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a b s t r a c t

The adsorption of Cu(II) ions from aqueous solutions by hazelnut shell activated carbon (HSAC) was studied
in a batch adsorption system. Factors influencing copper adsorption such as initial copper ion concen-
tration (25–200 mg L−1), pH (2–6), adsorbent dosage (0.5–3.0 g L−1) and temperature (293–323 K) were
investigated. The adsorption process was relatively fast and equilibrium was established about 90 min.
Maximum adsorption of Cu(II) ions occurred at around pH 6. A comparison of the kinetic models on the
eywords:
azelnut shell carbon
esorption
opper ions
dsorption kinetics
dsorption equilibrium

overall adsorption rate showed that the adsorption system was best described by the pseudo second-order
kinetics. Desorption experiments were carried out to test the performance of the carbon and desorption
efficiencies in four cycles were found to be in the range 74–79%. The adsorption equilibrium data fitted
best with the Langmuir isotherm and the monolayer adsorption capacity of Cu(II) ions was determined as
58.27 mg g−1 at 323 K. Thermodynamic parameters were calculated for the Cu(II) ion–HSAC system and
the positive value of �H (18.77 kJ mol−1) showed that the adsorption was endothermic and physical in
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. Introduction

Copper is heavily used metal in industries such as plating,
ining and smelting, brass manufacture, electroplating industries,

etroleum refining and excessive use of Cu-based agrichemicals
ining. These industries produce much wastewater and sludge

ontaining Cu(II) ions with various concentrations, which have neg-
tive effects on the water environment [1]. Copper may be also
ound as a contaminant in food, especially shellfish, liver, mush-
ooms and nuts [2]. It has been reported that excessive intake of
opper by humans may lead to severe mucosal irritation, hepatic
nd renal damage, widespread capillary damage, capillary damage,
nd central nervous problems [3]. The World Health Organization
ecommended a maximum acceptable concentration of Cu(II) in
rinking water of 1.5 mg L−1 [4]. Therefore, the concentration of
his metal must be reduced to level that satisfy environmental reg-
lations for various bodies of water.

The most commonly used techniques for removing of Cu(II)

on from aqueous solutions include oxidation, reduction, pre-
ipitation, membrane filtration, biological process, ion exchange
nd adsorption. Among various treatment technologies, activated
arbon adsorption is commonly used due to its porous surface

∗ Corresponding author. Tel.: +90 262 6053108; fax: +90 262 6053101.
E-mail address: erhan@gyte.edu.tr (E. Demirbas).
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tructure, which provides it with a high surface area, harmlessness
o the environment and ease in operation. However, the high cost
f activated carbon has led to the development of new adsorbents
ith similar characteristics, but lower costs [5,6]. Therefore, there is
need to search into alternatives to investigate low-cost, effective
nd economical adsorbents. Several research workers have stud-
ed the production of activated carbon from Ceiba pentandra hulls
arbon [4], pecan shell carbon [7,8], hazelnut shell carbon [9–12],
eanut hull carbon [13], coirpith carbon [14,15], olive stones and
alnut shells [16], almond shell carbon [17,18], peach stone carbon

17,19], olive stone carbon [17,20] and sawdust carbon [21].
In this study, waste hazelnut shell was utilized as the raw mate-

ial for the production of granular activated carbon by chemical
ctivation and its adsorption capacity for Cu(II) ions from aqueous
olutions was evaluated. Effects of initial metal ion concentration,
H, adsorbent dosage and temperature on hazelnut shell acti-
ated carbon (HSAC) under kinetic and equilibrium conditions were
nvestigated. Thermodynamic parameters were also calculated.

