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a b s t r a c t

The comparative and competitive adsorption of Cu(II), Ni(II), and Pb(II) from aqueous solution using
chitosan immobilized on bentonite (CHB) was investigated. The adsorption data of single and binary
systems indicated that Cu(II) and Pb(II) best fits Freundlich isotherm while Ni(II) follows Langmuir. In
binary systems, a decrease in adsorption capacities and isotherm constants was observed, showing pref-
vailable online 17 August 2010
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dsorption
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erence of adsorption in the order of Pb(II) > Cu(II) > Ni(II). Kinetic studies of single system indicated that
the pseudo-second order is the best fit with high correlation coefficients (R2 > 0.99) and low sum of error
values (SE = 0.13–0.46%). Thermodynamic studies illustrated that adsorption of CHB are exothermic and
causes a decrease in the entropy. The adsorption of Pb(II) is spontaneous while Ni(II) is non-spontaneous
at 25–55 ◦C. Cu(II) adsorption is only spontaneous at 25 ◦C.
entonite
omparative and competitive

. Introduction

Heavy metals contamination in wastewater is mainly con-
ributed by anthropogenic sources like electronics assembly and
abrication, battery manufacturing, paper and pulp industries,

etal fabrication, and mining activities (Sari, Tuzen, Citak, & Soylak,
007). Philippines is included in the top 30 World Metal Statistics

n terms of Cu(II) and Ni(II) production. According to the Philippine
lean Water Act 2004 RA 9275, the ore mining and processing of
u(II) and Ni(II) produce Pb(II) in their wastewaters.

Cu(II) and Ni(II) are essential nutrients needed by the body in
race amounts. However, an increase in the intake of Cu(II) can
ause health problems like gastrointestinal disturbance, and liver
nd kidney failure while high Ni(II) intake can lead to birth defects,
mbolism, and chronic bronchitis (Han et al., 2009). On the other
and, Pb(II) has no essential function to the human body but has
everal unwanted effects like kidney damage, and disruption of the
ervous system. In addition, the presence of heavy metals at ele-

ated levels in surface water and groundwater environment also
revents any beneficial use of the water bodies. Therefore, it is
ssential to control the concentration of heavy metals in wastew-
ters before its disposal into the environment.

∗ Corresponding author. Tel.: +886 6 266 0615; fax: +886 6 213 1291.

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.08.013
© 2010 Elsevier Ltd. All rights reserved.

Common removal technologies of heavy metals are membrane
separation, ion exchange, electro deposition, and chemical precip-
itation. These methods proved to be costly and inept, especially in
removing trace amounts of heavy metals (Popuri, Vijaya, Boddu,
& Abburi, 2009). Another disadvantage is the production of sludge
or mud, which requires proper disposal and confinement (Rhazi et
al., 2002). On the other hand, adsorption effectively removes con-
taminants in wastewater with high solute loadings and even at
dilute concentrations (<100 mg/L). Use of natural adsorbents like
peat, banana pith, rice hull and chitosan prove to be economical
and effective in removing a variety of contaminants (Popuri et al.,
2009; Septhum, Rattanaphani, Bremner, & Rattanaphani, 2007).

Chitosan contains reactive hydroxyl (–OH) groups and amino
(–NH2) groups that have the potential to bind heavy metals. Pure
chitosan tends to agglomerate and form a gel in aqueous media,
rendering most of the hydroxyl and amino groups inaccessible for
metal binding. Coating chitosan as a thin layer onto an immo-
bilization support increases the accessibility of its binding sites,
and improves the mechanical stability (Wan, Petrisor, Lai, Kim,
& Yen, 2004; Wan, Kan, Rogel, & Dalida, 2010). Chitosan support

materials that have been previously studied are sand for Cu(II) &
Pb(II) removal (Wan et al., 2010), calcium alginate beads for Ni(II)
removal (Vijaya, Popuri, Boddu, & Krishnaiah, 2008), alumina for
Cr(VI) removal (Veera, Krishnaiah, Jonathan, & Edgar, 2003), and
PVC beads for Cu(II) and Ni(II) removal (Popuri et al., 2009). Clay

dx.doi.org/10.1016/j.carbpol.2010.08.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
dx.doi.org/10.1016/j.carbpol.2010.08.013
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major weight loss starts around 243 ◦C, then chitosan was burnt
out completely at 570 ◦C. The thermogram of CHB is similar to that
of bentonite, with a slightly higher weight loss. This indicates that
3.1% of chitosan has successfully coated onto bentonite.

