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a b s t r a c t

The potential to remove Cu2+ and Pb2+ ion from aqueous solutions through biosorption using barley straw
(BS) was investigated in batch experiments. The main parameters influencing Cu2+ and Pb2+ ion sorption
on BS were: initial metal ion concentration, amount of adsorbent, contact time and pH value of solution.
The influences of initial Cu2+ and Pb2+ ion concentration (0.1–1 mM), pH (2–9), contact time (10–240 min)
and adsorbent amount (0.1–1.0 g) have been reported. Equilibrium isotherms have been measured and

2+ 2+
eywords:
traw
arley
orption
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modelled. The percent adsorption of Cu and Pb ions increased with an increase in pH and dosage of
treated BS. The biosorptive capacity of the BS was dependent on the pH of Cu2+ and Pb2+ ion solution.
Adsorption of Cu2+ and Pb2+ ion was in all cases pH dependent showing a maximum at equilibrium pH
value at 6.0. The equilibrium sorption capacities of Cu2+ and Pb2+ after 2 h were 4.64 mg/g and 23.20 mg/g
for BS, respectively. The adsorption data fit well with the Langmuir isotherm model and the experimental
result inferred that complexation on surface, adsorption (chemisorption) and ion exchange is one of the

isms
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. Introduction

Excessive release of heavy metals into the environment due
o industrialization and urbanization has posed a great problem
orldwide. Today, with the rapidly increasing urban population

nd water resources becoming more and more scarce, there is a
trong need to reconsider our consumption patterns and the way
e use our water resources. Unlike organic pollutants, the major-

ty of which are susceptible to biological degradation, heavy metal
ons do not degrade into harmless end products [1]. The presence
f heavy metal ions is a major concern due to their toxicity to many
ife forms. Developing countries suffers from water pollution; the
igh costs of contents and treatments make the major problems

n these countries. Search for a cheaper alternative, reveals that
tilizing natural materials significantly reduce high cost of water
reatment.

Pb2+ ion is among hazardous materials that are most commonly
ound in an industrial wastewater, thus its removal is of utmost
mportance. Lead has many different uses. Its most important use

s in the production of some types of batteries. It is also used in the
roduction of ammunition, in some kinds of metal products (such
s sheet lead, solder, some brass and bronze products, and pipes),
nd in ceramic glazes [2]. Lead causes plant and animal death
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s well as anemia, encephalopathy, cognitive impairment, brain
amage, mental deficiency, anorexia, kidney damage, behavioural
isturbances, vomiting and malaise in humans [3].

Copper and its compounds are widely used in many industries
nd there are many potential sources of copper pollution. The con-
inued intake of copper by human beings leads to necrotic changes
n the liver and kidney, mucosal irritation, wide spread capillary
amage, depression, gastrointestinal irritation, and lung cancer
4]. According to Safe Drinking Water Act the permissible limit of
opper in drinking water is 1.3 mg/L [5]. Excessive copper concen-
rations can lead to weakness, lethargy and anorexia, as well as
amage to the gastrointestinal tract [6].

Heavy metal contamination exists in aqueous wastes of many
ndustries, such as metal plating, mining operations, refining ores,
aint and pigments, tanneries, chloralkali, sludge disposal, radia-
or manufacturing, smelting, alloy industries and storage batteries
ndustries, etc. [7]. The conventional methods used to remove
oxic metals from aqueous effluents include membrane filtration
8], chemical precipitation [9], ion exchange [10], and adsorption
11]. In the major part of cases the use of these methods in the
emediation processes is precluded due to high costs involved
12]. Conventional methods for the removal of heavy metals from
astewaters, however, are often cost prohibitive having inadequate
fficiencies at low metal concentrations, particularly in the range
f 1–100 mg/L [13]. For this reason, low cost adsorbents have been
valuated for the removal of heavy metals from aqueous solutions.