. Experimental
.1. Materials and characterizations

Hazelnut shell is an important agricultural residue and the
mount produced annually in Turkey is estimated to be about
× 105 tons [22]. At present, this agricultural waste material is

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:erhan@gyte.edu.tr
dx.doi.org/10.1016/j.cej.2008.09.027
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Fig. 1. Typical SEM micrograph of HSAC particle (magnification: 1000×).

sed principally as a solid fuel. Carbon for HSAC was obtained
rom species of Corylus avellana from Trabzon in Turkey. Analyt-
cal grade reagents were used in all the experiments and water
as purified by means of a Milli-Q system (Millipore). Carbon
as air-dried and crushed with geometrical mean size ranging

rom 1.0 to 1.2 mm. 100 g of the selected fraction was impreg-
ated with concentrated H2SO4. Then it was activated in a hot
ir oven at 200 ◦C for 24 h. The carbonized material was washed
ith distilled water to remove the free acid and the carbon was

oaked in 1% NaHCO3 solution to remove any remaining acid. Then
t was washed with distilled water until the pH of the activated
arbon reached 6, dried at 105 ◦C. The surface area of HSAC was
easured by BET (Brunauer–Emmett–Teller nitrogen adsorption

echnique). The bulk density of the adsorbent was determined with
densitometer. The bulk density, ash content, moisture, solubil-

ty in water, solubility in acid, surface area and iodine number of
SAC were determined as 0.54 g cm−3, 2.04%, 7.84%, 0.82%, 1.14%,
41 m2 g−1 and 204 mg g−1, respectively. The surface of adsorbent
as characterized by scanning electron microscopy (SEM, Philips
L30S-FEG). HSAC had considerable numbers of pores where the
etal ion was trapped and adsorbed into these pores (Fig. 1). The

TIR spectroscopy method was used to get information on interac-
ions between the functional groups of the carbon and the copper
on. The infrared spectra of the samples were recorded in the range
000–400 cm−1 on a BioRad FTS 175C spectrophotometer using a
ellet technique (figure not shown). The samples were prepared
ixing 1 mg of material with 100 mg of spectroscopy grade KBr.

he adsorption bands at 3631, 3055, 1707, 1618 and 896 cm−1 were
ssigned to –OH, –C–H, –C O, –C C, and –C CH2, respectively
hich indicated the complex nature of the adsorbent. The main

unctional groups involved in the binding of copper ions suggested
hat the mechanisms of copper adsorption on HSAC could occur by
urface complexation.

.2. Batch mode adsorption studies

The effects of experimental parameters such as, initial metal
on concentration (25–200 mg L−1), pH (2–6), adsorbent dosage
0.5–3.0 g L−1) and temperature (293–323 K) on the adsorptive
emoval of Cu(II) ions were studied in a batch mode of operation for
specific period of contact time (0–120 min). The Cu(II) solutions

ere prepared by dissolving CuSO4·5H2O in distilled water and
sed as a stock solution and diluted to the required initial concen-
ration. pH was adjusted using 0.1N HCl or 0.1N NaOH. For kinetic
tudies, 50 mL of Cu(II) solution of known initial concentration and
nitial pH was taken in a 250 mL screw-cap conical flask with a
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xed adsorbent dosage (3 g L−1) and was agitated in a thermostated
otary shaker for a contact time varied in the range 0–120 min at a
peed of 300 rpm at 293 K. At various time intervals, the adsorbent
as separated from the samples by filtering and the filtrate was

nalysed using a PerkinElmer model SIMAA 6000 atomic absorp-
ion spectrometer at a wavelength of 324.8 nm. Quality assurance
f analytical measurements was performed in this study. Cop-
er atomic spectroscopy standard solution of 1000 mg L−1 ± 0.3%
Merck) was used for measurements. Calibration curves between

and 20 mg L−1 were prepared and detection limit was found as
mg L−1. Precision of the parallel measurements was as ±3% SD.
or adsorption isotherms, different initial Cu(II) ion concentrations
50–1000 mg L−1) were agitated with 3 g L−1 adsorbent dosage in
thermostated shaker at 300 rpm for 240 min. The adsorbent was

eparated and the metal under consideration was determined as
entioned previously. The concentration retained in the adsorbent

hase (qe, mg g−1) was calculated by using the following equation

e = (Co − Ct)V
W

(1)

here Co is the initial Cu(II) concentration and Ct is the Cu(II) con-
entration (mg L−1) at any time, V is the volume of solution (L) and

is the mass of the adsorbent (g). The data analysis was carried
ut using correlation analysis employing least-square method and
he sums of error squares (SSE) is calculated using the following
quation

SE =
√∑

(qe,exp − qe,calc)2

N
(2)

here N is the number of data points. Each experiment was
onducted in triplicate under identical conditions to confirm the
esults, and was found reproducible (experimental error within 3%).

