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Abstract

The adsorption equilibrium of MOCS and the Cu(Il) and Pb(II) ions removal capacity by MOCS in single-(non-competitive) and binary-
(competitive) component sorption systems from aqueous solutions were investigated. The equilibrium data were analyzed using the Langmuir,
Freundlich, Temkin and Redlich—Peterson isotherms. The characteristic parameters for each isotherm were determined. The Langmuir and
Redlich—Peterson isotherms provided the best correlation for both Cu(II) and Pb(Il) onto MOCS. From the Langmuir isotherms, maximum
adsorption capacities of MOCS towards Cu(Il) and Pb(II) are determined at different temperature. The maximum adsorption capacity of Cu(Il)
and Pb(II) per gram MOCS in single component sorption systems were from 5.91 and 7.71 pwmol to 7.56 and 9.22 pwmol for the temperature range
of 288-318 K, respectively. The order of affinity based on a weight uptake by MOCS was as follows: Pb(II) > Cu(II). The same behavior was
observed during competitive adsorption that is in the case of adsorption from their binary solution. The thermodynamic parameters (AG°, AH°,
and AS°) for Cu(Il) and Pb(II) sorption on MOCS were also determined from the temperature dependence. This competitive adsorption showed
that the uptake of each metal was considerably reduced with an increasing concentration of the other, the adsorption of Cu(II) being more strongly

influenced by Pb(II) than vice versa due to the higher affinity of MOCS for the latter.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Manganese oxides are poorly crystalline oxides that are com-
monly found in manganese rich coatings. In the natural envi-
ronment, trace metals, such as Ni, Mo, Cu, Zn, Pb, Cr and
UO,2* [1-4], can be strongly associated with manganese oxides.
Even in the presence of a large excess of indifferent electrolytes,
anions of weak acids and weakly hydrolyzed cations are strongly
adsorbed on manganese oxides surface. Because of the large
surface area, and high affinity for metal ions, manganese oxides
provided an efficient scavenging pathway for heavy metals in
toxic systems. Manganese oxides is one kind of surface acidic
oxides, whose pHy, (point of zero charge) value is about 1.5-4.5
[5] and the charge of the hydrous oxide depends on the pH of
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the medium. Commonly, manganese oxide’s surface charge is
negative, and it can be used as an adsorbent to remove heavy
metals from wastewater. However, pure manganese oxide as
a filter media is not favorable for both economic reasons and
unfavorable physical and chemical characteristics. Furthermore,
the fine particle size of the metal oxides makes it very difficult
to separate from the water phase or to infiltrate through. But
coating manganese oxide to a media surface may provide an
effective surface and may be a promising media for heavy metal
removal from wastewater. Silica sand is a common conventional
filter media because of its economy, inertness, and availability.
Because of poor performance of plain silica sand for heavy metal
adsorption and filtration, modifications are needed for wastew-
ater treatment. The result of coating sand with a thin layer of
manganese oxide can enhance sorption capacity for metal ele-
ments, as compared to plain filter sand. This enhanced capacity is
aresult of increased surface area and amphoteric surface charge
the coating provides [6].
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The research described here was designed to test the prop-
erties of MOCS as an adsorbent for removing copper(Il) and
lead(Il) from synthetic solutions in batch system. The adsorp-
tion capacities of MOCS for Cu(II) and Pb(Il) was shown as
a function of temperature and initial concentration. The paper
also investigated the competitive effects between copper and
lead ions on the sorption capability of MOCS in binary compo-
nent systems and the obtained results were compared with the
non-competitive data. The sorption phenomena in single com-
ponent systems were expressed by the Langmuir, Freundlich,
Temkin and Redlich—Peterson adsorption models and the effect
of temperature on the model constants was investigated. The
thermodynamics, such as AG°, AH®, and AS° have been cal-
culated to determine adsorption mechanism.

