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Abstract

Chemical precipitation of radionuclides and their immobilization into the solid matrix represents
an important approach in the radioactive wastewater treatment. Unfortunately, because of the
complexity of the system, optimization of this process in terms of its efficacy and safety represents a
serious practical problem, even in treatment of the monocomponent nuclear waste. This situation is
additionally complicated in the case of the polycomponent nuclear waste because of the synergic effects
of interactions between the radioactive components and the solid matrix.

Recently, we have proposed a general theoretical approach for optimization of the process of
precipitation and immobilization of metal impurities by the solid matrix. One of the main advantages of
this approach represents the possibility of treatment of the muhicomponent liquid waste, immobilized by
the solid matrix. This approach was used here for investigation of the stability of the system
hydroxyapatite (HAP) - Pb/Cd, which was selected as a model multicomponent waste system. In this
analysis, we have used a structurally dependent term of the cohesive energy as a stability criterion. This
parameter was represented by the ion-ion interaction potential determined in the frame of the
pseudopotential theory. Calculations were performed in the frame of the pseudoatomic approximation
where solid solutions are treated as if they were composed of identical pseudoatoms having average
properties.

The present study was carried out in order to determine the relationship between the stability of
the HAP and concentration of the incorporated impurities. HAP was selected as a model system due to
its affinity to incorporate heavy metal ions as well as radionuclides. Pb and Cd are selected as two
major pollutants in wastewater. The substitution of calcium atoms by impurities in stoichiometric HAP
can be presented by the formula: Caio-xMx(P04)6(OH)2, where 0 < x < 10 and M = (Pb + Cd). The ratio
of the concentration of impurities was: Pb/Cd = 0.5, 1 and 2. Using the ion-ion interaction potential as a
stability criterion, we have found that: (a) the optimal ratio of the concentration of impurities is Pb/Cd =
1, and (b) deviation from this concentration leads to destabilization of the HAP - Pb/Cd system and
should be avoided in practice.

The presented results represent a typical example of the analysis of stability of the
multicomponent solid waste form, which is applicable to any other combinations of the metal impurities
(i.e. Sr/Pb, Sr/UO2, etc.) by any solid matrix (i.e. mineral apatites, phosphate rocks, ceramic materials,
synroc, zeolites, etc.).
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Introduction

Safe and effective management of nuclear waste demands a broad range of interdisciplinary
research: from waste treatment, waste form and engineered barrier properties, interaction between
engineered and geological systems to long-term prediction of repository performance. One of the
efficient methods in liquid waste treatment is chemical precipitation [1], followed by immobilization in
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cement for low-level waste [2] or in glass and other ceramic forms for high-level waste [3,4]. After
separation of radionuclides and their immobilization in solid matrix a further step is development of
artificial barriers disposed around radioactive waste repositories in order to minimize spread of
radionuclides. The final step is evaluation of the retardation effect resulting from the interaction of
radionuclides with natural rocks surrounding the repository. The basic problem in these processes
represents the stability of the solid matrix - impurity system.

For the investigation of stability, we used hydroxyapatite Cau>(PO4)6(OH)2 (HAP) as a model
solid matrix since an apatite or apatite-like material may be employed in immobilizing radioactive [5-7]
or toxic inorganic wastes [8,9] and associated products. For instance, the stoichiometric or calcium
deficient apatite can immobilize radioactive strontium, one of the main fission products in wastewater,
by isomorphous substitution [7]. Furthermore, toxic inorganic pollutants such as lead and cadmium may
also be immobilized by HAP. In the case of lead, the immobilization mechanism is not clear but the
main mechanism seems to be dissolution-precipitation [8] with partial incorporation into the apatite
lattice [7]. For cadmium, the main mechanism is the incorporation into the crystal lattice of the apatite
through a diffusion-exchange mechanism [9].

Therefore, for the study of the stability of muhicomponent HAP - Pb/Cd system, we assume
that, in the investigated concentration range, the dominant immobilization mechanism is incorporation of
impurity into the crystal lattice of apatite. Based on the theoretical-model, that we have recently
proposed [10], we estimate the stability of the muhicomponent solid waste form as a function of the
concentration of the precipitated impurities.

Methods

The theoretical approach in optimization of stability of the solid matrix - impurity system is
described in detail elsewhere [10]. The stability criterion is the structurally dependent term of cohesive
energy. This parameter was represented by the ion-ion interaction potential V(r), determined in the
frame of the pseudopotential theory. The value V(r) for the polycomponent system was satisfactorily
determined in the frame of the pseudoatomic approximation, where solid solutions are treated as if they
were composed of identical pseudoatoms having average properties (Z , fi, ai and a2). Z* is the
average valence number, and Q is the average atomic volume for the given compound. Coefficients ai
and 0.1 depend on the characteristic of impurity.