. Adsorption kinetics

Kinetic study is important to an adsorption process because it
epicts the uptake rate of adsorbate, and controls the residual time
f the whole adsorption process. Four kinetic models, pseudo first-
rder [23], pseudo second-order [24], Elovich [25] and diffusion
inetic models [26], are selected in this study for describing the
dsorption process.

.1. The pseudo first-order equation

A pseudo first-order equation can be expressed in a linear form
s

og(qe − qt) = log(qe) − k1

2.303
(t) (3)

here qe and qt are the amount of copper ions adsorbed (mg g−1)
n the adsorbent at the equilibrium and at time t, respectively,
nd k1 is the rate constant of adsorption (L min−1). Values of k1
ere calculated from the plots of log(qe − qt) versus t for different

oncentrations of the Cu(II) ion. The values k1 and qe are given in
able 1.

.2. The pseudo second-order equation

A linear form of pseudo second-order model is shown in Eq. (4)

t 1 1

qt

=
k2q2

e
+

qe
(t) (4)

here k2 is the rate constant of pseudo second-order adsorption
g mg−1 min−1). The constants can be obtained from plotting (t/qt)
ersus t. The values k2, qe and h (k2q2

e ) are given in Table 1.
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Table 1
The pseudo first-order and second-order kinetic parameters for Cu(II) at different pHs, initial dye concentrations and adsorbent dosages by HSAC.

Parameters Pseudo first-order kinetic Pseudo second-order kinetic

qe,exp (mg g−1) qe,calc (mg g−1) k1 (L min−1) r2 SSE (%) qe,calc (mg g−1) k2 (g mg−1 min−1) h = k2q2
e

(mg g−1 min−1)
r2 SSE (%)

pH
2.0 9.02 8.77 0.0359 0.998 3.54 10.91 0.0179 2.128 0.994 1.91
3.0 14.67 14.68 0.0447 0.993 1.12 18.68 0.0041 1.439 0.993 4.01
4.0 15.04 14.11 0.0432 0.998 3.13 17.75 0.0034 1.066 0.997 2.75
5.0 15.02 14.19 0.0496 0.999 8.58 16.94 0.0027 0.948 0.998 2.39
6.0 15.33 14.38 0.0428 0.999 5.75 16.00 0.0018 0.493 0.998 1.11

Co (mg L−1)
25 8.06 8.16 0.1050 0.996 0.93 8.77 0.0121 0.964 0.996 0.77
50 15.33 14.38 0.0428 0.999 5.75 16.00 0.0018 0.493 0.998 1.11

100 29.33 20.50 0.0381 0.991 80.14 30.52 0.0002 0.219 0.998 1.19
200 36.33 25.48 0.0598 0.988 61.44 37.76 0.00008 0.117 0.999 1.43

ms (g L−1)
3.40
1.03
0.76
5.75
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with studies reported [28]. The values of the initial adsorption rates,
h determined from the straight line plots for each adsorbent sys-
tem, increased with decrease in the initial copper concentration as
given in Table 1. The lower the concentration of copper ions in the
0.5 58.00 25.10 0.0346 0.965 26
1.5 41.26 21.48 0.0337 0.972 23
2.0 23.18 12.16 0.0391 0.944 10
3.0 15.33 14.38 0.0428 0.999

.3. The Elovich equation

The Elovich model equation [25] is generally expressed as:

dqt

dt
= ˛ exp(−ˇqt) (5)

here ˛ is the initial adsorption rate (mg g−1 min−1) and ˇ is the
esorption constant (g mg−1) during any one experiment. To sim-
lify the Elovich equation, ˛ˇt � t is assumed and by applying
he boundary conditions qt = 0 at t = 0 and qt = qt at t = t equation
ecomes:

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t) (6)

plot of qt versus ln(t) should yield a linear relationship with a
lope of (1/ˇ) and an intercept of (1/ˇ) ln(˛ˇ). The constants are
isted in Table 2.

