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ABSTRACT

The adsorption of Cu(l) ions in the presence of the S,S-ethylenediaminedisuccinic acid
(S,S-EDDS) chelating agent was investigated to determine the adsorption characteristics of
the 719 strongly basic anion exchange resin (719 resin), y-Al,Os, and activated carbon (AC).
The influence of adsorption pH (3-7), time (10-600 min), initial concentration (25-175 mg/
L), and temperature (298-318 K) was determined. A mechanism for the adsorption process
was proposed. The adsorption data were fitted to the Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich models. Batch experiments revealed that the maximum adsorption
capacities are 17.46, 5.79, and 5.46 mg/g for the 719 strongly basic anion exchange resin,
7-Al,O3;, and AC, respectively, at pH 6. The results also indicate that the Langmuir and
Temkin adsorption models described the adsorption of Cu(Il) ions onto the 719 strongly
basic anion exchange resin, y-Al,O3, and AC better than the Freundlich model. The obtained
results show that a pseudo-second-order model describes the adsorption kinetics better than
the other models for the three types of engineering materials. Thermodynamic constants for
adsorption such as AH® and AS® were also calculated and we found that Cu(Il) complex
adsorption onto three types of engineering materials is an endothermic and spontaneous
process.
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1. Introduction

The removal of heavy metal ions is one of the most
important current environmental problems. An
increasing amount of toxic heavy metal ions [1,2] are
being discharged into the environment and these
include metals such as mercury, lead, copper, zinc,
cadmium, and arsenic. Among these, copper is wide-
spread in industrial wastewater [3] from industries
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such as mining, smelting of metalliferous ores, electro-
plating, leather processing, electrical appliance manu-
facturing, and metal surface treatment. Copper ions
are environmentally unfriendly and toxic to humans
when released inappropriately. Excess copper can dis-
rupt human metabolism, cause cirrhosis and liver asci-
tes, and even cause cancer [4-7]. Methods for the
removal of copper ions from aqueous solutions mainly
involve chemical precipitation, chemical and electro
coagulation, filtration, ion exchange, electrochemical
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treatment, and adsorption. Adsorption is one of the
most popular methods for heavy metal ion separation,
removal, and recovery from different types of waste-
water [8]. Activated carbon (AC), ion exchange resins,
and mineral oxides are widely used in the removal of
heavy metals from water and wastewater because they
are economic, are easily prepared, and are of high effi-
ciency. However, the presence of chelating agents in
the aquatic environment affects the performance of
adsorbents toward the removal of heavy metals [9].
Because of their strong complexes with heavy metal
ions (such as Hg, Pb, Cu, Zn, and Cd), chelating
agents have played an irreplaceable role in environ-
mental remediation [10,11], and they have been
applied to wastewater treatment and soil remediation.
Because of the widespread use of chelating agents in
detergents, industrial water treatment, galvanic pro-
cesses, textiles, pigments, and oil production [12], it is
important to study the effectiveness of heavy metal
removal from water and wastewater in the presence
of chelating agents.

The treatment of water and wastewater containing
metal ions depends greatly on the particular chelating
agent. Many types of chelating agents such as
EDTA (ethylenediaminetetraacetic acid), DTPA (dieth-
ylenetriaminepentaacetic acid), HEDTA ((hydroxy-
ethyl)ethylenediaminetriacetic acid) and S,S-EDDS (S,
S-ethylenediaminedisuccinic acid) are commonly used.
Among these chelators, EDTA, DTPA, and HEDTA
have proven to be practically non-biodegradable in
standard tests [13]. However, S,S-EDDS has attracted
widespread attention because of its nature and its bio-
degradation properties in recent years [14]. As a bio-
degradable structural isomer of EDTA, S,S-EDDS has
high complex stability and extraction efficiency toward
many heavy metals. 5,S-EDDS has been proposed to
be an emerging substitute for EDTA.

Currently, S,S-EDDS is used as a bioremediation
agent in heavy metal contaminated soils and this is
commonly used all over the world. However, few
reports have focused on the treatment of heavy metal
wastewater using sorbents in presence of S,S-EDDS.
The objective of this study was to investigate the
removal of Cu(ll) ions from an aqueous solution in
the presence of S,S-EDDS using the 719 strongly basic
anion exchange resin, y-Al,O;, and AC. We chose
these engineering materials because of their low cost,
high efficiency, and commercial availability for envi-
ronmental modification.

Complexation in the M(D):5,S-EDDS=1:1 system
can be expressed as Eq. (1) [15]:

M?** + H,edds" *=[MH,edds)" > (1)
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For Cu(l) ions, the formation of the following
complexes was assumed: [Cu(H,edds)], [Cu(Hedds)],
[Cu(edds)I””,  [Cu(OH)(edds)]>",  [Cu(Hedds),]*",
[Cu(H,eeds)(Hedds)]>, [Cu(Hedds),]*", [Cu(Hedds)
edds]®”, and [Cu,edds] [16]. We found that in the Cu
(ID:S,5-EDDS = 1:1 system, the copper ions were 60%
complexed with EDDS at pH 6 and the complexes
were of the [Cu(edds)]*” type [17].

