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bstract

The removal of copper ions from aqueous solutions by kaolinite was investigated by using a batch-type method. Effects of factors such as
H, ionic strength, temperature, acid-activation and calcination on copper adsorption were investigated. The uptake of copper was determined
rom changes in concentration as measured by atomic absorption spectrometry. The extent of copper adsorption increased with increasing pH
nd temperature and with decreasing ionic strength, acid-activation and calcination temperature. The Langmuir and Freundlich adsorption models

ere used to determine the isotherm parameters associated with the adsorption process. The results provide support for the adsorption of copper

ons onto kaolinite. Thermodynamic parameters indicated the endothermic nature of copper adsorption on kaolinite. The experimental results were
pplied a batch design. As a result, the kaolinite may be used for removal of copper ions from aqueous solutions.

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

The removal of toxic heavy-metal contaminants from indus-
rial waste waters is one of the most important environmental
ssues to be solved today. The major increase in the use of heavy

etals has resulted in an increased concentration of metals in
quatic systems. There are numerous sources of industrial efflu-
nts leading to heavy metal discharges apart from the mining and
etal related industries [1–3]. Because of their toxicity and non-

iodegradable nature, metals are of special significance. The
resence of heavy metals in wastewater and surface water is
ecoming a severe environmental and public health problem. A
umber of technologies have been developed to remove toxic
opper from water. The most important technologies of these
ncludes chemical precipitation, ion exchange, reverse osmosis
nd adsorption. But due to high maintenance cost these meth-

ds do not suit the needs of developing countries [4]. Chemical
recipitation has been traditionally proposed to remove heavy
etals from aqueous solutions. However, metal removal in the
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recipitation-coagulation systems is, in many cases, insufficient
o meet strict regulatory requirements. Adsorption has been
hown to be an economically feasible alternative method for
emoving trace metals from water. Heavy metals can be removed
y adsorption on solid matrices. Adsorption process modelling
s nowadays a topic of interest for the prediction of the metal par-
itioning between the aqueous solution and the solid surface, and
ts subsequent application to the design of adsorption treatment
nits, as well as for the evaluation of the fate of heavy metals in
atural environments [5]. The removal of heavy metal ions from
ndustrial wastewaters using different adsorbents is currently
f great interest [2]. Studies so far have focused on adsorbents
uch as alumina, magnetite, pyrolusite, rutile, zirconia, hydrous
anganese oxide, silica, geothite, heamatite, amorphous ferric

xide, bentonite, activated carbon, sphalerite, anatase, red mud,
ica, illite, perlite and clay [6].
Kaolinite is the most abundant phyllosilicate mineral in

ighly weathered soils. It is a 1:1 aluminosilicate compris-
ng a tetrahedral silica sheet bonded to an octahedral sheet
hrough the sharing of oxygen atoms between silicon and alu-
inium atoms in adjacent sheets. Successive 1:1 layers are held
ogether by hydrogen bonding of adjacent silica and alumina
ayers. The tetrahedral sheet carries a small permanent negative
harge due to isomorphous substitution of Si4+ by Al3+, leaving
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Nomenclature

C0 initial dye concentration in aqueous solution
(mol/L)

Ce equilibrium copper ions concentration in solution
(mol/L)

�H0 heat of adsorption (kJ/mol)
K adsorption constant
KF Freundlich constant
n Freundlich isotherm exponent
qe equilibrium copper ions concentration on adsor-

bent (mol/g)
qm monolayer capacity of the adsorbent (mol/g)
R2 regression coefficient
Rg gas constant (J/K mol)
RL dimensionless separation factor
T temperature (K)
V volume of aqueous solution to be treated (L)
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Table 1
Some physicochemical properties of kaolinite

Color White
Cation exchange capacity (meq/100 g) 13.00
Density (g/mL) 2.18
pH 7.90
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2.2. Acid- and heat activation

H2SO4 solutions were used to obtain the acid-activated kaoli-
nite samples. The aqueous suspensions of kaolinite samples in

