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Amnoranisi. 3anponoHoBaHO KOH(DIrypaniiHy MOIesb 118 KBAHTOBO CTa~
TUCTUYHOI'O OIIUCY IPOLECY YTBOPEHH: KOMILJIEKCIB METaJIiB 10HIB Y BOI-
nomy poszuuHi. OcobyiBy yBary 3BEpHEHO HA YyTBOPEHHH TiIPOKCOKOM-
mekciB. Ha ocHOBI 3ammpomnoHOBaHOI MOJIE/Ii MOYKHA BU3HAUYUTH P, Xi-
MIYHUX XapaKTEPUCTUK peakiiii, 30kpema ¢yukio B’eppyma, mapii-
aJIbHI MOJIbHI YaCTKM i KOHCTAHTH yTBOpPEHHA. BCTAaHOBJIEHO, IO MpH
smini pH peaxuii posunny obsiacri icHyBaHHs pi3HUX (POPM KOMILIEKCY
3aJ/ieKarb Big pisHuni KoH@irypauiiinux eHepriii ta remmneparypu. Bu-
SABJIEHO iCHyBaHH#A e(EKTy HACHUEHH:I, 10 MPUBOIUTH IO Pi3KOil 3MiHK
KOHIIEHTPAIIil JIrauaiB B PO3YWHI MPU MTPOXOIKEHHI KOHIIEHTPAIIil 10HiB
MeTaJIy depes IeBHe 3HadYeHHsA. [OC/TiIKeHO 3aJeXKHICTh bOro eeKTy
Bill TeMmeparypu Ta iHLUIUX [IapaMeTpiB CUCTEMH.

Configurational model of metal ion complex formation
in water solutions

I.V. Stasyuk, O.V. Velychko

Abstract. Configurational model for quantum statistical description of
process of metal ion complex formation in water solution is proposed.
Special attention is payed to formation of hydroxocomplexes. In the
framework of the model determination of such chemical characteristics
of reaction as Bjerrum function, partial mole fraction and formation
constants is made. It is established that regions of existence of different
complex forms at variation of solution pH reaction depend on differences
of configuration energies and temperature. Existence of saturation effect
which leads to sharp change of ligand concentration in solution when
metal ion concentration crosses a certain value is found out. Dependence
of this effect on temperature and other parameters of the system is in-
vestigated.
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1. Introduction

Complex formation reactions of metal ions and ligand groups are of great
importance due to pollution of environment by heavy metal (including
actinides) species. In general this type of reaction can be described as

MPt 4 L7 5 (MLy) "M —"7r (1)

where M#M* stands for a metal cation with valence Zj;, L%*~ cor-
responds to a ligand with valence Z; and n is the number of ligands
bounded to the cation.

Very often ligands are simply hydroxy anions OH™. Then the reaction
(1) is called hydrolysis which is a very common reaction. Ions H* and
OH™ are known as very active reagents. For instance, stability of nuclear
fuel containing glass—like mass depends on the presence of OH™ groups.
The increase of OH™ content brings glassy medium stability down. Such
species as HT and OH™ destroy the silicate matrix increasing the prob-
ability of active elements outflow from that into water [1].

A lot of experiments are made where formation of hydroxocomplexes
of actinides (ions U*T, Pu®t, Pu3t, Am3t, Th*t Np*t K Np3t etc.) and
their compounds (such ions as UO3T, PuO3", PuOJ, NpO3*, NpOF
etc.) have been studied (see e.g. [2]-[6]). Such characteristics of the reac-
tion as solubility product of solid forms, formation constants of different
hydroxy species and appropriate partial mole fractions are usually mea-
sured as the result of the experiments.

Present work is intended to solve such aspects of the problem as to
propose a simple and reliable quantum statistical model for description
of metal ion complex formation in water solutions, to make semiempirical
estimation of configurational energies on the basis of experimental data
and to investigate an effect of saturation in complex formation for the
solution with fixed concentration of species.