The 719 strongly basic anion exchange resin is in
the CI" form and it can exchange with anions such as
[Cu(Hedds)]”, [Cu(edds)]*, and [Cu(OH)(edds)]® .
The formation of anionic complexes between Cu(ll)
ions and S,5-EDDS allows for the removal of copper
ions using anion exchangers. y-Al,O; and AC possess
high specific surface areas that can adsorb anions and
cations. Ion exchange, hydrogen bond interactions,
and electrostatic adsorption are also possible mecha-
nisms for Cu(ID-5,5-EDDS adsorption onto the used
materials.

In this study, the influence of different parameters
such as the Cu(ll) ion concentration, pH, contact time,
and temperature was determined to quantify the effec-
tiveness of the S,S-EDDS chelate toward Cu(l) ion
adsorption. The results are useful for applications that
may be limited by the amount of absorbed heavy met-
als from water and wastewater.

2. Experimental
2.1. Materials and chemicals

All reagents were of analytical reagent grade
unless otherwise specified. Deionized water was used
for solution preparation. Stock solutions (6,000 mg/L)
of Cu(ll) were prepared using copper chloride dihy-
drate (CuCl,-2H,O, Nanjing Chemical Reagent Co.,
Ltd., China). The chelate stock solution (2,500 mg/L)
was prepared using [S,S]-ethylenediaminedisuccinic
acid (5,S-EDDS, C;9H;¢N2Og, Shandong Haohai Chem-
ical Co., Ltd., China). The 719 strongly basic anion
exchange resin (719 resin), y-Al,O3, and AC were also
used in our study. The characteristics of these engi-
neering materials are briefly listed in Table 1.

2.2. Apparatus

A Metash UV-5200 UV-vis spectrophotometer
(Metash, China) equipped with a quartz cuvette with
a l-cm path length was used to obtain adsorption
spectra and absorbance measurements. Solution pH
values were determined using a pB-10 pH meter
(Sartorius, Germany). A shaker WHY-2 (Jshuanyu,
China) was used to maintain the temperature and to
obtain a stable suspended solution.
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Table 1
Some characteristics of the adsorbents used in this study
Materials 719 resin y-Al,O3 AC
Manufacturer Shanghai Resin Factory Co., Ltd Zhengzhou Xinyida Tianjin Kemiou Chemical
technology Co., Ltd Reagent Co., Ltd
Appearance Light yellow transparent White spherical particles Black particles
spherical particles
Bulk density 0.68-0.74 0.52-0.68 0.38-0.45
(g/mL)
Particle size (mm) 0.4-0.6 1.0-1.5 0.5-0.9
pHpzc value 2.58 7.32 5.95

2.3. Adsorption experiments

We used S5,5-EDDS to study the removal of copper
ions by the three types of materials mentioned previ-
ously. The prepared solutions were composed of Cu(ID):
S,S-EDDS = 1:1 (molar ratio) and the characterization of
S,5-EDDS and its complexes with heavy metal ions has
previously been described by Kolodynska [15].

For the adsorption isotherms and the kinetics stud-
ies, 0.2 g of adsorbent and 0.025L of the Cu(l)-S,S-
EDDS complex solution at different initial concentra-
tions (25-175mg/L) were added to 100-mL Erlen-
meyer flasks. The contact time was varied from 10
min to 600 min. The suspensions were mixed in a
thermostated shaker bath operating at 130 rpm for
10 h at room temperature. The mixture was filtered
through a 45 pm filter membrane and the final concen-
tration of Cu(ll) in the filtrate was analyzed using a
Metash UV-5200 spectrophotometer. The adsorption
capacity q (mg/g) was calculated as follows:

g=(Co—Ce)V/m 2)

where Cp and C, (mg/L) are the initial and
equilibrium concentrations of the Cu(Il) ions, respec-
tively, V (L) is the volume of solution, and m (g) is the
weight of the adsorbents.

The pH values of the solutions were adjusted
using 0.1 M NaOH and 0.1 M HCL. The effect of pH
(3-7) on adsorption onto the 719 resin, y-Al,O;, and
AC was then determined. The experiments were con-
ducted on the Cu(Ill)-S,S-EDDS complexes in a tem-
perature range of 298-318 K.

