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Metakaolin-based Geopolymer for Immobilizing Concentrated Cs

Generated by Volume Reduction of

Y¥/Cs-contaminated Waste

ICHIKAWA Tsuneki" **, WATANABE Sadayuki’, ARAI Hiroyuki’, HAGA Kazuko®, and
YAMADA Kazuo’

e Summary e Cs-loaded geopolymer, cation exchangeable amorphous aluminosilicate prepared by mixing
metakaolin, water glass and water-soluble CsCl at ambient temperature, was found to immobilize Cs strongly
and to release it very slowly into sea water. The leaching test of geopolymer containing 9.1% by mass of Cs
showed that geopolymer prepared from 10 : 15 weight ratio of metakaolin and water glass held more than 97%
of Cs after prolonged immersion in deionized water. The leaching restarted in seawater, though the effective
diffusion coefficient for Cs leaching was as low as 1.96x10~ cm*h. The theoretical analysis of the leaching
process including ionic diffusion and ion exchanging revealed that the slow release was due to the high selectivity
coefficient of cation exchange sites for Cs* adsorption and much higher concentration of adsorbed cations in
the pore solution of geopolymer than that of cations penetrated from sea water. The low leaching ratio in
deionized water and the slow leaching rate in seawater indicate that geopolymer is possible to be used as an

immobilizer-solidifier for concentrated Cs generated by volume reduction of *’Cs-contaminated waste.

Key Words: radioactive waste, decontamination, '¥’Cs, volume reduction, geopolymer, immobilizer, metakaolin,

water glass

1. Introduction

Since the Fukushima Daiichi Nuclear Power Plant
Accident on March 11 of 2011*%, an enormous amount
of ¥’Cs-contaminated wastes such as *’Cs-contaminated
top soil and *’Cs-enriched municipal solid waste inciner-
ator fly ash have been collected and temporally stored as
a result of decontamination works®. To find land space
wide enough for the final disposal of the contaminated
wastes is now a social issue in Japan.

One of feasible ways to solve the problem is the
volume reduction by decontamination. Several attempts
have been made for the volume reduction. Takeshita et
al. have proposed the decontamination of top soil by hy-
drothermal treatment®”. We have proposed a super vol-

ume reduction system composed of pyroprocessing and

ion chromatographic decontaminations®”. In any case,
the decontamination work generates new *’Cs—enriched
waste containing a significant amount of Cs that is gen-
erally water-soluble. The solidification-immobilization
of Cs enriched waste is therefore inevitable for the final
disposal.

Vitrification with borosilicate glass is the safest way
of immobilizing Cs for a long period, though it is very
costly!®. Cement solidification is a simple and low cost
solidification process and has been widely used for ra-
diologically contaminated waste. Cement solidification
is generally attained by mixing waste, hydraulic binder
and water under alkaline conditions. Portland cement
is commonly used as a binder, though it has no ability

of immobilizing Cs* ions. Geopolymer is an alkali-ac-
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Table 1.  Composition of source materials used for the preparation of geopolymer samples
Component ALO; (mol/kg) Si0,(mol/kg) Na,O (mol/kg) TiO, (mol/kg) H,O (% by mass)
Metakaolin 4.37 8.65 0.32 0.24 0.1
Water glass 0 6.11 2.84 0 45.8

tivated aluminosilicate that has been extensively stud-
ied in recent years as a substitute of Portland cement'”.
Geopolymer can be solidified by mixing powdered alu-
minosilicates such as metakaolin, coal fly ash and blast
furnace slug with alkali silicate and/or alkaline solutions
at ambient temperature to give chemically, thermally and
mechanically stable materials. Due to its stability, cation
adsorption capacity and tolerance to ionizing radiations,
geopolymer is an attractive candidate for the solidifica-
tion and immobilization of radioactive wastes'>!".
Several attempts have been made for utilizing geo-
polymer as a Cs* immobilizer'®?®, These results sug-
gested that the leaching resistance of geopolymer was
induced by the suppression of ionic diffusion arising
from narrow pore diameters and by ionic adsorption by
aluminosilicate cation exchange sites to form (CsAlO,)
(810,),,,. Although these studies showed that geopolymer
had enough ability of suppressing the leaching of Cs to
deionized water, the leaching to sea water has scarcely
been studied. Intrusion of sea water might be possible
to take place during the long storage period by tsunami
and storm surges. Since sea water is an electrolyte solu-
tion composed of alkali and alkaline earth metal cations,
chloride and sulfate anions, and so on, the cations pen-
etrated into geopolymer are possible to exchange with
Cs" to cause the leaching of Cs. In the previous work,
we studied the leaching of Cs from geopolymer prepared
from copper ferrocyanide-loaded silica gel as a spent Cs
adsorbent, metakaolin and a NaOH solution, and found
no leaching both in deionized water and in sea water?.
However, the content of Cs in the geopolymer was as low
as 0.5% by mass of the geopolymer. Since the final vol-
ume reduction factor is proportional to the content of Cs
in a final disposable product, to increase the content of Cs
in geopolymer is desirable for attaining a higher volume
reduction factor. In the present study, the leaching of Cs
from metakaolin-based geopolymer containing 9.1% Cs
by mass of Cs to deionized water and sea water was stud-
ied for certifying the long-term soundness of geopolymer

as a Cs-immobilizer. The physicochemical properties

of the geopolymer were also studied for clarifying the

mechanism of Cs-immobilization.