Table 2
Chemical composition of kaolinite

Constituent Percentage present (%)

SiO2 53.00
Al2O3 26.71
Na2O 0.62
K2O 1.39
CaO 0.57
W mass of adsorbent (g)

single-negative charge for each substitution. Both the octahe-
ral sheet and the crystal edges have a pH-dependent variable
harge caused by protonation and deprotonation of surface
ydroxyl (SOH) groups. Thus, two different populations of
etal ion adsorption sites are present on the kaolinite surface.
he intensive interaction between kaolinite and contaminants is
rimarily controlled by the surface acid–base properties [7]. A
imited number of studies on the use of kaolinite as an adsorbent
or copper removing from aqueous solutions have been found
n the literature. At the same time, any one of these studies has
ot included the effect of acid-activation and thermal treatment
f kaolinite samples. Suraj et al. investigated the adsorption of
admium and copper by modified kaolinites and found that the
odified amorphous derivative of kaolinite shows better adsorp-

ion of metal ions viz. Cd and Cu than the raw materials [8];
hattacharyya and Gupta the adsorption of chromium(VI) from
ater by clays (acid-activated kaolinite, poly(oxozirconium)
aolinite, and tetrabutylammonium kaolinite) and found that (i)
lay minerals are capable of removing Cr(VI) from an aque-
us solution; (ii) treatment of kaolinite with acid improved its
dsorption capacity, but introduction of poly(oxozirconium) and
etrabutylammonium ions into kaolinite did not increase the
apacity of kaolinite to take up more Cr(VI) ions [9]; Egirani
t al. the copper and zinc removal from aqueous solution by
ixed mineral systems [10]; Yavuz et al. the removal of copper,

ickel, cobalt and manganese from aqueous solution by kaolin-
te, and found that the absorption affinity of kaolinite for metal
ons is Cu(II) > Ni(II) > Co(II) > Mn(II) and sorption of copper,
ickel, cobalt and manganese ions on kaolinite conformed to
he linear form of Langmuir adsorption equation [11]; Gupta
nd Bhattacharyya, the adsorption of Ni(II) on clays [12]; and

ang et al., the use of kaolinite as a low-cost adsorbent for

emoving copper(II) ions from aqueous solutions as a function
f pH, adsorbent concentration, ionic strength and solution tem-
erature [13]. The aim of the present investigation was to study

F
M
L

L

pecific surface area (m2/g) 17
ardness 2–3

he adsorption of copper ions onto kaolinite by measuring the
ffects of various parameters on the adsorption process such as
H, ionic strength, temperature, acid-activation and calcinations.
atch design was also drawn from experimental results.

. Material and methods

.1. Materials

The kaolinite sample was obtained from Güzelyurt (Aksaray,
urkey). All chemicals used in the study were obtained from
erck and Fluka, and were of analytical grade. The some physic-

chemical properties and chemical composition of kaolinite are
iven in Tables 1 and 2 [14]. The kaolinite sample was treated
s follows [15] before being used in the experiments: the sus-
ension containing 10 g/L kaolinite was mechanically stirred for
4 h; after about 2 min the supernatant suspension was filtered
hrough a white-band filter paper. The solid sample was dried at
10 ◦C for 24 h, then sieved by a 100-mesh sieve. The particles
nder 100-mesh were used in further experiments. An infrared
pectrophotometer, Perkin Elmer BX 1600 FTIR, was also used
n order to confirm the identification of the constituents in raw
nd treated samples. IR spectroscopy is generally used in order
o give information as far as the composition of a sample, its
tructure and its characteristic bonds are concerned. In addition,
R spectroscopy is applied on clay minerals in order to study
he nature of isomorphic substitutions of cations in octahedral
nd tetrahedral sheet of the lattice [16] and the degree of crys-
allinity [17]. DTA/TG spectra of kaolinite were obtained by
imultaneous DTA/TG (Perkin Elmer Diamond DTA/TG).
e2O3 0.37
gO 0.28

oI 17.20

oI: Loss of ignition.