3. Results and discussion
3.1. Effect of pH

The effect of pH on adsorption capacity was con-
ducted over a pH range of 3.0-7.0. For Cu(ll) the

adsorption capacity is dependent on pH, as shown in
Fig. 1. The adsorption capacity of the 719 resin
showed a slight decrease from pH 3.0 to 4.0 after
which (pH 4.0-7.0) it was almost constant, and nearly
independent of solution pH. However, the adsorption
capacities were dramatically reduced for y-Al,Oz and
AC with an increase in pH. We found a reduction in
adsorption capacity for y-Al,O; (from 90.1 to 32.8%)
and AC (from 70.9 to 36.8%) with an increase in pH
from 3.0 to 7.0, respectively.

The pHp,. values of the materials were determined
using the salt titration method, as listed in Table 1.
The surface charge of the sorbents was positive at
pH < pH,,. because of excess protons on the surface,
and negative at pH > pH,,.. Cu(ll) ions adsorbed
strongly onto the 719 resin in the presence of S,5-
EDDS with little sensitivity toward pH. This suggests
that the adsorption of Cu(l) is unaffected by the
degree of protonation for the 719 resin. Additionally,

6
[ ]
5 " . ) |
S = = 719 resin
= . o 1-ALO,
= A AC
o
L ]
34 A
A
. A A
24 ¢ .
3 4 5 6 7
pH

Fig. 1. Effect of pH on the adsorption of Cu(I)-S,S-EDDS
onto the three types of engineering materials (Cy = 50 mg/L,
T =298 K).
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7-Al,O3 had a low adsorption capacity toward Cu(Il)-
S,5-EDDS at high pH values, indicating that negative
charges were more prominent on y-Al,O3;, which ren-
dered the Cu(ID-5,S-EDDS complex negative and the
chelate hardly approached the y-Al,O; surface [18].
Wu et al. report similar behavior [19] as the adsorp-
tion of fulvic acid and Cu(Il) onto y-Al,O3 decreased
at alkaline pH values. The adsorption capacity of AC
in the presence of Cu(I)-S,S-EDDS decreased with an
increase in pH. This is possibly related to the adsorp-
tion of Cu(ll) being hindered at higher pH because of
the electrostatic repulsion between negatively charged
Cu(I)-EDDS complexes and the AC surfaces.

3.2. Effect of concentration

The initial concentration of the Cu(I)-S,S-EDDS
solution was varied from 25 to 175 mg/L. The rela-
tionship between the amount of Cu(Il)-S,S-EDDS com-
plex adsorbed onto the 719 resin, y-Al,Oz; and AC,
and the equilibrium concentration can be described by
adsorption isotherms (Fig. 2). These data were used to
verify the adsorption models and also to determine
the real adsorption capacities. For the studied
Cu(D-S,5-EDDS complexes, the amount of adsorption
increased with an increase in concentration until a pla-
teau was reached. The theoretical maximum adsorp-
tion capacities determined using the above-mentioned
conditions for the 719 resin, y-Al,Os;, and AC are
19.59, 6.05, and 6.66 mg/g for the Cu(ll) complexes,
respectively. The data are listed in Table 2 and are
very similar to the experimental data shown in Fig. 2.
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Fig. 2. Effect of initial concentration on the adsorption of
Cu(Il)-S,S-EDDS onto the three types of engineering
materials (pH 6.0, T = 298 K).
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Isotherms are equilibrium relationships between
the adsorbate concentration on the solid phase and its
concentration in the liquid phase. To determine the
adsorption mechanism, the Langmuir, Freundlich,
Temkin, and Dubinin—-Radushkevich isotherm models
were used to analyze the experimental data.

3.2.1. Langmuir isotherm

The Langmuir isotherm model assumes monolayer
adsorption onto a homogeneous surface and it can be
expressed by the following equation [20]:

Ce/ﬁle = 1/KLqm +Ce/5]m 3

where ¢, is the equilibrium concentration of Cu(lIl)
ions, g. (mg/g) is the amount of Cu(ll) adsorbed per
unit mass of adsorbent at the equilibrium concentra-
tion, g,, (mg/g) is the maximum adsorption capacity,
and K; (mL/mg) is the Langmuir constant, which is
related to the adsorption energy. The Langmuir iso-
therm was applied to our experimental data and the
results are shown in Fig. 3.

To describe the essential characteristics of the
Langmuir isotherm, the equilibrium parameter R; was
defined by the following equation:

R = 1/(1 + KLCO) 4)

where R; > 1 indicates unfavorable adsorption, R; =1
indicates linear adsorption, 0 < R <1 indicates favor-
able adsorption, and R; =0 indicates irreversible
adsorption. Ky, is larger than zero (Table 2), 0 < Rp <1,
which indicates that the adsorption process is favor-
able.

