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Loaded Chabazites
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INSTITUTE FOR ADVANCED MATERIALS PROCESSING

TOHOKU UNIVERSITY

KATAHIRA-2, AOBA-KU, SENDAI 980-8577, JAPAN

YOSHIO ONODERA

TOHOKU NATIONAL INDUSTRIAL RESEARCH INSTITUTE
NIGATAKE-4, MIYAGINO-KU, SENDAI 983-0036, JAPAN

ABSTRACT

Potassium nickel hexacyanoferrate(ll)s (KNiFC) were incorporated in the porous
matrix of chabazite by successive impregnation with Ni(NOs), and K4Fe(CN)g. The
loading percentage of KNiFC crystals on chabazite increased with repeated times of
impregnation. The ion-exchange equilibrium of Cs" in KNiFC-loaded chabazite
(CFC) was attained within 2 days. Relatively large distribution coefficients of Cs,
Kq,cs, above 10% cm3/g were obtained, irrespective of coexisting NaNOs; concentra-
tion. There is a large difference between the K4 value of **’Cs and those of other
nuclides; the separation factor of CY/Sr (acysr = Kgcs/Kasr) Was estimated to be
above 10*. The breakthrough curve for Cs* through the column packed with CFC
exhibited a symmetrical S-shaped profile, and this exchanger proved to be effective
for the selective removal of radiocesium from waste solutions containing highly
concentrated NaNOs.

INTRODUCTION

Special attention has been given to the selective removal of *’Cs from
radioactive waste solutions containing highly concentrated NaNOs in relation
to the reduction of the volume of wastes and the partitioning of radioactive
nuclides (1, 2). Among various inorganic ion-exchangers exhibiting high se-
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18 MIMURA ET AL.

lectivity to Cs", insoluble hexacyanoferrates have been employed for the re-
moval of ¥’Cs in the treatment of radioactive waste solutions (3-5).

Potassium nickel hexacyanoferrate(ll)s (KNiFC) can be obtained readily
by precipitating Ni(NOs), with K4Fe(CN)g (6—10). While these products are
composed of aggregates of very fine (about 30 nm in diameter) crystals and
have low mechanical stability, the precipitates of KNiFC tend to become
colloidal in agqueous solution and are unsuitable for practical applications such
as column operation. In order to improve their mechanical properties, the
preparation of ferrocyanides exchangers has been carried out by precipitation
on solid inert supports such as silica gels and bentonites (11-15). However,
the preparation procedures were rather complicated and the results were often
not reproducible.

Chabazite, a kind of natural zeolite with a relatively large void volume
(16) and a specific surface area, is available as a carrier of microcrystalline
ferrocyanides. This zeolite is a selective ion-exchanger for Cs* and has a
relatively large distribution coefficient (Kq cs) of about 10* cm®/g in the pres-
ence of NaNO3 up to 0.1 M. The Ky cs for chabazite tends to decrease mark-
edly with increasing Na“ concentration above 1 M (17). In this study we
attempted to incorporate KNiFC crystals into the porous support of chabazite
by successive impregnation of macropores with Ni(NOs), and K;Fe(CN)g
solutions.

The present paper deals with the procedure for the preparation of KNiFC-
loaded chabazites and the selective removal of 3’Csfrom highly concentrated
NaNO; solutions.

EXPERIMENTAL
Procedure for Preparation

The procedure for the preparation of KNiFC-loaded chabazite (CFC) is
shownin Fig. 1. Theunit cell content of chabazite used as aporous carrier was
Ca,[(Al0,)4(SI05)5][A3H,0 (Linde IE-96). Two grams of chabazite dried at
200°C was contacted with a 20-cm® solution of 1 M (mol/dm®) Ni(NO3),
under reduced pressure at 25°C for 3 hours and then washed with acetone
and air-dried at 90°C for 3 hours. In asimilar manner, chabazite impregnated
with Ni(NOs), was reacted with a 20 cm? solution of 0.5 M K,Fe(CN)g to
form KNIiFC precipitates in the macropores of chabazite. The single-loaded
chabazite (designated as CFC-l) was washed with deionized water and ace-
tone, air-dried at 90°C for 3 hours, and finally stored in a sealed vessel over
a saturated NH,Cl solution (humidity: 79% at 25°C) at a constant vapor
pressure of water. The double-loaded and triple-loaded samples, CFC-Il and
CFC-l11, were prepared by repetition of the above procedure.

