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a b s t r a c t

There is no data about the corn silk usage as adsorbent for lead removal. In the present study, the corn silk

(CS), without any modification, was investigated for adsorption of Pb2+ ions from aqueous solutions. The CS

before and after Pb2+ adsorption was characterized by SEM-EDX and ATR-FTIR. The effect of pH, contact time,

CS dosage and initial metal concentration on process of adsorption was investigated using batch adsorption

procedure. The experimental data were fitted to Langmuir and Freundlich isotherm models, and the best data

fit was achieved with the Freundlich isotherm model. Also the Langmuir and Freundlich isotherm models

constants RL and n suggesting favorable adsorption of Pb2+ on the CS. Not only the ion-exchange mechanism

was confirmed as an adsorption mechanism but the complexation process has also been verified accord-

ing to results from ATR-FTIR spectra. Thermodynamic parameters were investigated too. Based on desorp-

tion study result, the adsorbent can be efficiently recovered. The present investigation qualified the corn silk

(Zea mays L.) as a possible good adsorbent of lead from aqueous solutions.

© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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. Introduction

In recent years the international community has increased its fo-

us on water related issues. It is of highest importance to protect

ater from all kinds of pollution and to find most sustainable solu-

ion for protection. Heavy metals, which are toxic in high concen-

rations, pollute water through large quantities of industrial waste

ropped regularly into the water and have the potential to accumu-

ate in the food chain. Lead is commonly used in many industries

uch as electroplating, mining, production of batteries and electrical

ccumulators. This metal is non-essential for living organisms, toxic

nd non-biodegradable. The high lead content in living organisms can

ause animal and plant death or serious health threats such as dull-

ess, headaches, mental deficiency and irritability in humans [1,2].

ence, it is important to put more focus on removal of lead from in-

ustrial waste water to prevent pollution of surface and subterranean

aters.

Over the last few decades the interest in the use of agro-industrial

aste as adsorbent of heavy metals from water solutions has in-

reased. Main features of these materials are low price, high effi-

iency and availability which give them advantage in comparison to

he common used techniques for metal removal from waste waters

3–5]. There are numerous reports on the use of agro-industrial waste
∗ Corresponding author. Tel.: +381 11 3691 722.
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aterials as potential adsorbents of heavy metals from aqueous

olutions. Zafar et al. [6] have investigated removal of Ni(II) using rice

ran. Velazquez-Jiminez et al. [7] have studied raw and treated agave

agasse as potential adsorbent of metal cations from water. Yargiç

t al. [8] have investigated the biosorption of Cu (II) from aqueous so-

ution by chemically-treated tomato waste. Ronda et al. [9] have in-

estigated adsorption of lead and copper onto almond shell. The men-

ioned investigations indicate that studied materials successfully can

e used as alternative adsorbents of heavy metals from waste water.

Maize, which is cultivated across the world, is the leader in grain

roduction on the global level and the yield is increasing each year.

fter maize harvesting, tassels, stalks, ears, leaves and corn silks can

e used in biodiesel production, as cattle feed or burned as a source of

nergy. The usage of a corn silk in traditional medicine to treat many

iseases is known [10–12], but despite its medicinal properties it is

till not used in pharmaceutical industry and it is treated as waste

aterial. Corn silk (CS) consists of numerous chemical compounds

uch as steroids, proteins, volatile oils and polyphenols [13,14] with a

arge number of functional groups (hydroxyl, carbonyl and carboxyl)

n the surface, making it favorable for the metal adsorption. However,

here is no data about lead or any other heavy metal removal by the

aw CS.

The main aim of this work was, for the first time, to investigate a

orn silk (CS) as a potential adsorbent for Pb2+ removal from aqueous

olutions. The SEM-EDX and ATR-FTIR analysis were carried out in

rder to characterize the surface morphology and functional groups

n the CS, before and after Pb2+ adsorption, i.e. CS availability for a
ts reserved.
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heavy metal adsorption. The effects of different operating parameters

such as pH, CS dosage, initial Pb2+ concentration and contact time,

and the possible mechanisms involved in Pb2+ adsorption on the CS

were investigated. The usefulness of CS as adsorbent for Pb2+ removal

from industrial waste water samples was also studied.