3.2.2. Freundlich isotherm

The Freundlich isotherm model can be used to
describe the adsorption of multilayers and adsorption
on heterogeneous surfaces [21]. It can be expressed by
the following linear form:

log g, = log Kr + log C,/n )

where Kr and n are the Freundlich isotherm constants,
which are related to the adsorption capacity and the
intensity of the adsorbent, respectively. Kr and n were
determined from a plot of log g, vs. log C,, as shown
in Fig. 4. A value of n > 1 in Table 2 indicates that the
adsorption conditions are favorable.



2506

J. Zhu et al. | Desalination and Water Treatment 56 (2015) 2502-2511

Table 2
Constants for the isotherm models for Cu(II)-S,S-EDDS adsorption by the three materials at 303 K
Adsorbent 719 resin y-Al,O3 AC
Langmuir isotherm qm (mg/g) 19.59 11.18 6.66
K; (L/mg) 0.193 0.007 0.017
R? 0.9923 0.5779 0.8012
Freundlich isotherm Kr 3.99 0.21 0.51
n 2.21 1.53 2.22
R? 0.8998 0.9403 0.9303
D-R isotherm qm (mg/g) 15.17 6.05 5.00
K (mol*/kJ?) 1.446 450.748 285.041
E (kJ/mol) 0.588 0.033 0.042
R? 0.7081 0.9122 0.6258
Temkin isotherm Kr (L/g) 2.33 0.10 0.21
br (J/mol) 627.03 1309.91 1830.37
rR? 0.9887 0.8190 0.7893
14
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Fig. 3. Langmuir isotherm for the adsorption of Cu(l)-S,
S-EDDS onto the three types of engineering materials.

3.2.3. Dubinin—Radushkevich isotherm

The Dubinin—-Radushkevich isotherm can describe
the adsorption mechanism and is based on a potential
theory wherein a heterogeneous surface is assumed. It
can be used to distinguish between the physical and
chemical adsorption of metal ions on surfaces [22]. Its
linearized form is given by the following equations
[23]:

Ing, = Ing,, — Ké? (6)

¢=RTIn(1+1/C,) (7)

Eo— L ®
—2K

Log C,

Fig. 4. Freundlich isotherm for the adsorption of Cu(I)-S,
S-EDDS onto the three types of engineering materials.

where K is a constant related to the adsorption energy,
and E (kJ/mol) is used to estimate the type of adsorp-
tion process. If 8 < E < 16 kJ/mol, the adsorption pro-
cess can be explained by an ion exchange mechanism
whereas if E <8 kJ/mol, a physical adsorption occurs
[24]. A plot of In g, against ¢* for Cu(Il) ion adsorption
onto the three types of engineering materials is shown
in Fig. 5. It is clear that there is no linear fit between
Ing, and &2, however, the first five data points have a
linear correlation and subsequently the Dubinin—-Rad-
ushkevich isotherm parameters can be calculated from
the slope of the line. As shown in Table 2, the calcu-
lated E values are 0.098, 0.070, and 0.051 kJ/mol for
the 719 resin, y-Al,O3;, and AC, respectively, which
indicates physisorption.
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3.2.4. Temkin isotherm

The Temkin isotherm describes the behavior of
heterogeneous surface adsorption systems and is
expressed by the following equation [25]:

RT
Q=7 In(K7C,) )
T

The linear form of the Temkin isotherm can be
expressed by the following equations:

ge=A+BInC, (10)

A= ’;_ZmKT (11
RT

B = E (12)

where R (8.341]/mol/K) is the gas constant, T (K) is
the absolute temperature, A and B represent isotherm
constants, Ky (L/g) is the equilibrium binding con-
stant, and br (J/mol) is related to the heat of adsorp-
tion. A plot of g, against In C, was used to calculate
the constants, as shown in Fig. 6. It is clear then that
the adsorption behavior of the 719 resin fits the Tem-
kin isotherm well, which indicates that the heat of
adsorption decreased linearly with temperature.

Table 2 shows the calculated parameters for all the
isotherms and it can be concluded that the 719 resin
has good correlation coefficients when using the

2.8 4

2.4 4 m 719 resin
e 1-Al,04

A AC

2.0 1

1.6 4

Lngg

1.2 4
0.8

0.4 4

0.0 0.5 1.0 1.5 20 25 3.0

Fig. 5. D-R adsorption isotherm for the adsorption of
Cu(D)-5,S-EDDS onto the three types of engineering
materials.
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Langmuir model and the Temkin isotherm, while
y-AlbO; and AC have a better fit when using the
Freundlich model.

