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Single- and bi-solute competitive sorptions of Pb and Cd onto sediments were investigated. In single-
solute sorption, Khan model was fitting better than the other models such as Freundlich, Langmuir,
Dubinin–Radushkevich, Sips, Redlich–Peterson and Kargi–Ozmıhcı models. In bi-solute sorption, com-
petition between the solutes reduced the sorbed amount of each solute compared with that in the
single-solute system. Langmuir model parameters for single-solute (qmL and bL) and bi-solute (q∗

mL and b∗
L)

competitive sorptions were compared. Sediment with higher pH, CEC and BET surface area had higher

orption
admium (Cd)
ompetition
ompetitive Langmuir model (CLM)

deal adsorbed solution theory (IAST)
angmuir model

maximum sorption capacity (qmL). In all sediments, maximum sorption capacity (qmL) of Pb was higher
than that of Cd, and the presence of both metals reduced the tendency to be sorbed although Cd sorption
was more affected than Pb. The b∗

L values of Pb decreased while those of Cd increased indicating that com-
petition for sorption sites promotes the retention of Cd on more specific sorption sites. The competitive
Langmuir model (CLM) and ideal adsorbed solution theory (IAST) coupled to the single-solute sorption

tion i
ead (Pb)
ediment

models predicted Pb sorp

. Introduction

Lead and cadmium from anthropogenic sources have been one of
he most significant problems because of their toxicity, persistence,
nd non-biodegradable nature [1]. These metals are particularly
oxic to higher animals, producing kidney and blood diseases
mong other health disorders [2]. Lead and cadmium can be sorbed
nto sediments and released again under certain conditions. There-
ore, sediments have become the main sink and source of heavy

etals like Pb and Cd in river and marine environment. The physico-
hemical characteristics of the sediments, such as the amount of
rganic and inorganic matter, redox potential, pH, and oxygen,
ffect the mobility of sediment-bound metals [3].

Heavy metals such as Pb and Cd in aquatic systems are easily
orbed on sediments. The metal sorption depends on the sediment
haracteristics, characteristics of involved metals, and their com-
etition for sorption sites on sediments, which are affected by pH.
hristensen [4] reported that the sorption capacity of soils and
ediments for Cd increased two to three times for a pH increase

f one unit and the sorption for Cd was predominant process at
H 6. The sorption intensity and capacity of sediments for metals
re also affected by a variety of sediments substrates such as clay,
etal oxides, and organic compounds while the composition and
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n bi-solute competitive sorption favorably but not Cd sorption.
© 2009 Elsevier B.V. All rights reserved.

structure of natural sediments are extremely site-specific [5]. The
heavy metals are distributed among the different components of
sediments in real environments and variations in the chemical com-
position of sediments may further affect the partitioning of metals
into sorbent [6]. In several studies, Pb, Cu and Cr are more strongly
retained in soils and minerals than Zn, Ni and Cd in competitive
sorption conditions [7–13]. For sediments, however, little infor-
mation for competitive sorption is available [14]. Although some
researchers reported that Pb sorption onto sediments was higher
than Cd under the competitive conditions [3,15–17], further stud-
ies are needed to provide more valuable information on competitive
sorption mechanisms in sediments.

The competitive sorption model can simulate the sorption pro-
cess of metals at particle surfaces if sorption is the major process
under unsaturated condition [18]. The ideal adsorbed solution the-
ory (IAST) has the advantages that no mixture data are required
and no restriction exists for the type of pure-component isotherm
equation [19], but IAST can make erroneous predictions caused by
a large difference in molecular size and adsorbent heterogeneity
[20]. To overcome this drawback, many studies on IAST have been
carried out [10,21–25]. Although several thermodynamic competi-
tive sorption models such as ideal adsorbed solution theory (IAST)
and competitive Langmuir model (CLM) have been used for under-
standing and predicting competitive sorption of multi-solutes, little

information is currently available for sediments.

In this paper, single- and bi-solute sorption experiments of
Pb and Cd onto natural sediments with different characteristics
were carried out in a batch-type adsorber. Single-solute sorption
data were analyzed using several sorption models: Freundlich,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:wshin@mail.knu.ac.kr
dx.doi.org/10.1016/j.cej.2009.04.061
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Nomenclature

bK Khan model constant (L/mmol)
bL Langmuir model constant (L/mmol)
bL,i Langmuir model constant for solute i (L/mmol)
bR Redlich–Peterson model constant (L/mmol)NR

bS Sips model constant (L/mmol)
C aqueous-phase equilibrium concentration (mmol/L)
Cm,i aqueous-phase equilibrium concentration of a

solute i in a mixture (mmol/L)
C∗

i
equilibrium concentration of a solute i sorbed singly
at the same condition as a mixture (mmol/L)

CLM competitive Langmuir model
E mean free energy (J/mol) in Dubinin–Radushkevich

model
IAST ideal adsorbed solution theory
KF Freundlich sorption coefficient (mmol/g)/

(mmol/L)NF

KG Kargi–Ozmıhcı saturation constant (mmol/L)
N total number of solutes in a mixture
NF exponent in Freundlich model
NG exponent in Kargi–Ozmıhcı model
NK exponent in Khan model
NR exponent in Redlich–Peterson model
NS exponent in Sips model
q solid-phase equilibrium concentration (mmol/g)
q∗

i
solid-phase equilibrium concentration of a solute i
sorbed singly at the same condition as a mixture
(mmol/L)

qm,i solid-phase equilibrium concentration of a solute i
in an sorbent (mmol/g)

qmD maximum sorption capacity in Dubinin–
Radushkevich model (mmol/g)

qmG maximum sorption capacity in Kargi–Ozmıhcı
model (mmol/g)

qmK maximum sorption capacity in Khan model
(mmol/g)

qmL maximum sorption capacity in Langmuir model
(mmol/g)

qmL,i maximum sorption capacity for solute i in Langmuir
model (mmol/g)

qmR maximum sorption capacity in Redlich–Peterson
model (mmol/g)

qmS maximum sorption capacity in Sips model (mmol/g)
qT total sorbed concentration of all solute in the mix-

ture (mmol/g)
R gas constant, 8.314 (J/mole/K)
SSE sum of square errors
T absolute temperature (K)
V solution volume (L)
W sorbent weight (g)
zi mole fraction of solute i in the sorbed phase

Greek letters

L
O
(
c
i
c
t

ˇ Dubinin–Radushkevich model parameter (mol2/J2)
ε Polanyi potential (J/mol)

angmuir, Dubinin–Radushkevich, Sips, Redlich–Peterson, Kargi–
zmıhci and Khan models. Langmuir model parameters for single-
qmL and bL) and bi-solute (q∗
mL and b∗

L) competitive sorptions were
ompared to analyze the effect of competition. Bi-solute compet-
tive sorption data were compared with the predictions from the
ompetitive Langmuir model (CLM) and the ideal adsorbed solution
heory (IAST) coupled to the single-solute sorption models.
Journal 152 (2009) 376–388 377

