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The effects of monovalent and bivalent impurities on the diffusive mobility sodium, caesium and strontium in mag-
nesium potassium phosphate hexahydrate and clinoptilolite were analysed. It was determined that ratio of diffusion
coefficients of sodium concerning caesium and strontium are in antagonistic dependence on the caesium and strontium
content in a matrices on the basis of magnesium potassium phosphate hexahydrate. It is established that the diffusion
process in the magnesium potassium phosphate hexahydrate is due to the Frenkel. The influence of the diffusion of
impurity elements as a function of the ionic radius and the ion position in the crystal lattice of clinoptilolite has been

studied.
PACS: 66.30.-h; 81.05.Rm

1. INTRODUCTION

The present article compares the more important nat-
ural zeolite and ceramic based material (MgKPOy)
for the immobilization of ion Cs™. There have been
many articles published both on zeolite and magne-
sium potassium phosphate hydrate which devoted to
this problem, however, the use of radiation to modify
the properties of these materials is relatively unre-
ported [1-3].

Zeolites are inorganic solids consisting of enclosed
regular cavities or channels of well-defined size and
shape that are widely used in industry in separation
processes, such as catalysts and in nanoreactors [4].
A major diversity of properties of zeolites is caused by
its structural singularities. The crystalline skeleton,
for example, clinoptilolite, consists of tetrahedrons
[(Si,A1)O4] and has a substratified constitution and
two-dimensional system of channels. In this skele-
ton which has the subzero charge, the part of ions
Si*t is substituted by ions AI**, that is compen-
sated by presence of such cations as Na™, K+, Ca?",

exterior diffusion with coefficient ~107° cm?/s. Tak-
ing into account it, nanosize of clinoptilolite particles
leads to increase of a rate of an ion exchange and to
rise of adsorption capacity.

Potassium magnesium phosphate hydrate are
formed by reaction between magnesium oxide (MgO)
and potassium dihydrogen phosphate (KH2POy4) in
solution governed by reaction: MgO + KHyPO4 +
5H20 — MgKPO4-6H20 Such potassium magnesium
phosphate hydrate have good mechanical strengths,
good chemical stability and can be used for immobi-
lization of radioactive waste in other matrices.

The irradiating of magnesium potassium phos-
phate hexahydrate influences the ionic exchange
which has some the singularities [5] (Table1). With
an increase of an exposure dose the process of a leach-
ing of ions from magnesium potassium phosphate
hexahydrate decreases owing to structural modifica-
tions.

Table 1. The loss weight of ceramic samples after
leaching during 858 hours, %

Mg?*t, etc. These cations can easily be substituted
by cations of other metals. Canals and vacuities of Leaching samples | Loss weight | Irradiation
a crystalline skeleton clinoptilolite are filled «zeolite
waters>. In case of a dehydration of «zeolite water», KE-+10%CaSiO3 14.6% e~ 100 MGy
clinoptilolite is selective sorbent of CsT and Sr?* ions +0.3%H3BO;3
at the expense of coincidence of the dimensions of hol- KW+10%CaSiO3 | 18.5% e~ 100 MGy
lows of a clinoptilolite skeleton and of ionic radii of +0.3%H3BO3
Cs™ (0.181 nm) and Sr?* (0.132 nm). The kinetic | KW+10%CaSiOs | 19.9% v 1 MGy
characteristic of a sorption consists of interior dif- KE+10%CaSiO; 21.6% v 1 MGy
fusion of ions with coefficient ~107'* cm?/s and of | +0.3%H3;BO;
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The essential differences note in the diffusion of
univalent and divalent ions. Obviously, this is con-
nected with near of Cs™ and K radii (0.181 and
0.152 nm, accordingly). Radius Na™ much less also
is 0.116 nm. It is necessary to notice that irradiation
of magnesium potassium phosphate hexahydrate as
by electrons, and bremsstrahlung lead to decrease of
Cs™ diffusion coefficient at increasing of its content
in a matrix. The similar mechanism of diffusion be-
comes perceptible and for Sr?* ion. The value of
diffusion coefficient Sr>* depends on the quantity of
its content in magnesium potassium phosphate. The
most considerable modifications of Sr?* diffusion co-
efficient, more than in 10 times, are observed at an
irradiating of magnesium potassium phosphate hex-
ahydrate by bremsstrahlung to doses 1 MGy.