3.3. Effect of contact time

The effect of contact time on the adsorption capac-
ity of the Cu(Il)-S,S-EDDS complexes on the 719 resin,
y-Al,O3, and AC is presented in Fig. 7. The removal
was rapid for the 719 resin within the first 30 min,
and the capacity reached about 4.90 mg/g, which was
followed by a slower adsorption rate, and its adsorp-
tion capacity was found to be about 5.12 mg/g at
equilibrium. The faster adsorption of the 719 resin
suggests faster ion exchange between the chloride ions
and the electronegative Cu(Il)-S,S-EDDS as well as a
higher affinity toward Cu(ID)-S,S-EDDS ions by com-
parison with y-Al,O3 and AC. For y-Al,O;, the adsorp-
tion rate of Cu(Il)-S,S-EDDS was fast in the first 2 h,
and the capacity reached about 1.90mg/g. The
adsorption capacity increased slowly until the reaction
reached equilibrium, and its capacity was about
2.23 mg/g. The internal diffusion of ions through the
adsorbent is the limiting step in the y-Al,O; adsorp-
tion process. For AC, the adsorption rate increased
quickly over the first 3 h after which a slight increase
in the adsorption of copper was apparent. About 10 h
was required to achieve equilibrium because the Cu
species moved easily toward the AC surface, and they
then migrated from the surface into the bulk. The
migration speed slowed down and the adsorption
took longer to reach equilibrium [15].

18 4
16 4 =
18 = 719 resin
12 e 1-ALO,
D 10 - A AC
=2 | ]
E 8
=
61 LY
gl
u
2 A Y
0 T T T T T T T T T T
0 1 2 3 4 5
Ln Ce

Fig. 6. Temkin adsorption isotherm for the adsorption of
Cu()-S,S-EDDS onto the three types of engineering
materials.
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Fig. 7. Effect of contact time on the adsorption of Cu(Il)-S,
S-EDDS onto the three types of engineering materials.
(Co=50mg/L, pH 6.0, T = 298 K).

Adsorption kinetic models were used to investigate
the adsorption mechanism and to determine the rate
controlling step for Cu(Il)-S,5-EDDS adsorption onto
the three types of engineering materials studied. The
rate constants were calculated using pseudo-first-order
and pseudo-second-order kinetic models. The rate
controlling step was also determined wusing an
intraparticle diffusion model.

3.3.1. Pseudo-first-order model

The pseudo-first-order kinetic model is generally
expressed by the following equation [26]:

kqt

where g, and g; (mg/g) are the amount of Cu(ll) ions
adsorbed onto the three types of engineering materials
at equilibrium and at time f, respectively, and k;
(min~") is the rate constant. A plot of log (q,~q;)
against t was used to calculate k; and 4., as shown in
Fig. 8.

3.3.2. Pseudo-second-order rate model

The pseudo-second-order equation [27] can be
expressed as follows:

t 1 t

t_ 1t (14)
3 kag? = ge
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Fig. 8. Pseudo-first-order kinetics of Cu(I)-S,S-EDDS

adsorption onto the three types of engineering materials.

where k, (g/mg/min) is the adsorption rate constant.
The initial adsorption rate (h) (mg/g min) when t — 0
can be determined using the following formula [28]:

h= qus (15)

The values of ky, 4., and h can be determined by
the plot of t/g; against t, as shown in Fig. 9.

3.3.3. The intraparticle diffusion model

To determine the rate-limiting step, the intraparti-
cle diffusion model was used together with the
adsorption kinetics in the following equation [29]:

g = kigt®? (16)
320
1 A
280 1 -
240 - P o
. 1 .
2 2004 e
gﬁ 160 4 :!
3 120 1 ot .
80 }1, - | = 719resin
4 L -
40 A& - ¢ 1-ALO;
e A
p - A AC
0-fm= : . . : ;
0 100 200 300 400 500 600
Time(min)

Fig. 9. Pseudo-second-order kinetics for Cu(I)-S,S-EDDS
adsorption onto the three types of engineering materials.
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Fig. 10. Intraparticle diffusion for Cu(Il)-S,S-EDDS
adsorption onto the three types of engineering materials.

where g; (mg/g) is the adsorption capacity at time ¢
and ki (mg/gmin*°) is the intraparticle diffusion
rate constant. Plots of g, against t*° were used to
determine k;;, as shown in Fig. 10.

Table 3 lists the kinetic parameters, rate constants,
and adsorption capacities at equilibrium for Cu(Il)
ions at an initial concentration of 50 mg/L. The theo-
retical g, values for the three types of engineering
materials were close to the experimental g, values
from the pseudo-second-order kinetic model, which
indicates that chemical adsorption was the rate-deter-
mining step. The theoretical g, values calculated using
the pseudo-first-order kinetic model deviated more
from the experimental values than those from the

Table 3
Kinetic parameters for the adsorption of Cu(I)-S,S-EDDS
onto the 719 resin, y-AlO3, and AC