2. Materials and methods

2.1. Materials

Three sediment samples were collected from the surface layer
(0–20 cm) of coastal sediments in Buan (Sediment A) and Suncheon,
Korea (Sediment B and C). The sediment samples were air-dried
and passed through a 200-mesh sieve, homogenized and stored in
a plastic bottle until use. Some basic physicochemical properties
of the sediments are listed in Table 1. Sediment pH was measured
using a pH meter (Orion 290A) at sediment to solution ratio of 1:2.5
(w/v) in deionized water. Organic carbon content was determined
by an elemental analyzer (Fisons, EA 1110/EA1108) after removal of
inorganic carbon. Cation exchange capacity (CEC) was determined
by the Sodium Acetate Method (U.S. EPA Method 9081) [26]. The
mineralogical compositions of the sediments were identified by an
X-ray diffractometer (Rigaku, D/Max-IC) (Fig. 1 and Table 1). The
background concentrations of Pb and Cd in the sediment were mea-
sured by microwave acid digestion (U.S. EPA Method 3051) [27].
Sediment samples (1.0 g) were digested with 2 mL of HNO3 (65%),
and 6 mL of HCl (37%) in a microwave acid digestion system (MARS
5, CEM Corp., Matthews, NC, USA) for 31 min and diluted to 10 mL
with deionized water (digestion conditions for microwave system
were applied as 2 min for 250 W, 2 min for 0 W, 6 min for 250 W,
5 min for 400 W, 8 min for 550 W, vent, 8 min). This procedure was
preferred because it is more accurate with respect to both time
and recovery values. The recovery values were nearly quantitative
(>95%) for the above digestion method. A blank digest was carried
out in the same way. The concentrations of extracted Pb and Cd
were determined by ICP-OES (Perkin Elmer Co., 2100DV).

Lead and cadmium solutions were prepared using Pb(NO3)2
(Aldrich Chemical Co., <98%) and Cd(NO3)2 (Kanto Chemi-
cal Co., <98%) and the background solution consisted of a
mixture of NaNO3 (Kanto Chemical Co., <98%) and MES (2-[N-
morpholino]ethanesulfonic acid hydrate, Aldrich Chemical Co.,
99.5%) buffer. The effect of carbon dioxide was eliminated by mini-
mizing the head space of the vials. Brunauer–Emmett–Teller (BET)
surface area was determined by specific surface area analyzer
(Micromeritics, ASAP-2010). Point of zero charge of sediment was
determined by potentiometric titration.

2.2. Single- and bi-solute sorption of Pb and Cd onto the
sediments

Single-solute sorption experiments were conducted at 25 ◦C in
50 mL polycarbonate vials (Nalgene Co.). 1.0 g of sediment was
transferred into the vial before the addition of heavy metal solu-
tions. To investigate the effect of pH on sorption, pH values of the
sediments were adjusted to 2–10 with HNO3 and NaOH. The vials
containing 1.0 g of the sediment each were filled with approxi-
mately 50 mL of 2 mM of Pb and Cd solutions at varying pH values.
Other than the pH edge experiment, two different pHs (avail-
able under natural conditions) were tested because aqueous pH
can affect metal sorption. The pH values of the sediments were
adjusted to 4.5 or 5.5 by using MES buffer solution (heavy metal
free) before all experiments. The vials containing 1.0 g of the sedi-
ment each were filled with approximately 50 mL of chemical stock
solutions minimizing headspace and then mixed at 10 rpm in a tum-
bler at 25 ◦C. The exact amount of the stock solution added was
determined gravimetrically. To obtain sorption isotherms, six dif-
ferent initial concentrations of each heavy metal (Pb: 0.24, 1.45,

2.89, 4.34, 5.79 and 7.72 mM; Cd: 0.44, 3.56, 7.12, 10.68, 14.23 and
17.79 mM) were used. The pH values of the heavy metal solutions
were also controlled at 4.5 or 5.5 using 0.05 M MES buffer and 0.01 M
NaNO3 was added as a background electrolyte. Variation in pH was
less than ± 0.05 units. Experiments with this buffer in solutions of
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Table 1
The physicochemical characteristics of the coastal sediments used.

Sediment

A B C

Location
The north latitude 35◦82′12′′ 34◦82′52′′ 34◦87′39′′

The east longitude 126◦65′63′′ 127◦40′74′′ 127◦35′74′′

pH 8.0 7.9 7.8
Organic carbon (weight %) 0.88 0.76 0.38
CEC (meq/100g) 33.3 35.9 18.0
Surface area (m2/g) 25.80 36.12 13.30
PZC 9–10 9–10 10–10.5
Indigenous heavy metal content (mg/kg) Pb = 33.8 Cd = 0.0 Pb = 19.0 Cd = 0.0 Pb = 10.0 Cd = 0.0

Mineral content Quartz (%)
Muscovite (%)
Albite (%)
Kaolinite (%)

Fig. 1. XRD analyses of the sediments used in this study.
47 43 52
36 38 23
13 16 22
3 3 3

heavy metals confirmed by the results of others [28]; no detectable
complexation reactions occur between heavy metals and the MES
buffer.

After adding approximately 50 mL of the heavy metal solution
into the vial, the mixture was completely mixed in a tumbler
at 10 rpm for 24 h. The effect of carbon dioxide was eliminated
by minimizing the head space of the vials. Preliminary kinetic
experiments showed that sorption equilibrium is reached within
3 h [29]. However, sorption experiments were conducted for
24 h throughout this study to ensure sorption equilibrium [30].
After 24 h of mixing, the vials were collected and centrifuged at
2800 rpm for 20 min. The supernatant was then filtered through
0.2 �m syringe filter (Whatman, cellulose nitrate membrane fil-
ter, � = 25 mm). The aqueous phase equilibrium concentrations of
Pb and Cd were determined by ICP-OES (PerkinElmer, 2100DV).
The solid phase equilibrium concentrations were calculated by
assuming all concentration changes in solution phase result from
sorption onto the solid phase. All experiments were run in
duplicate. The equilibrium pH was determined by a pH meter
(Orion 290A).

Bi-solute competitive systems (Pb2+/Cd2+) were prepared by
mixing each metal solution of the same molar concentration (0.24,
1.44, 2.8, 4.34, 5.8 and 7.7 mM) in a 1:1 volume ratio for each solute.
Bi-solute competitive sorption experiments were conducted in the
same manner as used in the single-solute sorption experiments. The
equilibrium concentrations in the mixture were also determined
using the ICP-OES.

2.3. Single-solute sorption models

The Freundlich model is often used to describe sorption data:

q = KF CNF (1)

where C (mmol/L) is the aqueous-phase equilibrium concentra-
tion, q (mmol/g) is the solid-phase equilibrium concentration, and
KF [(mmol/g)/(mmol/L)NF ] and NF (−) are the Freundlich sorption
coefficient and the Freundlich exponent, respectively.

The Langmuir model for a single-solute sorption is represented
as:

q = qmLbLC

1 + bLC
(2)
where qmL (mmol/g) and bL (L/mmol) are the Langmuir parame-
ters that represent the maximum sorption capacity and site energy
factor, respectively.

The Dubinin–Radushkevich (D–R) model [31] was applied to
distinguish between the physical and chemical sorptions of heavy



ering

m

q

w
p
s
R
a

ε

E

T
o
t
c

l
F
i

q

w
e

q

w
e
s
o

q

w
I
o
s

q

w
b
t
t

q

w
a
t

c
I

2

b

S. Oh et al. / Chemical Engine

etals [32].

= qmD exp(−ˇε2) = qmD exp

[
−ˇ

(
RT ln

(
1 + 1

C

))2
]

(3)

here ˇ is a constant related to the mean free energy of sorption
er mole of the sorbate (mol2/J2), qmD (mmol/g) is the theoretical
aturation capacity and ε is the Polanyi potential, which is equal to
Tln(1 + 1/C), where R (J/mol-K) is the gas constant and T (K) is the
bsolute temperature.

