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bstract

In this study, the effect of temperature on the adsorption of Mn(II), Ni(II), Co(II) and Cu(II) from aqueous solution by modified carrot residues
MCR) was investigated. The equilibrium contact times of adsorption process for each heavy metals-MCR systems were determined. Kinetic data
btained for each heavy metal by MCR at different temperatures were applied to the Lagergren equation, and adsorption rate constants (kads) at
hese temperatures were determined. These rate constants related to the adsorption of heavy metal by MCR were applied to the Arrhenius equation,
nd activation energies (Ea) were determined. In addition, the isotherms for adsorption of each heavy metal by MCR at different temperatures were
lso determined. These isothermal data were applied to linear forms of isotherm equations that they fit the Langmuir adsorption isotherm, and the

angmuir constants (qm and b) were calculated. b constants determined at different temperatures were applied to thermodynamic equations, and

hermodynamic parameters such as enthalpy (�H), free energy (�G), and entropy (�S) were calculated and these values show that adsorption of
eavy metal on MCR was an endothermic process and process of adsorption was favoured at high temperatures.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Toxic metals accumulation from plastics manufacturing,
lectroplating, pigments, fertilizers, mining and metallurgical
rocess in waste streams impose big threat on environment
nd many ecosystems as a result of increasing industrial activi-
ies. The problems of ecosystem are increasing with developing
echnology. The contamination of water by toxic heavy met-
ls is a worldwide environmental problem. Their presence in
treams and lakes has been responsible for several health prob-
ems with animals, plants, and human beings. The discharge
f toxic and polluting metal ions into the environment and
unicipal sewers by the mining, metallurgical, electroplating,
lectronic, nuclear and other industries constitutes one of the
ajor causes of ground water contamination [1]. Toxic metal

ompounds coming to the earth’s surface not only contaminate

∗ Corresponding author. Tel.: +90 412 2488377; fax: +90 412 2488257.
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arth’s water (seas, lakes, ponds and reservoirs), but can also
ontaminate underground water in trace amounts by leaking
rom the soil after rain and snow. Therefore, the earth’s water
ay contain various toxic metals. One of the most important

roblems is the accumulation of toxic metals in food structures.
s a result of accumulation, the concentrations of metals can
e more than those in water and air. The contaminated food
an cause poisoning in humans and animals. Although some
eavy metals are necessary for growth of plants, after certain
oncentrations heavy metals become poisonous for both plants
nd heavy metal microorganisms. Another important risk con-
erning contamination is the accumulation of these substances
n the long term. Heavy metals are held in soil as a result of
dsorption, chemical reaction and ion exchange of soil. Heavy
etals have an effect on the enzymes. It has been determined

hat various metal ions hinder various enzymes responsible for

ineralization of organic compounds in the earth. Pollution by
etal ions such as Cr(III), Cu(II), Co(II), Mn(II), Ni(II), Zn(II),

tc., in wastewater are hazardous to the environment. Due to
he associated adverse health effects, a number of stringent

mailto:fguzel@dicle.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.09.087
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Nomenclature

A Arrhenius constant related to adsorption system
b Langmuir constant related to the energy of

adsorption (L mg−1)
C concentration of adsorbate at time t (mg L−1)
C0 initial concentration of adsorbate (mg L−1)
Ce equilibrium concentration of adsorbate (mg L−1)
Ea activation energy of adsorption (kJ mol−1)
�G free energy change of the sorption reactions

(kJ mol−1)
�H biosorption enthalpy (kJ mol−1)
k1,ads Lagergren rate constant of sorption (min−1)
k2,ads pseudo-second-order rate constant of sorption

(g mg−1 min−1)
q amount of adsorbate adsorbed at time t (mg g−1)
qe amount of adsorbate adsorbed at equilibrium

(mg g−1)
qm Langmuir constant related to the capacity of

adsorption (mg g−1)
R universal gas constant (8.314 J mol−1 K−1)
R2 correlation coefficient
�S entropy change of the sorption reaction