Kinetic equation 719 resin y-Al,O3 AC

ge (exp) 5.12 2.23 2.06
Pseudo-first-order

ky (min~") 0.21 0.10 0.06

g. (theor) (mg/g) 5.04 2.07 1.84

R? 0.8022 0.8979 0.8767
Pseudo-second-order

k, (g/mg/min) 433x107% 1.99x107% 1.27 x1072
g. (theor) (mg/g) 517 2.27 2.11

h 1.16 0.10 0.06

rR? 0.9999 0.9988 0.9964
Intra-particle diffusion

ki1 (mg/g/min "% 0.33 0.21 0.15

rR? 0.9535 0.9258 0.9980
kg2 (mg/g/min %) 0.31x107% 243x107> 3.82x10°
rR? 0.9247 0.9713 0.9177
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pseudo-second-order kinetic model. Furthermore, the
correlation coefficients (R*) from the pseudo-first-order
model were significantly lower than those from the
pseudo-second-order model. These results show that
pseudo-second-order kinetics better describe the data
in this study.

The plot of g, against t*° should be a straight line
that passes through the origin when the rate-limiting
step is intraparticle diffusion. However, the plots in
Fig. 10 possess multi-linear portions, and this indicates
that intraparticle diffusion is not the rate-limiting step.
There are two straight lines that relate the data points
and the three sharp, first-linear portions come from
film diffusion. However, the three second-linear por-
tions have some differences: the plateau portion of the
719 resin indicates an equilibrium state, and the two
linear portions of y-Al,O3; and AC are due to intrapar-
ticle diffusion. In Table 3, k-1 and k;;-2 refer to the
first-linear portion rate constants and the second-linear
portion rate constants, respectively. The correlation
coefficients indicate a good fit for both portions.

3.4. Effect of temperature

The effect of temperature on the adsorption of
Cu(D-S,S-EDDS by the three adsorption materials
was investigated between 298 K and 318 K (shown in
Fig. 11). We found that the adsorption capacity (q.)
values of the three adsorption materials increased
from 5.39 to 5.87, 2.03 to 2.22, and 2.13 to 3.67 (mg/g),
respectively, as the temperature increased from 298 to
318 K. These slight changes could be due to the higher
collision frequencies at higher temperature and hence
enhanced adsorption. This also indicates that adsorp-
tion onto the three adsorption materials is endother-
mic [30].

Thermodynamic parameters such as the Gibbs
energy changes (AG®), enthalpy changes (AH®), and
entropy changes (AS°) were determined using the fol-
lowing equations [15,31].

qe
K- =2 17
c C. 17)
AG° = —RTInK¢ (18)
AS°  AH°
InKe=—F"~%7 (19)

where K¢ is the equilibrium adsorption constant, T is
the absolute temperature (K) and R is the gas constant
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Table 4
Thermodynamic parameters for the adsorption of Cu(ID)-S,
S-EDDS at various temperatures onto the 719 resin, y-AlO;,
and AC
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Fig. 11. Effect of temperature on the adsorption of Cu(Il)-
S,S-EDDS onto the three types of engineering materials
(Co =50 mg/L, pH 6.0).

(8.314 J/K mol). Fig. 12 shows a plot of In K¢ vs. 1/T
and the data can be fit to a straight line.

The Gibbs free energy changes (AG®) that were cal-
culated using Eq. (18) for the different temperatures
are listed in Table 4. The AH" and AS° values were cal-
culated from the slope and the intercept of the linear
regression by Eq. (19). It is clear from Table 4 that the
AG® values for the 719 resin were positive at low tem-
peratures (from 298 to 303 K) and became negative at
higher temperatures (>308 K). The decrease in AG’
values with an increase in temperature shows that the
adsorption was favorable at higher temperatures. Fur-
thermore, the AG® values for y-Al,O; and AC were
negative at all the temperatures investigated, which

1.0

n
\.\‘
® 719 resin

. T—Alzo‘t
A AC

0.5 1
0.0
-0.5

-1.0 1
-1.5 4

Ln gg/ce
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-2.5 1
-3.04 oe— " N

315 320 325 330 3.35
1T(10°2 1/K)

Fig. 12. Plot of In k. vs. 1/T for the adsorption of Cu(I)-S,
S-EDDS onto the three types of engineering materials.

T (K) AG° (kJ°mol™) AS° JK 'mol™?) AH° (k] mol™)
719 resin

298 -0.615 101.07 30.77
303 -0.027

308 0.306

313 0.432

318 1.701

7-AlL O3

298 -7.944 —-6.24 5.96
303 -7.715

308 -7.824

313 -7.939

318 -7.998

AC

298 -7.419 128.20 45.48
303 —-6.633

308 -5.770

313 -5.231

318 -4.937

indicates that the adsorption of the studied complexes
is spontaneous. Positive AH" values indicate an endo-
thermic Cu(Il) adsorption process for the three types
of engineering materials.c

