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Abstract The copper ferrocyanide (CuFC) prepared in

this study was characterized using X-ray diffraction and

scanning election microscopy. The distribution of particle

sizes of the CuFC suspension was determined. The

adsorption kinetics data were evaluated for an intraparticle

diffusion model, a pseudo-first order model and a pseudo-

second order model at temperatures of 288, 298 and 308 K,

respectively. It was found that the adsorption process of

Cs? on CuFC was best described by a pseudo-second order

kinetic model, with a correlation coefficient (R2) equal to

1.000, and the adsorption rate constant increased with

increasing temperature. This result indicated that chemi-

sorptions took place during the adsorption process. The

adsorption equilibrium data fit well to the Langmuir, Fre-

undlich and Dubinin-Radushkevich (D-R) isotherm mod-

els. The mean adsorption energy (E) between 11 and 13 kJ/

mol at different temperatures indicated that ion exchange

was the main mechanism during the adsorption process.

Thermodynamic parameters were also evaluated during the

adsorption. The values of the standard Gibbs free energy

change (DGo) and standard enthalpy change (DHo) sug-

gested that the adsorption was a spontaneous and endo-

thermic process. The distribution coefficient (Kd) was more

than 2.94 9 106 mL/g when the pH of solution was

between 2.6 and 10.9, and the initial Cs? concentration was

100 lg/L. The existence of K? and Na? did not affect the

adsorption of Cs? on CuFC when the concentration of K?

and Na? in the solution was below 20 and 1,000 mg/L,

respectively.

Keywords Cesium � Copper ferrocyanide � Adsorption �
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Introduction

Nuclear facilities and accidents produce a number of

liquid wastes. These liquid wastes require treatment to

remove radioactive contaminants before discharge.

Cesium is one of the most abundant radionuclides found

in nuclear fission products that are routinely or acciden-

tally released, the latest example of the latter being that of

the Fukushima Daiichi Nuclear Power Plant accident [1].

Radiocesium has a long half-life (137Cs T1/2 *30.1

years, 135Cs T1/2 *2.1 9 106 years) and is considered a

hazardous element to the environment and human health

[2, 3]. There are several methods for removing cesium

from liquid waste. Precipitation of cesium with tetra-

phenylborate (TPB) was developed for large-scale cesium

removal at the Savannah River Site in the early 1980s [4].

Although the process resulted in decontamination, the

decomposition of TPB, catalyzed by noble metal fission

products, led to the suspension of work on the process

early in 1998 [5]. Most of the extractants used in the

process of solvent extraction have been undesirable

organics, which have a complex composition and are

highly toxic. Additionally, the extractants are often diffi-

cult to prepare and commercially unavailable [6, 7].

Crystalline silicotitanate (CST) is excellent for the

adsorption of cesium, with a distribution coefficient (Kd)

of up to 105–106 mL/g [8, 9]; however, a major drawback

of using CST is that the time to reach adsorption equi-

librium can be as long as 10–12 days [9]. Natural or

synthetic zeolite, inorganic phosphate and composite ion

exchangers can selectively adsorb cesium from solution
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with a Kd of 102–104 mL/g [10–12]. However, their

adsorption capacity is low and is remarkably affected by

the acidity and salinity of the solution.

In recent decades, there have been many reports of

transition metal ferrocyanides for removing cesium from

solution [13–24]. Transition metal ferrocyanides exhibit

good adsorption properties for cesium because they have a

high affinity for cesium over a wide pH range [24]. Zhang

et al. [22] used potassium zinc hexacyanoferrate combined

with microfiltration to remove cesium from liquid waste.

