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ABSTRACT

Large amounts of wastewater containing heavy metals are discharged from electroplating,
metal finishing, textile, and other industrial plants, bringing health risks to humans and ani-
mals. There is, therefore, a growing concern to find low cost and effective ways to remove
heavy metals from wastewater. In the present study, untreated corn straw was used as an
adsorbent, and basic parameters for lead Pb(II) adsorption were studied. The Pb(II) adsorp-
tion was found to be dependent on contact time, pH, adsorbent dosage, initial concentration
of Pb(II), and temperature. The kinetics were studied using pseudo-first order, pseudo-
second order, Elovich, and Weber–Morris models, and the kinetic parameters were
determined. The untreated corn straw particles showed the maximum adsorption capacity
(15.0269mg/g) for Pb(II). The adsorption isotherms indicated that the heat of adsorption
linearly increased as the thickness of the Pb(II) layer on the adsorbent gradually increased.
The studies showed that corn straw can be used as a good adsorbent material for Pb(II)
removal from aqueous solutions.
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1. Introduction

Water contamination by heavy metals is a serious
threat to the global ecosystem. Adsorption, ion
exchange, coagulation, floatation, hyper-filtration,
chemical precipitation, and reverse osmosis are usu-
ally used for removing heavy metals from aqueous
solutions [1]. Low cost, effective, and environmental
friendly methods need to be developed, that can be
easily implemented to clean lead or other toxic metals
from contaminated areas and industrial wastewaters
[2]. Adsorption has proven to be the most efficient
method for quickly lowering the concentration of
heavy metals in aqueous solutions [3]. Currently, there

is much interest in developing bioadsorbents because
of their high versatility, metal selectivity, high uptake,
concentration independence, and high tolerance for
organics and regeneration [4]. Researchers are pres-
ently oriented towards low-cost materials such as rice
husks, fly ash, pine bark, sawdust, animal bones, wal-
nut shells, tree bark, lignin, chitin, chitosan, and peat
moss for removal of heavy metal ions [5]. Corn straw
(CS) is an agricultural by-product, and its major
advantages include low cost, and that it is associated
with minimal chemical or biological sludge, adsorbent
regeneration, and the possibility of effluent recovery.
In this regard, studies have been carried out to investi-
gate the potential of CS adsorption for the removal of
lead from aqueous solutions by collection and analysis
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of adsorption data. The pH, adsorbent dosage, contact
time, and temperature in the adsorption process were
measured to provide more information about the
adsorption characteristics of CS. The surface and pore
structure of CS were then characterized based on
nitrogen adsorption isotherms and Fourier transform
infrared (FTIR) analysis.

2. Experiment

2.1. Preparation and characterization of the adsorbent

The adsorbent used in this study was waste CS
from cafeterias. The CS was crushed and separated
from its chaff, and sieved to mesh ranges of 100–150
mesh, washed with distilled water, and then dried at
50˚C for at least 10 h.

The surface area, pore volume, and pore size of the
adsorbent were determined by N2 adsorption using a
TriStar II 3010 Surface Area & Pore Size Analyzer
(Micromeritics Instrument, USA). The Brunauer–
Emmett–Teller (BET) surface area was obtained by
applying the BET equation to the adsorption data. The
pore size distribution was obtained using the
Barrett–Joyner–Halenda (BJH) method. FTIR spectra of
the CS were recorded as KBr pellets (1 mg CS in 100mg
of KBr) from 400 to 4,000 cm−1 on a NICOLET-380 FTIR
(Thermo Fischer Scientific, Waltham, Massachusetts).
Morphological analysis of the CS was performed using
field emission scanning electron microscopy (SEM),
(Sirion 200 FEI, Hillsboro, OR).

2.2. Preparation of the metal solution

Divalent Pb(II) solutions were prepared by dissolv-
ing lead nitrate (Pb(NO3)2·4H2O) in distilled water.
The initial concentrations varied from 10 to 60mg/L.
The pH of the solution was adjusted using a solution
of HNO3 or NaOH.

2.3. Pb(II) adsorption experiments

The adsorption experiments were carried out in
batch mode at room temperature. A given mass of
adsorbent was added to the lead solution, and the
resulting sample was agitated for a prescribed amount
of time. The samples were then filtered through filter
paper at discrete time intervals. To calculate the rate
of lead adsorption (Re), we used the following
expression [6]:

Re ð%Þ ¼ C0 � Ce

C0
� 100% (1)

where C0 and Ce are the initial and residual
concentrations (mg/L) of Pb(II) in solution, respec-
tively.