.4. Diffusion kinetic model

Diffusion kinetic model [26], D, is the sum of pore and surface
iffusion. It may be calculated from the following equation

log

(
1 −

(
qt

qe

)2
)

=
(

4�2D

2.3d2

)
t (7)

here d is the mean particle diameter (cm), respectively. By plotting
log(1 − (qt/qe)2) against t, D (cm2 s−1) may be determined from

he kinetic adsorption data. Values of D are given in Table 2.

. Results and discussion

.1. Adsorption kinetics

.1.1. Effect of initial Cu(II) concentration on adsorption kinetics
The adsorption capacity of Cu(II) increased with time and

ttained a maximum value at 60 min and thereafter, it reached a
onstant value indicating that no more Cu(II) ions were further
emoved from the solution (Fig. 2). The equilibration time was
ound to be around 90 min but the adsorption experiments for

ractical reasons were run for 120 min. On changing the initial con-
entration of Cu(II) solution from 25 to 200 mg L−1, the amount
dsorbed increased from 8.0 to 36.3 mg g−1 (Fig. 2). This may be
ttributed to an increase in the driving force of the concentra-
ion gradient with the increase in the initial copper concentration

F
t
a

50.66 0.00003 0.076 0.999 0.66
41.74 0.00006 0.108 0.998 0.74
23.61 0.00031 0.176 0.998 0.61
16.00 0.0018 0.493 0.998 1.11

n order to overcome all mass transfer resistance of Cu(II) ions
etween the aqueous and solid phases. Therefore, a higher initial
oncentration of Cu(II) ions may increase the adsorption capacity
27].

The experimental data for the adsorption of the copper ion onto
SAC treated with the above kinetic models were used to evalu-
te the controlling mechanism of adsorption processes. The higher
orrelation coefficients (r2) values and lowest SSE values confirmed
hat the adsorption data were well represented by pseudo second-
rder kinetics for the entire adsorption period (Table 1). Values from
he calculated equilibrium adsorption capacities (qe,calc) agreed
ell with the experimental data (qe,exp) for the second-order kinetic
odel as well (Table 1).
The values of the second order rate constants (k2) were found

o decrease from 1.21 × 10−2 to 8 × 10−5 g mg−1 min−1 as the ini-
ial concentration increased from 25 to 200 mg L−1, showing the
rocess to be highly concentration dependent, which is consistent
ig. 2. Effect of initial concentration on the adsorption of Cu(II) by HSAC (Condi-
ions: pH 6, 1.00–1.20 mm particle size, 3 g L−1 adsorbent dosage, 300 rpm, 120 min
gitation time and 293 K).
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Table 2
The Elovich and intraparticle diffusion kinetic parameters for Cu(II) at different pHs, initial dye concentrations and adsorbent dosages by HSAC.

Parameters Elovich kinetic model Diffusion kinetic model

qe,exp (mg g−1) qe,calc (mg g−1) ˛ (mg g−1 min−1) ˇ (g mg−1) r2 SSE (%) qe,calc (mg g−1) D × 10−5 (cm2 s−1) r2 SSE (%)

pH
2.0 9.02 8.89 1.41 0.499 0.971 5.02 16.7 1.284 0.986 7.69
3.0 14.67 15.08 2.23 0.288 0.975 8.21 23.7 1.765 0.988 9.03
4.0 15.04 15.53 2.66 0.292 0.980 8.01 24.5 1.832 0.997 9.50
5.0 15.02 15.67 3.42 0.309 0.981 7.44 23.5 1.777 0.991 8.49
6.0 15.33 15.75 6.05 0.294 0.981 8.04 24.9 2.496 0.996 6.71