2. Materials and methods

2.1. Adsorbent preparation

CS was collected from the local cornfields near Belgrade

(Serbia). Collected biomaterial was washed several times with deion-

ized water to remove impurities, dried at 353 K, milled and sieved

into particle size less than 0.2 mm afterward, the CS was dried

and stored.

2.2. Metal solution preparation

The primary standard solution of Pb2+ (0.1 mol L−1) was prepared

by dissolving Pb(NO3)2 × 3H2O (p.a. grade) in deionized water. The

experimental solutions of different initial Pb2+ concentrations were

prepared by dilutions of stock solution with deionized water.

2.3. Adsorbent characterization

The point of zero charge (pHPZC) of CS was determined by the

batch equilibrium method described by Milonjic et al. [15]. Potas-

sium nitrate of different concentrations (0.001, 0.01 and 0.1 mol L−1)

was used and the initial pH values (pHi) of each KNO3 solution were

adjusted from 2.0 to 13.0 using 0.01 mol L−1 HNO3 and 0.01 mol

L−1 KOH. Then, 0.1 g of CS was added to each initial solution

(50 mL) and the suspensions were shaken for 24 h (250 rpm), fil-

tered through a filter paper and the pH value of each supernatant was

measured (pHf).

The morphology of CS before and after adsorption was analyzed

by Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

analysis (EDX) after coating of CS with gold. SEM-EDX analysis was

performed using a JEOL JSM-6610 LV SEM model.

The specific surface area and pore volume of CS were determined

by BET analysis (Micromeritics/ASAP 2020).

The functional groups that are involved in adsorption of Pb2+ on

the CS before and after adsorption were analyzed by Attenuated To-

tal Fourier Transform Infrared Spectroscopy (ATR-FTIR) using Thermo

Nicolet 6700 FT-IR.

2.4. Adsorption experiments

Adsorption experiments were carried out in a batch system. Ex-

periments were conducted in 100 mL Erlenmeyer flasks with 50 mL

of solution at room temperature. The suspensions were shaken in a

shaker at 250 rpm. The effect of initial pH on the Pb2+ ions adsorption

was studied in the range 2.0–6.0; the influence of contact time was

investigated in the range 2–180 min. In these experiments, the adsor-

bent dosage was 1 g L−1 and the Pb2+ concentration was 200 mg L−1.

The effects of initial Pb2+ concentration (20–1000 mg L−1) and adsor-

bent dosage (0.05–0.8 g) were also investigated at initial pH 5.0 and

room temperature. The initial pH value of each solution was adjusted

by adding small volumes of 0.01 mol L−1 HNO3 and/or 0.01 mol L−1

KOH and measured using pH meter (SensIon MM340). The suspen-

sions filtered and the initial and equilibrium concentration of Pb2+

in supernatants were determined by Atomic Adsorption Spectropho-

tometer (Perkin-Elmer, AAnalyst 300). All adsorption experiments

performed in triplicate.

The adsorption capacity of Pb2+ on the CS was calculated using

the following equation:

qe = (C0 − Ce)V/m (1)
here qe is the amount of Pb2+ adsorbed on the CS (mg g−1), C0

nd Ce are the initial and equilibrium Pb2+ concentrations in solu-

ion (mg L−1), V is the volume of Pb2+ solution (L) and m is the mass

f the CS (g).

All kinetic and isotherm model parameters were fitted by linear

nd non-linear fitting method, respectively, using Origin 7.0 software.

n this work, the correlation coefficient (R2) and the chi-square test

Eq. 2) were used to identify the goodness-of-fit.

2 =
n∑

i=1

(Qi − qi)
2/qi (2)

here Qi is the equilibrium capacity expected by the fitting model

mg g−1), qi is the equilibrium capacity from experimental data

mg g−1) and n is the number of experiments performed. In the case

f data from the model resulting in similar values as the experimental

ata, χ2 will be a small number [16].