Vrtoch et al. [23] prepared potassium nickel hexacyano-

ferrate-loaded biosorbent to remove cesium in the solution,

and they discussed the kinetics and the adsorption equi-

librium of the biosorbent. Lee et al. [20, 21] performed a

series of studies on the adsorption mechanism and kinetics

of potassium copper ferrocyanide (KCuFC) and compared

the cesium adsorption characteristic of the KCuFC with

that of copper ferrocyanide (CuFC) and potassium cobalt

ferrocyanide. Loos-Neskovic et al. [16, 19] discussed the

crystal structure of KCuFC and the adsorption mechanism

of cesium. Sinha et al. [17] studied freshly precipitated

CuFC for the removal of cesium from radioactive liquid

waste. Ayrault et al. [19] believed that CuFC was one of

the most promising compounds for the recovery of cesium

from nuclear liquid wastes. However, the kinetics model

and the adsorption isotherms of cesium adsorption to CuFC

have seldom been reported.

In this study, CuFC was prepared as an adsorbent for

Cs? in solution. The kinetics and adsorption isotherm

models of Cs? adsorption onto CuFC were determined.

The type of adsorption reaction was determined via ther-

modynamic parameters obtained at different temperatures.

The influence of pH and the co-existence of K? or Na? in

the solution on the adsorption of Cs? on CuFC were

studied.

Experimental methods

Chemical reagents and preparation of the cesium

solution

High-purity cesium nitrate reagent was purchased from

Tianjin Kermel Chemical Reagents CO., LTD., China.

Sodium ferrocyanide, copper nitrate, sodium chloride,

potassium chloride, sodium hydroxide, hydrochloric acid

and hydrogen nitrate were analytical reagents and were

purchased from Tianjin Guangfu Fine Chemical Research

Institute, China. The cesium-containing solution used in

this study was prepared by dissolving cesium nitrate into

distilled water. The Cs? concentration was 100 lg/L, and

the pH of the solution was approximately 6.5.

Preparation of adsorbent

Solutions of 0.125 mol/L sodium ferrocyanide in a volume

of 0.130 L and 0.375 mol/L copper nitrate in a volume of

0.124 L were mixed in a beaker containing 2 L ultrapure

water by slow, simultaneous addition at a speed of

approximately 0.1 mL/min, with gentle mechanical stir-

ring. The temperature of the solution was maintained at

55 �C using a water bath. The precipitates were washed

with ultrapure water 8 times using a total washing volume

of 2 L [18]. After that, the CuFC suspension was ready for

use.

Adsorption experiment

The adsorption experiments were conducted with a timed,

adjustable speed mixer (model DBJ-621, China) at a

speed of 150 r/min. After stirring for a certain amount of

time, all of the solution was filtered, and the Cs? con-

centration was measured. The experiments were per-

formed twice, and the results were reported as average

values.

Adsorption kinetics

The CuFC suspension (magnetic stirring was used to keep

the CuFC suspended and uniform) had a dose of 80 mg/L

and was added into 200 mL of the cesium containing

solution, and the mixed liquor was stirred at different times

(5–120 min). The temperature of the solution was main-

tained at 288, 298 and 308 K, respectively, with a water

bath. The adsorption capacity qt (lg/g) of the CuFC at time

t was determined by Eq. (1):

qt ¼
C0 � Ctð ÞV

m
ð1Þ

where C0 and Ct are the Cs? concentration in the solution

at the initial time and at time t, respectively (lg/L); V is the

volume of the solution (L); and m is the mass of the

adsorbent (g).

Adsorption equilibrium

Different doses of CuFC (2–80 mg/L) were mixed with

200 mL of the cesium containing solution at temperatures

of 288, 298 and 308 K. The mixed liquor was stirred for

90 min. The equilibrium adsorption capacity qe (lg/g) was

determined by Eq. (2):

qe ¼
C0 � Ceð ÞV

m
ð2Þ
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where Ce is the equilibrium concentration of Cs? in the

solution (lg/L).

Effect of pH

The experiments to determine the effect of pH on the

adsorption of Cs? were conducted by adding 80 mg/L

CuFC into 200 mL of the cesium containing solution at

different pH (2–13), and the mixture was stirred for 90 min

at 298 K. The pH of the initial solution was adjusted with a

suitable quantity of NaOH or HCl.

Effect of K? and Na?