MaRcEL DEKKER, INC.
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FIG. 1 Procedure for the preparation of KNiFC-loaded chabazite.

The structure of CFC was determined by powder x-ray diffractometry
(XRD, Rigaku RAD-B) using monochromatized CuK « radiation. Theloading
percentage and chemical composition of CFC were determined by electron
probe microanalysis (EPMA, Hitachi X-650S). The loading percentage was
defined as the weight percentage (wt%) of KNiFC crystals in the CFC prod-
ucts. The chemical composition of KNiFC was calculated by taking the
amount of irons as unity and normalizing the nickel amount to this value.
The proportion of potassium was then calculated on the basis of the iron and
nickel values and assuming electrical neutrality. Surface morphologies were
examined by scanning electron microscopy (SEM). The cyano group in
KNiFC was checked by the KBr method, using an infrared spectrophotometer
(Hitachi 260-50); the optical density (D, D = Inlo/l) of the absorption band
of C=N at 2,200 cm~* was estimated.
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Determination of Distribution Coefficient

The distribution coefficients of various radioactive nuclides were deter-
mined by the batch method. An agueous solution (7 cm?) containing 10 ppm
metal ion labeled with a radioisotope was contacted with 0.070 g of CFC
sampleat 25 + 1°C for 7 days, which was found to be sufficient for attaining
equilibrium. After the aqueous phase was separated by centrifugation at
10,000 rpm for 10 minutes, the -y-activity of the supernatant was measured
with awell-type Nal(Tl) scintillation counter. The radioisotopes *3’Cs, Na,
8gr, €0Co, 152Eu, 27U, and **Am were used as tracers. The concentration
of carrier-free 2**Am used for the distribution experiments was 2.1 X 107°
M. The radioisotope &Sr was produced by the 8Sr(y,n)8°Sr reaction with 50
MeV bremsstrahlung from an electron accelerator (LINAC) in the Laboratory
of Nuclear Science, Tohoku University, and was dissolved with 0.1 M HNOs.
Uranium-237 was prepared by the 28U(y,n)%"U reaction and purified by
TBP extraction (18).

The uptake percentage of metal ions removed from the solution, R (%),
and the distribution coefficient, Kq (cm®/g), are defined as

R=[(A — A)A] X 100 (%) (1)
Ka = [(A = A)/A] X VIm  (cm/g) 2)
where A;, A, and A; (cpm/cm?®) are the counting rates at the initial stage, at

timet, and at equilibrium, respectively; m(g) istheweight of the CFC sample;
and V (cm?) is the volume of the aqueous phase.

Breakthrough Curve

The CFC-111 (14—-20 mesh) sample (3 g) was densely packed into a glass
column (6 mm ¢ X 200 mm long) with a jacket thermostated at 20°C. The
column volume of CFC-11I was 3.4 cm3. A feed solution containing 5 X
1073 M Cs'-5 M NaNO3 was then passed through the column at a flow rate
of 0.13 cm®min [space velocity (SV) = 2.3/h]. Every 3 cm® of the effluent
was taken by a fraction collector, and then their y-activities and pH were
measured. A breakthrough curve was obtained by plotting the breakthrough
ratio (C/C,) againgt the effluent volume, where Cy and C (cpm/cm®) are the
counting rates of the initial solution and the effluent, respectively.

RESULTS AND DISCUSSION
Surface Morphology and Structure

A cross section of the CFC-111 particles embedded in the acrylic resin was
submitted to EPMA. An energy dispersive spectroscopic (EDS) spectrum for
the inner part of this particle is shown in Fig. 2. The constitutional elements
of KNiFC (K, Fe, and Ni) were detected in the spectrum, indicating that the

MaRcEL DEKKER, INC.
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FIG. 2 EDS spectrum for inner part of CFC-II1 particle.

KNiFC crystals are loaded on the macropores of chabazite. Here the K* ions
are constituents of both chabazite and KNiFC as exchangeable cations. The
EDS spectrum in the vicinity of the surface was similar to that of the inner
part of the particle. The chemical composition of CFC-11l1 was determined
to be K145Nig7[NiFe(CN)g] by quantitative EDS analysis using the ZAF
correction method (19). Figure 3 shows the SEM image of the CFC-111 parti-

Copyright © Marcel Dekker, Inc. All rights reserved.