(kJ mol−1 K−1)
t time (min)
T absolute temperature (K)
V volume of adsorbate solution (L)
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2.2. Determination surface area
W weight of adsorbent (g)

egulations have been established to limit levels of toxic metals
n the environment. Toxic metal ions cause physical discom-
ort and sometimes life-threatening illness including irreversible
amage to vital body system. Heavy metals such as Mn(II),
o(II), Ni(II), and Cu(II) using in this study are among very
azardous metals. The presence of manganese and ferrous in
ater can influence the development manganese bacteria on
alls of pipes. The growing microorganisms cause corrosion of
ipes. Manganese is also toxic to the brain. This metal is abnor-
ally concentrated in the brain, especially in the basal ganglia,

esulting in neurological disorders similar to the Parkinson’s
isease [2]. Cobalt as a pollutant has many toxic effects such as
mparting neurotoxicological disorders, genotoxicity, carcino-
enicity, cardionyopathy and branchial asthma [3]. The chronic
oxicity of nickel to humans and environment has been well
ocumented. For example, high concentration of nickel causes
ancer of lungs, nose and bone [4]. Copper can cause serious
roblems such as stomach intestinal distress, kidney damage
nd anemia [5]. Therefore, studies on the removal of heavy
etal pollution are increasing [6]. Elements in every group of

he periodic table have been found to be stimulatory to ani-
als. Most metals in the fourth period are carcinogenic. It can
e assumed that the carcinogenicity is related to the electronic
tructure of transition and inner transitional [7]. The removal
f metal ions from dilute wastewaters has become an important
nd widely studied research area where a number of technolo-

1
a
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ies have been developed over the years. The most important
f these conventional physico-chemical methods for removing
eavy metals from water include chemical reduction, electro-
hemical treatment, ion exchange, precipitation and evaporative
ecovery. These processes are not generally economical enough
or wastewater treatment when the initial heavy metal concentra-
ions are in the range of 10–100 mg L−1. Precipitation methods
re particularly reliable but require large setting tanks for the
recipitation of voluminous alkalines sludges and a subsequent
reatment is need. Ion-exchange has the advantage of allowing
he recovery of metallic ions, but it is expensive and sophisti-
ated. This has encouraged research into discovering materials
hat are both efficient and cheap. Recently, many of researchers
eviewed a wide variety of low cost sorbents for the removal
f heavy metals. A low cost sorbent is defined as one which is
bundant in nature, or is a by-product or waste material from
nother industry. Biological wastes (microorganisms) obtained
rom certain industries (brewers, dairy products and pharma-
eutical) may be employed as a potential alternative to remove
he heavy metals from industrial solutions with remarkable eco-
omic advantages. Because the biosorption has been reported
s the more rapid mechanism, it has a more significant role in
he metal sorption from wastewater. The agricultural and forest
ndustries were studied as these materials could be assumed as
ow-cost since they require little processing and are abundant in
ature. Commonly, it concerns vegetal materials, then the term
f contaminants onto biomaterials [7–10].

In our study, modified black carrot residues (MCR) were
sed as low-cost adsorbent because of heaving etheric, esteric
arbonyl and aliphatic hydroxyl functional groups which have
igh potential for heavy metal adsorption. The objective of this
tudy was to feasibility of using the MCR for the removal
f Mn(II), Co(II), Ni(II), and Cu(II) which are heavy metals
eing carcinogenic by means of adsorption from aqueous solu-
ion as a function of temperature accompanied with constants
f the adsorption isotherm, well-known kinetic and thermo-
ynamic parameters. Batch experiments were carried out to
nvestigate adsorption properties onto MCR of used heavy

etal.

. Materials and methods

.1. Chemicals

MnSO4·H2O, CoSO4·7H2O, NiSO4·7H2O and CuSO4·
H2O were the heavy metal salts used as adsorbate in this
tudy. In addition, acetic acid, ethanol, sodium bicarbonate,
odium carbonate and sodium hydroxide were used as analyti-
al chemicals. All the chemicals used were of analytical reagent
rade.
The specific surface area of MCR was determined as
.127 m2 g−1 by applying the BET method using nitrogen gas
dsorption at 77 K.
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.3. Preparation of MCR

Carrot residue was used as a biosorbent for removal of using
eavy metals. It contained up to 12% of the weight of the origi-
al fruit. CR was collected in Adana region of Turkey, was first
ried at 80 ◦C, then washed with double distilled water several
imes to remove the adhering any dust and other water-soluble
mpurities. The sun dried biomass was cut into approximately
.5 cm sized pieces. The CR was dried in an oven at 80 ◦C
or 24 h. Then, in order to eliminate soluble components such
s tannins, resins, reducing sugars and coloring agents, the
esulting dried CR were heated under reflux conditions by sus-
ending with acetic acid–ethanol solutions (1:1, w/w) for 24 h,
nd washed with double distilled water until a constant pH was
chieved. The modified CR (MCR) was later dried at room
emperature overnight, sieved through 60-mesh size, and stored
n desiccators, until used for the used heavy metals sorption
xperiments.