2. Materials and Methods
(1) Materials

Metakaolin used was Satintone SP33 supplied by
BASEF, USA. Table 1 shows the chemical composition
of the metakaolin. The metakaolin (general formula =
Al,04(Si0,),) was chosen as a source material of geo-
polymer because this was easily solidified at ambient
temperature by adding an alkaline solution. Several me-
takaolin samples and other aluminosilicates tested were
not solidified at ambient temperature. Alkaline solutions
used were the aqueous solution of sodium silicate (water
-zH,0) and/or the

aqueous solution of NaOH. The chemical composition of

glass: general formula = Na,Si,, O,
water glass supplied by Junsei Chemicals is also shown
in Table 1. Cs" ions may be incorporated in geopolymer
either as an alkaline salt such as CsOH or Cs,O or as a
neutral salt such as CsCl or Cs,CO,. When an alkaline
salt is added, as mentioned in the following section, OH-
ions generated from the salt are consumed to generate
geopolymer and the counterpart Cs* ions are incorporat-
ed as adsorbed ions of the resultant geopolymer. When a
neutral salt is added, the anions and at least a part of Cs*
ions are dissolved in the pore solution of geopolymer as
free ions. To use a neutral salt as a Cs source is therefore
less desirable for preventing the leaching of Cs. In the
present study, for examining the ability of suppressing Cs
leaching under a severe condition, CsCI was used as a Cs

source and *’CsCl was used as a radioactive tracer.

(2) Sample preparation

Geopolymer was prepared by thoroughly hand-mix-
ing metakaolin, CsCl, water glass and/or a NaOH solu-
tion for three minutes and then poured into a plastic petri
dish with inside dimensions of 3.4 cm diameter and 1 cm
height or into an air-tight laminated bag. For obtaining a
flat surface and avoiding a carbonation reaction, geopoly-

mer in the petri dish was tightly covered with a plastic
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sheet and the cap of the dish, and stored in an air-tight
laminated bag. After waiting for one day for setting, the
samples were cured for two weeks at 60°C. Geopolymer
discs in the dishes were used for leaching tests without
demolding, whereas those poured in the bag were used
for chemical analyses after crashing into powder. Since
the chemical reaction of geopolymer formation is ex-
pressed as
Na,Si,, Oy, + H,0 — (149)Si0, + 2NaOH -+ - -
and
ALOL(SiO,), +a(1+y)SiO, + 2aNaOH + (2-2a)NaOH
— 2NaAlO,(Si0,), .., + H,0

+H,0 — (1+3)Si0, + 2NaOH

342y

the amounts of water glass and NaOH added to metaka-
olin were adjusted in such a way that the total molar
amount of Na atoms in the mixture was the same as that
of the Al atoms. The amount of water glass added to 10
grams of metakaolin was either 0, 5, 10 or 15 grams. They
will be called GP10-0, GP10-5, GP10-10 and GP10-15, re-
spectively. The amount of water added was adjusted in
such a way that the total weight of water was equal to
that of metakaolin. Unless otherwise stated, the content
of Cs in geopolymer was fixed to 9.1% by mass (wt%) of
geopolymer (0.685 mol/kg or 10 wt% by the outside ratio).

(3) Analytical methods

The Cation exchange capacity (CEC) of geopolymer
was determined by measuring the amount of free OH"
ions in powdered geopolymer by an acid-base titration.
Subtraction of the amount of free OH" ions from the total
amount of Na* ions added for the solidification gave the
amount of alkali metal ions adsorbed on cation exchange
sites AlO, . Five grams of powdered geopolymer was
mixed with 50 grams of deionized water in a centrifugal
tube. After stirring for six hours, the solution was cen-
trifuged for 15 minutes at 4000 rpm and the supernatant
solution was sucked through a 0.2 um pore syringe filter
and served for an acid-base titration. After adding a 0.1
mol/dm?® (M) HCI solution, the solution was back-titrated

with a 0.1 M NaOH solution using methyl orange as an
indicator.

X-ray diffraction (XRD) analyses were carried out
with a Rigaku SmartLab X-ray diffractometer equipped
with Studio II software for XRD analysis. Solid state
MAS NMR spectra were measured with a JNM-ECA600
FT NMR spectrometer. The porosity of geopolymer was
determined by measuring the volume and the weight loss
of geopolymer by drying at 110°C. The weight loss was
assumed to be equal to the volume of free water filling
the pores in geopolymer. The distribution of the pore di-
ameter was measured with a Shimadzu Autopore 119200
mercury intrusion porosimeter.