= RT ln
(

1 + 1
C

)
(4)

= 1

(2ˇ)1/2
(5)

he constant ˇ gives an idea about the mean free energy E (J/mol)
f sorption per molecule of the sorbate when it is transferred to
he surface of the solid from infinity in the solution and can be
alculated using the relationship [32].

The Sips model is an empirical model for the representing equi-
ibrium sorption data. It is a combination of the Langmuir and
reundlich isotherm type models. The Sips model takes the follow-
ng form for single solute equilibrium data [10]:

= qmS(bSC)NS

1 + (bSC)NS
(6)

here qmS (mmol/g), bS (L/mmol) and NS (−) are Sips model param-
ters. If NS = 1, Sips model becomes Langmuir model.

The Redlich–Peterson (R–P) model [33] was defined as:

= q′
mRbRC

1 + bRCNR
(7)

here q′
mR[(mmol)NR /(LNR−1 g)], bR [(L/mmol)NR ] and NR (−) are

mpirical constants. NR lies between 0 and 1. The R–P model was
lightly modified to calculate the maximum sorption capacity (qmR)
f sorbent for comparison:

= qmRb1/NR
R C

1 + bRCNR
(8)

here qmR (mmol/g) is the maximum sorption capacity of sorbent.
f NR = 1, the R–P model reduces to Langmuir model. The application
f this equation has been successfully applied to several sorption
ystems [34].

Kargi and Ozmıhcı [35] proposed a generalized model:

= qmCNG

KG + CNG
(9)

here qmG (mmol/g) is the maximum sorption capacity of the sor-
ent, NG is the cooperative binding constant (−), and KG (mmol/L) is
he saturation constant. If NG = 1, the Kargi–Ozmıhcı model reduces
o Langmuir model.

Khan et al. [36] proposed a generalized sorption model:

= qmK bK C

(1 + bK C)NK
(10)

here qmK is the monolayer coverage (mmol/g) and bK (L/mmol)
nd NK (−) are model parameters. If NK = 1, the Khan model reduces
o Langmuir model.

The sorption model parameters were determined by using a
ommercial software package, Table Curve 2D® (Version 5.0, SPSS,
nc.).
.4. Bi-solute competitive sorption models

The competitive Langmuir model (CLM) [34] was used to analyze
i-solute competitive sorption behaviors. The CLM is an extended
Journal 152 (2009) 376–388 379

form of the Langmuir model which allows predictions of the
amount of a solute i sorbed per unit weight of a sorbent, qm,i in
the presence of other solutes.

qm,i = qmL,ibL,iCm,i

1 +
N∑

j=1

bL,jCm,j

(11)

where Cm,i is the equilibrium concentration of solute i in a mixture
consisting of N solutes, and constants bL,i and qmL,i are parame-
ters determined by fitting the Langmuir model to the single-solute
sorption data of solute i.

IAST was employed to model competitive bi-solute sorption of
Pb and Cd onto sediments. IAST, which was originally proposed
by Radke and Prausnitz [37], is of descriptive nature and requires
aqueous-phase concentrations to predict sorbed-phase concentra-
tions. To utilize the full predictive power of the IAST, Yen and Singer
[38] included the material balance on each solute (i.e., the last equa-
tion in Eq. (14)). We followed their modifications of the IAST. IAST is
based on the equivalence of spreading pressure in a mixture under
equilibrium. The equivalence of spreading pressure in a mixture
containing N solutes leads to:∫ q∗

1

0

d log C1

d log q1
dq1 =

∫ q∗
2

0

d log C2

d log q2
dq2 = · · · =

∫ q∗
N

0

d log CN

d log qN
dqN

(12)

or∫ C∗
1

0

q1

C1
dC1 =

∫ C∗
2

0

q2

C2
dC2 = · · · =

∫ C∗
N

0

qN

CN
dCN (13)

Other equations involved in IAST calculation are:

Cm,i = ziC
∗
i ,

N∑
i=1

zi = 1, q∗
i = f (C∗

i ),
1
qT

=
N∑

i=1

zi

q∗
i

,

qm,i = ziqT = q0
m,i +

V(C0
m,i

− Cm,i)

W
(14)

In the above equations, Cm,i and qm,i are equilibrium concentra-
tions in the liquid and sorbed phases of a solute i in a mixture,
respectively. Superscript 0 in these variables represent initial con-
centration in N-solute sorption. zi represents the mole fraction
of solute i in the sorbed phase, and C∗

i
and q∗

i
refer to equilib-

rium concentrations in the liquid and solid phases of solute i that
sorbs singly from solution at the same temperature and spread-
ing pressure as those of the mixture, respectively. The function f in
q∗

i
= f (C∗

i
) denotes a single-solute sorption model for solute i. qT is

the total sorbed concentration of all solutes in the mixture. V and
W represent the solution volume and sorbent weight, respectively.
There are 5N + 1 equations in total, while Cm,i, qm,i, Ci

*, qi
*, zi, and

qT comprise a set of 5N + 1 unknowns. Therefore, we can predict
the multisolute sorption data, qm,i vs. Cm,i, by solving these equa-
tions simultaneously. Fortran programs were written to calculate
competitive sorption equilibria.

3. Results and discussion

3.1. Sediment characteristics

The result of XRD analysis of the sediment used in this study

was shown in Fig. 1 and the physicochemical characteristics were
summarized in Table 1. In all sediments, quartz was the domi-
nating (43–52%) mineral followed by muscovite (23–38%), albite
(13–22%) and kaolinite (3%). The organic carbon content was in the
order of Sediment A (0.88 wt%) > Sediment B (0.76 wt%) > Sediment
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C
m
C
t
T

showed that the sorption affinity, as represented by Freundlich
Fig. 2. SEM-EDS analyses of the sediments used in this study.

(0.38 wt%). The cationic capacity (CEC) was in the order of Sedi-

ent B (35.9 meq/100 g) > Sediment A (33.3 meq/100 g) > Sediment
(18.0 meq/100 g). The SEM-EDS analysis (Fig. 2) showed that

race elements in the sediments are Ca, Si, Fe, Al, Mg, Na, K, and
i. The background metal concentrations in the sediments deter-

Fig. 3. Effect of pH on the adsorption
Journal 152 (2009) 376–388

mined by microwave acid digestion showed that Pb was in trace
level (10–40 mg/kg); however, Cd was not detected.

3.2. Effect of pH

Sorptions of Pb and Cd onto sediments as a function of pH
were shown in Fig. 3. (C0 = 2 mM). Pb and Cd sorptions increased
with increasing pH, with a sharp rise occurring at pH above 6 and
8, respectively. The observed patterns of sorption are typical of
cationic sorption. The sorption of metal ions was highly pH depen-
dent, as the charge at the sediment surface and metal ion speciation
change with pH. At low pH, the surface groups are protonated
producing a positive surface charge, thus cation sorption is unfavor-
able. At high pH the surface groups are deprotonated and therefore
become more negatively charged favoring cation sorption. This is
coupled with proton release making sorption more favorable at high
pH values [39]. The solution speciation of Pb and Cd were calculated
using MINEQL+ (Version 4.5) and shown in Fig. 4. Pb2+ is the dom-
inant Pb species in solution at pH below 5; at pH values above 6,
Pb(OH)2 precipitates are formed. Cd2+ is the dominant Cd species in
solution at pH below 8; at pH values above 8, Cd(OH)2 precipitates
are dominant.