To discuss the effect of the existence of K? or Na? in the

solution on the adsorption of Cs?, different masses of

KCl or NaCl were added into 200 mL of the cesium

containing solution to adjust the concentration of K? and

Na? in the solution to between 2.5 and 400 mg/L and

10–2,000 mg/L, respectively. Then, 80 mg/L of CuFC

was added to the solution, and the mixture was stirred for

90 min at 298 K.

Analysis methods

An X-ray spectrometer (Model ISIS300, Oxford, England)

was used to analyze the chemical composition of the

CuFC. The phase was identified with a JCPDS-ICDD

database. The particle morphology and the distribution of

particle sizes of the adsorbent were analyzed with a scan-

ning electron microscope (SEM) (Model XL-30, Phillips,

Netherlands) and a laser size analyzer (Model Mastersizer

2000, Malvern, England), respectively.

The cesium was analyzed with an X7 Series inductively

coupled plasma mass spectrophotometer (ICP-MS)

(Thermo Electron Corporation, USA), and all of the sam-

ples were filtered with flat microfiltration membranes

(0.22 lm, polyvinylidene fluoride, China) before analysis.

The potassium and sodium concentrations were measured

on a Zeeman atomic adsorption spectrometer (Model

180-80, Hitachi, Japan). The pH values were measured on a

precise pH meter (Model PHS-3C, Sartorius, Germany).

The adsorption efficiency of Cs? on CuFC was evalu-

ated by Eq. (3):

Kd ¼
C0 � Ceð ÞV

Ce m
� 1000 ð3Þ

where Kd is the distribution coefficient (mL/g) and repre-

sents the ratio of the Cs? concentration in the solid phase

of the CuFC to the residual Cs? concentration in the

solution.

Results and discussion

Characterizations of the adsorbent

X-ray crystallographic analyses

The possible products prepared with solutions of Na4

Fe(CN)6 and Cu(NO3)2 are Cu2Fe(CN)6�xH2O, Na2Cu-

Fe(CN)6�xH2O or a mixture of both. However, pure Cu2

Fe(CN)6�xH2O could be acquired through careful washing

procedures [17, 19]. The product prepared in this study was

Cu2Fe(CN)6�7H2O, as determined by the X-ray diffraction

(XRD) analysis (Fig. 1) and compared with JCPDS-ICDD

1.0244. The yield was approximately 100 %, and similar

results were reported by Ayrault et al. [18].

Morphology

The SEM image of prepared CuFC is shown in Fig. 2. The

CuFC particles had well-defined geometric shapes with a

single particle dimension of approximately 30 nm. The

agglomeration of particles is shown in Fig. 2, and this

result was similar to another study [16].

The particle size distribution of the adsorbent suspended

solution

The particle size distribution of the CuFC suspension was

determined from the CuFC suspension that was used as the

adsorbent in this study. The result is shown in Fig. 3.

The particle size followed a normal distribution. The

minimum and maximum particle sizes were 0.55 and

45 lm, respectively. The volume fraction was 50 %, with

particle sizes between 0.55 and 11.235 lm. The pore size
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Fig. 1 XRD patterns for the adsorbent
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of the microfiltration membranes used to filter the super-

natant was 0.22 lm, which was smaller than the particle

size of the adsorbent; therefore, the membrane could reject

the adsorbent particle completely.

Adsorption kinetics model

The study of adsorption kinetics is desirable because it

provides information about the mechanism of adsorption.

Adsorption kinetics can be modeled by the intraparticle

diffusion model [25], a pseudo-first order model [26] or a

pseudo-second order model [27]. The related equations are

given as Eq. (4–6), respectively.

qt ¼ kidt1=2 þ C ð4Þ
ln qe � qtð Þ ¼ ln qe � k1t ð5Þ
t

qt

¼ 1

k2q2
e

þ 1

qe

t ð6Þ

where kid is the initial rate constant of the intraparticle

diffusion model (lg/g min1/2); C is the intraparticle diffu-

sion constant (lg/g); k1 is the rate constant of the pseudo-

first order model (1/min); k2 is the rate constant of the

pseudo-second order model (g/lg min). The plots of qt

versus t1/2, ln(qe- qt) versus t and t/qt versus t should be

straight lines. The experimental data were fitted with the

three models at temperatures of 288, 298 and 308 K,

respectively.