2.4. Adsorption kinetics

A kinetics study of adsorption is necessary, as it
provides information on the adsorption mechanism,
which is crucial for the practicality of the process.
Four rate equations have been applied to correlate the
kinetic data of adsorption to different controlling steps
in the adsorption process.

The pseudo-first-order kinetic model is frequently
used in kinetic studies [7]. It is expressed by the fol-
lowing equation:

logðqe � qtÞ ¼ logðqeÞ � k1
2:303

t (2)

where k1 (1/h) is the rate constant of pseudo-first-
order adsorption, which is obtained from the slopes of
the linear plots of log (qe−qt) vs. t.

The pseudo-second-order kinetic model may be
expressed by the equation [8]:

t

qt
¼ 1

k2q2e
þ t

qe
(3)

where k2 (g/(mg h)) is the equilibrium rate constant
for the pseudo-second-order adsorption, and can be
obtained from the plot of t/qt against t.

The Elovich model describes a number of reaction
mechanisms, including bulk and surface diffusion and
the activation and deactivation of catalytic surfaces
[9]. It is represented as:

qt ¼ aþ b ln t (4)

where a (mg/g) and b (mg/(gmin)) are the constants
of the adsorption, and are determined from the plot of
qt vs. ln t.

The Weber–Morris model is defined by the follow-
ing equation [10]:

qt ¼ ktt
0:5 þ c (5)

where kt (g/mg h1/2) is the constant of the adsorption,
and is determined from the plot of qt vs. t

0.5.
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2.5. Adsorption isotherms

The Langmuir model is generally expressed as fol-
lows [11]:

qe ¼ qmaxKLCe

1þ KLCe
(6)

where Ce (mg/L) is the equilibrium concentration of
Pb(II) in a solution, KL (L/mg) is the Langmuir con-
stant, which is related to the affinity of binding sites,
and qmax (mg/g) is the monolayer adsorption capacity.

The Freundlich isotherm is expressed as follows
[12]:

qe ¼ KF C
1
n
e (7)

where KF (L/mg) and n are Freundlich constants,
which represent adsorption capacity and adsorption
strength, respectively.

The Redlich–Peterson isotherm [13] can be
described as follows:

qe ¼ KRCe

1þ bRCm
e

(8)

It has three isotherm constants, namely, KR (L/mg),
bR (L/mg)m, and m. KR and bR are the adsorption con-
stants related to the energy of adsorption and binding
forces between adsorbate and adsorbent, respectively.

The Temkin isotherm can be used to study the heat
of adsorption and adsorbate-adsorbent interaction on
the adsorbent surface [14]. Eq. (9) shows the linear
form of this isotherm:

qe ¼ B1 lnKT þ B1 lnCe (9)

where B1 is the Temkin adsorption constant, and KT

(mg/L) is the equilibrium binding constant. KT is
the equilibrium binding constant corresponding to the
maximum binding energy, whereas B1 is related to the
heat of adsorption [15].

3. Results and discussion

3.1. Characterization of the adsorbent

Some characteristics of CS are presented in Table 1.
To gain insight to the structural properties of the
adsorbent, it was characterized by BET, SEM, and
FTIR. SEM micrographs of the CS are shown in

Fig. 1(a) and (b). Regular and porous surfaces can be
observed in the micrographs. A rough surface and
abundant pores would provide convenient diffusion
channels for ions onto the CS. Therefore, it can be con-
cluded that CS presents an adequate morphology for
metal adsorption. Fig. 2 shows the infrared spectra of
the CS and the CS loaded Pb(II); the loaded Pb(II)
induced some minor modifications of the infrared
spectra. The broad band from 1,000 to 1,200 cm−1 can
be attributed to the cellulose, indicating that the skele-
ton of CS is a cellulose chain. The band at 1,054 cm−1

can be assigned to aliphatic ether (C–O) stretching
[16]. The peak observed at 3,423 cm−1 can be attributed
to the stretching of O–H groups due to inter- and
intra-molecular hydrogen bonding of compounds. The
band at 2,917 cm−1 indicates symmetric or asymmetric
C–H stretching vibration of aliphatic acids. The band
at 1,630 cm−1 represents the contribution from aro-
matic C=O stretching. The presence of a weak absorp-
tion peak at 1,382 cm−1 is confidently attributed to the
C–O stretching of carboxylate anions. On the infrared
spectra of CS loaded Pb(II), the peak at 1,373 cm−1

likely indicates the interactions between carboxylate
anions (–COO−) and Pb(II) [17].