.5. Desorption experiments

Desorption experiments were carried out in a batch system. The

S sample (0.5 g) was added in 500 mL of 200 mg L−1 Pb2+ solu-

ion and the suspensions were shaken for 120 min (250 rpm) at room

emperature, filtered through a filter paper and rinsed with deionized

ater. Afterward, Pb2+ loaded CS was added to 500 mL of 0.1 mol L−1

NO3 and shaken for 120 min (250 rpm) at room temperature. The

uspensions were filtered through a filter paper, rinsed, dried at 353 K

nd reused for desorption studies. The adsorption–desorption exper-

ments were repeated in five cycles. Desorption efficiency was calcu-

ated using the following equation:

E = (qd/qa)x100 (3)

here dE is desorption efficiency (%), qd is amount of Pb2+ desorbed

mg g−1) and qa is adsorption capacity of Pb2+ adsorbed on the CS

mg g−1).

. Result and discussion

.1. The point of zero charge of CS surface

The point of zero charge (pHPZC) is the pH value at which adsor-

ent surface charge takes a zero value. At pH value higher than pHPZC

dsorbent surface charge is negative and could interact with cations,

t pH value lower than pHPZC adsorbent surface charge is positive and

ould interact with anions [17,18]. The knowledge about of pHPZC may

ndicate the possible electrostatic interactions among adsorbent and

etal ions in solution [18].

The value of pHPZC was found to be 6.0 ± 0.1. The value of pHPZC is

imilar for all three KNO3 concentrations suggesting that the pHPZC

f the CS is independent of the ionic strength of this background

lectrolyte.

The adsorption of Pb2+ on the CS reaches its maximum at value

H < pHPZC (Fig. 3(A)) where the surface of CS is positively charged

ndicating that different mechanisms other than electrostatic forces

re involved in adsorption of Pb2+ on the CS [18].

.2. SEM – EDX characterization of CS before and after Pb2+ adsorption

The SEM micrographs (1000 and 3300 times magnification) and

DX spectrums of the CS before and after Pb2+ adsorption are shown

n Fig. 1.

Corn silk has a coarse surface morphology with a large number of

hannels (Fig. 1A–D). These micron size channels appear to be domi-

ant features in CS morphology [14]. Nevertheless, on Fig. 1(A–D) can

e seen that corn silk appears to have low porosity, which is typical

or raw biomaterials [9,19]. Successive BET anaysis has shown that CS
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Fig. 1. SEM micrographs of (A) raw CS (1000×); (B) CS after Pb2+ adsorption (1000×); (C) raw CS (3300×); (D) CS after Pb2+ adsorption (3300×); EDX spectrums of (E) raw CS;

(F) CS after Pb2+ adsorption.
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s predominantely a mesoporous material with average pore diam-

ter of 6.5 nm, but with very low porosity. Determined specific BET

urface area is just 1.357 m2 g−1.