.4. IR spectra

The IR spectra of raw CR, MCR and MCR adsorbed met-
ls used were obtained by using infrared spectrometer (IR)
Perkin-Elmer spectrophotometer). For IR studies, 5 mg of sor-
ent was encapsulated in 400 mg of KBr. Translucent disks
ere obtained by pressing the ground material with the aid of
bench press (955 kg for 10 min). The IR spectrums were then

ecorded.

.5. Determination of the functional groups on MCR

The functional acidic groups on MCR were determined by
sing Boehm’s titration method. As follows: 1 g of the MCR
as dispersed in 50 ml deionized water. The suspension was
ixed with 0.1N solutions of sodium bicarbonate, sodium car-

onate and sodium hydroxide, and then shaken for 48 h at room
emperature. This sample was then left 6 h so that particles can
ettle. The sample was then filtered and 10 ml filtrate was titrated
ith 0.1N volumetric standards HCl using a methyl red as the

ndicator [5,11].

.6. Modeling of sorption kinetics

Kinetic values of adsorption were determined by analyzing
dsorptive uptake of the heavy metals used from aqueous solu-
ion at different time intervals at 20, 40, and 60 ◦C temperatures.
ll the kinetical experiments were carried out at initial pH (pH:
.25) which is determined by waiting throughout a night in distil-
ated water of MCR. Kinetical experiments were repeated three
imes and the plots were drawn by calculating the average of
losed each other values of the experimental data. Then, equilib-
ium contact times for heavy metals used were determined from
raph drawing residual concentrations no adsorbed of adsor-

ate versus times. The kinetics of Cu(II), Ni(II), Co(II), and
n(II) sorptions by MCR at 20, 40 and 60 ◦C have been modeled

sing the first-rate equation of Lagergren, the pseudo-second-
ate equation second-order rate equation shown below as Eqs.

2
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1) and (2) [12,13].

og(qe − q) = log qe − k1,ads

2.303
(1)

A straight line of log(qe − q) versus t suggests the applicabil-
ty of this kinetic model. qe and k1,ads can be determined from
he intercept and slope of plot, respectively.

t

q
= 1

k2,adsq2
e

+ t

qe
(2)

The plot t/q versus t should give a straight line and qe and
2,ads can be determined from the slope and intercept of the plot,
espectively.

Numerical values for activation energy (Ea) of biosorption
rocess which were determined using the Arrhenius equation
Eq. (3)) [14].

n kads = ln A − Ea

RT
(3)

The plots of ln kads versus 1/T were found to be linear. Numer-
cal values for activation energy (Ea) were determined from
lopes of Arrhenius graphs related to biosorption process of
eavy metals onto MCR.

.7. Isotherm studies

Adsorption measurements were made by batch technique at
0, 40 and 60 ◦C temperatures to observe of temperature effect.
nown amounts of MCR were placed in 100 ml reagent bottles

ontaining 50 ml of Mn(II), Ni(II), Co(II) and Cu(II) solutions of
nown concentration prepared from the stock solutions (1 g/L)
y dissolving their sulphate salts in deionized water separately
nd were shaken for determined equilibrium contact times con-
erning heavy metals used, after contacting, the contents of the
ask were filtered and centrifuged to separate the sorbent from

he solution. Then, the filtrates were analyzed with an atomic
bsorption spectrophotometer (UNICAN model 929) to deter-
ine concentrations after sorption. All the sorption experiments
ere carried out at pH (pH 5.25) as defined above. Sorption

xperiments were repeated three times and the plots were drawn
y calculating the average of closed each other value of the
xperimental data. In this study, we take. The amount of adsorp-
ion at equilibrium, q was calculated using (Eq. (4)).

= (C0 − C)

W
V (4)

Isothermal data related to biosorptions of Mn(II), Ni(II),
o(II) and Cu(II) from aqueous solutions at different temper-
tures were analyzed using Langmuir linear isotherm equation
Eq. (5)) [15].