The selectivity coefficient of Cs' adsorption for
GP10-10 was determined by measuring the fraction of Cs
that was leached out from the powdered geopolymer into
deionized water, sea water, a 0.6 M NaCl solution or a 1
M CsCl solution. Table 2 shows the chemical composi-
tion of sea water used for leaching tests. About 0.5 g of
weighed GP10-10 powder labelled with ca. 7000 Bq/g of
137Cs was mixed with one of the solution, and was stirred
for two days for attaining an adsorption equilibrium con-
dition. The suspension was then centrifuged at a speed
of 4000 rpm for 15 minutes, and filtrated with a 0.2 pm
pore syringe filter. Two cm?® of the filtrate was transferred
in a plastic petri dish with inside dimensions of 3.4 cm
diameter and 1 cm height. For preventing uneven distri-
bution of the filtrate due to surface tension between the
filtrate and the plastic bottom, a paper filter of 3.3 cm in
diameter was placed on the bottom of the dish before the
transfer. The dish was then transferred into a y-ray mea-
suring apparatus with a Nal crystal scintillator of 5.08 cm
diameter and 5.08 cm height. The radioactivity of '*’Cs
was determined under the secular equilibrium condition.
Since the content of Cs in the 1 M CsCl solution was more
than 100 times larger than that in GP10-10, the amount of
Cs leached into the CsCl solution was equal to the initial
amount of Cs in GP10-10. The amount Cs leached into de-
ionized water gave the amount of Cs that was not bound

to the cation exchange sites of GP10-10. The difference

Table2.  Chemical composition of artificial sea water used for leaching test
Tonic species Na* K* Mg>* Ca** Sr2* ToFal Cl- Br- SO+  HCOs” To.tal
cation anion
Concentration/mM 465 9.87 53.3 9.98 0.096 601* 543 0.839 27.6 2.33 601*
*meqg/dm?
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between the amounts of Cs leached into the 1M CsCl
solution and into deionized water gave the amount of Cs

bound to the cation exchange sites.

(4) Leaching test

Cs leaching tests were carried out by measuring the
intensity of y-rays emitted from '*’Cs in geopolymer discs
after immersing them in deionized water, sea water, a 0.6
M NacCl solution or a 0.6 M CsCl solution at 30°C. For
preventing the back diffusion of leached Cs, the solutions
were renewed every time after the measurements. The
intensity of y-rays was measured by placing the Nal de-
tector on the open surface of the disc. The detected inten-
sity of y-rays is generally not the same as the amount of
Cs remaining in the geopolymer. The intensity / from the
disc with thickness L is a function of the concentration
of Cs at distance z form the surface of the disc, C(z), the
geometrical efficiency of detecting y-rays generated at z,
2(z), and the attenuation factor of the y-rays that can be
approximately given by exp(-az), where « is an attenua-

tion coefficient, as

I= JOL C(2)g(z)exp(—az)dz + -« wrwerrreenn 3)

To know the functional shape of g(z)exp(-az) (detection
efficiency) is therefore necessary for determining the
total content of Cs from the observed radiation intensi-
ty. The functional shape was determined by measuring
the radioactivity of a ’Cs-doped thin paper disc of 3.4
cm diameter that was sandwiched between aluminum
plates of 3.4 cm diameter with the total thickness of 1
cm. Fig. 1 shows the detection efficiency as a function of
the distance from the surface. The detection efficiency at
the bottom of a 1 cm geopolymer disc was also shown in
Fig. 1. Although the density and therefore the attenuation
coefficient of geopolymer was lower than those of alu-

minum, the sensitivity coefficient at 1 cm was not much
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Fig.1.  Detection efficiency of '¥’Cs y-rays as a function of distance

z between the surface of y-ray shielding material and *’Cs
y-ray source

different. The main factor contributing to the detection
efficiency was therefore the geometrical efficiency. The
detection efficiency for geopolymer was approximately
expressed by function 1 - 0.581z + 0.133z2.

3. Results and Discussion
(1) Characterization

Table 3 shows the composition of geopolymer sam-
ples used for physicochemical characterizations. Within
two hours after mixing the ingredients, GP10-0, GP10-5
and GP10-10 were fluid enough for filling petri dishes for
molding without giving vibration. GP10-15 was too vis-
cous to fill the mold without giving vibration. The setting
times of all the samples were less than 15 hours at am-
bient temperature. The density of geopolymer increased
with increasing the content of water glass added for the
preparation. The porosity decreased with increasing the

content of water glass. Fig. 2 shows the distribution of

Table3. Composition and characteristics of geopolymer samples
Sample Al (mol/kg)  Si/Al (mol/mol) Cs (Wt%) CEC"(eq/kg)  (Na+Cs)"/CEC Density Porosity
GP10-0 3.34 0.99 9.1 3.18 1.29 1.68 0.60
GP10-5 3.13 1.34 9.1 2.88 1.35 1.73 0.59
GP10-10 2.94 1.69 9.1 2.74 1.34 1.78 0.54
GP10-15 2.75 2.04 9.1 2.63 1.33 1.82 0.52

*Cation exchange capacity
**Total molar amount of Na*and Cs*ions in 1 kg of geopolymer.
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Fig.2. Cumulative distribution of pore diameter in geopolymer
GP10-10

pore diameter for GP10-10. The volume-averaged di-
ameter was 12.8 um whereas the surface arca-averaged
diameter was 12.6 nm. The cation exchange sites were
therefore located on the surface of micro pores with the
average diameter of 12.6 nm.