The pH of aqueous solutions of Pb and Cd were adjusted and
filtered through a 0.45 �m membrane filter. As depicted in Fig. 3, the
amount of metal precipitates formed (the right y axis) determined
by membrane filtration increased as pH increased with a sharp rise
at pH > 5 for Pb and at pH > 8 for Cd, respectively. Nearly 45% of Pb
sorption at pH > 8 and 98% of Cd sorption at pH > 9, respectively, was
attributed to precipitate formation. These patterns are matching
with sorption supporting that precipitate formation is one of the
major metal sorption mechanisms. The pH50 value where 50% of
initially spiked heavy metal is sorbed was in the order of Sediment
C (= 6.2) > Sediment B (= 3.5) > Sediment A (= 2.9) for Pb and in the
order of Sediment C (= 8.1) > Sediment A (= 6.3) > Sediment B (= 5.6)
for Cd, respectively.

3.3. Single-solute sorption

Single-solute sorptions of Pb (Fig. 5) and Cd (Fig. 6) onto
sediments were conducted at pHs 4.5 and 5.5. Both Pb and Cd
exhibited isotherms of type L [40], which were very close to
irreversible sorption. Such isotherms are characteristic of strong
adsorbate–adsorbent interactions. Comparison of Figs. 5 and 6
sorption coefficient (KF) and Langmuir sorption capacity (qmL), of
Pb was higher than that of Cd except Sediment B at pH 4.5. The
sorption affinity of Pb onto the sediments was in the order of Sed-
iment B ≈ Sediment A > Sediment C (Fig. 5). The sorption affinity

of Pb and Cd onto sediments.
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Fig. 4. Distribution of total Pb and Cd concentrations as a function of pH predicted using MINEQL+ 4.5 software.

sedim

o
A
p
f
5
a
m
(
h
w
o
a

Fig. 5. Single-solute adsorption of Pb onto

f Cd onto sediments was in the order of Sediment B > Sediment
> Sediment C (Fig. 6). For both heavy metals, sorption affinity at
H 5.5 was higher than that of pH 4.5 except Sediment B and C

or Cd where the difference in Cd sorption between pH 4.5 and
.5 was not noticeable. The difference in sorption between pH 4.5
nd 5.5 is attributed to: (i) the role of H+ ions in competition with
etal cations for sorption sites decreases with increasing pH and
ii) some portion of metal ions are precipitated by forming metal
ydroxides with increasing pH. In this study, Pb2+ and Cd2+ ions
ere the dominant (>80%) at pH 4.5 (see Fig. 4). However, about 50%

f Pb2+ ion concentration decreased and precipitated as Pb(OH)2
t pH 5.5, whereas Cd2+ was still dominant. In other words, Pb2+

Fig. 6. Single-solute adsorption of Cd onto sedim
ents. Lines represent adsorption models.

ion can not only sorbed onto sediments but also precipitated as
metal hydroxides at pH 5.5, whereas Pb2+ ions are only sorbed, but
not precipitated at pH 4.5. Therefore, the difference in Pb sorption
between pH 4.5 and 5.5 is attributed to both competitive sorption
between metal cations and H+ ions and precipitate formation. In
contrast, difference in Cd sorption between pH 4.5 and 5.5 was
not noticeable in Sediment B and C (except Sediment A) because

2+ +
Cd was sorbed competitively with H ions for sorption sites but
not precipitated in these pH ranges (see Section 3.2 and Fig. 4).
The order of increase in sorption affinity was consistent with CEC
and BET surface area but not with organic carbon content (see
Table 1).

ents. Lines represent adsorption models.



3 ering

D
a
n
w
d
i
i
a
t
T
l
i
N
f
C
t

m
m
S
h
t
t
o
t

R

w
o
b

T
F

S

P

C

T
L

S

P

C

82 S. Oh et al. / Chemical Engine

Several sorption models: Freundlich, Langmuir,
ubinin–Radushkevich, Sips, Redlich–Peterson, Kargi–Ozmıhcı
nd Khan models were fitted to the sorption data by using the
onlinear regression method. The Freundlich model parameters
ere listed in Table 2. The Freundlich model fitted the experimental
ata well (0.87 < R2 < 0.98). The Freundlich sorption constant, KF,

ndicates the sorption capacity of the sorbent. The KF value was
n the order of Sediment B > Sediment A > Sediment C except Pb
t pH 5.5. The KF values of Pb were higher than those of Cd and
he values at pH 5.5 were consistently higher than those at pH 4.5.
he Freundlich exponent, NF, is a measure of the deviation from

inearity of the sorption. When NF is equal to unity, the sorption
s linear. If NF < 1 or NF > 1, the sorption is non-linear. Especially,

F value in the range of 0.1 < NF < 1 indicates that the sorption is
avorable [41,42]. In this study, the NF values for sorptions of Pb and
d onto sediments were in the range of 0.22–0.36, representing
hat Pb and Cd sorption was nonlinear and favorable.

The Langmuir model parameters were listed in Table 3. The Lang-
uir model fitted the experimental data well (0.88 < R2 < 0.99). The
aximum sorption capacity (qmL) of Pb and Cd was in the order of

ediment B > Sediment A > Sediment C. The qmL values of Pb were
igher than Cd and the values at pH 5.5 were consistently higher
han those at pH 4.5 except Cd sorption onto Sediment B. The essen-
ial characteristic of Langmuir isotherm can be expressed in terms
f a dimensionless constant, separation factor RL (−), that describe
he type of isotherm [43].

1

L =

1 + bLC0
(15)

here bL is the Langmuir constant and C0 is the initial concentration
f metal solution. The values of RL indicates the type of isotherm to
e unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irre-

able 2
reundlich model parameters for single-solute adsorption of Pb and Cd.

olute Sediment pH KF [(mmol/g)/(mmol/

b A 4.5 0.0507 ± 0.0023
B 0.0521 ± 0.0019
C 0.0228 ± 0.0009

A 5.5 0.0805 ± 0.0028
B 0.0770 ± 0.0025
C 0.0326 ± 0.0014

d A 4.5 0.0261 ± 0.0020
B 0.0345 ± 0.0025
C 0.0135 ± 0.0013

A 5.5 0.0294 ± 0.0017
B 0.0383 ± 0.0032
C 0.0132 ± 0.0006

able 3
angmuir model parameters for single-solute adsorption of Pb and Cd.

olute Sediment pH qmL (mmol/g)

b A 4.5 0.0709 ± 0.0034
B 0.0764 ± 0.0020
C 0.0319 ± 0.0010

A 5.5 0.1154 ± 0.0048
B 0.1190 ± 0.0038
C 0.0475 ± 0.0016

d A 4.5 0.0643 ± 0.0033
B 0.0874 ± 0.0028
C 0.0269 ± 0.0014

A 5.5 0.0894 ± 0.0058
B 0.0865 ± 0.0037
C 0.0289 ± 0.0015

a Calculated at C0 = 7.72 mM for Pb and at C0 = 17.79 mM for Cd, respectively.
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versible (RL = 0). The values of RL calculated at the maximum initial
concentrations (C0,max = 7.72 mM for Pb and 17.79 mM for Cd) were
between 0.02 and 0.15 (Table 3), indicating that sorptions of Pb and
Cd onto the sediments are favorable.