Based on these facts, it is safe to say that nano pores of corn silk

o not play significant role in Pb2+ adsorption and that observed mi-

ro channels might be responsible for good adsorption characteris-

ics of the material. These channels allow the diffusion of Pb2+ ions,

nd thus provide more active sites for metal ion adsorption on the

nterior and exterior of the CS. On the surface of CS after Pb2+ adsorp-

ion, aggregates of lead are not visible indicating absence of micro-

recipitation (Fig. 1(B, D)). It is also noticeable that the surface of the

S has become porous and that delamination of the material has oc-

urred. The EDX spectrum of raw CS is shown in Fig. 1(E). As can be

een (Fig. 1(E)) the spectrum shows high content of Ca, K and P. Af-

er Pb2+ adsorption the Ca and K peaks decreased and peaks for Pb2+

ere observed (Fig. 1(F)). Hence, it could be assumed that Pb2+ was

ound to the CS over ion-exchange mechanism between Ca2+ and K+

nd Pb2+ [20].
.3. FTIR analysis of CS before and after Pb2+ adsorption

In order to determine the presence of functional groups involved

n the adsorption process of Pb2+ on the CS the comparison between

TIR spectrums before and after adsorption were done. The FTIR spec-

rums in the range 4000–400 cm−1 are presented in Fig. 2. The broad

dsorption band at 3287 cm−1 can occur from –OH stretching vibra-

ion [19]. The –CH symmetric and asymmetric stretching vibration

ould be attributed to the peaks at 2918 and 2850 cm−1 [21]. The

harp peak at 1732 cm−1 can result from the carbonyl vibration of

=O bonds of carboxylic acid or its ester [19,22]. The strong peak at

637 cm−1 is C=O stretching vibration of carboxylic acid that exist

n with intermolecular hydrogen bond [23,24]. The absorption peak

t 1546 cm−1 can be assigned to amide II band of protein peptide

onds [25] and peak at 1420 cm−1 corresponds to the C=C stretching

n aromatic ring [26–28]. In addition, the CH3 deformation and –OH

ending could be occurred at 1376 cm−1 [29]. Peak at 1250 cm−1 is at-

ributable to C–O stretching and the peak at 1150 cm−1 is attributable
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Fig. 2. The FTIR spectrums of raw CS and CS after Pb2+ adsorption.
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to C–O–C stretching [30]. Also, a broad adsorption band at 1032 cm−1

could be assigned to the C–N and C–O bonds [31].

As can be seen from Fig. 2 the intensity of the peaks in FTIR

spectra decreased after Pb2+ adsorption and the position of the

peaks for some functional groups were changed. The wavenumber

of the –OH stretching vibration increased from 3287 to 3331 cm−1

and the peak intensity significantly decreased. This may indicate a

possible complexation process and formation of surface complexes

[29]. The wavenumber of peaks at 1376 and 1150 cm−1 shifted and

the peak intensity decreased after Pb2+ adsorption indicating the in-

volvement of –OH in adsorption. The above mentioned groups were

all involved in Pb2+ adsorption on the CS, with the main involvement

of hydroxyl. The FTIR analysis confirmed that the complexation pro-

cess could occur in the adsorption of Pb2+ on the CS.

3.4. The effect of operating parameters

Initial pH value of sorbate is an important parameter for metal ad-

sorption due to its effect on the chemical speciation of the metal ions

in sorbate and ionization of functional groups on the adsorbent sur-

face. As can be seen from Fig. 3(A) the amount of Pb2+ adsorbed on

the CS increased slowly at pH 2.0 (3.0 mg g−1) to 3.0 (12 mg g−1),

while significant increase from 41.0 to 65.0 mg g−1 occurred at pH

ranging 3.5–5.0. For this reason, in this study initial pH 5.0 was cho-

sen as optimum pH for Pb2+ adsorption [31]. The low adsorption ca-

pacity of Pb2+ on the CS at low pH value of solution is obviously due

to the presence of the high concentration of available H+ ions which

compete with Pb2+ ions for the sorption sites on the CS [32]. With

the increase of pH value, the proton competition decreases leading to

enhance adsorption of Pb2+ on CS. Also, at lower pH value functional

groups became protonated resulting in unfavorable Pb2+ adsorption

on the CS surface.

In order to investigate the effect of adsorbent dosage on adsorp-

tion of Pb2+ on the CS the experiments were conducted in the range

0.05–0.8 g in 50 mL of metal solution. The obtained results are shown

in Fig. 3(B). As can be seen the amount of Pb2+ adsorbed on the CS

decreased from 67.0 to 11.1 mg g−1 as the CS dosage increased from

0.05 to 0.8 g and similar results were also reported in previous studies

[33]. One of the possible explanations for this phenomenon could be

that the adsorption sites remain unsaturated during the adsorption

process [34]. Another explanation could be a formation of aggregates

of adsorbent due to its high concentration [35].
The effect of contact time on the adsorption of Pb2+ onto the

S was studied. The results are shown in Fig. 3(C). As can be seen

Fig. 3(C)) the adsorption of Pb2+ on the CS is very rapid from 2 to

0 min when adsorption capacity increases significantly from 42.0 to

3.0 mg g−1 with increasing contact time. The fast adsorption in first

0 min may be due to a large number of active sites on the CS surface

vailable for Pb2+ adsorption. Afterward, from 30 to 120 min adsorp-

ion capacity increases slowly (from 63.0 to 67.0 mg g−1) and after

hat there is no visible change in adsorption capacity. Based on the

esults, 120 min was chosen as the equilibrium time.

