
Peculiarities of sorption isotherm and sorption chemisms
of caesium by mixed nickel–potassium ferrocyanide based
on hydrated titanium dioxide

A. V. Voronina • V. S. Semenishchev •

E. V. Nogovitsyna • N. D. Betenekov

Received: 9 October 2012 / Published online: 12 April 2013
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Abstract Sorption isotherm of caesium from tap water by

mixed nickel–potassium ferrocyanide based on hydrated

titanium dioxide is obtained for a wide range of concen-

trations of caesium. It is shown that there are three types of

specificity to caesium sorption sites in this sorbent. Sorp-

tion chemisms of caesium are studied, factors conditioned

high sorption capacity of the sorbent are revealed. It is

shown that occupation of sorption sites I and II is well

approximated by Langmuir equilibrium and this process

can be described within the bounds of theory of ion

exchange. The expected sorption chemism of caesium by

sorption sites III at high concentrations of caesium

([50 mg L-1) is precipitation of mixed nickel–caesium

ferrocyanide in pore space of the sorbent.
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Introduction

Mixed ferrocyanides of transition metals are the most

specificity sorbents for sorption of caesium radionuclides

from aqueous media with various salinity. Various methods

can be used for synthesis of ferrocyanides: precipitation of

sediments with further granulation by freezing or drying [1,

2], precipitation of ferrocyanides onto surfaces of inert

supports (glass, silica gel, alumogel, cellulose, polyethylene

terephthalate, polypropylene membranes) [3, 4], modifica-

tion of sorption active supports (ion exchange resins, alu-

minosilicates, hydrated oxides) by ferrocyanides [5–9],

synthesis of composition sorbents including ferrocyanides

of transition metals and silica gel [10, 11], sol–gel method

[12]. The detail review of methods of synthesis of sorbents

(including ferrocyanides) can be found in the work [13].

Various ferrocyanide sorbents, obtained via various

methods, have their virtues, shortcomings and scopes. For

example, granulated materials possess poor mechanical

strength, low availability of sorption sites and slow sorp-

tion kinetics. Synthesis of ferrocyanides on supports

allowing to improve mechanical properties as well as

promotes full realization of ion exchange capacity and

increasing of sorption kinetics. However, the capacity of

thin-layer sorbents is usually quite low, therefore the most

prospective scope of them is radiochemical analysis. Dis-

tribution coefficients of caesium for various types of fer-

rocyanide sorbents are up to 103–106 mL g-1.

Ferrocyanide sorbents can possess various types of

sorption sites, therefore some difficulties, connected with

complexity of profiles of sorption isotherms and explaining

of obtained sorption features, may appear.

The exchange of caesium ions on ferrocyanides with

obtaining of Langmuir isotherms is considered as the main

sorption chemism in works [9–11], but there is no any

information about reversibility of sorption. In the work [14]

sorption on ferrocyanides is described by Freundlich iso-

therm. In the work [15] sorption sites of ferrocyanides,

obtained via co-precipitation and further granulation, are

characterized, and probable sorption chemisms of ions

from solutions are described: exchange of metal or H3O?

ions located in structural interstice for metal ions from

solution; incorporation of ions from solution into structural

interstice, where uncompensated electrostatic charge or
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coordination unsaturation present on neighbouring atoms;

exchange of metal(s) ions of matrix of a sorbent for

metal(s) ions from solution; exchange of protons of

hydroxyl groups in extreme locations for ions with high

coordinating affinity.

The possibility of uptake of cations by transition metals

ferrocyanides is conditioned by their channel structure [16,

17]. Structure of sparingly soluble ferrocyanides is similar

to the structure of finely porous D-class zeolites with

channels diameters at 3.0–3.5 Å; alkaline ions with similar

sizes (ion diameter of Rb? = 2.96 Å, ion diameter of

Cs? = 3.38 Å) can be fixed in such channels [18]. Alka-

line ions and part of transition metal ions locating in

interstices of crystal lattice neutralize residual charge of

ferrocyanide carcass and can exchange for another cations

from solution [16, 19, 20]. Alkaline and other cations are

fixed in interstices of negatively charged ferrocyanide

crystal lattice due to forces of electrostatic and dispersive

interaction and this retention increases with increasing of

ion sizes [16, 19]. The cause of such retention is increasing

of polarization interaction of exchanging ions with CN-

groups of ferrocyanides.