Co (mg L−1)
25 8.06 9.09 2.69 0.575 0.967 4.21 10.2 1.628 0.986 2.19
50 15.33 15.75 6.05 0.294 0.981 8.04 24.9 2.496 0.996 6.71

100 29.33 29.30 26.35 0.224 0.989 11.01 49.9 2.596 0.996 20.57
200 36.33 38.21 49.60 0.183 0.992 12.00 51.3 4.156 0.991 14.97

ms (g L−1)
0.5 58.00 49.31 836.25 0.201 0.988 12.85 93.1 1.518 0.984 43.10
1.5 41.26 39.62 743.77 0.253 0.956 10.85 72.7 1.470 0.990 31.72

s
t
p
f
r
(
f
t
i

4

p
r
a
d
f
T
1
l
t
s
e

c
(
w
s
b

c
w
b
t

p
c
q
1
6
s
t
a

4

m
o
C
o
a
showed that the amount of Cu(II) ion adsorbed increased from 15.0
to 58.0 mg g−1 for HSAC as the adsorption dosage was decreased
from 3 to 0.5 g L−1. On the other hand, the amount adsorbed per
2.0 23.18 22.82 319.75 0.425
3.0 15.33 15.75 6.05 0.294

olution, the lower the probability of collisions among Cu(II) ions,
herefore Cu(II) ions could be bonded to the active sites in a shorter
eriod of time [29]. For the present systems, the values of the dif-
usion coefficient shown in Table 2 fall well within the magnitudes
eported in literature [30], specifically for chemisorption systems
10−5 to 10−13 cm2 s−1). The corresponding diffusion coefficients
or the various concentrations of Cu(II) ions varied from 1.63 × 10−5

o 4.16 × 10−5 cm2 s−1. The increase in D values was attributed to the
ncrease in the internal surface affinity [31].

.1.2. Effect of pH on adsorption kinetics
The pH of an aqueous solution is an important controlling

arameter in the process of adsorption. Experiments were car-
ied out in the pH range 2–6 since copper started to precipitate
s Cu(OH)2 above pH 6. This has been confirmed by the speciation
iagram shown in Fig. 3 [32]. The dominant species of copper is
ree Cu2+ below pH 6 and mainly involved in adsorption process.
he amounts of copper adsorbed increased gradually from 9.0 to
5.3 mg g−1 as pH increased from 2 to 6 (figure not shown). At very
ow pH values, copper adsorption was found to be very low due
o competition between H3O+ and Cu(II) ions for the adsorption
ites. The original pH of copper solution was 6 and the subsequent
xperiments were carried out at this pH.

The effect of pH can be also explained by considering the surface

harge on the adsorbent material. The zero charge of the adsorbent
pHpzc, Zetameter 3) was determined as 5.8 which is the point at
hich the net charge of the adsorbent is zero (Fig. 4). The pH of

olution was 6 and was higher than pHpzc. Thus, the activated car-
on adsorbent acts as a negative surface and attracts the positively

Fig. 3. Distribution of Cu(II) species as a function of pH.

u
u

0.975 5.94 73.5 1.655 0.969 50.50
0.981 8.04 24.9 2.496 0.996 6.71

harged metal ions. Generally, the net positive charge decreases
ith increasing pH value and leads to decrease in the repulsion

etween the adsorbent surface and metal ions and thus, enhances
he adsorption capacity [33].

The experimental data showed good compliance with the
seudo second-order kinetic model in terms of higher correlation
oefficients (r2 > 0.99) and very close values between qe,calc and
e,exp. Values of D for the Cu(II) adsorption on HSAC varied from
.28 × 10−5 to 2.50 × 10−5 cm2 s−1 as pH was increased from 2 to
(Table 2). This indicated that the transport of Cu(II) ions from

olution through the particle solution interface into the pores of
he particles as well as the adsorption on the available surface of
dsorbents are both responsible for the uptake of Cu(II) ions.