As shown in Table 3, the CEC of geopolymer sam-
ples were close to the amount of Al, which indicates
that most of Al atoms were used for preparing cation
exchange sites AlO,". Fig. 3 shows the solid-state MAS
NMR spectra of 2’Al, ¥Si, #*Na and 33Cs in GP10-10.
The 2?’A1 NMR spectrum can be assigned to the Al atom
coordinating four —O-Si- groups and acting as a cation
exchange site?¥, which accords with the fact the CEC was
close to the content of Al atoms. The ¥Si NMR spectrum
can be assigned to Q* species coordinating four —O-Si-
and/or —O-Al- groups, which indicates that three-dimen-
sional silica networks were developed in geopolymer.
The NMR chemical shifts of 2Na and 33Cs were slightly
changed by changing the molar ratio of Cs to Na, which
suggests that the strength of electrostatic field generated
by cation exchange sites changed site by site.

Fig. 4 shows the XRD patterns of geopolymer sam-
ples. GP10-0 indicates the formation of both amorphous
and zeolite phases. The latter phase was assignable to
zeolite Cs-F»). GP10-5, GP10-10 and GP10-15 did not
show the presence of a crystalline phase, which suggests
that the formation of crystalline phase was suppressed by

adding viscous water glass.
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Fig.3.  Solid state MAS NMR spectra of 7’Al, *’Si, *Na and '**Cs in
geopolymer GP10-10

The resistance of geopolymer toward Cs leaching
arises from the adsorption of Cs* ions on the cation ex-
change sites. The stronger the adsorption is, the slower
the leaching is. The strength of the adsorption can be ex-
pressed with an ionic selectivity coefficient. When geo-
polymer is immersed in the solution of electrolyte such as
NaCl solution, the ion exchange reaction takes place be-

tween adsorbed Cs' ions and Na' ions in the solution, as
GP-Cs+Na* 2 GP-Na+Cs"

where GP-X denotes X' cations adsorbed on the cation
exchange sites of geopolymer. Under the equilibrium

condition, we obtain
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Fig.4. XRD patterns of geopolymer samples containing Cs.
See Table 3 for the compositions of the samples
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_ [Na'][GP-Cs]

N 7 [Cs*][GP-Na] ©)

where K, is the Cs selectivity coefficient of the ion ex-
changer against Na* ions, [GP-Cs] and [GP-Na] are the
molar amounts of adsorbed Cs* and Na* ions, [Cs'] and
[Na*] are the molar amounts of unbound free Cs* and Na*
ions in the solution, respectively. Using the law of mass

valance, Eq. (5) is rewritten as

~ (INa*], +[Cs"], ~[Cs*])([GP-Cs], +[Cs"], ~[Cs"])
[Cs*](CEC ~[GP-Cs], +[Cs']-[Cs'],)

Cs/Na —

Here [Na'], and [GP-Cs],, are the initial amounts of [Na"]
and [GP-Cs], respectively, [Cs'], is the initial amount of
Cs* that is in geopolymer but is not adsorbed, and CEC
is the cation exchange capacity. Eq. (6) indicates that the
selectivity coefficient is determined by measuring the
amount of Cs" ions released into the solution.

Since sea water contains several minor cations other
than Na" ions, the selectivity coefficient of Cs" adsorption
is not able to be expressed by a simple function. However,
assuming that the effect of minor cations on the Cs* ad-
sorption is replaceable with Na* ions of equivalent con-
centration (e.g. 10 mM of Ca*" is equivalent to 20 mM
of Na"), the selectivity coefficient for sea water can be
expressed with Eq. (6) by replacing [Na'], with the total
amount of cations in sea water. Fig 5 shows the selectivity
coefficients of Cs" adsorption for GP10-10 in sea water
and in a 0.6 M NaCl solution. With increasing the amount
of adsorbed Cs, the selectivity coefficient decreased to-
ward the lowest value of 16. This is because of the inho-
mogeneity of the cation exchange sites. Since Cs* ions
were preferentially adsorbed on the exchange sites with
higher selectivity coefficient, the average selectivity coef-
ficient gradually decreased with increasing the amount of
adsorbed Cs. The inhomogeneity of the cation exchange
sites caused the concentration-dependent chemical shifts
of 2Na and '*Cs NMR spectra shown in Fig. 3. The se-
lectivity coefficient in sea water was approximately the
same as that in the NaCl solution, which certifies the va-
lidity of the assumption that the effect of minor cations in
sea water on the selectivity coefficient of Cs* adsorption

is replaceable with equivalent Na* ions.
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O (O :In sea water
o ® :In 0.6M NaCl
E 20} -
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Fig.5.  Selectivity coefficient K, of Cs" adsorption for geopolymer
GP10-10 against Na* ions in 0.6 M NaCl solution or all cations
in sea water. [GP-Cs] and CEC denote the amount of adsorbed
Cs* ions and the cation exchange capacity, respectively. Sea
water is regarded to be equivalent to a 0.6 M NaCl solution

(2) Csleaching from geopolymer

Fig. 6 shows the leaching of Cs from geopolymer
discs to deionized water at 30°C. As shown in Table 3,
the total amounts of Na" and Cs* ions were about 30%
higher than the cation exchange capacities, which imply

that about 30% of alkali metal ions were not fixed to the
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Fig.6. Decrease of '¥’Cs y-rays from geopolymer samples by
the leaching of Cs to deionized water at 30°C.
See Table 3 for the compositions of the samples
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cation exchange sites but were dissolved in the pore solu-
tions of geopolymer as free ions. The leaching of Cs in
deionized water was less than 15% for all the samples and
was terminated within one week. The leaching of less
than 15% of Cs indicates that Cs* ions were preferential-
ly adsorbed in geopolymer. The leaching followed the
square-root time law, which implies that the leaching was
a diffusion-controlled process.