3.2. Effect of adsorbent dosage and concentration

Fig. 3 shows the effect of adsorbent dosage on the
Pb(II) removal efficiency for a constant Pb(II) concen-
tration (20mg/L) at 298 K. The Pb(II) removal effi-
ciency increased rapidly from 44.50 to 90.75% with
increasing adsorbent dosage from 0.05 to 0.2 g, and
then decreased gradually to 78.16% with further
increase in adsorbent dosage. The maximum removal
efficiency was 90.75%. The increase in adsorbent dos-
age did not obviously give rise to Pb(II) removal effi-
ciency. This was due to active adsorption sites being
occupied, but not remaining saturated. Accordingly,
the increase in adsorbent dosage did not provide
higher uptake of Pb(II) ions.

When the concentration of Pb(II) was increased
and the amount of adsorbent held constant (0.2 g), the
adsorption decreased for the same adsorption time
(Fig. 4). The adsorption decreased from 90.75 to
75.40% as the Pb(II) concentration was increased from
20 to 60mg/L for a CS amount of 0.2 g. The lower
uptake at higher concentration can be explained as the
total number of available adsorption sites being fixed
for a given adsorbent dose, hence adsorbing almost
the same amount of adsorbate, thus resulting in a
decrease in the removal of adsorbate, corresponding
to an increase in initial adsorbate concentration.
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3.3. Effect of pH on the removal of Pb(II)

Fig. 5 shows the variation of Pb(II) removal effi-
ciency with initial pH of the solution. It is clear that
the pH of the solution has a significant impact on the
adsorption of Pb(II) onto CS. A slight increase in

adsorption was found as the pH was increased from 2
to 4, while a more significant decrease was obtained at
a pH of 5, and then flattened to reach a maximum at
92.06% with a further increase in pH to 6. At pH < 6.5,
the dominant species of Pb(II) is Pb2+ and Pb(OH)+

Table 1
Characterization of CS

Surface area (m2/g) Pore volume (mL/g) Pore size (nm)

BET Single point BJH adsorption Single point BJH adsorption BET BJH adsorption

21.008 16.686 4.415 0.0173 0.00252 3.294 2.288

Fig. 1. SEM micrographs of CS.
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Fig. 2. FTIR spectrum of CS and Cs loaded Pb(II).
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Fig. 3. Effect of adsorbent dosage on Pb(II) removal
efficiency by CS.
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[18]. The Pb(II) adsorption on the CS may be caused
by large amounts of relatively easily accessible hydro-
xyl and carboxyl groups in the CS [19], as the result of
FTIR analysis (Fig. 2) proved that hydroxyl and car-
boxyl groups are present in CS particles. Therefore, it
is believed that the adsorption of Pb(II) on CS is domi-
nated by electrostatic attraction depending on the
functional groups –COO− and Pb2+ [20]. This may be
due to active adsorption sites remaining protonated at
low pH, and becoming less available for metal ion
adsorption [21]. As pH increases, the concentration of
H+ ions decreases, hence they do not compete with
metal ions on the adsorption sites. This variation is
quite similar to previous reports [22,23]. Several

studies have been conducted using various adsorbents
for Pb(II) removal. Table 2 presents a comparison of
the optimum pH of various adsorbents for Pb(II)
adsorption. It can be seen from Table 2 that the opti-
mum pH of CS to Pb(II) adsorption is within the
range of other studies.

3.4. Effect of time and kinetics

The kinetics were investigated with constant
amounts of CS at 298 K with four different Pb(II) con-
centrations, 10, 20, 30, and 40mg/L, for interaction
time intervals of 20min. Fig. 6 indicates that most of
the adsorption process takes place during the late
stages. Such behavior is expected in a batch reaction
with either a constant adsorbent amount or varying
initial adsorbate concentration, or vice versa [34]. In
the present case, the adsorbate-adsorbent interactions
approached equilibrium after approximately 3 h. The
kinetic rate constants and correlation coefficient values
(R2) obtained from pseudo-first order, pseudo-second
order, Elovich, and Weber–Morris models are given in
Table 3. It is clear that the pseudo-second-order
kinetics possess higher correlation coefficient values
(0.99–1) than the other models. The predominant pro-
cess of Pb(II) adsorption onto CS may be chemisorp-
tion, which is usually restricted to just one layer of
molecules on the surface, although it may be followed
by additional layers of physically adsorbed molecules
[35]. The mechanism of adsorption commonly involves
three steps: (a) the Pb(II) is transferred across the
external boundary layer film of liquid surrounding
the outside of the particle; (b) the Pb(II) is diffused to
the adsorption site; and (c) the Pb(II) is adsorbed at
sites on the surface. For Pb(II) adsorption onto CS, we
attempted to predict the mechanism of adsorption and
desorption as shown in Fig. 7. The adsorption of Pb
(II) may explained as the surface active sites being all
occupied, and the adsorbates diffusing into the inner
pores for further interaction.