Table 1
Surface area determination of the bentonite, chitosan, and CHB.

Chitosan Bentonite CHB
C.M. Futalan et al. / Carbohyd

resents as a promising support material due to its mechanical and
hemical stability, low cost, and availability (Gecol, Miakatsindila,
rgican, & Hiibel, 2006; Wang & Wang, 2008). Several studies have
een performed on montmorillonite/chitosan composites for the
emoval of tannic acid (An & Dultz, 2007), dyes (Monvisade &
irriphannon, 2009), and tungsten (Gecol et al., 2006). Using a geo-
ogically available support material lessens the amount of chitosan
o be used in synthesizing the composite material. Therefore, it
s practical to use it as a possible material for permeable reac-
ive barrier in the treatment of acidic plumes and contaminated
roundwater.

In this investigation, chitosan immobilized on bentonite (CHB) is
haracterized using TG and BET analysis. The main objective of the
tudy is to determine the capacity of CHB in removing Pb(II), Cu(II),
nd Ni(II) from aqueous solution under static conditions. It aims
o determine the maximum adsorption capacity of CHB in single
nd binary solutions, to establish the applicable isotherm model,
o illustrate the suitable kinetics mechanism, and to determine the
hermodynamic parameters.

. Materials and methods

.1. Materials and equipment

Chitosan, low molecular weight and with 75–85% degree of
eacytelation, was obtained from Sigma–Aldrich. Bentonite was
rocured from Ridel-de Haën while HCl (37% fuming), and ICP
ulti-element standard solution were from Merck Germany. Ana-

ytical grade of Cu(NO3)2·2.5H2O, Pb(NO3)2 and Ni(NO3)2·6H2O
ere procured from Ridel-de Haën. A Channel Precision Oven
odel DV452 220 V was used for drying the CHB adsorbent. A

T-350 reciprocal shaker bath was utilized for the batch studies.
etal analysis was done using inductively coupled plasma opti-

al emission spectrometry (ICP-OES) Perkin Elmer DV2000 Series.
urface area analysis was performed using the Brunauer, Emmett,
nd Teller (BET) multipoint technique using N2 adsorption at 77 K.
he thermogravimetric curves of chitosan, bentonite and CHB were
btained using a Perkin Elmer Pyris diamond thermomechanical
nalyzer with a heating rate of 10 ◦C min−1.

.2. Preparation of chitosan immobilized on bentonite

About 5 g of chitosan was dissolved in 300 mL of 5% (v/v) HCl
n a magnetic plate by stirring the solution for 2 h at 300 rpm. Ben-
onite (100 g) was slowly added into the solution and was stirred for
nother 3 h. The solution was added with 1 N NaOH in a dropwise
ethod until neutralization is reached. The adsorbent was washed
ith deionized water, dried in the oven at 65 ◦C for 24 h, pulverized,

nd sieved. Adsorbent with particle size ranging from 0.50 mm to
.21 mm was used in the batch studies.

.3. Adsorption kinetic studies

Single and binary metal solutions of Cu(II), Ni(II) and Pb(II) were
repared with concentrations of 25 mg/L and 200 mg/L, respec-
ively. Adjustment of pH was done using 0.1 N NaOH or 0.1 N HCl.
he initial pH of the solution was set at pH 4, making it similar to
he pH of mining wastewaters, which are typically acidic (pH 4–6).

An Erlenmeyer flask is filled with 0.2 g CHB and 30 mL of the
etal solution. The metal solution was agitated using a reciprocal
haker bath that was maintained at 50 rpm and the pre-determined
ontact times ranged from 1 min up to 24 h. The solution is filtered
sing a Whatman #40 filter paper. The filtrate was analyzed using

CP-OES using wavelengths 324.75 nm, 231.60 nm, and 220.35 nm
or Cu(II), Ni(II), and Pb(II), respectively.
olymers 83 (2011) 528–536 529

The adsorption capacity was calculated:

qe = (C0 − Ce)V
W

(1)

where C0 is the initial metal concentration (mg/L), Ce is the final
or equilibrium concentration (mg/L), V is the volume of the metal
solution (mL), and the W is the weight of CHB (g).