FIG. 3 SEM image of CFC-III particle.
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cle. The KNiFC crystals are seen to be precipitated onto the surface of the
carrier (chabazite) and are identically spherical/cubic in shape. The crystal
size as roughly estimated from SEM image was about 20 nm. In order to
check the homogeneity of loading of KNiFC, a loaded sample was further
contacted with 0.1 M CsNOs—5 M NaNO; solution, and the treated specimen
was submitted to EPMA. Here the Cs" ions were preferentially adsorbed on
KNIiFC crystals. The result of line analysis of Cs-L,, for the cross section of
the CFC granule showed that Cs" ions are uniformly dispersed throughout
the granule, indicating loading of the KNiFC crystals onto the macropores.

Though the XRD intensity of the KNiFC crystals |oaded was rather weak,
main diffraction peaks for the face-centered cubic (FCC) structure of KNiFC,
e.g., 200 (20 = 17.620°), 220 (24.740°), 222 (30.780°), and 400 (35.700°),
were observed, together with those of chabazite. The lattice parameter of
KNiFC was calculated to be 1.00163 + 0.01167 nm (20), which is close to
that of those prepared by precipitation methods (10). The structure of chaba
zite was unaltered before and after loading of KNiFC.

Physicochemical properties of the CFC samples are summarized in Table
1. The loading percentage for CFC-1 prepared with 1 M Ni(NO3), was found
to be somewhat larger than that with 0.5 M Ni(NOs),. Theloading percentage
tended to increase with repeated times of impregnation, and in the triple
loading (CFC-111) it attained 13.4 wt%, which is about 35% lower than that
of copper-hexacyanoferrate-loaded resins (RCUuCF-I11) (21). In this experi-
ment the impregnation operation was stopped after the third loading, and it
would be necessary to do more impregnations to estimate the maximum
amount of KNiFC that could be loaded on CFC. The optical density (D) of
the absorption spectrum assigned to the C=N stretching vibration at 2,100
cm~! also increased with repeated runs (22).

TABLE 1
Physicochemical Properties for CFC Samples

Loading percentage Qma’
Samples (wt%) D2 (mmol/g)
Chabazite (carrier) — — 197
CFC-1 [0.5 M Ni(NO3),]¢ 3.7 0.055 1.87
CFC-l [1 M Ni(NO3),]¢ 5.9 0.18 1.45
CFC-I1 [1 M Ni(NO3),] 109 0.46 1.44
CFC-111 [1 M Ni(NO3),] 134 0.70 151

aOptical density (D = In lg/1) of asymmetric CN~ stretching at 2,100 cm™™.

b Maximum amounts of Cs* adsorbed (Q.») Were calculated from Langmuir plots.
¢ Single loading with 0.5 M Ni(NOs),.

d Single loading with 1 M Ni(NOs),.

MaRcEL DEKKER, INC.
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FIG.4 Uptakerate of Cs" for chabazite and CFC-I11. (O) Chabazite (14—20 mesh), () CFC-
[11 (14—20 mesh), (A) CFC-lII (65100 mesh); V/m, 100 cm®/g; 10 ppm Cs'—=5 M NaNOs;
centrifugation, 10* rpm, 10 minutes; 25°C.

Uptake Rate of Cs

Figure 4 shows the effect of equilibration time on the uptake percentage,
R (%), of Cs" on chabazite and CFC-I11 in the presence of 5M NaNOs. Here
the NaNO; concentration of 5 M corresponds to that in low-level radioactive
waste solutions from the reprocessing process ([NaNOs]: 400 g/dm?®) (23).
The adsorption of Cs" on chabazite reached equilibrium within 3 hours, and
arelatively low R value of about 35% was obtained. On the other hand, the
adsorption of Cs" on CFC-I1 was fairly rapid in the initial stages, probably
due to exchange on the surface, followed by a slow step controlled by mass
transfer within particles (7, 10, 21). A relatively large R value, above 95%,
was obtained within 2 days. The uptake rate for CFC-111 with a particle size
of 65-100 mesh was dlightly faster than that with a larger particle size of
14-20 mesh.

lon-Exchange Isotherm for Cs* Uptake

In order to clarify the ion-exchange mechanism, ion-exchange isotherms
were obtained in awide range of initial Cs" concentrations from 1072 to 0.1
M. The equilibrium amount of Cs" adsorbed on CFC approached a constant
value at Cs* concentrations above about 40 mmol/dm?3, suggesting that the
uptake of Cs" follows a Langmuir-type adsorption equation (7, 10). The Lang-
muir equation is given by

Qeg = KQmaxCeo/(1 + KCq) (mol/g) (3)
where C, (mol/dm®) and Qe (Mol/g) are the equilibrium concentrations of

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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FIG. 5 Langmuir plots for Cs" uptake for chabazite and CFC. (O) Chabazite, (A) CFC-I,
(V) CEC-II, (LJ) CFC-lII; pHeq 3.70-5.83; equilibration, 25°C, 7 days.