Many works [20–23] are dedicated to study of sorption

features and structure of ferrocyanides. It is shown, that

more complex types of sorption chemisms, than ion

exchange, are typical for ferrocyanides. Common descrip-

tion of the following main sorption processes possible for

ferrocyanides can be found in [23]: ion exchange (equiv-

alent exchange of ions), molecular adsorption (uptaking of

equivalent quantities of anions and cations of salts by a

sorbent), electron exchange (uptaking or escape of ions by

a sorbent connected with reduction or oxidation of ions

entering into the composition of sorbent’s matrix), heter-

ogenous ion-exchange reaction (equivalent exchange of

ions, formation and development of a new phase, coexis-

tence of two phases during the reaction; such processes are

usually irreversible, degree of transformation strongly

depends on temperature, sorption isotherms have the

peculiar appearance). In the work [2] the influence of

temperature on sorption of caesium is described and sup-

position about the presence of irreversible heterogenous

ion-exchange reaction on ferrocyanides is made.

The work [24] is of great interest; there is shown that the

most dominate process of interphase redistribution for

ferrocyanides with relatively homogeneous sorption sites is

compensated adsorption of cation–anion pairs (molecular

sorption). Also the role of molecular sorption of alkaline

ions is quantitatively analysed in this work.

In the work [8] authors proposed the method of surface

modification of hydrated titanium dioxide by mixed ferr-

ocyanides, that allowing obtain sorbents with high speci-

ficity and selectivity to caesium as well as with high

capacity, radiation stability and low leaching rates of

radionuclides [25, 26]. Such sorbents can also be used as

matrices for joint immobilization of long-lived b-emitting

caesium and strontium radionuclides from liquid radioac-

tive wastes with the aim of further disposal. The high

selectivity and capacity with respect to caesium and irre-

versibility of sorption are connected with peculiarities

ferrocyanide phase, formed on the surface of hydrated

titanium dioxide [8], as well as with sorption chemisms of

caesium. This article describes expected sorption chemisms

of caesium by mixed nickel–potassium ferrocyanide based

on hydrated titanium dioxide and revelation of factors

conditioned high sorption capacity of the sorbent.

Experimental

Studies of caesium sorption were performed under static

conditions from tap water spiked by 137Cs. The content of

hardness salts, alkali metals, and anions in tap water cor-

responded to SanPiN (sanitary rules and regulations)

2.1.4.1074-01. Namely, the total hardness was 2.4 mg-

equiv L-1, concentration of Ca, K, Na and Fe were

30 ± 5, 2.7 ± 0.9, 20 ± 5 and 0.2 ± 0.1 mg L-1 respec-

tively. Water was preliminarily settled and filtered to

remove iron hydroxide. The following parameters were

used: solution volume V = 50 mL, sorbent weight

m = 20 mg, pH = 7.8 ± 0.2, time t = 1 week. Initial

concentrations of caesium in solutions (in the range of

10-7–103 mg L-1) were specified using standard solutions

of CsCl. Determinations of caesium concentration were

performed via radioactive-tracer technique using 137Cs.

Samples were measured via beta-radiometry using beta-

radiometer ‘‘UI-38P’’ (USSR). The isotherm of caesium

sorption is presented as curve in coordinates ‘‘lg Csolid–lg

Cliquid’’, where lg Csolid is logarithm of concentration of

caesium in solid phase (g g-1) and lg Cliquid is logarithm of

concentration of caesium in liquid phase (g L-1).

Samples of mixed nickel–potassium ferrocyanide satu-

rated by caesium were obtained and researched using

physical–chemical methods of analysis for revelation of

sorption chemisms. Saturation of sorbent samples by cae-

sium was performed from CsCl solution with caesium

concentration at 100 mg L-1.

Infrared spectra (IR-spectra) of initial sorbent samples

and samples saturated by caesium under static conditions

were obtained. Measurements were performed in KBr disk

on IR-Raman-spectrometer ‘Vertex-70’ with add-on device

RAM-II (Bruker, Germany). Interpretation of IR-spectra

was performed via comparison with on-line database [27].