The 2-parameter D–R model was fitted to the single-solute
sorption data (Table 4). The D–R model did not fit the data well
(0.78 < R2 < 0.95). The qmD value of the D–R model increased in
the order of Sediment B > Sediment A > Sediment C for both heavy
metals. The qmD values at pH 5.5 were higher than those at pH
4.5. As represented in Table 3, the qmD values of D–R model were
nearly same as the qmL values of the Langmuir model. However, it
is difficult to explain the similarity between the qmD and qmL val-
ues because both models have different sorption mechanisms. D–R
model is based on the interaction between sorbent and the volume
of sorbate residing within the uniform micropores [44], whereas
the Langmuir model is based on the interaction between sorbate
and surface area of sorbent. The relationship between the qmD and
qmL were not consistent in previous studies. Apiratikul and Pavas-
ant [45] reported that the qmD values were similar with qmL values.
However, in other studies [46–48], the qmD values were widely dif-
ferent from the qmL values. The value of mean free energy E in
D–R model gives information whether sorption mechanism is ion-
exchange or physical sorption. If the magnitude of E is between
8 and 16 kJ/mol, the sorption process follows ion-exchange, while
for the values of E < 8 kJ/mol, the sorption process is of a physical
nature. For the values of E > 16 kJ/mol, the sorption occurs via chemi-
cal sorption [32]. In this study, the calculated E values were less than

8 kJ/mol indicating that sorption of Pb and Cd onto the sediments
occurs via physisorption due to weak van der Waals forces [32].

The Sips, R–P, Kargi–Ozmıhcı and Khan model parameters
were listed in Tables 5–8, respectively. In terms of R2 values,
the 3-parameter Sips (R2 > 0.92), R–P (R2 > 0.90), Kargi–Ozmıhcı

L)NF ] NF (−) R2 SSE

0.2151 ± 0.0310 0.9210 0.0004
0.2452 ± 0.0265 0.9511 0.0003
0.2203 ± 0.0253 0.9353 0.0001

0.2468 ± 0.0276 0.9551 0.0007
0.2899 ± 0.0269 0.9665 0.0005
0.2273 ± 0.0285 0.9321 0.0001

0.3149 ± 0.0327 0.9521 0.0002
0.3202 ± 0.0310 0.9603 0.0003
0.2527 ± 0.0407 0.8726 0.0001

0.3577 ± 0.0256 0.9795 0.0001
0.2954 ± 0.0379 0.9332 0.0004
0.2831 ± 0.0190 0.9769 0.0000

bL (L/mmol) R2 SSE RL
a

4.3665 ± 1.4878 0.9207 0.0004 0.0288
3.7876 ± 0.6267 0.9781 0.0001 0.0347
6.0558 ± 1.6533 0.9387 0.0001 0.0331

3.6011 ± 0.8020 0.9303 0.0006 0.0448
2.7627 ± 0.4218 0.9807 0.0003 0.0209
3.6817 ± 0.8932 0.9624 0.0001 0.0340

0.5863 ± 0.1488 0.9483 0.0002 0.0875
0.5365 ± 0.0801 0.9821 0.0001 0.1472
1.0106 ± 0.3308 0.8865 0.0001 0.0948

0.3256 ± 0.0731 0.9580 0.0002 0.0727
0.7173 ± 0.1568 0.9644 0.0002 0.0527
0.7659 ± 0.2223 0.9207 0.0000 0.0684
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Table 4
Dubinin–Radushkevich model parameters for single-solute adsorption of Pb and Cd.

Solute Sediment pH qmD (mmol/g) ˇ (mol2/J2, × 10−8) R2 SSE E (kJ/mol)

Pb A 4.5 0.0675 ± 0.0028 4.3494 ± 1.2838 0.9043 0.0005 3.39
B 0.0717 ± 0.0021 4.4251 ± 0.8573 0.9533 0.0003 3.36
C 0.0304 ± 0.0009 2.1974 ± 0.3918 0.9136 0.0001 4.77

A 5.5 0.1057 ± 0.0040 3.8652 ± 0.7604 0.9400 0.0010 3.60
B 0.1064 ± 0.0035 4.6657 ± 0.7567 0.9551 0.0007 3.27
C 0.0431 ± 0.0014 2.2135 ± 0.5241 0.9219 0.0002 4.75

Cd A 4.5 0.0574 ± 0.0028 66.718 ± 21.229 0.8713 0.0004 0.866
B 0.0769 ± 0.0027 65.922 ± 14.049 0.9347 0.0004 0.871
C 0.0237 ± 0.0011 7.9245 ± 2.1873 0.7832 0.0001 2.51

A 5.5 0.0719 ± 0.0031 88.176 ± 18.652 0.9147 0.0005 0.753
B 0.0782 ± 0.0028 49.092 ± 11.161 0.9307 0.0005 1.01
C 0.0245 ± 0.0011 6.9836 ± 1.9936 0.7909 0.0001 2.68

Table 5
Sips model parameters for single-solute adsorption of Pb and Cd.

Solute Sediment pH qmS (mmol/g) bS (L/mmol) NS (−) R2 SSE

Pb A 4.5 0.0887 ± 0.0170 2.7289 ± 2.6888 0.4859 ± 0.1309 0.9515 0.0003
B 0.0885 ± 0.0051 2.6852 ± 0.6475 0.6303 ± 0.0650 0.9926 0.0000
C 0.0390 ± 0.0038 2.6974 ± 1.2437 0.5769 ± 0.0960 0.9761 0.0000

A 5.5 0.1544 ± 0.0328 1.5171 ± 1.4178 0.5136 ± 0.1298 0.9749 0.0004
B 0.1453 ± 0.0154 1.5647 ± 0.6008 0.6555 ± 0.0955 0.9902 0.0002
C 0.0542 ± 0.0034 2.9915 ± 0.8639 0.6201 ± 0.0713 0.9878 0.0000

Cd A 4.5 0.0860 ± 0.0190 0.2487 ± 0.2050 0.6055 ± 0.1330 0.9700 0.0001
B 0.1028 ± 0.0085 0.3611 ± 0.1015 0.7072 ± 0.0764 0.9919 0.0001
C 0.0323 ± 0.0070 0.5899 ± 0.5039 0.6434 ± 0.2123 0.9153 0.0000

A 5.5 0.2021 ± 0.1289 0.0233 ± 0.0541 0.4763 ± 0.1033 0.9825 0.0001
B 0.0981 ± 0.0120 0.5515 ± 0.2409 0.7178 ± 0.1374 0.9731 0.0002
C 0.0525 ± 0.0163 0.0878 ± 0.1211 0.4490 ± 0.0835 0.9844 0.0000

Table 6
Redlich–Peterson model parameters for single-solute adsorption of Pb and Cd.

