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Abstract Carbonate hydroxylapatite (CHAP), prepared

from eggshell waste, was used to remove 60Co(II) from

aqueous solutions. The sorption of 60Co(II) on CHAP as a

function of contact time, pH, ionic strength and foreign

ions in the absence and presence of humic acid and fulvic

acid under ambient conditions was studied. The sorption of
60Co(II) on CHAP was strongly dependent on pH and ionic

strength. The thermodynamic parameters (DH0, DS0, DG0)

of 60Co(II) sorption on CHAP were calculated from the

temperature-dependent sorption isotherms, and the results

indicated that the sorption process of 60Co(II) on CHAP

was endothermic and spontaneous. At low pH, the sorption

of 60Co(II) was dominated by outer-sphere surface com-

plexation and ion exchange with Na?/H? on CHAP sur-

faces, whereas inner-sphere surface complexation was the

main sorption mechanism at high pH. Experimental results

also indicated that CHAP was a suitable low-cost adsorbent

for pre-concentration and solidification of 60Co(II) from

large volumes of aqueous solutions.
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Introduction

The physicochemical behavior of long-lived radionuclides

are crucial to the environmental pollution [1, 2]. The

presence of radionuclides in wastes is a major environ-

mental concern. Such wastes arise from technologies

producing nuclear fuels, and from laboratories working

with radioactive materials [3].
60Co(II) is one of the most serious radionuclides affect-

ing the environment due to its long half-life (T1/2 = 5.27a).

The radionuclides 60Co and 58Co are present in liquid

wastes released from pressurized water nuclear power

reactors [4]. High levels of 60Co(II) may affect several

health troubles such as paralysis, diarrhea, low blood

pressure, lung irritation and bone defects [5]. The permis-

sible limits of 60Co(II) in the irrigation water and livestock

wastewater are 0.05 and 1.00 mg/L, respectively [6].

Therefore, the elimination of radiocobalt from wastewaters

is important to protect public health. The removal of radi-

ocobalt from aqueous solution have been studied exten-

sively [7–18]. Treatment processes for radionuclides

contaminated water include chemical precipitation, mem-

brane filtration, ion exchange, sorption, and co-precipita-

tion/precipitation [19–22]. Among these methods, sorption

process has been found as one of the most promising

technologies in radionuclide pollution management because

of its low cost, simplicity of design and operation [23–25].

Generally, activated carbon, carbon nanomaterials, clay

minerals, silica gel, activated alumina and ion exchange

resin have been widely used as adsorbents in the removal

of radionuclides from large volume of aqueous solutions

[26–31]. However, the high capital and regeneration cost of

these materials limit their large-scale applications for

the removal of radionuclides, which have encouraged

researchers to look for low-cost alternative adsorbents

[32–34]. The major advantages of biomaterial as sorbents

are low cost, high efficiency, minimization of chemical or

biological sludge, no additional nutrient requirement, pos-

sibility of regeneration of the biosorbent, and metal

recovery [35–37]. Hydroxylapatite (HAP) as an efficient

and low-cost biosorbent, which has high sorption ability for
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60Co(II). HAP was found to have high removal efficiency

for the retention of Cd, Zn and Co in a wide pH range of

6–9 [38]. The interaction of Co2? with HAP was also

studied from the aspect of the catalytic activities of cobalt/

calcium exchanged samples for oxidative dehydrogenation

of ethane [39].

It is well-known that HAP can be prepared from a variety

of raw materials. The most frequently used precursors are

animal bones [40, 41] and coral [42]. Eggshell waste is

widely produced from houses, restaurants, and bakeries.

Eggshell has a little developed porosity and pure CaCO3 as

an important constituent. In this work, carbonate hydrox-

ylapatite (CHAP) was synthesized by using eggshell from

the viewpoint of recycling this waste product and minimi-

zation of contaminants. The properties of the prepared

CHAP from eggshells were determined, and the potential

use of CHAP in the removal of 60Co(II) was studied.

The main purposes of this study are: (1) to investigate

the sorption kinetics of 60Co(II) on CHAP and to analyze

the experimental data with a pseudo-second-order equa-

tion; (2) to study the sorption of 60Co(II) on CHAP as a

function of pH, ionic strength, foreign ions in the absence

and presence of HA/FA; (3) to calculate the thermody-

namic parameters (i.e., DH0, DS0, DG0) from the temper-

ature dependent sorption isotherms; and (4) to presume the

sorption mechanisms of 60Co(II) on CHAP.