The effect of lead initial concentration on the adsorption process

as investigated. As can be seen from Fig. 3(D) the adsorption ca-

acity increases from 30.5 to 85.0 mg g−1 as the Pb2+ initial con-

entration increases from 20 to 1000 mg L−1, respectively. This can

e attributed to the initial concentration that is, in itself, a power-

ul driving force for overcoming all mass transfer resistances of Pb2+

ons between the aqueous and solid phase. Therefore, a higher initial

oncentration of Pb2+ ions will increase the adsorption process [36].

.5. Kinetic studies

The adsorption kinetic study is very important in the adsorption

rocess because it provides valuable information for the design of the

dsorption system. Experiments were conducted at three initial Pb2+

oncentrations of 40, 100 and 200 mg L−1 at different temperatures

293, 303 and 313 K) varying contact time from 2 to 180 min. The

inetic of adsorption process were described by pseudo-first-order,

seudo-second-order and intra-particle diffusion kinetic models.

The linear form of the pseudo-first-order model of Lagergren [37]

an be expressed as the following equation:

og (qe − qt) = lnqe − (k1/2.303)t (4)

here k1 is the pseudo-first-order rate constant (min−1). The k1 and

e can be determined from the slope and intercept of the linear plot

f log (qe – qt) versus t.

The pseudo-second-order model can be expressed in linear form

s follows [38]:

/qt = 1/k2q2
e + (1/qe)t (5)

here k2 is the pseudo-second-order rate constant (min−1). The k2

nd qe can be calculated from the slope and intercept of the linear

lot of t/qt versus t.
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Fig. 3. Effect of operating parameters on Pb2+ adsorption on the CS: (A) pH; (B) CS dosage; (C) contact time and (D) initial Pb2+ concentration (pH 5.0; initial Pb2+ concentration

200 mg L−1; adsorbent dosage 0.05 g in 50 mL of metal solution; contact time 120 min and room temperature).

Table 1

Kinetic parameters for Pb2+ adsorption on the CS.

Temperature (K) 293 303 313

Pb2+ (mg L−1) 40 100 200 40 100 200 40 100 200

Pseudo-First-Order Model

qe,exp (mg g−1) 31.8 49.3 67.1 32.6 53.3 70.1 33.6 57.9 71.9

qe,cal (mg g−1) 10.5 9.8 18.4 11.2 11.1 17.9 11.6 9.8 12.4

k1 (min−1) 0.032 0.026 0.036 0.043 0.031 0.048 0.046 0.033 0.05

R2 0.966 0.917 0.981 0.979 0.960 0.989 0.989 0.923 0.978

Pseudo-second-order model

qe,cal (mg g−1) 32.4 49.7 67.8 33.0 53.8 70.8 34.0 58.3 71.9

k2 (g mg−1 min−1) 0.01 0.012 0.007 0.013 0.011 0.009 0.014 0.013 0.018

R2 0.999 0.993 0.996 0.997 0.994 0.995 0.997 0.998 0.997

Intraparticle diffusion Model

kint1 (mg g−1 min−1/2) 4.74 6.72 8.03 5.13 5.52 7.57 9.64 5.98 4.86

R2 0.998 0.991 0.992 0.995 0.992 0.989 0.997 0.990 1.000

kint2 (mg g−1 min−1/2) 0.73 0.61 1.54 0.7 0.68 1.48 0.64 0.56 1.01

R2 1.000 0.999 0.996 0.999 0.962 0.991 1.000 0.973 0.935

kint3 (mg g−1 min−1/2) 0.019 0.03 0.178 0.041 0.209 0.0684 0.187 0.21 −0.08

R2 0.370 0.826 0.718 0.539 0.843 0.785 0.851 0.843 −0.706
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The intra-particle diffusion model can be expressed as the follow-

ng equation [39]:

t = kintt
1/2 + C (6)

here kint is the intra-particle diffusion rate constant (mg g−1

in−1/2) and C is intercept. The kint can be obtained from the slope

f the linear plot of qt versus t1/2. The intra-particle diffusion model

howed multi-linearity suggesting that the adsorption of Pb2+ on the

S may occur more than one sorption steps.