1.1. Equilibrium parameters of adsorption

Equilibrium data, commonly known as adsorption isotherm,
is important to develop an equation that accurately represents
the results and can be used in design of sorption systems.
Four adsorption models, such as Langmuir, Freundlich, Temkin
and Redlich—Peterson, were used to describe the equilibrium
between adsorbed metal ions on MOCS and metal ions in solu-
tion at a constant temperature. The Langmuir model [7], which
is valid for monolayer adsorption onto a surface containing a
finite number of identical sites, is probably the most popular
isotherm model due to its simplicity and its good agreement
with experimental data. It could be described by the linearized
form:

Ce 1 Ce

= + ()
qe Kagmax gmax

where gmax (mmol g~ 1) is the maximum amount of metal ion per
unit weight of MOCS and K, is the equilibrium adsorption con-
stant. C, is the equilibrium metal ion concentration in mmol I~
and ¢, is the adsorption equilibrium metal ion uptake capacity
in mmol g_l. By plotting Ce/g. versus Ce, gmax and K, can be
determined.

According to the Freundlich equation [8], the amount of sub-
stance adsorbed per gram of adsorbent (g.) is related to the
equilibrium concentration (C,) by the equation as follows:

¢e = KpCY/™ 2

and the equation may be linearized by taking logarithms:

log ge = log K + % log Ce 3)
where ¢, is the amount of solute adsorbed per unit weight
of adsorbent (mmol g_l), C. is the equilibrium concentration
of solute in the bulk solution (mmoll~!), K is the constant
indicative of the relative adsorption capacity of the adsorbent
(mmol g~ 1) and 1/n is the constant indicative of the intensity of
the adsorption.

The Temkin isotherm equation [9] describes the behavior
of many adsorption systems on heterogeneous surface and it

is based on the following equation:

RT1 Ce
Ge = w )

by
The linear form of Temkin isotherm can be expressed by Eq.

“):
ge=A+ BInC, )

where R is the general gas constant, T absolute temperature (K),
A (: Rb—tT In at) and B (: Rb—[T) represents isotherm constants,

respectively.

The Redlich—Peterson isotherm [10] contains three param-
eters and the form of equation includes feasures of the Lang-
muir and the Freundlich isotherms. Its non-linear equation is
expressed as follows:

AC,
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This equation reduces to a linear isotherm at low surface
coverage, to the Freundlich isotherm at high adsorbate concen-
tration, and to the Langmuir isotherm when g =1 [11]. However,
the equation cannot be linearized for easy estimation of isotherm
parameters. The linearization of the expression gives

In (AC" —1> =glnC.+InB (7
qe

where A, B, and g are the Redlich—Peterson parameters. g lies

between 0 and 1.

The two-parameter models, namely Langmuir, Freundlich
and Temkin can be readily linearized and hence the param-
eter values can be easily obtained using the linear least
square technique. However, for three-parameter model, such as
Redlich—Peterson model, the parameter values can be evaluated
from the linear plot using a trial and error optimization method
according to Eq. (7). All the data points for Cu(Il) and Pb(II)
were used in estimating the parameter values. Subsequently,
with these values the percentage deviation based on the pre-
dicted value in Cu(Il) and Pb(II) for each isotherm model were
calculated. The percent deviation was calculated as

% deviation = [‘]‘”‘P_qme"} % 100 8)
theo

1.2. Thermodynamic parameters of adsorption

In order to explain the effect of temperature on the adsorp-
tion thermodynamic parameters, standard Gibbs free energy
(AG®), standard enthalpy (AH®), and standard entropy (AS®)
were determined.

The adsorption process of metal ions can be summarized by
the following reversible process which represents a heteroge-
neous equilibrium. The apparent equilibrium constant (K) of
the adsorption is defined as [12,13]:

K = Cad,e
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where Caq is the concentration of metal ion on the adsorbent
at equilibrium. In this case the activity should be used instead
of concentration in order to obtain the standard thermodynamic
equilibrium constant (K(C)) of the adsorption system. If infinite
dilution value of K can be found by calculating the apparent
equilibrium constant (K/) at different initial concentrations of
metal ion and extrapolating to zero, this value will give Kg.
The K? value is used in the following equation to determine the
Gibbs free energy of adsorption (AG®) [12,13]:

AG®° = —RTIn K" (10

The enthalpy (AH°) and entropy (AS°) can be obtained from
the slope and intercept of a van’t Hoff equation of AG® versus
T:

AG° = AH®° — TAS® an

where R is the gas constant, 8.314Jmol ' K~!, T is absolute
temperature, K, and K é is equilibrium constant at the tempera-
ture T, respectively. The Gibbs free energy indicates the degree
of spontaneity of the adsorption process and the higher negative
value reflects a more energetically favorable adsorption.