2.4. Adsorption isotherm studies

Single and binary metal solutions of Cu(II), Ni(II), and Pb(II) with
concentrations of 50–500 mg/L were utilized for isotherm studies.
The experiments were performed using 0.2 g of CHB in 30 mL of the
metal solution in an Erlenmeyer flask. Solutions with an initial pH
4 were agitated using a reciprocal shaker bath at 50 rpm for 24 h at
room temperature.

2.5. Adsorption thermodynamics studies

The thermal effects were studied under four different temper-
atures: 25 ◦C, 35 ◦C, 45 ◦C, and 55 ◦C. The thermodynamic studies
were conducted with initial concentration of 300 mg/L of Cu(II),
Ni(II), and Pb(II) solutions at pH 4 and were agitated using a recip-
rocal shaker bath for 24 h at a speed of 50 rpm.

3. Results and discussions

3.1. Surface area analysis

The physical characteristics of bentonite, chitosan and CHB are
listed in Table 1. The total porosity is classified into three categories
according to the pore diameter (d). The categories are: macropores
(d > 50 nm), mesopores (2 < d < 50 nm), and micropores (d < 2 nm).
Based on Table 1, bentonite, chitosan, and CHB are mesoporous.
The surface area, total pore volume and micropore volume values
are arranged in the following sequence: bentonite > CHB > chitosan.
The lower surface area and pore volume of CHB was due to the
chitosan molecules blocking the pores of bentonite. In addition,
agglomeration of chitosan with bentonite was caused by bridging
mechanisms and interaction of the hydroxylated edges of bentonite
with each other.

3.2. TG analysis

The thermogravimetric profiles of bentonite, chitosan and CHB
are depicted in Fig. 1. Bentonite has two major weight loss patterns:
90–120 ◦C, which corresponds to the evaporation of adsorbed
water, and 500–700 ◦C, which is caused by the loss of structure of
the hydroxyl group. Moreover, chitosan has two stages of weight
loss: 70–100 ◦C, which is the loss of adsorbed water. The second
BET surface area (m2/g) 2.12 84.28 33.17
Langmuir surface area (m2/g) 2.39 86.33 35.09
Micropore area (m2/g) 0.38 33.73 12.45
Average pore diameter (nm) 11.61 5.72 8.54
Total pore volume (cm3/g) 0.032 0.085 0.048
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als (R2 > 0.99), implying that chemisorption is the rate controlling
Fig. 1. Thermogravimetric curves of bentonite, chitosan, and CHB.

.3. Effect of contact time on the adsorption capacity of single
nd binary metal solutions

Fig. 2(a) shows the adsorption capacity, qt of single metal solu-
ions graphed against time. The same trend was observed for Cu(II),
i(II) and Pb(II), where the initial stages is indicated by a steep

ncrease in qt. At the start, there was an abundance of hydroxyl and
mino functional groups available for binding and the metal con-
entration present in the solution is high. As it nears equilibrium,
he functional groups are almost occupied by metals. The adsor-
ent surface becomes difficult to be filled in owing to the repulsive
orces between the metal ions bound on the CHB and the metal ions
till present in the solution.

For Pb(II), Cu(II), and Ni(II), equilibrium is attained in 1 h for
5 mg/L solution and 4 h for the 200 mg/L solution. A lower concen-
ration means lesser amount of metal ions competes to be adsorbed,
esulting to an early attainment of equilibrium. Increasing the ini-
ial concentration means higher amount of metal ions resulting to
tighter competition in binding to the functional groups of CHB.

he effect of steric crowding also contributes to a delay in reach-
ng equilibrium, due to the repulsive forces caused by the shorter
istances between metal ions at high concentrations.

At 25 mg/L, Pb(II), Cu(II), and Ni(II) have similar maximum
dsorption capacities indicating the concentration is too low to
aturate all functional groups of the CHB. At 200 mg/L concentra-
ion, Pb(II) with 28.77 mg/g exhibited the highest capacity to be
dsorbed over Cu(II) with 20.90 mg/g and Ni(II) with 12.35 mg/g,
espectively.

The maximum adsorption capacities of binary systems Pb–Ni,
b–Cu, and Cu–Ni were determined. Actual wastewater is a mix-
ure of different metals. The following combinations were tested
o examine the effect of each metal on each other in terms of their
dsorption capacities.