3.5. Adsorption isotherm

The adsorption isotherm results (Fig. 8) and con-
stants of the Langmuir, Freundlich, Redlich–Peterson,
and Temkin isotherm models are given in Table 4.
The result of regression analysis to calculate the
parameters of four isotherms indicated that the value
of maximum adsorption capacity per unit weight of
adsorbent for the Langmuir model is 15.0269mg/g.
The values of n and KF obtained from the Freundlich
model were 0.4975 and 3.0364 L/g, respectively.
Table 4 shows that the Freundlich model had the
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Fig. 4. Effect of initial concentration on Pb(II) removal
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lowest values of regression coefficients compared to
the other isotherm models. The results show that the
Temkin model was the more favorable model, and the
heat of adsorption linearly increased as the thickness
of the Pb(II) layer on the adsorbent gradually
increased, because of reduced adsorbate-adsorbent
interaction [36].

The essential characteristic of the Langmuir
equation can be expressed in terms of a dimensionless
separation factor RL, which is defined as:

RL ¼ 1

1þ KLC0
(10)

where C0 is the initial dye concentration and RL

indicates the nature of the adsorption process. The
calculated RL values indicated adsorption of Pb(II) on
CS was favorable.

Table 2
The optimum pH of various adsorbent to Pb(II) adsorption

Adsorbent Optimum or used pH References

Goethite 5.5 [24]
Red pozzolan 6.0 [25]
Activated carbon surface modifications 5.5 [26]
Basic oxygen furnace slag 6.0 [27]
Azadirachta indica (Neem) leaf powder 7.0 [1]
Sea nodule residues 5.6 [28]
Poly(ethylene terephthalate)-g-acrylamide fibers 5.5 [29]
Bamboo dust carbon 7.2 [30]
Commercial activated carbon 7.2
Peanut hull ash 6.0 [31]
Leaves of date trees 5.8 [32]
Pine cone activated carbon 6.7 [33]
Portulaca plant 6.0 [22]
Corn straw 6.0 Present study
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Fig. 6. Effect of time on adsorption of Pb(II) onto CS.

Table 3
Values of kinetic model parameters estimated for the Pb(II) adsorption on CS

Kinetic models Parameters 10mg/L 20mg/L 30mg/L 40mg/L

Pseudo-first-order model k1 (h
−1) 1.5440 1.5871 1.6461 1.5452

R2 0.9403 0.8516 0.9533 0.9456
Pseudo-second-order model k2 (g/(mg h)) 0.000875 0.006403 0.000692 0.000858

R2 1.0000 0.9994 0.9999 0.9999
Elovich model a (mg/g) 0.3631 0.9302 1.2166 1.743

b (mg/(gmin)) 1.0537 0.1009 2.0044 1.7835
R2 0.9206 0.9889 0.9511 0.9725

Weber–Morris model kt (g/(mgmin)1/2) 0.1599 0.4301 0.5455 0.7910
c (mg/g) 1.3573 0.7935 2.9809 3.1433
R2 0.7537 0.8927 0.8704 0.8457
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Fig. 7. The adsorption and desorption mechanism of Pb(II) onto CS.
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4. Conclusion

CS was used as an adsorbent for removal of Pb(II)
from aqueous solutions. This material exhibited out-
standing adsorption performance for Pb(II) with a
removal efficiency of 90.75%. The optimal parameters
for the adsorption process were: an adsorbent dose of
0.2 g, a pH of 6, and a temperature of 298 K. The
kinetic experiments showed that the adsorption was
rapid, and maximum adsorption capacities were
achieved in 3 h. The adsorption process was well fit by
the pseudo-second-order model, and the adsorption
equilibrium followed the Langmuir model, which gave
the maximum adsorption capacity of 15.0269mg/g
at 298 K. The results indicate that CS may be effectively
used as an adsorbent without any treatment for the
removal of lead from aqueous solutions.
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J.A. Muñoz, Biosorption of heavy metals by activated
sludge and their desorption characteristics, J. Environ.
Manage. 84(4) (2007) 419–426.