Experimental section

Preparation of CHAP

The eggshell samples used in this study were obtained from

some private restaurant in China. CHAP samples were

prepared as: the eggshells were washed with distilled water

for several times to remove impurity and interference

material such as organics and salts. Then, they were

transferred to the oven at 70 �C to dry. The pretreated

eggshells were calcined in air using a muffle furnace at

900 �C (heating rate of 10 �C/min) for 1 h. The following

reaction happened in the calcinations:

CaCO3 �!
900 �C

CaOþ CO2 " ð1Þ

The calcined powder was ground in an alumina mortar-pestle.

This CaO powder was completely dissolved in concentrated

H3PO4, kept at 30–40 �C for 2–3 h, under pH 3.0. The

following reaction happened in the acidic conditions:

CaOþ H3PO4 ¼ CaHPO4 þ H2O ð2Þ

Insoluble material was separated and removed by filtration.

Subsequently, 1 mol/L Ca(OH)2 was added into the

solution, kept at 100 �C for 24 h, adjusting pH to 11.0 by

using 0.1 mol/L NaOH. When it was naturally cooled to

room temperature, the suspension was collected by

filtration, and washed thoroughly with distilled water to

remove the excrescent free ions, and at last rinsed with

distilled water until the pH of the solution reached to about

7.0. The reaction processed following the equation:

CaHPO4 þ CO2 þ CaðOHÞ2
! Ca10 ðPO4Þ6�x; ðCO3 � OHÞx

� �
ðOHÞ2 ð3Þ

Finally, the sample was dried at 60 �C for 24 h and ground

to pass 200 meshes to get the CHAP samples.

All chemicals used in the experiments were purchased

as analytical purity and used directly without any further

purification. All the reagents were prepared with high-

purity Milli-Q water from a Millipore Synthesis A10 water

system (18.2 MX).

Sorption experiments

All the experiments were carried out in polyethylene cen-

trifuge tubes by using batch technique under ambient con-

ditions. The stock suspension of CHAP was pre-equilibrated

with NaClO4 solution for 24 h, and then 60Co(II) stock

solution was added into the polyethylene test tubes to achieve

the desired concentrations of different components. The pH

values of the systems were adjusted by adding negligible

volume of 0.1 or 0.01 mol/L HClO4 or NaOH. After the

suspensions were shaken for 24 h, the solid and liquid phases

were separated by centrifugation at 9000 rpm for 30 min at

the temperature controlled same to that in the sorption

experiments. It was necessary to note that the sorption of
60Co(II) on the tube wall was negligible according to the test

of 60Co(II) sorption in the absence of CHAP.

The concentration of radionuclide 60Co(II) was analyzed

by liquid scintillation counting using a Packard 3100 TR/AB

Liquid Scintillation Analyzer (PerkinElmer). The scintilla-

tion cocktail was ULTIMA GOLD ABTM (Packard). The

amount of 60Co(II) adsorbed on CHAP was calculated from

the difference between the initial concentration (C0) and the

equilibrium one (Ce). The sorption of 60Co(II) was expressed

in terms of sorption percentage (%):

Sorption(%Þ ¼ C0 � Ce

C0

� 100% ð4Þ

All experiment date were the average of triplicate deter-

minations and the relative errors were about 5%.

Results and discussion

Kinetic sorption of 60Co(II) on CHAP

The sorption of 60Co(II) on CHAP as a function of contact

time was investigated at pH = 6.5 ± 0.1 (Fig. 1). It
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seemed that the sorption consisted of two phases: a primary

rapid phase and a second slow phase. The first rapid phase

lasted approximately 2 h and accounted for the major part

in the total 60Co(II) sorption. Sorption reached a plateau

value in approximately 4 h, which showed saturation of the

active points. According to the above results, the shaking

time was fixed to 24 h for the rest of the batch experiments

to assure the sorption equilibrium.

In order to analyze the sorption rate of 60Co(II) on

CHAP, the pseudo-second-order rate equation is used to

simulate the kinetic sorption [43, 44]:

t

qt

¼ 1

2Kq2
e

þ 1

qe

t ð5Þ

where qt (mg/g) is the amount of 60Co(II) adsorbed on

CHAP at time t, and qe (mg/g) is the equilibrium sorption

capacity. K (g/(mg h)) is the pseudo-second-order rate

constant.