Texture of surfaces of samples was analysed using scan-

ning electron microscope (SEM) ‘LEO-420’ (Carl Zeiss,

Germany). Specific surface areas of samples were deter-

mined via adsorption–desorption of nitrogen on high-speed
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analyser of surface areas and pore sizes ‘Nova 1200e’

(Quantachrome, USA).

Sorption kinetics of caesium by mixed nickel–potassium

ferrocyanide based on hydrated titanium dioxide were

studied under the following parameters: tap water with

concentration of caesium at 100 mg L-1, pH 7.8 ± 0.2,

T = 293 K, ratio of volume of solution and sorbent weight

V/m = 100 mL/50 mg, stirring rate at 490 rpm. Determi-

nations of caesium concentration were performed via

radioactive-tracer technique using 137Cs as in static studies.

For explanation of chemisms of caesium sorption under

high concentrations of caesium ([50 mg L-1) sorption

kinetics was also studied for hydrated titanium dioxide.

This material was used as a support for synthesis of studied

mixed nickel–potassium ferrocyanide sorbent. Hydrated

titanium dioxide was previously saturated by nickel (to its

concentration in sorbent at 10.7 mg g-1) and then was

treated by K4[Fe(CN)6] solution (in accordance with

method of synthesis as described in [8]).

Under realized conditions of synthesis of mixed nickel–

potassium ferrocyanide based on hydrated titanium diox-

ide, the K4[Fe(CN)6] solution may present in developed

pore space of the sorbent and migrate into reaction solution

during sorption of caesium. In addition, the transfer of

ferrocyanide ions into reaction solution is possible at the

expense of desorption of molecular-adsorbed potassium

ferrocyanide K4[Fe(CN)6], as well as due to partial dis-

solving of mixed nickel–potassium ferrocyanide phase.

Therefore, in kinetics studies of caesium sorption experi-

ences with introduction of K4[Fe(CN)6] into the solution

were performed. Potassium ferrocyanide was added to

solution in the beginning of the experience, the solution

was well mixed for achieving of homogeneous distribution,

its concentrations in the solution were 49 and 106 mg L-1.

These concentrations of K4[Fe(CN)6] corresponded to

concentrations calculated under two boundary conditions:

minimal concentration at 49 mg L-1 transfering into

solution during sorption from the pores of the sorbent

(volume of pores is 0.40 cm3 g-1), and maximal concen-

tration corresponding to complete dissolving of mixed

nickel–potassium ferrocyanide phase (106 mg L-1).

The results of kinetics studies are presented as curves in

coordinates «-ln(l - F) - t», where F = Ss/S? is the

degree of achieving of sorption equilibrium, t is the time

(min), Ss is the degree of sorption of caesium at time t, S?
is the equilibrium degree of sorption of caesium (after

1 week). S is the degree of sorption of caesium calculated

in accordance with (1):

S ¼ Iin � Iend

Iin � Ib

ð1Þ

Iin,Iend is the initial and final count rate of the solution, cp,

Ib is the background count rate, cpm.

Results and discussion

Preliminary experiences have shown that sorption of cae-

sium by glass vessels is negligibly small under these con-

ditions. Competitive sorption of monovalent ions (Na? and

K?) by the mixed nickel–potassium ferrocyanide based on

hydrated titanium dioxide from tap water is absent [28],

sorption of Ca is not competitive for Cs and is realized at

the expense of hydrated titanium dioxide phase [29].

The experimental curve of sorption isotherm of caesium

by the mixed nickel–potassium ferrocyanide based on

hydrated titanium dioxide from tap water is shown at Fig. 1

(curve 1). Three linear parts can be found on the sorption

isotherm, this indicates that the sorbent has three various

types of specificity to caesium sorption sites with various

values of distribution coefficients (Kd) and static exchange

capacity (SEC). Slopes of linear parts of the isotherm,

equilibrium Kd, static exchange capacities of various

sorption sites and parameters of sorption affinity were

calculated using the technique of least squares. The results

of statistical data treatment of the isotherm are presented at

the Table 1.