Fig. 2(b–d) indicates the adsorption capacity of binary system
b–Ni, Pb–Cu and Cu–Ni, respectively. Equilibrium is delayed in
inary systems, where it is reached around 4 h for 25 mg/L and 6 h
or 200 mg/L, respectively. The adsorption capacities in binary sys-
ems decreased considerably in comparison to single system values,
ndicating a strong competition between the metal ions in binding

o the functional groups of CHB. Moreover, in the Pb–Ni system,
he adsorption capacity of Ni(II) decreased to 1.06–1.22 times while
b(II) uptake decreased a maximum of 1.52 times at 200 mg/L but
eems unaffected at 25 mg/L, when compared to single system val-
olymers 83 (2011) 528–536

ues. However, the Pb–Cu system illustrates a significant decrease
in the adsorption capacity for Pb(II) (1.1–1.93 times) and Cu(II)
(1.17–1.48 times) at both concentrations. In Cu–Ni system, the
adsorption capacity of Cu(II) and Ni(II) decreased to 1.06–1.44 times
and 1.32–1.81 times, respectively. The adsorption capacity of Pb(II)
is observed to be more negatively affected in the presence of Cu(II)
over Ni(II). In binary systems, Pb(II) is always favorably adsorbed
over Cu(II) and Ni(II), which is consistent with the results in the
single metal systems. Previous studies on competitive adsorption
have similar results in terms of selectivity in a multi-metal solu-
tion, where Pb(II) is favorably adsorbed over Cu(II) using valonia
tannin resin (Ahyan Sengil & Ozacar, 2009), Sargassum biomass
(Virjayaghavan, Teo, Balasubramanian, & Joshi, 2009), and peat (Qin
et al., 2006) while Cu(II) is preferably removed over Ni(II) using
chitosan-coated perlite beads (Swayampakula, Boddu, Nadavala, &
Abburi, 2009).

3.4. Chitosan-coated bentonite selectivity in removing Cu(II),
Ni(II), and Pb(II)

In single and binary metal systems, Pb(II) has the highest
adsorption capacity over Cu(II) and Ni(II). This is influenced by
the electronegativity value of a metal ion, where the values are
arranged in the order: Pb(II) (2.33) > Cu(II) (1.95) > Ni(II) (1.91)
(Virjayaghavan et al., 2009). There is more attraction between two
atoms when their electronegativity difference is large. Pb(II) being
the most electronegative, results to its preferential adsorption to
the hydroxyl (–OH) and amino (–NH2) groups of CHB over Cu(II)
and Ni(II) accordingly.

3.5. Kinetics for single metal solutions

To identify what type of adsorption mechanism occurs, the
kinetic equations namely pseudo-first order, pseudo-second order
and intraparticle diffusion were utilized. The kinetic rate constants
were also determined.

The pseudo-first order equation takes the linearized form:

log (qe − qt) = log qe − k1t

2.303
(2)

where k1 (min−1) is the pseudo-first order kinetic constant, qt

(mg/g) is the adsorption capacity at time t (Hameed, Tan, & Ahmad,
2008).

The pseudo-second order kinetic equation is given by:

t

qt
= 1

k2q2
e
+ t

qe
(3)

where k2 (g/mg min) is the kinetic constant (Hameed et al., 2008).
The third kinetic equation is the intraparticle diffusion model,

given by the equation:

qt = kit
0.5 + Ci (4)

where ki (mg g−1min−1.5) is the rate constant of intraparticle dif-
fusion controlled sorption, and Ci is the thickness of the boundary
layer (Hameed et al., 2008).

Table 2 indicates the kinetic constants as well as the correlation
coefficients, R2. The plots for pseudo-first and intraparticle diffu-
sion have low correlation coefficient values, which implies that
neither of the two is the rate-limiting step. Pseudo-second order
equation has the highest correlation coefficient for all three met-
mechanism. This indicates that a covalent bond is formed through
sharing of electrons between the metal ion and the CHB adsor-
bent (Chen, Yang, & Chen, 2009). The pseudo-second order rate
constants, k2 have higher values at lower concentrations. A low con-
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ig. 2. Adsorption capacity against contact time of (a) single system of Cu(II), Ni(II)

entration means less competition between metal ions in binding
o the functional groups, thus heavy metals are adsorbed quickly.