2. Materials and methods
2.1. Adsorbent

The quartz sand was provided from Zhengzhou’s Company
of tap water in China. The diameter of the sand was ranged in
size from 0.99 to 0.67 mm. The sand was soaked in 0.1 mol 1~
hydrochloric acid solution for 24 h, rinsed with distilled water
and dried at 373 K in the oven in preparation for surface coating.
Manganese oxide coated sand was accomplished by utilizing
a reductive procedure modified to precipitate colloids of man-
ganese oxide on the media surface. A boiling solution containing
potassium permanganate was poured over dried sand placed in
a beaker, and hydrochloric acid (37.5%, Wuci1/ Wa,0) solution
was added drop-wise into the solution. After stirring for 1h,
the media was filtered, washed to pH 7.0 using distilled water,
dried at room temperature, and stored in polypropylene bottle
for future use.

2.2. Metal solutions

All chemicals and reagents used for experiments and anal-
yses were of analytical grades. Stock solutions of 2000 mg 1~
Cu(II) and Pb(II) were prepared from Cu(NO3), and Pb(NO3),
in distilled, deionized water containing a few drops of concen-
trated HNOj3 to prevent the precipitation of Cu(Il) and Pb(II)
by hydrolysis. The solutions were diluted as required to obtain
working solutions in the range of 0.077—1.27 mmol 1~! of Cu(II)
and 0.097-1.54 mmol 1~ of Pb(II), respectively. The initial pH
of the working solution was adjusted by addition of HNO3 or
NaOH solution.

2.3. Methods of adsorption studies

Batch adsorption studies were conducted by shaking the
flasks at 120 rpm for a period of time using a water bath cum
mechanical shaker. Following a systematic work on the sorption
uptake capacity of Cu(Il) and Pb(Il) in batch system and the
ionic competition effect on sorption were studied in the present
work.

For the equilibrium study, a known mass of MOCS added to
a fixed volume of sample solution containing varying concen-
trations and the temperature was controlled with a water bath at
the temperature ranged from 288 to 318 K for the studies. When
reached the sorption equilibrium (180 min), filtrated to separate
MOCS and the solution. The concentration of the free metal ions
in the filtrate was analyzed using flame atomic absorption spec-
trometer (AAS) (AAanalyst 300, Perkin-Elmer). Competitive
adsorption of Cu(II) and Pb(II) ions from their binary solutions
was investigated by following a similar procedure as described
above. The uptake of the metal ions in single and binary sys-
tems was calculated by the difference in their initial and final
concentrations. Each experiment was repeated three times and
the results given were the average values.

The data obtained in batch model studies was used to cal-
culate the equilibrium metal uptake capacity. It was calculated
for each sample of copper and lead ions by using the following
expression:

g = L) (12)
m

where g. is MOCS adsorption equilibrium metal ion uptake

capacity in mmol g !, v the sample volume in I, Cy is the initial

metal ion concentration in mmol 1~!, C, is the equilibrium metal

ion concentration in mmol1~!, and m is the weight of MOCS

ing.

3. Result and discussion

3.1. Effect of initial concentration of Cu(Il) and Pb(Il)
sorption on temperature-dependent adsorption

A volume of 20 ml of Cu(II) and Pb(II) solution with initial
concentrations ranged from 0.077 to 1.27 mmol1~! and 0.097
to 1.54 mmol1~! were placed in 125 ml conical flasks, respec-
tively. The initial pH was 4.0. An accurately weighed MOCS
sample (20 g1~ 1) with particle size range from 0.99 to 0.67 mm
was then added to the solution. In order to prevent solution evap-
oration, each conical flask using in the experiments was sealed.
After shaking the flasks for 180 min at the temperature range
from 288 to 318 K, the filtrates were analyzed for the remaining
copper and lead ion concentrations, respectively. The capacities
of adsorption of Cu(IT) and Pb(II) on MOCS are shown in Fig. 1.