Constant K and qe were calculated from the intercept

and slope of the line obtained by plotting t/qt vs. t (the

inserted figure in Fig. 1). The value of pseudo-second-

order rate constant K is 0.958 g/(mg h) and the equilibrium

sorption capacity qe is 9.479 mg/g. The correlation coef-

ficient (R2 = 0.999) of the linear plot is very close to 1,

which suggests that the experimental data can be fitted very

well by the pseudo-second-order model [45–47].

Effect of pH and ionic strength

The pH-dependent sorption of 60Co(II) on CHAP as a

function of ionic strength is shown in Fig. 2. It is clear that

sorption of 60Co(II) on CHAP is obviously affected by

solution pH values. The sorption of 60Co(II) increases

abruptly from *10 to *93% at pH 4.0–10.5, and

approaches a plateau at pH [ 10.5. There are two possible

reactions for the removal of 60Co(II) from aqueous solu-

tions [48]. The first mechanism is the sorption of 60Co(II)

on the surfaces by ion exchange. The ion exchange can be

expressed as follow:

Co2þ
ðsÞþ � S�O�Ca2þ

ðCÞ !� S�O�Co2þ
ðCÞ þ Ca2þ

ðsÞ ð6Þ

Co2þ
ðsÞ þ 2 � S�O�NaþðCÞ ! � S�Oð Þ2�Co2þ

ðCÞ þ 2NaþðsÞ

ð7Þ

where subscripts (s) and (C) denote solution and CHAP

phase, respectively.

The second mechanism is surface complexation by

CHAP. The surface functional groups of CHAP participate

in the formation of complexes in the removal of Co(II) tom

CHAP.

It is generally regarded that the species of 60Co(II) in

solution are important to 60Co(II) sorption. The species of
60Co(II) are strongly dependent on pH values. Figure 3

shows the relative distribution of 60Co(II) species calcu-

lated from the stability constants (log K1 = -9.6,

log K2 = -9.2, and log K3 = -12.7) [49]. The results

demonstrate that 60Co(II) presents in the forms of Co2?,

Co(OH)?, Co(OH)2 and Co(OH)3
- at various pH values. At

pH \ 7.5, the main species of 60Co(II) is Co2?, and
60Co(II) does not form precipitation in this pH region. In

the pH [ 7.5, Co(OH)? and Co(OH)3
- become the main

species. In the pH [ 10.5, Co2? mainly forms precipita-

tion. At pH \ 7.5, the predominant species is Co2?. Due to

the protonation reaction (i.e., :SOH ? H? $ :SOH2
?)

on the surfaces of CHAP, the concentration of protonated
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Fig. 1 Effect of contact time on 60Co(II) sorption on CHAP and the

pseudo-second-order rate equation fit (inset), pH = 6.5 ± 0.1, I =

0.01 mol/L NaClO4, T = 303.15 K, m/V = 0.6 g/L, CCo(II)initial =

1.67 9 10-4 mol/L
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sites (:SOH2
?) decreases with increasing pH. Thereby,

the sorption of Co2? is unfavorable as a result of coulombic

repulsion at pH range 1.0–4.0. However, at high pH values,

the concentration of deprotonated sites (:SOH-) increa-

ses with increasing pH because of the surface deprotona-

tion reaction (i.e., :SOH $ :SO- ? H?). The

deprotonated sites (:SOH-) are more available to retain

the metal ions and surface complexation between Co2? and

CHAP is facilitated, thus resulting in sharp increase of
60Co(II) sorption at pH 4.0–10.5.

Figure 2 also shows the effect of ionic strength on
60Co(II) sorption to CHAP. It is well known that ClO4

-

does not form complexes with 60Co(II) in solution or on

CHAP surfaces. The influence of NaClO4 concentration on
60Co(II) sorption is mainly due to the competition of Na?

with 60Co(II) on CHAP surfaces. One can see that the

sorption of 60Co(II) at pH \ 10.5 is influenced by ionic

strength obviously, whereas no drastic difference of
60Co(II) sorption to CHAP is found at pH [ 10.5. The pH-

and ionic strength-dependent sorption of 60Co(II) at

pH \ 10.5 suggests that the removal of 60Co(II) to CHAP

is dominated by ion exchange or outer-sphere surface

complexation, whereas the pH-dependent and ionic

strength-independent 60Co(II) sorption indicates that the

sorption of 60Co(II) is mainly due to inner-sphere surface

complexation or surface precipitation at pH [ 10.5

[50–54].