Ce

qe
= 1

bqm
+ Ce

qm
(5)
.8. Thermodynamics studies

Thermodynamic parameters such as �H, �G, and �S for
sing heavy metal ions adsorption by MRC were calculated
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Fig. 3. Infrared spectra of MCR adsorbed Mn(II).

1
i
O

Fig. 1. Infrared spectra of raw CR.

sing the following equations [16].

n b = ln b′ − ΔH

RT
(6)

G = −RT ln b (7)

G = �H − T�S (8)

The �H is determined graphically by plotting ln b versus 1/T
hich is obtained a straight line.

. Results and discussion

.1. Infrared Spectrums

Figs. 1–6 show the IR spectrums related to raw CR, MCR
nd MCR adsorbed metals used. The O H stretching fre-
uency of the cellulose in MCR ligand was observed at ca.
600 cm−1 as broader peak. Aliphatic C H stretching band was
bserved at 2920 cm−1. The bands at ca. 1636–1420 cm−1 and
a. 1326–1120 cm−1 in spectra of the CR are ascribed to olefinic

C stretching vibrations and the C H bending vibrations,

espectively.

In the IR spectra of MCR, most of the unreacted func-
ional groups (C C, C H, etc.) were like as free carrot but the
tretching vibrations of the carbonyl groups were appeared in

Fig. 2. Infrared spectra of raw MCR.

w
c
3
i

Fig. 4. Infrared spectra of MCR adsorbed Co(II).

736 cm−1. The existence of the bounding of –COOR groups
s the evidence of the successful esterification or modification.
n the other hand, since the acetic acid used in esterification
as diluted all of the OH groups in CR were not esterifi-
ated. So, O H bond stretching vibrations peaks were observed
600–3400 cm−1 and bending vibration of O H bonds appeared
n 1326 and 1242 cm−1.

Fig. 5. Infrared spectra of MCR adsorbed Ni(II).
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Table 1
The wave numbers (cm−1) of functional groups obtained from IR analysis of CR and MCR

CR MCR adsorbed Assignment

Cu(II) Ni(II) Co(II) Mn(II)

3600–3400 3600–3400 3600–3400 3600–3400 3600–3400 O H (intermolecular H bounded)
2920 – – – – Aliphatic C H
1636–1420 1593 1618 1636 1677 Aliphatic C C
– 05
1
– 2

t
t
g
o

I
W
n
l
o
T
T

3

B
o
b
n
h
g

1736 1773 18
055 – – –

482 539 58

The most of the functional groups vibrations were shifted
o high frequency region 5–10 cm−1 in MCR. Owing to forma-
ion of hydrogen bonds between carbonyl oxygen and hydroxyl
roups of MCR, highly extended in the stretching vibration peak
f the O H was observed.

Various metal cations were adsorbed by modified carrot.
R spectrums of each metal cations were recorded separately.

hile the radius of metal cations (Table 1) and the wave
umber of M2+· · ·•O stretching vibrations increase as paral-

el, decrease in amount of adsorbed of using heavy metals were
bserved (e.g. Co2+–O is 582 cm−1 and Ni2+–O is 539 cm−1).
he IR spectrum results of all functional groups are shown in
able 1.

3

C

Scheme 1. Binding of heav
1826 Carbonyl group (C O)
– C O
634 M2+· · ·•O

.2. Functional groups on MCR

The functional acidic groups on MCR were determined using
oehm’s titration method [5,11]. The numbers of acidic sites
f various types were under the assumption that sodium bicar-
onate can neutralize carboxyl groups; sodium carbonate can
eutralize carboxyl, lactones and lactols groups, and sodium
ydroxide can neutralize carboxyl, lactones, lactols and phenols
roups. Table 2 lists base neutralization capacities of MCR.
.3. Kinetic modeling

Fig. 7 displays the kinetic curves related to adsorption of
u(II), Ni(II), Co(II), and Mn(II) on MRC at 20, 40 and 60 ◦C.

y metals onto MCR.
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Fig. 7. The effect of temperature on adsorptions of some heavy metals by MCR

Fig. 6. Infrared spectra of MCR adsorbed Cu(II).