Table 3 compares the theoretical and experimental values of
he adsorption capacity of Pb(II), Cu(II), and Ni(II) in single metal

ystems. The sum of errors (SE%) is computed using the equation:

E% = 100
n− 1

∑ |qexp − qtheo|
qexp

(5)

able 2
inetic parameters for pseudo-first order, pseudo-second order and intraparticle diffusio

Metal C0 Pseudo-first Int

k1 (min−1) R2 ki

Pb 25 ppm 0.0122 0.7864 0.2
200 ppm 0.0157 0.7686 1.6

Cu 25 ppm 0.0117 0.7699 0.2
200 ppm 0.0157 0.9072 1.0

Ni 25 ppm 0.0106 0.7941 0.1
200 ppm 0.0099 0.9087 0.4
b(II); (b) binary Pb–Ni system; (c) binary Pb–Cu system; (d) binary Cu–Ni system.

where qexp is the experimental adsorption capacity (mg/g), n is
the number of data points, and qtheo is the theoretical adsorption
capacity (mg/g) obtained from the pseudo-first and pseudo-second
plots, respectively (Bakouri, Usero, Morillo, & Ouassini, 2009).

The experimental and theoretical values for the pseudo-second
order equation are very similar, indicated by very low SE% values
(0.13–0.46%) in comparison to the pseudo-first order equation with
values from 7.83% to 9.56%. In Fig. 3, the experimental data points

n mechanism of single metal systems.

raparticle Pseudo-second

(mg/g min0.5) R2 k2 (g/mg min) R2

140 0.7207 0.0297 0.9984
509 0.8326 0.0032 0.9937
491 0.7946 0.0325 0.9974
926 0.7881 0.0060 0.9989
896 0.7305 0.0344 0.9985
411 0.8963 0.0148 0.9985
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Table 3
Comparison of experimental and theoretical adsorption capacities of pseudo-first order, and pseudo-second order of single metal systems.

Metal C0 qexp (mg/g) Pseudo-first Pseudo-second

qtheo (mg/g) % Error qtheo (mg/g) % Error

Pb 25 ppm 3.75 1.89 8.27 3.72 0.13
200 ppm 28.00 14.85 7.83 28.65 0.39

Cu 25 ppm 3.65 1.88 8.08 3.59 0.27
200 ppm 20.00 10.58 7.85 20.28 0.23

Ni 25 ppm 3.62 1.82 8.29 3.52 0.46
200 rpm 12.29 5.24 9.56 11.83 0.62

Table 4(a)
Percent (%) removal and adsorption capacity values of Pb(II), Cu(II), and Ni(II) at different temperatures.

Temperature (◦C) % Removal Adsorption capacity, qt (mg/g)

Pb Cu Ni Pb Cu Ni

o
l
T
t

3

e
i
t
C
i
i

e
c

K

�

l

w
a
m

T
T

25 80.00 51.41
35 75.41 45.10
45 75.09 43.12
55 72.41 40.82

f Cu(II), Ni(II) and Pb(II) are in good agreement with the non-
inear plots generated using the pseudo-second order equation.
his further validates that the pseudo-second order best describes
he kinetic data.

.6. Thermodynamics of single metal systems

The effect of temperature from 25 ◦C to 55 ◦C on the removal
fficiency of CHB using 300 mg/L of Cu(II), Ni(II), and Pb(II) was
nvestigated. Table 4(a) shows the effect of increasing tempera-
ure slightly decreases % removal and adsorption capacity for Pb(II),
u(II), and Ni(II). From the trend, the decrease of the uptake of metal

ons by the CHB at higher temperature indicates that the adsorption
s an exothermic process.

The thermodynamic parameters like free Gibbs energy (�G0),
nthalpy (�H0), and entropy (�S0) are shown in Table 4(b). The
onstants were computed using the following equations:

c = Cads

Ce
(7)

G0 = −RT ln Kc (8)

�S0 �H0

n Kc = R

−
RT

(9)

here Kc is the equilibrium constant, Cads is the amount metal
dsorbed by the CHB (mg/L) at equilibrium, Ce is the amount of
etal remaining in the solution (mg/L) at equilibrium, R is the uni-

able 4(b)
hermodynamic constant parameters for Cu(II), Ni(II) and Pb(II) single systems.

Metal Temperature
(◦C)

�G0 (kJ/mol) �H0 (kJ/mol) �S0 (J/mol K)

Pb 25 −3.4350 −10.4713 −0.0234
35 −2.8698
45 −2.9176
55 −2.6322

Cu 25 −0.1398 −11.1623 −0.0374
35 0.5041
45 0.7328
55 1.0129

Ni 25 1.1042 −7.9387 −0.0304
35 1.4479
45 1.7509
55 2.0132
39.04 36.01 23.11 17.51
36.23 33.97 20.29 16.28
34.03 33.76 19.40 15.31
32.34 32.55 18.37 14.53

versal gas constant (kJ/mol K), and T is the solution temperature (K)
(Sari et al., 2007).

