pb(II) ions on the XDPT was found to

(a)

(b)

Scheme 2. Proposed adsorption mechanism: (a) ion exchange and (b) complexation.
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be dependent on Pb(II) concentration, pH, time, and
adsorbent dosage. Adsorption process revealed that
the initial uptake of Pb(II) was rapid and equilibrium
was achieved within 120min. The optimum pH for
maximum adsorption was found to be 5. An adsor-
bent dosage of 5 g/l was required to remove �99.4%
Pb(II) from a solution of initial concentration,
103.5mg/l. Experimental results indicate that the
adsorption process follows a pseudo-second-order
reaction kinetics. The isotherm studies show that the
adsorption data correlate well with the Langmuir
isotherm model. The adsorption process of Pb(II) ions
on XDPT is mainly due to the complexation of lead(II)
ions with the sulfur donors of XDPT. This study dem-
onstrate that the XDPT could be used as a potential
adsorbent for the treatment of wastewater containing
Pb(II) ions.
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