Figures 4 and 5 show plots of the linearized form of the

intraparticle diffusion model and the pseudo-first order

model at different temperatures for the entire adsorption

time. However, the experimental data deviated consider-

ably from the theoretical values for both models. It might

be that these models were only suited for the initial period

of adsorption and could not describe the integrated process

of the adsorption [27]. This suggested that the intraparticle

diffusion model and the pseudo-first order model were not

appropriate for the adsorption of Cs? on CuFC.

The pseudo-second order kinetic plot at different tem-

peratures is presented in Fig. 6. It shows that the experi-

mental data fit very well with the calculated values of the

pseudo-second order kinetic model for the entire adsorp-

tion time at different temperatures. The corresponding

parameters could be obtained from the slope and the

intercept of the lines; the results are given in Table 1. It can

be seen that the rate constant k2 increased with increasing

temperature; the theoretical qe values were the same as the

Fig. 2 SEM image of CuFC
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Fig. 3 The particle size distribution of the CuFC suspension
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experimental data, and all of the values for the correlation

coefficient R2 were 1.000 at different temperatures. These

results suggested that Cs? adsorption on CuFC was best

described by a pseudo-second order kinetic model. This

model is based on the assumption that the rate determining

step may be chemisorption involving valence forces

through the sharing or exchange of electrons between the

adsorbent and the adsorbate [27, 28].

Adsorption isotherm

The adsorption isotherm parameters actually show the

surface properties and affinity of the adsorbent [29]. The

Langmuir, Freundlich and Dubinin-Radushkevich (D-R)

isotherm models were applied to calculate the adsorption

data for Cs? on CuFC at temperatures of 288, 298 and

308 K, respectively, in this study.

The Langmuir isotherm model assumes that molecules

are adsorbed at a fixed number of well-defined sites,

each of which can only hold one molecule and no trans-

migration of the adsorbate in the plane of the surface [13].

The form of the Langmuir isotherm is represented by the

following equation:

qe ¼
QobCe

1þ bCe

ð7Þ

where Q0 is the monolayer maximum adsorption capacity

(lg/g); b is the Langmuir constant related to the energy of

adsorption (L/lg). The linear form of the Langmuir

isotherm, shown in Eq. (8), can be obtained by taking the

reciprocal of both sides of Eq. (7):

1

qe

¼ 1

Qob

1

Ce

þ 1

Qo
ð8Þ

The Freundlich isotherm model is generally regarded as

empirical, and it allows for several kinds of adsorption sites

on the solid and represents properly the adsorption data at

low and intermediate concentrations on heterogeneous

surfaces [29]. The model has the following form:

log qe ¼ log KF þ
1

n
log Ce ð9Þ

where KF ((lg/mg) (L/lg)1/n) and 1/n are the Freundlich

capacity and intensity constants, respectively.

The Dubinin-Raduskevich (D-R) isotherm model is

more general than the Langmuir isotherm model because it

does not assume a homogeneous surface or constant

adsorption potential [28, 30]. The linear form of the D-R

equation is

ln qe ¼ ln qmax � K 0e2 ð10Þ

where qe is the Cs? concentration in the solid at equi-

librium (mol/g); qmax is the maximum adsorption capacity

(mol/g); K0 is the constant related to the mean free energy

of the adsorption per mole of the adsorbate (mol2/kJ2); e is

the Polanyi potential (kJ/mol), and it is equal to

e ¼ RT ln 1þ 1=Ceq

� �
ð11Þ
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Table 1 The parameters of the pseudo-second order kinetic model

for Cs? adsorption on CuFC at different temperatures

Temperature

(K)

k2 (g/lg min) qe (lg/g) R2

Calculated Experimental

288 0.1492 1,267 1,267 1.000

298 0.1655 1,305 1,305 1.000

308 0.1771 1,337 1,337 1.000
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where Ceq is the Cs? concentration in the solution at

equilibrium (mol/L); R is the gas constant (8.314 9 10-3

kJ/mol K); and T is the absolute temperature (K).