The obtained data show that there is direct proportional

dependence between concentrations of caesium in solution

and solid phase in certain regions of concentrations of the

sorbate: slopes of linear parts of the isotherm for regions of

concentrations at (2 9 10-7/5 9 10-4) and (5 9 10-3/

5) mg L-1 is equal to 1 within error limits (1.0 ± 0.1 and

0.9 ± 0.1 respectively). Then with increasing of concen-

trations of caesium in solution the plateau is observed on

the isotherm that can be an evidence of saturation of
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Fig. 1 Sorption isotherms of caesium by the mixed nickel–potassium

ferrocyanide based on hydrated titanium dioxide from tap water at pH

7.8 ± 0.2: 1 experimental curve, 2 theoretical curve
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respective sorption site. Filling of I and II types sorption

sites can be satisfactorily approximated by Langmuir

equation. The theoretically calculated sorption isotherm of

caesium, based on suggestion about filling of all three types

of sorption sites in accordance with Langmuir equation, is

presented at Fig. 1 (curve 2). In case of sorption of caesium

by III type sorption sites, Henry’s law doesn’t work and the

slope of respective linear part is (0.48 ± 0.08). It’s obvious

that Langmuir isotherm cannot be used for interpretation of

sorption of caesium at concentration range higher than

50 mg L-1. The sorption chemism of caesium at these

concentrations differ from the same at lower concentra-

tions. As it was mentioned in the work [24] for tin ferro-

cyanide, the Langmuir’s model describes experimental data

inaccurately at middle and large degrees of filling of

sorption sites and sorption isotherms for caesium and other

tested ions have an appearance of curves with bends.

Thus, filling of I and II types sorption sites can be

described within the bounds of theory of ion exchange.

Previously authors have shown [8] that I type sorption site

corresponds to the phase of mixed nickel–potassium fer-

rocyanide. Used methods of research do not allowing

ascertain the exact stoichiometry of forming compounds

because of complexity of compound of forming ferrocya-

nide phase. The expected sorption chemism can be

described by equilibrium (2):

2

Caesium easily replaces potassium (and probably part of

nickel) ions locating in intercrystalline voids of matrix.

Participation of nickel ions in the act of ion exchange can

be explained by some non-equivalence of chemical bonds

between Ni(II) in various locations and [Fe(CN)6]4- in the

crystal lattice [5].

The II type sorption sites is titanium ferrocyanide. Pre-

sumably, it can be phases like K2(TiO)[Fe(CN)6],

K2(TiO)3[Fe(CN)6]2 and hardly probable K4Ti[Fe(CN)6]2,

because its forming leads to degradation of the base

(hydrated titanium dioxide) and decreasing of strength

properties, meanwhile the sorbent possesses high

mechanical strength. The expected sorption chemism of

caesium is exchange of caesium ions for potassium or

H3O? ions locating in intercrystalline voids.

K2ðTiOÞ½FeðCNÞ6� þ 2Csþ ! Cs2ðTiOÞ½FeðCNÞ6� þ 2Kþ

ð3Þ

In addition, physicochemical methods of research were

used for identification of III type sorption sites and for

description of mechanisms of sorption.

Electronic photographies of surface of initial sample of

mixed nickel–potassium ferrocyanide based on hydrated

titanium dioxide (a, c) and sample saturated by caesium (b,

d) are presented at Fig. 2.

Electronic photographies allowing see a phase with

various sized particles on the surface of spherical bead of

initial sample of the mixed nickel–potassium ferrocyanide

based on hydrated titanium dioxide (Fig. 2a). As a result of

saturation of the sorbent by caesium disappearance of this

phase (Fig. 2b) and appreciable transformation of texture

of the sorbent surface (Fig. 2d) take place that is probably

connected with chemical transformation of the surface and

change of the phase.

Infrared spectra of samples of initial sorbent and sorbent

after sorption of caesium are presented at Fig. 3. Two

absorption peaks at 2,060 and 2,092 cm-1, corresponding

to absorption frequencies of ferrocyanide ions, present at

spectra of sorbents and corroborate the presence of ferro-

cyanides in the compound of sorbents. It is obvious, that

reduction of intensity of the peak at 2,060 cm-1 relative to

the peak at 2,092 cm-1 occurs as a result of sorption of

caesium, that can be the evidence of expenditure of a

compound, corresponding to this peak, during sorption.