rdous Materials 153 (2008) 867–876 869

0
w
fi
w
fi
h
a

2

p
T
c
a
t
p
(
T
r
l
a
i
t
a
N
l
c
c
fl
c
c
y
r
s
o
e

q

w
o
m
t
t
[

3

3

fi
c
s
t
o

s
T
c
u
a

3

3

a
m
s
i
T
investigated in detail. The adsorption of copper on kaolinite was
studied in the initial pH range 3–6 for a fixed absorbent dose
of 10 g/L at a constant ionic strength (1 × 10−3 mol/L) (Fig. 2).
This figure shows that the adsorption behavior of metal ions is
M. Alkan et al. / Journal of Haza

.2, 0.4 and 0.6 M H2SO4 solutions (so the acid/solid ratios
ere 1/5, 2/5, and 3/5 g/g) were refluxed with a reflux apparatus,
ltered and washed with ultrapure water until no precipitation
as observed upon the addition of Ba(aq)

2+ into the filtrate, and
nally dried at 110 ◦C for 24 h. Kaolinite samples calcinated
ave been prepared in the temperature range of 300–700 ◦C with
Nuve MF-140 furnace [18,19].

.3. Method

Aqueous solutions of copper were prepared from cop-
er nitrate. Ultrapure water was used throughout the study.
he adsorption experiments were carried out by mechani-
ally shaking 0.5 g of the kaolinite samples with 50 mL of
queous solution containing the metal ions in a concentra-
ion range of 1.575 × 10−5–1.575 × 10−3 mol/L for the required
H (natural∼4.5), temperature (25 ◦C) and ionic strength
1 × 10−3 mol/L) in 100 mL covered polyethylene containers.
he equilibration time was found to be 16 h but for practical

easons the adsorption experiments were run for 24 h. Polyethy-
ene flasks were shaken (180 rpm) at constant temperature using
GFL model incubator orbital shaker with temperature control

n the range of 4–60 ◦C. The solution pH was controlled by addi-
ion of HCl and NaOH by using an Orion 920A pH meter with
combined pH electrode. The pH meter was standardized with
BS buffers before every measurement. At the end of the equi-

ibration period, the kaolinite was separated by filtration. The
oncentration of copper ions was determined by using a Uni-
am 929 Atomic Absorption Spectrometer with air–acetylene
ame. Quantification of the metals was based upon calibration
urves of standard solutions of copper ion. These calibration
urves were determined several times during the period of anal-
sis. All the adsorption studies were repeated twice; hence, the
eported value of metal ion adsorbed is the average of two mea-
urements. Blanks containing no Cu2+ were used for each series
f experiments. The adsorption capacity of the kaolinite was
valuated using the following expression:

e = (C0 − Ce)
V

W
(1)

here qe is the amount of metal ion adsorbed onto the unit mass
f the kaolinite (mol/g); C0 and Ce, the concentration of the
etal ion in the initial solution and in the aqueous phase after

reatment for a certain period of time (mol/L); V, the volume of
he aqueous phase (L); and W, the amount of kaolinite used (g)
6].

. Results and discussion

.1. Adsorption isotherm

The isotherm plot for copper adsorption on kaolinite with a
xed adsorbent dose of 10 g/L at a pH of natural∼4.5 ± 0.1 at

onstant ionic strength (1 × 10−3 mol/L) is shown in Fig. 1. The
hape of the isotherms is characteristic of Langmuir-type adsorp-
ion behavior. It is clear from the figure that as the concentration
f the ions increased, adsorption increased first rapidly, then F
Fig. 1. The plot of adsorption isotherm.

lowed down, and adsorption saturation values were reached.
he copper adsorption is higher for greater values of initial
opper concentration. This occurs because of the more efficient
tilization of the adsorptive capacities of the adsorbent owing to
greater driving force [4].