Apparently, in the course of an irradiating of sam-
ples the part of magnesium oxide (MgO) is dissolv-
ing in phosphoric acid (Table1) [6]. Hydration ra-
dius of Mg?* (0.426 nm) is more than radius of Sr’*
(0.412nm). Tons Mg?** are in a structure of potas-
sium magnesium phosphate hydrate in the form of
an octahedron with 6 molecules of water (Fig.1).
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Fig.1. Projection of the crystal structure of the
potassium analogue of struvite along the b-axis ro-
tated 180° in the plane of the paper. It shows thal
the sites occupied by the KT ion which, like the NH, ™
ion, lie on the (101), (103), (200), and (002) planes,
and diffraction from these planes should be most af-
fected by the replacement of NHy+ by KT. The trace
of the 101 plane through the Kt ions is marked [7]

It transpires that a well-defined potassium ana-
logue [MgKPQ4-6H20] of struvite exists, where K+

replaces the NH4T ammonium cations. These two
compounds are isostructural with the existence of a
complete isomorphous series from 100% KT to 100%
NH, " struvite. This ion replacement is possible, as
the ionic radii of KT and NH4T are almost identical
(0.152 vs 0.151 nm).

The purpose of this article is establishment of the
mechanism of diffusion of univalent ions in magne-
sium potassium phosphate hexahydrate depending on
the content of divalent elements, and also investiga-
tion of changes of value of diffusion coefficients from
an impurity content in samples. Also, the study of
the influence of ion location in a crystal lattice of
clinoptilolite on their diffusion was the purpose of this
article.

2. MATERIALS AND METHODS

Samples on the basis of magnesium potas-
sium  phosphate  hexahydrate  with  imita-
tors  "Hanford-1" KE  basin sludge and

10%CaSi03+0.3%H3B03, "Hanford-1" KW basin
sludge and 10%CaSiO3+0.3%H3BO3, "Hanford-1"
KW basin sludge and 10%CaSiO3, "Hanford-1"
KE basin sludge and 10%CaSiOs+ 0.3%H3BO3
and clinoptilolite were irradiated by electrons and
bremsstrahlung to dose 100 MGy and 1 MGy, ac-
cordingly.

After an irradiation, the leaching of samples
was realized in the distilled water at tempera-
ture 37°C. pH of the solution of leaching was 9.5.
Ge(Li)-detector was used for comparison of the
~v-spectra of these samples before and after irradia-
tion (Fig.2).
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Fig.2. Energy spectrum of the sample of potassium
magnesium phosphate hydrate after an irradiation
on the electronic accelerator before leaching [5]

3. RESULTS AND DISCUSSION

The diffusion coefficients Na, Cs and Sr in samples of
magnesium potassium phosphate hexahydrate were
calculated from expression:

where D — diffusion coefficient, ¢, — concentration of
a studied element in substance.
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The diffusion coefficients of sodium in magnesium
potassium phosphate hexahydrate demonstrate high
similarity. Perhaps this is connected with a much
smaller sodium radius relative to potassium radius
(0.116 vs 0.152 nm). The ratio of the values sum of
sodium diffusion coefficient regarding values sum of
caesium and strontium diffusion coeflicients largely
characterize the behavior of Cs* and Sr?* ions. It
can be seen, if the strontium content in matrix is large
then the diffusion coefficient of caesium in matrix on

the basis of magnesium potassium phosphate hex-
ahydrate (Tab.2) is higher. On the other hand, the
greater the amount of caesium, the greater diffusion
coefficient of strontium in ceramics on the basis of
magnesium potassium phosphate hexahydrate. The
strontium has more strong opposite effect of diffusion
regarding caesium and potassium since strontium is
not isomorphic impurity in a matrix on the basis of
magnesium potassium phosphate hexahydrate.

Table 2. The sum of ratios of the diffusion coefficients of sodium relative to caesium and strontium and
content of caesium and strontium in the ceramic samples

KE+10%CaSiO3;
+0.3%H3BO5
electrons, 100 MGy

KW-+10%CaSiO3
+0.3%H3BO3
electrons, 100 MGy

KW410%CaSiO3 KE+10%CaSiO3
+0.3%H3BO;

~v-radiation, 1 MGy | y-radiation, 1 MGy

> Dna/Dcs 15.87 28.3 34.6 14.7
content Cs, g/g | 1.6-10~% 5.25-10~% 5.15-10~% 1.7.107%
> Dna/Ds; 15.76 5.98 2.56 32.7
content Sr, g/g | 9.97-1073 4.63-1073 4.37-1073 1.09-10~2