The muhicomponent HAP - Pb/Cd system is formed by substitution of calcium atoms in
stoichiometric HAP with Pb and Cd atoms, either by precipitation or in solid solution. This can be
presented by the formula: Caio.x(Pb+Cd)x(P04)6(OH)2. We used this formula for calculation in the
concentration range that corresponds to 0 < x < 4. The average properties and V(r) were furthermore
calculated for three different ratios of the concentration of impurities: Pb/Cd = 0.5, 1 and 2.

Results

The average values of the parameters Z*, Q, <Xi and <x2 for HAP - Pb/Cd system as well as
calculated values for V(r) and position of the first deep minimum (r0) are given in Table 1. In order to
simplify this, only one representative set of values were given, for the ratio Pb/Cd = 0.5. Dependence of
the ion-ion interaction potential of HAP on the concentration of incorporated impurities: Pb and
(Pb+Cd), is presented in Figure 1.

With incorporation of impurity into the solid matrix its stability can monotonously increase,
monotonously decrease, or most often this change could have some complex form [10]. With
incorporation of lead and cadmium, the value of the ion-ion interaction potential changes from -2.667
10"2 Ry for pure stoichiometric HAP (x=0, Table 1) to -40.644 10'2 Ry for HAP - Pb/Cd system
(x=0.4). Since V(r) is a measure of system stability, a more negative value means lower energy and
consequently a more stable system. As can be seen in Figure 1, stability monotonously increases in the
investigated concentration range. Therefore, incorporation of Pb and Cd into HAP increases the stability
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Table 1. The values of ion-ion interaction potential V(r) for HAP - Pb/Cd system. The ratio of
impurities is Pb/Cd = 0.5. The substitution of calcium atoms by Pb and Cd was presented by the
formula. Cai^Pb^Cd^sCPO^OH^ for 0 < x < 4.

X

0
0.2
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

(Pb+Cd)/
(Ca+Pb+Cd)

0
0.02
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

n
[a.u.3]

257.837
253.836
247.912
238.244
228.831
219.669
210.755
202.085
193.657
185.466

Z"

4.727
4.776
4.849
4.970
5.091
5.212
5.334
5.455
5.576
5.679

Oi

[Ry]

0.2500
0.2492
0.2479
0.2457
0.2436
G.2415
0.2393
0.2372
0.2351
0.2330

«2

[Ry]

0.5200
0.5179
0.5146
0.5093
0.5039
0.4985
0.4932
0.4878
0.4825
0.4771-

r«
[a.u.]

1.35
1.34
1.32
1.29
1.27
1.24
1.21
1.19
1.16
1.14

V(r)
[Ry] lO'1

-2.667
-1.087
-0.035
-1.537
-6.524
-13.842
-22.347
-30.150
-36.546
-40.644
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Figure 1. Dependance of the ion-ion interaction potential V(r) of HAP on the concentration of the
impurities. The ratio of concentration of impurities is: Pb/Cd = 0.5, 1 and 2. HAP - Pb is a system with
only one impurity - lead.

309



of the system up to a concentration corresponding to x=0.4 in the chemical formula. Above this
concentration the stability decreases and reaches a more complex form (unpublished results).

V(r) for a one component system HAP - Pb, without cadmium, is also presented in Figure 1. As
can be seen, HAP is more effective for immobilization of single Pb than Cd, which is in accordance to
experimental literature data [7]. Addition of Cd destabilizes the system. However, for the ratio Pb/Cd =
1, stability is still satisfactory for practical application. It is important to note that real systems, such as
mineral apatites or phosphate rocks [11], usually encompass simultaneous incorporation of more than
one impurity. Based on the above results we assume that parameter V(r) can be particularly useful for
investigation of these multicomponent systems.

Conclusions

From these results it can be concluded that the optimal ratio of the concentration of impurities,
for multicomponent HAP - Pb/Cd system, is Pb/Cd = 1. Deviation from this concentration leads to
destabilization of the system. This analysis denotes the ion-ion interaction potential as a simple and
efficient theoretical parameter for predicting a system's stability. Moreover, it allows an appropriate
selection of solid matrix and a ratio of concentrations for specific impurities. Consequently, it can
reduce the whole of necessary experiments that are costly and time consuming.
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