2. Configurational model

Main thermodynamic properties of interaction of metal ion with ligand
cations can be obtained on the basis of a simple Hamiltonian

H = Z)‘szpp_ﬂZ”prpa (2)
ip ip

pZO,---,pmax, izl:"'aNMa

where X7 is the projection operator of the complex i onto the config-
uration p, A, is the energy of the complex in the configuration p, n,
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is the number of ligands bounded to metal ion for this configuration,
i is the chemical potential of ligands, p,,q, is the maximal number of
configurations for the complex and Ny, is the number of metal ions.
Despite its simplicity the Hamiltonian allows to describe main fea-
tures of reaction of metal ion with ligand groups in water environment
e.g. the average number of ligands per complex (Bjerrum function), com-
plex formation probability (partial mole fraction), reaction constants etc.
The Hamiltonian has a diagonal structure hence one can easily cal-
culate thermodynamic functions of the model. The average values of
projection operators (i.e. complex formation probability) are equal to

e*ﬁ(kpfnpﬂ) eﬁ(Azfi’nPﬂ)
(X7) = fos = Pras ’ (3)
Z e*ﬁ(kqfnqﬂ) 1+ E eﬁ(Aq‘i'nqi")
q=0 g=1

where A, = Ao — A,. If there are no isomer complexes (i.e. no states
with the same number of ligands) n, = p, values of (XPP) correspond
to the partial mole fraction of complexes with p ligands and p;,, 4, is the
maximal possible number of ligands in the complex. Average number of
ligands per complex 7y, now can be expressed as

=Yy (XP). (4)

Thus the number of ligands bounded to metal ions is N, = 7 Ny,

3. Energies of complexes for hydroxide actinides

Usually the partial mole fraction of the complex ML, is defined as

B,C?
fP = pmiw L ’ (5)
1+ > B,Ci
q=1

where B), is the formation constant of the complex ML,. In the case
when Su = By + In Cp, where the explicit form of the variable i will
be given in the next section, keeping in mind that partial mole fraction
is equal to corresponding complex formation probability and comparing
expressions (3) and (5), one can consider that

B, =exp (B(Ap + p))
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and
1
g
This expression is a very convenient tool to establish relationship
between the model under discussion and chemical experiment results
(namely to extract model parameters A, from data of formation con-
stant measurement). Unfortunately precision of formation constant mea-
surement is rather poor, data from different sources can vary more than
two times (relatively small change of energy difference A moves charac-
teristic region of reaction to strongly acidic, alkaline or neutral solution).
In the Table 1 there are presented calculated with use of formula (6) val-
ues of A, for some species with formation constants measured in works

[2]-(5]-

A, ==InB, — py. (6)

4. Configuration distribution function

Detailed description of water solutions at arbitrary concentrations is
itself a quite complicated problem. Chemical potentials of solvent and
solutants should include terms taking into account finite size of particles,
nonelectrostatic (e.g. of Lennard-Jones type) and electrostatic interac-
tions in solution. Special feature of water as the solvent with molecules of
dipole structure is also considered in more sophisticated investigations
[7,8]. A comprehensive study of this issue with account of associative
interactions and with special attention payed to actinide solutions one
can find in the works [9,10].

But for small concentration of species the expression for chemical
potential pu could include only ideal gas and electrostatic interaction (in
Debye-Hiickel approximation) terms [11]:

Bp =By +InCy, (7)