.1.3. Effect of adsorption dosage on adsorption kinetics
Adsorbent dosage is an important parameter because it deter-

ines the capacity of an adsorbent for a given initial concentration
f the adsorbate. The effect of adsorbent dosage was studied on
u(II) ion removal from aqueous solutions by varying the amount
f HSAC from 0.5 to 3.0 g L−1, while keeping other parameters (pH,
gitation speed, temperature and contact time) constant. Fig. 5
nit mass of the adsorbent decreased considerably. The decrease in
nit adsorption with increase in the dosage of adsorbent was due

Fig. 4. The zeta potential curves as a function of pH for HSAC.
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Table 4
Thermodynamic parameters for the adsorption of Cu(II) in aqueous solutions onto
HSAC.

T (K) Thermodynamic parameters

�G (kJ mol−1) �H (kJ mol−1) �S (J mol−1 K−1)

293 6.83
303 6.66 18.77 40.4
3
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ig. 5. Effect of adsorbent dosage on the adsorption of Cu(II) by HSAC (Conditions:
0 mg L−1, pH 6, 1.00–1.20 mm particle size, 300 rpm, 120 min agitation time and
93 K).

o adsorption sites remaining unsaturated during the adsorption
rocess [34]. For the rest of the study 3 g L−1 adsorbent dosage is
onsidered as optimum dosage for copper removal using HSAC.

The kinetic parameters calculated from the kinetic models are
hown in Table 1. The experimental data fit well with the pseudo
econd-order kinetic model (r2 > 0.99). Values of k2 increased from
.0 × 10−5 to 1.80 × 10−3 (g mg−1 min−1) with the increase in adsor-
ent dosage which resulted in an increase in the surface area for
dsorption and an increase in the available sites for adsorption.

.2. Adsorption isotherms

Equilibrium relationships between adsorbent and adsorbate
re described by adsorption isotherms. Three adsorption isotherm
quations (8)–(10) were used in the present study namely, Lang-
uir [35], Freundlich [36] and Tempkin [37]. The applicability of

he isotherm models to the adsorption study done was compared
y judging the correlation coefficients values. The linear forms of
he Langmuir, Freundlich and Tempkin isotherms are represented
y the following equations:

Ce

qe
= 1

Q0b
+ Ce

Q0
(8)

here Ce is the equilibrium concentration (mg L−1), Qo is the mono-
ayer adsorption capacity (mg g−1) and b is the constant related to
he free adsorption energy (Langmuir constant, L mg−1).
og qe = log kF + 1
n

log Ce (9)

here kF is a constant indicative of the adsorption capacity of the
dsorbent (mg g−1) and the constant 1/n indicates the intensity of

�

l

able 3
angmuir, Freundlich and Tempkin isotherm parameters and correlation coefficients for t

(K) Langmuir isotherm Freundlich isothe

Qo (mg g−1) b (L mg−1) r2 kf (mg g−1)

93 48.64 0.0054 0.999 10.183
03 51.52 0.0053 0.999 11.458

313 55.40 0.0033 0.999 16.962
23 58.27 0.0252 0.999 19.208
13 6.03
23 5.71

he adsorption.

e =
(

RT

bT

)
ln A +

(
RT

bT

)
ln Ce (10)

here A (L g−1) and bT (J mol−1) are the Tempkin constants. The
heoretical parameters of adsorption isotherms along with regres-
ion coefficients are listed in Table 3. The Langmuir isotherm model
ad highest values of regression coefficients when compared to the
est of isotherm models, which showed the homogeneous nature
f the adsorbent. The maximum adsorption capacity and Langmuir
onstant were calculated from the slope and intercept of the lin-
ar plots Ce/qe versus Ce which gives a straight line of slope 1/Qo

hich corresponds to complete monolayer coverage (mg g−1) and
he intercept is 1/Qob. The maximum capacity for monolayer sat-
ration was 58.27 mg Cu(II) per gram of the adsorbent material at
23 K because high temperatures led to a higher chance of the cop-
er ion being adsorbed onto the adsorbent and an increase in its
dsorption capacity which results in the enlargement of pore size.