From 25 ◦C to 55 ◦C, the values of �G0 for Pb(II) are negative
indicating adsorption is spontaneous while the positive �G0 values
for Ni(II) mean the process is non-spontaneous. Cu(II) adsorption
is only spontaneous at 25 ◦C but is non-spontaneous from 35 ◦C to
55 ◦C. This supports why the adsorption capacity of Pb(II) is higher
than Cu(II) and Ni(II) because the more negative the �G0 value, the
more spontaneous and more favorable the adsorption. Increasing
the temperature results to a less negative value of �G0 that indi-
cates the reaction becomes less spontaneous. This is supported by
the fact that Pb(II), Cu(II), and Ni(II) have negative �H0 values. It
signifies that the adsorption process is exothermic; hence increas-
ing the temperature resulted to a decrease in the metal adsorption
capacity. The negative �S0 values signify there is a decrease in the
randomness at the solid-solution interface of Pb(II), Cu(II), and Ni(II)
onto CHB surface (Chiou & Li, 2003).

3.7. Adsorption isotherms of single metal solutions

To further understand adsorption of Cu(II), Ni(II), and Pb(II) onto
the CHB, it is important to know how much heavy metal is adsorbed.
The capacity of CHB is calculated using the adsorption isotherm
models namely Langmuir, Freundlich and Dubinin–Radushkviech
(D–R) equations.

The Langmuir isotherm is one of the models that describe mono-
layer coverage. It assumes a homogenous adsorption surface with
binding sites having equal energies (Chiou & Li, 2003). The lin-
earized form of Langmuir is:

1
qe
= 1

qmL
+ 1

bqmLCe
(10)

where qe is the adsorption capacity at equilibrium (mg/g), Ce is the
equilibrium concentration of the metal ion in the solution (mg/L),
qmL (mg/g) and b (L/mg) represents maximum sorption capacity
corresponding to complete the monolayer coverage and affinity of
the heavy metals to the binding sites on the adsorbent, respectively
(Vijaya et al., 2008).

The Freundlich equation is an isotherm model illustrating the

adsorbent surface to be heterogenous (Kamari & Ngah, 2009). The
Freundlich equation has the linear form:

log qe = log KF +
1
n

log Ce (11)
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here KF is the maximum adsorption capacity of metal ions and
/n indicates the intensity of metal ions on the adsorbent.
The D–R equation helps in distinguishing if the adsorption pro-
ess is physical or chemical in nature (Kamari & Ngah, 2009). It is
iven by the equation:

n qe = ln qm − ˇε2 (12)
olymers 83 (2011) 528–536 533

where qm is the maximum amount of metal ion adsorbed onto unit
weight of the adsorbent (mmol/g), ˇ is a constant that is related
to the adsorption energy (mol2/kJ2) and ε is the Polanyi potential,
which is given by the equation:

ε = RT ln
[

1+ 1
Ce

]
(13)

where R is the universal gas constant (kJ/mol K), and T is the abso-
lute operating temperature (K). In solving for qm and ˇ, ln qe is
graphed against ε2.

The calculated Langmuir, Freundlich, and D–R constants are
shown in Table 5(a). Pb(II) and Cu(II) have high correlation values
(R2 > 0.99) for Freundlich isotherm while Ni(II) provided a better
fit with Langmuir isotherm. The Langmuir isotherm constants, qmL
and b, follows the order of Pb(II) > Cu(II) > Ni(II). Pb(II) having the
highest b value means the highest affinity to bind to the functional
groups, resulting to maximum monolayer adsorption capacity over
Cu(II) and Ni(II). For the Freundlich constants, Pb(II) have the high-
est KF and 1/n values over Cu(II) and Ni(II), respectively. Pb(II)
having the lowest 1/n value means it has the highest affinity to
the functional groups of CHB resulting to a high KF.

The qmL values of Langmuir are similar to the qm values derived
from D–R isotherm model. The similarities of the values cannot
be clarified since the two isotherms are based on different mecha-
nisms. Langmuir describes the mechanism between the adsorbate
and the surface of the adsorbent whereas D–R describes the rela-
tionship between the adsorbent and the volume of adsorbate that
occupy the micropores of the adsorbent (Oh, Kwak, & Shin, 2009).