Biosorption is a promising technique for the removal of heavy
etals from aqueous environments especially when adsorbents

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:erolpehlivan@gmail.com
mailto:erolpehlivan@yahoo.com
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bent. The pH dependence of equilibrium adsorption data of metal
ions in solution is shown in Fig. 1. The results of these experi-
ments showed that solution pH increased slightly after reaching
equilibrium where a maximum increase in solution pH of 0.4 was
E. Pehlivan et al. / Journal of Haz

re derived from lignocellulosic materials [14]. The search for
ew technologies to remove toxic metals from wastewaters has
irected attention to biosorption, which is based on metal binding
o various biological materials. Biosorption is a fast and reversible
eaction of the heavy metals with biomass. Laszlo and Dintzis [15]
ave shown that lignocellulosics have ion-exchange capacity and
eneral sorptive characteristics, which are derived from their con-
tituent polymers and structure. The polymers include extractives,
ellulose, hemicelluloses, pectin, lignin and protein. Agricultural
y-products vary greatly in their ability to remove metals from
olution. The ability of biological materials to adsorb metal ions has
eceived considerable attention for the development of an efficient,
lean and cheap technology for wastewater treatment at metal con-
entrations as low as 1 mg/L [16].

Several materials are derived from natural resources, plant
astes or industrial by-products such as peat, wood, barley, rice
usk, plant straw, rice bran, peanut straw, almond straw hazel-
ut straw, algal biomass, banana pith, soybean, cottonseed hulls,
umic acids, tree bark, sugar beet pulp, leaves, green algae, acti-
ated carbon fibers, coconut waste, wood and straw have all been
nvestigated for their ability to sequester trace metals from water.
he removal of heavy metal ions using low-cost abundantly avail-
ble adsorbents: agricultural wastes such as tea waste and coffee
17], hazelnut straws [18], peanut hull [5], sawdusts [19], pinus
ark bark [20] and different bark samples [21], husk [22], Ponkan
andarin peels [23], modified cellulosic materials [24], corncobs

25], apple wastes [26], wool fibers [27], tea leaves [28], banana
nd orange peels [29], sugarcane bagasse [30], papaya wood [31],
aize leaf [32], leaf powder [33], grape stalk wastes [34] and

ifferent agricultural by-products [35,36] were used and investi-
ated.

Cost is an important parameter for comparing the sorbent
aterials. However, cost information is seldom reported, and the

xpense of individual sorbents varies depending on the degree of
rocessing required and local availability. The aim of this study was
o find out the effectiveness of less expensive material that could be
sed as sorbent for the removal of Cu2+ and Pb2+ ions from aqueous
olution. The Cu2+ and Pb2+ ion retention on BS has been carried out
atchwise where the influence of physico-chemical key parameters
uch as the solution pH, the initial metal concentration, contact
ime, and ionic strength has been considered.

. Materials and methods

.1. Adsorbent

The BS was obtained from a farm in the vicinity of Konya, Turkey,
ere ground using a with a grinding machine (Retsch RM 100)

nd the resulting powdered straws were sieved to obtain parti-
le size under 75 �m. Before their use, BS powder was washed
horoughly with deionized water and oven dried at 100 ◦C for
4 h. All chemicals were of an analytical grade. Test material solu-
ions were prepared by dilution of copper nitrate, Cu(NO3)2 and
ead nitrate, Pb(NO3)2 (Merck, Germany) with double distilled
ater.

.2. Apparatus

The pH measurements were performed with a pH meter (Orion

00S2). A thermo stated shaker (GFL 3033) and magnetic stirrer
IKAMAG-RO15) were used for the sorption experiments. An Atomic
bsorption Spectrometer (AAS) (Unicam 929) operating with an
ir–acetylene flame was used to analyze the Cu2+ and Pb2+ ion
oncentration in the solution.