The absorption peak at 2,060 cm-1 probably corresponds

to free ferrocyanide ion in compound of K4Fe(CN)6 or

Na4[Fe(CN)6] absorbed on the surface of the sorbent.

Appearance of additional peaks at Raman spectrum indi-

cates to possibility of presence of Na4[Fe(CN)6]. The

presence of well soluble potassium and sodiun ferrocya-

nides in the sorbent is additionally corroborated by expe-

riences on sorption of caesium. In spectrum of initial

sorbent absorption peaks at 1,045 and 1,120 cm-1 present,

Table 1 The results of statistical data treatment of the sorption isotherm of caesium by the mixed nickel–potassium ferrocyanide based on

hydrated titanium dioxide from tap water (pH 7.8 ± 0.2)

Number of

linear part of

the isotherm

Parameters of equilibrium

lg Cs = lg Kd ? tg a 9 lg Cliq

Concentration limits

of linear parts (initial

concentrations in

solution) (mg L-1),

Static exchange

capacity achieved

on the piece (mg g-1)

Parameter of

sorption affinity

(mL mg-1)
lg Kd ± Dlg Kd tg a ± Dtg a

1 5.6 ± 1.0 1.0 ± 0.1 2 9 10-7/5 9 10-4 0.001 2.14 9 108

2 4.2 ± 0.6 0.9 ± 0.1 5 9 10-3/5 14.6 2,260

3 2.4 ± 0.1 0.48 ± 0.08 50/500 255 1.01
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that unequivocally indicates to presence of the single

covalent bonds Ni–O (peaks at 1,118 and 1,040 cm-1) and

absence of double bonds Ni=O. After saturation of the

sorbent by caesium the additional unidentified absorption

peak with minimum at 1,144 cm-1 appears in IR-spectrum.

This is the evidence of suggestion that sorption of caesium

arises from ion exchange processes as well as chemical

reactions due to which caesium forms a compound with

covalent bond.

Sorption of caesium at high initial concentrations of

caesium in the solution ([50 mg L-1) probably can be

realized at the expense of the following chemisms:

• Sorption of coordination compounds of caesium. Cae-

sium possesses very low own complexing ability, but it

can be incorporated into various coordination com-

pounds as outer sphere cation, therefore this suggested

chemism cannot be ruled out.

• Precipitation of mixed nickel–caesium ferrocyanide

with aggregation of the precipitate in phase of the

sorbent. For realization of such chemism concentrations

enough for excess of solubility product are needed. In

this case adsorbed (and probably crystallized with

forming of its own phase) K4Fe(CN)6 presents on the

surface and in pore space of the sorbent. Nickel can

appear in near-surface layer of the sorbent and in the

solution due to the following causes:

1) Presence of nickel unreacted on the last stage of syn-

thesis of the mixed nickel–potassium ferrocyanide;

2) Nickel can be a product of ion exchange sorption on

the mixed nickel–potassium ferrocyanide;

3) The mixed nickel–potassium ferrocyanide being a

sparingly soluble compound, nevertheless possesses

limited solubility; it can dissociate emitting nickel ions

into the solution.

For example, the model of sorption kinetics of micro-

component by polyfunctional ion exchange resin in con-

sideration of changing of forms of initial sorbate during

sorption owing to its interaction with products of resin

dissolving is analysed in the work [30]. The rate of redis-

tribution among forms may affect kinetics of interphase

distribution, therefore, study of sorption kinetics with no

account taking of forms of a microcomponent in a solution

is inconsistently.