4. Conclusions

Heavy metal Cu(Il) ion adsorption in the presence
of S,S-EDDS and onto the 719 resin, y-Al,O3, and AC
was studied in batch mode and their adsorption
capacities were found to increase with an increase in
phase contact time and the initial solution concentra-
tion. The absorption effectiveness was found to be
nearly independent of solution pH on the 719 resin.
On the contrary, the adsorption was strongly depen-
dent on pH for y-Al,O; and AC. The adsorption iso-
therm data for the 719 resin in the Cu(I)-S,S-EDDS
system fit the Langmuir and the Temkin isotherms
well, as they provided the best correlation. The equi-
librium parameter n from the Freundlich isotherm
indicates that the adsorption of copper ions onto
y-Al,O; and AC is favorable. The pseudo-second-order
kinetic model agrees very well with the static data for
Cu(l) in the presence of S,S-EDDS for its adsorption
onto the three tested materials. The calculated E val-
ues are 0.098, 0.070, and 0.051 kJ/mol for the 719
resin, y-Al,O3, and AC, respectively, which indicates a
physisorption process. The adsorption efficiency of
Cu(I) ions onto the three materials increased with an
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increase in temperature. Data obtained from the ther-
modynamic study at different temperatures were used
to calculate the thermodynamic quantities. The results
indicate that Cu(ll) adsorption onto the 719 resin,
y-Al,O3, and AC is endothermic.

References

[1] B. Yu, Y. Zhang, A. Shukla, S.S. Shukla, K.L. Dorris,
The removal of heavy metal from aqueous solutions
by sawdust adsorption—Removal of copper, ]J.
Hazard. Mater. 80 (2000) 33-42.

[2] W. Wan Ngah, A. Kamari, Y. Koay, Equilibrium and
kinetics studies of adsorption of copper (II) on chito-
san and chitosan/PVA beads, Int. ]J. Biol. Mzcromol.
34 (2004) 155-161.

[3] N. Li, R. Bai, Copper adsorption on chitosan—cellulose
hydrogel beads: Behaviors and mechanisms, Sep.
Purif. Technol. 42 (2005) 237-247.

[4] H. Kozlowski, A. Janicka-Klos, J. Brasun, E. Gaggelli,
D. Valensin, G. Valensin, Copper, iron, and zinc ions
homeostasis and their role in neurodegenerative disor-
ders (metal uptake, transport, distribution and regula-
tion), Coodin. Chem. Rev. 253 (2009) 2665-2685.

[5] S.T. Akar, T. Akar, Z. Kaynak, B. Anilan, A. Cabuk,
O. Tabak, T.A. Demir, T. Gedikbey, Removal of copper
(I) ions from synthetic solution and real wastewater by
the combined action of dried Trametes versicolor cells
and montmorillonite, Hydrometallurgy 97 (2009) 98-104.

[6] R. Gutiérrez-Garcia, T. del Pozo, M. Suazo, V. Cambiazo,
M. Gonzélez, Physiological copper exposure in Jurkat
cells induces changes in the expression of genes encod-
ing cholesterol biosynthesis proteins, Biometals 26 (2013)
1033-1040.

[7]1 G.J. Brewer, Copper excess, zinc deficiency, and cogni-
tion loss in Alzheimer’s disease, Biofactors 38 (2012)
107-113.

[8] J.R. Evans, W.G. Davids, ]J.D. MacRae, A. Amirbahman,
Kinetics of cadmium uptake by chitosan-based crab
shells, Water Res. 36 (2002) 3219-3226.

[9] L. Hauser, S. Tandy, R. Schulin, B. Nowack, Column
extraction of heavy metals from soils using the biode-
gradable chelating agent EDDS, Environ. Sci. Technol.
39 (2005) 6819-6824.

[10] M.M. Matlock, K.R. Henke, D.A. Atwood, Effective-
ness of commercial reagents for heavy metal removal
from water with new insights for future chelate
designs, ]J. Hazard. Mater. 92 (2002) 129-142.

[11] D. Lestan, C.-L. Luo, X.-D. Li, The use of chelating
agents in the remediation of metal-contaminated soils:
A review, Environ. Pollut. 153 (2008) 3-13.

[12] S. Tandy, K. Bossart, R. Mueller, J. Ritschel, L. Hauser,
R. Schulin, B. Nowack, Extraction of heavy metals
from soils using biodegradable chelating agents, Envi-
ron. Sci. Technol. 38 (2004) 937-944.

[13] D. Kotodynska, Iminodisuccinic acid as a new com-
plexing agent for removal of heavy metal ions from
industrial effluents, Chem. Eng. J. 152 (2009) 277-288.

[14] L. Zhang, Z. Zhu, R. Zhang, C. Zheng, H. Zhang, Y.
Qiu, J. Zhao, Extraction of copper from sewage sludge
using biodegradable chelant EDDS, J. Environ. Sci. 20
(2008) 970-974.