Cs" in the aqueous and solid phases, respectively; Qmax (mol/g) is the maxi-
mum amount of Cs* taken up; and K (dm*mol) is the Langmuir constant.
The equation can be rewritten as

Ceq/Qeq = UKQmax + (]-/Qmax)ceq (g/de) (4)

As seen in Fig. 5, fairly linear relations between Cq,/Qeq and Coy were
obtained from Langmuir plots, with correlation coefficients above 0.99. The
estimated Qnax Values are summarized in Table 1. The Q4 Values for CFC
were rather low compared with that for chabazite, suggesting that the ma-
cropores of chabazite were considerably blocked by the successive loading
of KNiFC crystals; the Qo vValue for CFC-11l1 was about 25% lower than
that for chabazite. No appreciable difference in Q. Values was observed
among CFC samples prepared with 1 M Ni(NO3),. The Qnax Valuesfor CFC
were about 4—10 times larger than those for CuFC-loaded resins (21).

Distribution of Cs* in the Presence of Monovalent
Cations

The effect of coexisting monovalent cations on Kqcs Was examined to
estimate the selectivity to Cs'. Figure 6 showsthe effects of theinitial concen-
tration of competing monovalent cations (Na*, K*, and NH; ) on Ky cs for
CFC-I11. Here the distribution behavior of Cs" for CFC-I11 is compared with
that for chabazite.

The Ky cs value for CFC-111 was almost constant in a fairly wide range of
Na* concentrations from 10~ to 5 M; even at higher Na* concentration of

MaRcEL DEKKER, INC.
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5 M, the K4 cs value was above 10* cm®/g, suggesting high selectivity to Cs'.
On the other hand, the K4 ¢ for chabazite decreased linearly with increasing
Na" concentration above 0.1 M, and the K4 5 value for chabazite was consid-
erably lowered below 10?2 cm3®/g in the presence of 5 M NaNOs.

In the presence of K*, the Kqcs for CFC-I11 tended to decrease dlightly
withincreasing K* concentration above 1 M. The distribution of Cs" for CFC-
Il was considerably affected by NH; concentration; there was a linearity
with a slope of approximately — 1 above 0.1 M in aplot of log K cs VS 10g-
[NHJ ], suggesting that the uptake of Cs" on KNiFC was substantially gov-
erned by a cation-exchange reaction of K* D Cs* (7, 24). In the presence of
5M NH4NO3z, the Ky cs Was considerably lowered below 10% cm®/g; ahighly
concentrated NH, solution seems to be effective for the elution of Cs* ad-
sorbed on CFC.

Based on Fig. 6, we can conclude that the order of Ky s in the presence
of coexisting cations is NH; > K* > Na', which closely resembles the
increasing order of the size of hydrated cations (25).

Distribution of Various Nuclides

The affinity of various radionuclides (*3’Cs, %°Co, &Sr, 1°?Eu, 2*’U, and
241 Am) for CFC-IIl was examined at different concentrations of NaNOs.
Table 2 summarizes the Ky values of various nuclides for chabazite and CFC-
Il at different concentrations of NaNOs. A similar tendency was observed
in the distribution behavior of radionuclidesfor chabazite; the K4 values were

106 T T 1 T
105} a i
N -~ g e o
o 10¢f @ ® 4, |
o O
E .
S 103} J
v 102} N
x % O 8
10' - \, .
0
100 1 i 1 1
107 10" 102 10! 10° 10!
M* /M

FIG. 6 Effectsof initial concentration of monovalent cations on Ky s for chabazite and CFC-
I1l. M* = Na*, K*, or NH; ; (@) Na*/CFC-111, (A) K*/CFC-III, (M) NH /CFC-lIl, (O) Na'/
chabazite, (A) K*/chabazite, ((]) NH. /chabazite.
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TABLE 2
Comparison of Ky of Various Nuclides for Chabazite and CFC-111 at Different Na*
Concentrations