It is shown in works [31–33] that in natural waters

caesium is able to form various colloids and weak complex

compounds with organic ligands. In absence of complexing

agents caesium presents in water solutions mainly as sim-

ple monovalent ion [34]. Since Cs presents in natural

waters only in trace amounts the forming of its own colloid

forms is impossible. Forming of pseudoradiocolloids

(radionuclide adsorbed and/or occupied by another non-

radioactive colloid particles) is connected with processes of

spontaneous migration of trace amounts of caesium from

liquid phase to a surface of heterogeneous impurities

always presenting in natural waters. Therefore, the pseu-

docolloid state of Cs is determined by processes of its

Fig. 2 Texture of surface of

mixed nickel–potassium

ferrocyanide based on hydrated

titanium dioxide: initial sample

(a, c) and sample saturated by

caesium (b, d)
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adsorption by colloids of silicic acid, iron and manganese

hydroxides and some other compounds.

Our preliminary experiences have shown that contribu-

tion of colloid caesium forms in spiked tap water (in initial

solutions) is not [10 % of overall amounts of caesium in

the solution. Colloid particles containing caesium have size

[140 nm. The most probable centres of their forming are

transition metals hydroxides, organic and inorganic sus-

pensions presenting in the water. Tests have also shown

that under kinetic conditions amount of pseudocolloid

caesium fraction is not changed during the kinetic test and

begins to decrease 1 week later, that is connected with

colloids destruction [35]. Thus, the presence of slight

amounts of caesium pseudoradiocolloids did not affect

sorption kinetics of caesium by mixed nickel–potassium

ferrocyanide based on hydrated titanium dioxide.

A number of experiences on kinetics of caesium sorp-

tion at caesium concentrations [50 mg L-1 were per-

formed as a test of suggested hypotheses. Kinetics curves

of sorption of caesium from tap water containing

100 mg L-1 of Cs by hydrated titanium dioxide saturated

by nickel with additions potassium ferrocyanide (a) and by

mixed nickel–potassium ferrocyanide based on hydrated

titanium dioxide (b) are presented at Fig. 4.

It is obvious that all kinetic curves show a rapid first

stage of sorption with duration up to 5 min; then sorption

rate dramatically decreases that is the evidence of almost

complete realization of mechanism of sorption. The sorp-

tion rate at this stage significantly increases with increasing

of concentration of ferrocyanide in solution (Fig. 4a).

To eliminate the possibility of sorption of caesium by

hydrated titanium dioxide saturated by nickel, kinetic

01000200030004000

wav e number, cm-1

Initial sample

Sample saturated by Cs

1900200021002200

wave number, cm-1

Initial sample

Sample
saturated by
Cs

90011001300

wave number, cm-1

Initial sample

Sample
saturated by
Cs

(a)

(b) (c)

Fig. 3 IR-spectra of samples of

initial sorbent and sorbent after

sorption of caesium: a general

view of spectra, b view of

spectra in the range of

1,900–2,200 cm-1, c view of

spectra in the range of

900–1,300 cm-1
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experience was performed under the same conditions but

without addition of K4Fe(CN)6 into the solution. The

results have shown that caesium wes not sorbed under such

conditions. Also kinetic experiences on sorption of caesium

by hydrated titanium dioxide in presence and in absence of

K4Fe(CN)6 in the solution were performed for detection of

influence of complex formation on sorption of caesium.

Obtained data have shown the absence of sorption of

probable complex compounds of caesium with ferrocya-

nide ions. The results of sorption of caesium tap water

containing 100 mg L-1 of Cs by various sorbents under

kinetic conditions are presented at Table 2. Sorption

degrees after 5 min (S1) and at the end of the experience

(S2) are given for comparison.

The results of mathematical treatment of approximated

linear parts of kinetic sorption curves are presented in

Table 3.

Since at the same concentrations of stable caesium in the

solution (Fig. 4a) sorption of Cs from solution with higher

concentration of potassium ferrocyanide flows faster on the

first stage, then some decreasing of sorption rate occurs on

the second stage in this case. To all appearance, when

concentration of caesium decreases down to a determinated

value, the ‘‘rapid’’ mechanism of sorption becomes

unavailable.

Kinetic experience in the range of high concentrations of

caesium was performed for revelation of the role of pre-

cipitation in sorption caesium by mixed nickel–potassium

ferrocyanide based on hydrated titanium dioxide. In case of

realization of precipitation mechanism during sorption, the

obtained kinetic curve must be look like curves presented

at Fig. 4a, with presence of rapid first stage. Evidently, the

general view of kinetic curve of sorption caesium by mixed

nickel–potassium ferrocyanide based on hydrated titanium

dioxide (Fig. 4b) is similar to those presented at Fig. 4a.