Solute Sediment pH qmR (mmol/g) bR [(L/mmol)NR ] NR (−) R2 SSE

Pb A 4.5 0.0272 ± 0.0091 55.447 ± 39.711 0.8503 ± 0.0379 0.9494 0.0003
B 0.0420 ± 0.0071 12.609 ± 4.2682 0.8685 ± 0.0257 0.9899 0.0001
C 0.0269 ± 0.0013 13.850 ± 4.4749 0.8836 ± 0.0301 0.9762 0.0000

A 5.5 0.0760 ± 0.0296 7.6008 ± 5.3442 0.8886 ± 0.0768 0.9655 0.0005
B 0.0742 ± 0.0187 5.9278 ± 2.4034 0.8668 ± 0.0503 0.9880 0.0002
C 0.0270 ± 0.0046 14.630 ± 5.0561 0.8830 ± 0.0282 0.9804 0.0000

Cd A 4.5 0.0279 ± 0.0109 2.9593 ± 1.8496 0.8036 ± 0.0568 0.9713 0.0001
B 0.0479 ± 0.0110 1.8870 ± 0.7630 0.8390 ± 0.0426 0.9888 0.0001
C 0.0166 ± 0.0071 2.7288 ± 2.1159 0.8754 ± 0.0834 0.9044 0.0000

A 5.5 0.0069 ± 0.0093 19.609 ± 37.271 0.6636 ± 0.0469 0.9802 0.0001
B 0.0520 ± 0.0176 2.2171 ± 1.4322 0.8660 ± 0.0659 0.9682 0.0002
C 0.0082 ± 0.0033 8.0823 ± 5.4788 0.7700 ± 0.0363 0.9824 0.0000

Table 7
Kargi–Ozmıhci model parameters for single-solute adsorption of Pb and Cd.

Solute Sediment pH qmG (mmol/g) KG (mmol/L) NG (−) R2 SSE

Pb A 4.5 0.0887 ± 0.0170 0.6140 ± 0.3619 0.4859 ± 0.1309 0.9515 0.0003
B 0.0885 ± 0.0051 0.5365 ± 0.1098 0.6303 ± 0.0650 0.9926 0.0000
C 0.0390 ± 0.0038 0.5642 ± 0.1962 0.5769 ± 0.0960 0.9761 0.0000

A 5.5 0.1544 ± 0.0328 0.8073 ± 0.4270 0.5136 ± 0.1298 0.9749 0.0004
B 0.1453 ± 0.0154 0.7457 ± 0.2161 0.6555 ± 0.0955 0.9902 0.0002
C 0.0542 ± 0.0034 0.5069 ± 0.1218 0.6201 ± 0.0713 0.9878 0.0000

Cd A 4.5 0.0860 ± 0.0190 2.3225 ± 0.7950 0.6055 ± 0.1330 0.9700 0.0001
B 0.1028 ± 0.0085 2.0551 ± 0.2890 0.7072 ± 0.0764 0.9919 0.0001
C 0.0323 ± 0.0070 1.4044 ± 0.6428 0.6434 ± 0.2123 0.9153 0.0000

A 5.5 0.2021 ± 0.1289 5.9869 ± 4.4178 0.4763 ± 0.1033 0.9825 0.0001
B 0.0981 ± 0.0120 1.5330 ± 0.3927 0.7178 ± 0.1374 0.9731 0.0002
C 0.0525 ± 0.0163 2.9805 ± 1.2752 0.4490 ± 0.0835 0.9844 0.0000
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Table 8
Khan model parameters for single-solute adsorption of Pb and Cd.

Solute Sediment pH qmK (mmol/g) bK(L/mmol) NK (−) R2 SSE

Pb A 4.5 0.0267 ± 0.0182 99.500 ± 83.13 0.8450 ± 0.0374 0.9489 0.0003
B 0.0397 ± 0.0067 17.290 ± 7.52 0.8560 ± 0.0265 0.9891 0.0001
C 0.0184 ± 0.0031 17.950 ± 6.85 0.8752 ± 0.0303 0.9760 0.0000

A 5.5 0.0753 ± 0.0280 8.276 ± 6.566 0.8845 ± 0.0803 0.9646 0.0006
B 0.0696 ± 0.0175 7.185 ± 3.589 0.8504 ± 0.0526 0.9876 0.0002
C 0.0256 ± 0.0044 20.160 ± 8.539 0.8728 ± 0.0292 0.9790 0.0000

Cd A 4.5 0.0252 ± 0.0085 3.570 ± 2.444 0.7806 ± 0.0521 0.9715 0.0000
B 0.0416 ± 0.0097 2.235 ± 1.062 0.8090 ± 0.0427 0.9877 0.0000
C 0.0156 ± 0.0065 3.001 ± 2.515 0.8620 ± 0.0847 0.9025 0.0000

43
2.
10

(
p
(
i

o
a
a
s
h

T
m
o
p
t
d
m
4

s
m
S
o
A
v
o
q

R
s

T
L

S

A

B

C

A

B

C

q

A 5.5 0.0082 ± 0.0085
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R2 > 0.92) and Khan (R2 > 0.97) models were better than the 2-
arameter Freundlich (R2 > 0.87), Langmuir (R2 > 0.88), and D–R
R2 > 0.78) models as expected from the number of parameters
nvolved in the models.

As listed in Table 5, the qmS values of Sips model increased in the
rder of Sediment A > Sediment B > Sediment C except Cd sorption
t pH 4.5. The qmS value was not correlated with CEC and BET surface
rea of the sediments, indicating that Sips model cannot explain
orption behaviors of Pb and Cd well. The qmS values at pH 5.5 were
igher than those at pH 4.5 except Cd sorption onto Sediment B.

The Redlich–Peterson model [33] parameters were shown in
able 6. The qmR values of the R–P model were in the order of Sedi-
ent B > Sediment A > Sediment C. The qmR values were dependent

n CEC and BET surface area of the sediment except Pb sorption at
H 5.5 and Cd sorption at pH 5.5 and also showed similar trend with
he qmL of Langmuir, the qmD of D–R models, the qmK of Khan, but
ifferent trend from the qmS of Sips model and qmG of Kargi-Ozmıhcı
odel. The qmR values at pH 5.5 were also higher than those at pH

.5 except Cd sorption onto Sediment A and C.
The Kargi–Ozmıhcı model [35] parameters for single-solute

orption were listed in Table 7. The R2 values of the Kargi–Ozmıhcı
odel (0.92–0.99) were nearly the same goodness-of-fit as the

ips, R–P and Khan models (see below). In Table 7, the qmG value
f the Kargi–Ozmıhcı model increased in the order of Sediment
> Sediment B > Sediment C except Cd sorption at pH 4.5. The qmG

alues at pH 5.5 were higher than those at pH 4.5 except Cd sorption

nto Sediment B. The increase in qmG value was consistent with the
mS value of Sips model.

The Khan model [36] parameters were listed in Table 8. The
2 values of the Khan model (0.97 < R2 < 0.99) showed nearly the
ame goodness-of-fit as the other 3-parameter Sips, R–P and the

able 9
angmuir model parameters for bi-solute competitive adsorption of Pb and Cd.

ediment pH Solute q∗
mL

(mmol/g)

4.5 Pb/Cd 0.071 ± 0.002
Cd/Pb 0.032 ± 0.003

Pb/Cd 0.075 ± 0.003
Cd/Pb 0.038 ± 0.003

Pb/Cd 0.041 ± 0.002
Cd/Pb 0.032 ± 0.005

5.5 Pb/Cd 0.099 ± 0.005
Cd/Pb 0.020 ± 0.002

Pb/Cd 0.089 ± 0.003
Cd/Pb 0.022 ± 0.002

Pb/Cd 0.046 ± 0.003
Cd/Pb 0.024 ± 0.006

∗
mL

and b∗
mL

indicates qmL value and bmL value for bi-solute competitive adsorption, respec
.710 ± 108.15 0.6541 ± 0.0381 0.9799 0.0001
565 ± 1.9264 0.8430 ± 0.0676 0.9669 0.0002
.583 ± 7.9728 0.7583 ± 0.0327 0.9816 0.0000

Kargi–Ozmıhci models. As listed in Table 8, the qmK values of
the Khan model increased in the order of Sediment B > Sediment
A > Sediment C consistent with CEC and BET surface area of the sed-
iments, except Pb sorption at pH 5.5. The increase in qmK value was
consistent with the increase in the qmL value of the Langmuir, the
qmD value of D–R, and qmR value of R–P models, but not with the
qmS value of Sips and qmG value of Kargi–Ozmıhci models.