The adsorption capacities of the MOCS increased rapidly
first with the increasing of the initial concentration of Cu(I)
and Pb(II) and reached a saturation values of around 0.40 and
0.45mmol1~! of Cu(Il) and Pb(II), respectively. And higher
removals for Cu(Il) and Pb(I) were observed in the higher
temperature range. This was due to the increasing tendency of
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Fig. 1. Effect of Cu(Il) and Pb(II) concentrations on the adsorption of Cu(II)
and Pb(IT) on MOCS from aqueous solutions at initial pH 4.0 at different tem-
peratures.

adsorbate ions to adsorb from the solution to the interface with
increasing temperature. The increase of the equilibrium uptake
at increased temperature indicated that the adsorption of Cu(Il)
and Pb(II) ions to MOCS is endothermic in nature.

3.2. Determination of equilibrium model constants

In order to optimize the design of an adsorption system
to remove Cu(Il) and Pb(II) from aqueous solutions, it is
important to establish the most appropriate correlation for the
equilibrium curves. The Langmuir, Freundlich, Temkin and
Redlich—Peterson models are often used to describe equilibrium
sorption isotherm. The equation parameters and the underlying
thermodynamic assumptions of these equilibrium models often
provide some insight into both the sorption mechanisms and the
surface properties and affinities of the adsorbent.

The linearized form of Langmuir, Freundlich, Temkin and
Redlich—Peterson adsorption isotherms obtained at the tem-
peratures of 288, 295, 303 and 318K are given in Figs. 2-5,

200+
150
2
= 100-
< m Cu(288K)
QO o Cu(303K)
A Cu(318K)
50- % Pb(295K)
© Pb(303K)
4 Pb(318K)
O_
T ' T L T

—
0.0 0.2 0.4 0.6 0.8 1.0 1:2 1.4
Col(mmol I

Fig.2. Langmuir adsorption isotherms of Cu(II) and Pb(II) by MOCS at different
temperatures.
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Fig. 3. Freundlich adsorption isotherms of Cu(II) and Pb(II) by MOCS at dif-
ferent temperatures.
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Fig. 5. Redlich—Peterson adsorption isotherms of Cu(II) and Pb(Il) by MOCS
at different temperatures.
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Table 1

Langmuir, Freundlich, Redlich—Peterson and Temkin parameters for adsorption of Cu(Il) and Pb(II) onto MOCS

Isothermal model parameters Cu(II) Pb(1D)
288K 303K 318K 295K 303K 318K
Langmuir
K, (lmmol™1) 31.2 53.1 74.3 69.76 84.17 95.94
gm (mmol g=!) x 1073 5.91 6.47 7.56 7.71 8.55 9.22
R 0.999 0.998 1.00 1.00 1.00 0.999
RL 0.0248 0.0147 0.0106 0.00930 0.00772 0.00678
Freundlich
Kg (mmol g=1) x 1073 5.83 6.55 7.81 7.66 8.55 9.20
1/n 0.120 0.106 0.106 0.061 0.065 0.046
R 0.991 0.952 0.970 0.909 0.926 0.807
Temkin
Ax1073 5.76 6.46 7.65 7.65 8.54 9.19
Bx 1074 5.48 5.31 5.98 425 498 3.95
R 0.993 0.953 0.986 0.918 0.931 0.820
Redlich—Peterson
A 12 23 3.1 1.3 1.3 1.2
B 210 370 426 169 152 130
g 0.927 0.965 0.980 0.961 0.966 0.980
R 1.00 0.998 0.999 1.00 1.00 1.00

respectively, whereas Table 1 presents the correspondent con-
stants along with the coefficients of correlation (R) and percent
deviation associated at each linearized model according to Eqs.
(1), (3), (5) and (7).