The sorption flows rather intensively during the first 5 min,

then it dramatically decelerates and almost stops. Constants

of rates of sorption of caesium by mixed nickel–potassium

ferrocyanide based on hydrated titanium dioxide and by

hydrated titanium dioxide saturated by nickel (in presence

of 49 mg L-1 [K4Fe(CN)6]) are equal within error limits

on the first stage of sorption. The slight differences of

values of constants of sorption rates on the second stage of

sorption is probably connected with difference of speed of

transfer of ferrocyanide ions to near-surface layer of the

sorbent. In case of the mixed nickel–potassium ferrocya-

nide based on hydrated titanium dioxide, ferrocyanide ions

are located in pore space and near surface layer of the

sorbent, that provides rapid and almost complete realiza-

tion of mixed nickel–caesium ferrocyanide precipitation

mechanism. In case of model experience, simulated release
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Fig. 4 Kinetics curves of sorption of caesium from tap water containing 100 mg•L-1 of Cs: a by hydrated titanium dioxide saturated by nickel

with additions potassium ferrocyanide, b by mixed nickel–potassium ferrocyanide based on hydrated titanium dioxide

Table 2 The results of sorption of caesium by various sorbents under

kinetic conditions

Sorbent Concentration

of K4Fe(CN)6

(mg L-1)

Sorption degree

S1 S2

Hydrated titanium dioxide

in H?–Na? form

0 0 0

106 0 0

Hydrated titanium dioxide

saturated by nickel

0 0 0

49 0.20 0.25

106 0.22 0.28

Mixed nickel–potassium

ferrocyanide based on

hydrated titanium dioxide

0 0.29 0.33
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of ferrocyanide ions into liquid phase as a result of inter-

action of the sorbent and solution, we added ferrocyanide

ions to solution with their homogeneous distribution in the

whole volume of solution, that can provide slower second

stage of sorption.

The results, presented at Table 2, obviously demonstrate

the realization of mechanism of precipitation of mixed

nickel–caesium ferrocyanide. It is obvious that increasing

of concentration of potassium ferrocyanide stimulates

sorption of caesium; this can be used for increasing of final

sorption degree.

Slightly higher equilibrium degree of sorption of cae-

sium by mixed nickel–potassium ferrocyanide based on

hydrated titanium dioxide in comparison with hydrated

titanium dioxide saturated by nickel with addition of

K4Fe(CN)6 can be easily explained by working of other

two sorption sites, that give their contribution to overall

static exchange capacity. However, at high concentrations

of caesium, its sorption occurs mainly due to precipitation

and the contribution ion exchange to sorption degree is

insignificant.

The values of specific surface areas of samples of the

mixed nickel–potassium ferrocyanide based on hydrated

titanium dioxide are presented in Table 4.

Table 4 shows that specific surface area of the sorbent

increases by 23 % as a result of saturation by caesium. This

increasing of specific surface area corroborates anew the

possibility of forming of a new sorptive phase.

Conclusions

Sorption isotherm of caesium from tap water by mixed

nickel–potassium ferrocyanide based on hydrated titanium

dioxide is obtained for a wide range of concentrations of

caesium. The general view of the isotherm shows that there

are three types of specificity to caesium sorption sites in

this sorbent. Each of these sorption sites works at defined

concentration range and is characterized by unique values

of distribution coefficients and static exchange capacity.

Occupation of sorption sites I and II is well approxi-

mated by Langmuir equilibrium, therefore sorption of

caesium by mixed nickel–potassium ferrocyanide based on

hydrated titanium dioxide in concentration range at

2 9 10-7–50 mg L-1 can be described within the bounds

of theory of ion exchange.

The expected sorption chemism of caesium at high

concentrations of caesium ([50 mg L-1) is precipitation of

mixed nickel–caesium ferrocyanide in pore space of the

sorbent. It allowing explain very high capacity of the sor-

bent to caesium ions and significant deviation from 1 of

slope of the third linear part on the isotherm.
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