The Langmuir constant, b is used to calculate RL, a dimensionless
separation factor given by the equation:

RL =
1

1+ bC0
(14)

where C0 is the initial concentration (mg/L). RL values will tell
if the adsorption is unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1), or irreversible (RL = 0) (Sari et al., 2007). The RL val-
ues at concentrations 50–500 mg/L for Pb(II) (0.0002–0.0020),
Cu(II) (0.0268–0.2157), and Ni(II) (0.0490–0.3401), implies that the
adsorption is favorable. Therefore CHB is an appropriate adsorbent
for the removal of Pb(II), Cu(II), and Ni(II).

3.8. Adsorption isotherms of binary metal solutions

For binary systems, the original Langmuir and Freundlich
isotherm equations were applied to determine the effect of pres-
ence of another metal ion on the isotherm constants.

In Table 5(b), the isotherm constant values for Pb–Cu, Pb–Ni,
and Cu–Ni system are listed. For the Pb–Ni system, Pb(II) best fits
Freundlich (0.9878) while Ni(II) has a better correlation coefficient
value for Langmuir (0.9507). In the Pb–Cu system, Pb(II) and Cu(II)
best fit with Freundlich under values of 0.9905 and 0.9812, respec-
tively. The Cu–Ni system shows that Cu(II) correlates well with
Freundlich (0.9753) while Ni(II) follows the Langmuir isotherm
(0.9945). Fig. 4 illustrates that the experimental data of single and
binary systems for Pb(II) and Cu(II) were an acceptable fit with the
non-linear plot of the Freundlich model while the data points for
Ni(II) were in good agreement with the predicted Langmuir model.
The isotherm models followed by Pb(II), Cu(II), and Ni(II) whether
it is a single or binary system are the same. All binary systems of
Pb–Ni, Pb–Cu, and Cu–Ni have their adsorption capacity values fol-
low the same selectivity order observed in single metal systems:

Pb(II) > Cu(II) > Ni(II).

Table 6 shows a comparison of the isotherm constant val-
ues in single and binary systems. The q0 and qm,MIX indicate the
Langmuir maximum monolayer capacity in single and binary sys-
tem, while KF

0 and KF,MIX are the Freundlich adsorption capacity
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Table 5(a)
Adsorption isotherm model constants for single metal systems.

Metal Langmuir Freundlich

b qmL R2 1/n KF R2 ˇ qm R2

Pb 9.9737 26.3852 0.8606 0.2199 14.2594 0.9905 0.0208 28.8613 0.6681
Cu 0.0727 21.5517 0.9587 0.3325 3.8976 0.9966 7.9099 18.8027 0.7317
Ni 0.0388 15.8228 0.9846 0.3235 2.5433 0.9655 28.7780 13.2712 0.8168

Table 5(b)
Adsorption isotherm model constants for binary metal systems.

Metal Langmuir Freundlich

b qmL R2 1/n KF R2

Pb (Pb–Ni) 0.5919 20.8333 0.8680 0.2465 7.2410 0.9878
Ni (Pb–Ni) 0.0417 12.6103 0.9507 0.2860 2.4643 0.8939

754
600
775
945

o
r
w
(
K
e

F
F

Pb (Pb–Cu) 0.1137 18.0832 0.8
Cu (Pb–Cu) 0.0781 17.0940 0.8
Cu (Cu–Ni) 0.0265 15.3846 0.9
Ni (Cu–Ni) 0.0154 8.6806 0.9

f single metal solution and in the presence of other metals,
0 0
espectively. The value of qm,MIX/q and KF,MIX/KF will imply

hether the effect of mixing metals in a solution is synergistic
qm,MIX/q0 and KF,MIX/KF

0 > 1), no net interaction (qm,MIX/q0 and
F,MIX/KF

0 = 1), or antagonistic (qm,MIX/q0 and KF,MIX/KF
0 < 1) (Qin

t al., 2006). All values for Pb(II), Cu(II), and Ni(II) in the binary

ig. 4. Comparison of experimental isotherm data of Pb(II), Cu(II), and Ni(II) in single and b
reundlich and D–R models.
0.3124 3.8887 0.9905
0.3435 3.0227 0.9812
0.3243 3.4610 0.9753
0.3460 1.3002 0.9180

systems are observed to have decreased in comparison to sin-
0 0
gle system values. The values of qm,MIX/q and KF,MIX/KF are less

than 1, implying that the adsorption of metal ions is suppressed
by the presence of other metals in the solution. An antagonis-
tic effect is exerted by the metal ions on each others’ adsorption
capacity.

inary systems against the theoretical non-linear plots generated using the Langmuir,
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Table 6
A comparison of the Langmuir and Freundlich isotherm constants in single and binary systems.