.2. Adsorption parameters

.2.1. Effect of pH
Because of the protonation and deprotonation of the acidic

nd basic groups of the adsorbents, its adsorption behavior for
etal ions is influenced by the pH value, which affects the

urface structure of sorbents, the formation of metal hydrox-
des, and the interaction between sorbents and metal ions [20].
herefore, the pH dependence of adsorption for metal ions was
ig. 2. Effect of initial pH on adsorption of copper(II) ions onto kaolinite.
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ions decreased with the increasing concentration of H2SO4 used
for the acid-activation. This may be due to the partial destruc-
tion of kaolinite structure, as was shown by Gonzàlez-Pradas
70 M. Alkan et al. / Journal of Haza

ore sensitive to pH changes. It is obvious that the higher the
nitial pH value the larger the adsorption capacity. A general
ncrease in copper adsorption with increasing pH of the solu-
ion has been observed up to pH 6.0. The increase in the metal
emoval as the pH increases (i.e., as the solution becomes more
asic) can be explained on the basis of a decrease in competi-
ion between proton and metal species for the surface sites, and
y the decrease in positive surface charge, which results in a
ower columbic repulsion of the sorbing metal [5]. The surface
harge of adsorbents is usually characterised by a point of zero
harge or pHzpc. The surface charge of a adsorbent is positive
t pH < pHzpc and it is negative for pH > pHzpc. We previously
ound that kaolinite had a pHzpc at pH 2.35 [14]. The surface
s positive at lower pH than pHzpc where reaction (2) predomi-
ates, and is negative at higher pH than pHzpc when reaction (3)
akes over:

SOH + H+ = SOH2
+ (2)

SOH + OH− = SO− + H2O (3)

t pH = pHzpc

SO−] = [ SOH2
+] (4)

At pH values higher than pHzpc, the association of copper
ations with more negatively charged kaolinite surface because
f increasing SO− groups can more easily take place. As the
H increases from 3.0 to 6.0, the ion exchange sites become
ncreasingly ionized. High removal efficiency at pH > pHzpc can
herefore be attributed to electrostatic interactions between the
ositively charged copper(II) ions and negatively charged bind-
ng sites on kaolinite surface. Similarly, poor removal efficiency
t pH < pHzpc indicates that the kaolinite surface bears a net
ositive charge which would impede the approach of the posi-
ively charged copper(II) ions. In addition, at low pH values an
xcess of protons can compete effectively with the copper(II)
ons for binding sites on kaolinite surface [21]. The pH-removal
urves are shifted to more alkaline regions. This effect has been
ttributed to the surface binding of low-affinity surface sites as
igh-affinity ones begin to reach saturation, leading to a reduc-
ion in the removal efficiency [5].

.2.2. Effect of ionic strength
It is known that salts have a significant effect on the adsorp-

ion process. In this work, sodium chloride (NaCl) was selected
s model salt to investigate its influence on the sorption of cop-
er ions by kaolinite. The kaolinite was exposed to series of
olutions containing mentioned salt in the concentration range
f 0.0001–0.1 mol/L. In order to investigate the effect of ionic
trengths on the adsorption of copper ions, sodium chloride was
dded into the suspensions. The results are shown in Fig. 3
hich reveals that adsorption decreases with increasing con-
entration of sodium chloride. Since the presence of NaCl in
he solution screens the electrostatic interaction of opposite
harges of the kaolinite surface and the metal ions, the adsorbed
mount should decrease with increase of NaCl concentration
22].

F
k

ig. 3. Effect of ionic strength on adsorption of copper(II) ions onto kaolinite.

.2.3. Effect of temperature
The effect of temperature on adsorption is important not only

ecause it affects the rate and extent of adsorption but also due
o the fact that temperature dependence of adsorption provides
nformation about possible adsorbate-adsorbent interaction [23].
n the temperature range of 25–55 ◦C, the adsorption capacity
f kaolinite for the copper ion was determined. The results of
he studies on the influence of temperature on cation adsorption
re presented in Fig. 4 in terms of amount of metal removed
ersus temperature. It can be seen that temperature has only an
mportant effect on adsorption thus confirming the predictions
f the enthalpy calculations. The results indicate that the adsorp-
ion removal increased with increase of the solution temperature.
his shows that the adsorption process is an endothermic pro-
ess.