E
a
6
C
s
t
e
p

T
B

B

N
N
N

from aqueous solutions: (a) Mn(II), (b) Co(II), (c) Ni(II), and (d) Cu(II).

quilibrium contact times from kinetic curves of all heavy met-
ls used were determined as 60, 30, and 15 min at 20, 40 and
0 ◦C, respectively. For evaluating the adsorption kinetics of
u(II), Ni(II), Co(II), and Mn(II) the pseudo-first and pseudo-
econd order kinetic models (Eqs. (1) and (2)) were used to fit
he experimental kinetic data at 20, 40 and 60 ◦C. The differ-
nt values of constants from the slopes and intercepts of linear
lots of log(qe − q) versus t and t/q versus t (figures not shown

able 2
ase neutralization capacities of MCR

ase uptake Meg H+/g MCR

aHCO3 0.00296
a2CO3 0.01108
aOH 0.01383
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Table 3
Comparison of the first- and second-order rate constants and calculated and experimental qe values obtained from adsorption of Mn(II), Co(II), Ni(II), and Cu(II)
from aqueous solutions onto MCR at different temperatures

Metal ions qe,exp (mg g−1) First-order kinetic model Second-order kinetic model

T (K) k1,ads × 103 (min−1) qe,cal (mg g−1) R2 k2,ads × 104 (g mg−1 min−1) qe,cal (mg g−1) R2

Mn(II)
293 3.861 4.7 3.900 0.9939 6.2 4.918 0.9803
313 4.898 8.2 4.909 0.9908 10.1 6.016 0.9206
333 5.003 10.3 5.056 0.9918 14.0 7.112 0.9805

Co(II)
293 5.343 5.7 5.442 0.9905 9.5 6.603 0.9872
313 5.734 8.6 5.822 0.9899 12.3 7.313 0.9711
333 6.296 10.5 6.309 0.9976 14.9 8.645 0.9805

Ni(II)
293 5.738 6.5 5.876 0.9895 12.6 8.052 0.9744
313 5.989 8.7 6.113 0.9957 15.3 9.547 0.9699
333 6.497 11.5 6.518 0.9985 17.1 10.442 0.9703

Cu(II)
293 8.908 7.0 9.117 0.9914 17.9 10.112 0.9756
3 0.9912 19.3 11.106 0.9706
3 0.9989 22.9 14.906 0.9767

h
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Table 5
Activation energies for adsorption of Mn(II), Co(II), Ni(II), and Cu(II) from
aqueous solutions onto MCR

Metal ions

Mn(II) Co(II) Ni(II) Cu(II)

Ea (kJ mol−1) 9.81 9.91 10.02 10.58
R2 0.9962 0.9967 0.9996 0.9946
13 9.183 9.1 9.212
33 11.916 12.3 12.045

ere) and their correlation coefficients are summarized in the
able 3. It was observed that the qe values estimated by second-
rder kinetic model differ substantially from those measured
xperimentally, suggesting that the adsorption not a second-
rder reaction. The correlation coefficients for the first-order
inetic model are nearly equal to 1 and the theoretical values of
e also agree very well with the experimental values (Table 3).
his suggests that the sorptions of Cu(II), Ni(II), Co(II), and
n(II) ions follow the first-order kinetic model. The rate con-

tants of biosorption were higher at higher temperature. Values
f adsorption rate constants show that heavy metals are easily
nd rapidly adsorbed by MCR according to following order:
u(II) > Ni(II) > Co(II) > Mn(II). This order was confirmed by
quilibrium contact times determined from their kinetic curves.
his result most probably arises from the differences between

he hydrolysis constants, ionic radius, electrode potential and
olubility of these heavy metal ions (Table 4) [17,18]. Namely,

OH+ in the first step is formed and the adsorption event is
ompleted through prompt interaction of heavy metal ions with
heir outer sheet of carbonyl groups on MCR (Scheme 1).
According to Pearson’s hard acid-hard base theory, hard acid
eacts to hard base. The hardness order of acidities of the metal
ons used is Mn(II) > Co(II) > Ni(II) > Cu(II). OH− is also a hard
ase [6,19]. According to Pearson’s and the greatness order

able 4
ydrolysis constant (pKh), ionic radius, solubility product (Ksp), and electrode
otential related to used heavy metals [6,17,18,33]

Metal ions

Mn(II) Co(II) Ni(II) Cu(II)