where

b = 1n(D,3%)—Kz2I%ﬁ%,

P (271'712)57
m

1
V2é? (E) ’ 5_%,
v

D

K

m is the mass of the ligand particle, P stands for external pressure
(assumed to be equal to the atmospheric one), e is an elementary charge,
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Number of A
B P .
Ton type OH- groups p D e Ref
Pu't 1 3.020-10'2 | 9433 | [2]
2 1.900 - 10%* | 18540
3 3.415-10%> | 27390
4 2.669 - 10*% | 36070
1 3.5-10% 9600 | [5]
2 6.3 - 10%¢ 19000
3 3.2-10%7 27300
4 1.6-10% 34200
Am3t 1 3.6-107 7000 | [3]
2 5.5 10 14000
3 3.6 -10%! 21000
NpO3*+ 1 4.3 -10%° 8000 | [4]
2 1.6 -10% 15000
3 3.1-10% 20000
Th*+ 1 4.37- 10" 8860 | [5]
2 2.19-10%* | 17300
3 9.12-10%* | 25700
4 4.07-10% | 34000
PuO3" 1 4.0 - 1010 8200 | [5]
2 2.5-10% 16000
3 7.9-10% 21000
vost 1 1.0-10° 7300 | [5]
2 6.3 -10'° 14000
3 7.9.10% 21000

Table 1. Calculated values of A, for actinide species.
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I is the ionic strength of the solution, z is the charge of the ligand, v is
the volume per a solvent molecule and ¢ is the dielectric constant of the
solution. Now expression (3) can be recast as

Cﬁ elg(AP"pr)

(XPr) = (8)

Pmaz )
1+ > CPef(Agtay)
q=1

One can consider two main cases for such model:

1. The value of concentration of ligands in solution (pH reaction in
the case of OH™ groups) is fixed which usually takes place in ex-
periment.

2. The total number of ligands in the system Nyiot (Nptor = N +
Npsot where Np 40 is the number of ligands in the solution) is fixed
which usually takes place in natural environment.

4.1. Fixed concentration of ligands in solution (fixed pH
values)

Partial mole fractions explicitly depend on concentration of ligands (see
(8)). In chemistry instead of concentration itself very often is used the
p—function of concentration which is defined as

pL = —lgC'L,

where C7, is the concentration of the L species. Common used example
is the pH reaction of water solution (H stands for H* cation concentra-
tion). Concentration of hydroxy anions OH™ is in close relationship with
H* concentration: CyCon = 1074, Hence the pH reaction determines
the Cp, (Con) concentration. Dependence of partial mole fractions on
the pH reaction of the solution is presented on the Fig. 1a and 1b. It
should be noted that bare metal ion or fully occupied complex are dom-
inative species in greater part of pH range. Bounds of pH regions, where
particular forms of hydroxocomplex exist, depend significantly on values
of the A, set. This dependence is clear visible by comparison of Fig. 1a
and 1b calculated with use of A, sets from works [2] and [5] correspond-
ingly. Comparatively small changes in A sets lead to appreciable shift
of characteristic pH region of reaction and significant redistribution of
partial mole fraction.

Chemical experiments are usually done at so called normal conditions
at temperature t = 25°C. But as one can see on the Fig. lc variation
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of temperature has a similar effect as variation of A. Temperature effect
is an important phenomena because in natural environment variation of
temperature in the range ¢ = 0 — 50°C is usual and chemical properties
of the same species can vary significantly.

4.2. Saturation effect
The second condition is more convenient recast as
Criot =1 Cp + O, 9)

where Cyy = Ny /N, Cr, = Npsoi/N and Criot = Nptot/N are cor-
responding concentrations, N = Ny + Np + Ngyp is the number of
all particles in the solution, Ny, is the number of solvent molecules.
With use of expressions (4) and (8) the above equation can be solved
numerically.

Results of numerical calculations are presented on the Fig. 2. Satura-
tion effect manifests itself by sharp decrease of the formation probability
value of full occupied form of the hydroxocomplex and increase of the
bare metal ion fraction with increase of concentration Cps (Fig. 2a). On
the Fig. 2b dependency of the concentration of ligands in the solution
C1, on temperature t is depicted. It should be recall that increase of pM
corresponds to decrease of the concentration C'y;. The saturation effect
which takes place at fixed total concentration of ligands CpLp is clear
visible on the picture. When the concentration of metal ions C'j; increas-
es to the threshold value C); = pnmazCriot the concentration of ligands
C, rapidly decreases from its saturation value Cpso:. Degree of exhaus-
tion of ligands in the solution depends on temperature and strength of
the metal-ligand bond.