The rate constant and experimental data of kinetic models are

hown in Table 1. Based on results, the correlation coefficient val-

es (R2 > 0.999) of the pseudo-second-order model are higher than
seudo-first-order and intra-particle diffusion model and also cal-

ulated values of qe (qe,cal) agree with experimental values. This

uggests that the adsorption of Pb2+ on the CS follows pseudo-

econd-order model and the adsorption involved complexation and

on-exchange mechanism [33,40,41], which was also verified by FTIR

nalysis and ion-exchange mechanism study.

.6. Adsorption isotherm studies

The adsorption isotherm models determine interaction between

he sorbat and the adsorbent, and describes the relation between

he amounts of sorbat adsorbed on the sorbent and the sorbat
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Fig. 4. Langmuir and Freundlich isotherm models for the Pb2+ adsorption on the CS at (A) 293, (B) 303 and (C) 313 K.
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concentration remaining in solution at equilibrium. In this work two

isotherm models (Langmuir and Freundlich) were applied in order to

test the obtained experimental results.

The Langmuir isotherm model is based on the assumptions that

(1) each active site can only react with one sorbate ion, (2) there is

no interaction between sorbed ions and (3) all sorption sites are en-

ergetically uniform. The Langmuir isotherm equation is [42]:

qe = qmaxKLCe/(1 + KLCe) (7)

where qmax is the maximum amount of Pb2+ adsorbed on the adsor-

bent (mg g−1) and KL is the Langmuir constant (L mg−1). The qmax

and KL can be determined from the slope and intercept of the non-

linear plot of qe versus Ce. The dimensionless constant (RL) describes

feasibility of Langmuir isotherm model and favorability of adsorption

process [43]. It is expressed as the following equation:

RL = 1/(1 + KLC0) (8)

where C0 is the highest initial Pb2+ concentration (mg L−1). The RL

values were evaluated at different temperatures.

The Freundlich isotherm model is based on adsorption of metal

ions onto heterogeneous sorbent surface and can be applied for mul-

tilayer adsorption. The Freundlich isotherm equation is [44]:

qe = KFC1/n
e (9)

where KF is the equilibrium constant and 1/n is an empirical param-

eter. The K and 1/n can be determined from the slope and intercept
F
f the non-linear plot of qe versus Ce. The n values were evaluated at

ifferent temperatures.

The Langmuir and Freundlich isotherm models for the Pb2+ ad-

orption on the CS at different temperatures are presented in Fig. 4.

Isotherm parameters for adsorption of Pb2+ on the CS are pre-

ented in Table 2. The values of correlation coefficients R2 and χ2

alues revealed that the Freundlich isotherm model provides a bet-

er fit to the experimental data. This indicates that the adsorption of

b2+ on the CS occurs at multilayer adsorption and adsorption at het-

rogeneous sorbent surface. As can be seen from Table 2 the n and RL

alues are between 0–1 and 0–10, respectively, suggesting favorable

dsorption of Pb2+ on the CS [45].

.7. Thermodynamic studies

Thermodynamic parameters for Pb2+ adsorption on the CS

ere studied at three different Pb2+ concentration (40, 100 and

00 mg L−1) at three temperatures (293, 303 and 313 K) and calcu-

ated by the following equations:

G = −RT ln Kd (10)

G = �H + T�S (11)

n K = −�H/RT + �S/R (12)
d
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Table 2

Langmuir and Freundlich isotherm parameters for adsorption of Pb2+ on the CS.

T (K) Langmuir isotherm model Freundlich isotherm model

qmax (mg g−1) KL (L mg−1) RL R2 χ2 KF (mg1-1/n L1/n- g−1) n R2 χ2

293 72.9 0.0011 0.48 0.619 142.5 23.3 5.26 0.974 9.72

303 72.8 0.0049 0.17 0.624 143.3 25.1 5.56 0.972 10.7

313 84.2 0.0021 0.32 0.890 49.7 17.8 4.11 0.924 34.5

Table 3

Thermodynamic parameters for Pb2+ adsorption on the CS.