2511

[15] D. Kotodynska, Application of strongly basic anion
exchangers for removal of heavy metal ions in the
presence of green chelating agent, Chem. Eng. J. 168
(2011) 994-1007.

[16] M. Orama, H. Hyvonen, H. Saarinen, R. Aksela,
Complexation of [S,S] and mixed stereoisomers of N,
N’-ethylenediaminedisuccinic acid (EDDS) with Fe
(IID), Cudl), Zn(I) and Mn(I) ions in aqueous solu-
tion, J. Chem. Soc., Dalton Trans. 24 (2002) 4644-4648.

[17] D. Kolodynska, Green complexing agent—EDDS in
removal of heavy metal ions on strongly basic anion
exchangers, Desalination 280 (2011) 44-57.

[18] R. Pinhua, Z. Wengqj, L. Yongfeng, X. Jingli, X. Wenfa,
L. Yingsheng, Study on simultaneous removal of mul-
tiple heavy metals from water by alumina [J], Technol.
Water. Treat. 12 (2009) 027.

[19] C.-H. Wu, C.-F. Lin, H.-W. Ma, T.-Q. Hsi, Effect of ful-
vic acid on the sorption of Cu and Pb onto y-ALO;,
Water Res. 37 (2003) 743-752.

[20] Y. Kim, C. Kim, I. Choi, S. Rengaraj, J. Yi, Arsenic
removal using mesoporous alumina prepared via a
templating method, Environ. Sci. Technol. 38 (2004)
924-931.

[21] Y. Jiang, H. Pang, B. Liao, Removal of copper(Il) ions
from aqueous solution by modified bagasse, ].
Hazard. Mater. 164 (2009) 1-9.

[22] S-H. Lin, R.-S. Juang, Heavy metal removal from
water by sorption using surfactant-modified montmo-
rillonite, J. Hazard. Mater. 92 (2002) 315-326.

[23] F. Rashidi, R.S. Sarabi, Z. Ghasemi, A. Seif, Kinetic,
equilibrium and thermodynamic studies for the
removal of lead (II) and copper (II) ions from aqueous
solutions by nanocrystalline, Superlattice Microst. 48
(2010) 577-591.

[24] Z. Ghasemi, A. Seif, T.S. Ahmadi, B. Zargar, F. Rash-
idi, G.M. Rouzbahani, Thermodynamic and kinetic
studies for the adsorption of Hg(II) by nano-TiO, from
aqueous solution, Adv. Powder. Technol. 23 (2012)
148-156.

[25] M.M. Dubinin, E. Zaverina, L. Radushkevich, Sorption
and structure of active carbons. I. Adsorption of
organic vapors, Zhurnnal Fizicheskoi Khimii 21 (1947)
1351-1362.

[26] S. Azizian, Kinetic models of sorption: A theoretical
analysis, J. Colloid. Interface Sci. 276 (2004) 47-52.

[27] L. Zhang, N. Liu, L. Yang, Q. Lin, Sorption behavior of
nano-TiO; for the removal of selenium ions from aque-
ous solution, J. Hazard. Mater. 170 (2009) 1197-1203.

[28] T. Sheela, Y.A. Nayaka, R. Viswanatha, S. Basavanna,
T. Venkatesha, Kinetics and thermodynamics studies
on the adsorption of Zn(ll), Cd(Il) and Hg(I) from
aqueous solution using zinc oxide nanoparticles, Pow-
der Technol. 217 (2012) 163-170.

[29] C.S. Sundaram, N. Viswanathan, S. Meenakshi, Deflu-
oridation chemistry of synthetic hydroxyapatite at
nano scale: Equilibrium and kinetic studies, J. Hazard.
Mater. 155 (2008) 206-215.

[30] D. Kolodynska, The effect of the novel complexing
agent in removal of heavy metal ions from waters and
waste waters, Chem. Eng. J. 165 (2010) 835-845.

[31] A. Sari, M. Tuzen, D. Citak, M. Soylak, Equilibrium,
kinetic and thermodynamic studies of adsorption of
Pb(I) from aqueous solution onto Turkish kaolinite
clay, J. Hazard. Mater. 149 (2007) 283-291.



	Abstract
	1. Introduction
	2. Experimental
	2.1. Materials and chemicals
	2.2. Apparatus
	2.3. Adsorption experiments

	3. Results and discussion
	3.1. Effect of pH
	3.2. Effect of concentration
	3.2.1. Langmuir isotherm
	3.2.2. Freundlich isotherm
	3.2.3. Dubinin-Radushkevich isotherm
	3.2.4. Temkin isotherm

	3.3. Effect of contact time
	3.3.1. Pseudo-first-order model
	3.3.2. Pseudo-second-order rate model
	3.3.3. The intraparticle diffusion model

	3.4. Effect of temperature

	4. Conclusions
	References