Kh 10.70 9.60 9.40 7.53
onic radius (Å) 0.80 0.74 0.72 0.70
lectrode potential (V) −1.18 −0.28 −0.25 0.34

sp of M(OH)2 2 × 10−13 2.5 × 10−16 1.6 × 10−16 1.6 × 10−19 Fig. 8. ln kads versus 1/T for the adsorption of (a) Mn(II), (b) Co(II), (c) Ni(II),
and (d) Cu(II) by MCR from aqueous solutions.
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bove, Mn(II) reacts more with OH−. Mn(II) is the most hydrol-
sed heavy metal ion of the ions above. The hydrolysed part of
n(II) reacts with OH− in a short time and Mn(OH)2 is formed.
ecause there is no Mn(II) or much less Mn(II) in the medium,
n(II) does not react or reacts a small amount with negative

roups on the surface of MRC. Accordingly, the amount of
dsorbed Mn(II) is very small, and because of Cu(II) has lower
ffinity to solvent, it is more and rapidly adsorbed on MRC. In
he other words, looking into pKh and Ksp values of Mn(II) and
u(II) given in Table 4, Mn(II)’s values are greater than Cu(II)’s

alues. From this point of view, Mn(II) has higher affinity to sol-
ent than Cu(II) and lower affinity to MCR surface than Cu(II).
o, Mn(II) ions are adsorbed less on MCR surface and Cu(II)

ons are adsorbed more on MCR surface.

m
a
t

Fig. 10. Langmuir linear isotherm plots related to the adsorptions of (a) Mn(II
aterials 153 (2008) 1275–1287

It can be seen that heavy metal ions are being adsorbed when
onic radius decrease.

The ionic radius of the heavy metals used change in the order
f Mn(II) > Co(II) > Ni(II) > Cu(II) (Table 4). Cu(II) is the most
dsorbed because of its smaller ionic radius (takes easily in the
ores of the MRC). This is compatible with our experimental
esults.

The Irving-Williams series, that is, the order of complex
tabilities of heavy metal ions used as adsorbates is given

n(II) < Co(II) < Ni(II) < Cu(II) [14]. According to this order,
n(II) must be the least adsorbed and Cu(II) must be the

ost adsorbed, because the heavy metal whose complex to be

dsorbed more. Our experimental results are consistent with
his.

), (b) Co(II), (c) Ni(II), and (d) Cu(II) by MCR from aqueous solutions.
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metal ions is less aqueous than it was in the solution state.
The removal of water from ions is essentially an endothermic
process, and it appears that the endothermicity of the desol-
vation process exceeds that of enthalpy of adsorption by a
F. Güzel et al. / Journal of Hazard

Because of the MCR surface may also be negatively charged,
roviding adsorption sites for metal ions which is order of
heir electrode potential: Cu(II) > Ni(II) > Co(II) > Mn(II). The
reatness order above, Cu(II) complexes more and rapidly with
nshared electron pairs of oxygen of carbonyl groups of MCR.
ur experimental results are consistent with this.
Table 5 show numerical values for activation energy (Ea) of

iosorption process which were determined using the Arrhe-
ius equation [14]. Since the biosorption rates of the metal
ons examined increased with temperature (Table 3), the slopes
f Arrhenius plots give negative values and the activation
nergy normally found to be positive. From the slopes of lin-
arized Arrhenius plots obtained by using kinetic data, activation
nergies Ea values were determined (Fig. 8) (Table 5), and
ppropriate adsorption mechanism with respect to the magni-
ude of activation energy of biosorption has been proposed for
ach metal-MCR system. The correlation coefficients are greater
han R2 = 0.9946. For biological systems reported activation
nergies in literature [16,20,21]. The magnitude of activation
nergy may give an idea about the type of sorption. Two mains
ypes of adsorption may occur physical and chemical adsorp-
ion. In physical adsorption, equilibrium between the adsorbent
urface and the adsorbate is usually rapidly attained and easily
eversible, because the energy requirements are small (usually
o more than 4.184 kJ mol−1), since the forces involved in phys-
cal adsorption are weak. Chemical adsorption is specific and
nvolves forces much stronger than in physical adsorption. In
hemisorption the adsorbed molecules are held on the surface by
alence forces so the activation energy for chemical adsorption
s of same magnitude as the heat of chemical reaction. Two kind
f chemisorption are encountered, activated and non-activated.
ctivated chemical adsorption means that the rate varies with

emperature according to the finite activation energy (between
.4 and 83.7 kJ mol−1) in the Arrhenius equation. In some sys-
ems chemisorption occurs rapidly, suggesting the activation
nergy is near zero. This is termed non-activated chemisorp-
ion. In the other words, the values of activation energy in the
resent study indicate a chemical sorption process involving
eak interactions between sorbent and sorbates. The relatively

ow Ea values suggest that the adsorptions have a low potential
nergy barrier (Table 5).