As mentioned in chapter 2(4), the detected intensi-
ty of y-rays from a geopolymer disc is not necessarily
proportional to the amount of Cs remained in the disc,
because the detection sensitivity depends on the location
of ¥7Cs in the disc. To know the spatial distribution of Cs
in the disc during the leaching is therefore necessary for
obtaining the residual amount of Cs from the observed
intensity of y-rays. Assuming that the leaching of Cs is
a simple diffusion-controlled process, the spatial distri-
bution of Cs in a geopolymer disc with thickness L is ob-

tained by solving a diffusion equation of

e, Fee)
5 Do (7)

where D, is the effective diffusion coefficient for Cs

leaching. The solution of Eq. (7) under the boundary con-

ditions of

[C(z)]Z:0 =0 ----- 8.0 .. . Y EQs. ®)
and

[6C(z) / az]::L L@ BB R )
is given by

Czy=c,y 2sinllnt1/Drz/ L]

—-n+1/2Y72*°Dt/I?
2 (n+1/2)m exp[—(n )y m' Dt/ L]

Substitution of Eq. (10) into Eq. (3) gives the detected in-
tensity of y-rays emitted from *’Cs in geopolymer. The

amount of Cs in the disc is in turn given by

& 2exp[-(n+1/2)z*Dt/ I
pars (n+1/2)n°

SJOL C(z)dx = SLC,

where S is the cross section of the disc and C, is the ini-

tial concentration of Cs that can be finally leached out. At
[4nD t/(nL*)]"? < 0.3, the relative amount of Cs remain-

ing in the disc is approximately expressed by

S[ Ce)dx J(SLC,) ~ 1 -4/ (L) -+ (12)

The amount of Cs remaining in a geopolymer disc is thus
obtained from the observed intensity of y-rays. Fig. 7
shows the relation between the relative intensity of y-rays,
x, and the fraction of Cs remaining in a geopolymer disc,
y. The relation can be expressed very well with a function
y=(1+0.321x — 0.321x%)x, which indicates that the rel-
ative intensity of y-rays is close to the relative amount of
remaining Cs. Since the relative difference between the
y-ray intensity and the amount of remaining Cs is less
than 8%, the relative intensity of y-rays is regarded as the
relative amount of remaining Cs.

Table 4 summarizes the relative amounts of Cs
leached into deionized water and the effective diffusion
coefficients for Cs leaching to deionized water, D, ,. Al-
though the amount of leachable Cs strongly depended on
the sample, the diffusion coefficient was not much dif-
ferent and was an order of 102 cm%h. Since the leached
Cs was free Cs' ions in pore solutions that were in equi-
librium with adsorbed Cs', the diffusion coefficient in
deionized water was not affected by ion exchanging.
The best geopolymer for the suppression of Cs leaching
was GP10-15. The amount of leachable Cs was less than

0.5 E

./-/ y=x(1+0.321x-0.321x°)

Relative amount of *¥’Cs remaining in geopolymer

0 1 1 1 1 1 1 1
0 0.5 1

Relative intensity of **’Cs y-rays detected

Fig.7. Relation between detected intensity of y-rays from
geopolymer disc, x, and the amount of '*’Cs in the disc, y
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Table4. Effective diffusion coefficients of Cs leaching into deionized water and into sea water
Sample name GP10-0 GP10-5 GP10-10 GP10-15
fi{eeiljltlii\; grvr;(;g;t of total Cs' leached into 0.0380 0.148 0.069 0.029
D.4* (cm’/h) 0.972x10? 1.20x107 1.22x10? 0.64x107
D, ** (cm’/h) 8.25x107 9.99x10” 6.62x10° 1.96x10”
D.a/D. 118 120 185 328

* Effective diffusion coefficient of Cs* ion leaching into deionized water
** Effective diffusion coefficient of Cs* ion leaching into sea water

3% and the effective diffusion coefficient was 0.64x 10
cm?/h. The amount of unbound and therefore leached Cs*
ions should be lowered by increasing the selectivity coef-
ficient of C*adsorption, so that the selectivity coefficient
for GP10-15 might be the highest. The diffusion coeffi-
cient of 0.64x102 cm? h is about 20 times larger than that
for hardened OPC cement paste?®. The larger diffusion
coefficient may arise from higher porosity of geopolymer
than that of the cement paste (porosity = 0.3). The leach-
ing of Cs from the cement paste is much slower, though
most of Cs might be finally leached out.