3.4. Bi-solute competitive sorption

Bi-solute competitive sorption experiments were performed. As
expected, when two solutes compete for sorption in the bi-solute
system, the sorbed amount of each solute was less than that in a
single-solute system. The solute with a lower sorption affinity (i.e.,
Cd) in single-solute system showed a higher reduction of sorbed
amount in bi-solute system.

The bi-solute competitive sorptions of Pb and Cd onto sedi-
ments were analyzed by the Langmuir model (Table 9). The R2

values (<0.97) indicate that the Langmuir model was not fitting
the bi-solute competitive sorptions well. In comparison of single-
solute sorptions (Table 3), the qmL values for bi-solute sorptions
were reduced due to competition at both pH values. In both single-
and bi-solute sorptions, the Langmuir parameters, qmL and bL, were
not correlated. All sediments exhibited similar sorption patterns;
the qmL values of Pb were higher than those of Cd regardless of
whether the metals were applied in single- or bi-solute competi-

tive sorptions with the only exception of single-solute sorption in
sediment B at pH 4.5.

In Table 10, the estimated maximum sorption capacity values
of bi-solute competitive sorption (q∗

mL) were compared with those
of single-solute sorption (qmL). In all sediments, the qmL,Pb/qmL,Cd

b∗
L

(L/mmol) R2 SSE

2.712 ± 0.512 0.972 0.0002
0.809 ± 0.238 0.919 0.0001

2.521 ± 0.525 0.966 0.0002
0.873 ± 0.272 0.911 0.0001

1.622 ± 0.449 0.941 0.0001
0.360 ± 0.140 0.878 0.0001

1.500 ± 0.320 0.962 0.0004
1.520 ± 0.780 0.735 0.0001

2.681 ± 0.525 0.969 0.0003
4.609 ± 2.690 0.716 0.0001

1.307 ± 0.374 0.929 0.0001
0.306 ± 0.170 0.728 0.0001

tively.
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Fig. 7. Bi-solute competitive adsorption of Pb and Cd at pH 4.5. Lines represent CLM predictions.
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Fig. 8. Bi-solute competitive adsorption of Pb

atios (0.87–1.19 at pH 4.5 and 1.30–1.62 at pH 5.5, respectively)
ere lower than the q∗

mL,Pb
/q∗

mL,Cd
ratios (1.28–2.22 at pH 4.5 and

.92–4.95 at pH 5.5, respectively). This confirms the higher sorp-
ion affinity of Pb than Cd for sediments. This was generally found

n both pure soil components and heterogeneous soils [2,49–51].
he qmL,i/q∗

mL,i
ratios were generally greater than unity (except

or Cd in Sediment C at pH 4.5) suggesting that the simultaneous
resence of both metals reduced sorption due to competition for

able 10
omparison of qmL and bL values of single-solute and bi-solute competitive adsorp-
ion of Pb and Cd.

H Sediment qmL,Pb/qmL,Cd q∗
mL,Pb

/q∗
mL,Cd

qmL,Pb/q∗
mL,Pb

qmL,Cd/q∗
mL,Cd

.5 A 1.131 2.294 0.975 2.029
B 0.874 2.011 1.009 2.322
C 1.190 1.283 0.781 0.842

.5 A 1.292 5.059 1.161 4.547
B 1.376 4.060 1.340 3.954
C 1.641 1.914 1.021 1.191

H Sediment bL,Pb/bL,Cd b∗
L,Pb

/b∗
L,Cd

bL,Pb/b∗
L,Pb

bL,Cd/b∗
L,Cd

.5 A 7.448 3.352 1.610 0.725
B 7.060 2.888 1.502 0.615
C 5.992 4.504 3.733 2.801

.5 A 11.06 0.987 2.401 0.214
B 3.852 0.582 1.031 0.156
C 4.807 4.268 2.818 2.502

mL,Pb and qmL,Cd indicate qmL values for single-solute adsorption and q∗
mL,Pb

and q∗
mL,Cd

ndicates qmL values for bi-solute competitive adsorption, respectively. bmL,Pb and
mL,Cd indicate bmL values for single-solute adsorption and b∗

mL,Pb
and b∗

mL,Cd
indicates

mL values for bi-solute competitive adsorption, respectively.
d at pH 5.5. Lines represent CLM predictions.

sorption sites in the sediments. In addition, it was generally true
that qmL,Cd/q∗

mL,Cd
> qmL,Pb/q∗

mL,Pb
indicating that Cd sorption was

more affected by the simultaneous presence of a competing metal
than Pb sorption. This tendency of higher sorption of Pb on differ-
ent surfaces was reported in the presence of Cd [1,2,51], Cu [52] and
other metals in multi-metal solutions [53,54]. Saha et al. [54] found
no competition between Pb and other metals at low concentrations.
In Sediment C, however, qmL,Cd/q∗

mL,Cd
and qmL,Pb/q∗

mL,Pb
ratios were

similar and smaller than unity at pH 4.5, but slightly above unity at
pH 5.5.

The binding energy coefficient (bPb and bCd for single-solute
sorption and b∗

Pb
and b∗

Cd
for bi-solute competitive sorption, respec-

tively) varied with sediment type and metal solution, although all
sediments showed greater affinity for Pb than for Cd as bPb > bCd and
b∗

Pb
> b∗

Cd
except Sediment A and B at pH 5.5 (see Tables 3 and 10).
Adhikari and Singh [50] found similar results for single metal solu-
tions. The results of Rodríguez-Maroto [1] for both single and binary
solutions also agreed with the generally accepted metal affinity
series for soils and soil components [49]. However, in contrast to

Table 11
R2 and SSE values for bi-solute competitive adsorption predictions from competitive
Langmuir model (CLM).

pH Sediment R2 (Pb/Cd) SSE (Pb/Cd)

4.5 A 0.9872/0.5663 0.0002/0.0011
B 0.9887/0.5893 0.0002/0.0015
C 0.9384/0.3637 0.0003/0.0010

5.5 A 0.9229/0.6496 0.0020/0.0005
B 0.9831/0.9309 0.0004/0.0001
C 0.9813/0.5666 0.0001/0.0004
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Fig. 9. Bi-solute competitive adsorption of Pb and Cd at pH 4.5. Lines

hose researchers, our study found bi > b∗
i

in all sediments except
d in sediment A and B at both pHs at 4.5 and 5.5 as a result of
he simultaneous presence of both metals, which is in agreement
ith Mesquita and Vieira e Silva [55] for competitive sorption of

u and Zn where bi < b∗
i

was found for both Cu and Zn in three of
our soil samples. This indicates that competition for sorption sites
romotes the retention of Cd on more specific sorption sites, except

or sediment C where b∗
L values of both metals decreased.