.2.4. Effect of acid-activation
The effects of acid-activation on the adsorption of copper ions

n kaolinite are given in Fig. 5. The adsorbed amounts of copper
ig. 4. Effect of solution temperature on adsorption of copper(II) ions onto
aolinite.
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Fig. 7. FTIR spectra of natural and calcinated kaolinite samples.

Table 3
IR vibrational frequencies of the experimental and literature data of kaolinite
[26–30]

Vibrations Wavenumber (cm−1)
(experimental)

Literature wave
number (cm−1)

ν(OH) 3621, 3622 3620
ν(OH) 3696 3695
δ(OH) 913 912
ν(OH) 1092, 1095, 1103,

1108
1116, 1010

S
ν

b
S
o
t
d

ig. 5. Effect of acid-activation on adsorption of copper(II) ions onto kaolinite.

t al. [24] and López-Gonzàlez and Gonzàlez-Garcı̀a [25] for
entonite, and also may be due to the specific adsorption of H+

ons on the kaolinite surface.

.2.5. Effect of calcination temperature
Fig. 6 has shown the adsorption of copper ions onto calcinated

nd natural kaolinite samples. As can be seen in this figure, the
mount adsorbed of copper ions on kaolinite has decreased with
ncreasing activation temperature. Fig. 7 presents the IR spec-
ra of natural and calcinated kaolinite samples. Assignment of
he FTIR vibrational frequencies of the experimental and liter-
ture data of kaolinite are given in Table 3 [26–30]. The main
R functional bands of the kaolinite given in Fig. 7 should be
ompared to the literature values. The peak at 3621 cm−1 has
een assigned to inner-hydroxyl group, the 3696 cm−1 corre-
ponds to the inner-surface O–H group, the peak at 795 assign
o νs(Si–O–Si) and finally, 469 and 429 cm−1 peaks are adapted
o the deformation vibration of Si–O. FTIR spectra of calcinated

◦
aolinite at 600 C are also shown in Fig. 7 and the vibra-
ion bands for metakaolinite are given in Table 4 [26,31,32].
he broad bands of metakaolinite, located at 795 and 800 cm−1

ssigned to the Al O bonds in Al2O3 is observed. The vibration

ig. 6. Effect of calcination temperature on adsorption of copper(II) ions onto
aolinite.
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A
ν

O

i–O deformation 469, 470, 431 469, 428

s(Si–O–Si) 795 794, 754

and at 1108 cm−1 for metakaolinite assigned to the stretching
i O bonds in SiO2 [30]. These bands proved the conversion
f kaolinite to metakaolinite phase, which was obtained from
he calcinated kaolinite at 600 ◦C. Simultaneous DTA/TG can
ifferentiate between peaks associated with mass loss and those
ssociated with phase transition. DTA has been used very widely
n the study of thermal reactions of clay minerals. These reac-
ions include dehydration of adsorbed water, dehydroxylation
evolution of water from hydroxyls belonging to the clay skele-
on) followed by the transformation of the clay to a meta-phase
nd recrystallization of the meta-phase into a crystalline phase
33,34]. The DTA peak temperatures are characteristic for each
ineral and DTA curves are applicable for the identification

nd determination of many clays [35,36]. The DTA and d(DTA)
urves of the kaolinite (Fig. 8) show strong endothermic peak

t 560 ◦C due to dehydroxylation and at about 1030 ◦C due to
he formation of new solid phase. As seen from TG and d(TG)
urves in Fig. 9, dehydroxylation of kaolinite results in a mass

able 4
ibration bands of metakaolinite [26,31,32]

ibrations Wave number (cm−1)
(experimental)