As one can see on the Fig. 2¢ the threshold concentration C),; depends
the on total concentration of ligands Crio:. Change of the Crsp value
does not change the shape of curves and affects the interval of C, rapid
change only.

Temperature effect at fixed total concentration of ligands C'p¢o pre-
sented on the Fig. 3 depends on quantity of metal ions. At concentration
Chr below the threshold decrease of temperature leads to reduction of
bare metal ion fraction from 1 to 0, appearance of other hydroxo species
and, finally, domination of fully occupied complexes at T — 0 (Fig. 3a).
The average value of ligands per complex 71y, equals to 0 at T — oo and
Pmaz at T — 0 (Fig. 3d), the concentration of ligands in solution Cp,
equals to CLiot at T — o0 and Criot — PmazCm at T — 0 (Fig. 3e). Both
dependencies have a well defined region of changes and asymptotical be-
haviour at the temperature limits. For Cj; slightly above the threshold
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behaviour of partial mole fractions changes significantly (Fig. 3b). For
example, the fully occupied complex fraction now has a maximum caused
by competition of two factors: tendency of ligands to bound to complex
at lower temperature and increased possibility to release ligands from the
complex due to exhaustion of ligands in solution. In this case at T — 0
the concentration of ligands in solution C, — 0 and the average number
of ligands ©y, = Cpiot/Cpn (Fig. 3d and 3e). For large C)y fully occu-
pied complexes are practically absent and bare ions dominate in solution
(Fig. 3c). The region of significant changes at variation of temperature
could lay in the characteristic range for water solutions (say 0-100°C) at
the appropriate A set.

5. Summary

Quantum statistical approach to the problem makes possible to investi-
gate the system in the wide range of parameter including temperature
and to describe qualitatively the process of transformation from one to
another complex configuration (redistribution of its partial mole frac-
tions).

It is shown that in the case of hydroxocomplexes the region of the
solution pH reaction where coexistence of different complex species takes
place depends significantly on the difference of complex configuration
energies, temperature and other model parameters.

If the total number of ligands is fixed the saturation effect takes place
due to exhaustion of ligands in the solution. This effect leads to the rapid
change of the ligand concentration in the solution when the metal ion
concentration crosses the certain threshold value. Another manifestation
of the effect is suppression of partial fractions of complex species with
high number of ligands at change of temperature in the low temperature
limit due to exhaustion of ligands in solution.
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Figure 1. Dependence of metal cation complexation by OH™ groups on

pH reaction of the solution. If not mentioned values of parameters are

as follows: I=0.01, t=25°C, the A, set is taken from Table 1 for Pu**

[2].

(a,b) Partial mole fractions as a function of pH reaction; A, sets for
Pu'*t are taken from: (a) — Ref. [2], (b) — Ref. [5].

(¢) Average number of ligands at different temperatures ¢: (1) —
0°C, (2) — 25°C, (3) — 50°C.
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Figure 2. Saturation effect at variation of metal ion concentration Cjs

for the system with the fixed total concentration of ligands C¢o¢. If not

mentioned values of parameters are the same as on the Fig. 1 except

CLtot:1'10_3-

(a) Partial mole fractions of different species of hydroxocomplex.

Concentration of ligands (OH™ groups) at:

(b) different temperatures ¢: (1) — 0°C, (2) — 25°C, (3) — 50°C;

(c) different concentrations Crspe: (1) — 11072, (2) — 1-1073, (3) —
1-10~%.
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Figure 3. Influence of the saturation effect on temperature dependencies
for the system with the fixed total concentration of ligands C'L¢o. Values
of parameters are the same as on the Fig. 1 and the Fig. 2, temperature

is given in dimensionless units.

Dependence of formation probabilities on temperature at different Cj;:
(a) — Cu = 1074, (by —Cy =3- 1074, (¢c) —Cp = 1073,
Dependence of the average numbers of ligands per complex 7y, (d) and

the concentration of ligands in solution Cf, (e) on temperature at differ-
ent Cy: (1) — Cu = 10_4, (2) —Cuy =3 10_4, (3) — Cy = 1073,
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