[22] A. Dubey, S. Shiwani, Adsorption of lead using a new
green material obtained from Portulaca plant, Int. J.
Environ. Sci. Technol. 9 (2012) 15–20.

[23] H.H. Tran, F.A. Roddick, J.A. O’Donnell, Comparison
of chromatography and desiccant silica gels for the
adsorption of metal ions-I. Adsorption and kinetics,
Water Res. 33 (1999) 2992–3000.

[24] D.P. Rodda, B.B. Johnson, J.D. Wells, Modeling the
effect of temperature on adsorption of lead(II) and
zinc(II) onto goethite at constant pH, J. Colloid
Interface Sci. 184 (1996) 365–377.

[25] M.P. Papini, Y.D. Kahie, B. Troia, M. Majone, Adsorp-
tion of lead at variable ph onto a natural porous med-
ium: Modeling of batch and column experiments,
Environ. Sci. Technol. 33 (1999) 4457–4464.

[26] J. Rivera-Utrilla, I. Bautista-Toledo, M.A. Ferro-Garca,
C. Moreno-Castilla, Activated carbon surface modifi-
cations by adsorption of bacteria and their effect on
aqueous lead adsorption, J. Chem. Technol. Biotech-
nol. 76 (2001) 1209–1215.

[27] Y.J. Xue, H.B. Hou, S.J. Zhu, Competitive adsorption
of copper(II), cadmium(II), lead(II) and zinc(II) onto
basic oxygen furnace slag, J. Hazard. Mater. 162 (2009)
391–401.

[28] A. Agrawal, K.K. Sahu, B.D. Pandey, Systematic stud-
ies on adsorption of lead on sea nodule residues, J.
Colloid Interface Sci. 281 (2005) 291–298.

[29] R. Coskun, C. Soykan, Lead(II) adsorption from aque-
ous solution by poly(ethylene terephthalate)-g-acryl-
amide fibers, J. Polym. Res. 13 (2006) 1–8.

[30] N. Kannan, T. Veemaraj, Removal of lead(II) ions by
adsorption onto bamboo dust and commercial acti-
vated carbons—A comparative study, Eur. J. Chem. 6
(2009) 247–256.

[31] S.W. Liao, C.I. Lin, L.H. Wang, Kinetic study on lead
(II) ion removal by adsorption onto peanut hull ash, J.
Taiwan. Inst. Chem. Eng. 42 (2011) 166–172.

[32] F. Boudrahem, F. Aissani-Benissad, A. Soualah,
Adsorption of lead(II) from aqueous solution by using
leaves of date trees as an adsorbent, J. Chem. Eng.
Data. 56 (2011) 1804.

[33] M. Milan, P. Milovan, B. Aleksandar, Z. Aleksandra,
R. Marjan, Removal of lead(II) ions from aqueous
solutions by adsorption onto pine cone activated
carbon, Desalination 276 (2011) 53–59.

[34] M.J. Ahmed, S.K. Dhedan, Equilibrium isotherms and
kinetics modeling of methylene blue adsorption on
agricultural wastes-based activated carbons, Fluid
Phase Equilib. 317 (2012) 9–14.

[35] E.N. El Qada, S.J. Allen, G.M. Walker, Adsorption of
methylene blue onto activated carbon produced from
steam activated bituminous coal: A study of equilib-
rium adsorption isotherm, Chem. Eng. J. 124 (2006)
103–110.

[36] Y.C. Sharma, Uma, S.N. Upadhyay, Removal of a
cationic dye from wastewaters by adsorption on
activated carbon developed from coconut coir, Energy.
Fuels. 23 (2009) 2983–2988.

D. Jia and C. Li / Desalination and Water Treatment 56 (2015) 223–231 231


	Abstract
	1. Introduction
	2. Experiment
	2.1. Preparation and characterization of the adsorbent
	2.2. Preparation of the metal solution
	2.3. Pb(II) adsorption experiments
	2.4. Adsorption kinetics
	2.5. Adsorption isotherms

	3. Results and discussion
	3.1. Characterization of the adsorbent
	3.2. Effect of adsorbent dosage and concentration
	3.3. Effect of pH on the removal of Pb(II)
	3.4. Effect of time and kinetics
	3.5. Adsorption isotherm

	4. Conclusion
	Acknowledgments
	References