Although the leaching of Cs into deionized water
was terminated within one week, it was restarted in sea
water. Fig. 8 shows the leaching of Cs from geopolymer
samples into sea water at 30°C. The rate of Cs leaching
was defined as the fraction of leached Cs per unit time
with respect to the total amount of leachable Cs. Although
the amount of leachable Cs in sea water was much higher
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Fig.8. Leaching of Cs from geopolymer samples to sea water
at 30°C.

See Table 3 for the compositions of the samples
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than that in deionized water, the leaching rate was much
lower than that in deionized water, because the leach-
ing necessitated the exchange of adsorbed Cs™ ions with
cations in sea water. The leaching followed the square-
root time law, which implies that the leaching was a dif-
fusion-controlled process and the ion exchange process
was much faster than the diffusion process. The effective
diffusion coefficients for Cs leaching to sea water, D, , is
also summarized in Table 4. GP10-15 was also the best
geopolymer for the suppression of Cs leaching into sea
water. The half-life of Cs in GP10-15 with a thickness of
10 cm is estimated to be more than one hundred years by
substituting D, = 1.96x10° cm*h and L = 10 cm into Eq.
(12), which is long enough for reducing the radioactivity
to less than one-tenth of the original intensity.

Since the leaching of Cs in sea water is induced by
ion exchange, the leaching rate should be changed by
changing the kind of cations in an aqueous solution. Fig.

1- T ‘ T Iql T T T
- v . GP10-10 |
09 F . .

O o e i
> 0.8 F |
5 5

O
[}
£ 07 F -
>
£ 0 ®:in0.6MNaCl
> 0.6 F
o 0 in sea water |
B o5t . 0: In 0.6M CsCl
2 1
0.4 F o 4
03 F O |
1.1 L 1.1 L 1.1 L I L 1.1 L 1.1 L 1 L I 1 L 1.1 L 1 L 1.1
0 10 20 30
(Time/h)*?

Fig.9. Leaching of Cs from geopolymer GP10-10 to seawater,
0.6 M NaCl and 0.6 M CsCl solutions at 30°C
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9 compares the rates of Cs leaching from GP10-10 into
sea water, 0.6 M NaCl and 0.6 M CsCl solutions. The
leaching rate in the 0.6 M NaCl solution was the same as
that in sea water, which again certifies the validity of the
assumption that the effect of minor cations in sea water
on the adsorption/desorption of Cs* ions is replaceable
with equivalent Na* ions. The leaching in the 0.6M CsCl
solution was much faster than that in sea water, because
the selectivity coefficient between adsorbed Cs* ions and
free Cs* ions in the pore solution was unity. The diffusion
coefficient of Cs leaching in the CsCl solution was D, .,
= 115103 cm?/h, which was 17 times larger than that
in sea water. Since the leaching in the CsClI solution still
necessitated the desorption of Cs* ions, the leaching rate

was much slower than that in deionized water.

(3) Suppression mechanism of Cs leaching

The suppression mechanism of Cs leaching from
geopolymer to sea water can be understood by solving
a reaction-diffusion equation including cation exchange
reactions. For avoiding the mathematical complexity, we
assume that the diffusion coefficients D of Na’, Cs" and
the counterpart anions are the same. We also assume that
the effect of minor cations in sea water is replaceable with
equivalent Na® ions. The reaction-diffusion equation of
ions in a geopolymer disc with thickness L is then ex-

pressed as

+ 2 +
aCs 1, AGP-Cs] _ , &°[Cs"]
ot ot 0z>

+ 2 +
dlNa']  o[GP-Na] _ 0 [Nza ]
ot ot Oz

Here z is the distance measured from the surface of the
disc, [Cs] and [Na'] are the concentrations of Cs* and
Na“ ions in the pore solution of geopolymer, and [GP-
Cs] and [GP-Na] are the concentrations of Cs* and Na*
ions which are bound to the cation exchange sites but are

movable in the pore solution, respectively. The cation ex-

change capacity of geopolymer is constant, so that

[GP-Cs]+[GP-Na]= pCEC/¢=FE, ~ -+ (15)
Here p and ¢ are the density and the porosity of geopoly-
mer, respectively. The value of £, for GP10-10 is estimat-
ed from these values in Table 3 to be 9 M. Defining C as
the total concentration of Cs in geopolymer,

C= [CS+] + [GP_CS] ........................ (16)

Eq. (13) is rewritten as

oc _ DOZ[CS+]
ot oz*

The initial value of C in GP10-10 is estimated from the
amount of Cs remaining after dipping in deionized water
to be 0.23 E,,. Defining B as the total concentration of free

Cs" and Na“ ions in the pore solution,
[CS+]+[Na+] =B e e (18)

the sum of Eq. (13) and Eq. (14) gives

2
B _ 08
ot Oz

Eq. (19) indicates that the total concentration of free ions
is not affected by ion exchanging. The diffusion coef-
ficient D is therefore equal to D, , in Table 4. Since the
leaching of Cs to deionized water is much faster than that
into sea water, and is terminated within one week, it is
reasonable to assume that B becomes a constant immedi-
ately after immersing geopolymer into sea water, or B =
B, Since the leaching of Cs* ions is a diffusion-controlled
reaction, it is also possible to assume that Eq. (5) is always
established in geopolymer (assumption of instantaneous

equilibrium). [Cs*] in Eq. (17) is then given by

_ KCs/Na(EO _C)+BO +C

[Cs 2Kes —1)