.2.1. Effect of temperature
Adsorption experiments were conducted at 293, 303, 313 and

23 K to investigate the effect of temperature, with initial Cu(II)
oncentration of 50–1000 mg L−1, adsorbent dosage of 3 g L−1, pH
and particle size of 1.00–1.20 mm. It was observed that the max-

mum adsorption capacity of Cu(II) ion increased from 48.6 mg g−1

t 293 K to 58.3 mg g−1 at 323 K, i.e. adsorption increased with the
ncrease of temperature (figure not shown). This can be explained
y the fact that at higher temperature, the kinetic energy of Cu2+

ations is high; therefore, contact between Cu2+ and the active sites
f HSAC is sufficient, leading to an increase in adsorption efficiency.
his condition shows that adsorption is more of a physical than
chemical adsorption. Similar trends are also observed by other

esearchers for aqueous phase adsorption [38]. In addition to that,
he rise of adsorption with temperature may enlarge the pore size to
ome extent which may also affect the carbon adsorption capacity.

Thermodynamic parameters such as change in free energy
�G◦), enthalpy (�H◦) and entropy (�S◦) were calculated using
he following equations:
G◦ = −2.303 RT log K (11)

og K = �S◦

2.303R
− �H◦

2.303R

(
1
T

)
(12)

he adsorption of Cu(II) in aqueous solutions onto HSAC at different temperatures.

rm Tempkin isotherm

n r2 bT (J mol−1) A (L mg−1) r2

3.907 0.915 379.97 3.419 0.975
4.087 0.943 397.53 5.198 0.989
5.255 0.959 406.79 9.396 0.990
5.563 0.967 429.38 18.580 0.992
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Table 5
Adsorption capacity of Cu(II) by various adsorbents.

Adsorbent Qo (mg g−1) Reference

Pecan shell carbon 95.00 [7]
Peanut hull carbon 65.57 [13]
HSAC 58.27 This study
Hazelnut shell carbon 39.54 [12]
NaOCl-modified CNTs 47.39 [41]
Coirpith carbon 39.70 [14]
Ceiba pentandra hulls carbon 20.80 [4]
Olive stone carbon 9.21 [17]
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Liquid samples were withdrawn at predetermined time intervals
Fig. 6. A single-stage batch adsorber.

here K (=b) is the adsorption isotherm constant, R is the gas
onstant (8.314 J K−1 mol−1), T is the absolute temperature, respec-
ively. �H◦ and �S◦ can be calculated from the slope and intercept
f the Van’t Hoff plot of log K versus (1/T) from Eq. (12). Positive
alue of �H◦ indicates that the adsorption process is endothermic.
G◦ reflects the feasibility of the process and standard entropy

etermines the disorderliness of the adsorption at solid–liquid
nterface (Table 4).

.2.2. Single-stage batch adsorber
Adsorption isotherm studies can also be used to predict the

esign of single stage batch adsorption systems [39,40]. The
chematic diagram for a single-stage adsorption process is shown
n Fig. 6. The solution to be treated contains V L of solvent and the
ollutant concentration is reduced from Co to Ce in the adsorption
rocess. The amount of adsorbent added is W g of adsorbate-free
olid and the metal concentration changes from qo = 0 to qe. The
ass balance equates the metal removed from the liquid to that

icked up by the adsorbent is

(Co − Ce) = W(qe − qo) = Wqe (13)

he Langmuir isotherm data may now be applied to Eq. (13) since
he Langmuir isotherm gave the best fit to experimental data.

W

V
= Co − Ce

qe
= Co − Ce

[(QobCe)/(1 + bCe)]
(14)
ig. 7 shows a series of plots derived from Eq. (14) for the adsorption
f Cu(II) ions on the adsorbent and depicts the amount of effluent
hich can be treated to reduce the copper content by 90, 80, 70, 60

nd 50% using various masses of the adsorbent.

ig. 7. Volume of effluent (V) treated against adsorbent mass (W) for different per-
entage copper removal.

a
i
e

lmond shell carbon 8.85 [17]
each stone carbon 7.21 [17]
awdust carbon 5.73 [21]

.2.3. Comparison of HSAC with other adsorbents
Several studies have been conducted using various types of

dsorbents for Cu(II) adsorption. Table 5 presents a comparison
f the adsorption capacity of the results. It can be seen from the
able that HSAC shows the comparable adsorption capacity with
espect to other adsorbents, revealing that HSAC is suitable for the
emoval of Cu(II) from aqueous solutions since it has a relatively
igh adsorption capacity.