Linear plots of 1/qe versus 1/Ce, logqe versus logCe and

ln qe versus e2 at different temperatures are shown in

Figs. 7, 8 and 9. The corresponding parameters calculated

from the intercepts and the slopes of the straight lines are

given in Table 2.

Figures 7, 8 and 9 show that the experimental data and

the calculated values of the Langmuir, Freundlich and

D-R models presented a very good linear relationship at

all of the temperatures studied. From the obtained high

correlation coefficient (R2 [ 0.99) values for the Lang-

muir, Freundlich and D-R isotherm models (Table 2), it

appeared that all of these models were very suitable for the

adsorption of Cs? on CuFC. The applicability of all the

studied isotherm models to the Cs? adsorption shows that

both monolayer adsorption and the heterogeneous ener-

getic distribution of active sites on the sorbent surface are

possible [28].

The mean adsorption energy (E), which is defined as the

free energy change when one mole of ion is transferred to

the surface of the solid from infinity in the solution, is

calculated according to the following equation:

E ¼ 2K 0ð Þ�1=2 ð12Þ

The value of E provides valuable information about the

adsorption mechanism [31–33]. If the value of E is between

8 and 16 kJ/mol, ion exchange is the main adsorption

process in the system. If the value is less than 8 kJ/mol,

physisorption is the main adsorption mechanism [31, 34,

35]. Table 2 shows the values of E obtained at different

temperatures, the lowest and highest values were 11.62 and

12.91 kJ/mol, respectively, which indicated that ion

exchange is the main mechanism involved in the adsorp-

tion of Cs? on CuFC. This result was similar to the

mechanism of cesium removal by Cu2
IIFeII(CN)6 involving

ion exchange between one Cu2? in the framework of

Cu2
IIFeII(CN)6 and the Cs? in the solution as reported by

other researchers [17, 19].

Adsorption thermodynamic parameters

To gain insight into the thermodynamic nature of the

adsorption process, the adsorption thermodynamic
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parameters, including the changes in the standard Gibbs

free energy (DGo), the standard enthalpy (DHo) and the

standard entropy (DS�), were calculated at a CuFC dose of

80 mg/L and temperatures of 288, 298 and 308 K. The

DGo is the fundamental criterion of spontaneity and is

given by the following equation [35, 36]:

DGo ¼ �RT ln Kc ð13Þ

where DGo is the change in the standard Gibbs free energy

(kJ/mol); Kc is the equilibrium constant, which is

independent on the quantity of the adsorbent and the

volume of the solution. The value of Kc can be calculated

by Eq. (14):

Kc ¼
Fe

1� Fe

ð14Þ

where Fe is the fractional conversion of the adsorption at

equilibrium.

The equilibrium constant (Kc) for the adsorption of Cs?

ions on CuFC was calculated at different temperatures

using Eq. (14). The variation in Kc with temperature, as

summarized in Table 3, showed that Kc values increase

with an increase in the adsorption temperature, thus

implying a strengthening of the adsorbate–adsorbent

interactions at higher temperatures [37]. The obtained

negative values of the DGo (Table 3) confirmed the feasi-

bility of the process and the spontaneous nature of the

adsorption processes. Additionally, the decreasing value of

the DGo with increasing temperature indicated that Cs?

adsorption on the CuFC was more spontaneous at higher

temperatures.

The change in the Gibbs free energy can be represented

as follows:

DGo ¼ DHo � TDSo ð15Þ

where DHo is the change in the standard enthalpy (kJ/mol);

DSo is the change in the standard entropy (kJ/mol K).

The DHo and DSo were calculated from the intercept and

slope of the straight line obtained from plotting DGo versus

T (Fig. 10), respectively. The values of DHo and DSo are

presented in Table 3.