The value of B, is not necessarily the same as that of
sea water or 0.6M, because the surface charge on the pore
walls changes the chemical potentials of positive and neg-
ative ions in the pore solution and therefore changes the

concentrations of the ions. Although the effect of surface

[\/1 +4(K o, ~1)B,C/[Kony (E,—C)+ B, +CT — 1}

charge on the chemical potential of ions has been calcu-
lated microscopically by using molecular dynamic simul-
taions?”, as far as we know, no attempt has been made to
calculate the chemical potentials rigorously and explicitly

as a function of macroscopic parameters such as concen-

11
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tration of ions, pore diameter and surface charge density.
The value of B, is also possible to be calculated by using
the theory of electrical double layer®. However, the cal-
culation is not rigorous and the theoretical foundation of
the calculation is unclear. We therefore constructed an ex-
plicit thermodynamic theory for estimating the chemical
potentials from the macroscopic parameters.

We treat a simple case that a solid sample with a cy-
lindrical pore of radius R is immersed in an electrolyte
solution composed of monovalent ions. The surface of the
pore is negatively charged to adsorb positive ions. The
density of the surface charge is given by o. The chemical
potentials of positive and negative ions, #, and u_, respec-
tively, are given by the sum of the free energy of dilution

and the electrostatic energy, as

M, :len(n+)+eV ........................ (21)
n= kT ]n(ni) eV (22)

where k is the Boltzmann constant, 7 is the absolute
temperature, n, and n_are the number densities of pos-
itive and negative ions, respectively, e is the elementary
charge, and V' is the electrostatic potential generated by
the surface charge and positive and negative ions in the
pore solution. Here the standard chemical potentials of
the ions are omitted for simplicity. Under an equilibrium
condition, the chemical potential of identical particles is

the same everywhere in the solution, so that

n, =exp =3 exp _er =n,,exp ud ol 23
kT kr) kT @3)

n_ —exp(ﬂ jexp(er—no,exp(ﬂ) ........ (24)
kT kT kT

where n_,and n  are constants. The total numbers of pos-

itive and negative ions per unit length are given by
N, =2 dr =2 e ——dr ...
ﬁjnrr 7Z'I’lj xp(k}r (25)
R R eV
N = 27[J0 n rdr = 2”’@0].0 exp ﬁ dr -« (26)
The principle of electrical neutrality is then expressed as
N =N, =27R(G/e) «rrrrrrrrreemeaenn. (27)
Ions in the pore solution are in equilibrium with ions

in the outer solution (sea water) with chemical potential

kTln(n,), where n, is the number density of positive or

12

negative ions in the outer solution (0.6 M = 0.3614/nm?).
Due to the principle of electrical neutrality, a positive ion
migrates from the outer solution in pair with a negative

ion, so that the relation of
kT In(n,y) + kT In(n_g) = 2kT In(ng) -~ -- (28)

is established under the equilibrium condition. Eq. (28)
gives the relation of n,, = n*/n,,.

For determining the values of n,, and n_, it is neces-
sary to determine the electrostatic potential } as a func-
tion of r and o. The electrostatic potential can be obtained
from the Gauss’ law or so-called Poisson-Boltzmann

equation

_e(n,—n)

10 GV X
v or 6r &

_eny |:(n70 /'n )exp(kT] (n, / n_y)exp [7%)}

where ¢ is the dielectric constant of water. Spatial inte-
gration of Eq. (29) under the condition of Eq. (27) gives a

commonly-used boundary condition of

(G_Vj g IS 27
or ),z e @7)

Eq. (27°) is therefore equivalent to Eq. (27). Since the con-
dition of electrical neutrality is completely fulfilled at » =
0, provided that the electrostatic potential of the outside
of the pore is zero, it is possible to set

[V]r:O S0 e (30)
and
oV
e
|: 6r }r—o (31)
The theory of electrical double layer assumes [V],_, =V,
#0and n,,=n_,=n, >, which implies that the chemical

potentials of positive and negative ions at » = 0 are com-
posed of the identical free energy of dilution, A7'In(n,),
and different electrostatic energies of e/ and —eV, respec-
tively. The present theory claims that the chemical poten-
tials of positive and negative ions at » = 0 are composed
of solely the free energies of dilution, k7'In(n,.) and
kTIn(n, ), respectively. Although the two theories give

the same result, because the sum of the chemical poten-
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tials of positive and negative ions gives the same value of
2kTIn(n,), the thermodynamic implications of the chem-
ical potential are quite different.

The average concentration of unbound free cations
exchangeable with adsorbed cations, B, can be estimat-
ed in the following way. The electrostatic potential } at
an arbitrary value of n ,/n, is obtained by numerically
solving Eq. (29) with the Runge-Kutta method under the
boundary conditions of Eq. (30) and Eq. (31). Substitu-
tion of thus obtained V into Eq. (25) and Eq. (26) gives
the values of N, and NV, respectively. Substitution of N,
and N_into Eq. (27) gives the value of ¢. The calculation
should be repeated with different 7 ,/n, until the value of
o accords with the surface charge density of the pore wall.