F
d
m

Materials 164 (2009) 982–986 983

.3. Batch adsorption

The initial pH of the metal solution was adjusted to values in
he pH range of 2–9 by the addition of 0.1 M HC1 or 0.1 M NaOH
rior to experiment. The addition of KNO3 solution into the mixture
hanged the ionic strength. Samples of the sorbents (0.5 g by dry
eight) were equilibrated with certain volume of metal solutions

t varying concentrations (0.1–1 mM), pH values (2–9), and ionic
trengths (0.01–0.1 M). The concentration decay curves and equi-
ibrium sorption capacities were determined in batch experiments
y shaking, at predetermined times, sealed test tubes containing
.5 g of sorbent and 80 mL of 10−3 M metal solution. The sorbents
nd solution were separated by filtration through a membrane fil-
er (0.45 �m). Sorption of metal ion by the filter was controlled
y washing the filter twice with diluted HCl and analyzing the
ltrate for the remaining metal ion concentration. The metal ion
oncentration in the original solution and left in bulk solution were
etermined by the AAS technique. Blank test for reference solution
distilled water) was repeated during every sample measurement.
xperiments and analysis have been carried out three times and
he relative standard deviation was ±0.9%.

Time dependent experiments were carried out by shaking the
dsorption mixture at various predetermined intervals and analyz-
ng the metal ion content at the end of the contact time. The amount
f the metal adsorbed (mg) per unit mass of biomatrix was obtained
y using the equation:

t = (Co − Ct) V

m
(1)

here qt is the adsorbed metal (mmol/g adsorbent) on the sorbent,
is the weight of sorbent (g), V is the volume of metal solution

L), Co is the initial metal concentration (mmol/L), and Ct is the
etal concentration (mmol/L) at any time. When t is equal to the

quilibrium contact time, then the amount of metal ion sorbed at
quilibrium, qe, is calculated using Eq. (1).

. Results and discussion

.1. Effect of pH on Cu2+ and Pb2+ ion removal

The pH influences the protonation or deprotonation of the adsor-
ig. 1. Effect of pH on the adsorption of Cu2+ and Pb2+ using BS. Adsorption con-
itions; initial concentration of metal: 1.0 mM, 0.5 g sorbent, 20 mL of adsorption
edium, temperature: 25 ± 1 ◦C.
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btained with biosorbent mass of 0.50 g. For that reason pH of the
quilibrium solution was accepted as the initial solution pH values.
he percent sorption of Cu2+ increased with increase in pH and
eached maximum 65.2% for 1 mM initial concentration at pH 6.0.
he percentage Cu2+ removal increased from 60.0% to 69.0% with
n increase of pH from 3.0 to 6.4 and thereafter removal decreased
rom 69% to 50% with an increase of pH from 6.4 to 9.0. The per-
entage sorption of Pb2+ increased with increase in pH and reached
aximum 88.0% for 1 mM initial concentration at pH 6.0. The per-

entage Pb2+ removal increased from 70.0% to 88% with an increase
f pH from 2.5 to 6.0 and thereafter removal decreased from 88% to
5% with an increase of pH from 6.0 to 9.0.

One of the important factors in biosorption studies is the effect
f the acidity of the medium. At very low pH values, the binding
ites on the BS are likely to be protonated resulting in poor metal
inding levels. An optimum pH range usually between pH 4.0 and
H 6.4 leaves the binding sites unprotonated and metal binding is
aximised. As can be seen from Fig. 1, the maximum of biosorption

or both metallic ions took place at about pH ranges 5.0–6.4. The
iosorption of metal ions increased from 2.0 to 5.0 and for pH values
igher than 6.4, the amount of metallic ions uptaken was decreased.

It is also known that heavy metal cations are completely
eleased under circumstances of extreme acidic conditions. Metal
iosorption is a rather complex process affected by several factors.
echanisms involved in the biosorption process include adsorption

chemisorption), complexation on surface and pores, ion exchange,
icroprecipitation, heavy metal hydroxide condensation onto the

iosurface, and surface adsorption [37]. A possible explanation to
his observation for metallic ion biosorption could be attributed
hat at lower pH values, the dissociation of the carboxylic acids
eading to the formation of carboxylate groups plus H+ will be pre-
luded, since the pKa of carboxylic acids ranges from 3.8 to 5.0 [23].
herefore, an increase in the pH value from 2.0 to 5.0 will lead to
remarkable increase in the amount of metallic ion biosorbed. A
ecrease in adsorption, pH values higher than 6.4, was due to the
ormation of soluble hydroxyl complexes and leads to a decrease
f biosorption process, as already observed for other biosorbent
ontaining carboxylic acids [38].
.2. Effect of time on the removal of metal ions