The strength of the ion-dipole interaction of
water molecules with cation decreases with in-
creasing radius of the cation coordinated by the
molecule. Therefore it can be expected that the low-
temperature diffusion will be realised in hydrate of
barium, and high-temperature — in hydrate of mag-
nesium. But in real conditions, there is no com-
plete confirmation of this dependence on the radius
of the cations. It is necessary to notice that diffu-
sion rate depends not only on the energy state and
not only from the chemical nature of cations and an-
ions which are the nearest neighbours of a molec-
ula of water. There is another parameter, for ex-
ample, physical, or entropic which is connected with
pasynopspogeHHocTbo in a locating of atoms. Char-
acter of atomic packaging of K, Mg and POy in mag-
nesium potassium phosphate hexahydrate possesses
specificity which is bound to the extreme dimensions
of these ions. From the laws of dense atomic packing,
it is known that particles with high various sizes it
is difficult to package in an unambiguous way. Am-
biguity in the arrangement of atoms creates intern-
odes that can participate in the formation of migra-
tion paths penetrating the whole crystal in a solid.
In other words, we can say that enhanced diffusion
in crystalline hydrates is in need of not only a suit-
able energy but also a suitable space. Such space is
in MgKPQO,4-6H20O. Magnesium potassium phosphate
hexahydrate has a low specific gravity of 1.7 g/cm?.

The content of impurities in the magnesium
potassium phosphate hexahydrate also has a signifi-
cant, effect on diffusion processes, according to A Ly-
dyard’s theory [9]. The alloying of ionic NaCl crystals
by Sr?* ions leads to a decrease in the diffusion co-
efficients of anions, which is proof of the presence of
Schottky defects [10]. In our case, cation diffusion
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is suppressed, indicating a different diffusion mech-
anism in potassium magnesium phosphate hydrate,
according to the Frenkel diffusion mechanism [11].

The ionic radius of gallium is 0.076 nm, which
is less than the ionic radii of sodium and potassium
(0.116 and 0.152 nm, respectively). Therefore, inter-
stitial gallium diffusion must be significant. However,
gallium is not an isomorphic impurity in magnesium
potassium phosphate hexahydrate. Therefore, the
diffusion coefficient of gallium in magnesium potas-
sium phosphate hexahydrate should differ from the
diffusion coefficients of magnesium and potassium.
The sum of the ratio > Dyo/Dgq is less than 5%,
therefore can suggest that the diffusion of gallium
in magnesium potassium phosphate hexahydrate is
realized by another mechanism than for impurities
of sodium and caesium. Apparently, the diffusion of
sodium, caesium, potassium in magnesium potassium
phosphate hexahydrate realize by the Frenkel mech-
anism.

The diffusion coefficients Na, Ca, K, Mn and
Rn in clinoptilolite were calculated in the same way
like for magnesium potassium phosphate hexahydrate
with use of leachate of samples (Fig.3).

On Fig.4 the diffusion coefficients of ions in
clinoptilolite are presented. Clinoptilolite belongs
to microporous materials and its properties are in
many respects similar magnesium potassium phos-
phate hexahydrate. Diffusion mobility in clinoptilo-
lite is in many respects determined by steric factors.
Also, it is supposed that diffusion of cations in clinop-
tilolite is realized by the interstitial mechanism de-
spite a high vacancy concentration in it [12]. The
ionic radii of sodium and potassium are equal 0.116
and 0.152 nm that determines their site and bond
with a lattice of clinoptilolite (Fig.5) [13].
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The potassium ion is in position Al in coordination
with 6 atoms of oxygen and 3 molecules of water,
and the sodium ion is in positions Al and B in coor-
dination with 2 atoms of oxygen and 5 molecules of
water. We will notice that cation bonding distances
for sodium are 0.258 nm for site A1 and 0.267 nm for
site B. The cation bonding distances for potassium
is 0.31 (2 bonds), 0.297 (2 bonds), 0.316 (2 bonds)
for site A1. The stronger connection of potassium
ions with atoms of a skeleton clinoptilolite also causes
lower diffusion mobility of potassium (see Fig.4).

Diffusion mobility of manganese (the ionic radius
of 0.0395 nm) a little more than for potassium. The
manganese is bound with only 2 atoms of oxygen
(A3-site) in a skeleton clinoptilolite. However, as a
result of small ionic radius manganese is bound to
6 molecules of water and with strong enough bonds
[13]. The cation-water distance for Mn®" is only
0.22 nm. One can propose what the hydration com-
plex [Mn(H20)6|*" diffuses as the whole.

Diffusion mobility of calcium (the ionic radius of
0.114 nm) a little smaller than for sodium. Calcium
bonds to three framework oxygen atoms and five wa-
ter molecules in the B-channel realize in clinoptilolite.
It is known that in a structure mutual substitution
between Ca and Na takes place, the Na polyhedra
tend to be larger than Ca polyhedra. With prolonged

leaching, the diffusion coefficient of calcium decreases
substantially, which is possibly due to competition
with sodium ions for locations in the crystal lattice
of clinoptilolite.