The experimental equilibrium data of Cu(II) and Pb(II) were
also compared with the theoretical equilibrium data obtained
from these adsorption models. The values of percent deviation
(Figs. 6 and 7) also confirmed that the adsorption equilibrium
data fitted well to the Langmuir and Redlich—Peterson models
in this studied conditions.

The values of gmax and K, for different temperatures were
calculated from the Langmuir plots and the results are tabulated
in Table 1. These isotherms were found to be linear over the
entire concentration range studied with extremely high R val-
ues for Cu(Il) and Pb(Il), respectively. The R values suggest
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Fig. 6. Comparison of experimental and predicted amount of Cu(II) adsorbed
on MOCS at different temperatures.

that the Langmuir isotherm provides a good model of the sorp-
tion system. Langmuir constant, gmax, represents the monolayer
saturation at equilibrium. The maximum capacity gmax deter-
mined from the Langmuir isotherm defines the total capacity of
MOCS for Cu(II) and Pb(II). The maximum capacity of MOCS
in this studies for Cu(II) and Pb(II) were obtained at 318K, a
slight increase being observed with the increase in sorption tem-
perature. The other mono-component Langmuir constant K,
corresponds to the concentration at which a Cu(Il) or Pb(II) ion
amount of gmax/2 is bound and indicates the affinity for the bind-
ing of Cu(Il) and Pb(II) ions. A high K, value indicates a high
affinity. The values of K,, increased with increasing of temper-
ature, indicating that the affinity of MOCS for Cu(I) and Pb(II)
increase as the temperature of sorption increase, which may be
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Fig. 7. Comparison of experimental and predicted amount of Pb(II) adsorbed
on MOCS at different temperatures.
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mainly due to the increase in number of active sites caused by
the breaking of some bonds.

The Freundlich model does not describe the saturation behav-
ior of adsorbent. The constant K indicates the sorption capacity
of the sorbent. The values of K and n determined from the Fre-
undlich plots changed slightly with the rise in temperature. As
the constant n at equilibrium were bigger than 1, indicating that
metal ions were favorably adsorbed by MOCS at all the tem-
peratures studied [12]. These results indicated that MOCS had
a very strong adsorption capacity for Cu(Il) and Pb(Il) in the
solution.

The corresponding Temkin parameters of A and B at different
temperatures are also given in Table 1 for Cu(Il) and Pb(II) sys-
tem. The constant A also increased with temperature increasing.

The Redlich—Peterson isotherm plots (Fig. 5) for sorp-
tion of the Cu(Il) and Pb(II) on MOCS showed that the
Redlich—Peterson isotherm accurately described the sorption
behaviors of metal ions on MOCS over the concentration ranges
studied. The parameters of the equation did not exhibit any ten-
dencies of the changes with the experimental factors. However,
the exponent, g, for all samples was close to 1, showing the
closeness of the model to the Langmuir isotherm.

As shown in Table 1, it can be concluded that equilibrium
data fitted very well to all the equilibrium models in the studied
concentration range of Cu(Il) and Pb(II) at all the temperatures
studied according to the values of correlation coefficients (R)
except Freundlich and Temkin model for Pb(II). The comparison
of the values of R indicates that Langmuir and Redlich—Peterson
isotherms best fits the experimental range studied, since it
presents the greater coefficients of correlation at all tempera-
tures. The fact that the Langmuir isotherm fits the experimental
data very well may be due to homogenous distribution of active
sites on MOCS surface, since the Langmuir equation assumes
that the surface is homogenous [14]. The values of gmax Obtained
from the Langmuir isotherm equation for Pb(II) adsorption on
MOCS was greater than that of Cu(Il) at all the temperature,
which is indicated that the functional groups on the surface of
MOCS had a relatively stronger affinity for Pb(II) than Cu(Il)
and potential of the adsorption for Cu(Il) and Pb(Il) on MOCS
was in the following order: Pb(II) > Cu(Il).