Pb2+ (mg L−1) �G (kJ mol−1) at T (K) �H (kJ mol−1) �S (J mol−1 K−1)

293 303 313

40 −19.52 −20.62 −21.72 12.62 109.72

100 −16.83 −17.80 −18.76 11.47 96.59

200 −15.36 −16.12 −16.89 7.03 76.40
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here �G is the Gibbs free energy change (kJ mol−1), R is the univer-

al gas constant (8.314 J mol−1 K−1), T is absolute temperature (K) and

d (qe/Ce) is the distribution coefficient. The enthalpy change (�H)

nd entropy change (�S) values were obtained from the slope and

ntercept of the plot of ln Kd versus 1/T.

The thermodynamic parameters are presented in Table 3. The neg-

tive values of �G indicated spontaneity and feasibility of the Pb2+

dsorption on the CS. The decrease of �G with an increase of temper-

ture suggests that adsorption process is more energetically favorable

t higher temperatures [46–49]. Also, the increase of �G with an in-

rease in Pb2+ concentration suggests that the adsorption process is

ore favorable at lower concentrations. The positive value of �H in-

icates that the adsorption process is endothermic, while the positive

alues of �S implied the increased randomness at the solid/liquid in-

erface during Pb2+ adsorption on the CS [50]. A positive value of �S

lso indicated that there is an increase in the degree of freedom of

he adsorbed species [46–49].

.8. Adsorption mechanism

One of the mechanisms often involved in heavy metal adsorption

n biomaterials is the ion-exchange mechanism [51–53]. In order to

tudy involvement of ion-exchange mechanism in the adsorption of

b2+ on the CS, the relation between release of Ca2+, Mg2+, K+, Na+

nd H+ from CS and Pb2+ removal from aqueous solution is investi-

ated. At different Pb2+ initial concentrations (40–600 mg L−1) the

mount of Pb2+ removed from aqueous solution and amount of Ca2+,
Fig. 5. The amounts of Pb2+ removed and the amounts of ca
g2+, K+, Na+, and H+ cations released from the CS are shown in

ig. 5. The concentrations of K+, Na+, Ca2+ and Mg2+ in supernatants

ere measured by AAS.

As can be seen from Fig. 5, the ion-exchange mechanism is in-

olved in Pb2+ adsorption on the CS. The relation between the

mount of Ca2+, Mg2+, K+, Na+, and H+ cations released and the

mount of Pb2+ removed was not stoichiometric. At each Pb2+ ini-

ial concentration, the amount of cations released from the CS was

ower than the amount of Pb2+ removed from aqueous solution, sug-

esting the involvement of some other bonding mechanism. Summa-

izing the results from all of the above mentioned analysis it can be

oncluded that the whole process of Pb2+ adsorption on the CS was

ominated by two mechanisms: ion-exchange mechanism, followed

y a certain degree of surface complexation.

.9. Desorption studies

Desorption tests are necessary to perform because of the need

o recycle metal loaded CS and to dispose it. As can be seen from

ig. 6 the adsorption capacity decreased from 66.5 to 31.3 mg g−1

s the number of cycles increased. On the other hand, the des-

rption efficiency did not change evidently as the number of

dsorption–desorption cycles increased. Through five cycles the des-

rption efficiency of Pb2+ from CS was more than 88.5%. Based on the

esults, CS after Pb2+ adsorption can be efficiently recovered by HNO3

nd be reused for Pb2+ adsorption, but with decreased adsorbent

apacities. The decrease of the adsorbent capacity after numerous
tions released at different Pb2+ initial concentrations.
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Fig. 6. Adsorption/desorption study of Pb2+ on the CS.

Table 4

Adsorption capacities for Pb2+ removal of some agro-industrial waste materials reported in

literature.

Agro waste material (modification type) Adsorption capacity (mg g−1) References

Bamboo (partially hydrolyzed) 99.50 [33]

Corn silk (raw) 90.00 This study

Agave bagasse (HCl) 54.29 [7]

Agave bagasse (NaOH) 50.12 [7]

Grape stalk (raw) 49.94 [26]

Corn cob (CH3COOH) 43.40 [55]

Agave bagasse (HNO3) 42.31 [7]

Hazelnut shell (raw) 28.18 [28]

Ceiba pentandra hulls (activated carbon) 25.05 [54]

Corn cob (raw) 16.22 [55]

Almond shell (raw) 8.08 [28]

Corn cob (NaOH) 7.89 [55]

Table 5

The Pb2+ concentration in waste water samples before and after adsorption.