While binding strength, or affinity constant (b), estimates made
rom sorption isotherms should only be considered qualitatively
56], they have been related to the free energy change of sorp-
ion of different species [57]. Higher b values have been related to
pecifically sorbed metals at high energy surfaces with low disso-
iation constants. Alternatively, lower b values appear to be related
o sorption at low energy surfaces with high dissociation constants
2,50]. The bi-solute isotherm b∗

i
values of Pb were less than the

ingle-solute isotherm bi values in all sediments indicating that
ompetition for sorption sites decreases the retention of Pb on more
pecific sorption positions. As a result, maximum sorption coeffi-
ient (qmL,i) decreases and thus the metals are held less strongly.
he irregular sorptive behavior of Sediment C in this regard could be
xplained by the high metal load relative to its low sorption capacity
s indicated by the CEC and BET surface area [2]. Thus, the estimated
∗
i

values of both Pb and Cd decreased in Sediment C as a conse-

uence of the increased sorption levels or sorption capacity values
q∗

mL,i
). The q∗

mL,i
value was in the order of Sediment B > Sediment

> Sediment C at both pHs except Cd at pH 5.5 and the order of
ecrease in q∗

mL,i
was consistent with CEC and BET surface area (see

able 1). Our results demonstrate that the bi-solute competitive

Fig. 10. Bi-solute competitive adsorption of Pb and Cd at pH 5.5. Lines repre
ent IAST predictions coupled to the single-solute adsorption models.

sorption of Pb and Cd depends on sediment properties such as the
clay mineralogy, CEC and BET surface area in agreement with the
previous reports [14,50].

The CLM predictions for competitive sorption of Pb and Cd at
pHs 4.5 and 5.5 were shown in Figs. 7 and 8, respectively, together
with the experimental data for comparison. The predictions of CLM
were successful in Pb sorption but not in Cd sorption in terms of R2

values (Table 11).
IAST predictions for the competitive bi-solute sorption at pHs

4.5 and 5.5 were shown in Figs. 9 and 10, respectively. Bi-solute
predictive IAST was coupled with the single-solute sorption mod-
els: Freundlich, Langmuir, Sips, Redlich–Peterson, Kargi–Ozmıhcı
and Khan models, the parameters of which were previously deter-
mined from the nonlinear curve-fitting to the single-solute sorption
data (see Tables 2–8). To compare predictions with the experimen-
tal data, R2 and the sum of squared errors (SSE) from the following
equation were calculated and listed in Table 12.

R2 =
∑

q2
i

− SSE∑
q2

i

(16)

where

SSE =
∑

(qi − q̃i)
2 (17)
In the above equation, q̃i denotes the uptake of a solute predicted
by IAST. As indicated by the R2 and SSE values in Table 12, the IAST
prediction varied with single-solute sorption model, sediment type,
pH and metal solution. The IAST predictions for the most of the
competitive sorptions were in good agreement with data except a

sent IAST predictions coupled to the single-solute adsorption models.
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Table 12
R2 and SSE values for bi-solute competitive adsorption predictions from IAST coupled
to single-solute adsorption model at pH 4.5 and 5.5, respectively.

pH Sediment Sorption model R2 (Pb/Cd) SSE (Pb/Cd)

4.5 A Freundlich 0.9971/0.3696 0.0001/0.0015
Langmuir 0.9865/0.5972 0.0002/0.0010
Sips 0.9972/0.4318 0.0001/0.0014
R–P 0.9965/0.5041 0.0001/0.0012
Kargi–Ozmıhci 0.9968/0.4318 0.0001/0.0014
Khan 0.9980/0.4190 0.0000/0.0014

4.5 B Freundlich 0.9946/0.7341 0.0001/0.0009
Langmuir 0.9770/0.7607 0.0004/0.0007
Sips 0.9851/0.7840 0.0003/0.0007
R–P 0.9821/0.8342 0.0003/0.0006
Kargi–Ozmıhci 0.9850/0.7880 0.0003/0.0008
Khan 0.9855/0.8084 0.0003/0.0006

4.5 C Freundlich 0.9681/0.2953 0.0002/0.0011
Langmuir 0.9494/0.4548 0.0003/0.0011
Sips 0.9621/0.3150 0.0002/0.0011
R–P 0.9531/0.3705 0.0003/0.0010
Kargi–Ozmıhci 0.9578/0.3150 0.0002/0.0011
Khan 0.9566/0.3152 0.0002/0.0011

5.5 A Freundlich 0.8948/0.5515 0.0028/0.0006
Langmuir 0.9358/0.7832 0.0017/0.0004
Sips 0.9213/0.7143 0.0021/0.0004
R–P 0.9080/- 0.0024/0.0016
Kargi–Ozmıhci 0.9224/0.7309 0.0020/0.0004
Khan 0.9496/0.8702 0.0013/0.0002

5.5 B Freundlich 0.9395/0.8861 0.0015/0.0002
Langmuir 0.9809/0.8811 0.0005/0.0003
Sips 0.9734/0.8986 0.0007/0.0002
R–P 0.9832/0.9370 0.0004/0.0001
Kargi–Ozmıhci 0.5274/0.8960 0.0012/0.0002
Khan 0.9768/0.9158 0.0006/0.0002

5.5 C Freundlich 0.9693/0.2027 0.0002/0.0007
Langmuir 0.9770/0.2815 0.0001/0.0007
Sips 0.9784/0.3274 0.0001/0.0006
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R–P 0.9925/0.7049 0.0000/0.0002
Kargi–Ozmıhci 0.9788/0.3254 0.0001/0.0006
Khan 0.9766/0.3064 0.0001/0.0006

ew cases. However, the predictions for Cd in Sediment C for both
Hs 4.5 and 5.5 were not successful.

. Conclusions

The sorptions of Pb and Cd onto sediments have been stud-
ed using single- and bi-solute systems. In single-solute sorption,
he sorption affinity of heavy metals onto sediments was in
he order of Sediment B ≈ Sediment A > Sediment C for Pb and
ediment B > Sediment A > Sediment C for Cd, respectively. Gen-
rally the sorption affinity of Pb and Cd at pH 5.5 was higher
han that at pH 4.5. Several sorption models such as Fre-
ndlich, Langmuir, Dubinin–Radushkevich, Sips, Redlich–Peterson,
argi–Ozmıhci, and Khan models were fitted to the single-
olute sorption data well. Generally three-parameter models (Sips,
edlich–Peterson, Kargi–Ozmıhcı, and Khan models) fitted bet-
er than the two-parameter models (Freundlich, Langmuir, and
ubinin–Radushkevich models). Competition between the solutes

n bi-solute sorption reduced the sorbed amount of each solute
ompared with that in the single-solute system. Bi-solute compet-
tive sorptions were analyzed by the Langmuir model. Sediments

ith higher pH, CEC and BET surface area had higher sorption capac-
ty as estimated by the maximum sorption capacity (qmL) of the

angmuir model. All sediments exhibited higher sorption capacity
or Pb than Cd and Cd sorption was more affected than that of Pb
n the bi-solute competitive system. The Langmuir binding strength
arameter (b) of Pb was always greater than that of Cd. However, the
values tended to increase as a result of the simultaneous presence

[

[
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of both metals indicating competition for sorption sites decreasing
the retention of both metals on specific sorption sites in sediments.
The competitive Langmuir model (CLM) and ideal adsorbed solu-
tion theory (IAST) coupled to the single-solute sorption models
predicted the Pb sorption in bi-solute competitive sorption data
successfully but not the Cd sorption. Our results demonstrate that
the single- and bi-solute competitive sorptions of Pb and Cd highly
depend on sediment properties such as CEC and BET surface area.
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