For adsorption of Cu(Il) and Pb(II) to MOCS, the experimen-
tal and predicted g, values with deviation percents are presented
inFigs. 6 and 7. The percent magnitude of absolute deviation was
changed from 0% to 12% and 0% to 10% for Cu(Il) and Pb(II)
in Langmuir, Freundlich and Redlich—Peterson models, respec-
tively. The correlations between experimental and calculated
results for each model were acceptable at moderate initial con-
centrations; however, a very low concentrations, the correlation
deviation slightly. This could be explained by the experimen-
tal and measurement errors found at very low concentrations.
Figs. 6 and 7 also showed that at higher concentrations, the abso-
lute deviation percents found from the Langmuir, Freundlich and
Redlich—Peterson model were higher than that of Temkin model.
In view of the values of percentage deviation in Figs. 6 and 7,
it appears that the Langmuir, Freundlich and Redlich—Peterson
models provides the most satisfactory representation of the data
in the studied concentration range at almost all temperatures.

The effect of isotherm shape can be used to predict whether a
sorption system is ‘favorable’ or ‘unfavorable’. One of the essen-
tial characteristics of Langmuir equation could be expressed
by dimensionless constant called equilibrium parameter,
Ry [15]:

1

_ 13
1 +KaC0 ( )

Rp

where C is the highest initial solute concentration (mmol 1-b.
The value of Ry indicates the type of isotherm to be irreversible
(Rr, =0), favorable (O<Ry <1), linear (R, =1) or unfavorable
(R >1). It is shown that the sorption of Cu(II) and Pb(II) ions
on MOCS is very favorable at all temperatures studied (Table 1).
The Ry, values also indicated that sorption is more favorable for
higher temperature than for the lower ones. It is obvious that
MOCS is a good sorbent for removing Cu(Il) and Pb(II) ions
from solution.

3.3. Thermodynamic parameters of adsorption

The Kg value evaluated from the C,qe/Ce versus Ce plot
(data not shown) was used to find the AG® value. The standard
Gibbs free energy (AG®) was obtained at different temperature
according Eq. (10). The standard enthalpy (AH®) and entropy
changes (AS°) of sorption determined from the AG® versus T
plot according to Eq. (11). The thermodynamic parameters of
AG°, AH° and AS° were shown in Table 2.

Positive values of AH® suggest the endothermic nature of
the adsorption of Cu(Il) and Pb(I) on MOCS. The negative
values of AG® at various temperatures indicated the feasibility
of the process and spontaneous nature of the adsorption. How-
ever, the negative value of AG° decreased with an increase in
temperature, indicating that the spontaneous nature of adsorp-
tion of Cu(Ill) and Pb(Il) were inversely proportional to the
temperature. Enhancement of adsorption capacity of adsor-
bent at higher temperatures may be attributed to the enlarge-
ment of pore size and/or activation of the adsorbent surface.
The positive values of AS° reflect the affinity of MOCS for
Cu(I) and Pb(Il) and show the increasing randomness at the
solid/liquid interface during the sorption of metal ions on
MOCS.

Table 2
Thermodynamic parameters for the adsorption of Cu(Il) and Pb(II) at various
temperatures by MOCS

Metal ion T (K)

288 295 303 318

Cu(Il)
AG® (kJmol~ 1) —-16.0
AH® (kI mol™1) 17.1
AS° Jmol~ k1) 115

Pb(IT)
AG° (kJmol~1) —16.2
AH° (KJmol™1) 182
AS° (Jmol~ k1) 117

—17.7 —194

—17.1 —18.9
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3.4. Competitive adsorption in binary metal system

In this group of experiments, competitive adsorption of Cu(II)
and Pb(II) ions from their binary solutions was investigated by
following a similar procedure as described above. These studies
were performed at an initial pH of 4.0 at 293 K. The experi-
ments of competitive adsorption of Cu(Il) and Pb(Il) included
two parts: (i) the competitive adsorption of Cu(II) and Pb(II) in
the total concentration was changeless; (ii) the effect on adsorp-
tion of Cu(II) with the presence of Pb(Il) in the solution, and the
effect on adsorption of Pb(I) with the presence of Cu(Il) in the
solution.