Fig. 2 illustrates the effect of sorption time on sorption efficiency.
he equilibrium time was found to be 60 min and independent of
nitial metal concentration. The plots indicate that the metal ions

ig. 2. Effect of contact time on the sorption of Cu2+ and Pb2+ by BS. Adsorption
onditions; initial concentration of metal: 1.0 mM, 0.5 g sorbent, 20 mL of adsorption
edium, temperature: 25 ± 1 ◦C, pH 6.
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ig. 3. Sorption isotherm of Cu2+ and Pb2+ ion on BS as a function of initial metal
oncentration (0.1–1 mM) at pH 6.0; 0.5 g sorbent, 80 mL of adsorption medium,
emperature: 25 ± 2 ◦C.

dsorbed increase rapidly in the beginning and become very slow
n the end. The majority of metal ion in adsorption equilibrium was
chieved in between 15 and 50 min for Cu2+ ion and the sorption
ends toward saturation at 90 min. The majority of metal ion in
dsorption equilibrium was achieved in between 10 and 50 min for
b2+ ion and the sorption tends toward saturation at 60 min. The
nitial faster rate of metal sorption may be explained by the large
umber of sorption sites available for adsorption. For the initial bare
urface, the sticking probability is large, and consequently adsorp-
ion proceeded with a high rate. The slower adsorption rate at the
nd is probably due to the saturation of active sites and attainment
f equilibrium.

.3. Effect of initial metal ion concentration

The effect of metal concentration on the sorption by the BS
as investigated by varying the metal concentration (0.1–1 mM)

t a pH of 6.0 for 60 min equilibrium time (Fig. 3). The percentage
f sorption is highly dependent on the initial concentration. The
emoval curves are single smooth and continuous suggesting the
ormation of monolayer of adsorbate on the surface of sorbent. The
ercent metal ion removal of BS increased with increasing metal

on concentration. This is obvious that for higher initial concentra-
ions, more efficient utilization of sorption sites is expected due to
greater driving force by a higher concentration gradient.

Isotherms studies provide information on the capacity of sor-
ent, which is a most important parameter for a sorption system.
haracterisation of the adsorption process is often carried out
sing a number of isotherm models. These include the most com-
on Langmuir (Eq. (2)) and Freundlich (Eq. (3)) isotherms. These

sotherms relate metal uptake per unit weight of resin qe to the
quilibrium metal ion concentration in the bulk fluid phase Ce.

The Langmuir model has eventually been empirically most often
sed since it contains the two useful and easily imaginable param-
ters (Kb and As) which are more easily understandable since they
eflect the two important characteristics of the sorption system
36,37,39,40]. The general form of both these models are:

Langmuir equation:

C 1 C
e

qe
=

KbAS
+ e

AS
(2)

here As (mol/g) and Kb (L/mol) are the coefficients, qe is the weight
dsorbed per unit weight of adsorbent and Ce is the metal concen-
ration in bulk solution at equilibrium.
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Table 1
Freundlich and Langmuir adsorption isotherm parameters.

Metals Freundlich isotherm method Langmuir isotherm method

Kf
a n R2 Kb As

a R2

C 67.087 0.073 0.978
P 169.420 0.112 0.987

q

w
c
i

m
t
s
c
s
a

3

i
o
d
T
a
T
r
c

3

i
0
c
i
i
a
p

T
M

A

F

F

F
t
a

3

D
t
i
1
u
b
t
t
t
d
C

u 0.662 1.444 0.974
b 0.846 1.858 0.976

a mmol/g dry sorbent.

Freundlich equation:

= KfC
n
e (3)

here n is the Freundlich constant and Kf is the adsorption coeffi-
ient, q is the weight adsorbed per unit weight of adsorbent and Ce

s the equilibrium metal concentration in fluid.
Since the correlation coefficients were high for each

etal–sorbent equilibrium condition as seen from Table 1,
he Langmuir-type sorption isotherm was suitable for equilibrium
tudies. Cu2+ sorption capacity was 4.64 mg/g and Pb2+ sorption
apacity was 23.20 mg/g for BS (Table 1). A wide range of low-cost
orbents has been studied worldwide for Cu2+ and Pb2+ removal
nd adsorption capacities were given in Table 2 [41–49].