To illustrate the variation and relationship of Ce, pH and

qe (mg/g, the concentration of 60Co(II) on solid phase), the

experimental data of 60Co(II) sorption in 0.001, 0.01 and

0.1 mol/L NaClO4 were plotted as 3D plots of Ce, pH and

qe (Fig. 4). On the pH–qe plane, one can see that the lines

are very similar to those of pH-sorption percentages (in

Fig. 2); On the pH–Ce plane, the projection on the pH–Ce

plane is just the inverted image of the projection on the

pH–qe plane; On the Ce–qe plane, the projection is a

straight line containing all experimental data, which is due

to the same initial concentration of 60Co(II) for each

experimental point. The following equation can describe

the relationship of Ce–qe:

VC0 ¼ mqe þ VCe ð8Þ

Equation 8 can be rearranged as:

qe ¼ C0

V

m
� Ce

V

m
ð9Þ

where V is the volume and m is the mass of CHAP.

Thereby, the experimental data of Ce–qe lies in a straight

line with slope (-V/m) and intercept (C0V/m). The slope

and the intercept calculated from Ce to qe line are -1.67

and 16.67, which are quite in accordance with the values of

V/m = 1.67 L/g and C0V/m = 16.67 mg/g. The 3D plots

show the relationship of Ce, pH and qe very clearly, i.e., all

the data of Ce–qe lie in a straight line with slope -V/m and

intercept C0V/m at same initial concentrations and same

solid contents [55, 56].

Effect of foreign ions

In order to investigate the influence of background

electrolyte ions on 60Co(II) sorption, the sorption of
60Co(II) on CHAP was studied as a function of pH values

in 0.01 mol/L NaClO4, NaCl, NaNO3, KClO4 and LiClO4,

respectively. Figure 5a shows that the sorption of 60Co(II)
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on CHAP is clearly influenced by the cations in the sus-

pension. At pH \ 10.5, the sorption percentage of 60Co(II)

on CHAP under the same pH values are in the following

sequence: Li? [ Na? [ K?, indicating that the cations can

alter the surface property of CHAP, and thus can influence

the sorption of 60Co(II) on CHAP [57]. The sorption of
60Co(II) on CHAP can be considered as a competition of
60Co(II) with Li? (or Na?, K?) at CHAP surfaces. The

hydration radius of the three cations is K? = 2.32 Å,

Na? = 2.76 Å and Li? = 3.4 Å [58, 59]. The hydration

radio of K? is smaller than those of the other two cations

and therefore the influence of K? on 60Co(II) sorption is

more obvious than those of Na? and Li?. However, at

pH [ 10.5, no drastic difference of 60Co(II) sorption to

CHAP in LiClO4, NaClO4 and KClO4 solutions is

observed, which may be attributed to the inner-sphere

surface complexation or surface precipitatation at high pH

values. Esmadi and Simm [59] investigated the effect of

Li?, Na? and K? on the sorption of 60Co(II) to amorphous

ferric hydroxide and similar results were also found. Xu

et al. [60] studied the sorption of Th(IV) on rectorite and

also found similar results.

From Fig. 5b, one can see that the sorption of 60Co(II)

on CHAP is influenced by the background electrolyte

anions. The effect of anions on the sorption of 60Co(II) to

CHAP under the same pH values is in the following

sequence: ClO4
- [ NO3

- [ Cl-. This phenomenon might

be attributed to the facts that: (1) idiocratic sorption of Cl-

to CHAP surface is a little easier than NO3
- and ClO4

-,

and Cl- sorption on the surface of CHAP changes the

surface properties of CHAP and decreases the availability

of binding sites for 60Co(II); (2) Cl- and NO3
- can form

soluble complexes with 60Co(II) (e.g., CoCl? and

CoNO3
?), whereas ClO4

- can not. 60Co(II) has higher

affinity with Cl- than NO3
- and ClO4

-; and (3) the inor-

ganic acid radical radius order is ClO4
- [ NO3

- [ Cl-,

the smaller radius of inorganic acid radicals takes up more

ionic exchange sites and results in the decrease of 60Co(II)

sorption on CHAP [28].