.4. Adsorption isotherms

Figs. 9 and 10 show the adsorption isotherms and Lang-
uir linear isotherms of Cu(II), Ni(II), Co(II), and Mn(II) from

queous solutions onto MCR at 20, 40 and 60 ◦C, respectively.
angmuir constant b, related to the free energy of adsorption,

ndicates the affinity of adsorbent for the binding the adsorbate.
he plot of Ce/qe against Ce gives a straight line (Fig. 10) at each

emperature showing the applicability of Langmuir isotherm.
rom the reciprocal values of the slope and intercept of the
angmuir linear adsorption isotherms (Fig. 6), qm and b were
ound, respectively (Table 6). The correlation coefficients are
reater than R2 = 0.9811. From the values of qm and b at differ-
nt temperatures obtained as a result of this investigation, the
rder of the sorption capacity: Cu(II) > Ni(II) > Co(II) > Mn(II).
aterials 153 (2008) 1275–1287 1283

s seen Table 6, the increase in both qm and b increase by
ncreasing the temperature from 20 to 60 ◦C showing the process
o be endothermic. The increasing of b values with temper-
ture indicates that there is a chemical interaction between
RC and using heavy metals. Table 7 shows a compari-

on of qmax values related to different sorbents obtained by
ther researchers [22–42]. These maximum sorption capaci-
ies are also considerably higher or lower than those of some
ther sorbent materials reported in literatures (see Table 7).
ut, we do not find such a comparison logically because the

emoval of metals depending on varying experimental con-
itions and the structure, functional groups and porosity of
dsorbent.

.5. Adsorption thermodynamics

The values of �H are determined graphically by plotting ln b
ersus 1/T which gives a straight line (Fig. 11), and the val-
es of �G and �S from Eq. (7) and (8) computed numerically,
espectively, and are presented in Table 8. Positive values of
H suggest the endothermic nature of the adsorptions of heavy
etals used on MCR. One possible explanation of endother-
icity of the enthalpy of adsorption is the well-known fact that

eavy metal ions used are well solvated in water. In order for
hese ions to adsorb, they are some extent denuded of their
ydration sheath. This dehydration process of ions requires
nergy. We assume that this energy of dehydration exceeds the
xothermicity of the ions attaching to the surface. The implicit
ssumption here is that after adsorption the environment of the
Fig. 11. Variation of ln b with reciprocal of temperature.
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Fig. 9. Effect of temperature on the adsorption isotherms of (a) Mn(

onsiderable extent. The values of �G are very small and

ositive, and decrease with increasing of temperature. This indi-
ates that better adsorption is obtained at higher temperature.
t higher temperature, ions are readily desolvated and hence

heir adsorptions become more favorable at higher tempera-

a
P
b
w

able 6
angmuir constants for adsorption of Mn(II), Co(II), Ni(II), and Cu(II) from aqueous

Metal ions

Mn(II) Co(II)

qm (mg g−1) b (L mg−1) R2 qm (mg g−1) b (L mg−1) R2

93 K 3.871 0.080 0.9811 5.350 0.128 0.9952
13 K 4.910 0.127 0.9875 5.746 0.150 0.9968
33 K 5.170 0.168 0.9968 6.309 0.182 0.9960
) Co(II), (c) Ni(II), and (d) Cu(II) by MCR from aqueous solutions.

ures. The positive values of �S show the increased randomness

t the solid/solution interface during the adsorption process.
ositive entropy of adsorption also reflects the affinity of adsor-
ent for heavy metals used. The adsorbed water molecules,
hich are displaced by the adsorbate species, gain more trans-

solutions onto MCR at different temperatures

Ni(II) Cu(II)

qm (mg g−1) b (L mg−1) R2 qm(mg g−1) b (L mg−1) R2

5.745 0.132 0.9985 8.745 0.182 0.9970
6.031 0.243 0.9955 9.081 0.340 0.9956
6.511 0.481 0.9982 12.390 0.643 0.9904
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Table 7
Sorption capacities of Mn(II), Co(II), Ni(II) and Cu(II) ions from the selected literatures by various sorbents