.2.4. Desorption studies
Desorption experiments were carried out in order to estimate

he metal releasing capacity of HSAC loaded with Cu(II) ions. Each
dsorption (HSAC–25 mg L−1 of Cu(II)) and desorption cycle (Cu(II)
oaded HSAC–1.0N HCl) was allowed 120 min of contact time at
93 K and consecutive adsorption–desorption cycles were repeated
our times using the same adsorbent in solutions (Fig. 8). The
dsorption and desorption efficiencies of the carbon from the four
ycles were 96, 95, 93, 92% for adsorption and 79.2, 78.3, 75.0, 73.9%
or desorption, respectively. There was a slight decrease in both the
ercentage of Cu(II) ion adsorbed and the percentage of Cu(II) ion
esorbed from the first to the fourth cycle. This showed that the car-
on was restored close to the original condition without damage to
he nature of the adsorption characteristics of the carbon.

Similarly, desorption kinetics was also studied separately with
.1, 0.5 and 1.0 N HCl for 25, 100 and 200 mg L−1 of Cu(II) solutions.
nd the sample was filtrated. The residual copper ion concentration
n solution was analyzed with atomic adsorption spectrophotom-
try. The kinetic results were presented in Table 6. The higher r2

Fig. 8. The performance of HSAC by multiple cycles of regeneration.
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Table 6
The desorption kinetic parameters for Cu(II) loaded HSAC at different HCl concentrations for various Cu(II) solutions.

Co (mg L−1) HCl (N) Pseudo first-order kinetic Pseudo second-order kinetic

qe,exp (mg g−1) qe,calc (mg g−1) k1 (L min−1) r2 qe,calc (mg g−1) k2 (g g−1 min−1) h = k2q2
e (mg g−1 min−1) r2

25
0.1 5.33 3.91 0.0412 0.995 5.69 0.0216 0.700 0.998
0.5 5.67 3.59 0.0446 0.944 5.96 0.0298 1.058 0.999
1.0 6.00 3.33 0.0405 0.958 6.22 0.0329 1.274 0.999

50
0.1 7.67 3.77 0.0580 0.957 7.88 0.0443 2.752 0.999
0.5 9.00 4.10 0.0392 0.950 9.21 0.0302 2.864 0.999
1.0 9.33 3.32 0.0389 0.951 9.48 0.0423 3.802 0.999

2
0.1 18.02 15.57 0.0786 0.991 19.23 0.0088 3.259 0.998
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00 0.5 22.01 14.23 0.0708
1.0 24.01 15.64 0.0737

alues and close values between qe,calc and qe,exp confirmed that
he desorption data were well represented by pseudo second-order
inetics (Table 6).

. Conclusion

The adsorption of copper on the activated carbon is found to
e initial metal ion concentration, solution pH, time, adsorbent
osage and temperature dependent. Adsorption process revealed
hat the initial uptake was rapid and equilibrium was achieved
n about 90 min. The optimum parameters for this study were
H 6, 50 mg L−1 of Cu(II) concentration and 3 g L−1 of adsorbent
osage. Experimental results indicated that the pseudo second-
rder reaction kinetics provided the best description of the data.
esorption studies were carried out using various concentrations
f hydrochloric acid solution. The adsorption–desorption cycles
howed that the adsorbent could be used for a minimum four
ycles. The isotherm study indicated that adsorption data cor-
elated well with Langmuir isotherm model. Thermodynamical
arameters were also evaluated for the metal ion–adsorbent sys-
em and revealed that the adsorption was endothermic in nature.
his study demonstrated that the HSAC could be used as an effec-
ive adsorbent for the treatment of wastewater containing Cu(II)
ons.
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