Effect of HA/FA

The sorption of 60Co(II) on CHAP in the absence and

presence of humic acid (HA) and fulvic acid (FA) as a

function of pH is shown in Fig. 6. It is very interesting to

notice that the presence of FA/HA decreases the sorption of
60Co(II) on HA/FA-CHAP hybrids at pH \ 11.0. The

surface charge of CHAP is negative and the sorption of

negatively charged HA/FA on the negatively charged

CHAP surface decreases with increasing pH due to elec-

trostatic repulsion [61–63]. This causes the formation of

soluble complexes of HA/FA-60Co(II) in solution, and the
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strong complexation ability of HA/FA with 60Co(II) results

in the decrease of 60Co(II) sorption [64]. The negative

effect of HA/FA on 60Co(II) sorption to HA/FA-CHAP is

different to most metal ion sorption to HA/FA bound

materials [56, 65–69]. In the studies mentioned above, the

surface charge of the materials is positive at low pH and the

sorption of HA/FA on the positively charged surface of

solid particle is high. The surface adsorbed HA/FA forms

strong surface complexes with radionuclides on solid sur-

faces, and thereby enhances the sorption of radionuclides at

low pH values [70–72]. At pH [ 11.0, one can see that

there is no drastic difference in the sorption of 60Co(II) on

bare and HA/FA-bound CHAP particles. The influence of

HA/FA on 60Co(II) sorption at pH [ 11.0 can be negligible

because of the high sorption or precipitation of 60Co(II) at

CHAP surfaces. The chemical bonds between 60Co(II) and

the surface functional groups of CHAP or HA/FA func-

tional groups may be very similar at pH [ 11.0. The

influence of HA/FA on Co(II) sorption is also dependent on

the macromolecular structures of HA/FA and the sorption

ability of Co(II) with CHAP at different pH values. At low

pH values, the sorption of Co(II) on CHAP is weaker than

that of Co(II) with HA/FA, whereas the sorption of Co(II)

on CHAP is much strong at high pH and the presence of

FA/HA can not affect Co(II) sorption on CHAP obviously

[73, 74].

It is very interesting to find that the sorption curve of
60Co(II) to CHAP in the presence of HA is quite similar to

that of 60Co(II) to CHAP in the presence of FA. HA and

FA are chemically heterogeneous compounds that contain

different types of functional groups at different proportions

and configurations. HA and FA contain carboxyl groups,

amine groups and phenolic groups [63], and these func-

tional groups play an important role in affecting 60Co(II)

sorption to CHAP. The samples of HA and FA were

extracted from the same soil samples, and thus they might

have similar functional groups such as carboxyl and phe-

nolic groups. As is illustrated in Table 1, the quantitative

concentrations of functional groups of HA are very similar

to that of FA. It is clearly observed in Fig. 6 that the

influence of HA is very similar to that of FA. These similar

functional groups and sorption property of HA and FA may

interpret the similar sorption curve of 60Co(II) to CHAP in

the presence of HA/FA.

Effect of CHAP content

The sorption of 60Co(II) on CHAP as a function of CHAP

content is shown in Fig. 7. The distribution coefficient, Kd,

value as a function of the CHAP content is also plotted in

Fig. 7.

The distribution coefficient (Kd) value was derived from

the following equation:

Kd ¼
C0 � Ce

Ce

V

m
ð10Þ

where C0 and Ce are defined above, m is the mass of

adsorbent (g), and V is the volume of the suspension (L).

One can see that the removal of 60Co(II) from solution

to CHAP increases with increasing CHAP content. With

increasing solid content, more surface sites is available to

bind 60Co(II) at CHAP. Thereby, more 60Co(II) ions are

adsorbed on CHAP at high solid content. The Kd maintains

a level with increasing CHAP content, which is in con-

sistent with the physicochemical properties of the distri-

bution coefficient, i.e., the Kd value is independent of solid

content at low solid and liquid concentrations [75, 76].

Effect of temperature and thermodynamic study

Figure 8 shows the sorption isotherms of 60Co(II) on

CHAP at three different temperatures. One can see that the

Table 1 The concentrations of functional groups of HA and FA calculated from potentiometric titration by using FITEQL 3.1

Log Ka C(mol/g) Surface sites

density (mol/g)

WSOS/DF

L1 L2 L3 HL1 HL2 HL3

HA -5.04 -7.40 -9.60 2.20 9 10-3 1.08 9 10-3 3.18 9 10-3 6.46 9 10-3 2.37

FA -5.19 -7.77 -10.53 1.83 9 10-3 1.08 9 10-3 2.42 9 10-2 2.71 9 10-2 0.10

HL1, HL2 and HL3 present the carboxyl groups (–COOH), the phenolic (Ar–OH) and the amine groups (–NH2) of HA and FA, respectively
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Fig. 7 Effect of solid content on 60Co(II) sorption on CHAP, pH =