The positive value of DHo revealed that the adsorption

of Cs? on CuFC was an endothermic process. The positive

value of DSo showed an affinity of the CuFC towards Cs?

ions and an increased randomness at the solid/solution

interface with some structural changes in the adsorbate and

adsorbent [37, 38].

Effect of pH

The effect of pH on the adsorption of Cs? on CuFC is

shown in Fig. 11. It can be seen from Fig. 11 that the order

of magnitude of the Kd obtained was over 106 mL/g when

the pH of the solution was between 2.6 and 10.9. This

suggests that CuFC could effectively adsorb Cs? at a wide

pH range [24]. The Kd increased with increasing pH at a pH

range of 2.1–9.0. This may be attributed to the fact that

both Cs? and H? ions have the tendency to adsorb on

CuFC, and the increasing pH decreases the concentration

of H? in the solution. Therefore, the active sites on the

surface of the CuFC could be occupied by more Cs?, and

the values of Kd would increase [13]. The order of mag-

nitude of Kd decreased below 105 mL/g when the pH in the

solution was more than 11.9. That may be because the

CuFC decomposed into Cu(OH)2 under alkaline conditions

[24]. This result was in agreement with a study that showed

that all of the ferrocyanide solid was chemically stable over

a pH range of approximately 11 maximum to moderately

acidic solutions [39].

Effect of K? and Na?

The effect of the K? and Na? ion concentrations in the

solution on the adsorption of Cs? to CuFC is shown in

Fig. 12. The values of Kd remained constant when the K?

and Na? ion concentrations in the solution were below 20

and 1,000 mg/L, respectively. However, the values of Kd

Table 2 The parameters of the Langmuir, Freundlich and D-R isotherm of Cs? on CuFC at different temperatures

T (K) Langmuir Freundlich Dubinin-Radushkevich

Qo (lg/g) b (L/lg) R2 KF ((lg/g)(L/lg)1/n) 1/n R2 qmax (mol/g) K0 (mol2/kJ2) E (kJ/mol) R2

288 2.584 9 104 4.924 0.9958 8.790 9 104 0.9347 0.9970 0.7961 0.0037 11.62 0.9951

298 2.933 9 104 4.776 0.9964 9.105 9 104 0.9180 0.9980 0.7071 0.0034 12.13 0.9968

308 2.475 9 104 6.745 0.9984 9.202 9 104 0.8865 0.9988 0.5414 0.0030 12.91 0.9980

Table 3 Thermodynamic parameters for Cs? adsorption on CuFC

T (K) Kc DGo

(kJ/mol)

DHo

(kJ/mol)

DSo

(kJ/mol K)

288 9.913 9 103 -22.03

298 1.065 9 104 -22.98 9.426 0.1091

308 1.278 9 104 -24.21
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decreased drastically when the K? and Na? ion concen-

trations in the solution were greater than 40 and 2,000 mg/

L, respectively. This result also showed that K? had more

of an influence on the adsorption of Cs? on CuFC than the

Na? in the solution. Meanwhile, it also confirmed that the

affinity of the alkali metal bound to the CuFC in this study

increased in the order Na \ K \ Cs. In addition, potas-

sium, sodium and cesium usually exist as valence cations

in the solution, and high concentrations of K? or Na? could

produce competitive adsorption with Cs?, thus making Kd

decrease [40].

Conclusion

CuFC with clear geometric shapes was prepared from

sodium ferrocyanide and copper nitrate. Cs? adsorption on

CuFC was best described by a pseudo-second order kinetic

model. The adsorption isotherm could be described by the

Langmuir, Freundlich or D-R model, and ion exchange was

the main mechanism during the adsorption process. The

adsorption of Cs? on CuFC was an endothermic and

spontaneous reaction and was more spontaneous at higher

temperatures. The CuFC had an excellent adsorption effect

on Cs? at a pH range of 2.6–10.9, and the order of mag-

nitude of the Kd obtained was more than 106 mL/g. The

existence of K? and Na? did not affect the adsorption of

Cs? on CuFC when the concentrations of K? and Na? in

the solution were below 20 and 1,000 mg/L, respectively.
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