.4. Effect of ionic strength

The effect of the interfering ion KNO3 on the sorption of metal
ons was evaluated. Increasing ionic strength influenced aque-
us phase equilibrium between metal ion and BS. Metal sorption
ecreased with increasing ionic strength of the aqueous solution.
he electrostatic attraction at low ionic strength appears to play
negligible role in the removal of Cu2+ and Pb2+ for sorbents.

he results indicated that there was no significant decrease in the
emoval of metal ion for the interval of (0.01–0.1 M) KNO3 ionic
oncentration.

.5. Effect of amount of sorbent

The effect of variation of sorbent amount on the removal of metal
ons by BS is shown in Fig. 4. Amount of sorbent was varied from
.1 to 1 g and equilibrated for 60 min at an initial metal ion con-
entration of 1 mM. It is apparent that the metal ion concentration

n solution decreases with increasing sorbent amount for a given
nitial metal concentration. This result was anticipated because for
fixed initial solute concentration, increasing amount of adsorbent
rovides greater surface area.

able 2
etal sorption capacities of some sorbents reported in literature.

dsorbent Sorption capacity (mg/g) Reference

or copper ion
Sour orange residue 21.70 [42]
Banana peel 4.75 [43]
Sawdust 1.79 [44]

Barley straw 4.64 This study

or lead ion
Sphagnum moss peat 30.70 [45]
Tree fern 40.00 [46]
Sawdust 21.05 [47]
Rice husk 11.40 [41]
Chitosan 8.31 [49]

Barley straw 23.20 This study

r
t
r
a
2

4

P
c
P
6
t
t
r
b
m
L
e
c

ig. 4. Effect of sorbent dosage on the sorption of Cu2+ and Pb2+ on BS. Adsorp-
ion conditions; initial concentration of metal: 1.0 mM, 0.1–1 g sorbent, 20 mL of
dsorption medium, temperature: 25 ± 1 ◦C.

.6. Desorption studies

The reversibility of the adsorption process was also investigated.
esorption studies are helpful to explore the possibility of recycling

he adsorbents and recovery of the metal resource. Desorption stud-
es were conducted by mixing approximately 1 g of BS with 25 mL of
mM metal ion concentration. Desorption studies were carried out
sing 0.1 M HCl solution as stripping agents. Metal loaded biosor-
ent obtained from our sorption experiments was transferred to
he vessels and shaken with 50 ml of each acid for 24 h. In order
o determine the reusability of the sorbents after sorption process,
he sorbents were taken out from the solution and washed with
eionized water. The filtrate was analyzed for desorbed metal ion.
oncentration of the desorbed ion corresponded to the amount
eleased and enabled the determination of the percentage frac-
ion of desorption. Consecutive biosorption–desorption cycles were
epeated three times by using the same sorbents. The total loss-
mount of metal ion released from sorbents varied from 20.0 to
5.0%.

. Conclusion

BSs can be an altenative sorbent for the removal of Cu2+ and
b2+ from aqueous solution. Cu2+ removal is built up; equilibrium
onditions were attained after 90 min of mixing of the solution.
b2+removal is built up, equilibrium conditions were attained after
0 min of mixing of the solution. The metal ion removal was a func-
ion of solution pH. The results indicate that the optimum pH for
he removal of metal ions by BS is pH 6.0 and 6.6 for Cu2+ and Pb2+,
espectively. Maximum uptake capacities by the BS were found to

e, 69.0 and 88.0% for Cu2+and Pb2+, respectively. Isothermal data of
etal sorption on straws can be modelled by both Freundlich and

angmuir isotherms. The data in the linearized forms (Langmuir
quation) gave satisfactory correlation coefficients for a part of the
overed concentration range. The equilibrium sorption capacities
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f Cu2+ and Pb2+ after 2 h were 4.64 mg/g and 23.20 mg/g for BS,
espectively.
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