3.4.1. The competitive adsorption of Cu(Il) and Pb(Il) in
the total concentration changeless

The objective of this part work was to study the effect of
two metal ions coexistence on the total adsorptive capacity of
MOCS. The experiment was carried out keeping the total con-
centration changeless (1.0mmol1~!) and changed each metal
ions concentration. The result was shown in Fig. 8.

As shown in Fig. 8, values of the adsorption capaci-
ties g. obtained from the experiment results for the binary-
component system at described conditions were ranging from
0.162 to 2.94 pmol g~ and 2.82 to 7.14 wmol g~ for Cu(II)
and Pb(Il), respectively, which were less than those for
the single-component solutions(5.70 wmol g~! for Cu(Il) and
7.62 pmol g_1 for Pb(Il)). However, the total adsorption capac-
ity for these two metals in binary system exceeded the capac-
ity than that of Cu(Il) but less than that of Pb(Il) in single-
component systems. One type of the metal ion present interfered
with the uptake of another one in the system, and the overall total
metal uptake was slightly lower. It is indicated that the functional
groups on the surface of MOCS had a relatively stronger affinity
for Pb(II) than Cu(Il) and potential of the adsorption for Cu(II)
and Pb(IT) on MOCS was in the following order: Pb(IT) > Cu(Il).

Fig. 8. Effect of the fixed total initial concentration of Cu(Il) and Pb(II) on the
adsorption capacity of each metal ions. ((J) g. Pb(I); (¥) ge Cu(ll); (M) ge
Cu(ID) + Pb(II).
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Fig. 9. (a) Two-metal sorption isotherm. The adsorpiton capacity of Cu(Il) is
plotted as a function of the equilibrium concentrations of Cu(II) and Pb(II).
(b) Adsorption isotherms of Cu(Il) in single- and binary-component sorption
systems.

3.4.2. The effect on adsorption of Cu(Il) or Pb(Il) with the
presence of Pb(Il) or Cu(Il) in the solution

In a serious of two metal ions solution, the initial concentra-
tion of Cu(II) was fixed to 0.315 mmol 17!, whereas, the concen-
tration of Pb(II) were varied from 0 to 1.54 mmol 17! In another
binary system, the initial concentration of Pb(I) was constant
in 0.386 mmol1~!, and the concentration of Cu(Il) were varied
from 0 to 1.57 mmol1~'. In Figs. 9a and 10a, the two (equi-
librium) metal concentrations were plotted against the Cu(II) or
Pb(II) uptakes, respectively. As shown in Figs. 9a and 10a, when
both Cu(Il) and Pb(IT) were present in the solution together, some
reduction of the Cu(II) or Pb(Il) uptake could be observed with
increasing Pb(II) or Cu(I) concentration. The effect of Pb(II)
on the adsorption uptake of Cu(Il) was seen in Fig. 9a show-
ing that the interference of Pb(Il) with the Cu uptake was much
more pronounced. The adsorption capacities ge(Cu) decreased
from 4.68 to 0.359 wmol g~! and the maximum adsorption effi-
ciency of Cu(Il) was reduced 92.3% in the presence of Pb(Il)
(concentration ranging from 0 to 1.54 mmol1~!). Conversely,
as shown in Fig. 10a, whereas in the one-metal Pb system the
Pb uptake was 7.57 umol g~ of MOCS at initial concentration
Co[Pb] =0.386 mmol 1!, when 1.57 mmol1~! (initial concen-
tration) Cu(Il) was present in the system, the Pb(II) uptake
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Fig. 10. (a) Two-metal sorption isotherm. The adsorption capacity of Pb(Il) is
plotted as a function of the equilibrium concentrations of Cu(II) and Pb(II).
(b) Adsorption isotherms of Pb(Il) in single- and binary-component sorption
systems.

decreased to 5.92 wmol g~! or 21.7% of the original value. A

slightly reduction in the Pb uptake was observed even at rela-
tively high Cu(Il) concentrations. The result showed that Pb(II)
had best affinity to MOCS than Cu(I). As MOCS was less favor-
able for Cu(Il), Pb(II) added competed adsorption sites with
Cu(Il). As a result, addition of stronger binding metal ions, such
as Pb(Il), could weaken the chemical bonds between the func-
tional group and weaker metal ions, such as Cu(Il).