Literature wave
number (cm−1)

l–O bonds 795, 800 800
(SiO) 1108 1090
–Si–O deformation 469, 470 467
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Fig. 8. DTA and d(DTA) spectrums

oss of 11.345%. In the first step of transformation, kaolinite
as transformed to metakaolinite phase with loss of structural
ydroxyl groups during the occurrence of an endotherm. In the
econd step, metakaolinite decomposes and forms spinel phase
enerally during heating around the first exothermic peak tem-
erature. When the kaolinite is heated, the adsorbed water is
iberated at above 100 ◦C and the weakest part of the chem-
cal bond is broken or perturbed; then dehydroxylation takes
lace at 400–600 ◦C range. The main changes pointed out by
TA/TGA, during the heating of the samples are indicated as

ollows [17,30]: (i) T < 100 ◦C: low temperature release of the
bsorbed water in pores, on the surfaces, etc.; (ii) 100–400 ◦C:

ass loss that can be correlated with a pre-dehydration pro-

ess, which takes place as a result of the reorganization in
he octahedral layer, first occurring at the OH of the surface;
iii) 400–650 ◦C: dehydroxylation of kaolinite and formation of

s
t
o
o

Fig. 9. TG and d(TG) spectrums of kao
olinite under nitrogen atmosphere.

etakaolinite according to the following reaction:

l2Si2O5(OH)4(s) → Al2Si2O5(OH)xO2−x(s)

+ (2−x/2)H2O(l) (5)

ith a low value of x (about 10% of residual hydroxyl groups
n metakaolinite); (iv) 950 ◦C: decomposition of metakaolinite
as observed according to the following chemical reaction:

(2SiO2 · Al2O3)(s)
(metakaolinite)

950 ◦C→ Si3Al4O12(s) + SiO2(s)
(Al−Si−spinel) (amorphous)

(6)

The kaolinite structure consists of a single silica tetrahedral

heet and a single alumina octahedral sheet combined to form
he kaolinite unit layer. These unit layers are stacked one over the
ther. During calcination, the silicon atoms experience a range
f environments of differing distortion due to dehydroxylation.

linite under nitrogen atmosphere.
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he aluminium atoms mostly transform from octahedral to tetra-
edral geometry. As the calcination temperature increases, the
tructure becomes more distorted, and finally amorphous silica
s liberated [37]. For kaolinite, dehydroxylation might result in
he disturbance of the Al(O,OH)6 octahedral sheet by the outer
ydroxyls, but does not much effect on the SiO4 tetrahedral sheet
ue to the more stable inner-hydroxyl groups. The outer hydrox-
ls of octahedral sheets may be more easily removed by heating
han inner ones that will maintain a more ordered SiO4 tetra-
edral group in structure during dehydroxylation. After heating
t 950 ◦C, the SiO4 groups combine with AlO6 group to form
he Al–Si spinel phase that in a short range order structure
17,30]. After the thermal treatment of sample, the transforma-
ion of kaolinite to metakaolinite is confirmed by the absence of
etectable Al O H bands at 913 cm−1. The reduction of band at
39 and 913 cm−1 and the appearance of a new band at 800 cm−1

an be connected with the change from octahedral coordination
f Al3+ in kaolinite to tetrahedral coordination in metakaolinite.
he bands at 1095 cm−1 are assigned to amorphous SiO. Si–O
oordination bands at 1033 cm−1 are observed as a result of the
i O vibration. The band at 1033 cm−1 represents the stretching
f Si O in the Si O Si groups. The band at 471 cm−1 is due
o Si O Al (octahedral) and Si O Si bending vibrations for
aolinite [17]. The intensity of hydroxyl peaks has decreased
ith increase in calcination temperature, as seen from Fig. 7.
herefore, the decrease in the amount adsorbed of copper ions
ith increasing activation temperature may be a result of the

emoval of most of the micropores due to heating the sample
19] and due to the decrease in OH groups in kaolinite during
he calcination process, as can be seen from Fig. 7.