Kq (cm3g~1)
lon [Na‘]
exchanger (M) Cs Sr Am Co Eu U
Chabazite 10 1.1 x 10* 7.7 x 10° 2.0 x 10° 14 x 10* 24 x 10* 1.1 x 10°
1072 6.3 x 10* 36 x 10° 1.6 x 10° 6.6 x 10° 15 x 10* 1.3 x 10°
1071 6.8 x 10° 2.0 x 10° 4.2 x 10° 1.9 x 10? 3.3 x 10°® 8.7 x 10?
1 5.4 X 107 5.8 12x 10 16 x 10 36 X 10 45 x 107
5 49 x 10 — 3.0 10X 10 14 x 10 3.4 x 10?
CFC-111 107° 1.0 x 10* 1.0 x 10* 38 x 10° 74 x 10® 1.9 x 10* 3.3 x 10°
1072 7.2 x 10* 24 x 10° 6.3 x 10> 1.3 x 10° 8.1 x 10® 25 x 10°
107! 15 x 10* 1.1 x 10° 19 x 10° 1.3 x 10°? 9.2 x 10? 1.6 x 10°
1 3.3 x 10* 2.4 13X 10 64 x 10 39 x 10 86 x 102
5 33x10* — 15x 10 73 x 10 28 x 10 45 x 10?

relatively large at concentrations of Na" below 102 M, beyond which they
tended to decrease markedly with increasing Na" concentration. The Kq values
of 13’Cs for chabazite were dightly larger than those for other nuclides be-
cause this zeolite has a relatively high selectivity to Cs™ (17, 26). On the
other hand, in the case of CFC-l1I there is a large difference between the Ky
of 13’Cs and those of other nuclides; the Ky cs value was almost constant
above 10* cm®g up to 5 M Na', while those of other nuclides decreased with
increasing Na* concentration, similar to the case of chabazite. The separation
factors of CY/Sr (acysr = Kacs/Kasr) for CFC-111 and chabazite at different
concentrations of NaNO; can be estimated from Table 2. At concentrations
of Na* below 102 M, thereislittle differencein acys Values between CFC-
Il and chabazite, while the difference becomes very large with increasing
Na" concentration above 0.1 M. For example, the acys value for CFC-I11 is
calculated to be above 10* in the presence of 1 M Na, suggesting that this
exchanger is available for the mutual separation of these nuclides.

Breakthrough Properties of Cs through CFC Column

To obtain information on the dynamic adsorption behavior of Cs", its break-
through property from a highly concentrated NaNO3 (5 M NaNOs) solution
was examined at a constant flow rate using the column packed with CFC-
I11. Figure 7 illustrates the breakthrough curve for Cs", which isasymmetrical
S-shaped profile. This suggests no dislodgment of KNiFC from the matrix
of chabazite. The pH values of the effluentsin theinitial stage were somewhat
higher than that of the feed solution (5 X 1073 M Cs'*-5 M NaNOjs, pH
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FIG. 7 Breakthrough curve for Cs" through a column packed with CFC-111. CFC-111, 3.00 g;
feed, 5 X 1073 M Cs'-5 M NaNOg; SV, 2.3/h; 20°C.

3.92) because the effluents contained exchangeable K™ ions replaced with
Cs" and Na'. The break point of 5% breakthrough was estimated to be 84.6
cm? [bed volume (BV) = 24.9], which was about 2.5 times larger than that
of chabazite. The breakthrough capacity (B.T.Cap.) and total capacity
(T.Cap.) were calculated to be 0.14 and 0.21 meg/g, respectively, resulting
in arelatively high column utilization (B.T.Cap./T.Cap.) of 67%. The column
packed with CFC wasthus effective for the selective removal of trace amounts
of 3’Cs from waste solutions containing highly concentrated NaNOs.

CONCLUSIONS

Potassium nickel hexacyanoferrates (KNiFC) were loaded on a porous ma-
trix of granular chabazite by successive impregnations of Ni(NOs), and
K4Fe(CN)e. The loading percentage of KNiFC increased with repetition im-
pregnations. The loading of KNiFC on chabazite led to improvements in both
mechanical stability and selectivity to Cs*; the Ky s for CFC was almost
independent of the coexisting NaNO3 concentration, and a relatively large
K4,cs Value above 10* cm?®/g was obtained even in the presence of 5 M NaNOs.
The CFC products also exhibited a relatively large separation factor of Co/
Sr above 10*. Selective removal of Cs" from highly concentrated NaNOj;
solutions can be achieved by using a column packed with CFC.
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