Metal Langmuir Freundlich

q0 qm,MIX qm,MIX/q0 KF
0 KF,MIX KF,MIX/KF

0

Pb–Ni
Pb 26.3852 20.8333 0.7895 14.2594 7.2410 0.5078
Ni 15.8228 12.6103 0.7969 2.5433 2.4643 0.9689

Pb–Cu
Pb 26.3852 18.0832 0.6854 14.2594 3.8887 0.2727
Cu 21.5517 17.0940 0.7932 3.8976 3.0227 0.7755

38
86

3

(
h
c
i
p
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i
r
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o
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i
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R

R

i
i
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t
a

4

a
i
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t
u
c
t
b
o
M
a
P
s
a
d

Cu–Ni
Cu 21.5517 15.3846 0.71
Ni 15.8228 8.6806 0.54

.9. Adsorption mechanism with Cu(II), Ni(II), and Pb(II)

The binding sites of CHB are the hydroxyl (–OH) and amino
–NH2) groups. The nitrogen of amino group and the oxygen of
ydroxyl group have an available pair of electrons that can form
oordinated covalent bonds with a metal cation. The oxygen atom
n the hydroxyl group has a stronger attraction to its electron lone
airs over the nitrogen atom in the amino group therefore the
mino group is more likely to donate the lone pairs to a metal ion
Jin & Bai, 2002).

The initial pH of the metal solutions was set to pH 4, which
ndicates that 99% of the amino groups of CHB are protonated as
llustrated by reaction (1) (Rangel-Mendez, Monroy-Zepeda, Leyva-
amos, Diaz-Flores, & Shirai, 2009; Jin & Bai, 2002).

-NH2 + H+←→ R-NH3
+ (1)

Reactions (2) and (3) occur simultaneously, but reaction (3)
ccurs at a slower rate than reaction (2). Reaction (3) takes place
ecause of the electrical attraction of M2+ (Cu(II), Ni(II), and Pb(II))

s stronger than H+ in binding with the amino groups. A competi-
ive adsorption takes place, where it is sometimes considered as an
on exchange mechanism (Qin et al., 2006).

-NH2 + M2+←→ R-NH2M2+ (2)

-NH3
+ + M2+←→ R-NH2M2+ +H+ (3)

According to the isotherm studies, Ni(II) follows the Langmuir
sotherm, indicating that it binds to one type of functional group
n CHB, which is the amino group. On the other hand, Pb(II) and
u(II) follow the Freundlich isotherm. It signifies different interac-
ion mechanism where Pb(II) and Cu(II) bind to the hydroxyl and
mino groups on CHB.

. Conclusion

Adsorption of Cu(II), Ni(II) and Pb(II) has been studied for single
nd binary systems using CHB as adsorbent. The adsorption capac-
ty is highest for Pb(II) over Cu(II) and Ni(II) for single and binary
ystems. Comparative and competitive isotherm studies indicated
hat Ni(II) follows the Langmuir isotherm model while the Fre-
ndlich isotherm model is followed by Pb(II) and Cu(II). Isotherm
onstants are observed to have decreased in values in binary sys-
ems, signifying strong competition between the metal ions for the
inding sites on CHB. These three metals follow the pseudo-second
rder equation, indicating chemisorption is the rate-limiting step.
oreover, Cu(II), Ni(II) and Pb(II) adsorption on CHB are exothermic
nd results to an decrease in entropy. At temperatures 25–55 ◦C,
b(II) adsorption is spontaneous while Ni(II) adsorption is non-
pontaneous. Cu(II) is non-spontaneous at all temperatures except
t 25 ◦C. Conclusively, these preliminary results illustrate the fun-
amental support of using CHB to establish inexpensive large-scale
3.8976 3.4610 0.8880
2.5433 1.3002 0.5112

barrier filters for the removal of heavy metals contaminations in
wastewater or groundwater plumes.
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