The average concentration is finally calculated as

_ N, +27zR(c/e) N_

B
0 7R? 7R?

For carrying out the above calculations, it is necessary
to determine the value of the radius of pores, R, and the
density of surface charge, o. The average pore radius of
GP10-10 was already determined by the porosity mea-
surement to be 6.3 nm. Assuming that the length of pores
in geopolymer is much longer than the radius, the density
of the surface charge of GP10-10 is estimated from the
cation exchange capacity of 4.88 meq/cm?, the porosity of
0.54 cm’/em? and the average pore radius of 6.3 nm to be

-g/e = 17.1/nm?. Fig. 10 shows the average concentration
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Fig. 10. Effect of surface charge on the concentration of pore solution
in geopolymer GP10-10 immersed in 0.6 M NaCl solution

of free cations in GP10-10 that is immersed in a 0.6 M
NaCl solution. The average concentration is lower than
that of the outer solution and decreases with decreasing
the pore diameter. The average concentration at the aver-
age diameter of 12.6 nm is 0.46 M, which implies that B,
for GP10-10 is 0.46 M even the concentration of the outer
solution is 0.6 M.

Since the values of E,, C, and B,, have been deter-
mined, it is now possible to calculate Eq. (20). Under the
condition of K, >> 1, substitution of £,=9M, C=C,=
0.23E, and B, = 0.46 M into the second term in the square
root term in Eq. (20) gives

4K egna ~DB,C/ [K oo By = (Kogna ~DC + B, I <<1

Eq. (20) is then possible to be simplified by using a
first-order Taylor series approximation of the square root

term as

C C

Cs']~ ~
[ ] KCs/NaEO /Bo _(KCS/Na - 1)C / Bo +1 KCs/NaEO /Bo +1

The relation of C < C, << E, has been used for deriving
the rightmost term in Eq. (34). Since Eq. (34) is also the
exact solution for K., = 1, Eq. (34) is valid irrespective
of the value of K .. The effective diffusion coefficient
for Cs leaching to sea water or a 0.6 M NaCl solution is

finally expressed as a function of observed parameters as

D

e,d

D = = B WS RS, . . . ...........
“ = KonaPCEC (9B, +1 (33)

were p and ¢ are the density and the porosity of geopoly-
mer, respectively. The solutions of Eq. (17) is then given
by replacing D, in Eq. (10) and Eq. (12) with D, in Eq.
(37). The ratio of D, ,/D, ..., for GP10-10 can be obtained
by substituting K, = 1 and pCEC/(pB,) = 20 into Eq.
(37) to be 21, which can be compared with the observed
value of D, /D, . = 11. Assuming that the value of p
CEC/(¢E,) is 11 for GP10-10, the value of K, is esti-
mated from the observed value of D, ,/D, = 185 to be
17, which compares well with the experimental value of
K yna = 20. The theory developed here therefore explains
the suppression mechanism of Cs leaching into sea wa-
ter. The slow leaching is due to the higher concentration
of adsorbed cations than that of unbound free cations in

geopolymer and the higher selectivity of adsorption for
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Cs* ions than that for the other ions in sea water. With-
in amorphous geopolymer, the ability of suppressing Cs
leaching to sea water increased with increasing the Si/
Al molar ratio. Since the value of pCEC/¢ is not much
different within the amorphous geopolymer, the increase
may be due to the increase of the selectivity coefficient

with increasing Si/Al ratio.

4. Conclusion

It was revealed that the solidification of water-soluble
Cs compounds with metakaolin and water glass and/or
an alkaline solution was a very efficient way of immo-
bilizing a large amount of Cs including *’Cs. The mixed
material was fluid enough within a few hours after the
mixing, so that it was easily poured into a mold. The
mixture was solidified within one day at ambient tem-
perature. The chemical and solid state NMR analyses of
the resultant geopolymer showed that more than 90% of
Al atoms possess the structural unit of NaAlO, or CsA-
10,. Geopolymer thus prepared was therefore a cation ex-
changer with very high cation exchange capacity.

The XRD analysis of geopolymer samples showed
that water glass was an efficient suppressor for the for-
mation of zeolite crystals, and helped the formation of
three-dimensional amorphous networks.

The Cs leaching tests of geopolymer samples con-
taining 9.1 wt% of Cs showed that GP10-15 with Si/Al
molar ratio of 2.04 showed the highest ability of suppress-
ing the Cs leaching. Although more than 33% of alkali
metal cations were not bound to GP10-15, the amount of
Cs leached into deionized water was less than 3%. The
leaching continued in sea water, though the leaching was
slow enough to use the geopolymer as a solidifier-immo-
bilizer for radioactive Cs. The retardation of Cs leaching
in sea water was due to higher concentration of adsorbed
cations than that of free cations in the pore solution of
geopolymer and the higher selectivity of the adsorption
for Cs" ions than those for the other ions in sea water.
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