The effect of different levels of Pb(Il) on the adsorption
uptakes of Cu(Il) was quantitatively much better demonstrated
in Fig. 9b, which showed a comparison of the adsorbed quan-
tity of Cu(II) per unit weight of MOCS at equilibrium between
the solutions with Cu(Il) ions present as the single metal and
with the presence of increasing concentration of Pb(II) ions.
Similarly and conversely, the effect of Cu(II) on the adsorption
uptake of Pb(II) was seen in Fig. 10b. From Figs. 9b and 10b,
a significant reduction in the Cu(Il) uptake was observed even
at relatively low Pb(II) concentration, however, slightly reduc-
tion in the Pb(II) uptake at relatively high Cu(II) concentration.
Adsorption affinity of the tested metals is Pb(II) > Cu(II) which
is the same affinity as indicated from the results under non-

Table 3

Some physical and chemical properties of the two ions

Properties Cu(II) Pb(II)

Tonic radius 0.72 1.20
Coordination number 2,4 4,6

Electron configuration [Ar]3d® [Xel4f'45d106s2
Elecronegativity of the atom 1.90 2.33

Covalent index = X2 (r + 0.85) 5.67 1.1

Effective radius in solution 6.0 4.5

competitive conditions. This observation is in agreement with
that reported by other studies [16].

The observed affinity in the sorption of Pb(Il) and Cu(Il)
could be attributed to the difference in their class behavior on
the basis of their covalent indices. Pb(Il) is classified as a class
b ion, while Cu(II) is classified as borderline ions. On the basis
of this argument, it is possible to explain clearly the competition
effects observed in the present study. Since Pb(II) belongs to a
different class of ions (class b), other cations do not exert any
effect on its sorption [17].

A covalent index for the class behavior of the metal ions.
Covalent index is computed using the equation [18]:

covalent index = X2 (r 4 0.85) (14)

where Xy, represents the electronegativity of the ion; r the ionic
radius and 0.85 a constant assumed to reflect ionic radius of O
and N donor atoms. In general, the greater the covalent index
greater is the class b character and consequently its potential to
form covalent bonds with adsorbent ligands.

As evident from Table 3, the covalent index of the two met-
als lie in the series Pb(II) > Cu(II). Consequently, affinity of the
adsorbent also lies in the series Pb(IT) > Cu(II). Similar covalent
series for cation adsorption has been reported by Heidmann [19].

4. Conclusion

In this study, the adsorption potential of MOCS was investi-
gated for the removal of Cu(Il) and Pb(II) from single (non-
competitive) and binary (competitive) aqueous systems. The
adsorption isotherms of Cu(II) and Pb(II) onto MOCS were
studied at different temperatures. The following results were
obtained:

e The Langmuir, Freundlich, Temkin and Redlich—Peterson
adsorption models were used for the mathematical descrip-
tion of the adsorption equilibrium of Cu(II) and Pb(II) onto
MOCS. Results showed that the adsorption equilibrium data
fitted very well to Langmuir and Redlich—Peterson isotherms
in the studied concentrations range at all the temperatures
studied.

e Cu(Il) and Pb(Il) adsorption capacity of MOCS increased
with an increasing of temperature. The maximum adsorption
capacities of Cu(Il) and Pb(II) per gram MOCS were calcu-
lated as from 5.91 and 7.71 pmol to 7.56 and 9.22 pwmol for
the temperature range of 288-318 K, respectively.
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e Thermodynamic constants were evaluated using equilibrium
constants changing with temperature. The negative values of
AG® indicated the spontaneity and the positive values of AH®
and AS° showed the endothermic nature and irreversibility of
Cu(II) and Pb(II) sorption, respectively.

e In binary system, the total adsorption capacity exceeded the
capacity of Cu(Il) but less than that of Pb(Il) in single-
component systems. Adsorption affinity of the tested metals
is Pb(II) > Cu(Il) which is the same affinity as indicated from
the results under non-competitive conditions.
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