6.5 ± 0.1, I = 0.01 mol/L NaClO4, T = 303.15 K, CCo(II)initial =

1.67 9 10-4 mol/L
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sorption isotherm is the highest at T = 343.15 K and is the

lowest at T = 303.15 K, which indicates that the sorption

of 60Co(II) on CHAP is promoted at higher temperature. It

is reasonable that the sorption of 60Co(II) increases with

increasing temperature. Several factors may account for

this phenomenon. Increased diffusion rate of adsorbate

molecules into the CHAP pores due to increased temper-

ature may account for the observed behavior [77]. Changes

in the adsorbent pore sizes as well as an increase in the

number of sorption sites due to the breaking of some

internal bonds near the edge of the particle are expected at

higher temperatures [78]. An increase in temperature may

also affect an increase in proportion and activity of 60Co(II)

in solution, the affinity of the ions to the surface, and

therefore affect the potential of the surface [79, 80].

Three different models, viz. Langmuir, Freundlich and

D–R isotherm equations, are employed to simulate the

sorption isotherms and to establish the relationship

between the amount of 60Co(II) adsorbed on solid phase

and the concentration of 60Co(II) remaining in solution.

The Langmuir isotherm model is used to describe the

monolayer sorption process. It can be represented by the

following equation [63, 81]:

qe ¼
bqmaxCe

1þ bCe

ð11Þ

Equation 11 can be expressed in linear form:

Ce

qe

¼ 1

bqmax

þ Ce

qmax

ð12Þ

where Ce is the equilibrium concentration of 60Co(II)

remained in solution (mol/L); qe is the amount of 60Co(II)

adsorbed on per weight unit of solid after equilibrium

(mol/g); qmax is the amount of 60Co(II) at complete

monolayer coverage (mol/g) and b (L/mol) is a constant

that relates to the heat of sorption.

The Freundlich isotherm model allows for several

kinds of sorption sites on the solid surface and repre-

sents properly the sorption data at low and intermediate
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Fig. 8 Sorption isotherms of 60Co(II) on CHAP at three different

temperatures, I = 0.01 mol/L NaClO4, pH = 6.5 ± 0.1, m/V =

0.6 g/L
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concentrations on heterogeneous surfaces [82]. The model

has the following form:

qe ¼ kFCn
e ð13Þ

Equation 14 can be expressed in linear form:

log qe ¼ log kF þ n log Ce ð14Þ

where kF (mol1-n Ln/g) represents the sorption capacity

and n represents the degree of dependence of sorption with

equilibrium concentration.

The D–R isotherm model is more general than the

Langmuir isotherm since it does not assume a homoge-

neous surface or constant sorption potential [59, 83]. The

D–R equation has the general expression:

qe ¼ qmax exp �be2
� �

ð15Þ

Equation 15 can be expressed in linear form:

ln qe ¼ ln qmax � be2 ð16Þ

where qe and qmax are defined above, b is the activity

coefficient related to the mean sorption energy (mol2/kJ2),

and e is the Polanyi potential, which is equal to:

e ¼ RT ln 1þ 1

Ce

� �
ð17Þ

where R is ideal gas constant (8.314 J/(mol K)), and T is

the absolute temperature in Kelvin (K).

The experimental data of 60Co(II) sorption are analyzed

with the Langmuir, Freundlich and D–R models, and the

results are shown in Fig. 9. The relative values calculated

from the three models are listed in Table 2. It can be

concluded from the correlation coefficients that Langmuir

model simulates the experimental data better than

Freundlich and similar to D–R models. The fact that the

Langmuir isotherm fits the experimental data very well

suggests almost complete monolayer coverage of the

adsorbent particles. Moreover, CHAP has a limited sorp-

tion capacity, thus the sorption could be better described by

Langmuir model than by Freundlich, since an exponen-

tially increasing sorption was assumed in the Freundlich

model [8]. The values of qmax obtained from the Langmuir

model for 60Co(II) sorption on CHAP are the highest at

T = 343.15 K and the lowest at T = 303.15 K, which

indicates that the sorption is enhanced with increasing

temperature. In the Freundlich model, the value of n is

from unity, which indicates that a nonlinear sorption takes

place on the heterogeneous surfaces. The sorption capaci-

ties qmax derived from the D–R model are higher than those

derived from the Langmuir model. This may be ascribed to

the different assumptions considered in the formulation of

the isotherms [30, 45].