Sample Pb2+ ion concentration (mg L−1) MCLa

Before adsorption After adsorption

WW1 0.332 0.04 Drinking water: 0.05 mg L−1 [56]

WW2 0.206 <0.005 Industrial water: 0.1–1 mg L−1 [57,58]

a MCL-Maximum Contaminant Level

r

r

3

P

p

a

t

a

E

P

<

T

c

c

r

4

T

adsorption–desorption cycles shows that the Pb2+ adsorption on the

CS is a partially recoverable process.

3.10. Comparison of different agro-industrial waste materials

for Pb2+ removal

Comparison between adsorption capacities for Pb2+ removal of

different agro-industrial waste materials is presented in Table 4. Raw

corn silk, which is investigated in this study, has high adsorption ca-

pacity for Pb2+ removal in comparison with previous investigation

of raw and treated agro-industrial waste materials. Martinez et al.

[26], were investigated grape stalk as adsorbent for Pb2+ from aque-

ous solution Pehlivan et al. [28] were studied lead sorption by almond

and hazelnut shell. The adsorption capacities for these materials were

lower in comparison with CS (Table 4). At the other hand, some other

researchers were investigated modified agro waste materials as ad-

sorbent for lead removal from aqueous solutions [7,33,54,55]. Results

of these studies indicate that adsorption capacity for raw CS is higher

or similar in comparison with treated agro waste materials (Table 4).

It can be concluded that raw CS has better adsorption characteristic

which give them advantage in comparison with previous investigated

raw and treated agro waste materials. It should be emphasized that

CS can be used without any modification as good adsorbent for Pb2+
emoval from aqueous solution, which makes it low cost and envi-

onmentally friendly adsorbent.

.11. Removal of Pb2+ from the real samples

The efficiency of raw corn silk and its suitability for the removal of

b2+ ions from industrial waste water was investigated. For this pur-

ose waste water samples were obtained from Trepca Mines (WW1)

nd Mining and Smelting Basin, Bor (WW2) from Serbia. The concen-

rations of lead in waste water samples before and after adsorption

re measured by ICP-OES using Thermo Scientific ICAP 6500 Duo.

xperimental results are presented in Table 5. The corn silk reduce

b2+ ion concentration from 0.332 to 0.04 mg L−1 and from 0.206 to

0.005 mg L−1 from samples WW1 and WW2, respectively (Table 5).

he Pb2+ concentration in waste water samples after treatment with

orn silk is less than MCL for lead [56–58]. Based on this it can be

oncluded that corn silk can be used as effective adsorbent for Pb2+

emoval from industrial waste waters.

. Conclusion

In this work, the adsorption of Pb2+ on the CS was investigated.

he experimental results showed that operating parameters such as
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H, CS dosage, initial Pb2+ concentration and contact time greatly

ffected the adsorption capacity of Pb2+ on the CS. The adsorption

apacity range of raw corn silk was from 82.5 to 90 mg g−1 in the

emperature interval from 293 to 313 K, respectively. The kinetic

tudies of Pb2+ adsorption on the CS showed a good fitting with

seudo-second order kinetic model and also indicated that there

ere three steps in adsorption process. The obtained thermodynamic

arameters indicated that adsorption process was spontaneous, en-

othermic and energetically favorable at higher temperatures. The

omplexation and ion-exchange mechanism were involved in Pb2+

dsorption on the CS. Desorption study showed that the CS could be

egenerated using diluted nitric acid, and high desorption efficiency

as held in five adsorption–desorption cycles.

On the basis of the present investigation the corn silk (Zea

ays L.) can be utilized as an efficient and ecofriendly low-cost adsor-

ent, because it can successfully and rapidly remove dissolved lead

ons from aqueous solutions as well as from real effluents. Therefore,

t can be further examined and considered as a cheaper alternative to

ommercial filters.

Since corn silk has proved to be good adsorbent for Pb2+ removal,

urther investigation with other heavy metals will continue.
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