.3. Adsorption models

An adsorption isotherm is used to characterize the interaction
f each heavy-metal ion with the adsorbent. This provides a
elationship between the concentration of heavy-metal ion in the
olution and the amount of heavy-metal ion adsorbed onto the
olid phase when the two phases were at equilibrium [20]. The
dsorption data obtained for equilibrium conditions have been
nalyzed by using the following linear forms of the Freundlich
nd Langmuir isotherms

.3.1. Langmuir isotherm
The Langmuir adsorption model assumes that molecules are

dsorbed at a fixed number of well-defined sites, each of which
an only hold one molecule and no transmigration of adsorbate
n the plane of the surface. These sites are also assumed to be
nergetically equivalent and distant to each other so that there
re no interactions between molecules adsorbed to adjacent sites.
he linear form of the Langmuir isotherm is represented by the

ollowing equation [4,20]:

Ce = 1 + Ce (7)

qe qmK qm

here qe is the amount adsorbed (mol/g), Ce is the equilibrium
oncentration of the adsorbate ions (mol/L), and qm and K are
angmuir constants related to maximum adsorption capacity

a
T
w

Materials 153 (2008) 867–876 873

monolayer capacity) (mol/g) and energy of adsorption (L/g),
espectively. When Ce/qe is plotted against Ce, a straight line
ith slope 1/qmK and intercept 1/qm is obtained, which shows

hat the adsorption of metal ions follows Langmuir isotherm
odel. Langmuir parameters, qm and K, were calculated from

he slope and intercept of the graphs and were given in Table 5.

.3.2. Freundlich isotherm
Freundlich isotherm is an empirical equation that encom-

asses the heterogeneity of sites and the exponential distribution
f sites and their energies [38]. The adsorption data for copper
ons on kaolinite have also been analysed using the logarithmic
orm of the Freundlich isotherm as shown below [4]:

n qe = ln KF + 1

n
ln Ce (8)

here KF and n are Freundlich constants related to adsorption
apacity and adsorption intensity, respectively. When ln qe is
lotted against ln Ce, a straight line with slope n and intercept
F is obtained. The intercept of the line, KF, is roughly an indi-
ator of the adsorption capacity and the slope, n, is an indication
f adsorption intensity. The values obtained for the Freundlich
ariables for the adsorption of copper ions are given in Table 5.
he n values, n > 1, dictate favorable adsorption [39].

Adsorption isotherms were obtained in terms of Eqs. (7)
nd (8) by using experimental adsorption results in these equa-
ions. Table 5 has shown the results of Langmuir and Freundlich
sotherm analyses calculated for adsorption of copper ions on
aolinite from aqueous solutions at different pH, ionic strength,
emperatures, acid-activations and calcinations. The isotherm
ata were calculated from the least square method and the related
orrelation coefficients (R2-values) are given in Table 5. As seen
rom Table 5, the Langmuir equation represents the adsorption
rocess very well; the R2 values were all higher than 0.99, indi-
ating a very good mathematical fit. The fact that the Langmuir
sotherm fits the experimental data very well may be due to
omogenous distribution of active sites on kaolinite surface;
ince the Langmuir equation assumes that the surface is homoge-
ous. The applicability of the Langmuir isotherm in the present
ystem indicates the monolayer coverage of copper ions on the
uter surface of the adsorbent [40].

Further, the essential characteristics of the Langmuir
sotherm are defined by a dimensionless separation factor, RL,
hich is defined by the following relationship [22]:

L = 1

1 + KCe
(9)

The value of RL indicates the type of the isotherm to be either
nfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or
rreversible (RL = 0). The values of RL reported in Table 5 have
een found to be between 0 and 1, indicating favorable adsorp-
ion for copper ions on kaolinite for the entire concentration
ange studied.
A comparison between the adsorption capacities of kaolinite
nd other adsorbents under similar conditions is presented in
able 6 [9,21,41,42]. When comparing our results for kaolinite
ith the results of others, it can be concluded that the kaolinite
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9 Table 6
Comparsion with other adsorbents

Adsorbents Metal ions qm (mol/g) × 105 References

Unexpanded perlite Copper 0.417 [9]
Expanded perlite Copper 0.28 [9]
Sepiolite Copper 60.60 [41]
Activated carbon Copper 7.00 [21]
R
K

a
A
s
u

3

t
t
t
b

w
a
e
h
o
m
t
[
o

3

g

ice hulls Copper 6.14 [42]
aolinite Copper 2.94 In this study

dsorbed metal ions as effectively as the other adsorbents listed.
lower kaolinite production cost compared to other adsorbents

uch as activated carbon is another advantage of kaolinite for
se as an adsorbent.