Fig.5. Polyhedral model of a portion of the heulan-
dite structure projected parallel to the c-axis with
squares representing the most important extra-
framework sites. In addition, the prominent sym-
metry elements for space group C2/m are shown:
small circles=centre of inversion, heavy horizon-
tal lines=traces of mirror planes, double-barbed ar-
rows=twofold axes [15]

The diffusion of neutral radon in clinoptilolite is
carried out by the Knudsen mechanism. Therefore,
the diffusion coeflicient of radon in clinoptilolite is
more by 8-9 orders of magnitude with respect to other
ions.

4. CONCLUSIONS

1. The sums of the ratio of diffusion coefficients
of sodium concerning caesium and strontium are in
antagonistic dependence on the caesium and stron-
tium content in a matrix on the basis of magnesium
potassium phosphate hexahydrate. The more of the
strontium content correspond to the more of the diffu-
sion coeflicient of caesium in a matrix on the basis of
magnesium potassium phosphate hexahydrate. The
more of the caesium content correspond to the more
diffusion coefficient of strontium in ceramics.

2. It is established that the diffusion process in
the magnesium potassium phosphate hexahydrate is
caused by the transition of ions from the site posi-
tions of the regular lattice to the interstices, that is,
by the Frenkel mechanism.

3. The diffusion of gallium in magnesium potas-
sium phosphate hexahydrate is realized by the Shot-
tky mechanism.

4. The diffusion of cations in clinoptilolite is re-
alized by the interstitial mechanism and is depended
from ion positions in a crystal lattice of clinoptilolite.
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NOHHBINT OBMEH B ®OTOAKTUBUPOBAHHBIX HEOPTAHUYECKWNX
BEIIIECTBAX

H. II. /Tuxuti, A. H. /loebus, FO. B. JIswxo, /. B. Medsedes, E. II. Medsedesa,
FO.T. Hapxomenxo, B. JI. Yeapos, H. J]. Pedopey,

[Mpoanam3upoBaHO BIWSHHE MOHOBAJEHTHBIX W JIBYXBAJEHTHBIX TpUMecel Ha IudDy3MOHHYIO MOIBUK-
HOCTBb HATPWSA, II€3Us U CTPOHIUS B rekcaruapare ocdara kamus maraus. OnpeneneHo, 9To OTHONEHUS
k03 durmentoB auddy3un HATPUS OTHOCUTEIHLHO 1I€3Us W CTPOHITUS HAXOAATCS B AHTATOHUCTUYECKON 3a-
BUCHMOCTH OT COJEPXKAHUA Te3UsT M CTPOHIIUSA B MATPHIAX HA OCHOBe rekcaruapara dpocdara kamams mar-
HUsd. YCTaHOBJEHO, ¥TO nudy3uoHHbIl mpornece B rekcaruapare dhocdara Marausa 00yCIOBIEH MEXAHU3MOM
Openkensi. Usydeno snusane nudPy3un NIPUMECHBIX 3JIEMEHTOB B 3aBHCUMOCTH OT MOHHOT'O PaJIMyCca W 3a-
HAMAEMOU TIO3UINN B KPUCTAJIMIECKON PENeTKe KJIMHOIITUIOIUTA.

IOHHUM OBMIH V¥ ®OTOAKTUBOBAHUX HEOPTAHIYHIUX PEYOBMUHAX

M. I1. Tuxut, A. M. Joebns, IO. B. JIawxo, /. B. Medsedes, O. II. Medsedesa,
I0. I. Iapxomenxo, B. JI. Yeapos, I./I. Pedopeusb

[IpoananizoBaHO BIJTHB MOHOBAJIEHTHUX 1 TBOBAJIEHTHUX MOMIIIOK HA nudpy3iliHy pYXJIUBICTE HATPIO, 1Me3i0
i crpowntito B rekcarigpari dbocdary kasio maruiro. Busnadeno, mo BigHomenHs Koedimientis qudy3il Ha-
TPIO MO0 T1E3il0 i CTPOHII0 3HAXOAATHCS B AHTATOHICTHYHIM 3aJIE2KHOCTI BiJl BMICTY 11€3i10 1 CTPOHIIIO B
MaTPHIIX Ha OCHOBI Tekcarizpari ¢docdary kamio maruio. Beranosmieno, mo nudy3ifinnii mpomec y rekca-
riapari ¢docdary Kamio maraito odymosaenuit mexarizmom @Ppenkens. Busueno B andy3ii moMimmKoBux
eJIEeMEeHTIB B 3aJIE2KHOCTI BiJT I0HHOTO paJiyca i 3aiiMaHol TTO3UITT B KPUCTAIYHIH PenmiTii KIiHOMTiIo iTa.
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