The thermodynamic parameters (DH0, DS0 and DG0) for
60Co(II) sorption on CHAP are calculated from the tem-

perature dependent sorption isotherms. The values of

enthalpy (DH0) and entropy (DS0) can be calculated from

the slope and intercept of the plot of lnKd vs. 1/T (Fig. 10):

ln Kd ¼
DS0

R
� DH0

RT
ð18Þ

where R and T are defined above. The Gibbs free energy

change (DG0) is calculated from the following equation:

DG0 ¼ DH0 � TDS0 ð19Þ

The values obtained from Eqs. 18 and 19 are tabulated in

Table 3. The evaluation of thermodynamic parameters

provides an insight into the mechanism of 60Co(II) sorption

to CHAP. As is expected for a spontaneous process under

Table 2 The parameters for Langmuir, Freundlich and D–R sorption isotherms of 60Co(II) on CHAP at different temperatures

T (K) Langmuir Freundlich D–R

qmax (mol/g) b (L/mol) R KF (mol1-n Ln/g) n R b(mol2/kJ2) qmax(mol/g) R

303.15 3.61 9 10-4 1.61 9 104 0.982 7.64 9 10-3 0.384 0.967 3.83 9 10-3 1.18 9 10-3 0.985

323.15 4.69 9 10-4 1.34 9 104 0.984 1.03 9 10-2 0.397 0.965 3.32 9 10-3 2.04 9 10-3 0.981

343.15 4.83 9 10-4 1.94 9 104 0.981 1.49 9 10-2 0.416 0.974 2.81 9 10-3 2.23 9 10-3 0.975

0.0029 0.0030 0.0031 0.0032 0.0033
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18 mg/L

22 mg/L

24 mg/L

ln
K

d(m
L

/g
)

1/T(K-1)

Fig. 10 Linear plots of lnKd versus 1/T for 60Co(II) sorption on

CHAP at three different temperatures, I = 0.01 mol/L NaClO4,

pH = 6.5 ± 0.1, m/V = 0.6 g/L
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the experimental conditions, it is clear that the Gibbs free

energy change (DG0) of 60Co(II) sorption on CHAP is more

negative at higher temperature, which demonstrates that

the spontaneity of the sorption process increases with the

rise in temperature. At high temperature, cations are readily

desolvated and hence its sorption becomes more favorable.

A positive value of the standard enthalpy change (DH0)

indicates that the sorption process is endothermic. The

positive DS0 value suggests the affinity of CHAP toward
60Co(II) ions in aqueous solutions and may suggest some

structure changes on the sorbents [28].

Conclusions

In this study, batch technique was adopted to investigate

the sorption of 60Co(II) from simulated wastewater onto

CHAP as a function of various environmental factors such

as contact time, pH, ionic strength, coexisting electrolyte

ions, humic substances and temperature under ambient

conditions. The sorption percentage of 60Co(II) weakly

increases with increasing pH values at pH \ 4.0, sharply

increasing at 4.0 \ pH \ 10.5, and then maintains the high

level at pH [ 10.5. The sorption of 60Co(II) is dependent

on ionic strength at low pH values, and independent of

ionic strength at high pH values. The thermodynamic

analysis derived from temperature dependent sorption

isotherms suggests that the sorption process of 60Co(II) on

CHAP is spontaneous and endothermic. By integrating all

the above-mentioned analysis, one can conclude that the

sorption of 60Co(II) on CHAP is dominated by ion

exchange or outer-sphere surface complexation at low pH

values, and by inner-sphere surface complexation or pre-

cipitation at high pH values. Considering low cost,

accessibility, ubiquitous presence in catering industry and

large-scale applications of eggshell, one can conclude that

CHAP, which is prepared by eggshell waste, has a great

application potential for cost-effective material for 60Co(II)

preconcentration from large volumes of aqueous solutions.
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49. Yüzer H, Kara M, Sabah E, Çelik MS (2008) J Hazard Mater