Sorbent qe (mg g−1) Reference

Mn(II) Co(II) Ni(II) Cu(II)

Leaves of saltbush – – – 67.945 [22]
Rice bran – – 39.760 – [23]

Tectona grandis L. F.
Leaves powder – – – 15.430 [24]
Botrytis cinrea fungal – – – 9.230 [25]
Groundnut shell – – – 4.445 [26]
Sawdust – – – 5.080 [26]
Wheat Shell – – – 8.255 [27]
Anaerobic granular biomass – – 26.000 55.000 [28]
Olive stone waste – – 0.517 0.565 [29]
Malch – – – 20.574 [30]
Grape stalks – – 10.627 10.097 [30]
Cork bark – – 4.111 4.445 [30]
Reed biomass – – 7.926 9.906 [30]
Carrot residues – – – 32.740 [31]
Grape stalk waste – – 18.100 15.900 [32]
Kaolinite 0.446 0.919 1.669 10.787 [33]
Black carrot residues 3.871 5.350 5.745 8.877 Present work
Prolyzed coffee residues – – 11.000 31.200 [34]
Sunflower leaves – – – 89.370 [13]
Paper mill – – – 19.300 [35]
Ballclay – – 0.410 – [36]
Coir pith – 12.82 15.950 – [37]
Turkish lignite – – 13.000 17.800 [38]
Hazelnut shell act. carbon – – 5.983 – [39]
Coir pith act. carbon – – 62.500 – [40]
Ceiba pentadra hulls act. carbon – – – 20.800 [41]

Broiler manure granular act.
Carbon – – – 1.920 [42]

Table 8
Thermodynamics parameters related to adsorption of Mn(II), Co(II), Ni(II), and Cu(II) from aqueous solutions onto MCR

Metal ions Mean �H (kJ mol−1) R2 �G (kJ mol−1) �S (kJ mol−1 K−1)

293 K 313 K 333 K 293 K 313 K 333 K

Mn(II) 27.18 0.9903 6.15 5.37 4.94 0.072 0.070 0.067
Co(II) 23.94 0.9969 5.01 4.94 4.72 0.065 0.061 0.058
Ni(II) 26.88 0.9989 4.93 3.68 2.03 0.075 0.074 0.075
C

l
t
a
a
[

4

a
t
c
t

e
t
o
s
m
C
i
t
p

u(II) 26.23 0.9998 4.15

ational energy than is lost by the adsorbate ions, thus allowing
he prevalence of randomness in the system. Enhancement of
dsorption capacity of adsorbent at higher temperatures may be
ttributed to the strong affinity between adsorbate and adsorbent
33,43].

. Conclusion

In this study, the order of biosorption of Cu(II), Ni(II),Co(II),

nd Mn(II) ions were determined onto MCR in batch sys-
em. The heavy metals removal (>70%) were achieved at low
ontact times (less than 1 h). Kinetics of heavy metals sorp-
ion on MCR is observed to confirm Lagergren first-order rate

a
r
a
s

2.81 1.22 0.075 0.075 0.075

xpression. The rate constants were higher at higher tempera-
ure. The activation energies were determined to be same order
f magnitude as the activation energy of chemisorption. The
orption data adapted to Langmuir model. The values of Lang-
uir constants qm and b are order of the sorption capacity:
u(II) > Ni(II) > Co(II) > Mn(II). The increases in qm and b with

ncreasing temperature from 20 up to 60 ◦C at pH 5.25, suggest
hat are an endothermic process. The values of thermodynamic
arameter obtained such as the �H, �G and �S related to

dsorption of Cu(II), Ni(II), Co(II), and Mn(II) onto MCR. The
esults indicate that the positive values of (�H) indicated the
dsorption process was endothermic. The values of �G are very
mall and positive, and decrease with an increase of temper-
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ture, and better adsorption is obtained at higher temperature,
nd the positive values of �S showed the increased random-
ess at solid–solution interface during adsorption. It may be
oncluded that the MCR, being a cheap and easily available
aterial, can be successfully used as alternative adsorbent for
any costly adsorbents for Cu(II), Ni(II),Co(II), and Mn(II) in
astewater treatment process. MCR biosorbent may be used

s a low-cost and abundant source for removal of heavy metal
ons and it may be an alternative to many costly methods such
s active carbon adsorption, solvent extraction and chemical
xidation.
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