.4. Heat of adsorption

The heat of adsorption of a given adsorption process is one of
he most useful parameters in surface science studies. The isos-
eric heat of adsorption, �H0, from the adsorption data at various
emperatures as a function of coverage fraction (θ = qe/qm) can
e estimated from the following equation [43]:

�H0

Rg
=

[
∂(ln Ce)

∂(1/T )

]
θ=0.5

(10)

here Rg is the gas constant. Fig. 10 shows the plots of −ln Ce
gainst 1/T. The value of �H0 was calculated at a specific cov-
rage fraction of 0.5 as 16.65 kJ/mol. The value of adsorption
eat shows that physical adsorption takes place in the adsorption
f copper(II) ion on kaolinite. Since adsorption is an endother-
ic process, it would be expected that an increase in solution

emperature would result in an increase in adsorption capacity
22]. Similar result was also found for the adsorption of copper
n perlite [6].
.5. Single stage batch adsorption

Adsorption isotherms can be used to predict the design of sin-
le stage batch adsorption systems [44]. The schematic diagram

Fig. 10. The plot of −ln Ce vs. 1/T.
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Fig. 11. A single-stage batch adsorber.

or a single stage adsorption process is shown in Fig. 11. The
olution to be treated contains V L of water, and the metal con-
entration is reduced from C0 to Ce in the adsorption process.
n the treatment stage, W g adsorbent is added and the metal
oncentration on kaolinite changes from q0 = 0 to qe.The mass
alance that equates the metal removed from the liquid effluent
o the that accumulated by kaolinite is

(Co − Ce) = W(qe − q0) = Wqe (11)

In the case of the adsorption of copper ion on kaolinite, the
angmuir isotherm gives the best fit to experimental data. The
angmuir data may now be applied to Eq. (11) and substituting

or qe from Eq. (7) and rearranging gives

W

V
= C0 − Ce

qe
≡ C0 − Ce

(qmKCe/1 + KCe)
(12)

Eq. (12) permites analytical calculation of the adsorbent solu-
ion ratio for a given change in solution concentration, C0 to Ce.

ig. 12 shows a series of plots derived from Eq. (12) for the
dsorption of copper ions on kaolinite. An initial copper con-
entration of 7.86 × 10−4 mol/L is assumed and the figure shows
he amount of effluent which can be treated to reduce the cop-

ig. 12. Volume of effluent (V) treated against adsorbent mass (W) for different
ercentage copper removal.
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er content by 90, 80, 70, 60 and 50% using various masses of
aolinite.

.6. Conclusion

The results of present investigation show that kaolinite, low
ost materials, has suitable adsorption capacity with regard to the
emoval of copper ions from its aqueous solutions. The adsorbed
mount of copper ions decreased with increase in ionic strength,
cid-activation and calcination temperature, but the adsorbed
mount of copper ions increased with increase in pH and temper-
ture. The experimental equilibrium data obtained were applied
o the Langmuir and Freundlich isotherm equations to test the
tness of these equations. The experimental data were corre-

ated reasonably well by the Langmuir adsorption isotherm and
he isotherm parameters (qm and K) have been calculated. The
nthalpy change for the adsorption process was indicative of
he endothermic nature of adsorption and a physical adsorption.
he dimensionless separation factor (R) showed that kaolinite
an be used for removal of copper ions from aqueous solutions.
he results of this research were compared to the published data

n the same field, and found to be in agreement with most of
hem. The batch design may be useful for environmental tech-
ologist in designing treatment plants for metal removal from
astewaters.
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