151:33–37

50. Fan QH, Shao DD, Wu WS, Wang XK (2009) Chem Eng J

150:188–195

51. Tan XL, Chen CL, Yu S, Wang XK (2008) Appl Geochem

23:2767–2777

52. Tan XL, Fan QH, Wang XK, Grambow B (2009) Environ Sci

Technol 43:3115–3121

53. Fan QH, Tan XL, Li JX, Wang XK, Wu WS, Montavon G (2009)

Environ Sci Technol 43(15):5776–5782

54. Xu D, Ning QL, Zhou X, Chen CL, Tan XL, Wu AD, Wang X

(2005) J Radioanal Nucl Chem 266:419–424

55. Sheng GD, Wang SW, Hu J, Lu Y, Li JX, Dong YH, Wang XK

(2009) Colloid Surf A 339:159–166

56. Yang ST, Li JX, Lu Y, Chen YX, Wang XK (2009) Appl Radiat

Isot 67:1600–1608

57. Tan XL, Wang XK, Chen CL, Sun AH (2007) Appl Radiat Isot

65:375–381

58. Cotton F, Wilkinson G (1980) Advance inorganic chemistry.

Wiley, New York

59. Esmadi F, Simm J (1995) Colloid Surf A 104:265–270

60. Xu D, Chen CL, Tan XL, Hu J, Wang XK (2007) Appl Geochem

22:2892–2906

61. LoPes MA, Monteiro FJ, Santos JD, Serro AP, Saramago B

(1999) J Biomed Mater Res 45:370–375

62. Susuki T, Yamamoto T, Yoriyama M, Kameyama T (1997)

J Biomed Mater Res 34:507–517

63. Tan XL, Wang XK, Geckeis H, Rabung Th (2008) Environ Sci

Technol 42:6532–6537

64. Chen CL, Wang XK, Nagatsu M (2009) Environ Sci Technol

43:2362–2367

65. Xu D, Shao DD, Chen CL, Ren AP, Wang XK (2006) Radiochim

Acta 94:97–102

66. Chen CL, Wang XK (2007) Appl Geochem 22:436–445

67. Li XL, Chen CL, Chang PP, Yu SM, Wu WS, Wang XK (2009)

Desalination 244:283–292

68. Shao DD, Fan QH, Li JX, Niu ZW, Wu WS, Chen YX, Wang XK

(2009) Micropor Mesopor Mater 123:1–9

69. Yang ST, Zhao DL, Zhang H, Lu SS, Chen L, Yu XJ (2010)

J Hazard Mater 183:632–640

70. Hu J, Xu D, Chen L, Wang XK (2009) J Radioanal Nucl Chem

279:701–708

71. Hu J, Xie Z, He B, Sheng GD, Chen CL, Li JX, Chen YX, Wang

XK (2010) Sci China B: Chem 53(6):1420–1428

72. Chang P, Yu S, Chen T, Ren A, Chen C, Wang X (2007)

J Radioanal Nucl Chem 274:153–160

73. Chen CL, Wang XK, Jiang H, Hu WP (2007) Colloid Surf A

302:121–125

74. Guo ZQ, Xu DP, Zhao DL, Zhang SW, Niu HH, Chen ZS, Xu JZ

(2010) J Radioanal Nucl Chem. doi:10.1007/s10967-010-0706-2

75. Shao DD, Jiang ZQ, Wang XK (2010) Plasma Process Polym

7(7):552–560

76. Shao DD, Sheng GD, Chen CL, Wang XK, Nagatsu M (2010)

Chemosphere 79:679–685

77. Genc-Fuhrman H, Tjell JC, McConchie D (2004) Environ Sci

Technol 38:2428–2434

78. Panday KK, Prasad G, Singh VN (1985) Water Res 19:869–873

79. Barrow NJ (1992) J Soil Sci 43:37–45

80. Tan XL, Hu J, Zhou X, Yu SM, Wang XK (2008) Radiochim

Acta 96:487–495

81. Hu J, Shao DD, Chen CL, Sheng GD, Li JX, Wang XK, Nagatsu

M (2010) J Phys Chem B 114:6779–6785

82. Sheng GD, Hu J, Wang XK (2010) Appl Radiat Isot

66:1313–1320

83. Sheng GD, Shao DD, Fan QH, Xu D, Chen YX, Wang XK (2009)

Radiochim Acta 97:621–630

130 S. Zhang et al.

123

http://dx.doi.org/10.1007/s10967-010-0706-2

	Effect of environmental conditions on the sorption of radiocobalt from aqueous solution to treated eggshell as biosorbent
	Abstract
	Introduction
	Experimental section
	Preparation of CHAP
	Sorption experiments

	Results and discussion
	Kinetic sorption of 60Co(II) on CHAP
	Effect of pH and ionic strength
	Effect of foreign ions
	Effect of HA/FA
	Effect of CHAP content
	Effect of temperature and thermodynamic study

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


